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Preface 

The object of this work is to summarize what is known about fungi as 
fungi. In the first volume an attempt was made to summarize events at the 
cellular level. In the present volume the fungal organism is treated. 

The first chapter, on the fungal protoplast, may seem somewhat out of 
character, but as protoplasts are self-contained units an account of them 
provides an appropriate transition from the cell to the complete organism. 
Furthermore, some fungi, like slime molds, lack a cell wall for much of 
their existence and may, therefore, be functionally akin to protoplasts. 

This transition is followed by accounts of vegetative and sporulating 
structures of increasing complex.ity and representative examples of mor
phogenesis, and by reviews of sexuality and life cycles and the mechanisms 
of inheritance. 

Finally, there are chapters on spore discharge, dispersal, and germination 
which prepare the way for a consideration, in the third volume, of the rela
tionship of individual fungi and fungal popUlations to their environments 
and ~.the various approaches to the taxonomy of fungi. 

G. C. AINSWORTH 

Commonwealth Mycological Institute, Kew, Surrey, England 

A. S. SUSSMAN 

University of Michigan, Ann Arbor, Michigan 

July, 1966 
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CHAPTER 1 

Pro top lasts of Fungi 

JULIO R. VILLANUEVA 

lnstituto de Biologia Celullff' 
COllsejo Superior de Investigaciones Ciel1tificas 

Madrid, Spain 

I. LYSIS OF THE FUNGAL CELL 

A fungal cell may be considered to consist of two main parts: the outer 
firm cell wall, of varying thickness and constitution, and the inner pro
top1asm. The protoplasm is enveloped in a cell membrane or plasmalemma 
and contains the various cell organelles. In some cells the cytoplasm varies 
in consistency, and the viscosity may change under certain conditions. 
The mycelium may consist of a single multinucleate cell (a coenocyte) 
in which there are no transverse septa or it may be multicellular and com
posed of uni-, bi-, or multinucleate cells. 

It has long been known that lysozyme can exert some lytic action on 
bacteria but that it has no effect on fungi. However, the finding by Giaja 
(1922) that the digestive juice of the snail Helix pomatia attacks the cell 
walls of fungal cells enabled Eddy and Williamson (1957) to prepare 
and study osmotically sensitive bodies which can be considered protoplasts. 

The literature on the degradation of fungal walls, both by snail and 
microbial enzyme preparations, as well as on the formation of protoplasts 
is already large. Fortunately, many advances in studies on protoplasts of 
yeast and related organisms are included in the report of a recent sympo
sium held at Jena. In this review a general outline is followed by a descrip
tion of more recent advances. 

A. The Terms Protoplast and "Protoplast" 

It is difficult to define accurately what is intended by the term protoplast 
in fungi. Protoplast has been used for more than twelve years for bac
terial cells deprived of their cell wall, and its use and full meaning might 
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4 Julio R. Villanueva 

well be extended to fungi. Many features of protoplast structure arc still 
obscure. For the present, our working criteria for the absence of a wall 
are osmotic fragility and loss of rigidity resulting in a spherical form. 
Immunological methods have not yet been developed for these structures, 
and phages and their receptors have not been described in fungi. It is 
obvious that the criteria fail to distinguish between the total absence of a 
wall and its functional impairment. Wall-less protoplasts have been pre
pared from a number of fungi. It remains to be proved, however, that the 
osmotically fragile structures so obtained are completely deprived of their 
walls, for the possibility cannot be excluded that some degraded wall 
material surrounds the protoplasm, even though the cells have become 
osmotically fragile. Thus it might be advisable not to use the term proto
plast indiscriminately for osmotically fragile cells of fungi. In using enzymes 
or other methods for the isolation of fungal protoplasts, it seems important 
that the term protoplast should be used only when it has been established 
that the entire cell wall structure has been removed from the cells. It would 
be advisable to use "protoplast," or spheroplast, for fungal material in 
which we arc not sure that the !;I'll wall is completely absent. 

B. Are the Fungal Protoplasts True Protoplasts? 

The large bodies found in the stabilized medium after snail or microbial 
enzyme action on living cells show a rather complex organization. In most 
cases, sections of previously fixed protoplasts showed a thin outer mem
brane closely adhering to the cytoplasmic ground material. Chemical and 
immunological studies on released protoplasts are lacking although elec
tron microscopical observations indicate that the cell wall structure is 
completely missing in protoplasts of some species, e.g., Candida utilis 
(Villanueva et al., 1966) and Polystictus versicolor (Strunk, 1964). The 
fact that the thin cytoplasmic membrane closely adheres to the cytoplasmic 
ground material makes it highly improbable that it represents remnants of a 
degraded cell wall. Sentandreu and Villanueva (I 965a) have reported that 
the cell wall of C. utilis is composed of three layers and can easily be 
differentiated from the cytoplasmic membrane. Investigations of the nature 
of protoplasts of C. utilis by chemical analysis have shown that typical wall 
constituents such as glucans and mannans are not found in the osmotic 
spherical bodies (Sentandreu, 1965). Garcia Mendoza and Villanueva 
(1965) have also demonstrated complete absence of typical wall compo
nents by chemical analysis of isolated cytoplasmic membrane preparations 
obtained by osmotic lysis and differential centrifugation. 

Some workers consider the fact that no distinct membrane is seen after 
lysis of the protoplasts an important point to prove the existence of naked 
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protoplasts. Observations of bursting cells after osmotic shock which 
left no envelope were made on two species of filamentous fungi, N euro
spora crassa (Bachmann and Bonner, 1959) and P. versicolor (Strunk, 
1966b). This has not been so in Fusarium culmorum protoplasts, where, 
occasionally, thin membranes are observed after lysis (Rodriguez Aguirre 
et al., 1964). Fusion of neighboring protoplasts, observed in the course of 
microciuematographic analysis, also argues for true protoplasts (Girbardt 
and Strunk, 1965). 

Osmotically fragile structures have been obtained from certain fila
mentous fungi by dissolving the wall of living hyphae or spore cells with 
snail or microbial enzymes, after which electron microscopic studies have 
been made. It has been established, at least for hyphal protoplasts of 
P. versicolor (Strunk, 1966b) and zyore protoplasts of N. crassa (Weiss, 
1963), that treatment removes the entire cell wall. As pointed out above, 
wall-less protoplasts have been prepared from F. culmorum mycelium 
(Rodriguez Aguirre et aI., 1964). It remains to be proved that these 
osmotically fragile structures are deprived of their cell walls. 

Bachmann and Bonner (1959) point out that the empty wall can be 
seen after emergence of N. crassa spherical structures, so they may repre
sent naked protoplasts. Several workers (Holter and Ottolenghi, 1960; 
Svihla et al., 1961; Garcia Mendoza and Villanueva, 1964a; Rost and 
Venner, 1965) have described protoplast formation in a number of yeasts 
by the action of lytic enzymes. The phenomenon of the release of osmotic 
spherical bodies is similar to that described in filamentous fungi in that a 
partly degraded wall is left behind. 

Conjugation (fusion) of protoplasts has not yet been reported in any 
fungus. The retention of mating capacity points to the specificity of some 
wall (protein-polysaccharide) component (Brock, 1961) of the residual 
elements surrounding the cytoplasmic membrane of the protoplast. In view 
of the inability to show phage receptors in fungal cell walls, it might be 
profitable to study protoplasts obtained by different methods for mating 
specificity. 

C. The Nature at the Cell Wall 

Little is known of the chemical constituents or structural organization 
of the walls of filamentous fungi (cf. Chapter 3, Vol. 1), although much 
more is known about similar structures in yeasts (Phafi, 1963; Nickerson, 
1963; Villanueva, 1965). Evidence has been presented that there are 
quantitative chemical differences between cell walls from a variety of 
fungal species. Some fractionation of the walls of various species of fungi 
has been achieved. A number of studies of the composition of the cell wall 
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have been qualitative in nature and very few data concerning quanti
tative analysis are available (Johnston, 1965). Similarly, little is known 
of the quantitative variations in wall composition that may occur in 
closely related species. Chitin (Mitchell and Alexander, 1963) and glucans 
(Horikoshi and Kofller, 1963) have been detected in the cell walls of 
certain yeasts and fungi. Potgieter and Alexander (1965) reported that 
the chief polysaccharides of N. crassa hyphal walls are chitin and a glucan 
susceptible to the action of a ~-1,3-glucanase which converted it to free 
glucose. Crook and Johnston (1962) examined the composition of the 
cell walls of 16 species of fungi and detected the presence of six neutral 
sugars, but no polyols or uronic acids. With the exception of the presence 
of y-aminobutyric acid and hydroxyproline which were found in a few 
species of Phycomycetes and Ascomycetes, all the other amino acids 
detected (16 in total) were those typical of protein hydrolyzates. On the 
basis of the range of components, it was suggested that the walls of fungi 
are of a protein carbohydrate nature. Other studies (Kessler and Nickerson, 
1959; Korn and Northcote, 1960; Novaes and Villanueva, 1963) have 
analyzed components of yeast cell walls.There has been much discussion 
about the presence of amino sugars and their derivatives in fungal cell walls 
(Frey, 1950; Krege;;' 1954). It is possible that the glucosamine in the 
cell wall is not necessary in chitin (Korn and Northcote, 1960). 

Recently several papers have been concerned with the chemistry of 
the cell wall in filamentous species. Johnston (1965) made a complete 
stUdy of the cell wall of AspergillUS niger, which consists chiefly of neutral 
carbohydrate (glucose, galactose, mannose, and arabinose) amounting to 
73-83%, and hexosamine (9-13%) in the form of glucosamine and 
galactosamine, with small proportions of lipid (2-7%), protein (0.5-2, 
5%), and phosphorus (0.1 %). A chemical cell wall fractionation pro
duced a component consisting largely of glucose and having properties 
similar to those of the polysaccharide nigeran, an a-glucan. 

In understanding lysis, it is necessary to know which structures in the 
wall must be solubilized. Obviously these are molecules that owe their 
insolubility either to their polymeric or fatty nature. The major components 
are the glucans (~-1,3- and ~-1,6-linked, and a-I,3- and a-I,4-linked), 
marmans (a-linked), chitin (~-linked N-acetylglucosamine), and protein. 
Fatty materials are also present. 

Complicating the structure further are the binding forces between some 
of the components, as in the protein-mannan complexes. Then, too, there 
is a layering effect, whereby the inner components resist enzyme attack 
only because of their position. The fact that chitinase does not act on the 
cell wall is most often due to the fact that the chitin is covered by a layer 
of glucan. 
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D. The Lysis of Cell Walls 

Although the cell wall is rigid and is formed of dynamic cellular con
stituents, it is nevertheless, subject to the action of various hydrolytic en
zymes. Little is known of the mechanism of the microbiological digestion 
of fungus mycelium although it has been assumed that most microorga
nisms possess a battery of enzymes capable of acting on complex insoluble 
carbohydrates, proteins, and fats and converting them into soluble sub
stances, which latcr are used as sources of energy. Enzymatic attack upon 
cell wall components may result from the action of two systems, first from 
the action of enzymes released by other cells or organisms, and second 
from the action of autolytic systems originated in their own protoplasm. 
Both systems play an important role in the dissolution of fungal cell walls. 
In nature cell wall lysis may be associated with several kinds of biological 
behavior or interactions among organisms. Lysis of rigid walls is a part 
of the process of sporc..£clease and of germination in bacteria and in fungi. 
Invasion and destruction of organisms by parasites depend on lysis of 
hosts walls or other constituents by the invader. Autolytic processes involve 
a team of enzymes able to degrade cell walls. Although great efforts have 
been made to characterize some of the wall-lysing enzymes, results are 
not yet satisfactory. Among the more representative lytic enzymes may be 
mentioned a- and fl-glucanases, proteases and peptidases, cellulases, lipases, 
chitinases, hexosaminidases (lysozyme and lysozyme-like enzymes), glu
curonidases, glucosaminidases, and cellobiases. 

The complexity of the cell wall requires that several enzymes be used 
for its degradation. Mitchell and Alexander (1963) described the lysis of 
Fusarium oxysporum mycelium by Bacillus cereus and suggested that the 
phenomenon may be associated with chitinase and laminarinase activity. 
The possession of chitinase by all the lytic bacteria is noteworthy. However, 
experiments with chitinase alone or in combination with ~-1,3-g1ucanase, 
proteases, and cellulascs did not bring about a destruction of Fusarium cell 
walls. Fatty materials may contribute to this resistance. Nevertheless, 
Furuya and Ikeda (1960) reported the enhancement of lysis of Aspergillus 
{lavus by B. circulans by the addition of chitinase, and the demonstration of 
chitin in the walls of many filamentous fungi suggests a functional role for 
this enzyme. Horikoshi et al. (1961) have presented evidence for laminarin, 
a ~-1,3-glucan, in Penicillium chrysogenum eell walls, and glueans are also 
present in various species of Fusarium, suggesting an important role of the 
glucanases in the digestion of fungal wall structures. However, it is clear 
that other factors in addition to those enzymes are required for digestion. 
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E. Fungi Susceptible and Resistant to Lysis 

It is well known that some fungi are susceptible and others are resistant 
to lysis. Similarly, cell wall preparations of Streptomyces species were 
lysed by lysozyme, whereas Nocardia species were resistant (Romano and 
Sohler, 1956). The striking differences in the carbohydrate composition of 
the cell walls of these two genera may explain the differences in suscep
tibility to lysozyme. Similar studies with fungi are lacking. 

Skujins et al. (1965) have begun a study of the degradation of fungal 
hyphae of species most susceptible to enzymatic attack. They have shown 
that a Streptomyces chitinase and ~-1,3-glucanase are involved in lysis and 
in dissolution of Fusarium solani and Aspergillus oryzae hyphal walls. 
Because of the resistance to lysis of other fungi, i.e., Neurospora crassa and 
Rhizoctonia [Corticium] soiani, known to contain chitin and laminarin, it 
has been suggested that these organisms contain other cellular constituents 
concerned in susceptibility or resistance to enzymatic lysis. The cell walls of 
various fungi are known to contain in addition to chitin and laminarin a 
number of polysaccharides, lipids,. and proteins (Bartnicki-Garcia and 
Nickerson, 1962; Russell et al., 1964; Crook and Johnston, 1962), but it 
is not yet possible to say which of these 'substances is responsible for the 
resistance to lysis. 

The cell wall Jwdrolyzing system of Cytophaga (Bacon et al., 1965) 
was found to be effective on yeast cell walls, including autoc1aved ones. 
The resistance of SOme living yeast cells which do not lose their walls 
when incubated with the lytic enzyme, or thiol compounds, was explained 
by the presence of a third network resistant to lysis. As chitinase is present 
in C. johnson;; it is difficult to believe that this third structure is chitinous. 

In our laboratory it was recently found that the cell walls of Fusarium 
hyphae are resistant to lysis by a strepzyme preparation (produced by 
Micromonospora AS) which is very active on conidial walls. However, 
when the mycelium was exposed to a short incubation with pancreatic 
lipase, prior to exposure to the strepzyme preparation, the cell wall was 
digested, with liberation of protoplasts. Apparently the presence of lipid 
had interfered with lysis of the mycelium. Resistance to lysis is always 
related to the chemical composition of the cell walls although a physical 
layering effect may be present (Garcia Acha et al., 1966). 

F. Sensitivity of Fungal Cell Walls to Enzymatic Degradation 

The observations of Weibull (1956) that lysozyme converted Bacillus 
megaterium to protoplasts in hypertonic sucrose solution indicated that a 
complex polymer provides the rigidity for the bacterial cell. There is no 
single lytic enzyme equivalent to lysozyme for fungi. 
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The digestion of the wall does not proceed uniformly around the cell, 
and the walls of old cells are poorly attacked. The composition of the 
medium markedly affects the composition of the walls, at least for yeasts 
(Dunwell et al., 1961). Yeasts that grow in the complete absence of vita
mins are more resistant to cell wall digestion (Rost and Venner, 1965). 
Because of the heterogeneity of the wall, the complex enzyme system of 
the lytic actinomycetes may either digest certain components of the wall 
(with liberation of protoplasts), or all components, including the proto
plasts themselves. Conditions of growth promote either the former or the 
latter mode of action of the enzyme system, but on prolonged incubation 
both effects are observed. 

Changes in the turbidity of isolated cell walls on incubation with the 
lytic enzymes have been considered one of the most sensitive methods for 
detecting the presence of specific substrates. Such a method avoids many 
of the complications encountered with intact cells. Dissolution of isolated 
yeast or mold cell walls by lytic enzymes has been accomplished with only 
a few organisms. 

'-
Differences in the cell walls of sensitive and resistant fungi have been 

poorly characterized. As for the action of lysozyme, it may be that sensi
tivity cannot be predicted by qualitative analysis of cell wall composition. 
For instance, there is no single amino acid, amino sugar, or sugar com
ponent that seems to confer lysozyme sensitivity on a particular organism 
(Salton, 1957). The kind of linkage of some of the constituents of the 
wall as well as the number of the linked units may be important factors 
in determining sensitivity or resistance, 

G. Production ot Fungal Cell Wall Lytic Enzymes 
by Microorganisms 

Microorganisms produce a variety of extracellular and endocellular 
enzymes. Some of these have been isolated, concentrated, and purified. 
Some species of Bacillus and actinomycetes are remarkable for their pro
duction of enzymes able to dissolve cell walls of fungi. Among these en
zymes are lysozyme, proteases, keratinase, chitinase, pOlysaccharidases, 
cellulases, and lipases. 

A survey of the lytic activities of actinomycetes on fungal cell walls was 
made by Gascon and Villanueva (1963). Strains of Streptomyces were 
most active. Nocardla, Corynebacterium, and Mycobacterium showed no 
activity whereas Actinomyces and Micromonospora strains showed good 
activity. Micromonospora strains form as much lytic enzyme as do the 
lytic Streptomyces (Gascbn et at., 1965a). These organisms can be used 
to study not only the nature of the lytic enzymes, but also the chemical 
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compOSItIOn of the different structures which compose the fungal cells 
(Phaff,1966). 

There is some reason to believe that lysis is due to the combined action 
of two or more enzymes. Zones produced on agar plates of cell wall by 
different lytic actinomycetes were sometimes observed to overlap and 
to contain less opacity. This finding suggests that some organisms pro
duced enzymes that initiate partial disintegration of the fungal walls, 
and that this action was complemented by that of enzymes that lysed 
other components of the walls (Gascon and Villanueva, J 963). Similar 
results were reported when fungal mycelium instead of isolated cell walls 
was used (Carter and Lockwood, 1957). 

Yeast cell walls are disrupted by lytic enzymes produced by Strepto
myces albidoflavus (Tabata et al., 1965) and Streptomyces GM (Garcia 
Mendoza and Villanueva, 1962), Cell wall preparations from Aspergillus 
oryzae were dissolved by a lytic enzyme from Bacillus drculan.\" and by 
ehitinase from Streptomyces sp. (Horikoshi and Ida, 1959). Rodriguez 
Aguirre et al. (1964) and Lloyd et al. (1965) described Streptomyces 
spp. which have the ability to dissolve cell walls of a large number of 

" fungal species, Few attempts have been nfade to study the enzyme sys-
tems of the lytic organisms in detail (Reynolds, 1954). 

There are few examples in the literature describing the lytic action of 
one fungus on another. Verticillium hemile;ae produces a lytic enzyme 
able to digest cell walls of various fungi (Leal and Villanueva, 1962), 
but unable to lyse a number of bacteria tested. Satomura et al. (1960) 
studied an active glucanase from Sclera/lm"a tiber/lana which on addition 
of lipase dissolved fungal cells. 

Extensive efforts have been made in our laboratory to obtain proto
plasts from those species of fungi which are known to have cellulose in 
their cell walls (e.g., Pythium and Phytophthora). Commercial prepara
tions of cellulase, hemicellulase, etc., and crude preparati(ms from Tri('ho
derma viride were used. Since T. viride has been reported to grow inside 
mycelium of Pythium and Phytophthora, it was expected that Trichoderma 
which also is known to produce cellulase, would be useful for this pur
pose. Marked alterations were detected in the mycelium of these fungi, 
but cytoplasmic membranes and internal contents were also affected, 
possibly by proteOlytic, but not by lipOlytic, enzymes (Nicolas. 1965). 
Similar studies were made with Verticil/han hemileiae lytic preparations 
(Garcia Acha et al., 1965). 

H. The Use of Lytic Enzymes for Studies ot Cell Wall Structure 

Lysozyme has been useful for investigating cell wall structure in bac
teria and actinomycetes. The extensive biochemical information obtained 
in recent years in this field has stimulated similar studies with other 
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enzymes. The lysis of the purified cell wall preparations results in the 
release of a complex mixture of dialyzable and nondialyzable compounds 
which can be identified by biochemical techniques. However, because of 
the complexity of the breakdown products resulting from enzyme action, 
the nature of the specific linkage responsible for lysis may not be easy 
to determine. 

The study of fungal cell wall structures has been carried out much like 
the study described for bacteria (Perkins, 1963). Using enzymes from the 
snail Helix pomatia, Millbank and Macrae (1964) and Anderson (1966) 
obtained several enzyme fractions on Sephadex columns. One of these 
released both mannose and glucose from yeast walls, the others released 
glucose only. All three components produced in addition what was assumed 
to be a short-chain polysaccharide. No hexosamine was detected. These 
results suggest that with the snail enzyme preparation, protoplasts are 
formed only when both the mannan and glucan of the cell wall are 
degraded. These results suggested that the mannan-protein complex overlies 
the glucan. The glucan of-resistant strains is degraded only when the inside 
of the wall is accessible. 

The fungilytic properties of strepzyme from Micromonospora chaleea 
are attributable to a variety of enzymes or enzymatic systems, each show
ing a very high degree of specificity. That glucose is the main component 

- released during yeast cell wall degradation by this system suggests strong 
glucanase activity (Novaes et al. 1966). Mannose was also detected, but 
in much smaller proportions. A number of amino acids are also present 
in the dialyzable products of cell wall digestion, suggesting an important 
function of proteolytic enzymes (Garcia Ochoa, 1965). 

Bacon et al. (1965) have shown dissolution of yeast cell walls by 
means of filtrates of Cytophaga johnsonii, an organism described by 
Salton (1955) as able to clear agar plates of cell walls. The enzymes 
present in the filtrates were able to liberate glucose from the yeast 
cell walls; although some oligosaccharide was also present, no free man
nose could be detected. The action of the myxobacterial culture, when 
combined with thiol compounds (Davies and Elvin, 1964), gave risc to 
interesting results. It seems that two structural systems exist, either of 
which, when intact, will preserve the integrity of the yeast cell wall. One is 
the glucan formed by glucosidic linkages that can be destroyed by the 
myxobacterial enzymes; the other is composed of mannan-protein com
plexes associated through disulfide linkages (Nickerson and Falcone, 
1956) which can be broken by thiol compounds or by autoclaving. Only 
when both systems are degraded does the cell wall dissolve. The presence 
of a third network was suggested to explain the resistance of living yeast 
cells, but its existence is dubious. 

Although chitin has been described as a fungal cell wall constituent 
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and glucans have been shown to play an important role in yeast wall struc
ture, the existence of such glucans in the mycelium-forming organisms 
and the significance of glucanases to wall dissolution and fungal lysis have 
not been appreciated until now. The wall structure of Aspergillus oryzae 
has also been studied by means of two lytic preparations, one obtained 
from the growth medium of B. circulans and the other, the chitinase, pro
duced by a Streptomyces as suggested by Reynolds (1954). After in
cubation of isolated cell walls of A. oryzae with these lytic preparations, 
complete dissolution was observed with the release of hexosamine and 
hexose. Surprisingly, it was concluded that the cell wall was constituted 
of chitin coated by a melibiose polymer which could be lysed by the 
Bacillus enzyme (Horikoshi and Ida, 1959). 

I. Analysis of Cell Wall Enzymatic Degradation Products 

Partial chemical degradation has long been used in structural studies 
of fungal walls. The limitations of these drastic methods are obvious. It 
was evident that the characterization of the fungal wall-degrading enzymes, 
and the products formed by the action of specific enzymes, would throw 
light on the problem of cell wall structures. The use of snail enzymes to 
digest the cell wall of Saccharomyces cerevisiae (Millbank and Macrae, 
1964; Anderson, 1966) simplified the identification and further character
ization of the digestion products. Similar studies were carried out in our 
laboratory using cell wall preparations of Candida utilis and the lytic 
strepzyme of Micromonospora chalcea (Gascon et al., 1965a). 

Cell walls of S. cerevisiae and C. utilis arc completely degraded to 
soluble products on digestion with partially purified fractions of snail or 
microbial enzymes, and components may be separated on the basis of 
diffusibility through dialysis tubing into dialyzable and nondialyzable 
fractions. An investigation of the dialyzable fractions showed the presence 
of glucose, and lesser amounts of mannose, hexosamine, and a series of 
amino acids (Garcia Ochoa, 1965; Novaes et al., 1966). 

Investigations by Skujins et al. (1965) using a combination of a 
Streptomyces chitinase and fl-l,3-glucanase have shown nearly complete 
dissolution of hyphal walls of Aspergillus oryzae and Fusarium solani. 
The individual enzymes did not effect solubilization of the cell walls. The 
main mycelial wall components were found to be chitin and B-l,3-glucan, 
and no cellulose was detected. Digestion of F. solani walls liberated 14% 
glucose, 47% N-acetylhexosamine, and 6% of an insoluble residue which 
upon acid hydrolysis yielded galactose, mannose, and uronic acid but no 
glucose. The same group (Potgieter and Alexander, 1965) described 
the degradation of Neurospora crassa cell walls by chitinase and glucanase 
without microscopic alterations of the morphological characteristics of 
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the walls. On the basis of the action of these lytic enzymes. it was sug
gested that various other cellular constituents are responsible for re
sistance to enzymatic lysis. There is no doubt that in future investigations. 
the addition of lipases. various polysaccharidases and proteases will be 
very useful in elucidating wall structure (Satomura et al., 1960). 

Horikoshi and Sakaguchi (1958) described a strain of Bacillus eir
ellians which showed lytic activity toward walls of various molds and 
yeasts. Digestion of Aspergillus aryzae walls with the lytic preparation 
released only hexose polymers, although the hyphal walls have about 40% 
of a hexosamine polymer. 

Tanaka succeeded in separating two glucanases (~-1,3 and ~-1,6) 

from B. eireulans (Phaff, 1963). Treatment of isolated bakers' yeast 
walls with either of the glucanases caused lysis. Release of laminaribiose 
and gentiobiose together with higher,homologs upon treatment with ~-1, 

3- and ~-1 ,6-glucanases, respectively;' was shown chromatographically. 
In both cases, small proportions of unknown oligosaccharides were also 
formed. The same workers recently described the enzymatic hydrolysis 
of yeast cell walls using lytic systems from B. eirellians and a species of 
Streptomyces (Tanaka and Phaff, 1965). The crude enzymes of the 
bacterium hydrolyzed only ~-1,3- and ~-1,6-glucans, to a mixture of 
gentiobiose and glucose. The authors demonstrate the usefulness of the 
enzymatic techniques for comparative studies of the cell wall composi
tion of different fungi. 

J. Mechanism of Lysis in Fungi 

Lysis by strepzymes has been studied mainly with Fusarium eulmarum, 
although Triehathecium roseum, Aspergillus nidulans, and a few other 
microorganisms have also been used. The lytic action must be explained 
as a complex system of reactions by distinct enzymes. The biosynthesis 
of these enzymes is influenced by the composition of the medium and 
by other cultural conditions. They can be separated from each other by 
adsorption chromatography. The demonstration that the microbial prepa
rations contain several lytic agents, each with its characteristic range 
of activity, has made the elucidation of the mechanism of fungilysis by 
actinomycetes and bacteria even more complicated than had at first 
appeared. 

K. Lysis of Fungal Cells by Natural Soil 

Soil organic matter includes living organisms and their remains which 
are resistant to chemical and enzymatic decomposition. A knowledge of 
the action of enzymes on fungal mycelium may perhaps give an idea 
of the composition of this resistant fraction. The investigations of Waks-
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man (1959) and collaborators havc been largely responsible for our 
knowledge of many of the microbial activities in the soil. After proof of 
the existence of vegetative fungus mycelium in the soil there followed data 
on the lytic mechanisms that affect living populations. The study of ac
tivities of an organism in pure culture under the artificial conditions of 
the laboratory, cannot be expected to present a true picture of the natural 
metabolic performance of organisms. 

Living and dead mycelia of a large number of plant pathogenic fungi 
were completely destroyed when agar cultures were covered with field 
soil (Lockwood, 1960). A natural toxicity to fungi exists in most soils, 
as suggested by the nonspecific inhibition of germination and by the lysis 
of fungal germ tubes and mycelium (Lockwood, 1959; Park, 1957). 

Lysis of microbial cells in the soil involves a variety of reactions most 
of them considered to be enzymatic. AutOlysis and bacteriolysis are 
known to occur not only-in bacteria and actinomycctes, but also in fungi. 
Sensitivity to phages, however, is known only in the first two groups, al
though some workers claim its presence in some fungi (Lindegren and 
Bang, 1961). 

Although some species of Bacillus and Pseudomonas (Mitchell and 
Alexander, 1963), can digest walls of living cells in manures and soils, 
actinomycetes are the most active. The first observations on the lytic 
effect of actinomycetes were made by Gasperini (1890). Welsch (1962) 
and his collaborators have published a number of papers on the lytic 
preparations from a species of Streptomyces along with other workers 
(McCarty, 1952; Borodulina, 1935). 

Antibiotics are produced by many soil organisms, mainly Streptomyces 
species, and it might be claimed that lytic action of these isolates was 
also due to the excretion of these substances in the soil. This may be 
true in part but, as suggested by a number of workers (Salton, 1955; 
Carter and Lockwood, 1957), actinomycetes lyse both living and dead 
mycelium and isolated cell walls (Gascbn and Villanueva, 1963b; Gascon 
et al., 1965,,), whereas antibiotics lyse only living mycelium. Thus, 
lysis of dead mycelium in soil must be due to the action of cell wall
decomposing enzymes (Lockwood, 1960). 

The effect of autOlysis on the composition of mold mycelium and the 
nature of the products liberated have been investigated (Arima et al., 
1965). As pointed out by Foster (1949), less is known about autolysis in 
fungi as compared to bacteria. 

Mitchell and Alexander (1963) isolated from soil a number of bacteria 
capable of lysing Fusarium oxysporum. Living and dead Fusarium myce
lium as well as cell wall preparations were digested by Bacillus cereus. 
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Examination of the breakdown by enzymatic action of a sample of my
celium of Penicilfium griseofulvllm has been made by Smithies (1953). 

It is now well known that protcases. cellulascs, and chitinases are com
mon in microorganisms and invertebrates of the soil. and it is likely that 
these bring about dispersion of the greater part of fungal mycelium. 

II. PREPARATION OF PROTOPLASTS 

There are a number of methods for obtaining fungal protoplasts: 
1. By a controlled autolytic process such as that described in Saccharo

myces cerevisiae by Necas (1956). 
2. By direct digestion of the rigid ccli wall structure by means of 

enzymes present in the digestive juice of snails (Eddy and Williamson, 
1957; Bachmann and Bo.(!ncr. 1959; Rodriguez Aguirre and Villanueva, 
1962). . 

3. By a process similar to the snail enzyme process, but using microbial 
enzyme preparations (Garcia Mendoza and Villanueva, 1962; Rodriguez 
Aguirrep al., 1964). 

4. B)' the use of commercial enzyme preparations, either isolated or 
combined with other hydrolytic enzymes (Emerson and Emerson, 1958; 
Garcia Acha el a/., 1966). 

5. By metabolic disturbance in the presence of sorbose or other sugars 
\vhich causes inhibition of cclI-wall formation (Hamilton and Cal vet, 
1964). 

6. By cultivation of the fungi on thickened serum as described by 
Meinecke (1960). The effectiveness of this teChnique is rather doubtful. 

In addition, mechanical pressure on intact cells has produced plasma 
droplets. some containing the nucleus, which under same conditions 
might give rise to new regenerated cells (Necas, 1956). 

A. The Imparlance of Ihe Physiological Age and of 
Cultural Conditions 

A number of workers have emphasized the importance of young cells 
(in the phase of active growth) in the conversion to protoplasts (Eddy 
and Williamson. 1957; Holter and Ottolenghi, 1960; Garcia Mendoza 
and Villanueva, 1962; Rost and Venner, 1965). Althoogh the use of 
young cultures is important, cultural conditions and the strain used 
strongly affect sensitivity. Holter and Ottolenghi (1960) have reported 
that substituting melibiose for glucose in the culture medium made the 
cell walls sensitive. According to Svihla el al. (1961) this can be ex
plained by the building of a different type of polysaccharide in the wall. 
A similar phenomenon was found in Candida utilis when grown in the 
presence of some sulfur-containing amino acids. Under these conditions, 
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cells contain a high concentration of S-adcnosylmethionine, which ap
parently does not contribute to the cel[ wall structure of the yeast. yet 
makes the cells more susceptible to the snail enzyme. Yeasts grown in 
the presence of a chemically defined medium plus vitamins are more sus
ceptible to enzymatic attack than those grown in the complete absence 
of the growth factors (Rost and Venner, 1965). Apparently, all these 
facts might easily be explained by the finding of Dunwell el al. (1961) 
that growth condi-tions strongly affect the polysaccharide composition of 
fungal walls. 

Preparation of protoplast suspensions of Fllsarium eulmorum free of 
remaining hyphal hlaments can partially be achieved by filtration of the 
whole suspension through sintcred glass filters to remove most of the myce
lium. Microscopic examination of the filtr<'lte revealed a high concentration 
( 10" per milliliter) of the structures designated as mycelial protoplasts. The 
few hyphal remn~mts. which could also be observed. could be removed 
completely by low specd (500-1000 g) centrifugation. A purified prepara
tion of protoplasts was obtained in this way. but recovery was generally 
about 50%. 

B. The Use of Snail En~ymes 

The digestive tract of Helix pomaria contains many digestive enzymes, 
including lipases, more than twenty different earbohydrases, and pro
teinases (Holden and Tracey. 1950; Mvers and Northcote, 1958) .. The 
large number of carbohydrases may explain its usefulness for digesting 
fungal cell walls while the lipase and protease are probably important 
by contributing to thc breakdown of lipoprotein structures in the cell 
envelopes. Earlier work suggested degradation of the cell walls (Giaja, 
1922). Eddy (1958a) was first to report that enzymes present in the 
snail preparation were able to produce protoplasts from Saccharomyces 
cerevisiae. 

Although some attempts at fractionation of the lytic enzymes present 
in crude preparations of the snail enzyme complex have been made (Mill
bank and Macrae, 1964; Anderson. 1966), these are still in the pre
liminary stages. 

C. The Use of Microbial L ylic En~ymes 

Microbial enzymes have been reported to liberate protoplasts from 
bacteria (McQuillen, 1960), yeast (Garcia Mendoza and Villanueva, 
1962; Phaff, 1966), filamentous fungi (Rodriguez Aguirre el al., 1964), 
and higher plant cells (Cocking, 1960, 1965). ' , 

Garcia Mendoza and Villanueva (1962) described Streptomyces GM 
which was able to produce enzymes lytic toward a number of yeast 
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species with the formation of protoplasts. Gascon et at. (1965b) have 
reported that Alicromol1os{JOra chalcea grown in a variety of complex. 
media. synthesizes a complex lytic system. able to release protoplasts 
from a number of fungi. These enzymes are released into the growth 
medium during exponential growth. The numerous problems concerned 
with optimal growth conditions have been studied with a view to ob
taining consistent and maximal yields of the lytic material (Gascbn et al., 
1965a). From these studies it is not certain how many enzymes are in
volved in the lytic activities, and clarification of this point must await 
fractionation of the proteins liberated into the growth medium. The initial 
studies of the lysis of fungal cell walls demonstrated that the lytic enzyme 
present in filtrates of M. ehalcea dissolved these walls and released soluble 
sugars, amino sugars, and amino acids (Novaes and Villanueva, 1965; 
Novaes et aZ .• 1966). The difficulty in separating small amounts of prote
olytic (or other interfering) y~zymes from partially purified preparations 
of the lytic enzyme may limit its -use to experiments where those concomi
tant activities are unimportant. 

Furuya and Ikeda (1960) isolated a strain of Streptomyces that at
tacked heat-treated bakers' yeast, isolated eel! walls, and in some condi
tions produc.cd protoplasts. The protoplast-forming ability was thought to 
be du<rt6- a combined action of a polysaccharidase and other enzymes. 
Yeast protoplasts were also prepared from Saccharomyces cerevisiae using 
enzymes from Streptomyces albidofiavus (Tabata et al .• 1965). 

Spherical protoplast-like structures can be liberated from hyphae of 
Fusarium culmorum by the action of an enzyme preparation obtained from 
the cell-free supernatant of the growth medium of Streptomyces RA 
(Rodriguez Aguirre et al .. 1964). Protoplasts can also be obtained from 
Mucor sphaerosporlis, Cladosporium sp., Glioeladium roseum, Diploelad
fum sp., Trichothecium roseum, Penicillium italieum, Aspergillus nidulans, 
Alternaria sp., and Verticillium. However striking differences were found 
between the different species in rate and frequency of protoplast forma
tion. No protoplast release was observed in Hefminthosporium sp., Pofy
stictus versicolor, and Rhizopus microsporus. 

Crude B. circulans lytic enzyme had no detectable activity on suspen
sions of intact cells of various yeasts (Phaif, 1963). However. it com
pletely dissolved cell wall preparations made from the same yeasts, and 
this action was associated with the release of simple sugars and amino 
sugars. The failure of this enzyme to digest intact cells and to form 
protoplasts, although it is active on cell wall preparations, is reminiscent 
of the properties of other lytic enzymes produced by various organisms. 

Myrothecium verrucaria cellulase was successfully employed by Cocking 
(1960. 1963) for the isolation of protoplasts from roots. Unlike the cell 



18 Julio R.. Villanuf!t'(l 

walls of fungi and bacteria, higher plant cell walls arc mainly cellulose so 
high concentrations of cellulase alone arc more effective. Similar studies 
in our laboratory, using Trichoderma viride cellulase for the formation 
of protoplasts from mycelial cells of species of Pyrhium and Ph.vrophrhora 
reported to contain cellulose in their cell walls, have failed. Great dis
tortions in the ccli walls were observed, with even morc marked altera
tions in the cytoplasmic contents. The latter were sometimes liberated, 
but no formation of protoplasts was detected. It is possible that the 
ce!lulases were contaminated by other enzymes which, once the cellulases 
digest the cell wall, will penetrate and alter the plasmalemma and internal 
contents. 

D. Comparison oj the A ction of Snail and 
Microbial Enzymes 

Garcia Acha and Villanueva (j' 9~b) describe differences in the mode 
of action of strepzyme and snail enzyme preparations on fungal spores. 
The microbial enzyme produced protoplasts from Trichothecium rosellrn 
spores completely free of cell walls whereas Helix pomatia enzyme gave 
rise to osmotically sensitive forms contaminated with remnants of the 
wall. However, studies on digestion of intact cells of C. utili.\" did not show 
marked differences in the mode of action of the enzyme systems from 
H. pomatia and Micromnnospora AS. The only differences in the course 
of lysis arc the consistency of the remaining cell walls and time differences. 
The cell walls after the action of the snail enzyme (observed under the 
phase contrast microscope) are much more opaque and rigid. Those re
sulting from strepzyme digestion are thinner and more delicate. The 
strepzyme preparation appears to be much more active on a weight basis 
(Garcia Mendoza and Villanueva, 1964). 

A number of crude enzyme preparations known to be rich in certain 
carbohydrases-Micromonospora AS and H. pomatia. Trichoderma viride 
and SlreplomyceJ sp. (cellulase), Rhizoplls arrhizu5 (j)-1.3-glucanase) and 
Serratia marcescens, Aspergillus jumigafus, Penicillium ochrochloron, 
and P. lilaceum (chitinases)-were tested in our laboratory for their 
ability to lyse living and dead cells of C. utilis. Action on living cells was 
limited to relativeli'few preparations. and there was only one (R. arrhizus) 
showing activity at an acid pH, At a neutral or slightly alkoline pH, the 
Micromonospora enzyme consistently was most active (including the snail 
enzyme), the other preparations varying greatly. Dead cells were much 
more susceptible to lysis than living cells. Combinations of lytic enzymes 
show a synergistic action, and these are apparent not only on living cells, 
but also on dead cells and on isolated cell walk 
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E. The Usc of Other Encymes 

There have been reports referring to the preparation of protoplasts of 
various fungi. e.g .. N. crassa and yeasts. by using a variety of commercial 
enzyme preparations. Emcrson and Emcrson (1958) first rcported pro
duction of protoplast-like structures from all tested strains of N. crassa 
which carried the osmotic mutant gene (os) by treatment with a com
mercial hcmicelluiasc preparation or crude snail hepatic juice. Hyphae 
were digested with 0.5-3 % (w Iv) hemiccllula~e in a medium containing 
sucrose, rhamnose, or sorbose and the standard salt mixture. Protoplasts 
were more readily maintained at the higher concentrations of sugars and 
enzymc. The spherical forms lysed in distilled water to leave a delicate 
membrane. 

Eddy (1958,,) studied the lysis of walls of Saccharomyces cerevisiae 
by proteolytic enzymes such as papain, trypsin, and an enzyme prepara
tion from malt. Although waJ.!s arc digested, he demonstrated that com
plete degradation occurred oni)"with the snail enzyme. Satomura et al. 
( 1960) obtained complete digestion of intact yeast walls by a combination 
of glucanase. lipase, and phospholipase. Recently Garcia Acha and her 
colleagues succeeded in obtaining protoplasts from Fusarium eu/marum 
mycelium by a -comhination of pancreatic lipase and strepzyme M. This 
lastpr¢ation alonc did not form protoplasts (Garcia Acha et al., 1966). 

F. Formation of Protoplasts by Inhibition of Cell 
Wall Synthesis 

The specific inhibition of ccii wall synthesis without affecting the syn
thesis of the cytoplasmic membrane and other internal structures has been 
used for preparation of protoplasts of bacteria (McQuillen, 1960). Simi
lar attempts made by addition of antibiotics or hy metabolic disturbance 
of fungi have been only partially successful. Hamilton and Calvet have 
shown (1964), that when sorbose (5-20%) was added to growth media, 
the osmotic mutant M 16 of N. crassa produced small colonies composed 
almost entirely of protoplasts. The preliminary report of de Terra and 
Tatum (1961) showed that hyphae of Neurospora become bulgy when 
grown in 4% sorbose medium. Results with glucose, sucrose, and fructose, 
which served as osmotic stabilizers and carbon sources, were similar to 
those with sorbose plus 2 % sucrose, when considered on a molar basis. 
The protoplasts met all the criteria suggested by Bachmann and Bonner 
( 1959) and the effect of the sugars may well be selective cell wall inhibi
tion "by extracellular loss of necessary substrates or enzymes, although 
an alternative explanation would he the extracellular movement and ac-
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tivation of an autolytic enzyme." However, Robertson (1965) has sug
gested that the sorbose molecule might be preventing the normal building 
of dextrose units into the fungal wall at the apex of the ccII. 

C. AI/empts to Obtain Protoplasts by Means of Antibiotics 

Attempts have been made to prepare protoplasts of fungi by means of 
antibiotics and various fungicides. Antibiotics like griseofulvin are known 
to act on immature fungal cell walls in a small region of the hyphae 
around the tip (Dekker. 1963; Bent and Moore, 1966). This agent is 
primarily active on fungi containing chitin (Brian, 1960). Thus, grisc~ 

ofulvin and related compounds might interfere with fungal wall formation 
in similar way to that of penicillin on sensitive bacteria, specifically pre~ 
venting the synthesis of cell wall material while allowing other components 
of the cell to develop norrTl;!lIy. Although no protoplasts were detected. 
alterations of the permeability cif the fungus were apparent (Kinsky. 1961). 
A variety of antifungal antibiotics tested on active growing cells of 
yeasts also failed to produce osmotically fragile protoplasts (Shockman and 
Lampen, ! Q62). It was concluded that these antifungal antibiotics act 
mainly on the protoplast, and indeed most of the antifungal agents pro~ 

duced marked inhibition of growth. 

Ill. MORPHOLOGY AND STRUCTURE 

A. ReI€ase of Protoplasts 

Under specified conditions protoplasts can be observed emerging. As 
described by Bachmann and Bonner (1959) the formation of mycelial 
protoplasts converts the coenocytic mycelium of fungi into units which 
can be handled quantitatively by the techniques used for unicellular micro
organisms. The different stages in the formation of yeast protoplasts with 
strepzymc have been described (Garcia Mendoza and Villanueva, 1964). 
Although the various stages of the conversion process are not synchronous 
in a yeast population it was possible to map in detail the sequence of 
events in some isolated cells after the addition of lytic enzyme to the 
medium. The cells underwent an apparent swelling. and the cell wall 
seemed to be digested rather than to break under these circumstances. 
Release of protoplasts in Candida ufilis cells seemed to occur chiefly at 
the equatorial zone of the ccII and only rarely at the polar ends (Fig. I 
A, B). As a rule, the entire contents of one cell are extruded at one time 
to form one free protoplast. During the last stages of protoplast release 
and once they have been extruded, the cell walls more or less rapidly, 
depending on the concentration of the lytic enzyme present, are com
pletely dissolved, leaving a suspension of protoplasts free of debris. 
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The liberation of protoplasts in Oospora suaveolens, as described by 
Gasccin e{ al. (1965b) can be summarized as follows: The protoplast 
retracts from one pole of the ccli at an early stage, and later is extruded 
through a hole developed at the other pole (Fig. 1 C). After emergence, 
the empty ceEs retain their original size and shape. Later they disappear 
by digestion with strepzyme. Occasionally it was the central part of an 
c!ongated cell which swelled and there the protoplast began to emerge 
through pores in the cell walls. Sometimes during protoplast liberation 
in O. suaveolens the protoplasm of one cell can divide into two parts, 
one remaining inside the cell wall and the other, usually the one at the 
end, giving rise to a protoplast (Fig. I D). Sometimes when the protoplast 
was released from the ccli wall some kind of filamentous structure re
mained behind. Strunk (1966) has described similar structures. She 
showed phase contrast micrographs in which one protoplast is linked to 
another, or to the conten~, remaining in the h),"phac of PolyS1ictus versi
color, by a thread of cytoplasm (Fig. 2). This filament not only keeps 
the protoplasts linked, but serves to originate some kind of attraction 
between the connected protoplasts, which later come together and fuse. 

Liber_yion of protoplasts from the mycelium of Fusarium culmorum 
follows the attack on the cell wall, with the production of a budlike struc
ture in the hyphae. A few minutes later the protoplast can be seen to 
emerge through an aperture and to attain a spherical shape (Fig. 3). 
Forces tending to make the protoplast assume a spherical shape apparently 
help in the extrusion of the body. Protoplasts of various sizes (4-15 ~ in 
diameter) can often be seen. Sometimes the protoplasts swell (or grow) 
and eventually the spheres rupture, leaving either ghosts or clusters of 
granules. The various ways in which protoplasts may be released in this 
fungus arc diagrammed in Fig. I E, F. 

Substances usually used for stabilization of protoplasts affect their 
formation. Protoplast liberation by the action of the lytic enzyme of 
Streptomyces RA (Rodriguez Aguirre et al., 1964) on mycelium of F. 
culmorwn takes place very quickly (in Jess than 60 minutes) when fruc
tose, sorbose, sucrose, rhamnose, mannitol, NaCI. or KCI (at 0.8 M) 
are employed as stabilizers. On the other hand when the stabilizer used 
is xylose, sucrose, or maltose the process of protoplast release starts 
only after 3 hours' incubation. After extrusion of protoplasts, the empty 
cell walls remain, and these appear to be resistant to enzymatic digestion. 

Protoplast release has also been described in Neurospora crassa after 
treatment with either commercial enzyme (Emerson and Emerson, 1958) 
or snail preparation (Bachmann and Bonner, 1959). One or several pores 
are formed in the hypha! walls, either at the sides or ends of the cells, 
and spherical bodies emerge. Although extrusion of all the contents of 



22 J/(Iio N . Vil/al/ueva 

e 
t 

@ 

o 
t 

~ 

II) 
u 

C® 
t 

@ 

U 
1 

~ 
r 



o 

~ 
~ 

t 
. . 

~ 
t 

<;l' ' ~~ ... 
, 

r 

I 

1. Protoplasts of F ungi 

("\,. 

w u.. 

23 

N t Iii 
+ 



24 Julio R . Villanueva 

the compartment between septa may take place, occasionally some cyto
plasmic material remains behind. The protoplast') and internal contents 
of hyphae of Penicillium glaucum arc connected through pores (Mei
necke, 1960). From the micrographs shown it seems that some kind of 

FIG. 2. Release of PulYSl icllIs versicolur protoplasts from a hypha I tip. An 
protoplasts are jOined by a thread of cytoplasm. fntervaI between Figs. A and C, 
6 minutes. Magnification : X 2000. Courtesy of Dr. C. Strunk. 

vesicle is formed, similar to those obtained in the presence of amino 
acids, and substances which interfere with normal cell wall synthesis. 

Electron microscopiC studies of the process of protoplast release are 
almost lacking. Strunk ( 1964 ) has reported the direct connection of 
the emerging protoplast with the mother hypha, and her findings fit well 
with light microscope observations. 

Microcinematographic studies made by Girbardt's group at l ena sug
gest that enormous masses of cytoplasmic materials are extruded from 
the hyphae, giving rise to extremely large protopiasts. In the film, proto
plasts of various sizes fuse and produce even larger, more or less spherical, 
osmotically sensitive bodies. Sometimes several protoplasts were linked 
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together by fine cytoplasmic threads. If the Hnked protoplasts correspond 
to two consecutive cells separated by a septum. the possibility exists that 
these threads were equivalent to plant plasmodesmata, but this does not 
seem to be the case. 

FIG. 3. Mycelial protoplasts of Fusar i llm crt lmorum. Note the variation in size 
of the spherical bodies. Magnification: X 7000. 

B. The Site of Enzyme Action and Protoplast Liberation 

Holter and Ottolcnghj ( 1960) and Svihla et 01. ( 1961) using snail 
enzyme reported the emergence of protoplasts through a hole in the cell 
wall of the yeast cells. Detajls observed by phase contrast microscopy 
of the different stages in protoplast formation by microbial enzyme diges
tion have been described (Garcia Mendoza and Villanueva, 1964). More 
recently an electron microscope study was described of sectio ns o f fungal 
ceUs made during the conversion of Candida laitis cells to spherical 
protoplasts (Villanueva et al., 1966). Samples for electron microscopY 
were taken at various intervals from the beginning of the process until 
most of the transiently formed protoplast bodies had been converted inlo 
"gho5ts." 1t was shown that digestion of the cell wall occurred preferentially 
at the growing areas of the wall. i.e .. at the equatorial zone (Fig. 4) and at 
budding zones o f the cell. This phenomenon was also observed in other 
fungal species, sllch as Schizosaccharomyces pombe, in which the growing 
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areas are at one end of the cell (Fig. 5). In yeast, complete digestion of the 
cell wall does not seem to take place. 

Protoplasts from Po/ystictus versicolor may be obtained by the action 
of the Helix pomaria enzyme. Release of protoplasts is first observed at 

FlO. 5. Protoplast liberation in Schizosaccharomyces pombe by strepzyme. Note 
the libe ralion of IWO proloplasls. Magnification: X 7000. 

FIG. 6. A proloplast of Polysriclu.t versicolor originating from a clamp. Mag
nification: X 6000. Courtesy of Dr. C. Strunk. 

the tips of growing hyphae (Fig. 2) and clamps (Fig. 6), i.e., at the 
point where the ceU is growing and the cell wall is thinnest (Strunk, 1966). 
The growing point at tbe tip of the hyphae (Strunk, 1963) is possibly 
the exact site of the action of lytic enzyme. In Oospora suaveolens (Gas
con et a/., 1965b) too, the cells seem to be attacked most readily at the 
tip where acti ve growth is taking place. 

Microscopic observations on living mycelium of Fusarium cu/morum 
exposed to strepzyme did not show the site of protoplast release so clearly. 
Although protoplasts were seen to emerge through hyphal tips, liberation 
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of spherical bodies takes place also at parts of the hyphae between septa. 
The first visible indication of digestion is the production of a budlike 
structure. Upon further observation this turns out to be the spot where 
the protoplast will be released (Rodriguez Aguirre ef al., 1964). 

C. Number of Protoplasts per Cell 

As suggested by McQuillen (1960) for bacterial cells. the number of 
protoplasts which arc extruded from a cell compartment depends on how 
"cell" is defined. In yeast cells, generally one spherical protoplast emerges 
from each unicellular compartment. Sometimes more than one protoplast 
can be seen to emerge. Thus in Candida utilis and Saccharomyces cere
visiae, when no budding occurs, one protoplast per cell is usually observed, 
whereas in Schizosaccharomyces pombe more than one protoplast may 
be produced (Fig. 5). Budding may cause the formation of one or more 
protoplasts (Rost and Venner, 1965 )." The contents of one cell, on 
squeezing out through the hole in the cell wall, may split and yield more 
than Dne protDpJast (Holter and OttoJenghi, 1960). 

Definition of the number of protoplasts per cell in hyphae of filamentous 
fungi is becoming complicated. Often the entire contents of a hyphal 
compartmclU emerge as a single, large protoplast. On other occasions, 
the contents are extruded intermittently through one or several pores, giving 
rise to a number of protoplasts from one compartment. Sometimes, a 
considerable amount of the cytopJasmic contents of a compartment re
mains inside of the walls. In Oospora slla"eolens (Gascon et al., 1965b) 
the cytoplasmic contents may be liberated as one large protoplast, but 
more often they are extruded in two portions. 

It is difficult to determine the significance of the released spherical 
structures. The easiest explanation, valid possibly only for Oospora 
suaveolens or Schizosaccharomycesy is that two cells were already formed 
even if they did not appear as such. O'Hern and Heway (1956) reported 
that cell division in Coccidioides immitis begins with the division of the 
cytoplasm by a cytoplasmic membrane. At a later stage, the septal wall is 
laid down, the membrane splits, and wall material is laid down between the 
two resulting membranes. The septa could be formed as a latter stage of 
division. While this theory may explain the mechanism of protoplast release 
in some types of cells, it is not valid for filamentous fungi, such as 
Fusarium culmorum and Neurospora crassa. 

CytolOgical studies are needed to determine the distribution of nuclei 
into protoplasts when more than one spherical body is produced from 
one hyphal compartment. Has each of the protoplasts one or more nuclei? 
Some of the bodies could be without a nucleus: Are such protoplasts 
able to survive and regenerate? The demonstration that each free proto-
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plast contains a full set of cytoplasmic elements, lacking only its cel~ wall, 
and represents a complete cell still awaits further investigations. As has 
been described for plant protoplasts (Cocking, 1963), those cytoplasmic 
structures released during lytic action might represent preformed orga
nized protoplasmic units of the fungal cell equivalent in character to the 
subprotoplasts reported by the British worker. However. in contrast with 
Cocking's report, it has not been possible to identify individual proto
plasmic units in the fungal cell compartment before protoplast release, 
or later in the large protoplasts. 

The explanation of the variability of the number of protoplasts needs 
some understanding of the contents of that portion of hyphae between two 
consecutive septa. In contrast with phycomycetes. the hyphae of the 
ascomycetes, basidiomycetes, and fungi imperfecti are regularly septate, 
but each septum contains a minute central pore through which the con
tinuity of the protoplasih· can be maintained (Hickman, 1965). That is, 
the hyphae are not divided into a series of independent cells, but are typi
cally coenoeytic. Dissolution of the rigid cell wall under stabilized condi
tions may liberate portions of the protoplasm with no defined volumes. 
Under these conditions there is no reason to expect the release of bodies 
of the same size since, unless the whole content of a compartment is 
extruded as an entity, the number of protoplasts can fluctuate between wide 
limits. Furthermore, unless the internal contents of the protoplasm are 
divided into regional compartments, each one enveloped by a membrane 
of the endoplasmic reticulum, there is no clear explanation of how the 
cytoplasmic membrane can produce the numerous spheres which can be 
released from the hyphal compartment. 

D. Phase-Contrast Microscopy 

The conversion of fungal cclls to protoplast bodies is usually followed 
by phase contrast microscopy. Almost all the cells became spherical al
though occasionally some abnormal elliptical or elongated forms can be 
observed. In a large protoplast, streaming can easily be observed. Proto
plasts show great variability in diameter. Sometimes, those formed from 
hyphae and especially those released from tips, are somewhat larger in 
diameter. However, as has already been described, fusion among mycelial 
protoplasts occurs. The larger bodies often seen in Fusarium culmorum 
protoplasts, which are called "giant" protoplasts may, by comparison with 
Strunk's observations made on films of phase contrast preparations (Strunk, 
1966), originate by fusion of various smaller bodies, though the possi
bility of protoplast swelling cannot be ignored (Rodriguez Aguirre et al., 
1964). Incubation conditions may affect the size of the bodies. Structures 
can be seen corresponding to vacuoles (varying in numbers and sizes), 
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lipid globu1es and glycogen granules. vesicles and membranes, nuclei. 
and sometimes long filaments which may correspond to mitochondria 
(Strunk, 1966). Vacuolation inside the protoplasts varies from protoplast 
to protoplast. Apical cells arc normally without vacuoles, but at a distance 
from the apex, vacuoles are more abundant (Robertson, 1965) and older 
cells seem to have more vaclIoles than younger ones. The appearance of 
vacuoles is influenced not only by the age of the cclls, but also by the 
strain and by the solution (hypertonic or hypotonic) in which the orga
nism is growing. It is possible on this basis to explain the great variation in 
the protoplasts produced from hyphae (see Robertson, Chapter 26 in 
Volume I. 

Better resolution of internal structure is always found in protoplasts 
than in intact cells. Internal structures in filamentous fungi arc better 
observed in mycelium protopJasts than in those derived from spores, in 
which the density of the cytoplasm seems to be higher. By phase contrast 
the spherical bodies show a variety of internal structures with granular 
clements, vesicles, and vacuoles. Vegetative cells of Oospora suaveolens 
often have protoplasts with a large vacuole, on occasion occupying all the 
internal space of the body (Gaschn et al., 1965b). On prolonged incuba
tion many of the ceils may enlarge and produce a large vacuole. Sometimes 
an internal structure that might be the nucleus may be seen. In other pro
toplasts, not must detail can be seen because of the small size of the struc
tures involved. 

When incubation is continued, hyphal protoplasts often enlarge and 
lyse, and the cell contents disperse into the medium as diffuse granular 
material. The vacuoles may remain more or less intact as isolated units, 
or protected by some granular material surrounding the outer surface of 
the vesicle. In some fungi, after protoplast lysis, there remains a visible 
"ghost" in which no recognizable particles are observed. 

Protoplasts appear to be markedly affected by the nature of the sub
stance used for stabilization. On prolonged incubation there is a tendenc,Y 
for the spherical and turgid protoplasts to become contracted and crenated 
During this process the refractile vacuole(s) seem to disappear. 

E. Electron Microscopy: Fine Struc/ure of Protoplas/s 

Electron microscope studies of protoplasts arc few. Osmium tetroxidc~ 
or potassium pcrmanganate-fixed protoplasts often resemble very electron 
dense sphcrical bodies possibly lacking the cell wall, though in the micro
graphs it is difficult to be completely certain of the total absence of that 
rigid and characteristic structure. Ultrathin sections of protoplasts of 
C utilis (Fig. 7 A) fixed in potassium permanganate, stained in uranyl 
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acetate. and embedded in methacrylate showed no important cha nges in the 
internal structures of the cells (Villanueva ef al .• 1966). 

Strunk ( 1964). using protoplas ts of Polys/ictlls ve,..~icolor. has succeeded 
in fixing protoplasts and obtaining electron micrographs (Fig. 78) which 

A 

FIG. 7. I:./ectron micrographs of seclion, of prOloplasts (A) from Calldida IIfilil 
(X 26.000) and ( a ) from PolyslicllIs I'ersicolor ( X 16.500) . 

show a well -preserved membrane, in some places wi th double structure, 
and a multiplicity oC internal structures 110 t basically different from the 
internal organization of hyphae. No remnants of the cell wall On the sur
face of these protoplasts are observed. rnvaginatjons of the plasmalemma 
and connection with endoplasmic reticular membranes were not observed. 
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The complex structures that consi.st of a few large bodies enclosing smaner 
elongated elements and of empty vesicles corresponding to the nucleoplasm 
were not found. The granules or small bodies are morphologically and 
structurally well defined. The endoplasmic reticulum was almost undetect
able, and the coarse granularity of the cytoplasm was probably due to the 
presence of free ribosomes. Some of these ribosomes seem to adhere to 
the vesicular (mitochondrial) membranes. 

F. Fixation of Protoplasts 

Fungal protoplasts are osmotically sensitive and must be stabilized by 
sugars or salt solutions. Addition of chemicals to such suspensions during 
fixation may lead to the sudden disappearance of some of the cytoplasmic 
contents, or to complete disintegration. This phenomenon was observed 
by Lee (1960) and Thornsson and Weibull (1958) with bacterial proto
plasts. Protoplasts arc very fragile and cannot be dried without disruption. 
This difficulty can be avoided -by means of careful fixation of the osmot
ically sensitive bodies. Fungal protoplasts arc spherical when observed 
under the phase contrast microscope and this form can be preserve.d even 
after fixation. The ellipsoidal shape of the protoplasts often seen in the 
ultrathin sections may be the result of deformations during the embedding 
or sectioning procedures. 

Studies on the plasma membrane of cells by correlation of physico
chemical experiments and electron microscopical observations has often 
been difficult because membranes are very easily distorted when the cells 
arc exposed to drastic procedures of fixation. A number of fixatives are 
suitable including osmium tetroxide (1 % in distilled water or in an appro
priate buffer), potassium permanganate (2%) and a mixture of osmium 
tetroxide and permanganate, as well as glutaraldehyde (5 % w Iv) or 
formalin (10% w 'v) as wggested by Weiss (1963). 

No fixation method was found which consistently stabilized the osmot
ically fragile forms, and simultaneously preserved their fine structure 
well. Very often the use of one fixative shows structures not detected with 
another. Fixation in buffered osmium tetroxide s .. olution or potassium per
manganate frequently caused a disintegration of osmotically fragile forms, 
even when the osmotic pressure of the medium was maintained at a high 
level. Bacterial protoplasts are apparently markedly stabilized by the 
addition of 0.0 I M MgCl, or serum albumin (Thornsson and Wei bull, 
1958). Yeast protoplasts have also been protected from disintegration by 
the addition of a highly charged, nonpermeating, macromolecule to the 
fixation fluid. Carrageenin, a sulfated polysaccharide, apparently yields 
good results in this respect (Elbers, 1961). Internal structures in proto
plasts of Polystictus versicolor were well preserved by the use of osmium 
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and buffered sucrose solution although the plasmalemma often disappeared 
(Strunk, 1964). On some occasions protoplasts of C. u/ilis were well 
preserved by fixation with KMnO{ (Villanueva e/ al., 1966). Glutaral
dehyde and formaldehyde were employed in fixation of conidial protoplasts 
of NeurospofCI crassa (Weiss, 1963). These fixatives, when compared with 
KMnO" increased complexity of the internal structures of the protoplasts. 
KMnO-l apparently removes ribosomes but permits better observation of 
other cell components. Aldehyde-fixed protoplasts contained components 
not seen in KMnOrflxcd organisms. Fixation by heating before or after 
digestion of the cell wall by the system has also been used for structural 
studies in microorganisms. This method, however, produces great altera
tions in the cytoplasm by coagulation and retraction of the internal contents . 

.... 
IV. PROTOPLASTS FROM SPORES 

In nature spores arc more resistant than vegetative forms. The rcason 
for the resistance of fully mature spores to various influences is not known, 
although it can probably be attributed in part to differences in wall com
position. A number of studies on the lytic action of natural soil have shown 
that the important survival organs of plant pathogens are resistant spores 
or sclerotia, rather than vegetative mycelium (Lockwood, 1960). Resistant 
forms survive in soil for long periods. Due to the resistance of spores, it 
seems desirable to bring together some of thc work on their lysis. 

A. Lysis of Fungal Spores 

The digestion of cell walls of vegetative cells of fungi by lytic enzymes 
has been reported by a number of workers, but the digestion of the spore 
wall has only rarely been studied in detail. The fate of germinated spores 
or fungal mycelia when added to soil has been reported (Lockwood, 1960; 
Stevenson, 1956; Chinn, 1959). Soil lysis appears to be associated with 
the presence of lytic microorganisms. Lysis of promycelia of Ustilago zeae 
[u. maydi.l'J and Spltacelorlleca sorghi is due to a lethal factor (Laskaris, 
1941; Gattani, 1952). Several organisms associated with uredospores 
lyse germ tubes (Garcia Acha et al., 1965) of rust fungi, and the lytic 
agent is enzymatic. Direct attack by a species of Verticilliu!l1 on spores and 
hyphae of Hemileia vastatrix was shown by Leal and Villanueva (1962). 
The mold developed luxuriantly when the rust spores provided the only 
carbon and nitrogen source, total disintegration being the last step of the 
lytic process. Johnston and Mortimer (1959) using snail enzymes were 
able to show release of yeast spore tetrads. Haskins and Spencer (1962) 
following the instructions of the previous workers described the liberation 
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of ascospores from mature inoperculate asci by the use of the same type of 
enzymes. 

B. Spore "Protoplast.\·" 

Osmotically fragile structures T)1uy be obtained from certain fungal 
spores by dissolving the wall of living cells with sna il and microbial en
zymes. It has been esta blished that. Ht least for Neurospora crassa, these 
treatments remove the entire w,, 11 ( Weiss. 1<)63). Provided th at the osmotic 

FlO X. F/I.\lIr;/l11l n timo/'/111l conidia and their ··proto plasls." Magnification : 
X 7000. 

pressure of the surrounding medium is maintained at a high level by means 
of suit able solutes, the wall- less protoplasts so obtained are rather stable. 
Bachmann and Bonner (1959) were first to describe liberation of proto
plast from fungal spores using H e/ix pomaria enzymes. F ree protoplasts 
were obtained when conidia of N . cra.~.m were incubated with the snail 
preparat ion. Sometimes the protoplasts were extruded through one pore 
in the side wall, although frequently the protoplas ts do not emerge from 
the conidia but remain as spherical bodies in the attacked walls whieh 
nearly disa ppear. Weiss ( 1963) also described the preparation of conid
ial protoplas ts of N. crassa and studied them by electron microscopy. 
During preliminary structural studies of the conidia of Fusarium ell/morum, 
it was observed that ineubatjon of suspensions of the wall with the s trep
zymes yielded soluble material containing most of the typical components 



J. Protoplasts of Fungi 35 

of the whole wall. Further reports from our laboratory have described the 
formation o f protoplast-like structures from spores (Garcia Acha and 
Villanueva, J 963a,b; Garcia Acha et al., 1963, 1964) of various molds 
by exposure to microbial lytic preparations. These systems apparently 
attack either partially or completely the outer layers of the spores, which 

F IG. 9. "Protoplasl" membranes of Fllsariu/II cU/lI1omm conidia. Magnification : 
X 7000. 

FIG. 10. Membranes of mycelial protoplast~ of Fumrill/ll ell/morum. Magnifica
lion : X 8000 from ROdriguez Aguirre e l CI/. ( 1964). 

leads to formation of " protoplasts.·' The osmotically sensitive bodies do 
not emerge from the conidia, but remain as spherical bodies within 
weakened walls that virtually disappear. Later the individual cells making 
up a conidium are released , giving rise to isolated spherical " protoplasts" 
(Figs. ] F and 8) . It has been suggested thaI it might be interesting to see 
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the amount of wall attack that the conidial cell will tolerate without impair
ment of its capacity to grow and divide. 

Spore protoplasts should prove useful for investigators interested in 
morphological, biochemical, and genetic studies. However, conidia do not 
represent the most appropriate material for obtaining suspensions of free 
protoplasts because of the difficulty of being sure that the protoplasts are 
wall-less. Protoplasts prepared from conidia are much more stable than 
those from young hyphae. Some (but not always all) of these "protoplasts" 
lysed after addition of distilled water to the stabilized suspension. Micro
scopic observation of this lytic phenomenon has shown a tenuous mem
brane of about the same size as the protoplast remaining after the explosive 
dispersion of the cell contents (Fig. 9). These membranes or "ghosts" 
have also been observed after lysis of mycelial protoplasts but seem to be 
more delicate structures (Fig. 10). 

V. PROPERTIES OF PROTOPLASTS 

A. Stabilizing Media 

Due to the lack of external proteclion, protoplasts will immediately lyse 
during the process of release from the mother cell unless the osmotic con
centration is adjusted. A number of substances have been used for stabiliza
tion. Eddy and Williamson (1957) in their historic work used rhamnose 
and later mannitol (Eddy and Williamson, 1959). The latter has been 
used extensively although an important limitation is its low solubility (0.8-
1.0 At). Sorbitol. dulcitol, and even sucrose have been used. Most of these 
carbohydrates were previously found to stabilize bacterial protoplasts. 
McQuillen (1960) suggested that the solute ought not be able to penetrate 
the osmotic barrier of the protoplast at an appreciable rate in order to 
protect from lysis. Maltose and fructose have more rarely been used al
though they seem to be very effective in Neurospora protoplasts (Bach
mann and Bonner, 1959). Xylose, on the other hand, was, apparently, 
completely ineffective and may even interfere with protoplast formation 
(Bachmann and Bonner, 1959). Sorbose (5-10%), used by Emerson and 
Emerson (1958), seems to be metabolized with great difficulty by fungi 
and bacteria, and its use is highly recommended when long incubations are 
required. Antibacterial antibiotics, sometimes used to suppress contami
nants, may interfere with the experiment. 

A number of common salts have also been studied in stabilization experi
ments; some were found to be very useful. KCI, at about 0.6-0.8 M, 
was employed for stabilization of protoplasts of yeasts (Holter and Otto
lenghi, 1960; Svihla et al., 1961; Shockman and Lampcn, 1962) and fila
mentous fungi. 
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NaCl might be used for the same purposes. although it may affect some 
metabolic systems. These two salts conferred some stability on Candida 
utilis protoplasts but less than that given by mannitol (Gascon el at., 
1965b). These salts were found to interfere with the lytic activity of the 
strcpzyme (Gasc<ln et al., 1965a). Magnesium sulfate at O.8-LO M was 
the most effective in yielding a stable protoplast suspension, and the forma
tion of protoplasts proceeded more rapidly in its presence than with any 
other salt tested (Gascon and Villanueva, 1965). With magnesium sulfate, 
it is also unusual to see any microbial contaminants; it was also used as 
stabilizer by Rost and Venner (1965) with S. cerevisiae and S. fragi/is 
protoplasts. Phosphate buffer was found to produce strong inhibition of the 
lytic action of strepzyme M on intact cells at O. 1-0.05 M. 

S. cerevisiae protoplasts are relatively stable in 0.3-1.0 M NaCI. Addi
tion of bivalent cations to the above solution seems to increase the stability 
of protoplasts (Tabata et al., 1965). 

Stability of protoplasts Is "ffected not only by the kind of stabilizer used, 
but also by the species (and even the strain) of the fungus. Eddy and 
Williamson (1957) report stabilizing Saccharomyces protoplasts for a 
few hours only, but, working with Candida, Svihla et al. (1961) found 
that the ~herical bodies could be stored for days. Many protoplasts per
sist for 6ver a week at 2Ye. Bachmann and Bonner (1959) reported that 
Neurospora protoplasts retained their morphological integrity for days 
when stored at room temperature. Fusarium protoplasts seem to be very 
stable when kept at 2°e, and many persist for over 10 days at room 
temperature (Rodriguez Aguirre et al., 1964). The lower limit o( con
centration of the stabilizers used satisfactorily for these protoplasts was 
O.2M. 

Stability of the protoplasts is markedly affected by the reaction of the 
suspending medium. The range between pH 4.0 and 8.0 is satisfactory (or 
producing fungal protoplasts, but the optimum pH for stability is 6-8. 

B. Osmotic Sensitivity of Protoplasts 

Intact fungal cells are assumed to have an osmotic barrier permeable to 
small molecules, which adheres to the wall and surrounds the protoplasm. 
This osmotic barrier probably corresponds to the cytoplasmic membrane. 
The free protoplasts of fungi like those of most bacteria are sensitive to 
osmotic shock and lyse immediately when placed in distilled water. 

Svihla et al. (1961) have determined the optimum conditions for 
osmotic stability, by measuring the release of radioactivity from labeled 
spheroplasts placed in various concentrations of KCI. Higher stability 
of the spheres was found with KCI concentrations of 0.5-1.0 M. Low 
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concentratlons of the solute produced bursting of the protoplasts win] 
release of the labeled cytoplasmic compounds. High solute concentrations 
gave rise to crenate structures. a phenomenon often observed when sam
ples were suddenly transferred from a low concentration to much higher 
concentration of the stabilizer. 

Ottolenghi and Lillchoj (1966) have recently reported fascinating 
results in relation to osmotic properties of yeast protoplasts. The minimum 
concentration for stability of Saccharomyces protoplasts, especially in the 
presence of growth medium. is about 0.6 M KCI or I M sorbitol. With 
lower concentrations the protoplasts tend to sweU and burst. Furthermore. 
it was noticed that if intact cells were harvested. washed, and placed in 
I M sorbitol, the cells shrank and the cell wall separated from the pro
toplasm. If growth medium is added to the cells, they swell again and 
become normal. However, if cells now adapted to 1 M sorbitol are put into 
2 M sorbitol, they will again shrink, but in growth medium they will swell 
again. This can be repeated with 3 M sorbitol. Using KCI, one can do 
the same thing. By 0.5 M steps one can easily get up to 2 M KCI. It is 
interesting to find that cells adapted in this way will grow in the media 
they have adapted to and will form .,protoplasts, stable in the tonicity to 
which the cells have become adapted. Protoplasts from cells grown in I M 
sorbitol are stable in 1 M sorbitol. those from 2 M or 3 M sorbitol are 
stable in 2 M or 3 M sorbitol. But those from 2 M or 3 M will burst in I M 
sorbitol. In fact, if whole cells taken from 2 or 3 M sorbitol are placed in 
water~ many will ,burst. Another conclusion of this work was that cell, 
grown 1n different osmotic pressures behave differently not only in respect 
to growth (increase in the osmotic pressure caused a decrease in the growth 
ratc) but also in other phYSiological activities, i.c .. respiratory activity of 
the cells is also affected by the high osmolarity of the medium. 

Osmotic bursting cao be used as a mild procedure for the preparation of 
protoplasmic components. Intact mitochondria have been successfully pre
pared by osmotic shock of yeast protoplasts (Duell el ai., 1964). However 
on some occasions the recovery of cell fractions has been difficult due t(1 

the instability of components arising as a result of the osmotic changes, 
The pOSSibility of finding an agent able to induce bursting, as has been 
shown in plant protoplasts with 3-indolylacetic acid (Cocking. 1961. 1965), 
without changing the osmotic environment. seems promising. 

A number of surface active agents and related substances known to 
disrupt cytoplasmic membranes were tested against protoplasts of fungi. 
Sodium dodecyl sulfate (0.05%) causes great alterations of the osmotic 
barrier of protoplasts followed by lysis (Rost and Venner, 1965). Digitonin, 
acting on Fusarium and Aspergillus protopJasts, causes immediate lysis 
(Rodriguez Aguirre, 1965). Nystatin and other polyene antibiotics. which 
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bind to the sterols of fungal membranes, produce membrane damage and 
cell lysis (Lampen el al .. 1962; Kinsky. 1963). 

C. Resistance to Physical Factors 

Protoplasts of fungi have been studied for their sensitivity to a number 
of physical factors such as centrifugation, shaking, sonic vibr:.ltion, ultra
violet light irradiation. Being deprived of the protective wall, they are more 
susceptible to such forces. They may be centrifuged gently and wa<.;hcd, 
provided they arc maintained in appropriate stabilizing solutions. However 
the extent of ceJI damage is proportional to the force employed and is 
affected by the organism used. Centrifugation at 10,000 g for 10 minutes 
produced a considerable amount of cell breakage of protoplasts of C. 
utilis (Svihla et al., 1961). By contrast, damage to FusariulII protoplasts 
was vcry small even at 20,000 g for 15 minutes (Rodriguez Aguirre ('1 a!., 
1964 ). 

The protoplasts of most f~'ngi (Fusarium and Candida species among 
others) appear to be very sensitive to sonic vibration. An exposure of 1-2 
minutes produced total brcakage of the osmotic spheres (Svihla et al., 
1961; Rodriguez Aguirre et al., 1964). 

Irradiation -with 6 X 10' crg/mm' of ultraviolet energy at 250-270 m~l, 
cau_s.cs--marked alterations of the cytoplasmic membrane and slow release 
of internal contents (Svihla et al., 1961 ). This method might bc useful for 
preparation of vacuoles which remain intact or of other intracellular con
stituents. More extensive irradiation causes destruction of the cytoplasmic 
elements. 

VI. COMPOSITION OF PROTOPLASTS 

A. Chemical Composition of Protoplast,I' 

With few exceptions, protoplasts of F. cII!morurn show practically th~ 
same qualitative chemical composition as the intact hyphae. Galactose, 
glucose and mannose are present in the normal mycelium in the ratio 
2: 8: 1. In the protoplasts those substances are present but in different pro
portions. galactose being predominant, with almost none of the other sugars 
(Li>pcz-I3elmontc, 1965). The total amino sugar and polysaccharide con
tent of the protoplasts was reduced by 50 and 80%, respectively, as com
pared with normal cells. The lipid and protein components were relatively 
little affected by the loss of the cell wall. Other cell components have not 
been determined. 

B. Action of Enzymes on Protoplast.l· 

Proteolytic enzymes and lipases have been found in our laboratory to 
affect strongly various constituents of the Fusarium protoplasts. No detailed 
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study of isolated enzymes has yet been made. The effect of some of the,e 
enzymes might serve to explain the destructive action of various lytic 
enzyme preparations used for the formation of protoplasts. 

C. Iso/a/ion of Subcellular Fragments of Pr%p/as/s 

In connection with the isolation of subcellular fragments, Zalokar (1965) 
writes: "The problem of breaking fungal cells gently was probably the 
chief reason for the lag in the use of fungi in modern studies of the func
tion of cell organelles." Fortunately this problem is now approaching a 
solution. Subcellular components of protoplasts can be obtained by break
age of the enveloping membrane by osmotic stock. The residual structure, 
though leaving little to be seen by phase microscopy. should be fractionated 
for various biosynthctic capacities and for the various subcellular com
ponents. Cytoplasmic membranes have been isolated by differential centri
fugation. as a "ghost" fraction from the lysatcs. Mitochondria have been 
obtained and used for phosphorylation studies, and attempts at isolation 
of nuclei and vacuoles have been mad~-~ 

J. Cytoplasmic Membranes 

Isolation of membranes from Candhla utifis protoplasts has presented 
many difficulties dli-e to the problem of stabilization. The membrane is 
very sensitive to physicochemical changes in the environment and usually 
exhibits rather weak contrast in the phase contrast microscope. Membranes 
vary in size between narrow limits comparable to the variation in size of 
the protoplasts. The electron micrographs. ~.howed vcry delicate "ghos.ts'· 
in which no organized structure was observed (Fig. 11). Magnesium and 
lithium ions seem important to preserve this material. The membranes con
tain three major components (Table I): protein, lipid, and carbohydrate 
(Garcia Mendoza and Villanueva, 1965). It is important to remember here 

TARLE r 
CHEMIC\! ANALYSIS OF PROTOPL,\ST MEMBRANES AND eEl L WALLS OF 

Ca/ldida uti tis" 

Cell walls Cytoplasmic membranes 
Constituent (%)" (%)I} 

Carbohydrates 76.0 5.0 
Hexosamine 1.0 0 
Protein 7.5 37.5 
Lipids 4.0 40.0 
Ribonucleic acid 0 1.0 
Total N 1.4 5.3 
Total P n.ll 0.7 

U Values are stated as percentage dry weight of walls and membranes. 
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that the cbemical composition of membranes will vary depending on the 
extent of purification to which these structures have been subjected. 

Another analysis of protoplast membranes (Boulton and Eddy, 1962; 
Boulton, 1965) shows: protein 40%, lipid 40%, hexose 4%. ribonucleic 
acid 5 %, deoxyribonucleic acid 0.8 %. The membranes represent 15 % 
of the protein of the protoplast. 

FIG. 1 I . E lectron micrograph of cytoplasmic membranes of Candida !Iritis 
protoplast~. Magnification : X 36.000. 

Phase contrast microscopic observations have shown that protoplasts 
from F. culmorum mycelium swell on aging and lyse. By the addition of 
certain chemicals, lysis is prevented or retarded for some time. The ghosts 
that are obtained when protoplasts of F. culmorum are shocked osmotically 
consist of a membrane which encloses some granular and vesicular struc
tures (Fig. 10). Tbe diffuse appearance of this structure made it difficult 
to estimate the thickness of the ghost membrane. Observations made in sec
tions of intact cells give a value of about 70 A. A double envelope in the 
membrane of the protoplast could not be seen. 
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Attempts to prepare purified membranes by osmotic lysis of protoplast; 
of N. crassa have been generally unsuccessful (Kinsky, 1962a), althougl1 

the existence of a cell membrane in Neurospora has been demonstrated by 
electron microscopic studies (Shatkin and Tatum, 1959). Recent studie; 
have suggested that the permeability changes which polyene antifungal 
antibiotics induce in mycelial mats and protoplasts of Neurospora may be 
a consequence of antibiotic binding to the cell membrane (a sterol might 
be required for this binding). 

Although major attention to antibiotics has centered on interference wit]l 
cell wall synthesis, several of these agents arc believed to affect primarily 
the cell membrane, and hence permeability, e.g., nystatin (Marini el aL 
1961 ). and Il-propiolactone (Gale. 1955). 

-2. Mitochondria 

The work of Heyman-Blanchet ef al. (1959) and of Duell ef al. (1964) 
have shown that functionally intact mitochondria can be obtained in good 
yields by careful osmotic distugtion of protoplasts. The protoplasts were 
prepared by digestion of the celf walls of Saccharomyces cerevisiae with 
snail enzyme in the presence of 2-mercaptoethylamine plus 0.63 M sorbiwl 
a, stabilizer. Lysis 01 the protoplasts was accomplished with (l.2S M "KmsC 
containing 0.25 M potassium phosphate (pH 6.8) and 0.001 M ethylen<,
diaminetetI aacetic acid. The cell debris was removed by centrifugation j.t 
10:)0 g for 10 minutes at O(lC. The resulting supernatant was centrifuged 
at 5000 g for 20 minutes at o"e. The pellet containing the mitochondria 
was washed repeatedly with 20% sucrose. The normal yield was 20-25 mg 
of mitochondrial protein per gram of cells. 

Heide aw;1 St<:wa" \ I g~S J h""" "sd a p""""'" c.dt t<0 dis",?, ?«0,<j
plasts of L;pvmyces lipojer. They obtained a particulate fraction sedimcnt-

ing at 17,000 g in saline, consisting of a relatively homogeneous active 
preparation of mitochondria. The structure of the isolated mitochondria 
resembles that in whole protoplasts or of intact cells. 

The usefulness of these mild methods are remarkable mainly when com
pared with the vigorous mechanical procedures needed to disintegrate the 
rigid ccII wall (Utter er aI., 1958). 

Centrifugation of broken protoplasts of Iv'. crassa conidia produced mito
chondria that were used for biochemical studies (Weiss, 1963). These 
mitochondria were found to be very similar to those found in hyphae. 

3. Nuclei 

Necas (1961) studied the division of the nuclei of naked yeast proto
plasts and suggested that these bodies are appropriate material for investig"
tions of'the nucleus. This author showed that the protoplast can suffer 
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marked flattening without impairing vitality. Under these conditions the 
whole process of nuclear division can be studied in the phase microscope by 
microcinematography. It seems that in growing protoplasts, the nucleus 
divides by simple constriction, without the appearance of structures typical 
of mitosis, and the disappearance of the nuclear membrane. The same 
phenomenon has been described in vegetative hyphae (Robinow, 1957). 
Preparations of nuclei from protoplasts have not yet been described, al
though some attempts have been made (Eddy, 1958b). 

4. Vaclioies 

The spherical osmotically sensItive bodies of Candida utilis, when ex
posed to irradiation with ultraviolet light, suffer the breakage of cytoplasmic 
membranes, and the vueuoles and their intact membranes move through 
the cytoplasm to become free (Svihla et al., 1961). These spherical struc
tures arc relatively stable in O.~ M KCI plus 0.04 M phosphate and have 
remained intact for more than 2~ hours. Emerson and Emerson (1958) 
have observed a similar effect with N. crassa protoplasts, the discharged 
vacuoles increasing in diameter without bursting. Membranes of liberated 
vacuoles show remarkable elasticity when pressed with a glass needle. 
These interesting findings suggest an appropriate way for the preparation 
of yacueles. 

VII. PHYSIOLOGY AND BIOCHEMISTRY OF PROTOPLASTS 

The extensive literature on bacterial protoplasts, excellently reviewed by 
McQuillen (1960) and Martin (1963), should stimulate progress in the 
physiology and biochemistry of fungal protoplasts. So far, protoplasts of 
fungi (mostly yeast) have proved to be of great value for metabolic studies, 
mainly those related to sugar transport. Little work has been done on th~ 
ability of fungal protoplasts to synthesize constitutive and inducible en
zymes, but there is no doubt that protoplasts can make proteins, lipids, nu
cleic acids and various other compounds as rapidly as can intact living 
cells. 

A. Growth of Protoplasts 

Eddy and Williamson (1957, 1959) first described the growth and 
formation of abnormal forms in yeast protoplasts. When yeast protoplasts 
are placed in an adequate growth medium, under stabilized conditions, the 
spherical bodies grow, increasing in DNA and RNA, but do not divide 
(Tabata et aI., 1965). The type of substance used for stabilization of the 
protoplast may influence growth. Sodium chloride interfered with increase 
of cellular material, while growth took place In Kel, mannttol, sorbitol, or 
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FIG. 12. Growth of Polys/ic /lls versicolor protoplasls. Interval between the firs! 
and last. J 7 minutes. Sometimes fusion of protopla.~ IS is observed. Note the direct 
connection between two pro(oplasts. Courtesy of Dr. C. Strunk.. 
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rhamnose. Protoplasts of S. carlsiJergensis begin to show growth when 
suspended in a medium containing glucose, yeast extract and 0.6 M KCl. 
The spherical shape of the protoplast changes, the total volume of the cell 
increases manyfold, and a variety of forms are assumed (Holter and Ot
tolenghi, 1960; Rost and Venner, 1965). Although regeneration to form 
new cell walls and normal cells has been demonstrated (Gasc(>n et al., 
1965b; Neeas, 1956, 1962), some cells died. 

Growth of yeast protoplasts was followed during fl-ntibiotic inhibition 
experiments by Shockman and Lampen (1962). In media containing 107 

protoplasts per milliliter, growth started after I hour and large abnormal 
masses, very similar to those described by other workers, appeared (Eddy 
and Williamson, 1959). Vigorous shaking gave rise to marked disruption 
of the cells and halted ,growth. The vitamins required for growth were 
exactly the same as those needed hy intact cells. Growth was measured by 
turbidity changes using the 660 m~l filter in the Klett photometer, but the 
method was only qualitative because of the large aberrant structures pres
ent. Growth also was determined from the increase in total nitrogen. Using 
the _ _9iorementioned inoculum, ccli nitrogen increased four- to eightfold 
irei day. Increases of twelve- to twentyfold were observed when a smaller 
inoculum was employed (2 X 10" per milliliter). The effect of various 
stabilizers on growth was studied, and it was found that replacement of 
0.6 M KCl by 0.8 M mannitol or 1.0 M sorbitol did not alter protoplast 
growth. However, although initial enlargement of the protoplasts occurred 
when the stabilizer was 0.6 M NaCl. growth stopped after several hours. 

The ability to grow of protoplasts obtained from filamentous fungi also 
has been observed (Bachmann and Bonner, 1959; Emerson and Emerson, 
1958). However, growth of hyphal protoplasts soon results in regeneration 
with the ultimate formation of normal mycelium. No growth was ever ob
served in conidial protoplasts of F. culmorum. Instead the first result of 
incubation in the growth medium is the formation of the germ tube, and 
this is followed by the development of more or less normal hyphae. 

Growth of protoplasts has been observed as the consequence of the in
corporation (or fusion) of several cytoplasmic units (Fig. 12). This 
phenomenon has been reported for Poiy.wiclLiS versicolor by microcine
matography (Strunk, 1966). We have also seen a similar phenomenon in 
Fusarium protoplasts (Lopez-Belmonte et al., 1966). Protoplast fusion in 
F. culmorurn usually occurs between two bodies which seem to be con
nected by a thin filament. The frequency of the fusion was very low and 
the spherical forms produced in this process have not been seen to develop 
further. 

B. Spore Formation 
Eddy and Williamson (1959) were the first to describe conditions which 

induce protoplasts of S. carlsbergensis to form spores from which normal 
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cells may arise on germination, The finding of these resistant structures was 
considered for some time to provide an intermediate stage in protoplast 
regeneration reported by Neeas (1956), who found regenerated yeast cell, 
to differ both among themselves and from the parent strain. This finding 
was considered by Eddy and Williamson support for the possibility th31 
regenerated celJs originate from different spore segrcgants. 

Spores were obtained from protoplasts of S. carlsbergensis (Holter and 
Ottolenghi, 1960) when incubated in glucose-yeast extract containing 
0.6 M KCL Formation of spores started 14 hours after incubation in a 
starvation medium containing sorbitol and phosphate. After 3 days the 
spores were mature and present in large numbers, including 1-7 spores per 
cell. The fully formed spores are resistant to hypotonic conditions but will: 
burst during the early stages of formation. Similar studies carried out with 
Schizosaccharomyces pombe of opposite mating types failed. Spore forma· 
tion in this organism took place only if the yeast cells were aUowed to form 
zygotes before the ccII walls w'ere d~gested with the snail enzyme. 

C. Respiration of Protoplasts 

Yeast prot9piasts prepared from ., .. ccrcvisiac using lytic e.nzymes of 
Streptomyces alhidoflavus have recently been used for respiration studie~ 

(Tabata et al., 1965). When the digestion of the cell wall was carried oul 

in a balanced solution, no remarkable change in respiratory or fcrmenta·· 
tive activities was detected. The results suggest that the resistance of yeast 
cell walls to tbe penetration of dissolved oxygen does not affect the respira
tion rate of intact cells. The rate of change of oxygen consumption was als(~ 
found to follow the same pattern in normal cells and protoplasts of S· 
carlsberf(,ensis (Holter and Ottolen~hi_ 1960 \' Res9irator~ activit~ as well 
as growth arc affected by the high osmolarity of the suspension mediurtl 
(Ottolenghi and Lillehoj, J 966), but there is no great difference between 
protoplasts and intact cells grown in KCI or in sorbitol. Protoplasts and 
intact mycelium of F. culmurum were found to have fairty similar respinJ.
tory activities (Garcia Acha and Lopez-Belmonte, 1966). Lysis of the 
protoplasts resulted in partial loss of activity. Marini ef al. (1961) have 
used protoplasts of S. cerevisiae for studies of respiration during investigv
tions of mode of action of nystatin. 

D. Permeability of Protoplasts 

A nllmber of observations indicate that the permeability of fllngal pro tv
plasts is probably not loa different from those of intact cells (Holter and 
OttoJenghi, 1960). When intact cells of Saccharomyces are impermeable to 
some sugars. such as sucrose and melibiose. their protoplasts retain this 
property. Succinate. which docs not increase the oxygen uptake of intact 
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yeast, is just as ineffective in protoplasts. It is assumed that the cell mem
brane acts as a barrier through which sucrose, melibiose and other sub
stances are not free to pass. The efficiency of the membranes as a barrier 
depends presumably on the fungus. Heredia et al. (1963) studied the 
entry of glucose, fructose, and mannose in S. cerevisiae protoplasts and 
found that penetration may be catalyzed by a constitutive transport system 
common to the three sugars. The efficiency of such transport is much higher 
than penetration by simple diffusion (Cirillo, 1966). 

Nystatin produces an alteration of cellular permeability with subsequent 
leakage of internal constituents. Yeast protoplasts have proved useful for 
the investigation of this phenomenon (Marini et a/., 1961). 

Necas (1958) and Schlenk and Dainko (1966) investigated the pene
tration of ribonucleas, into living yeast cells by comparing the action of 
ribonuclease on intact living yeast cells with that on protoplasts. While ribo
nuclease does not penetrate into intact cells, naked protoplasts are partially 
permeable to it although penetration is very slow. The stage of formation of 
the protoplasts may affect the penetration of the enzyme. 

E. The Use of Protoplasts to Study Localization of Enzymes 

Friis and Ottolenghi (1959) using protoplasts of a hybrid Saccharo
myces, containing a single R2 gene for invertase, showed that Sllcrose
adapted cells, released more than 74% of their invertase activity. Sutton 
and Lampen (1962) using S. cerevisiae proved that the isolated cell walls 
contain large amounts of ~-fructosidase and that the protoplasts failed to 
ferment sucrose while still fermenting glucose. These workers found that 
protoplasts synthesized invertase but the enzyme was released to the sur
rounding medium (Islam and Lampen, 1962) and the secreted enzyme 
is very similar to that obtained by disruption of intact cells. On the other 
hand, Burger et al. (1961) believe that (l-fructofuranosidase is in a soluble 
form in vivo and is located in a compartment outside the cell membrane. 

Metzenberg (1963), using Neurospora crassa conidia, presented evi
dence that invertase is outside the cell membrane, but that most of it is 
interior to another barrier, probably the cell wall. Further studies (Metzen
berg, 1964) have shown that the invertase can exist in two active forms 
"light" and "heavy." Protoplasts of Neurospora, like yeast protoplasts, 
secrete invertase. Trevithick and Metzenberg (1964) showed that the en
zyme which predominates inside the protoplasts, '!I'd the form secreted by 
them, is the heavy form. More recently Sentandreu et al. (1966) have con
firmed some of the previous results working with Candida utilis protoplasts. 

Melibiase also appears to be associated with the cell wall. Friis and 
Ottolenghi (1959) demonstrated complete lack of melibiose-fermenting 
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ability in protoplasts of Saccharomyces cerevisiae, although melibiase 
could be detected in intact cells. 

The localization of some phosphatases has been studied in yeast ccll< 
after removal of the wall by the usc of lytic enzymes. Yeast protoplast' 
are capable of synthesizing acid phosphatase, and, in the absence of the, 
cell wall, this newly formed phosphatase is released into the medium 
(McLellan and Lampen, 1963). [n contrast to Escherichia coli phospha· 
tases, this alkaline phosphatase is internal. Tonino and Steyn-Parve (1963) 
studied localization of phosphatases in S. carlsbergensis either by breaking 
intact cells or by osmotic shock of protoplasts. Acid phosphatase is located 
in the wall of the yeast cell, although situated in two different areas of that 
structure. 

F. Protein (and Enzyme) Synthesis 

During studies on protein synthesis by yeast, De Kloet ef al. (1961) 
found that protein synthesis by protoplasts of S. carlsbergensis was strongly 
inhibited by ribonuclease (as previously reported in bacteria). The cause 
of that inhibition can be attributed in a great part to the marked inhibition 
of respiration. Amino acid uptake was found to be inhibited by 75%, and 
glycolysis by 50%. Amino acid incorporation by naked protoplasts is 
strongly inhibited after RNase treatment. Adaptive enzyme synthesis was 
likewise inhibited by preincubation of the protoplasts with RNase. Cell· 
free systems capable of incorporating amino acids into protein have proved I 

more difficult to obtain from yeast than from bacteria or mammalian tissues 
(Cooper and Millin, 1964). In further studies part of the observed inhibi· 
tion of protein synthesis was attributed to the action of ribonuclease on the 
yeast cell membrane (De Kloet ef al., 1962). Moreover a nUcleopeptide. 
containing preparation was obtained from naked protoplasts which acted 
as a repressor of induced enzyme synthesis (van Dam et al., 1964). Studies 
made with fluorescent proteins in S. carlsbergensis protoplasts suggested 
that the protoplasts are not capable of taking up extracellular proteins 
(Holter and Ottolenghi, 1960). 

G. Studies on Mode of Action of Antibiotics 

The growth of fungi is very sensitive to a number of antibiotics such as 
nystatin, amphotericin B, griseofulvin, filipin, Actidione, pimaricin, viridin. 
Direct evidence for an interaction between polyene antibiotics and mem
branes has been provided from studies with protoplasts and isolated 
membrane fractions (Kinsky, 1962a,b; Lampen et al., 1962). This inter
action appears to involve sterols of the membrane. A comparative study 
of three polyenes using fungal protoplasts (Cirillo et aI., 1964) suggests 
that !be effects are related to the degree of physical damage to the cell 
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membrane. Filipin destroys the structural integrity of the membrane of 
protoplasts whereas nystatin is less effective in this respect. The fungal 
wall does not protect against the polyene antibiotics (Shockman and Lam
pen, 1962). 

The conclusion has been reached that all the polyene antibiotics have an 
identical mode of action since all induce atrophy in the mycelium of N eu
rospora and shrinkage of the protoplasts (Kinsky, 1962a). In the case of 
filipin, protoplast shrinkage was rapidly followed by swelling and lysis. 
It was suggested that the antibiotic causes extensive cell membrane damage. 
The absence of any polyene binding by bacterial protoplasts indicates that 
the selective toxicity of these agents is probably due to the existence of a 
unique binding component in the membranes of sensitive fungi. 

VIII. CONJUGATION BETWEEN PROTOPLASTS 

In the course of the more than eight years since protoplasts of yeast and 
filamentous fungi have been-. described, only a few studies were made on 
their artificial hybridization. Holter and Ottolenghi (1960) failed to obtain 
conjugation and spore formation by mixing protoplasts from two haploid 
strains of opposite mating types. 

Various organisms, chiefly Hansenula wingei, have been used during rc
cent years in studies of the physiology of the conjugation process, or cell 
fusion (Brock, 1961). Apparently the process takes place by a softening 
of the cell wall followed by formation of a conjugation tube, dissolution of 
the cross walls, and formation of a new bud at the region of contact of the 
two mating types. Electron microscopic studies of this process have recently 
been published (Conti and Brock, 1965). Some organisms are able to 
conjugate not only by the mating of vegetative cells, but by fusion of 
a vegetative cell and an ascospore, or by the fusion of two types of asco
spores (Suminae and Dukmo, 1963). It remains to be seen whether proto
plasts from such cells are able to conjugate. 

Protoplasts of Polystictus versicolor (Strunk, 1966) and of Fusarium 
culmorum (Lopez-Belmonte et al., 1966) fuse under appropriate condi
tions. Two or more of these protoplasts coalesce to form a larger sphere. It 
is not known whether this is a true conjugation process. 

A possible explanation of the inability to obtain conjugation in Sac
charomyces protoplasts is the finding by Brock (1959) that a protein of 
one strain and a wall polysaccharide of the opposite strain are needed for 
mating. The two mating (and at the same time, agglutination) components 
are complementary and are probably held together by hydrogen bonds. 
If either or both specific complementary mating components are to be 
found in the cell walls, mating reactions should not be expected between 
two opposite types of wall-less protoplasts. 
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IX. REVERSION OF PROTOPLASTS 

A. The Phenomenon of Regeneration in Fungal Protoplasts 

Naked protoplasts of fungi on incubation under appropriate conditions 
are capable of forming new normal cells. The spherical forms preserve 
most of the synthetic abilities of the normal cells from which they are 
derived, including the ability to make a new cell wall, with the char
acteristic structural and functional properties. Since the regeneration pro
cess in most fungal protoplasts takes place very slowly, it is possible to 
follow the individual stages of the biosynthesis of the new wall. Chemical 
and electron microscopic stu \lies provided some basis for the understanding 
of the biosynthetic process. ' 

1. In Yeast Cells 

Necas (1956) first demonstrated a method of preparing stable proto
plasts of Saccharomyces cerevisiae and described their reversion to normal 
cells. The formation of new wall material has been reported also by Eddy 
and Williamson (1959), and some excellent physiological and cytological 
studies by Necas (1965). 

Eddy and Williamson (1959) incubated protoplasts of S. carlsbergensis 
in a series of nutrient media supplemented with ~n appropriate stabilizer. 
Observation of the bodies under the microscope revealed a sequence of 
striking changes in morphology. They were easily burst by dilution, and 
the membranes could be recovered by centrifugation. The chemical analysis 
of these structures showed a marked deficiency in amino acids, most of 
the nitrogen being accounted for as N-acetylglucosamine. The abnormal 
walls were thought to represent part of the cell wall in which protein was 
practically absent. These workers were unable to produce normal cells 
from the regenerated naked protoplasts. This was in marked contrast to 
Necas' (1956) results (i.e., 100% regeneration). He found direct develop
ment of yeast cells from protoplast-like bodies obtained from autolyzing 
cells. The total dissolution of walls by the autolytic systems, and the micro
scopic appearance of the structures resulting from digestion of intact cells, 
make it probable that true protoplasts were formed (Necas, 1965). 

Chemical, immunological, and morphological analyses of regenerating 
protoplasts are needed to determine whether there is a gradual recovery of 
the ability to synthesize walls. As in bacteria (McQuillen, 1960), there is 
always the possibility that a small proportion of yeast cells (although 
bursting on dilution) retain remnants of wall material after lytic enzyme 
action. These may be the ones which subsequently regenerate, and it might 
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be suggested that reversion can occur only when a trace of original wall 
mat~rial is still present. 

Necas (1965) and Villanueva et a/. (1966) have claimed, from 
electron micrographs, the total absence of cell wall remnants attached 
to the cytoplasmic membrane of the protoplasts. A number of cytoplasmic 
membranes obtained under controlled lysis of fungal protoplasts (Garcia 
Mendoza and Villanueva, 1964) showed very clean almost transparent 
preparations (Fig. II). However, in our experience it is difficult to ascer
tain by electron microscopy when fungal protoplasts still possess some islets 
of polysaccharide-protein fragments, adhering to their protoplast mem
branes, from which the resynthesis of a rigid wall structure could start. Al
ternatively, the possibility cannot be excluded that regeneration occurs 
through an intermediate stage (Eddy and Williamson, 1959) with the 

--formation of spores. Necas (1955) 'h'l$ described the regeneration of cells 
from "plasmatic elements" which grow~ In irregular vacuolated formations 
and divide to form a microscopically visible colony. When fully developed, 
teey usually contain a number of nuclei. When reinoculated into fresh 
media, this abnormal colony continues to grow. Some of these plasmatic 
clements split off a number of tiny droplets which can reproduce by bud
ding. The new cells formed by budding look very little like yeasts, but in 
later generations cells arise which correspond to the yeast cell in size and 
form, and which can easily be isolated. There is great variability in mor
phological and biochemical properties of the regenerated cells (Necas, 
1956). These observations show that cell fragments can regenerate new 
cells even among ascomycetes. Regeneration studies with plasma droplets 
of other fungi have not been reported. 

Holter and Ottolenghi (1960) and Takada and Yamamoto (1960) using 
protoplasts of yeast have confirmed the findings of Necas on regeneration. 
The Danish workers, however, observed regeneration of normal cells from 
protoplasts only in extremely rafe cases. Recent reports by Neeas (1962, 
1965) suggest that physical factors determine the extent of regeneration of 
yeast protoplasts. Complete regeneration of spherical bodies takes place 
when cells are cultivated in the presence of gelatin ( 15-40 % ) , and occasion
ally regeneration occurs on solid medium containing 2-5 % agar. Regen
eration depends not on the gelatin concentration, but on the degree of 
viscosity of the gel. The rate of regeneration depends on the gelatin con
centration at a given temperature. Impurities in the gelatin were not in
volved, since hydrolyzed gelatin does not induce the process. On the basis 
of these results the author claims that the low rate of regeneration found 
in previous experiments (Necas, 1956; Holter and Ottolenghi, 1960) was 
due to inappropriate conditions of the regenerating media. In our labora
tory, regeneration of new cells has been detected in protoplasts of Candida 
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lIti/is, a yeast which does not form spores. Regeneration was obtained in 
liquid medium with 1 M MgSO.I as stabilizer in the complete absence of 
gelatin or eq uivalent substance (Elorza, 1966). The complete process of 
regeneration was followed by phase contrast and electron microscopy. 
Formation of glucan fibers during the first stages of cell wall formation 
as described by Nccas (1965) has been found (Fig. 13), the cementing 
substance (possibly the mannan complex) appearing at a Jater stage. 

2. In Fi/amen/ous Fungi 

Regeneration of protoplasts has also been described in filamentous fungi. 
Once protoplasts have been transferred to a growth medium with the stabi
lizer, they revert to typical mycelial growth. The type of growth and regen
eration found vary with the osmotic strength of the medium and the cultural 
conditions under whkh they develop. Emerson and E merson (J958) first 

, 

A 

FIG. 14. (A) Diagram of the different stages in the regeneration o[ mycelial 
,orolopiasls of FIIS((riIl11l ell/morum. (B) Phase contrast micrograph of regenerating 
F usarium protoplasts. MagniJication : X 8000. 
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described regeneration from Neurospora protoplasts with the formation 
of hyphae, or a considerable amount of parenchymatous tissue. Using 
individual protoplasts of N . crassa ou solid de.fined medium, Bachmann 
and Bonner (1959) found great variation in the process of regeneration. 

Protoplasts derived from hyphae of Fusarium culmorum have been incu
bated in a growth medium, and regeneration has been followed micro
scopically (Fig. 15). Best regeneration takes place in a medium containing 
sorbose (10%) , sucrose (2%), and mineral salts. The addition of agar 
(0.2% ) seems to affect markedly the regenerative ability of the spherical 
structures. After 4 bours the majority begin to increase in volume and form 
a vacuole and a protuberance (bud). As incubation continues the propor
tion of buds increases (Fig. ] 4 A, B) . These are still osmotically sensitive 

FIG. J5. Regeneration (germination) of Fusarium culmorum proloplasts. Magnifi
calion : X 7000. 

and on dilution burst to leave some kind of ghost. The buds ultimately 
become germ tubes capable of normal growth, forming hyphae with septa. 
Production of conidia was also observed in the regenerated foroll;. On con
tinued incubation most of the original spheres die. In most cases, normal 
hyphae were formed through production of convoluted figures similar to 
those reported in Neurospora by Bachmann and Bonner (1959). 

Attempts have been made to see whether protoplasts of F. culmorum 
will revert to mycelial form on solid media. Washed protoplasts Were 
inoculated on semisolid gelatin media (] 0-30%) containing various supple
ments. Upon incubation some individual spberes increased in size and pro
duced a kind of pseudomycelium, and at a later stage normal hyphae. 

Strunk (1966) has studied the regeneration process of Polystictus versi
color protoplasts. Sometimes the protoplasts were seen to revert directly 
to normal hyphae with rapid formation of a clamp. 
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B. Regeneration of Spore "ProtopLasts" 

Regeneration of conidial "protoplasts" from Fusarium culmorum has 
been investigated in our laboratory. During regeneration a highly refractile 
layer, similar to tbat described in Neurospora protoplasts, appears around 
the "protoplasts." The germ tube arises directly from the "protoplasts" and 
is not sensitive to osmotic shock. Occasionally there forms a pseudo my
celium similar to that described in the regeneration of mycelial protoplasts. 

FIG. 16. Regeneration (germination) of conidial protoplasts of FusariulII ell/

morllln. Magnifi.cation : X 7000. 

In general , conditions required for regenerations are the same as those 
needed for the germination of intact spores. When the "protoplasts" were 
washed with the stabilizing solution and plated in an appropriate medium 
it was found that nearly 100% were able to regenerate and to give rise 
to the formation of normal mycelium (Figs. 14 and 16). These results are 
in contrast with tbose for mycelial protoplasts, where regeneration takes 
place to a lesser degree (50-75 % ) . 

Bacbmann and Bonner ( 1959) followed the regenerative process in 
N. crassa "protoplasts" in moist chambers and found that although some 
of the "protoplasts" give rise to normal hyphae some spherical forms 
produce convoluted figures which mayor may not form normal hyphae. 
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C. The Synthesis oj the Cell Wall Materials 

Electron microscopic studies on sections of Polystictus versicolor proto~ 
plasts placed in regeneration conditions have shown a number of vesicles 
on the membrane and traces of dense structures (Fig. 17). The appearance 
of the outer layers of regenerating protoplasts clearly differs from that of 
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FIG. 17. Detail of an ultrathin section of a regenerating protoplast of Pn/_vsticlliS 
versicolor. Note- the vesicles on the surface and the traces of dense newly formed 
particles. Magnification: X 16,500. Courtesy of Dr. C. Strunk. 

recently formed naked protoplasts (Fig. 7). These vesicles are probably 
responsible for wall synthesis, perhaps as carriers of enzymes or precursors 
(Strunk, 1966). Vesicles very similar to those detected outside of tllc 
cytoplasmic membrane were also ohserved in the inner part of the cyto
plasm surrounding the plasmalemma. It is possible that these vesicles are 
formed in the Goigi apparatus, which has been suggested to have a secretory 
role in the formation of yeast wall macromolecules (Northcote, 1963a,b). 
That clusters of particles on the cytoplasmic membranes are involved in 
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production of the glucan fibrils of the wall of yeast cells has been suggested 
by Moor and MUhlethaler (1963) as the result of electron microscopic 
studies of freeze-etched yeast cells. A similar theory has been proposed 
for the secretion of invertase through the membrane to the outside medium 
(Lampen, 1965). The excretion of the vesicles (containing wall com
ponents or the appropriate enzymes) might be effected by reverse pinocy
tosis as suggested for invertase. 

Algranati et al. (1963), using a particulate fraction obtained by centri
fugation of a protoplast lysate of Saccharomyces carlsbergensis, showed that 
the cell membrane was the site of synthesis of yeast mann an. That chitin 
synthetase activity takes place in a particulate fraction that might be 
localized in particles derived from the cell membrane is suggested by 
Kinsky (1962a). 
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I. INTRODUCTION 

Yeasts are fungi to which reference is made often as though these orga-
nisms comprise a well-defined group; that this is not so is clearly indicated 
by Ladder and Kreger-van Rij (1952) and Ladder et a1. (1958). Even 
those microorganisms that are accepted generally as yeasts form a hetero
geneous group. Some are asporogenous, hence should be regarded as be
longing to the Fungi Imperfecti. The majority of the sporogenous strains 
show a clear relationship to the Ascomycetes; the others are now regarded 
as having an affinity to the Basidiomycetes, e.g., Sporobolomyces and 
Bulleria. The exact taxonomic position of Endomyces is not yet clear. 
Consideration of these facts indicates the difficulties of making generaliza
tions as to the types of mechanisms of aggregation in yeasts. The problem 
is complicated further since most of the published literature deals only 
with strains of industrial and medical importance. 

The common concept of yeasts is that of discrete round to ovoid cells 
which reproduce by budding (Fig. la). This is an oversimplification since 
it will be seen later (Section IV, A) that even such important yeasts as 
the industrial strains of Saccharomyces do not always exist as discrete cells. 
Some yeasts reproduce by fission (Fig. 1 b), as is indicated by the generic 
name Schizosaccharomyces. Vegetative reproductive forms, intermediate 
between budding and fission, are found in the sporulating genus Sac
charomycodes and in the asporogenous genus Pityrosporum. Besides these 
simple forms of yeasts, more or less organized cell aggregates are also 
found in some strains. Trichosporon may show a primitive type of my
celium or pseudomycelium in which reproduction by budding and fission 
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may occur at the same time; cells ot the former type may be regarded as 
arthrospores (Fig. Ie). True mycelium may be produced by some strains 
of Candida (Fig. ld), while many other strains of yeasts, such as Pichia, 
produce pseudomycelium (Fig. 1 e). Other than the elongated cells of 
pseudomyceJium, round to ovoid ceUs are found associated with the former. 
Some arise terminally on the elongated cells, these are known as b]asto~ 
spores; others arise pleuraUy and may be called blastoconidia. The poten-

(0) 

(bl 

(c) (d) 

FIG.]. Various forms of vegetative reproduction in yeasts. (a) Reproduction 
by budding. Saccharomyces sp. (b) Reproduction by fission, SchizosaccfwrOnlyces 
sp. (c) Arthrospores and blastospores. TricilOsporoll sp. (d) Mycelium, C01ldida 
sp. (e) PseudomyceJiunl and blastospores. Calldida sp. 
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tial significance of these structures as taxonomic features has been dis
cussed by Langeron and Talice (1932) and Langeron and Guerra (1938). 
Although the development of these structures indicate that they are spores 
or conidia there is little real evidence that they function in this capacity. 

II. SEXUAL AGGREGATION 

Some yeasts are able to reproduce sexually, and the formation of the 
zygote may be regarded as a special form of aggregation. There are at 
least five mechanisms whereby a zygote may be formed; these are discussed 
in some detail by Ladder and Kreger-van Rij (1952) and Ingram (1955). 
Briefly, the different types of conjugation are: (1) the fusion of two 
haploid cells with an ascus arising directly within the zygote; (2) the 
fusion of two haploid cells, or haploid spores, to give rise to a diploid 
generation of cells within whicfr.,asci may develop; (3) the fusion of the 
contents of a bud with that of the mother cell, both being haploid, and an 
ascus developing within the mother cell; (4) conjugation occurs as in 3, 
but an ascus arises outside of the mother cell or bud; (5), two haploid 
cells push out germ or conjugation tubes, the latter make contact, the tips 
fuse, and eventually an ascus forms in one of the cells. An interesting type 
of conjugation has been reported for Hansenula wingei (Brock, 1959, 
1961) in which the cells make contact; each then pushes out a short con
jugation tube and a bud appears rapidly at the point of contact of the 
conjugation tubes. This bud mayor may not remain in contact with the 
parent cells, and the bud may produce further buds which become de
tached. Herman (1961) suggests that this type of conjugation results in 
the production of a heterokaryotic generati.on. 

Conjugation in yeasts may be isogamous or heterogamous. Attempts are 
being made to understand how the mating types of heterogamous yeasts 
attract each other. Brock (1959) working with Hansenula wingei indicates 
that the composition of the cell walls may differ in the two types. One 
type may contain a proteinlike substance, the other a polysaccharide, and 
the binding of the two types is by H bonds. Further, he conjectures that 
the specificity of the mating types may be explained on the basis of analogy 
with serological principles. A somewhat different view is expressed by Levi 
(1956), who studied conjugation in Saccharomyces cerevisiae. He states 
that only the "minus" strain produces conjugation tubes on solid medium, 
whereas such a mating response is shown by both types in liquid medium. 
He notes also that if "minus" strains are placed on sites previously oc
cupied by "plus" strains on solid medium, mating response is stimulated; 
from this it is inferred that the mating response is initiated by a hormone
like substance. This is a field of study that should be explored. 
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Ill. ASEXUAL CONJUGATION 

It has been stated that yeasts may produce either pscudomycelium or 
true mycelium. The latter may be difficult at times to differentiate from 
the former because of the difficulty in observing cross walls or septa. but 
it has been found that, on occasion, this problem may be resolved by mak
ing use of the staining techniques used to demonstrate cell walls of bacteria 
(Robinow, 1942; Hale, 1953). 

Another difficulty is that of defining pseudomycelium. Probably the 
clearest definition is that proposed by Ladder and Kreger-van Rij (1952), 
" ... filaments consisting of elongated cells which have arisen by budding. 
These may be branched." 

One reason why it is important to identify the filamentous form of a 
yeast is that taxonomists treat this criterion as a valuable diagnostic feature. 
However, it should be borne jn mind tVat other experienced workers arc 
aware that it is unwise to rely indiscriminately on this feature. This is 
because the examination of a large number of strains of particular species 
often reveals a wide range of ability to produce this character, both in 
species which, according to the authentic description, do or do not produce 
pseudomycelium. Furthermore, it frequently happens that a culture will 
or will not reveal a filamentous form, depending on the conditions under 
which it is cultivated. 

Only a limited amount of work has been directed toward elucidating 
the mechanisms which control the change from hudding forms to filamen
tous forms and to the reversion of this process. This is regrettable since 
such information will lead to a better understanding of cell differentiation 
in general. 

Experience in handling slide cultures has shown that aerobic or anaer
obic conditions can assist the formation of pseudomycelia, depending on the 
particular strain being studied and the other environmental factors operat
ing at any time. However, most reports indicate that anaerobic or partially 
anaerobic conditions are most favorable for this purpose (Talice, 1930; 
Revalier and Seydal, 1932; Wickerham and Rettger, 1939; Diddens and 
Ladder, 1942). Filamentous growth can be stimulated also by the use of 
media deficient in nutrients. This can be demonstrated easily by growing 
a suitable yeast on a nutrient-deficient medium: filamentous growth will 
eventually occur. The addition of nutrients to the medium will then result 
in the filamentous forms giving way to reproduction by budding. So far as 
nutrients are concerned, it seems that the less readily assimilated sources 
of carbon increase the incidence of pseudomyceIia (Nickerson and Man
kowski, 1953). 
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Pseudomycelia often develop mOre readily when the cultures are grown 
at a temperature appreciably below that required for optimal growth 
(Hansen, 1886; Levine and Ordal, 1946). It is known also that media on 
which yeasts have been grown previously will, if reinoculated, enhance the 
production of pseudomycelia (Connell and Skinner, 1953). It has not 
been established for certain whether this latter phenomenon is the result of 
depletion of nutrients or the release of metabolic products, or both. The 
serum of various animals, when incorporated into the medium, stimulates 
pseudomycelium formation in Candida albicans (Lamedica, 1959). It 
would be interesting to know whether such serum media will exert a similar 
influence on other species of yeasts. 

The addition of specific chemicals to the medium may enhance the pro
duction of pseudomycelia (Bauch, 1941, 1943a,b); camphor is particularly 
active in this respect. It is welLlmown also that penicillin will inhibit cell 
division in bacteria, hence, it is n~t _ surprising to find that the antibiotic 
stimulates the formation of filamentous forms in yeasts, a characteristic 
,which may be regarded as growth wthout associated cell division. Certain 
metal complexes are active in this respect also and those of cobalt and 
boron are particularly active (Nickerson and van Rij, 1949). 

!!-has been mentioned that the filamentous forms can revert to the 
Dudding forms under certain environmental conditions, e.g., the addition of 
readily assimilated nutrients to the nutrient-deficient growth medium. This 
reversion process has been studied by Nickerson and his co-workers. Dur
ing their earlier work it was shown that media rich in sulfhydryl com
pounds, such as cysteine, glutathione, and sodium thioglycolate, cause 
reversion of the filamentous forms of Candida albicans to the budding form 
(Nickerson, 1951). Later Nickerson et al. (1956) reported that similar 
results are obtained by incorporating in the growth medium either potas
sium tellurite or sodium selenite. Under such conditions both a normal 
strain and a mutant which exists predominantly in the filamentous form 
reverted. A selenite-resistant strain of C. albicans was isolated from the 
filamentous mutant. This new mutant existed in the budding form both 
in the presence and the absence of selenite. This observation was interest
ing inasmuch as the filamentous parental strain was nonpathogenic whereas 
the mutant was pathogenic; such an observation agrees with the generally 
accepted opinion that pathogenic strains are usually nonfilamentous. 

The behavior of C. albicans in the presence of tellurite and selenite is 
not altogether surprising bearing in mind the similar properties of tel
lurium, selenium, and sulfur. In a series of reports, attempts 
have been made to explain the action of sulfhydryl groups and 
tellurium and selenium compounds (Falcone and Nickerson, 1956, 1957; 
Nickerson and Falcone, 1956; Nickerson et al., 1956). It is claimed that 
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the cell walls contain a mann an-protein complex of high sulfur content 
and that the mitochondria of the cells contain a reductase capable of reduc
ing the sulfhydryl bonds; further the filamentous mutant is deficient in the 
protein-sulfhydryl reductase. From a consideration of these observations, 
it is deduced that cell division (budding forms) results from an increased 
plasticity of the cell wall due to a shift to the left of the equilibrium of 
the SH "" SS reaction. To explain the action of tellurite and selenite it is 
postulated that these can be incorporated into the mannan-protein com
plex of the cell wall as reduced tellurhydryl and selenhydryl complexes. 
Hence, in the case of the filamentous mutant, which is deficient in the 
protein-sulfhydryl reductase, the stability of the -TeH and -SeH com
plexes offsets the enzyme deficiency. This concept was used also to explain 
the observation that the filamentous mutant grew in the budding form in 
the presence of medium deficient in sulfur compounds. Thus, it was sug
gested that because less sulfur was included in the cell wall, the limited 
supply of protein-sulfhydryl reductase in the mutant permits the provision 
of a relatively greater proportion of reduced sulfhydryl groups, and so the 
plasticity of the cell wall is iucreased and consequently the budding-phase 
predominates. ' '",_, 

Other sulfur compounds have been found to bring about reversion from 
the filamentous to the budding state; particularly active is (2-aminoethyl) 
thiourea dihydrogen bromide (AET) (Szilvinyi, 1960). The high activity 
of AET, the fact that radiation induces the formation of pseudomycelium, 
and the fact that the animal enzyme cathepsin affords protection against 
radiation damage, suggests that such protection may be associated with the 
formation of mixed disulfides, which in the case of AET is probably con
nected with its conversion to N -guanidylcysteaminc (Hagen and Koch, 
1957; Hagen and Blumenthal, 1956; Koch and Schwartz, 1957). Such 
speculation can be carried further to suggest that the use of suitable yeasts 
may be of value in providing a conveuient and rapid means of studying 
some of the effects of irradiation. 

Although some attention has been paid to the understanding of the 
mechanisms involved in the formation of the elongated cells of pseudomy
celia, no attention has been directed toward increasing our understanding 
of the mechanisms involved in the formation or function of the other 
structures associated with the filamentous cells, i.e., the blastospores and 
blastoconidia. 
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IV. AGGREGATION IN LIQUID MEDIA 

A. Growth Characteristics 

In liquid media, under ideal cultural conditions, yeasts reproduce in an 
orderly manner, so that the mother cell reaches maximum volume before 
a bud is formed and the generation time of the cells of the same age is 
of the same order (Lindegren and Haddad, 1954). Even though various 
strains of yeast may bave different generation times (Townsend and Llnde
gren, 1953), from these facts it may be expected that the course of vegeta
tive reproduction can be ascertained reliably; however, this is not always 

(0) (b) 

FIG. 2. Cells from Ii-quid cultures of different stra i-ns of Saccharomyces cerevisial'. 
(a) CeUs separate immediately after the daughter cell has fully developed. (b) 
Cells do not separate after the daughter cell has developed: microcolony. 

the case. Even under ideal environmental conditions, the morphological 
characteristics of the cells can give rise to false estimates of cell numbers, 
depending on the method used to obtain such estimates. This problem 
can be illustrated by considering Saccharomyces cerevisiae, which can exist 
as discrete cells (Fig. 2a), or as microcolonies (Fig. 2b). The latter type 
arises because the intimate association of the mother and daughter cells 
continues for several generations (Morris and Hough , 1956) . 

The rather tedious method of carrying out direct cell counts under the 
microscope gives estimates which are reliable within the recognized limits 
of such procedures; such methods do not of course distingUish between 
total and viable cell numbers, but the use of a suitable dye permits viable 
counts to be made. Total nitrogen and dry-weight estimations are reason
ably reliable, but inaccuracies arise because these methods depend on the 
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assumption that all cells contain the same amount of cellular material, and 
clearly this does not hold true in the case of actively budding cells. Similar 
objections arc applicable to estimates made directly by electronic devices 
such as the Coulter counter, which depends on cell volume. This is due 
to the fact that microcolonies contain cells of different sizes, hence the 
estimate of cell number for each colony will be based on the average cell 
volume. Plate counts on solid medium may yield inaccurate results because 
the reliability of the technique depends on the assumption that each colony 
arises from a single cell. In the case of dispersed yeasts, the plate count 
cannot allow for budding cells, and the presencc of microcolonies is an 
obvious source of errOf. 

Unshaken cultures of yeast, in liquid medium, will multiply regularly 
and rapidly during the initial stages of exponential growth, and such cel
lular activity will soon result in a depletion of oxygen in the medium. 
Under such conditions some yeasts will produce a pellicle at the air-liquid 
interface, c.g., Pichia. Pcllicles are used often as a taxonomic feature. 
Three main types of pellicle are recognized: (I) a thick membranous type 
which is composed almost enti{cly of pseudomycelium; (2) a thin lusterless, 
wrinkled type which develops often soon after active growth commences; 
(3) a very thin, even film that usually starts as a ring around the junction 
of the medium and the containing vessel. It is emphasized that the placing 
of yeasts into these groups is subjective and that intermediate types of 
pellicles are not uncommonly found. Not all cells in the culture may be 
found in the pellicle; depending on the type of ycasts an:! the age of the 
culture, some cells may be dispersed throughout the medium or form a 
deposit at the bottom of the vessel. This may be taken to indicate that not 
all cells are in the same state, but little attention has been paid to clarifying 
this point. In Section IV, B it is shown that various single cell clones, 
derived originally from a single cell clone, may show different characteris
tics as a result of unequal distribution of cytoplasmic characters. The possi
bilities arc that the differences between cells in a liquid medium may b~ 
either an expression of cytoplasmic inheritance Of due to the selection of 
mutant strains. This may be important when considering the stability of 
subcultures arising from a master culture. The chances of selective subcul
turing can be reduced by thoroughly mixing the master culture before mak
ing the subculture. 

Almost all cultures of yeast in liquid culture will produce, sooner or 
later, loose aggregates of cells in the form of a ring at the liquid-glass 
interface. In some cases a thin film of cells will creep up the side of the 
vessel above the medium. Since, at such sites, nutrition is limited and the 
supply of oxygen is plentiful, it is not surprising that spores may be plenti
ful. For maintenance of a stable culture, such sporulation should be kept 
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to a minimum in order to avoid the possible consequences of segregation 
of characters. 

B. Flocculence 

It is well known that aggregation (agglutination) of bacteria occurs 
when these organisms are brought in contact with specific antibodies. Be
cause of the importance of these antibody-antigen reactions. a considerable 
volume of literature has accumulated on this topic. but relatively little work 
has been concerned with this phenomenon in yeasts. 

Bacteria will, on occa,ion" aggyegate 'pontaneou,ly (autoagglutina
tion), but relatively little is known concerning the mechanisms of this reac
tion. The converse is true in the case of yeasts, particularly in the case 
of Saccharomyces cerevisiae and related species. This is because autoag
glutination, or flocculence,. is a very important factor in some fermentation 
industries where maladjustment of the degree of flocculence can give rise 
to considerable trouble. 

It is important to appreciate that not all industrial strains of yeasts have 
the same ability to flocculate, with the consequence that one of the basic 
problems ~in some industries is that of selecting a yeast which, under the 
conditions employed, will flocculate at the desired stage of the process. In 
order to understand the problem, the course of events in brewing fermenta
tion is outlined. A suspension of yeast is inoculated into a malt-wort, where 
cellular reproduction takes place; conditions at this stage are aerobic. 
Eventually more anaerobic conditions prevail, cellular reproduction ceases, 
and alcohol fermentation commences; it is at this stage that the cdls of 
suitable brewing yeasts usually begin to show some tendency to flocculate 
(Eddy, 1955a; Gilliland, 1957). Depending on the type of brewing proc
ess, the cells will then predominantly rise to the surface to form a "head" 
(top yeasts) or sink to the bottom of the vessel to form a sludge (bottom 
yeasts). This is the stage when the characteristics of flocculence, if present, 
can be readily observed. Usually such characteristics can be demonstrated 
after approximately 72 hours from the time of inoculation. 

It was believed originally that aggregation of the cells to form a "head" 
was an expression of the same phenomenon as aggregation of cells to 
form "floes"; recently evidence has been presented to indicate that this is 
not the case. Eddy (1958a) showed that top yeasts are capable of forming 
a film of cells at the air-liquid interface when they have been washed and 
suspended in a solution of calcium chloride, whereas bottom yeasts do not 
form such films. Further, since both top yeasts and bottom yeasts include 
flocculent and nonflocculent strains, it can be inferred that "'head" forma
tion is a character distinct from flocculence. 

Because of the possibility of confusing other characteristics with true 
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flocculence. the latter has been defined as a reversible aggregation of cells 
to form discrete groups (Curtis and Wenham, 1958). The reversible nature 
of the aggregation is revealed by the ability of certain carbohydrates to 
disperse the cells of true floes (Burns. 1937; Lindquist. 1953; Eddy. 
1955a; Gilliland. 1957). 

Attempts to understand the nature of flocculation hegan with the work 
of Kusserow (1885) and Lange (1907) following the observation of the 
phenomenon by Pasteur (1876). Even at the present time the problem 
has not been elucidated fully. It seems now that much of the work in this 
field of study has been concerned with factors which accentuate the 
phenomenon rather than with the fundamental factors which initiate the 
ability of yeasts to form aggregates. The early reports on this topic have 
been reviewed by Jansen (1958). During the last one and a half decades 
much relevant information has become available as a result of studies in 
quite diverse fields. studies which may be divided into three groups: those 
concerned with the effect of environment on flocculation; those concerned 
with genetics; and those on the nature and structure of the cell wall. 

Arising from the observation that yeasts were nonflocculent when soft 
waters were used for brewing, but were flocculent when lime was added to 
the water, it was postulated that salts may influence flocculence (Seyffcrt. 
1896). Calcium salts in particular were claimed to be active, as is evident 
from the reports of Hayduck and Schuckling (1908) and Schonfeld and 
Krumhaar (1918). As is so often the case when this problem is considered, 
3 contrary opinion was expressed: thus Maufang (1912) claimed that 
magnesium was highly active and calcium of no consequence. Conclusive 
confirmation that calcium salts permit the appearance of flocculence was 
put forward by Burns (1937), who incidentally developed the first prac
ticable method of assessing the degree of flocculence. 

More recently the role of ions in general has been studied; because 
many of these studies have been carried out under clearly defined condi
tions, greater reliance can be placed on the results published. Now it is 
quite clear that many ions inhibit or enhance flocculation. The presence 
in the medium of such cations as calcium and magnesium is considered 
to be essential before flocculence can be revealed (J ansen and Mendlik, 
1951), and the positive effect of zinc, cadmium, and ferrous ions has 
been reported also (Lindquist, 1953). Eddy (1955a) studied the action 
of cations in considerable detail and concluded that many have the ability 
to enhance flocculation but that there is a marked difference in response 
by the different strains of yeast, particularly with respect to the action of 
calcium. Eddy clearly showed the compleXity of the problem when it was 
found that some yeasts flocculate in the presence of calcium ions alone 
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whereas others will flocculate only in the presence of calcium ions and 
ethyl alcohol. The action of lanthanum and thorium ions is not definite, 
Eddy (1955a) being unable to confirm the opinion of Jansen and Mendlik 
(1951) that these ions enhance the expression of flocculence. Such differ
ences of opinion are not easily explained unless they arise as a result of 
different experimental conditions or are again an expression of strain 
differences among yeasts. 

Very much less attention has been paid to the action of anions, but there 
is evidence that carbonate, phosphate, and fluoride ions may inhibit floc
culence (Lindquist, 1953). The same worker also observed that boron 
anions, under particular environmental conditions will inhibit flocculence, 
thus giving some support to the early report that boric acid has a similar 
effect (Laer, 1905). 

It has already been indicated that the action of electrolytes was one of 
the first factors studied. At about the same time there were reports that 
carbohydrates had the ability to inhibit flocculence (Lindner, 1901), and 
such inhibitory action was observed by subsequent workers (Burns, 1937; 
Gilliland, 1951; Lindqui,t, 1953', Eddy, 1955a,b). During Ihe invc'Iiga
tions concerning the effect of carbohydrate it was revealed that not all 
yeasts behave similarly; e.g., in order to disperse floes of different strains 
of yeasts, a fairly wide range of critical sugar concentrations is required. 
Further, it is evident that reproducing yeasts are nonflocculent but, when 
reproduction ceases, the ability to flocculate develops although this may 
not be obvious because the sugar in the culture medium will inhibit the 
expression of this characteristic. As the concentration of the sugar is 
reduced, as a result of fermentation, flocculence is expressed when the 
sugar concentration reaches a level critical for that particular strain of 
yeast. 

Many reports concerning flocculence indicate that the pH at which 
various tests are made is a critical factor; also this observation suggests 
one of the reasons why the charge carried by the cells was considered to 
be a possible contributing factor. There is considerable difference of 
opinion as to the nature of the charge carried by the cells and its function 
in relation to flocculence. The technical problems involved in making 
measurements of the surface charge carried by cells may account for some 
of the discrepancies. Geys (1922) claims that normally yeasts carry a 
positive charge which becomes negative during fermentation and finally 
reverts to positive. This view is at variance with those of other workers 
who have reported that washed cells normally have a negative surface 
charge (Winslow and Flason, 1926; Moldavskaya, 1933; Silbereisen, 
1938; St. Johnston, 1949; Wiles, 1951; Jansen and Mendlik, 1951; Eddy 



74 E. O. Morris 

and Rudin. 1958a). As a result of these studies of surface charge density 
and electrophoretic mobility, it appears that changes of charge on the sur
face of the cells may occur, but the role of such changes in bringing about 
flocculence is probably insignificant. 

It has been claimed that yeasts can adsorb components from the medium 
in which they are grown, and the possibility that the adsorbed material 
may change the surface charges was investigated by Jansen and Mendlik 
(1953). It was found that the adsorbed organic substances mayor may 
not increase the negative charge. If the negative charge is increased, there 
is a reduction in the ability of the yeast to flocculate and, further, it was 
found that if the surface charge of coated yeasts is neutralized by the addi
tion of certain cations, flocculence is restored, The conditions used in such 
investigations were quite drastic and artificial, and Jansen (1958) ex
pressed doubt whether these results are significant. There is evidence that 
the charge on the cell surface may be due, at least in part, to the presence of 
a mannan-phosphate-protein complex (Eddy and Rudin, 1958a,b; Eddy, 
1958b). 

All the evidence presented so far has c.£ncerned various factors that may 
contribute to the expression of flocculence; but, with the possible exception 
of the latter reports, little evidence has been provided to indicate the agent 
or agents responsible for the potential ability to flocculate. The possibility 
that adsorbed organic matter on the cell surface is related to the ability 
to flocculate has been studied by Kodo (1954), who isolated from six-row 
barley a polysaccharide-like compound "treberine" which he claims brillgs 
about flocculence. Humic acid-like compounds from malt wort have been 
claimed to have an effect similar to that of treberine (Kijima, 1954; Kodo 
and Kijima, 1953, 1960). Eddy (1956) contradicted these findings by 
showing that the yeasts used by the latter were flocculent in the absence 
of a humic acid-like substance. Hence it can be concluded that these ad
sorbed organic substances are yet again external factors that permit the ex
pression of flocculence in cells which have the ability to flocculate already 
developed. 

It is surprising to find that after 1951 many workers continued to seek 
external factors alone as the cause of flocculence because Gilliland (\ 951 ) 
and Thorne (1951) independently showed that flocculence is an inherent 
character of the yeast cell itself, an opinion later expressed by Eddy 
(1956). It was shown that flocculence is under the control of genes, and 
that hybridization of flocculent and nonftocculent strains results in the 
segregation of this character, the flocculent character being dominant. 
Thorne claims that at least three gene pairs are involved. There is other 
indirect evidence to support the complex nature of the phenomenon, such 
as that of Eddy and Rudin (1958c), who showed that when two relatively 
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nonflocculent yeasts are mixed together the mixture may be strongly floc
culent. Somewhat similar findings have been reported by Curtis and Wen
ham (1958). Recently. Chester (1963) reported that cultures arising from 
a single cell, and in which no sporulation has been observed, give rise to 
strains possessing different degrees of flocculence. It is suggested that this 
degree of variability docs not arise as a result of gene mutation, but rather 
that flocculence is controlled, at least in part, by inheritable cytoplasmic 
elements and that the unequal distribution of such elements during the 
formation of the daughter cells results in the production of new variants. 
A similar explanation has been offered in the case of the high incidence of 
"petite" colonies (see Section V). 

Another approach to solving this problem is to identify differences in the 
cell walls of flocculent and nonflocculent yeasts. Attention has been con
centrated on the cell wall because it is known that the separated cell walls 
of sufficiently mature cells. which have been disintegrated, retain the floc
culence characteristic of the intact,_ cell (Eddy and Rudin, 1958c; Eddy, 
1958c; Maaschelein and leunehomme, 1958). Because young cells are 
nonflocculent, the latter workers compared the amino acids in the walls of 
cells of different ages. It was found that serine and threonine were more 
abundant in the older cell walls. From these results and other studies they 
postulated that an important factor in flocculence is the presence probably 
of a mannan complex on the cell surface. Changes in this complex, or the 
localization of specific amino acids on it, influence the ability to flocculate. 
The probability that a mannan complex is involved has been proposed by 
Eddy and Rudin (l958a,b,c) and Eddy (1958b,c). From a study of the 
cell walls of cultures starved of phosphate, it was concluded that phosphate 
groups were responsible for a considerable amount of the charge on the 
cell surface. Further, the treatment of the cells with papain provided val
uable and interesting information, from which the following conclusions 
can be drawn: (I) The phosphate ions are bound to a mannan-protein 
complex; (2) The removal of the mannan complex by the enzyme papain 
coincides with the loss of flocculence. 

The results of investigations concerning the mechanisms of flocculence 
may be summarized as follows: (I) Flocculence is an inheritable charac
teristic involving the interplay of genes and possibly cytoplasmic elements. 
(2) The inheritable character finds expression in the cell wall, and vari
ation in a phosphate-mar.nan-protein complex may determine the degree 
of flocculence. (3) The charge on the cell surface, and interference with 
this charge by adsorbed material, may playa minor role in the expression 
of flocculence. (4) The flocculation of the cells in liquid media is dependent 
on pH and temperature. (5) The expression of flocculence is a variable 
character depending on the environment in which the cells are grown or 
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suspended. Some metal cations and organic substances enhance the ex
pression of flocculence, whereas some anions and carbohydrates inhibit 
it. 

Many industrial cultures of yeasts are not homogeneous inasmuch as 
strain differences can be detected by a study of ceUular and colonial mor
phology (see Sections III and V) and a study of the flocculence charac
teristics of dones selected from such cultures. Furthermore, since yeasts 
have the potential, on reproduction, to give rise to new strains (Chester, 
1963), it is important that tests be available which indicate such changes 
before they are manifested in an industrial process. 

Gilliland (1951) recognized four classes of yeast based on tlocculation 
tests and brewing characteristics. For estimation of the proportion of these 
different types in an industrial culture, a sample of yeast is spread on 
solidified malt-wort medium ~ such a manner as to produce well-separated 
discrete colonies. Fifty of the Colonies are selected at random and each 
transferred to a separate vessel containing malt wort. After a standardized 
procedure of incubation, the cultures are assessed and the number belonging 
to each type is recorded as a percentage of the number of cultures examined. 
Hough (1957) surveyed a number of industrial cultures, both from different 
breweries and from the same brewery at different times, and he found many 
more types of yeasts than did Gilliland. Hough found that the population 
varied from time to time as judged by morphological studies and assess
ment of the flocculence characteristics. This is a time-consuming exercise, 
as Hough realized; he later (1960) made use of the characteristics of 
microco1onies as the sole means of distinguishing between various strains. 
It is reported that there is close correlation between results obtained by the 
two procedures, but this close correlation is perhaps a little surprising. 

V. AGGREGATION ON SOLID MEDIA 

The introduction of solid media was a significant step forward in the 
study of microorganisms because it afforded a means of obtaining pure 
cultures easily. Further, it was realized that the morphology of colonies on 
solid media could be a useful tool in helping to identify particular organisms. 
The latter criterion has proved to be less valuable in identifying yeasts 
than it has in the case of bacteria. This is because strains of the same 
species of yeast may reveal greater differences in colonial morphology than 
may be observed between different species or even genera (Fig. 3a,b). 
However, it can be shown that the colonial features of any strain is reaSOn
ably constant when the yeast is grown on the same medium under the 
same environmental conditions. 

In general media with gelatin as the solidifying matrix tend to enhance 
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the distinctive features of colonial morphology to a greater extent than 
does agar, which, in turn, is better than silica gel. Again, it is usual to find 
that media containing plant extracts and infusions, such as malt wort, 
com-steep liquor, and fruit and vegetable infusions, induce greater colony 
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FIG. 3. Giant colonies of various strains of Saccharomyces cerevlSlae. (a) 
Transverse sections through various lypes of cOlony. (bi) Colonies of a dispersed
cell strain which produces relatively few pseudomycelia. (bii) Colony of a strain 
which produces botn rnicwcolonies and pseudomycelium. (c) Colony showing a 
mutant segment. 

differentiation than do apparently complete media based on nutrients from 
animaJ sources, or defined synthetic media. In the latter case, it has been 
shown that deficiency of particular vitamins can influence the morphology 
of colonies of certain yeasts, if these yeasts have a requirement for tbat 
particular vitamin. (Weinfurtner el at., 1960; Eschenbecker, 1960). Even 
when the same undefined medium is used care must be taken in its prepa
ration; e.g., it can be shown that malt-wort gelatin is quite sensitive to 
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heat treatment and any prolonged heating reduces the chances of distin
guishing between yeasts by their colonial characteristics. 

The morphology of colonies can, of course, be used to assist in the 
identification of yeasts. For instance, most strains of Pichia and Candida 
can easily be distinguished from, say, Saccharomyces or Cryptococcus. 
Pigmented strains of Rhodotorula can usually be distinguished from Can
dida pulcherrima by the diffusion of the pigment from the colony into the 
medium in the case of the last-mentioned yeast. Various strains of S. 
cerevisiae can be distinguished by their "giant" colony characteristics (Hall, 
1 954a,b). There is evidence that sometimes differences in the features of 
"giant" colonies can be correlated with differences in other characteristics 
such as flocculence and fermentation activity. Similar correlation with 
microcolony morphology and other activities is noted in Section IV, B. 

Three types of "giant" colony of S. carlsbergensis grown on malt-wort 
media have been described by Eschenbecker (1960), who reported that 
these yeasts, when grown on a defined pledium, gave rise to colonies that 
were indistinguishable one from the otherc When these yeasts were grown 
on defined media deficient in biotin, inositol, or thiamine again the yeasts 
gave rise to three distinctive types of colony. The distinctive colonies were 
found in each case to have a requirement for the vitamin that was lacking 
in the medium. It is not clear whether the types of colonies on malt wort 
correspond to the distinctive colonies on the media deficient in vitamins. 

In general, it is found that colonial strain differences can best be demon
strated by studying "giant" colonies and, in the case of S. cerevisiae, good 
results can be obtained by incubating cultures on malt-wort gelatin for 
3-6 weeks at 20°C. In order to reduce the chance of contamination in 
such cultures subjected to prOlonged incubation, diphenyl may be in
corporated into the medium (Hall, 1954a). However, it should be men
tioned that diphenyl may interfere with the results, since Eschenbecker 
(1960) claims that this compound hastens the onset of cell autolysis. In 
general, the greater the tendency for yeasts to produce pseudomycelia, or 
to grow as microcolonies in broth cultures, the greater is the chance that 
rough types of "giant" colony will develop. (Fig. 3b). 

Gross morphological features of colonies may be used for other purposes 
also. When haploid and diploid strains of yeasts are evenly dispersed on 
solid media, the resulting colonies of the haploid strain are usually ap
preciably smaller than the diploid ones. Of course, this criterion is useful 
in sorting out the two strains, but care should be taken not to mistake the 
small haploid colonies for "petite" colonies, which are not uncommonly 
found in cultures of S. cerevisiae. These "petite" colonies were first de
scribed by Ephrussi et al. (1949) and have been shown to be stable forms 
of the yeast which are deficient in respiratory enzymes (Ephrussi et ai., 
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1955; Sherman, 1959; Yotsuzanagi, 1959). Less stable forms of "petite" 
colonies have been described in Candida albicans (Bianchi, 1961), and 
these do not appear to be respiratory-deficient mutants but, rather, the size 
of the colony appears to be related to changes in purine metabolism. 

The gross appearance of "giant" colonies reveals, on occasions, the 
presence of mutants arising in colonies from clones. Such mutants may 
appear as distinctive segments of the colony which are clearly distinguish
able from the main body of the colony (Fig. 3c). 
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FlG. 4. Tnws~'erse scctkms thwugh g~ant colonies. (A) On a{;{{l' medium {a.fter 
Lindegren and Hamilton, t944): a, Zone of autolyzed cells containing asci. b, Ap
parently healthy cells. c, Thin spreading edge of colony. d, PseudomyceJium pene
trating into the agar. (B) On gelatin medium: a, Zone of resting cells; asci may 
be present. b, Zone of autolyzed cells. c, Apparently healthy cells: some may be 
budding. d, Most advanced edge of colony, may be gelatin. 

The microanatomy of "giant" colonies has been studied by Lindegren 
and Hamilton (1944) and Morris and Hough (1956). These reports arc 
based on observations made of sections prepared from colonies on agar 
and gelatin media, respectively. This difference and, possibly, differences 
in the yeasts studied, may account for the lack of complete agreement 
in the results. The major differences between colonies grown on agar and 
on gelatin appear to be found in the outer layer of cells and in the form 
of penetration of the cells into the solid matrix of the media. On agar media 
the outer layer of cells autolyzes and asci are to be found in this layer, 
whereas on gelatin media the asci arc formed in the outer layer of cells 
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which appear to be in the resting stage (Fig. 4). On gelatin. a zone of 
autolysis eventually develops immediately below the zone of resting cells. 
Lindegren and Hamilton (1944) found that. on agar. pseudomycelium-like 
structures are pushed out of the COlony into the matrix; it is the present 
author's experience that not all yeasts show this characteristic; e.g., some 
strains of Debaryomyces kloeekeri do not penetrate into agar even after 6 
weeks, whereas infiltration is observed on gelatin medium. All strains of 
S. cerevisiae on malt-wort gelatin will infiltrate into the matrix of the 
medium. so much so that the leading edge of the colonies may be beneath 
the surface of the medium. Often this extensive infiltration can be observed 
after 4-6 days of incubation at 20'e. Infiltration of the gelatin takes place 
whether or not the strain produces pseudomycelium. In the case of those 
strains which do not produce pseudomycelium, it is difficult to believe that 
penetration into the medium is the result of mechanical pressure; hence it 
seems reasonable to suppose that the ce)Js produce amounts of proteinase 
sufficient to cause localized softening of the medium in the immediate neigh
borhood of the cells with the consequence that the cells can settle into the 
matrix. Often no macroscopic liquefaction of the matrix is observed after 
6-8 weeks' growth of the colonies. It is probable that the products of this 
localized proteolysis diffuse into the colony and are used by the cells; such 
a hypothesis is supported by the fact that usually there is a relatively large 
number of cells, which appear to be actively budding, situated in the deeper 
lower regions of the colony. 
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1. INTRODUCTION 
", 

The thalli of the great majority of fungi are constructed from filamentous 
,hyphae. At the hyphal apex, extension in length is potentially unlimited 

while increase in width is strictly limited. Sooner or later, behind the apex, 
branch hyphal apices are initiated and cross septa may be formed. Both 
hyphal apiCes and older segments of hyphae may be capable of differenti

-"lion. Growth and differentiation of individual hyphae take place with 
varying degrees of coordination with adjacent hyphae, thus forming more 
or less organized multihyphal aggregates. This section explores the special 
capacities and limitations of the hyphal method of construction that are 
revealed in the structure of vegetative aggregates. 

In nature fungal vegetative structures are often cryptic and were not 
well understood before the advent of pure culture techniques. Mostly to
ward the end of the eighteenth century the more obvious sterile fungal struc
tures occurring in nature were given generic names (de Bary, 1887). How
ever, as early as 1837 Trag pointed out the connection between the my
celium and fungal fruiting structures (Hein, 1930), and since then the 
majority of special sterile structures have been recognized as vegetative 
stages of a wide range of ascomycetes and basidiomycetes. Some of the 
old generic names have since been used as descriptive terms for vegetative 
categories, e.g., sclerotium, Qzoniurn, xylostroma, rhizornorph. Early in
vestigations culminated in a comprehensive account by de Bary (1887), 
who delimited four categories encompassing all the previously described 
sterile structures i.e., filamentous mycelia, membranous mycelia, strands, 
and sclerotia. De Bary's categories were of necessity based on very little 
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information, and it is significant that for sclerotia, about which most was 
known, his concept was more precise, including morphological, anatomical, 
and functional features. Thus he distinguished true sclerotia from sclero
!laid structures similar in function but morphologically distinct. He also 
recognized that individual categories did not necessarily occur in all species 
within a circle of affinity. 

Bommer (1896) contributed greatly to our information about strands 
and sclerotia and attempted to construct a natural classification based on 
anatomy and presumed function. Haberlandt's anatomicophysiological cri
teria of classification were carried to their logical conclusion in the fungi 
by Lohwag (1941). Here de Bary's categories fall roughly within the ab
sorption system (mycelia), the conduction system (strands), and the storage 
system (sclerotia). More recent studies, which will be considered later, 
have revealed heterogeneity, particularly in patterns of organization, within 
de Bary's categories. Nevertheless it is convenient at present to retain groups 
similar to those of de Bary. The three groups, colonies, strands, and 
sclerotia, are based on both structural and behavioral characters. They are 
purely descriptive and are not intended to imply real morphological 
entities. 

II. COLONIES 

The term colony is used in a particular sense in describing the unspecial
ized vegetative parts of all fungi that possess hyphae. Although hyphae 
remain attached at their point of initiation, individual hyphal apices for 
the most part grow separately and only fortuitously in contact with one 
another. The colony thus consists of hyphae with matrix or air between. 
and the term refers equally to a thallus derived from a single spore and to 
the structure derived from a group of individuals. 

In nature, colony structure is complicated by the uneven restraints im
posed by the environment. In special cases where external restraints are 
relatively uniform, e.g., "fairy rings," or a pathogen in a leaf, colonies occur 
which are comparable in appearance to those seen in single-organism cul
ture. Also, concentrations of available nutrients in culture are usually 
higher than those in nature. Two sorts of culture system can be distinguished 
which result in somewhat different colony structures. First, growth may 
take place in association with an air (substrate interface, with some of the 
hyphae in and On the substrate and others in the air above, e.g., at the 
surface of a liqUid or solid medium, or on a permeable membrane over a 
medium. Second, growth may OCCur entirely within a homogeneous 
medium, e.g., suhmerged liquid culture, or within an agar medium. Although 
features of colonies are used in taxonomic diagnoses (e.g., Raper and 
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Thorn, 1949; Nobles, 1948), and although it is a common experience of 
mycologists to recognize the hyphal growth habit of a much used culture, 
there is a singular lack of information about the hyphal basis of colony 
structure. 

A. Surface Colonies 

1. Margin 

In the familiar petri dish culture, when a fungal colony is growing from 
a point inoculum) growth into the air and into the medium is soon restricted 
but growth along or close to the air/substrate interface continues, usually 
to the edge of the dish. The more or less circular colony increases in diam
eter by apical extension of marginal outwardly directed juvenile hyphae. 
W. Brown (1923) first drew attention to dynamic features affecting colony 
growth form. Three successive phases of marginal extension may be recog
nized: an overall lag phase of increasing extension rate, a linear phase of 
constant extension rate and, finally, a staling phase of diminishing exten
sion rate. The meager data available suggest that each phase is associated 
with a characteristic behavior of the marginal hyphae. 

a. Linear Phase. Probably the majority of descriptions of petri dish 
cultures refer to the linear phase since this phase often occupies most of 
the growth period. During this phase, submerged, surface, and aerial 
marginal hyphae are most frequently morphologically similar, but their 
relative abund_ance varies considerably. In some instances sparse aerial 
marginal growth is followed by a phase of aerial consolidation whereas in 

. others the margin itself has dense aerial mycelium. Marginal hyphae are 
fairly wide, thin-walled, full of protoplasm and, with their apices at more 
or less the same level, giving a smooth outline to the colony (Plomley, 
1959; Zalokar, 1959). Leading hyphae are usually oricnted radially (Ryan 
et al., 1943), but varying degrees of consistent angular displacement oc
cur, resulting in a spiral growth form in some fungi under conditions that 
are not at present clear (Ritchie, 1960). 

It seems likely that individual hyphal tips most commonly persist in the 
margin. Branching typically occurs behind the parent hyphal tip, and only 
rarely do parent tips stop growing or are they overtaken by hyphae from 
within the COlony (Butler, 1961). Dichotomous branching in which the 
main apex stops growing at the initiation of two apical branches is unusual 
but is characteristic of Allomyces (R. Emerson, 1955). Sympodial growth, 
in which parent hyphal tips are successively overtaken by branches, occurs 
consistently in some fungi, e.g., a mutant of Ascobolus immersus (Chevau
genn, 1959). Most frequently, however, branching is monopodial and 
leading hyphal tips have at least the same chance of survival in the margin 
as their most progressive branches. 
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Primary branches develop singly in acropetal succession some distance 
behind the parent hyphal tips. Rarely, pairs or whorls of branches may be 
initiated simultaneously (Langeron, 1945). These branches tend to grow 
away from other hyphae and into the spaces between the leading hyphae 
and are most frequently subordinate in growth rate and diameter to their 
parents (Butler, 1961; Grover, 1961; Park, 1961). Sooner or later hetero
geneity develops among these branches. Usually more branches are ini
tiated than subsequently are incorporated in the margin and it seems that 

(A) (8) (C) 

FIG. L Individllal monopodial branching systems of marginal hyphae of A bsiditl 
sp. (A)' Sordario (imico/a (8), and Coprinus diswmilla{us (C) on 0.2% malt agar. 
Only primary \:-ranche\ are shown in (A). --+- , Septum; ........... , clamp connection. Mag
nification: (A) and (C), X 25; (B) X 50. 

some branches Jag behind while others are progressive and form new 
leaders. In A bsidia a small proportion of the primary branches are dis
tinguishable as potential leaders by their greater length quite soon after 
initiation (Fig. 1). Although some of these potential leaders may later lag 
behind, new ones do not subsequently arise from previously suppressed 
branches (Table I). During the linear phase density of the margin often 
appears unchanged, but this impression requires substantiation. 

It is eVldent that the characteristic appearance of the colony margin 
of a particular isolate is based on special branching potentialities, the 
frequency and position of branch initials, their angle of insertion, their 
angle of growth and their subsequent fate (Fig. 1). Buller (1931) con
trasted the wide angle of branching of haploid Coprinus lagopus marginal 
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hyphae with the consistently more acute angle in the dikaryon. Septa are 
formed in the terminal cells of marginal hyphae in ascomycetes and basidio
mycetes. In many basidiomycetes, the capacity to form branch initials ap
pears to be particularly associated with the region just behind developing 
septa or clamp connections (Grover, 1961; Butler, 1961) whereas in 
ascomycetes septa and branch initials seem to occur independently, e.g., 
Sordaria fimicola (Grover, 1961). Morphological mutants are potentially 
of great interest in understanding branching patterns (Shatkin and Tatum, 
1961). Furthermore profound marginal growth form modifications often 
accompany changes in the environment. Clearly these involve changes in 

TABLE I 
BEHAVIOR OF PRIMARY BRANCH HYPHAE IN Absidia sp. 

Primary branches numbered in Mean number of potential leaders 
basipetal succession behind among the ten primary 

the main tip ", branches/} 

1-10 
11-20 
21-30 
31-4(l 

Not assessed 
1.4 
0.9 
1.0 

a Data from 12 main hyphae growing on 0.2% malt agar, colony diameter 5.0 cm. 

the relative rates of leader extension, branch initiation and branch ex
tens'ion (Grover, 1961; Larpent, 1962). These three rates remain corre
lated during some changes in the nutrients or inhibitors contained in the 
medium but vary independently during other changes (Larpent, 1963). 

b. Lag Phase. The morphological lag phase covers all stages of de
velopment from spore germination to the establishment of a smooth margin 
of radially arranged hyphae. By this time the colony may be quite large, 
e.g., 6-10 mm in diameter in Chaetomium globosum (Plomley, 1959). 
It seems likely that the morphological and overall physiological lag periods 
are completed simultaneously. Branching begins while the germ tubes are 
growing exponentially (Smith, 1924), and the most obvious difference 
from an established colony is in the direction of growth of the branches. 
Thus in Cunninghamella elegans one or a few germ tubes grow out from 
the spore and sooner or later start to branch in acropetal succession. The 
first branches usually extend at a wide angle to the parent, and from among 
these early hyphal tips are formed the principal radial spokes of the young 
colony. Further monopodial branching and subbranching continues, the 
branches growing away from their parents toward open spaces until they 
begin to meet between the spokes. The direction of branch growth near 
the colony edge becomes progressively more radial as the spaces between 
the spokes become filled in and a smooth circular colony margin is set up 
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(Tarn, 1963). Formation of aerial mycelium may be delayed until quite 
late in colony development. 

c. Staling Phase. W. Brown (1923) described morphological features 
associated with marginal staling. i.e., with the decrease in extension rate 
of the colony margin. The margin is frequently wavy to deeply lobed and 
the balance between aerial and submerged mycelium may be disturbed 
with either a piling up of aerial mycelium at the margin or submerged 
mycelium exceeding aerial growth. Changes in hyphal orientation and 
hranching patterns occur but, in general, the hyphal basis of the staled 
margin appears not to have been investigated. 

2. Changes behind the Margin 

a. Types of Change. Extension growth at right angles to the substrate 
surface is soon curtailed, but a variety of further developments occur, often 
having very striking consequences for the macroscopic appearance of the 
colony. Cytological changes occur in hyphal. parts which were laid down 
in the margin (Zalokar, 1959). Most prominent among these is the de
velopment of vacuoles, but in Neurospora crassa Zalokar also demon
strated changes in other cytoplasmic constituents, e.g., mitochondria, glyco
gen, and fat granules, and in enzyme activity, with increasing age of a 
hyphal part (d. Chapter 14-,· Volume 0. Local or general changes in 
the hyphal wall, e.g., pigmentation, thickening, increase in surface area 
with consequent changes in size and shape of the hyphal lumen, formation 
of additional septa, and plugging of septal pores, are all fairly common 
changes in hyphal segments behind the margin (Nobles, 1948; Zalokar, 
1959; Flentje et al., 1963). At a later stage, autOlysis with disorganization 
of the protoplast and dissolution of the wall occurs in many fungi, par
ticularly stylosporic species (Park, 1961). 

Growth of new hyphae occurs within the margin; this is evident in Brown's 
profile of a nonstaling Fusarium colony (W. Brown, 1923). During growth 
of very small colonies of Chaetomium globosum Plomley (1959) showed 
that hyphal density (total hyphal length/unit area) increased exponen
tially with age close to the margin, but the rate of increase rapidly de
clined until a maximum saturation density was reached. This decline began 
at about the same density in colonies of different size, and hyphal saturation 
extended outward as the colony enlarged. Vegetative hyphae initiated within 
the colony, both as branches of primary branches and as later branches 
from main hyphae, differ from marginal hyphae. Plomley (1959) reported 
that hyphae formed within the colony were progressively narrower as 
branching proceeded. Later formed branches also grow more slowly than 
primary branches (Butler, 1961) and their course is often meandering 
(Park, 1961). It is also interesting that hyphal anastomoses do not occur 
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among juvenile marginal hyphae (in spite of frequent close proximity), 
but are common in older parts of colonies in basidiomycetes, ascomycetes 
and many fungi imperfeeti (Buller, 1933). Later-formed vegetative hyphae 
may subsequently undergo similar cytological changes to their parent 
hyphae. The internal buckling characteristic of some colonies, e.g., Peni
cillium spp., is reported to be due to continued growth within the colony 
(Raper and Thorn, 1949), but its precise mechanism needs elucidating. 
Specialized structures, usually formed by the growth and differentiation of 
branch hyphae behind the margin, are a prominent feature of many 
colonies. There is here a striking contrast in behavior between aerial and 
submerged hyphae. The majority of special hyphal ends (sporangiophores, 
conidiophores, stolons, setae, etc.) and multihyphal structures (fruit bodies, 
sclerotia, eoremia, strands) are typically formed in the aerial mycelium. 
A few, e.g., rhizoids in some phycomycetes and rhizomorphs of Armillaria 
mellea and Sphaerostilbe repens, are more characteristic of submerged 
growth. 

A final feature contributing to colony appearance is extracellular prod
ucts of metabolism. Crystals may be deposited in the medium, and water
soluble substances which accumulate in the medium are sometimes brightly 
colored (Raper and Thorn, 1949; Nobles, 1948). 

b. Distribution of Changes. Not only pathways of hyphal development 
but also their relative timing is important for colony structure. The time of 
onset alld fittration of any particular growth feature varies but, in the 
simplest situation, during the linear phase, and where plenty of space is 
available for extension, each change proceeds centrifugally and behind 
the margin. Since surface colonies are not perfect planes vertical hetero
geneity occurs. The pathways of development 01 aerial and submerged 
hyphae are different and among the aerial mycelium conidiophores, for 
example, may be formed superficially after growth has ceased at lower 
levels in the aerial mass. Yanagita and Kogan;; (1962, 1963) divide 
sporulating colonies of Aspergillus niger and Penicillium urticae into four 
concentric growth zones and show that these differ in morphology, cyto
chemistry, and metabolic activity. The distribution of special structures does 
not always appear to follow this centrifugal pattern. In many fungi with rela
tively massive fruit bodies the resources of very considerable areas of 
mycelium may be used in producing one such body (Buller, 1931). In some 
cultures distribution seems more related to the shape of the container, 
and in others it is patchy. In staling cultures some of these usually non
marginal changes proceed right up to the margin. More special forms of 
colony heterogeneity are those in which a particular growth feature occurs 
intermittently, for example, forming successive rings of sporulation alter
nating with vegetative growth. Such rhythmic growth is sometimes a re-
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sponse to an intermittent external stimulus while in others it is apparently 
endogenous (Chapter 27, Volume I). These essentially concentric patterns 
of distribution contrast with the sectors of different structure formed as a 
result of segregation of inherited particles during marginal growth. 

3. Corporate Colonies 

Where growth proceeds at an air/substrate interface from more than 
one propagule the pattern of colony development depends on the relative 
proximity of these propagules. Neglecting special incompatibility effects 
each propagule tends to form an individual colony until it reaches the 
sphere of influence of an adjacent colony. In many instances the outermost 
hyphae intermingle and form a joint margin for any further colony extension 
over unoccupied medium. In this further extension colonies from one or 
many inoculum units are thus virtually identical, but protoplasmic con
tinuity must be reduced in colonies from multiple inocula in phycomycetes, 
where vegetative hyphal fusions are lacking. Within the area of inoculation, 
after individual colonies become continguous, pathways of hyphal develop
ment are much as behind the margin in colonies from single inocula (Park, , 
1961). With a relatively heavy seeding the whole behaves as a structure 
of even age developing and differentiating more or less uniformly. In 
ascomycetes, basidiomycetes, and many fungi imperfecti vegetative hyphal 
fusions emphasize physiological unity. Nuclei can apparently move through 
such reticulate colonies (Snider and Raper, 1958), and the hyphae may 
combine in providing nutrients for a single fruit body (Buller, 1931). 

In other instances marginal staling occurs in the individual colonies 
before the hyphae of adjacent colonies meet, and a permanent gap may 
remain between the individuals (W. Brown, 1923). Lesser growth form 
abnormalities of marginal hyphae may also occur before colonies meet in 
situations where an isolated colony would be growing linearly (Park, 
1961) . 

B. Submerged Colonies 

The behavior of submerged colonies contrasts with that of surface 
colonies in several ways. A single fungal propagule submerged in nutrient 
agar or liquid tends to form a spherical colony with the older hyphal parts 
completely surrounded by a margin of outwardly directed juvenile hyphal 
tips. Much of our information about submerged colonies is derived from 
industrial fermentation processes in which growth is proceeding from an 
inoculum of many individual units. Under these conditions true colonies 
are not always formed and, as with corporate surface colonies, varying de
grees of interference occur between developing individuals. Dimorphism 
can be induced in a considerable number of fungi in liquid culture 
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(Cochrane, 1958; Pirt and Callow, 1959), the growth form of the unit 
of construction varying from branching filaments to budding cells. In 
Penicillium chrysogenum, a change from long thin hyphae with few 
branches through intermediate forms to short, much branched, swollen 
and often distorted hyphae can be induced by intense agitation, particularly 
at relatively high pH values (Dion et al., 1954; Pirt and Callow, 1959). 
Where growth is hyphal, the appearance of submerged agitated cultures 
varies with the inoculum load and the nutrient status of the medium 
(Camici et al., 1952). With a large inoculum a more or less dense homo
geneous suspension of relatively short sparsely branching filaments de
velops. At lower inoculum loads, and particularly in nutrient-rich media, 
discrete spherical or subspherical colonies (pellets) are formed and the 
surrounding liquid is virtually clear. In one medium, pellet diameter after 
a given growth period is inversely related to inoculum load. 

Phases of growth somewhat comparable with those on solid media may 
be distinguished in batch wise cultures of both the filamentous and pellet 
types (Chapter 25, Volume I). These phases, of increasing, constant, and 
decreasing growth rate, are. based on dry weight and mass physiological 
characters, but must ultimately be related to growth at the hyphal level. 
Borrow et al. (1964) discuss the relative merits of exponential and cube 
root models for the phase of constant growth rate. For the situation in 
their. cultures, where growth is filamentous, they consider that the ex-
poliential model, implying that every unit of mycelium increases in weight 
at a constant rate, is more appropriate. Completion of the exponential 
phase occurs at the same time as marked metabolic changes. However they 
indicate that the cube root model may be more appropriate for cultures 
of the pellet type. This latter model has been related to the morphology 
of pellet cultures (S. Emerson, 1950; Machlis, 1957). There is an initial 
overall lag phase of increasing growth rate during which the pellets are 
organized both by individual propagules growing and branching and by 
individuals becoming associated in clumps. Association of pellets to form 
compound structures at later stages of growth is unusual (Burkholder and 
Sinnott, 1945; Clark, 1962). A circumference of outwardly directed hyphae 
is soon completed around each pellet and there ensues a period in which 
the cube root of dry weight increases linearly with time. This is in agree
ment with the supposition that growth during this phase is at the surface 
and that the spheres have constant density. As the medium becomes 
spent the growth rate falls off. 

Burkholder and Sinnott (1945) showed that pellets developed in sub
merged agitated cultures of a wide range of fungi and that the surface 
features of pellets differed. In the absence of information one can speculate 
that such surface features are a consequence of branching behavior of the 
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marginal hyphae. Sections of pellets reveal radiating branching hyphae with 
interhyphal spaces filled with medium. In the early stages of linear growth 
the hyphae are homogeneous and fairly loosely packed, but later zones may 
be distinguished which, as in surface cultures, cut across the direction of 
hyphal growth (Burkholder and Sinnott, 1945; Clark, 1962). In general 
a rind of more closely packed branched and interwoven hyphae with dense 
granular contents is formed surrounding a less dense intermediate zone and 
a central core of highly vacuolated and later autolyzed hyphal segments. 
In Aspergillus niger the time of onset and intensity of autolysis in the 
center is associated with rind development, the latter varying with cultural 
conditions (Clark, 1962). Internal changes within colonies are virtually 
restricted to modifications of preexisting hyphal segments. Most submerged 
colonies remain entirely vegetative, and this is consistent with the finding 
that most differentiated structures are characteristic of aerial mycelium in 
surface cultures. However, submerged sporulation can be induced in some 
fungi (Morton, 1961). 

A significant feature of submerged batchwise agitated cultures is that 
deveJopment of a culture proceeds as a whole, similar modification of most 
of the growing hyphae occurring in all individuals in the culture at the 
same time. This applies both where growth is filamentous, e.g., changes 
in hyphal growth form (Duckworth and Harris, 1949), changes in hyphal 
growth form and cell cons_lituents (Borrow et al., 1961), and also where 
growth is in the form of pellets, e.g., rind formation (Clark, 1962) and 
sporulation (Hadley and Harrold, 1958). However, both Duckworth and 
Harris and Borrow et al. report the occurrence of some hyphal segments 
which differ morphologically from the majority. 

C. Factors in Colony Development 

This survey of colony structure demonstrates that the behavior of a 
hypha is related to its position in the colony as a whole as much as to its 
hyphal lineage. The implications of this have been expressed by Ryan 
et al. (1943) for one particular growth feature of surface colonies, viz. 
margin regimentation. In order to explain their observations they postulated 
the production of an extracellular branching inhibitor in the margin and 
an inverse relationship between branch frequency and parent growth rate. 
This has not been substantiated, and Plomley (1959) reports that the rate 
of leader extension in Chaetol11ium globosum is not affected by the space 
available for branching. However, other evidence of extracellular effects 
has accumulated. Some of the differences between liquid and agar cultures 
are consistent with rapid mixing of extracellular factors in liquid medium 
by stirring, compared with slow spread by diffusion through agar. Physical 
conditions and nutrient supplies in the medium are clearly altered by hyphal 
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activities. Thus, anaerobic conditions, which influence hypha! growth form, 
often prevail within colonies while the surface is under aerobic conditions 
(Foster, 1949). Also, Borrow ef al. (1961) relate changes in cell shape 
and contents to the time of exhaustion of one or more specific nutrients 
from the medium in fermentations of Gibberella fujikuroi. 

There is evidence that morphogenetically active factors are produced 
by colonies and accumulate in the medium. Thus Hadley and Harrold 
(1958) provide clear evidence that an extracellular thermolabile factor 
produced during vegetative growth is involved in the induction of sub
merged sporulation in Penicillium notatum. On agar media such factors are 
reported to affect a wide variety of growth features: spore germination, 
hypha! growth form, hyphal differentiation, hyphal lysis (Park, 1961); 
spore germination (Carlile and Sellin, 1963); hyphal orientation (Stadler, 
1952); hyphal growth rate and growth form (Butler, 1963). During the 
staling phase, activity ("staling") is evident beyond the colony margin and, 
during the linear phase, there is a gradient of increasing activity from the 
margin inward to a peak of activity over young mycelium. Robinson and 
Park (1965) have made considerable progress in determining the biological 
activity of a factor which is produced by Fusarium oxysporum, is labile in 
the presence of the producer fungus, and caUses vacuolation and cessation 
of extension growth of hyphal tips, However, as yet none of these elusive 
factors has been characterized, 

Other aspects of colony development, e.g., internal interactions and 
development of heterogeneity between adjacent hyphae, have been little 
explored. Plomley (\959) stresses the significance of a functional rather 
than morphological growth unit cousisting of a free-growing hyphal tip 
associated with a growing mass of constant size in a constant environment. 
As the hypha extends it leaves behind segments in which branch growth is 
independent. Larpent (1965) has observed in young colonies that there 
is a characteristic pattern of changes in branch development as parental 
extension rate increases. He suggests that this may be explained in terms 
of changes in the relative ability of different apices within a branching 
system to compete for nutrient supplies. 

III. SPECIAL MULTlHYPHAL STRUCTURES 

Particularly in the ascomycetes and basidiomycetes, but also in fungi 
imperfecti, multihyphal structures are formed that appear to involve a 
degree of coordination between the constituent hyphae greater than that 
in a colony. This coordination may be manifested in several ways, by inter
hyphal contact to form a solid tissue, by differentiation with neighboring 
hyphae, by formation of a structure with a definite boundary, by a period 
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of existence as a more or less discrete structure. Not all these features 
may be apparent in one structure and, particularly in culture, there occur 
a variety of ill-defined hyphal associations which are nevertheless fungus
and medium-specific, e.g., sclerotic patches in Hypholoma fasciculate and 
Armillaria mellea. Coordination is very evident in multihyphal reproductive 
structures, including stromata of ascomycetes and fungi imperfecti. The 
majority of sterile phases fall within the two categories that have significant 
functions in the life of the organisms, strands and sclerotia. One example 
of an exceptional and distinct structure is the infection cushion of Helico
basidium purpureum (Hering, 1962). 

A. Strands 

I. Concept and Occurrence 

Strands are linear hyphal aggregates with the capacity to extend uni
directionally. They sometimes contain differentiated hyphae and may be any 
thickness from a few hyphae to several millimeters. The category includes 
all the structures variously described as mycelial,. strands and rhizomorphs 
(de Bary, 1887; Garrett, 1960). These arise from vegetative mycelium 
in a corpus of colonized material or from a sclerotium and are potentially 
capable of unlimited extension, usually over the surface of, or away from, 
a nutrient substrate, e.g., in soil, sand, litter or under fallen logs. Ultimately 
such strands either form vegetative mycelium in a new substrate or give 
rise to reprodudive structures. They are particularly characteristic of fungi 
forming massive fruit bodies or colonizing relatively massive, often woody 
substrates. Although the majority arc formed by basidiomycetes, strands 
of comparable elaboration are formed by a few ascomycetes and fungi 
imperfecti, e.g., Sphaerostilbe repens, Phymatotrichum omnivorum. In the 
Phycomycetes true strands have not been reported. 

This category corresponds to Langeron's broad group of synnemata 
(Langeron, 1945, p. 79) and its precise limits are difficult to define. Some 
aggregates have a limited length or soon form reproductive structures. 
Thus funicular mycelium is a consistent cultural character of some fungi, 
e.g., species of Paecilomyces (A. H. S. Brown and Smith, 1957). In spore
bearing synnemata growth may be determinate with terminal spores, e.g., 
Stilbaceae, or indeterminate with lateral formation of conidia, e.g., Isaria 
cretacea (Taber and Vining, 1959) and Penicillium isariitorme (Carlile 
et aI., 1962). Furthermore, there may be a comparable period of vegetative 
extension during the development of sexual reproductive structures, e.g., 
stroma of Xylaria hypoxylon, stipe of Polyporus brumalis. 

Much of our information is based on naturally occurring strands where 
considerable caution is necessary in interpreting developmental relations 
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and degree of maturity. Many of these structures can, however, be induced 
to form in culture (Garrett, 1960). 

2. Methods of Unidirectional Extension 

The variations in pattern of development occurring in the few species 
that have been investigated can be divided into two reasonably distinct 

FIG. 2. Diagrams of extending regions of mycelial strand of Serpula lacrimans 
(A), rhizomorph of Phallus impudicus (B); and rhizomorph of Armillaria mellea 
(C). (C) After de Bary (1887). 

groups (Garrett, 1960): (a) Gradual build-up around a pre-existing 
mycelial framework-mycelial strand; (b) Concerted apical extension of 
a number of associated hyphae-rhizomorph. These contrasting patterns 
have significant consequences for the relation between strands and my
celium (Fig. 2). 

a. Mycelial Strands (see also Chapter 12, II, B). Mycelial strand devel
opment has been summarized by Garrett (1960) and further details for 
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Agaricus bisporus have been described more recently (Mathew, 1961). 
Strand formation is preceded by growth of free aerial mycelium in which 
individual hyphae and their branches tend to grow away from one another. 
Later special "following" hyphae develop with the characteristic quality 
of growing either backward or forward alongside preexisting "adopted" 
hyphae of the aerial mycelium. Initiation of "following" hyphae varies in 
different fungi. In Relicobasidium l'url'ureum many arise from the food 
base some time after growth of the leading hyphae while a few are ac
cumulated at other points along the length of the "adopted" hyphae or 
arise by branching of "following" hyphae. In Merulius laerymans [Serpula 
lacrimansJ (Butler, 1958) and Phymatotrichum omnivorum "following" 
hyphae arc initiated as narrow "tendril" hyphae at a particular and late 
stage in the hierarchy of branch development from main leading hyphae. 
Such tendril hyphae adopt adjacent main hyphae (often their parent 
hyphae) and continue to grow and branch to form further "tendril" 
hyphae. 

Longitudinal strands are thus formed by a combination of growth of 
already existing "following" hyphae with the continued initiation of new 
"following" hyphae in acropetal succession along younger parts of 
"adopted" hyphae. Since in all instances "following" hyphae are not ini
tiated in the mycelial margin and do not grow faster than leading hyphae, 
strand development consistently lags behind marginal extension of the 
colony, each strand tapering to the single "adopted" hypha in the mycelial 
margin (Fig. 2A). Increase in strand thickness by further growth of "fol
lowing" hyphae can continue after adjacent free mycelial growth has 
ceased and seems potentially unlimited in S. lacrimans and Agaricus cam
pestris. Alternatively, strand thickness may be limited by poor develop
ment of "following" hyphae (R. purpureum), or by differentiation of the 
strand surface (P. omnivorum). Strand branching also reflects the charac
teristics of "following" and "adopted" hyphae. Where an "adopted" hypha 
has formed a free branch or crosses the path of another hypha, the "fol
lowing" hyphae may grow along either. Thus the nature of the preceding 
mycelium is an important laetor in strand orientation and, depending upon 
conditions of growth, strands may branch dendritically or a reticulum may 
be formed. 

b. Rhizomorphs (see also Chapter 12, II, C). Rhizomorphs, like spore
bearing synnemata (Langeron, 1945), are initiated as local centers of 
associated growth, often behind the mycelial margin. After initiation they 
extend unidirectionally as autonomous structures growing separately from 
and faster than unassociated mycelium (Garrett, 1953; Snider, 1959). 
Initiation of synnemata in Rirsutella gigantea (Loughheed, 1963) as dis
crete areas of hyphal proliferation in the aerial mycelium which later 
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develop an organized growing point is to some extent comparable with 
development in Armillaria mellea. Here rhizomorph apices are initiated 
at the surface of a microsclerotium in the medium (Brefeld, 1877). On 
the other hand, rhizomorphs in Phallus impudicus seem to arise by asso
ciation between aerial leader hyphae of equal status (Butler, 1963). 
Whereas rhizomorphs of P. impudicus and Marasmius androsaceus (Mac
donald, 1949) and spore-bearing synnemata grow in the air, those of A. 
mellea and Sphaeroslilbe repetlS (Goos, 1962) extend within agar media. 

In all instances, increase in length is limited to a short apical region. In 
the most famous rhizomorph, that of A. mellea, the apex is highly orga
nized (de Bary, 1887) (Fig. 2C). The growing point is surrounded by an 
outwardly directed layer of filamentous hyphae with gelatinous mem
branes. Hyphal construction of the growing point is concealed by lack of 
intercellular spaces and by short cell length. Cell multiplication occurs 
here, and behind this is a short region (ca. I mm) of elongation and 
increase in width in which the longitudinal rows of hyphal segments are 
apparent, with larg"O cells in the central medulla and smaller cells in the 
surrounding cortex. Here both increase in cell size and intercalary cell 
division play significant parts. 

Although some subapical inflation occurs, for example, in the stipe of 
'Polyporus brumalis (Plunkett, 1961), the organization of A. mellea seems 
to be distinct from the bundle of parallel apically extending hyphae occur
ring at the tips of other aggregates, e.g., Isaria cre(acea (Taber and Vining, 
1959) and M. androsaceus (Macdonald, 1949). Thus in Phallus impudicus 
(Butler, 1963; Fig. 2B) the apex is like a paint brush, consisting of a loose 
array of forwardly directed unbranched hyphae with their individual apices 
at different levels. The hyphae here are readily teased apart, but about 
I mm behind the leading tips they are much more resistant to teasing. The 
hyphae are more closely packed, often in contact with one another, anas
tomoses occur, and small hyphal branches are developing. This column is 
surrounded by a sparse fringe of hyphae directed obliquely forward. 
Perhaps associated with their lower level of structural integrity, rhizomorph 
apices of P. impudicus tend to break down into unassociated mycelium 
much more readily than those of A. mellea. 

So far as is known increase in thickness behind the apex is small. 
Branching occurs apically by dichotomous or palmate division in A. mellea 
and P. impudicus, or lateral branches arise endogenously as new centers 
of growth in mature parts of rhizomorphs (A. mellea, M. androsaceus). 

Thus, there is considerable heterogeneity in strand growth, and Garrett 
(1960) has suggested that different and probably intermediate patterns 
will be found as further fungi are investigated. It is interesting that in both 
types, although hyphal proximity is universal, other features enhancing 
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hyphal association, notably surface contact, twining, and hyphal anasto
moses, do not necessarily occur in the earliest stages of strand develop
ment. 

3. Structure 

In mycelial strands the "adopted" hypha is often wider than the "follow
ing" hyphae. Apart from this size difference, hyphae contributing to exten
sion of both mycelial strands and rhizomorphs are usually all similar, 
having indeterminate growth, thin walls, dense protoplasmic contents, and 
septa ("structural" hyphae of Falck, 1912). In older parts of strands 
changes may involve growth of new structural branches and, sooner or 
later, differentiation by modification of segments of these structural hyphae 
or by growth of specialized hyphal branches. Strand structure has previ
ously been reviewed by Bominer (1896) and Lohwag (1941). The proc
esses leading to strand differentiation are not well understood and it seems 
likely that some of the discrepancie~ between different accounts of the 
same fungus are due to differences in degree of maturity of the material 
studied. 

a. Hyphal Differentiation. This is sometimes absent, particularly in 
fungi forming thinner strands, e.g., Helicobasidium purpureurn (Valder, 
1958). Among the diverse array of fungi with differentiated strands, al
though the detailed structure and patterns of hyphal development are 

...------specific for individual fungi, two general forms of hyphal differentiation 
can be distinguished. Some hyphae differentiate by wall thickening, often 
with pigmentation, but with little or no wall extension. Concomitant with 
wall thickening, the cell lumen is rednced and protoplasmic contents may 
disappear. In some instances these can be seen to arise from structural 
hyphae as special branches which remain unbranched and have limited 
growth, e.g., fiber hyphae of Serpula lacrimans (Falck, 1912) (Fig. 3D). 
In others intercalary segments develop thickened walls, e.g., Armillaria 
mellea (Fig. 3C). 

The second type of differentiation is characterized by increase in width 
of intercalary hyphal segments. Internal accumulation of clear homo
geneous contents or crystalloid deposits is a very common feature of such 
wide hyphae. Lohwag (1941) provides evidence that these contents are 
storage materials, often proteins. Rather less commonly, local or general 
wall thickening occurs or the cross walls between such elements disappear 
so that continuous tubes are formed, e.g., S. lacrimans (Falck, 1912). All 
these wide hyphae are sometimes called "vascular" or "conducting" hyphae 
(Lohwag, 1941) (Fig. 3D) but there seems no experimental evidence that 
they are more efficient channels of conduction than ordinary hyphae. Some 
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authors claim that such wide elements arise by lateral coalescence of ad
jacent hyphae (Hein, 1930). 

h. Zone Differentiation. A striking feature of many strands is the occur
rence of concentric layers distinguishable on the basis of hyphal orienta-
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FIG. 3. Strand differentiation. (A) Distribution of hyphae in a transverse section 
of mycelial strand of Agaricus arvensis: 1, peripheral zone of loosely arranged 
narrow hyphae; 2, densely arranged, narrow, axial-running hyphae; 3, central region 
of mixed narrow and wide hyphae). (8) Young rhizomorph of Armillaria mellea: 
1, outer layer of filamentous, thin-walled hyphae; 2, rind of thick-walled fused 
cells; 3, medulla of thin-walled hyphae; 4, hollow center. (A) and (B) after 
Townsend (1954). (C) Differentiated hyphae of A. meIlea: 1, rind; 2, outer medulla; 
3, inner medulla. Magnification: X 225. (D) Differentiated hyphae of Serpilia lac
rimans: 1, thick-walled fiber hypha; 2, structural hyphae; 3, "vascular" hyphae. 
Magnification: X 225. 

tion, hyphal density, or types of hyphae or a combination of these (Town
send, 1954). No zonation occurs in Psathyrella disseminata, where all the 
hyphae differentiate similarly by the laying down of extra septa and by 
thickening of walls and pigmentation (Buller, 1924). Consistent zonation 
based on orientation or density of morphologically similar hyphae has 
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rarely been described for mature structures, e.g., Hymenogaster tener 
(Townsend, 1954). In other examples, containing a variety of hyphal 
types, construction of the layers varies greatly and a full understanding 
must await investigation of how Jayer differentiation is related to strand 
extension and increase in thickness in individual fungi. 

In some strands a firm dark rind develops, e.g., A. meUea (Townsend, 
1954) (Fig. 3, B and C), Marasmius androsaceus (Macdonald, 1949), 
Phymatotrichum omnivorum (Rogers and Watkins, 1938), and Sphaero
stilbe repens (Goos, 1962). The walls of the closely packed and often 
short peripheral cells become thickened and pigmented so that the bound
aries of individual cell walls are not easy to distinguish. This layer is olten 
several cells thick and may be initiated either superficially, e.g., P. 
omnivorum, S. repens (in which a peripheral fringe of hyphae develops 
from the outermost rind layer) or below the outer strand surface, e.g., 
A. mellea, M. androsaceus. It is also noteworthy that thickening and pig
mentation occur close to the apex of,subterranean rhizomorphs of A. 
mellea but are very much delayed in the subcorticali, type. As the rind 
differentiates, medullar hyphae may differentiate, the cells inflating and 
being pulled apart leaving large interhyphal spaces. In A. me/lea, Brefeld 
(1877) clearly describes the development of new secondary hyphae which 
fill this pith cavity. -

Although lacking a consolidated rind, there is a tendency in other fungi 
for narrow, thick-walled elements to be more abundant on the outside 
with wide "vascular" elements in the center of strands, e.g., Serpula lacri
mans (Falck, 1912) and Lycoperdon gemmatum (Lander, 1933). Neg
lecting any superficial fringing mycelium, three zones are distinguishable 
among the axially oriented hyphae: (1) an outer zone containing mostly 
narrow thick-walled unbranched elements; (2) an intermediate zone con
sisting mostly of undifferentiated structural hyphae; and (3) a central area 
with many wide "vascular" hyphae. These zones are not completely dis
tinct; structural hyphae occur in all zones, and in S. lacrimans thick-walled 
hyphae are not restricted to the outer zone. Structural hyphae may con
tinue to grow and branch, those to the outside forming thick-walled 
hyphae, as differentiation of wide hyphae proceeds centrifugally in the 
core. A similar situation occurs in Agaricus campestris (Hein, 1930) al
though thick-walled hyphae are absent (Fig. 3A). 

Finally the construction of Phallus impudicus may be quoted (de Bary, 
1887; Townsend, 1954) to illustrate the existence of other, and quite dif
ferent, patterns of construction. Here there is a central gelatinous medulla 
of sinuous, more or less axially directed hyphae of different diameters and 
with very thick fused walls. The medulla is enclosed by a white cortex 
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of wide, thin-walled hyphae with abundant septa which grows out from 
the margin of the medulla. 

4. Types of Strand 

Virtually the only structural feature common to all strands is their linear 
aggregation. Strands differ greatly in method of initiation, method of exten
sion, and pattern of differentiation. Falck (1912) distinguished between 
"syrrotia," which arise by later transformation of mycelium and contain 
crowded elongated elements, including "vascular" and "fiber" hyphae as 
in Serpula lacrimans, and rhizomorphs, which have an apical growing point 
and lack vascular hyphae and, instead, at some stage have an internal 
hollow space, e.g., Armillaria mellea. His developmental criteria correspond 
to Garrett's distinction between mycelial strands and rhizomorphs. How
ever, with our present information, there is not a consistent correlation 
between method of extension and pattern of difierentiation-. For example, 
Phymatotrichum omnivorum develops as a mycelial strand but differen
tiates more like A. mel/ea, whereas Phallus impudicus extends apically but 
after differentiation contains densely packed elongated elements. 

Strands occur in a considerable taxonomic diversity of fungi, and much 
<If their structure is related to their taxonomic position. Strands of closely 
related species are similar in general plan and type of differentiation but 
differ in the degree of differentiation, e.g., Merulius spp. (Harmsen, 1954) 
and Lycoperdaceae (Swartz, 1933). In Ramularia the dimitic construction 
of the strand, as well as of the fruit body, is taxonomically significant 
(Corner and Thind, 1961), and in Marasmius androsaceus rhizomorphs 
and fruit body stipes are indistinguishable in structure and tropic sensitivity 
over a considerable period of development (Macdonald, 1949). 

Functionally, strands appear (0 occupy a similar position in all fungi, as 
a multihyphal link between nutrient supplies and massive fruit bodies or 
massive substrates to be colonized. Garrett (1960) provides evidence that 
aggregation per se is significant in giving an adequate inoculum potential 
for substrate colonization (or, by extrapolation, energy for fruit body 
production). Whether hyphal differentiation is important for functional 
efficiency, whether for conduction, storage, or protection, remains an open 
question. 

B. Sclerat ia 
1. Concept and Occurrence 

Sclerotia are firm aggregations of vegetative hyphae with determinate 
growth. They contain reserve materials and after maturity are capable of 
independent persistence for a considerable period of time. On germination 
they form either mycelia or reproductive structures at the expense of the 
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reserve materials. Tode's genus Sclerotium is retained for sclerotium~form
ing sterile mycelia, and sclerotia also occur sporadically in a wide diversity 
of higher fungi. They are particularly characteristic of certain taxa, e.g., 
Sclerotinia, Claviceps, and Typhula. 

There have been various attempts to give the concept a more precise 
morphological significance but, while this is appropriate within a close 
circle of affinity, more broadly it invariably excludes some of the structures 
generally accepted as sclerotia. They are very variable in form, often 
rounded, and may be any size from a few cells to more than 10 cm across. 
There is often a clearly defined dark-colored and sometimes hard outer 
rind enclosing a medulla of densely packed hyphae lacking consistent 
orientation. Some of the smallest structures, consisting of a few cells with
out a rind and medulla, are sometimes described as "bulbUs" or "micro
sclerotia." The sclerotium may also enclose tissue of the substratum but 
is usually separated from the substratum after maturity. However, the 
degree of separation depends on the nature of the substratum as well as 
on the activity of the fungus. The areas of colonized wood enclosed by 
sclerotic fungal tissue formed by some wood-destroying fungi have been 
compared with sclerotia (Campbell and Munson, 1936), but their physio
logical significance is at present uncertain. Leakey (1964) discusses the 
propriety of including the structures formed by Dactuliophora as sclerotia. 
Each of these is borne on a multihyphal cuplike sclerotiophore on the 
surface of the mycelial mass. The sclerotiophore fractures to liberate a 
multicellular structure, the sclerotium, which appears to be functionally 
analogous with a multicellular conidium. Parts of multihyphal reproduc
tive structures may persist as an independent vegetative phase for some 
time and, therefore, are sclerotia, e.g., some stromata and pseudorhizae. In 
the ascomycetes, the distinction between sclerotial and nonsclerotial 
stromata is not sharp (see Chapter 5), and only those with a clearly sepa
rate vegetative sclerotial phase will be considered further in this section. 

2. Development 

Since the pioneer studies of Brefeld (1877) and de Bary (1887) little 
attention had been paid to morphological features of sclerotium develop
ment until the work of Townsend and Willetts (1954). 

a. Initiation. The majority of sclerotia arise as discrete initials among 
the vegetative mycelium, and Townsend and Willetts distinguished between 
two main types (Fig. 4). In the "terminal" type the initial is formed by 
condensed terminal growth and branching of an individual hyphal tip, e.g., 
Barry/is allii, B. cinerea, and Sclerotium cepivorum (Townsend and Wil
letts, 1954), Pyronema domesticum (Moore, 1962), and Coprinus ster
corarius (Brefeld, 1877). Initials from adjacent hyphae sometimes develop 
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together to form a single sclerotium, e.g., C. stercorarius. Alternatively, in 
the "strand" type, intercalary segments of one or more hyphae develop 
by the formation of additional septa and the production of numerous side 
branches or budlike outgrowths, e.g., Sclerotinia gladioli (Townsend and 
Willetts, 1954), Aspergillus alliaceus (Rudolph, 1962) , and Verticil/ium 
dahliae (Isaac, 1949). The number of hypha! segments contributing to 
one sclerotium is variable within one species, e.g., S. gladioli, and Town
send and Willetts suggest that this variation is dependent on the degree of 
proximity of initials on separate hyphae. Whether there is a tendency for 

3 
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FIG. 4. Sclerotium development. (A) Stages in development of Botrytis allii 
C·terminal" type). Magnification: X 225. (8) Stages in devdopment of Scierolillia 
glfldioli ("strand" type). Magnification: X 225. After Townsend and Willetts 
(1954). 

sclerotium initials of separate byphae to develop close together in clumps 
has not been ascertained. However, in Sclerotium rollsii and Phyma to
trichum omnivorul1/ sclerotia consistently develop from intercalary seg
ments of the associated hyphae in a strand. 

These two types seem reasonably distinct for most of the species so far 
investigated but may well require modification as more becomes known. 
Hotson ( 1917) describes both terminal and intercalary development of 
bulbils in one species of Papulospora. Rhizoctonia so/ani [Corlicillm so/ani] 
stands somewhat by itself (Townsend and Willetts, 1954) in that sclerotia 
are initiated by intercalary septation and development of one or a few 
specialized branches from adjacent hyphae. 
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b. Increase in Size. Initiation is followed by a phase of increase in size, 
usually by hyphal tip growth. The growing hyphae branch at short intervals 
and are often wide with short cells. In an extreme example, C. solani, these 
short, much-branched cells appear almost yeastlike. The developing mass 
is loose, with actively growing tips within, as well as at, its surface. In 
some sclerotia there is a general outward direction of growth, at least of 
the surface hyphae, e.g., Coprinus stercorarius, and Botrytis, where the 
terminal initials branch dichotomously. Very frequently, however, the 
hyphae seem randomly orientated, coiling and interweaving throughout the 
mass, e.g., Typhula (Corner, J 950) and Pyronema domesticum. Even in 
these early stages intercalary inflation may playa part in increase in size. In 
Phymatatriehum amnivorum the very young enlarging initial appears to 
consist of closely packed short-cell,d elements and the hyphal processes 
involved in enlargement are not c1ear.1ntervening host or substrate tissue is 
sometimes incorporated into the sclerotium as it increases in size, e.g., 
Batrytis (Noviello and Korf, 1961). 

c. Maturation. Sclerotia are characteristically structures of limited 
growth, and maturation is marked by surface delimitation and internal 
consolidation and is often associated with the excretion of liquid droplets 
(de Bury, 1887). Most frequently the structure is delimited by the for
mation of a rind of coalesced hyphal segments which develop thickened, 
agglutinated, and dark-colored walls. Internal consolidation may involve 
some infilling by hyphal tip growth in the early stages but appears to 
consist mostly of intercalary expansion and septation associated with hyphaJ 
anastomoses. Rather later, reserve materials accumulate either as wall 
thickening or in the cell lumina. The mature structure of the sclerotium 
can to some extent be related to the proportion and relative timing of the 
various growth and differentiation processes. Thus, Townsend and Willetts 
distinguished between groups on the basis of the temporal relation between 
rind development and attainment of maximum size. Firstly 1 in C. solani no 
rind develops and cell size and wall thickening are uniform throughout. The 
peripheral region is loose, surrounding a more densely packed central 
area. Then, in a number of species (Botrytis spp., Sclerotinia sderotiorum, 
and Pyronema domesticum) rind development occurs relatively late and 
terminates the phases of increase in size by growth and internal expansion. 
Thus, in P. domesticum a phase of hyphal branching, coiling, and bulging 
is followed by one of septation and cell expansion which ceases as the rind 
is differentiated. De Bary (1887) describes the centrifugal spread of dif
ferentiation in S. sclerotiorum. Thirdly, the rind may develop relatively 
earlier and become stretched as internal expansion continues, e.g., Typhula, 
S. gladioli and Sclerotium roltsii. Among the few species so far investigated 
there seems to be a correlation between terminal development and late 
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rinding and between strand development and early rinding (Townsend and 
Willetts, 1954). It remains to be seen how far this will hold as details for 
other species become established. 

Rind formation does not necessarily take place at the outer surface of 
the developing initial. Thus, in Typhuia (Remsberg, 1940), S. roifsii, S. 
sc/erotiorum, and P. domesticum the rind is covered by an outer undiffer
entiated hyphal weft. A striking property of the rind is that rind excision 
from a mature sclerotium, as in Sclerotinia and C. stercorarius, results in 
regeneration of a differentiated rind. On the other hand, no regeneration 
occurs in Typhula. In Botrytis cinerea rind is poorly developed on the side 
in contact with a solid surface but soon differentiates on exposure to the 
air. 

d. Other Patterns of Development. In Clavieeps purpurea (de Bary, 
1887) the sclerotium replaces preexisting mycelium in the host ovary, 
starting at the base of the mycelium-filled ovary and extending acropetally. 
The hyphae become densely interwbven and closely septate, with thick 
walls and oil drops in the cell lumina. The structure appears to increase 
in length by intercalary growth and the outermost hyphae form a violet
brown rind. 

In Cordyceps the infected host behaves as a resting stage enclosed not 
by a fungal rind, but by the host cuticle. It is possible that other sclerotia 
may develop by conversion of an extensive preexisting vegetative mycelium 
rather than by growth from a localized initial. The large sclerotia of some 
polypores are enclosed by a fungal rind but incorporate host roots (Poly
porus umbellatus) or stones and soil (P. tuberaster) (Bommer, 1896). 
Their development is not known, but the zone lines enclosing vegetative 
mycelium of Polyporus squamosus and other fungi in colonized wood are 
morphologically similar to a rind (Campbell and Munson, 1936) and sug
gest the possibility of sclerotium development by transformation and rind
ing of vegetative mycelium. In this context the mechanism of delimitation of 
the stroma in agar cultures of Lambertella copticola is interesting (Tewari, 
1963). Patches of hyphae at the surface of the aerial mass over the agar 
medium produce abundant short, stubby primary, secondary, and tertiary 
branches, which then differentiate to form the rind. The patches are at 
first small (up to 10 mm) but eventually coalesce to cover an extensive 
area. 

3. Range of Variation in Mature Structure 

The basic pattern of differentiation is into concentric zones, but there 
is a considerable range of structural detail (de Bary, 1887; Lohwag, 1941) 
(Fig. 5). A rind is absent in Corticium solani and in most bulbils, e.g., 
Papulospora (Hotson, 1917). The bulbil consists of an aggregation of 
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isodiametric cells with slightly thickened brown walls or, in some instances, 
an outer layer of empty cells encloses central cells with dense contents. 
Gordee and Porter (1961) claim that the microsclerotia of Verticillium 
alboatrum contain an interspersed mixture of thick- and thin-walled cells, 
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FIG. 5. Structure of mature sclerotium. Sections of peripheral regions of Typhu/a 
intermedia. (A) T. phacorrhiza. (B) and T. gyrans. (C) Magnification: X 350 
Surface views of T. intermedin. (D) T. phacorrhiza. (E) and T. gyrans. (F) Mag~ 
nification: X 225, After Remsberg (1940). Sections of peripheral regions of Cop. 
rinus stercorarius. (G) (after Brefe1d 1877), BotTytis cinerea. (H) and Corticium 
.'Iolani, 0; }, peripheral hyphae; 2, central region). After Townsend and Willetts 
(1954). Magnification: X 350. 
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Isaac (1949) distinguishes consolidated mlcrosclerotia from looser "my
celial knots," consisting of intertwined hyphae. 

A great many sclerotia have a rind and medulla, each of which is either 
entirely homogeneous or is subdivided into further concentric layers. 
Individual layers contain homogeneous elements. In Aspergillus aUiaceus 
(Rudolph, 1962), Pyronema domesticum (Moore, 1962), and Claviceps 
purpurea (de Bary, 1887), only two layers, rind and medulla, are present 
whereas in Coprinus stercorarius the medulla of thin-walled, closely 
packed hyphae with short cells is enclosed by a doubk rind-an inner 
region of four to five layers of small cells with brown thick walls and an 
outer region of three or more layers of large, irregular, black-walled cells 
(Brefeld, 1877). Multiple zonation occurs in some species of Scierotinia 
(Townsend and Willetts, 1954; de Bary, 1887) and of Typhula (Corner, 
1950). The range of variation within one group of closely related species 
is instructive for the relation,between zones. In TYl'hu/a the dark-colored 
rind consists either of a thick deposit ("cuticle") on the outer walls of the 
peripheral hyphal cells or of layers of thick-walled hyphae ("epidermis"), 
which mayor may not be agglutinated and are wound round the medulla. 
The outermost cells have specific lumen shapes and patterns of wall 
thickening. The internal hyphae are thick-walled and show varying degrees 

._.of agglutination, always reaching a maximum toward the outside. Some
times the hyphal wall boundaries remain distinct but, in others, the walls 
are completely fused and the lumina appear to be embedded in a continuous 
matrix. In all species with an epidermis, and in some others, the whole 
internal tissue is agglutinated and there is no distinct cortex. In the re
maining species the medulla contains loose hyphae and the surrounding 
agglutinated region is one to many cells thick. Thus, in Typhula, there are 
two distinct types of rind and the detail of internal zonation is a specific 
character. In Sclerotinia, an additional variable is the presence and fre
quency of host inclusions (Noviello and Karf, 1961). 

A final group of sclerotia have a rind and medulla but the latter contains 
intermingled heterogeneous elements. This construction is particularly 
characteristic of the massive sclerotia now known to belong to polypores 
and related forms, e.g., Po/ypom.\' luberasler (stone fungus, Canadian 
tuckahoe), P. mylittae (blackfellow's bread), P. umbellatus, P. sacer, P. 
rhinoceros, Poria cocos, and Lentinus spp. (Pachyma, tuckahoe, Indian 
bread). Their structure was described in detail by Bommer (1896) and 
subsequently reviewed by Lohwag (1941). These sclerotia vary in many 
features, e.g., shape and extramatrical inclusions, but in all the medulla 
contains distinct hyphae (thin-walled and narrow thick-walled hyphae) 
interspersed with grossly distorted very thick -walled structures whose 
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hyphal nature is difficult to discern ("coralloid hyphae" and "light refrac
tive bodies"; Lohwag, 1941). 

4. True Sclerotia and Sclera/loid Structures 

In the broad sense, sclerotia are united functionally as persistent resting 
stages but reveal considerable developmental and structural diversity. They 
also differ in their behavior on germination. Renewed activity usually 
occurs at localized but random points in the medulla, but in one instance, 
Coprinus stercorarius, germination occurs from the rind (Brefeld, 1877). 
In some bulbi Is all the cells are capable of germination, but Gordee and 
Porter (1961) report germination only from the thin-walled cells in Verti
cillium alboatrult1. Many germinate to form an external reproductive 
structure, e.g., Claviceps, Typhula. Sclerotinia, and Polyporus, but others 
may form internal reproductive structures, e.g., Aspergillus alliaceus 
(Rudolph, 1962) and the pycnosclerotia of Guignardia bidwellii (Caltrider, 
1961). Yet others form mycelium on germination, e.g., Sclerotium, Phy
matatrichum omnivorum, Corticium solani and bulbUs. Moreover, some of 
those whose germination is mycelial or uncertain seem clearly related to 
reproductive phases of the same or allied species. Thus, Sclerotium cepi
vorum sclerotia are very similar to those of Botrytis spp., and in Neurospora 
sitophila the sterile sclerotia look like perithecia. Pseudorhizac of the 
Agaricales, e.g,yCollybia jusipes, and the Ascomycetes, e.g., Sarcoscypha 
protracta, nave some of the structural and functional properties of sclerotia. 
Buller (1934) has shown that these are formed by intercalary growth of 
part of the fruit body. 

It is not possible to separate categories of sclerotia on the basis of 
structure alone, but de Bary (1887) and Lohwag (1941) prefer to re
strict true sclerotia to those that germinate forming external reproductive 
structures or that are clearly related to such forms. They separate the re
mainder into a variety of categories of sclerotioid structure, e.g., resting 
mycelia, bulbils, scJerotioid reproductive structures, and pseudorhizae. 

IV. FUNGAL TISSUES 

There is evidence, particularly among sderotia, that development in
volves not only hyphal tip growth, which can in some instances approach 
yeastlike budding, but also modification of intercalary segments, including 
cell enlargement and formation of additional cross walls. In fungal ag
gregations the resultant tissue, plectenchyma, after differentiation may retain 
its hyphal character (prosenchyma) or may appear not to be hyphal 
(pseudoparenchyma). However, the derivation of the latter during de
velopment may be diverse, e.g., extension as short-celled hyphae, later 
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formation of additional septa or hyphal distortion and wall agglutination. 
Appreciation of such ontogenetic diversity is a feature of more recent 
studies, including that on fungal gel tissue (Moore, 1965). 

Although colonies consist of hyphae that are only intermittently in 
contact with one another, they have definable structure suggesting some 
degree of coordination as well as intcrnal organization. Growth and special
ization of hyphae occurs together in zones and also as individual elements. 
However, these features are much more evident in strands and sclerotia. 
The sporadic occurrence and structural and ontogenetic diversity of both 
strands and sclerotia suggest that each category includes a number of 
analogous aggregations. Their detailed patterns of hyphal differentiation 
must be considered with regard to the taxonomic position of the individual 
fungi. 
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I. INTRODUCTION 

In microfungi spores may be produced directly on the hyphae or, more 
usually, on specialized branches (sporophores). Spores produced without 
a previous nuclear fusion followed by meiosis and not produced in a 
sporangium, have commonly been lumped together as "conidia," but on 
critical examination imperfect fungi show many different kinds of sporu
lation. 

Sporulating structures were first used as a taxonomic criterion by Sac
carda in the "Sylloge Fungorum." Saccardo divided spores into many 
types based on morphological characteristics such as shape, septation, and 
color (Table I). He was, however, not concerned with the method of 
conidial production, and it was Vuillemin (1910, 1911, (912) who stimu
lated interest in spore development rather than the characteristics of the 
spores themselves. He drew attention to the difficulties involved in classi
fying different kinds of spores of imperfect fungi under the single term 
conidium and recognized two basic spore types: the thallospore and the 
conidium verum. Vuillemin's proposals were reviewed in detail and clari
fied by Mason (1933), who introduced additional categories. and Langeron 
and Vanbreuseghem (1952), following Vuillemin and Mason, used 
thallospore to include arthrospore, blastospore, chlamydospore, dictyospore, 
and aleuriospore, and conidiospore (conidium verum) to include radu
las pore, terminus spore and phialospore (meristem spore) (Fig. 1). Moreau 
(1952,1953) was the first to extend Vuillemin's ideas on conidial ontogeny 
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from hyphomycetes to other imperfect fungi. In "formes de propagation," 
be discussed several types of diaspore, and aleuriospore production was 
recognized in Discosio, PestalOlia , and Siridium. A year later, Hughes 
(1953a) advanced criteria for differentiating spore development in hypho
mycetes. H e di.v ided the various methods of spore production, on the 

FIG. 1. Vuillemin's spore groups. T hallospores (A- D ): A, arlhrospores; B, blasto
spores; C, dictyospores; D , terminal (right) and intercalary (left) chlamydospores. 
Conidiospores (E and F): E, aleuriospores; F , phiaJospores. 

basis of spore and sporophore ontogeny, into tbe following eight types: 
Section l a, blastospores produced in chains; Section lb, bJastospores: the 
botryose solitary blastospore as in Botrytis and the botryose blastospore as 
in GonatobotrYllm or Nematogoniunt in which the spores are in chains; 
Section If, the terminus spore, as in R amularia or He ferosporium, and the 
botryosc terminus spore, as in Arthrobotrys; Section nI, chlamydospores, 
solitary, as in Bactridilll'l1. or successively produced on annellophores, as 
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in Scopulariopsis; Section IV, phialospores, in basipetal succession, as 
in Phialophora, or on polyphialides as in Catenu/aria; Section V, meristem 
arthrospores produced in true basipetal chains due to the meristematic 
growth of the sporophore, as in Erysiphe and coleomyctes; Section VI. 
porospores, as in Helminthosporillm; Section VlI, arthrospores, as in 
Geotrichum; Section VJII, spores on basauxic conidiophores. Goos (1956) 
discussed Hughes' scheme and listed and redefined the spore terms, and 
Tubaki (1958) somewhat amplified Hughes' scheme by dividing each of 
sections III, IV, and VII into two or three subsections and recognized a 
new section, IX, for Trichollrecium-type spores. Subramanian (1962) 
believed that several more categories were needed to classify the Indian 
and other tropical fungi. He therefore proposed the following six morpho
logical categories of the spores based on their method of formation: 
(l) the blastospore, (2) the gangliospore, (3) the phialospore, (4) the 
porospore, (5) the arthrospore, and (6) the meristem arthrospore. He 
also foresaw a seventh category, the spiculospore, which is formed at the 
tip of a pointed structure, as in Hir~1tIella and Akanthomyces. Tubaki 
( 1963 ), extending his previous work, discussed spore and sporophore 
ontogeny, and proposed six divisions in Hypomycetes. He defined the 
foregoing spore types and proposed three new ones: lerminoradulaspore, 
as k Beauveria; meris/em aJeuriospore, as in Tricholhecium; and pleuTo
radu/aspore, as in Aureobasidium. In addition, he recognized that the 
method by which a conidium functions as a growing point should be taken 
as a differential character. These different types of spore will now be con
sidered individually and in greater detail. 

II. TYPES OF SPORE PRODUCTION 

A. Blastospore Type 

The term blastospore has been used loosely. In general. blastospores 
are spores which originate as buds or blown-out hyphal tips, and develop 
in acropetal chains (Fig. 1 B). Typical blastospore formation is shown by 
Cladosporium. Bispora, and Septonema. In these fungi, the first spore 
develops as a blown-out sporophore apex and then acts as the growing 
point and buds off a second blastospore. This development was fully 
discussed in Cladosporium by De Vries (1952): although he rejected 
the term, blastospore is used for the spore by many authors. In Cladospo
rium, the blastospores are produced in chains from a parent cell on 
an elongated hyphal system, and may be one-, two- or several-celled. 
When such spores are one-celled, the generic name Hormodendrum bas 
been applied. Hughes (1953a) divided the blastospores into four types: 
(a) blastospores which arise as globular buds or blown-out ends and are 
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in acropetal chains; (b) solitary blastospores; (c) botryose solitary blas
tospores which occur in botryose clusters, not in chains; and (d) botryose 
blastospores for catenulate blastospores in botryose clusters. 

In the earlier stage of blastospore production in Cladosporium, a papilla 
arises from the apex of the sporophore, increasing in size to form a globose 
cell which becomes the young blastospore. De Vries observed a short and 
narrow disjunctor as an only connection between blastospore and sporo
phores. These are also found between spores. Chains of blastospores may 
branch when two Of more spores bud from one spore. The basal blasto
spore in spore chains is often designated as a sterigma from the viewpoint 
of gross morphology, not of spore ontogeny. Plasmodesmata connect 
the two adjacent protoplasts of the blastospores in C. sphaerospermum, 
and in C. herbarum the dark episporium was observed to be drawn away 
from the hyaline endospor\um, the endosporium then appearing to be 
completely homogeneous (De'Vries, 1952). 

In the case of blastospores formed in acropetal chains, Mason (1937) 
presumed that organic connection is not severed at the base and the first
formed spore (at the base of a chain) acts as part of the thallus and 
transmits ___ nutriment to the latcr formed spores. Electron microscopically 
minute' pores in the plasmoderma of the spores of C. herbarum can be 
observed (Fig. 2) (Minoura, 1964). This characteristic of blastospores 
is clearly different from those of other spore types, and blastospore 
production is not, though it is often considered to be, the same as basipetal 
sporulation. Cladosarum olivaceum provides an interesting example. Yuill 
and Yuill (1938) showed C. olivaceum to have a gross morphology similar 
to Aspergillus niger, but the secondary sterigmata do not give rise to chains 
of phialospores. Instead, they produce septate branching outgrowths of 
irregular form, and so the secondary sterigmata have resumed the function 
of primary sterigmata and repeat the process of producing chains of cells 
each resembling a sterigma. Thorn and Raper (1945) noted in this devel
opment that the nuclear procedure of ordinary sterigmata of A. niger is 
reversed; the resting nucleus remains in the sterigma while the active one 
moves into the newly forming cell, and the active, multiplying nucleus is 
always in the youngest cell. If true, this nuclear behavior is exactly that 
of blastospore formation, and a relationship between the blastospore and 
phialospore may be established. 

Blastospore formation of a curious kind was reported by Petersen (1962, 
1963) in Tricellula and Volucrispora. In T. inaequalis, a bud arises from 
the apical cell of the conidiophore and a second cell is budded from its 
apex; when the second bud is nearly mature, a third cell buds from the 
first one to one side of the second; thus, the three-celled conidium de
velops. The apical and lateral cells are connected to the basal cell by 
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narrow protoplasmic isthmuses or constrictions, but eventually separate 
from it by deposition of wall material. Similar connections between the 
cells of the spore also occur in VO/licrispora. Such features were also 
described by Van Beverwijk (1954) and Baskins (1958) . 

t-IG. 2. Pore of the spore of Cladosporium herbarum. From Minoora (1964). 

B. Radulaspore Type 

The term radulaspore was originally suggested by Mason (1933) for 
spores borne on the little pegs which originate from the surface of the 
hypha, and he considered tbe radulaspore to be the most primitive type 
of conidium verum. Goos (1956) recognized the radulaspores as smaU 
conidia, borne side by side upon small denticles which cover the surface 
of the sporophore tips, or which may be produced upon intercalary 
swellings. Cooke ( 1962) described the radulaspore as one produced on a 
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minute spicule projecting from the hyphal wall, with usually more than 
one spicule on each cell and arranged irregularly along its length, These 
spores are usually not produced in chains, though several spores may be 
initiated at one point, giving the appearance of clusters of blastospores, 
Such spicules are morphologically similar to the sterigmata of basidia as 
recalled by Viala and Boyer (J 891) and were recognized typically in 
Aureoba"idillf11 pllilulans by Cooke (1959, 1(62), The conidia of this 
species were designated slimy radulaspores by Mason (1937), 

Mason also coined the term terminus spores, for spores which terminate 
the growth of the sporophores, Further growth can take place only by 
the formation of a new growing point below the apex, and it is accordingly 
always lateraL Hughes (1953a) used the term botryose terminus spores 
for those which develop in clusters as in Arthrobotrys, A similar process 
was described and discussed intensively in Sphaerospora minuta by Cain 
and Haskins (1958), Tubalti (1963) divided radulaspores into termino
radulaspores and pleuroradulaspores: the former may result from increas
ing the length of the sporophores and the latter may develop on inter
calary or terminal swellings of the sporophore, The sympodioconidia of 
Kendrick (1962) may correspond to the second type, 

In th/~ wide sense, both radulaspores and terminus spores, are simiJar 
to.eaCh other, and Goos (1956) treated both types as radulaspores, 

Depending on the orientation of the spicules, Cooke (1962) differen
tiated five types: (1) irregular, as in Botrytis or Sporotrichum; (2) very 
regular but scattered, as in Ramularia; (3) very regular with rather long 
spaces between the spores giving a zigzag appearance, as in Tritirachium; 
(4) the spaces between spores short, as in Reauveria; (5) the scars all on 
one side of the branch and close together, as in Costantielia, The Ramula
ria type was also discussed by Mangenot (1952, 1953) in R, urticae and 
R. alospora, and developmental stages of other radulaspores were described 
in Beal/veria, Rhinocladie/la, and Haplaria, Mangenot figured the develop
mental stage of sporulation in i\largarinomyces heteromorpha var. robusta 
in which radulaspore-like structures developed, Detailed observations of 
radulaspore formation were made by Jacques (1941) for Heterosporium, 
After the first-formed spore assumes a more or less lateral position and 
the newly formed, geniCUlate branch has lengthened, a second spore is 
produced at its tip, The branch then swells beneath the spore, another 
branch arises from it, and so on, This developmental study showed that 
the spores are always more or less pedicellate and, depending on the loca
tion of the plane of abscission, the resultant scars are of greater or lesser 
prominence, The degree of prolongation of the branch between the neigh
boring two scars is variable, as described by Meredith in Pyridularia 
musae, From Jacques' study, it appeared that the spore primordium, a 
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hyaline papilla when young, soon increases in size and assumes an ovate 
shape while remaining in open connection through the pedicel with the 
sporophore. As it increases in size and length. a rough epispore begins 
to form on the proximal end. When the short, delicate pedicel breaks at 
the time of dehiscence, the rupture occurring somewhere near its middle, 
part remains attached to the spore and part to the sporophore. The two 
portions appear as small warts or disks at their respective positions. After 
maturation of the primary radulaspore, a small papilla often arises at 
its apical end, especially in old cultures, and thereby a chain of two spores 
develops. The formation of the radulaspore and blastospore may thus be 
linked. 

C. A leuriospore Type 

Aleuriospore (Fig. 1 E) was coined by Vuillemin (1911) and also 
defined by Grigorakis (1936), Ingold (1942), Mason (1933), Langeron 
and Vanbreuseghem (1952), Hu,ghes (1953a), Ranzoni (1953), Goos 
(1956), Nilsson (1958, 1962), Petersen (1962, 1963), Subramanian 
(1962), and Tubaki (1958, 1963). The term, in meaning and definition, is 
not clearly differentiated from chlamydospore, and Goos (1956) revised 
and emended the concept and defined an aleuriospore as a spore formed 
as the blown-out end of a hyphal tip Or as a lateral protrusion, which is then 
cut off by a septum. Aleuriospores resemble conidiospores in position, form, 
and dimensions~ and each is inserted on a surface equal in diameter to the 
hypha which bears it. Goos also defined chlamydospores [which may be 
terminal or lateral (Fig. lD), single or in chains] as being formed by round
ing up of mycelial units, coupled with a thickening of the cytoplasm and 
wall, so that the mature spore is generally spherical and of larger diameter 
than the hypha which bears it. Tubaki (1963) added to the above charac
terization that an aleuriospore usually has a flattened base encircled by a 
minute frill. 

In Section III of Hughes' system, the first-formed spore is a terminal 
aleuriospore (sensu Vuillemin), but as succeeding aleuriospores develop 
by proliferation of the sporophore through the scar left by the previous 
spore (as in Scopulariopsis brevicaulis) the sporophore increases in length 
and becomes annellated. Such a sporophore was termed an annellophore 
by Hughes (1951a, 1953a). 

Solitary aleuriospores are found in Allescheriella, Bactridium, Chryso
sporium. Nigrospora. and Trichocladium, and typical examples of the 
successive aleuriospores are characteristic of Annellephora, Leptograph
ium, Scopulariopsis, Sporidesmium, and Stysanus. Annellation is fre
quently not easy to detect, so careful examination is necessary. Phase 
contrast microscopy is fairly effective. Smith (1962) mentioned that suc
cessive aleuriospore formation from annellophores is fairly common among 
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hyphomycetes, and a number of so-called phialides have proved to be 
annellate when critically examined. 

Ingold (1956) reported that in Trichothecium roseum the first fanned 
spore is morphologically distinct from those formed later, and the develop
ment was illustrated and discussed. He suggested that the conidiophore 
of this fungus may represent a modification of Hughes' Section III where 
the level at which each successive spore is cut off remains the same. Tubaki 
(1958), in emendation of his previous work in which this type was in
cluded into his Section IX, has tenned such spores as meristem aleurio
spores. Tubaki (1963) divided Hughes' Section III into three subsections: 
A, producing typical annellophores; B, producing solitary aJeuriospores; 
C, forming separating cells between sporophore and spore. Typical ex
amples of Subsection Care AnguWospora, Culicidospora, Microsporum, 
and Tetrachaetum, in all of which separating cells develop just before 
maturation of the spores and break down to liberate them (Ingold, 1942; 
Tubaki, 1958; Peten;~n, 1962, 1963). The aleuriospore type is fairly 
common in freshwater microfungi. Ingold and Cox (1957) noted that 
the development of the 5-radiate aleuriospores of the aquatic Triposper
mum mytri and Campylospora chaetocladia was essentially the same. 
:)omewhat modified annellation is shown by Deighton/ella and Endo
phragmia (Ellis, 1961). Hughes (1952), Ellis (1957a), and Meredith 
(1961) discussed the spore formation of these fungi in which the sporo
phares elongate by successive subglobose or elbowed apical proliferations 
and the bi- or multicelled aleuriospores are formed singly as blown-out 
ends at the apex of the sporophores and each proliferation. This was also 
described by Wardlaw (1932). Such proliferation of the sporophore, how
ever, is not restricted to fungi which form aleuriospores, but appears in 
blastospore-forming fungi such as Lacellinopsis (Ellis, 1957b). The scar 
Jeft by the solitary aleuriospore is usually not distinct except for the cir
cular scar of Hansfordiella, in which old scars are pushed to one side and 
lie flat against the side of the sporophore (Deighton, 1960; Hughes, 1951b; 
Subramanian,1957b). 

Subramanian coined the term gangliospore for spores which developed 
by the transformation of the swollen tip of a hypha into a spore, as typical 
of Bactridium. 

Among many authors who have described other aleuriospore forma
tions are Mangenot (1952), on Trichosporium, and Hudson (1961), on 
dictyospores of Oncopodium. 

D. Phialospore Type 

This type, which has been discussed by Vuillemin (1911), Mason 
(1933), Hughes (1953a), Goos (1956), Tubaki (1958, 1963), and 
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Subramanian (J 962), may be defined as spores abstricted in basipetal 
succession from the mouths of phial ides (which mayor may not possess 
an evident collarette) and grouped into false heads or forming chains 
(Fig, IF), Phialospores are Vuillcmin's conidia vera, Hughes (1953a) 
coined radula phialospores for the spores that are produced on the surface 
of the ascospores and are homologous with phialospores as suggested 
by Mason (1933), 

It is still a question whether all phialosporcs from phial ides are endo
genous or not True endogenous production of phialospores occurs in 
Chalara, Endosporostilhe, Sporoschima, and Thielaviopsis, In these fungi, 
phialospores are laid down within the stalked tube from the apex back
ward; finally the thinner-walled apical cap of the phialide is torn off, pre
sumably hy pressure from within (Hughes, 1953a). Brierley (1915) first 
showed endospore production within the cannon-shaped sporophore of 
Thielaviopsis busieola, By contr,jist, in Phialophora (Hughes, 1953a) the 
first-formed phialospore is laid down within the unbroken extension of 
the phialide and is endogenous while the succeeding phialospores are not 
precisely endogenous even though they may be sunk, to a greater or lesser 
degree, within the open collarette, In phialospore production, the rim of 
the wall at the open end of the phialide is continued outward in the form 
of a flaring collar which forms a bottomless cap, This collarette varies 
considerably in different species; it is large and flaring in some and very 
small and indistinct in others, Pethybridge and Lafferty (1917) made a 
detailed study of the mechanism of spore formation in Fusarium and 
described the collaration. Cain (1952) noted the nature of the coHarette 
of Phialophora and discussed whether or not it was formed by the accumu
lation and drying of the slimy material of the phialospore, 

An addition to the above types are the biphialide and polyphialidc, 
Biphialide production according to Van Beyma (1940) includes forms 
that have double tops, surrounded by a small single collar, and two spores 
can be produced at the same time, It is typical of Bisporomyces and 
Gonytrichum (Swart, 1959), Biphialides were later described by Mangenot 
(1952,1953) for Bisporomyces lignicola and Cacumisporium tenebrosum, 
Polyphialide was applied by Hughes (1953a) to phialides which produce 
more than one open end from each of which a basipetal succession of 
phialospores is produced, as in Catenularia cuneiformi.L The fertile hypha 
or conidiophores of Zygosporium in side view is strikingly similar to a 
billhook for which the term falx was proposed by Mason (1941), and the 
sporophore borne on slightly differentiated hypha was designated a falci
phore, The falx of Zygosporium is apparently designed to shoot off the 
conidia from the phialide (Mason, 1941), 

Phialospores are usually massed in a false head or in chains, but Hughes 
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described a peculjar spore chain in Fusarielfa .in which each four-celled 
phjalospore is attached to the second cell from the apex of the phialospore 
below it, as a result of the lateral and curved growth of that spore during 
development ( Hughes. 1949). 

FlO. 3. A section showing a conidium seemingly in a fairly ripened state with 
formation of a distinct spore coal. [t is. however. still linked by a short stem to a 
unmatured secondary conidium. From Tanaka and Yanagita (J963). 
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Recently, electron microscopic observations of phialospore development 
have been published by Tanaka and Yanagita (1963), who described the 
fine structure of the spore-bearing apparatus of Aspergillus niger seen in 
ultrathin sections (Fig. 3). In the earlier stage of sporulation, when the 
narrow neck is closed to form a rudimentary conidium, it contains a 
nucleus, mitochondria, and other cytoplasmic organelles; by this time 
the secondary thickening of the cell wall between the conidium and 
sterigma has already taken place as shown in Fig. 3. The method of sporu
lation in Penicillium was discussed by Gueguen (1898/1899), Thom 
(1944), Scaramella (1928), and Raper and Thom (1949). Raper and 
Thom recorded a case in which the conidia seemed to be found within 
the sterigma tube as described by Gueguen and as illustrated by Scaramella 
for P. digitatum. 

E. Porospore Type 

Porospore was proposed by Hughes (l953a) for spores which are 
thick walled, solitary or in whorls, 'and developed through minute, single, 
or numerous pores in the sporophore wall, a definition emended by Subra
manian (1962). These spores are formed in acropetal chains through 
minute or lateral pores and are usually rounded at the base and even 
in contour except for a basal pore corresponding in position to its point 
of attachment to the sporophore. The apex of the sporophore is rounded 
and the outer and inner walls come to an end abruptly, thus delimiting 
a more or less cylindrical pore. Hughes illustrated and described examples 
of porospore formation in Exosporium, Helminthosporium, Spondyloda
dium, Stemphylium, Curvu/aria, Alternaria, Dendryphion, and Dendry
phiopsis. In the production of successive porospores sometimes seen in 
Curvularia, Exosporium, or Helminthosporium J the inner wall of the 
sporophore busts through the outer wall just below the septum and dis
places the pore left by the apical porospore. 

Porosporc formation was described by Ellis (1960) in Corynespora in 
which multicelled, long porospores formed singly through a pore at the apex 
of the sporophore. 

F. Arthrospore Type 

Arthrospore is another of Vuillemin's terms. In general, arthrospores are 
recognized by being formed by the septation and breaking up of simple or 
branched hyphae (Fig. I A). Both exogenous and endogenous processes 
are involved. In the former case, e.g., in Geotrichum candidum, transverse 
septa are laid down in hyphae. The outer wall and the protoplasm of the 
hyphae may break down by the formation of transverse septa at nearly the 
same time. This was the only known method of arthrospore development 
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until Hughes (1953a) recognized the endogenous formation of the arthro
spores of Coremiella ulmariae. In this type, transverse septa are laid down 
in the hyphae and neighboring or alternate cells develop a thinner wall. 
The intermediate cells lose their contents entirely, and the thin lateral walls 
then break to free the arthrospores. The arthrospore has thus developed 
within the outer wall of the original hypha and has a minute frill at both 
ends. Caretta (1960) also examined the endogenous formation of arth
rospores in Coprotrichum purpurascens which differed from the exogenous 
formation by plasma condensation of arthrospores in short and discontinu
ous sectors of the mother hyphae. 

Formation of arthrospores in Oidiodendron was described by Robak 
(1932), Hughes (1953a), and Barron (1961, 1962). Barron (1962) 
noted the endogenous formation of arthrospores in detail: fertile hyphae 
become septate from the apex backward toward the point of origin of the 
branches, and thick walls are laid down with the original hyphal walls. 
Another type of arthrospore formation is found in Oidiodendron truneatum. 
In this species, as'the arthrospores mature, they seem to draw apart 
slightly and the clear area appears as a gelatinous plug between the spores; 
the plug diminishes, and finally all that remains is a narrow connective 
between adjacent spores, like the beads on a string. Barron discussed the 
relationships between Oidiodendron and Coremiella, in which endogenous 
arthrospore formation was noted by Hughes (l953a). Subramanian 
(1958) described the endogenous arthrospore production in Bahusakala 
olivaceo-nigra in which individual spores are enclosed within the cell wall 
of the segmented fungus hypha. 

Meristem arthrospore was proposed by Hughes (1953a) for arthrospores 
produced basipetally in chains due to the meristematic growth of the 
conidiophores, as typically in Sirodesmium, Hysterium, and Erysiphe. In 
these fungi, the conidiophore merges imperceptibly with the chain of 
conidial initials, which exhibit a gradual maturation toward the distal end 
of the chain. This is because the conidiophore is meristematic at its upper 
end so that a basipetal chain of conidial initials develops and the mycelial 
cell and the stipe cell show no clear change. 

G. Other Sporulating Structures 

A special sporulating type was found by Hughes (I 953a) in Arthrinium, 
Dictyoarthrinium, Papularia, and Speguzzinia. No term was suggested for 
these spores, but basauxic conidiophore was proposed for the sporophore 
because of their basal elongation. A similar but different type of the sporu
lation was reported by Subramanian (I957a) in Sadasivania girisa which 
produces chains of sporogenous cells acropetally from the fertile part of 
the conidiophore stipe, from which conidia are produced singly at one to 
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four points of each sporogenous cclI. These conidia seem to be of the 
radulaspore type, but the aggregation 01 conidia around the conidiophores 
resembles Arrhrinium. The characteristics of isthmosphores of Spegazzina 
(/slhmospora) were described in detail by Hughes (1953a). The isthmo
spore is an asexual spore composed of four or more thick-walled cells sepa
rated by thin walled cells. The conidiophores arise from conidiophore
mother ceBs and bear the single terminal conidium prior to elongation. 

Sporogenous cells is a loosely used term commonly applied to cells pro
ducing, bearing, or supporting spores. However, the function of these cells 
varies with the species. In conidiophores of Deightoniellu indica the apical 
cell of a torulose chain is a sporogenous cell whtch bears acrogenously a 
single conidium (Subramanian, 19:;8). This feature resembles that of 
Torula herbarwn, in which conidia are considered by Hughes (1953a) 
to be a kind of porospore. Sporogenous cells of similar function were de
scribed in Dwayaheeja sundara and Pseudotorula heterospora by Subra
manian (1958) and in Lacellina (Ellis, 1957b; Subramanian, 1952) and 
Lacellillol'sis (Ellis, 1957b; Subramanilln. 1953). 

A peculiar spore appendage (membraneous appendage) is shown by 
conidia of An/has/hoopa, Diplophospora, Koorchalomella. Lomachashaska, 
Neottiospora, Sokireeta, Samukuta, and Starkeyomyces, among others. 
These appendages are unusual in being evanescent and soluble in lacto
phenol, but they can be clearly demonstrated in aqueous methylene blue, 
Desmazieres (1843), then Grove (1935), described the appendages 01 
Neottiospora in which each spore has an apical tuft of little mucoid setae, 
which readily disappear. Subramanian and Ramakrishnan (1953, 1957) 
agreed that the appendage is formed in N. carinum as follows: During the 
development of the spore (pycnidiospore), the outer wall splits transversely 
along a line just below the middle of the spore because of elongation of the 
spore body. The spore then becomes detached from the conidiophore, 
and the upper portion of the outer wall which has split is now seen as a 
cap enclosing the spore for more than half its length. This thin cap later 
gets everted and then appears as a hyaline, inverted hollow cone with very 
thin walls. In conclusion, they considered that the spore appendage is 
mucoid and evanescent and formed of the broken outermost membrane 
of the spore wall. 

ilL TYPES OF SPOROPHORES 

Sporophores may be produced singly and at random by the somatic 
hyphae or be grouped in various types of asexual fruiting bodies. The 
simplest form of aggregation is seen when a group sporophores is joined 
at the base and part way up toward the tip to form a synnema (plural 
synnemata) . 
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Coremillm is frequently used as the equivalent of synnema, but for 
looser fascicles not necessari ally fused at the base. Slightly more complex 
is the sporodochium. a mass of sporopho res which arise together from the 
surface of a cushionlike structure which is, in effect a type o f coremium 
in which the sporopho res are too sho rt to form a sta lk. 

Simple or branched sporophores may line a hollow l1ask-shaped fruit 
body, the pycrzidium , of which the wall is pseudoparenchymatous (Fig. 4). 
Kempton ( 1919) found that there are three kinds o f pycnidial develop
ment, simple-, composed-, and symphogenous. T he acervulus is a mass of 

Uniloculote lObyrinthiform Pycnidium with 
spores escaping 
in a cirrhus 

F IG. 4. Various types of pycnidia: (A) Zythill jrlll{ariue: ( B) Dentirophoma 
o{Jscllrwls; CC) ClllIelolllellu alra; ( 0 ) D ip /ot/ill zeal' ; (E) FIlSico(,CIIIII I' it icoilllll; 
(F) Elfllot lria pllrasitica. pycnidial state. From Alexopoulos (1962 ). Fig. 138. 

hyphae grouped to form an open bed of short spo rophores closely packed 
together. It varies from discoid and saucer-shaped to a thick and pulvinate 
l ayer or cushion. O ften. long, stiff, and dark bristleJike struc tures. t he 
setae, develop intermixed with the sporophores. Some authors do not con
sider such structures as part of the acervulus when they are formed under
neath the cuticle or epidermis of the host plant and eventually b:!come 
erumpen t, but Alexopoulos ( 1962) does not agree because a fungal struc
ture should be viewed in terms of its total mo rphology. F requently, an 
acervulus appears as a sporodochium in culture. 

Mason (1937) said that one fungus stroma may be both a "sporodo
chium" and "pycnidium," and these two words are applied to the fungus 
stroma : the fir st signifies tha t the stroma is producing conidia interna lly 
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and the second that the stroma is producing conidia on its exposed face. 
He also considered that these organs, sporodochia. pycnidia, and acervuli, 
imply a transition from imprisoned conidiophores to free conidiophores. 
A sporodochium may not be developed under culture by genera which 
typically produce such a structure in nature (Goos. 1956). 
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CHAPTER 5 

Fruit Bodies m Ascomycetes 

C. BOOTH 

Comf1wf1wmitll Mycological institute 
Kew, Surrey, England 

The Laboulbeniales, a very specHiiized order of ascomycetes, is not 
included in this highly condensed review, in which emphasis is given to the 
type of development and the basic structures found in ascocarps. This de
velopment often bears little relationship to the gross morphological charac
ters of the fructification which are, however, still widely used as the basis 
of ascomycete classification. 
~_r-

I. THE ASCOCARP 

The fruit bodies or sexual fructifications of ascomycetes are structures 
containing asci surrounded by, or enclosed within, protective tissue. Asco· 
carps are, roughly, of three types which in the past have characterized the 
Plectomycetes, Pyrenomycetes, and Discomycetes, respectively. Typically, 
the first of these taxa has a closed. globose ascocarp. the second an obpyri
form or flask-shaped ascocarp perforated at the apex by a pore, and the 
third an open, saucer-shaped ascocarp. 

The differentiation of these three groups has led to the traditional ap
proach to the study of ascomycetes, an approach which unfortunately ob
scures the true structural relationships within the group as a whole. 

Ascomycetes are, by definition, fungi which possess an ascus, a sac-like 
structure containing ascospores. In this organ fusion of the two haploid 
nuclei (karyogamy) occurs followed by meiosis, and the ascospores are 
produced freely within protoplasm as separate units. Thus, the presence 
of an ascus is an indication of the sexual processes occurring during the 
formation of the fructifications. These sexual processes are not readily ob
served when they occur within a preformed protective stromatic tissue; 
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and although the asci are preceded by the development of an ascogonium, 
this may not possess any specialized morphological characters. 

The simplest ascomycetes (Hemiascomycetes) include the yeasts, which 
are characterized by nuclear fusion leading directly to the formation of 
an ascus. Thus, no specialized structures are associated with the asci and 
no ascocarp is formed. 

Ascomycetes forming specialized fructifications comprise the Euasco
mycetes. This large section, which shows great diversity, is characterized 
by the ascogonium producing ascogenous hyphae from which the asci de
velop. These tissues develop under sexual stimulation and differ from the 
surrounding vegetative tissues. Although the system of "hyphal analysis" 

A B 

FIG. 1. Hypothetical gametophytes. (A) Plectomycetes. (B) Pyrenomycetes and 
Discomycetes. 

introduced by Corner (1932) for basidiomycetes is not applicable in the 
same sense to the ascomycetes, one can in most fruit bodies differentiate 
two, and in more highly developed groups three, hyphal systems whose 
origins can be summarized as follows: (1) tissues derived from the asco
gonium; (2) vegetative protective tissue developed from the surrounding 
mycelium; (3) secondary protective tissue formed under stimulus from 
the ascogonium. 

The tissue derived from the ascogonium consists of the ascogenous 
hyphae and the asci. The ascogonium, which mayor may not be fertilized 
by an antheridium, gives rise to the ascogenous hyphae which ultimately 
produce the asci (Fig. I). The ascogenous hyphae are generally broader 
than the associated vegetative hyphae and have thinner walls, and dense 
easily stained contents. Typically they grow out radially to form a plate or 
hollow disk in the lower part of the fruit body, but in the more primitive 
groups they ramify throughout the central tissue of the ascocarp. Species 
with a plate of ascogenous hyphae are characterized by cylindrical or 
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clavate asci produced as a palisade, and tIus condition is typical of the 
Pyrenomycetes and Discomycetes. 

II. PLECfOMYCETES 

In early classifications the Tuberales [Section IV, C] were included in 
the Plectomycetes, a Class now typified by ascogenous hyphae that ramify 
throughout the central tissues and by globose asci produced at all levels 
within the fructifications. It includes the Gyrnnascales, Eurotiales, Ony
genales, and Mkroascales. In the first two orders fructifications develop 
after the sexual organs are produced and serve only to protect the asco-

----

FIG. 2. (A) The peripheral proteclive hyphae of the ascocarp of Gymlloascus. 
(B) Asci. 

geaous hyphae and asci. That globose asci are scattered throughout the 
central matrix is considered to be a primitive character by Benjamin (1956) 
and Gaumann (1952), and many earlier autJlOrs, who thought that for
mation of a distinct peridium around the ascocarp, as found in the Euro
tiales, was the next step in evolution toward the higher ascomycetes. How
ever, Bessey (1950) and Cajn (1956) consider the Gymnascales to have 
evolved from the Eurotiales, a view depending on what are considered to 
be the ancestors of the higher ascomycetes. 

A. The Gymnascales 

The Gymnascales differ from the Eurotiales io Dot having a dennite 
peridial wall, the ascocarp being formed by modified hyphae wbich sur
round and enmesh the ascogenous hyphae and asci (Fig. 2). Usually only 
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two types of hyphae are recognizable-those of vegetative origin and those 
developing directly from the ascogonium. 

In Gymnoascus reesi; Kuehn (1956) found that the sexual organs may 
develop side by side on the same hyphae or from different hyphae. The 
protective hyphae develop after the formation of the sexual organs from 
the surrounding vegetative mycelium and form a loose globose mass of 
hyphae around the ascogonium. The pcridial hyphae of the fructification 
then become thick walled and undergo multiple branching to form spiny 
appendages. However, Kuehn and Orr (1959) described the protective 
hyphae of the peridium in Arachniolus f/avoluteus as arising from the base 
of the ascogonium which makes these structures analogous to the perithecial 
wall of higher groups. The type of modification which these outer peridial 
hyphae undergo is the chief basis of separation of the various genera in the 
Gymnascales. Little modification is shown by Amauroascus, although in 
A. aureus some peridial hyphae do undergo a weak spiral coiling. Extreme 
modifications are found in Eidamella'def/exa, which has bramblelike spines, 
and Ctenomyces ref/exa, which has curved comb like appendages. 

B. The Eurotiales 

The ascocarps 'of the Eurotiales have a distinct peridium formed of 
pseudoparenchyma. Because undue emphasis has been placed on the 
asexual or conidial fructifications, species such as Penicillium wortmannii 
and P. IUleum have been placed in the Eurotiales although their sexual 
fructifications resemble those of the Gymnascales (Emmons, 1935). The 
possible development of the true parenchymatous peridium can be traced 
through P. spiculisporum and P. egyptiacum where the peridial layer is 
a pseudotissue formed from several layers of interlacing hyphae, to the 
well-developed pseudoparenchymatous peridium found in Thielavia and 
Pseudeurotium. The ascocarps are generally symmetrical and smooth 
walled, and in most species no mechanism is apparent for spore discharge. 
It is frequently stated that the spores are not liberated until the ascocarp 
wall disintegrates, but observation suggests that in some species the wall 
is ruptured by the pressure of the mucilage formed by the disintegration of 
the asci and ascogenous hyphae. The ascocarps of Cephalotheca have dis
tinct lines of dehiscence which appear as sutures visible in the wall of the 
mature ascocarp (Fig. 3). 

The Onygenales, usually allied to the Eurotiales, have somewhat special
ized ascocarps. These arc much larger, stalked fructifications with the 
fertile region at the top. This consists of an inner tissue through which the 
ascogenous hyphae ramify and a well-developed peridia! layer. Onygena 
equina, which grows on discarded hooves and horns, is a cosmopolitan 
member of this family and has ascocarps about 1 em high, but in the re-
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lated Dendrosphaera eberhardtii they may be 26 em high. Species with the 
most highly developed ascocarps in this series belong to the order Micro
ascaJes (Luttrell, 1951). Here the cleistocarpic or closed fructification is 
superseded by an ascocarp possessing an ostiole, a preformed canal for 
the liberation of tbe ascospores. The fructifications are typically beaked, 
and the ascospores are extruded from the ostiote in a cirrus of mucilage 
fo.rmed by disintegration of the asci and ascogenous hyphae. 

FIG. 3. The ascocarp of Cephalo'heca sal'ory; (Eurotiales) showing the wall 
sutures. 

III. PYRENOMYCETES 

In progressing from the Plectascales to species with a more highly or
ganized fructification, two major lines of development are apparent. These 
two lines show a difference in origin of the protective tissue immediately 
adjacent to the asci, but they are most readily separated on the structure 
of the ascus wall. Nannfeldt (1932) defined the first series as baving a 
double-walled ascus and referred to jt as the Ascoloculares, and the second 
series, the Ascobyrneniales, as possessing a single-walled ascus. Luttrell 
( 1951) introduced the term Bitunicatae for what was roughly the Asco
loculares, and Unitunicatae for the Ascohymeniales. 

Chadefaud (1942) says all asci have two walls, an inner thick and an 
outer thin wall, regardless of the separation into unitunicate and bitunicate 
series. This view appears to be correct, but the characteristic development 
of the ascus in the bitunicate series, as related to the method of spore liber
ation, defines a coherent group of major taxonomic importance. Its signifi
cance is fully explained by Luttrell (1951) and is utilized by von Arx 
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tissue in Pringsheimia. and is superficial in Balladyna although in the evo
lutionary scale these probably represent a reduction from the muitiloculate 
stroma of Dothidea sambuci (Fig. 5), which can be derived from the 
Myriangiales through forms such as Atichia glomerulosa. Dothiora differs 
from Dothidea in showing a tendency for the locuies to merge into a com
mon hymenium. In Bagnisiella mirabilis this tendency is carried further 
and the overlying tissue of the stroma is much thinner, a trend that ulti
mately results in the formation of an apothecium as found in the disco
mycetes Buellia disciformis, a lichenized species, and Patellaria alrata. By 
a process of reduction in the thickness of the vegetative stroma the thyro-

asCocarp ascocarp 
Uni- aod mulhloculote 
Immersed o$cocorps 

Thyriothecium 

~ ~ 

aT" 
Apothedurn 

FlO, 5. The range and hypothetical relationships of the ascocarps of the 
Dothideales. 

thecium-type of ascocarp is formed, as in the superficial Schizolhyrium 
perexiguum or the subcuticular Lembosia species. A somewhat modified 
form is found in Myriostigmella gllal/eriae, where a series of thin disk
shaped fertile regions are linked by a vegetative thallus-like stroma. 

From the superficial uniloculate Balladyna, two or three trends in asco
carp modifications are apparent. One is toward a stalked fructification 
terminating in species such as Kusanobotrys bambusae. Another most 
interesting modification is found in EngfeTl/fa macarangae and SchifJnerufa 
(Julchra. In these species the whole inner tissue of the fructification under
goes gelatinization at maturity, with the uptake of moisture, which swells 
and bursts the outer wall leaving the asci embedded in a mass of mucilage. 
The cleistocarpic ascocarps of Preussia are another modification of this 
simple uniloculate fructification. 
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The Pleosporales resemble the Dothideales in baving the asci formed 
in locules witbin a stroma, but differ in having the locular tissue modified 
before ascus formation and in having a lysigenously formed ostiole through 
which the ascospores are discharged (Fig. 6) . 

The ascocarps of Melallomrna pulvis-pyrius (Chesters, 1938) have the 
tissue occupying the region of the locule modified as filaments of cells which 
separate from each other laterally as the surrounding stroma enlarges so 

FIG. 6. Section of the ascocarp of Otlhia spireac (PleosporaJes). 

as to form parallel filaments. These are known as pseudoparaphyses and 
are attached at both the apex and base. 

In the ascocarps of Myiocopron smilads and Ellisiodothis inquinans 
(Luttrell, 1944) a lysigenously formed cavity appears before the asci 
are produced l;\nd strands of tissue grow down from the apex of the locule 
to fuse with the tissue at the base. While the variety of forms assumed by 
the Pleosporalcs is similar in range to those of the Dotbideales, the basic 
ascocarp type of the order appears to be the uoiloculate stroma as found 
in Wettsteinina gigaspora, a species intermediate between the Dothidealcs 
and the PleosporaJes. These ascocarps have no prior development of the 
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locule as in the Pleosporales but possess a well-developed ostiole, Pleo
spora, Leptosphaeria, and Ophioholus are three very large genera with 
uniloculatc immersed fructifications. Some species have a poorly developed 
stromatic part of the fructification. In others, especially where the asco
spores are retained in the ascocarp during a long period of dormancy, 
such as Leptosphaeria acuta and L. do/ialum, the vegetative outcr tissues 
are well developed and form a thick protective wall. Often the outer tissues 
of the host have decayed before the ascospores are released and the fructi
fication appears superficial. The genera Teichospora, l'.1elanomma, and 
Thyridaria are uniJocuJate superficial species on dead wood which have a 
thick carbonaceous outer waiL As stated by Wehmeyer (1961) the details 
of the ascostroma which is primarily a vegetative structure. arc not of great 
importance in classification and vary greatly in relation to habitat. How
ever, many genera have been erected on superficial characters of the asco~ 
stroma. Scleroplea is a sclcrotioid form of Pleospora whereas Teichospora 
is a thick walled superficial lignicolous form, The aseocarps of Pleosphaeria 
are similar but develop setae. In 'cucurbitaria the ascocarps are confluent 
and attached to a basal stroma, Fenestella is also closely allied but some
what unusual in having a secondary stromatic development around the 
ascostroma. This links with Pleospora infernalis, where a similar develop
ment of secondary stroma occurs. 

Arnaudiella and Stomiopeltis are Pleosporales (MUller and von Arx, 
1962) with an ascocarp forming a thyriothecium, The origin of these 
reduced multiloculate ascocarps can be considered as the end result of the 
trend developing in Trichodothis, wherc they occur in a thin superficial 
multiloculate stroma. 

Although not strictly parallel, the Lophiostomaceae with their massive 
ostiolar slit is analogous to the H ysteriales, Another somewhat unusual 
feature is found in the ascocarps of Lasiobotrys /onicerae, where a massive 
vegetative stroma produces around the periphery a series of secondary stro~ 
matic buds in which the locules and asci are produced, 

B, The Unitunicatae 

The second major series of ascomycetes, the Unitunicatac (or Asco~ 
hymeniales) reaches its highest form of development in those species which 
produce either an apothecium or perithecium. The predominant factor in 
their development is the protective wall, immediately adjacent to the asci 
and paraphyses, developed as a response to the presence of the ascogonium 
and usually from the stalk cells of this organ, All the tissues within, known 
as the centrum or, in older literature, the nucleus, are also derived from 
the ascogonial components. 

Chaetomium is one of the more primitive members of the series in which 
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the development of the perithecium has been studied. Whiteside (1961) 
demonstrated that after fertilization of the ascogonium in Chaetomium 
globosum and C. brasiliense certain cells of the hyphae from which the 
ascogonium arose begin to produce the perithecia1 wall. These hyphae [arm 
a tissue which grows around the developing ascogenous hyphae to form 
a typical oval to globose loeule. Chaetomium species have stalked asci with 
the oval spore-bearing part formed at different heights within the peri
thecium. The asci soon disintegrate and the locule becomes filled with 
ascospores. 

Not all the Unitunicatae with enclosed ascocarps have a true perithecia1 
stroma. The Coryneliales and Coronophorales are two orders with unitu
nicate asci which have the asci formed in an ascostroma. In Caliciopsis 
pinea which produces cankers on conifers, McCormack (1936) and Funk 
(1963) described the development of the ascogenous stroma. The asci 
are borne in a Iysigenously formed cavity which may be enlarged by the 
swelling of the ascogenous hyphae and asci and, by continuation of the 
Iysigenous action, a definite canal is formed through the apical beak of 
the stroma. No paraphyses or pseudoparaphyses are present. 

The Coryneliales in general have ovate asci with long thin stalks. As 
the ascospores mature the stalk disintegrates and the spore-bearing part 
of the ascus is forced out of the ostiole by the developing asci beneath. 
Because of-the stromatic ascocarp the Coryneliales have been placed in 
the Dothideales but they have obviously no close relationship with the 
group and most probably represent a distinct line of development from 
the Plectomycetes through genera such as Lophotrichus. 

The Erysiphales include the powdery mildews, which have black cleisto
carpie perithecia. Those attacking cultivated plants are often of serious 
economic importance. The common name comes from their conidial state, 
which gives the host a powdery appearance, but they also frequently pro
duce dark spherical perithecia. These are particularly common in temperate 
regions, where the perithecia may serve as the resting bodies by which the 
fungus survives between successive crops. They do not possess an ostiole, 
and before the asci develop they are filled with large, thin-walled pseudo
parenchyma ceIls. The asci are large in relation to the size of the peri
thecium and form in the center. In Podosphaera and Sphaerotheca only 
Doe ascus is usually found, but several occur in Erysiphe and most other 
genera of the family. A large family with somewhat similar ascocarps is 
the Meliolaceae. The mcmbers are predominantly tropical leaf parasites 
and are often included as a family of the Erysiphalcs because of the pseudo
parenchymatic tissue filling the perithecium before the formation of the 
asci. However, as the ascospores are forcibly discharged through an apical 
pore, the family is better placed in the Sphaeriales. 
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The remainder of the Unitunicatae form a more or less related series 
linked with the Plcctomycetes through genera such as Chaetomillm, Chaeta
midium to Microascus, and Pseudeurotium. Many of the so-called pyreno
mycetes belong here and are placed in the Sphaeriales. 1n this large order 
the ascocarps range from single perithecia, which may initial1y be filled 
with pseudoparenchyma, to single or aggregate stromatic forms with one 
or numerous immersed perithecia in a common stroma which have true 
paraphyses between the developing asci (Fig. 7). 

FIG. 7. Section of peritheciai stroma of Chaetosphaeria i"numera (Sphaeriales ). 

The Diaporthaceae are characterized by baving immersed perithecia with 
a locule filled with pseudoparenchyma before the asci develop and also 
by highJy refractive hyaline rings at the apex of the ascus. This pseudo
parenchymatous centrum is also found in Chaetomium timeti (Whiteside, 
1962). In some members of the Diaporthaceile the stalk of the ascus 
deliquesces so that the asci are freed within the perithecium. The immersed 
perithecia may be vertical, obliquely inclined, or horizontal to the surface 
of the host, but in the latter types the long neck curves to come out verti
cally in relation to the substrate. In genera such as Savu/escua the peri
thecia grow in groups with the necks inclining together, the whole being 
surrounded by a stroma. Throughout the Diaporthaceae the stroma gener
ally is formed partly of true fungal stroma ("ectostroma") and partly of 
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fungal and host tissue ("entostroma"), the extent of the latter within the 
host being frequently marked by a dark line. 

The X ylariaceae and the Hypocreaceae are two families with a similar 
range of variations regarding the structure of the fructification. The former 
have a black, usually carbonaceous stroma surrounding the perithecium, 
and the latter a soft usually brightly colored stroma. 

The Xylariaceae also have paraphyses formed within the perithecial 
cavity. These filaments of tissue grow from the base of the cavity to form 
a palisade which serves to support the developing asci. In the Hypocreaceae, 
a somewhat intermediate condition exists between the Diaporthaceae and 
the Xylariaceae. In Neuronectria peziza, Hanlin (1963) demonstrated that 
within the developing ascocarp an apical mcristcm exists which produces 
a compact pseudoparenchymatous tissue which gradually grows downward 
to fill the cavity of the developing perithecium. A similar development 
exists in N ectria mamf!loidea except that the apical meristem produces 
strands of paraphyses-Iiktnissue which grow down into the cavity, a con
dition analogous to that found in the Plcosporales. In the solitary immersed 
perithecia found in Hypocopra and Hyponectria the stromatic part of the 
locule is not well developed, its supporting role being taken by the sur
rounding substrate. Many immersed species however, do have a strongly 
developed carbonaceous wall, as in Anthostoma, and this is further devel
oped to form a clypeus in species of Anthostomella. Superficial perithecia 
which are scattered or grouped on the surface of the substrate are common 
in the Hypocreaceae Neetria, Gibberella, and Caloneetria and in the Xy
lariaceae in genera such as Bombardia, Sordaria, Gelasinospora, all of 
which have the perithecium surrounded by a relatively soft stroma. On 
the other hand, Rosellinia, which occurs in similar although often drier 
situations, has a heavy carbonaceous stromatic layer. Superficial effuse 
multiperithecial stromata are found in both families. In Hypocrea and 
Polystigma they are soft and colorful, generally red, yellow, or cream, 
whereas those of Hypoxylon and Bombardia are black and carbonaceous. 
In Daldinia the stroma is large and hemispherical and the perithecia are 
confined to the outer layer. The stroma is unusual in being formed of 
concentric zones. Nothing analogous to this occurs in the Hypocreaceae, 
although many of the Hypocrella spp. have hemispherical stromata. Other 
examples of parallel development are to be found in the large clavate 
stromata with the outer layer of immersed perithecia in Xylosphaera 
(Xylaria) of the Xylariaceae and Cordyceps in the Hypocreaceae. Some 
of the latter may be quite dark in color, but they are not to be confused 
with X ylosphaera sp. as no carbonization of the outer crust occurs. The 
Sphaeriales do not appear to have any members producing thyriothecia, 
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but Rehmiodothis does show a tendency toward the scutate type of fructifi
cation. 

The ascocarps of the Diatrypaceae are very similar to those of the 
Xylariaceae. Munk (1957), in fact, included the Diatrypaceae as a tribe 
of the Xylariaceae, emphasizing the tendency within the group toward 
smaller asci and smaller light-colored allantoid ascospores. The develop
ment of this trend can be traced through Lopadostoma of the Xylariaceae 
to Quaternaria, Diatrype, and finally Peroneutypa of the Diatrypaceae. 

The importance of the ascus structure within the various sections of the 
X ylariaceae, Diaporthaceae, and Diatrypaceae has been emphasized by 
Chadefaud (Chadefaud and Embcrger, 1960). 

The asci of the Diaporthaceae hay~ a chitinous nonamyloid ring at the 
apex. Cryptospora longispora possesses", thin amyloid ring at the base of 
the large nonamyloid ring and most Xylariaeeae have a well-marked amy
loid ring. In HY[loxylon multiforme and H. serpens the typical ring is 
present, but in the closely related Hypoxylon cohaerens it is absent. In the 
Diatrypaceae the amyloid ring is reduced and is seldom more than a per
forated disk. 

IV. DISCOMYCETES 

In passing from the perithecial to the apothecial type of ascocarp, the 
Phacidiales show how one type may have arisen from the other. The asco
carps of this order are generally produced within the substratum, and the 
hymenium forms within a fungal stroma, the upper part of which later 
ruptures to expose the asci. Loph0l'hacidium shows an intermediate type of 
structure between the Phacidiales and the Hemiphacidiaceae of the 
Helotiales in that the overlying tissue is rudimentary and the ascocarp re
sembles the true apothecium. 

The apothecial development of many discomycetes has been studied and 
is exemplified in the work of Moore (1963) on the apothecium of Pyronema 
domesticum. In this species clusters of ascogonia and antheridia originate 
from single aerial hyphae which enlarge and branch with a regular dichot
omy. Nuclear fusion between an antheridium and the trychogyne of an 
ascogonium is believed to occur. From the ascogonium ascogenous hyphae 
develop as buds which branch on elongation to form the characteristic short 
thick hyphae. Croziers form as the ascogenous hyphae approach the 
hymenial layer. Before the development of the ascogenous hyphae, anchor
ing hyphae attaching the developing fructification to the substrate form as a 
halo around the cluster of ascogonia. Paraphyses develop as protrusions 
from the stalk cells supporting the ascogonia. Hairs and, later, chains of 
pseudoparenchyma cells grow from neighboring cells to the paraphyses. 
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These form part of the hypothecium and the excipulum, which are analo
gous in part to the peri thecial wall (Fig. 8). 

Corner (1929) defined three types of development found in species with 
apothecia: (1) angiocarpic development, in which the tissues of the ex
cipulum initially grow over and protect the developing hymenial layer, as 
in Ascobolus stercorarius; (2) gymnocarpic development, in which the 
hymenium is exposed throughout its development, as in Pyronema domesti
cum; (3) hemiangiocarpic development, an intermediate condition in which 
the hymenium is partially covered, as in Cheilymenia stercorea and As
cophanus granuliformis. However, Corner did not attribute any great sig
nificance to these types of development and stated that both types could 
be found in the genus Ascobolus. 

"'=r=;=:;;;;:::::r=r=;r==r::::r-..... .,.-- E pitheclum 

~:dd:=Jd4,J;j_~,- Hym enlum 

Hypolheclum 

FI9.- S: ·· Standardized longitudinal section through an apotheciuJl1 showing arrange
ment of tissues. 

The forms and shapes assumed by the ascocarp of discomycetes are quite 
diverse. 19noring the hypogeal species for the moment, the ascocarp is bell
shaped in Verpa conica, saddlelike in Helvella crispa, tongue-shaped in 
Geoglossum, and brainlike in Gyromi/ra esculenta. However, the majority 
are typical apothecia ancj cup- or saucer-shaped as in Sarcoscypha and 
Peziza and, in addition, may be stalked as in Chlorociboria aeruginascens 
and Sclerotinia tuberosa. 

Korf (1 958) redefined the terminology relating to the types of tissue 
found in the excipulum. He recognized two distinct types; the first, short
celled, in which the individual hyphae are not recognizable; and the second, 
with long cells in which the component hyphae are visible. The short-celled 
tissue he subdivided into three types as follows: (I) cells globose with inter
cellular spaces-textura globosa; (2) cells pOlyhedral by mutual pressure, 
no intercellular spaces-texlura angularis; (3) cells rectangular in section 
- texlUTa prismatica. The long-celled tissue he divided into four subgroups: 
Hyphae running in all directions: (a) hyphal walls not united, usually with 
distinct interhyphal spaces-Iexlura in/ricala; (b) hyphal waJls uni ted, with 
distinct intcrhyphal spaces-tex/ura epidermoidea. Hyphae more or Jess 
parallel: (c) hyphae with strongly thickened walls, cohering-textura ob/ira, 
(d) hyphae without thickened walls, not cohering- texlura porrecta. 
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As in the Pyrenomycetes, the Discomycetes are divided into two major 
groups, in this case, based on the apical structure of the asci. In the first 
group, the Inoperculatae, the asci open at the tip by a slit or irregular tear 
to release the ascospores, whereas in the second, the Operculatae, the asci 
possess a small lid at the apex and this is thrown back as the ascospores are 
released. 

A. The Inoperculatae 

The Ostropales is an order intermediate in some of its characteristics 
between the Discomycetes and Pyrenomycetes. Miller (1949) noted the 
similarity of the asci of many Ostropales with those of the Clavicipitaceae. 
Both have long cylindrical asci with an excessive thickening of the wall at 
the apex to such an extent that the lumen of the ascus is almost occluded 
and only a narrow canal is left for the discharge of the ascospores. 

Superficially the apothecia of the Ostropales show a wide range of form. 
They are superficial and circular in Apostemidium guernisaci and stalked 
in Vibrissea truncorum. In Afrospermum compressum they are clavate with 
a cylindrical stalk and laterally compressed in the upper fertile part. Stietis 
stellata has apothecia immersed in the tissues of the host, and in Schizoxylon 
berkeleyanum, another species with initially immersed apothecia, the 
paraphyses branch at the tip to form a matted epithecial layer above the 
asci. A type of fructification that is very close to the hysterothecium is 
found in Ostropa barbara, which also has the apothecium initially immersed. 

The second major order of the inoperculate series is the Helotiales, prob
ably the most heterogeneous order of ascomycetes. 

The structure of the apothecium is of major importance in the separation 
of the various families. The Dermateaceae have the tissues of the excipulum 
composed of subglobose cells, textura globosa, whereas in the Hyaloscy
phaceae they are composed of soft prismatiC cells, textura angularis, and 
in the Helotiaceae of elongated cells or of strands of parallel hyphae, textura 
porrecta to textura intricata. The apothecia are cup-shaped and sessile in 
Orbilia curvatispora, subsessile in O. luteorubella, and stalked in Gloeotinia 
temulenta. The family Hyaloscyphaceae is characterized by hairs on the 
margin or outer surface of the apothecium, and the Sclerotiniaceae by a 
sclerotium or stromatized patch of host tissue below the apothecia. 

Roesleria pal/ida is an anomalous species with the apothecium forming 
a mazaedium. It resembles Onygena equina of the Eurotiales, and the asci 
soon disintegrate leaving a loose mass of ascospores held together by hyphal 
threads in the cup-Shaped head. 

The family Geoglossaceae has long-stalked, usually clavate, ascocarps 
which correspond morphologically to those of Morchella and He/vella in 
the Pezizales. 
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B. The Operculatae 

All members of the Pezizales are characterized by having asci which 
dehisce by an apical lid, the operculum. The diversity of external characters 
of the Pezizales is as wide as that described for the HelotiaJes, with sessile 
to stalked, smooth to hairy apothecia. Morchella esculenta has a fructifica
tion typical of the morels. These are clavate with a thick stalk, the 
fertile part forming a pileus covered with a honeycomb arrangement of 
ridges separated by pits that are lined by the hymeniallayer. Relvella crispa, 
a false morel, has a saddle-shaped pileus bearing the hymeniallayer on the 
upper surface. 

C. The Tuberales 

The Tuberales is an exceptional order comprising the truffles, which 
have hypogean ascocarps that remain closed after maturation of the asco
spores. The order shows -extreme adaptation to habitat, but it is believed 
to have developed from th~ Pezizales (Gaumann, 1952). The extensive 
retrogressive evolution is reflected in the structure of the ascus, which may 
be globose or oval, a marked contrast to the Discomycctes in general and 
reminiscent of the Eurotiales. 
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I. INTRODUCTION 

l:c>-understand the structure of the basidiocarp in relation to the hyphal 
systems or tissues which comprise it, we must first consider briefly the 
details of the individual hyphae of the vegetative mycelium. Although 
each species to some extent may be said to have individual features peculiar 
to its mycelium, it is obvious that for higher fungi generally, the secondary 
mycelium, from which basidiocarps typically originate, is very similar 
for most basidiomycetes. However, if we examine the hyphae of a pure 
culture we are likely to find them to be tubular (egual in diameter through
out their length). The length of the individual cells will vary greatly with 
the species and within the same mycelium depending on the area from 
which the sample is taken, or its age. The amount and type of branching 
also will vary similarly. Nutritional and other environmental and genetic 
factors effect changes in the morphology of the mycelial pad of a pure 
culture on an agar plate. Many of the hyphal changes which produce the 
differences in appearance of the mycelial pad are of the same type as those 
found in the hyphae of the fruiting, i.e., the development of pigment in 
the cells (Mycena subcaerulea and Lyophyllurn palustre (Smith, 1932), 
shortened inflated cells (Lyophyllum pa[ustre), different patterns in sub
merged and aerial hyphae (Mycena sp. The point to keep in mind is that 
the modifications found in the hyphae of the basidiocarp, though more 
elaborate than those of the vegetative hyphae, are essentially similar basi
cally, as one would expect. That the fungus is a very adaptable organism 

lSI 
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in either its vegetative or reproductive stage must be remembered when 
developing a terminology to cover all aspects of the present subject. 

II. ORIGIN OF THE BASIDIOCARP 

in this chapter we are concerned with the morphological changes that 
take place when the stimulus for reproduction becomes manifest regardless 
of what hyphal changes have previously occurred during the vegetative 
stage. In most higher fungi one of the first evidences of basidiocarp pro
duction is stimulation of branching in local areas to produce knots of 
hyphae, often with short almost isodiametric cells. However, great varia
tion from species to species is found from very loose cottony balls of 
hyphae 35 mm in extent (Rhizopogon pseudoaffinis: Smith and Zeller, 
1966), to very compact knots. The basidiocarp in some cases may even 
be derived from a single cell in a knot (Reijenders, 1963). In some very 
unspecialized basidiocarps developing on wood, the fruiting initial may 
cover a considerable area and exhibit indeterminate growth. For most of 
the higher basidiomycetes it is a hopeless task to attempt to use the manner 
of origin of a basidiocarp for purposes of identification, but it may be im
portant in helping to understand the taxomonic position of a species. This 
information is indeed difficult to obtain from material collected in nature. 
However, Corner (1950) gives an account of the origin of the basidiocarp 
ill certain species where he was reasonably certain of the identity of the 
naturally occurring primordia. In Clavariadelphus pistillaris, a fluffy patch 
of mycelium is the first indication of basidiocarp differentiation. The 
hyphae of the rudimentary basidiocarp are differentiated from those of 
the mycelium by their smooth, rather than incrusted, walls. According to 
Corner, because of their incrusted walls, the mycelial hyphae of this 
species can be identified at all stages in the development of the basidio
carp. That this degree of difference between vegetative mycelium and 
hyphae of the basidiocarp may occur is of great interest to our analysis 
because it points the way to an understanding of the features considered 
significant in modern taxonomic mycology. In addition, it also indicates 
that these features may be characteristic of a particular hyphal system 
within the vegetative mycelium. This observation by Corner shows the 
need for caution in interpreting the fibrils and hairs at the base of a 
basidiocarp as being part of the basidiocarp itself. It is clear that to under
stand hyphal differentiation in the vegetative state of C. pistillaris we need 
to start with pure cultures and observe at what stage in the formation of 
the mycelial pad the incrusted hyphae appear, for it is unlikely that they 
are present from the inception of the dikaryon. The pattern of hyphal 
differentiation in each family varies to some extent with the species, but it is 
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important to compare the patterns at a given stage in the overall develop
ment of the basidiocarp. Our classification of these fungi can never be 
complete from even a simple morphological basis until the development 
and hyphal systems of the basidiocarp are known for each species. 

The development of Rhizopogon pseudoaffinis illustrates this well. 
The basidiocarp initial is a loose wad of mycelium originating in the soil 
in response to a localized stimulus to branch. In the interior of this cot
tony wad further localized branching soon develops, the branches being 
only 2-3 cells long with the apical cells soon becoming clavate and ar
ranged in a palisade which, by continued development of the branching 
system, soon forms a palisade completely lining a hollow space (the locule, 
which at first is slitlike). Some of the terminal cells of the palisade then 
produce basidiospores. All this happens long before the peri dial hyphae 
have become matted down to form a true tissue (the peridium). At this 
stage none of the hyphal walls show any sign of gelatinization and the 
whole basidiocarp (it can be calii'd that since it is producing spores at this 
stage) is soft and fluffy. Also, at this stage, there has been no development 
of pigment and no inter- or intracellular deposits of amorphous material. 

By studying a series of basidiocarps from the same fairy ring it was found 
that, as the number of locules increased, the surrounding fluffy hyphae 
forming the protective covering (the peridium) became matted down into 

---- a- layer forming a tissue, and that at this stage as one cuts a basidiocarp 
in half considerable drag is noted on the razor, indicating a more cartilag
inous consistency of the tramal plates. Under the microscope it is noted 
that the hyphae of the tramal plates, although of the same size and shape 
as in the truly soft specimens, now have a different index of refraction for 
transmitted light, a difference which almost always indicates some degree 
of gelatinization of the walls; in other words, a chemical change has taken 
place in the hyphae of the tramal plates. If the hyphae of the tramal 
plates are now compared to those of the peridium it will be noted that 
the peridial hyphae are not as refractive (not gelatinous). However, pig
ments dissolved in the cell sap or incrusted on the walls may be found 
in at least some of the peridial hyphae, or pigment may be deposited be
tween the hyphae as colored amorphous material. Spores are produced 
from the hymenium while the above changes proceed. An attempt to 
describe the hyphal systems of a mature Rhizopogon basidiocarp will in
volve some difficulty because of the inadequacy of the word "mature" to 
meet this situation. In many Rhizopogon species the hymenial elements 
are all thin-walled and hyaline during the early stages of sporulation; as 
the basidiocarps age, however, the walls of the hymenial elements become 
thick enough almost to fill the lumen and, in a number of species (Smith 
and Zeller, 1966), the walls of subhymenial cells and even of some of 
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the tramal-plate hyphae thicken. At this stage one might insist that the 
basidiocarp is past maturity, but this is true for the oldest (centrally lo
cated) locules only. Those near the peridium may still have thin-walled 
hymenial elements and still produce basidiospores. Obviously, by the time 
the gleba liquefies the basidiocarp is old, but liquefaction does not always 
occur in nature as a regular feature of aging. It is not uncommon for the 
basidiocarps to dry in situ and to decay later, presumably when the 
weather turns both wet and warm. 

In other words, changes in the size and shape of hyphae, as well as in 
chemical composition, are continuous from the time the basidiocarp first 
forms until decay sets in. Maturity, therefore, must be defined in relation 
to the genus or family of fungi under consideration. Perhaps the most 
acceptable definition would be that stage represented by the peak of 
spore dispersal, or the elevating of the spore mass for immediate dis
persal. 

III. THE--jlJITIC SYSTEM 

Although the hyphal structure of the basidiocarp was known early, it 
was Corner (1932) who focused attention on it as a major means of un
derstanding the identity and relationships of the higher fungi. Much in
formation had accumulated before Corner's work, but the emphasis was 
different. For instance, in the early work, such as that of Fayod (1889) 
and Patouillard (1900) many hyphal features were used in descriptions. 
Some students of the Agaricales were interested mainly in the develop
ment of the basidiocarp: e.g., Atkinson (1906), Sawyer (1917), Walker 
(1919), and Kuhner (1926) used hyphal and tissue characters where 
they appeared most definitive. Such systems as the laticiferous system, 
the tissue structure of the Russulaceae (designated as heteromerous), and 
the arrangement of the hyphae in the trama of the hymenophore in such 
genera as Amanita, Hygrophorus, Volvariella, and others were all well 
known before Corner published his first paper. Corner's contribution lies 
chiefly in his system of hyphal types in basidiocarps where there is little 
special differentiation into tissue systems. His approach has become known 
as the mitic system, in which a basidiocarp with only one kind of hypha is 
termed monomitic; if two types are present, dimitic; three kinds, trimitic 
and, if the hyphal cells inflate, physalomitie. However, this system is not 
very applicable to the Agaricales. Its greatest value was psychological in 
that it finally brought mycologists face to face with the real problem, 
namely, the degree to which the hyphae of the basidiocarp become spe
cialized to further the processes of spore production and dispersal, di
rectly or indirectly. Looked at in this light it seems ineffectual to set up 
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special terms for generalized situations when they can be properly evalu
ated only by careful attention to detail. In other words, two species, one 
"monomitic" and another "dimitic" might be morC closely related than 
two "monomitic" species. True, a terminology is convenient for general 
reference, but the mycologist should not let it obscure his vision to the 
point of failing to describe the hyphae in detail. Such terms as parallel, 
divergent, convergent, etc., for hymenophoral tram a deal only with a 
hyphal pattern, not the hyphae in detail, and even this may differ from 
genus to genus for a single category such as divergent, and the manner 
of origin for such a single category may differ as well. Such terms as 
generative hyphae, fundamental hyphae, and ground hyphae applied 
across the board, as it were, fail to express adequately for scientific pur
poses what the investigator sees under his microscope for individual spe
cies, and are best used for general orientation of the reader. 

Our concern with the hyphal structure of the basidiocarp is primarily for 
the purpose of identifying taxa and'ascertaining their natural relationships. 
We are not limited in our search to one set of characters-morphological, 
anatomical chemical, etc.~but rather to the sum of all. We are concerned 
with the manner in which the hyphae are arranged in the basidiocarp, 
and the various modifications that they or their individual cells undergo. 
In the milic system Talbot (1954) describes monomitic as applying to a 
system composed of generative hyphae. A dimitic system is said to be 
composed of generative and skeletal hyphae, and a trimitic system of gen
erative. skeletal, and binding hyphae. He describes generative hyphae as 
being thin-walled, branched, septate, and narrow (1.5-10 tl), and either 
hyaline or colored. Binding hyphae are said to be aseptate and thick-walled. 
The definitions of skeletal hyphae are confusing but the term should apply 
to the main hyphal system speCialized to maintain the shape of the basidio
carp. Unfortunately, this has not always been done. 

IV. FEATURES OF THE HYPHAL WALL 

I have described the primitive or undifferentiated hypha [Fig. 1 (1) J 
as a cylindrical thin-waned colorless tube lacking adhering material such 
as debris or incrustations. Starting from this, some of the modifications 
a hyphaJ wall may show are: (a) incrustations [Fig. 1 (9)J that may be 
remains of an early primary wall adhering in patches or zones; (b) deposi
tion on the wall of excreted metabolic products, a feature likely to be in
fluenced by nutrition; (c) the formation of distinctive pigments, possibly 
of aid in preventing moisture loss; (d) chemical changes taking place in the 
wall itself [Fig. 1 (12) J. 

By the time one has studied thousands of species so many different 
patterns are found that detailed classifications of them become of little 
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Fro. I. Differentiation in hyphae and hypha I cells of hymenomycetes. (l) Tubular 
(undifferentiated) hypha from Plulells cerlJillus (sensu /010). (2) SlighUy inflated 
hypha! cells, and (3) oJeiferous hyphae from Cl/I/th(lrellll.f f/OCt·OSIiS. (4) Tubular 
hyphae with clamps (Sislotrellla. Smith 71299). (5) Sphaerocysts from cutis of 
Cystoderma (Smith 70903). (6) Hypha of subcutis showing short branches (Cysto
derma, Smith 70903). (7) Flexuous hypha from Poiyportls giomerolils. (8) Context 
bypha of Gymnopilll.l' specTrlhilis showing tibiiform cell lenlargement at septum) 
(Thiers 4048). (9) Encrusted hypha P/wliOla lubrica (Smith 46383). (10) Sphaero
cysts and binding byphae making the heteromerous context oC Russula aCrIlgitH'CI 
(Sm 21905). (1/) Hyphae with rodlike wall protrusions. Mycena iodiolens (Sm 
32487). (12) Gelatinous hyphae from cutlS of MycellCl vulgariS (Sm 7935). (13) 
Hyphae from context of Pallus strigoslis snowing varying degrees of wall thickening 
(lmshaug 3828). (/4) Myco clerids as "skeletals" in context of Polyporus giomeratuJ'. 
BOlh thin- and thick-walled elements occur. (J 5) Hyphal cells from cutis of variants 
of stirps Scabrum in LecciTlllm (Boletaceae). 
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help in adequately dealing with them as heritable features, which, in fact, 
is what they probably are for the most part. 

A. Wall Thickenings 

A varied pattern of wall thickenings exists from one group of fungi to 
another, or in a single species [Fig. 1 (13)]. A thin wall is generally re
garded as not being measurable accurately with the light microscope, usually 
it is less than 0.5 l' thick. The wall may become thick by the deposition 
of an inner wall of solid material against the primary wall. It is usually 
laid down rather evenly throughout the ceIL In some cases local thicken
ings may occur, such as are frequently noted in hyphal end cells known 
as cystidia (Section X, D). Local thickenings are known in some spores, 
e.g., Galerina allospora (Smith and Singer, 1964). In Rhizopogon and 
other hymenogastraceolls genera the thickening of the wall in the basidium, 
basidiole or "brachybasidiole" appears at first to be an accumulation of 
mucilage which later hardens and may nearly obliterate the cell lumen. Such 
thickenings may occur in the terminal cell of the hyphal branch, or involve 
the entire hypha back to and including its connections to the tram aI-plate 
hyphae. Thickened hyphaJ walls of one type or another both on mycelium 
and in basidiocarps have arisen in so many groups independently that this 
feature must be regarded as a rather routine response of basidiocarp-form
ing fungi to environmental stimuli. 

B. Clamp Connections 

From my own observations the presence or absence of clamp connec
tions [Fig. 1 (4)] is an independent feature which, from circumstantial 
evidence, mayor may not be genetically linked with hyphal wall thicken
ings. Artifacts may cause some confusion. I have noted on many occasions, 
in the course of collecting and studying species of Rhizopogon, the presence 
in the peridium, of thick-walled hyphae with clamps at the cross-walls, 
and these were not part of the basidiocarp--at least not connected to it. 

To me it seems futile to define "skeletals" as thick-walled hyphae lack
ing clamps. All the matrical hyphae (ground hyphae) of a basidiocarp 
are skeletal hyphae in the sense that they are the framework of the fruiting 
structure. If they are weak and collapse readily the basidiocarp is soft 
and readily decays. If they are thick-walled and rigid, the hasidiocarp is 
tough to woody in consistency. It seems to me that there is much virtue 
in descriptive terms which "mean what they say" and that the best possible 
foundation for the application of terms must be based on the function of 
the part being named. The term skeletal hyphae clearly implies that such 
hyphae form most of the framework of the basidiocarp and impart such 
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rigidity to it as it possesses. The term "mycoscJerid" proposed by Wright 
(1955) is perhaps a better term than "skeletal" for the thick-walled asep
tate cell or hyphal systems so common in the polypores. 

V. CHEMICAL TESTS AND CHEMICAL FEATURES 

A. Gelification and Thickening 

One chemical feature involves the gelification of the wall to form a 
viscous material which imparts a sticky or slimy feel to the surface of 
the structure involved. This material has a different index of refraction 
in transmitted light than nongelified walls. In the Agaricales species occur 
in which all degrees of gelification of the wall occur so that, at one ex
treme taxa are found in which the hyphae of the epicutis of the pileus are 
almost completely obliterated by this process (species of Resupinatus, 
Mycena, etc.). At the other and more common extreme are species in 
which the process does not occur at all, or is scarcely noticeable. Also, 
some cells may extrude gelatinous rria~rial without themselves gelatiniz-
ing. '. 

The opposite trend, that of the laying down of an inner thicker wall 
which is more brittle [in many cases) than the original thin wall, is of 
very common occurrence. That these hyphae are brittle is deduced from 
the irregularly fractured ends of broken pieces in crushed mounts. The 
thickened wall, like the gelatinous one, probably aids in the preservation 
of the basidiocarp to allow spore discharge to be carried out at repeated 
intervals. Thus, perennial basidiocarps, for the most part, contain many 
thick-walled clements. The walls themselves are hyaline or colored various 
degrees of ochraceous to dark rusty brown, and one very common feature 
is that in KOH they change to a darker brown. This point comes up again 
under setae. 

B. Iodine Reactions 

Color reactions resulting from the application of certain chemicals to the 
basidiocarp are also important and are not necessarily limited to reactions 
with the wall. Of these, the iodine reactions are most important and will 
be treated first. The solution used to carry out these reactions is composed 
of chloral hydrate (3 parts), water (5 parts), both by weight, one or two 
crystals of KI, and iodine crystals to saturation. This solution, termed 
Melzer's solution, or slight modifications of it, is now universally used in 
the study of basidiomycetes and ascomycetes, with both spores and 
hyphal structures. It can be used as a mounting medium directly or as a 
stain that is washed out with a colorless solution of chloral hydrate. Sections 
should never be revived in a weak base first; or if this is done, the alkali 
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must be carefully removed. It is best to mount directly in Melzer's solution. 
Several color distinctions may be obtained including, a gray. blue-gray, 
blue, or violet. Such a color change is termed amyloid. Although used 
mainly to show ornamentation on spores, this reagent has come into promi
nence in the general study of hyphal walls (Imler, 1950; Miller, 1964). 
Kuhner (1926) used the term amyloid for stipe hyphae in Mycena which 
became dark wine-red to brownish red in this medium. This color change 
is now included under the term dextrinoid (Orton, 1960), and Singer's 
term pseudamyloid is an approximate equivalent. A yellow to orange or 
tawny orange reaction is termed inamyloid (nonamyloid). It can be seen 
that this category intergrades, to some extent, with dextrinoid, and this is 
indeed the case since an inamyloid reaction may darken to a weakly dextri
noid one if the mount is allowed to stand a few hours. Changes of this 
degree often occur in the boletes (Luridi), where in many species the spores 
are amyloid when fresh, b!lt become nonamyloid to dcxtrinoid on drying 
out. In general, however, even-for the spores of boletes, the pattern of color 
change and its intensity are very constant for a species and are now being 
given great emphasis in the recognition of taxa. The change noted in the 
boletes is in the opposite direction to the one found in most fungi, where the 
spores are likely to be nonamyloid at first and weakly amyloid after drying. 
Crushed mounts in Melzer's solution of dried hymenophoral tissue of many 
boletes gives a bluish to violet black reaction against a white background 
macroscopically, but no localized color change in hyphal or spore walls is 
noted microscopically. This reaction has been observed most frequently 
with fungi in which the fresh context or the tubes stain blue when injured, 
and it may be associated with the blue staining reaction, although it is true 
that some species net staining blue also show it. This reaction has been 
termed a "fleeting amyloid" reaction. Imler (1950) was apparently the first 
to discuss this subject as applied to boletes, but he also noted true amyloid 
reactions on the hyphae of some species (Boletus ca/opus). However, it is 
not only the wall that may react with iodine, but also the incrustations, 
interhyptml debris, or intracellular materiaL These, along with the globules 
which become blue in iodine, are discussed below. 

Harrison (1964) noted amyloid particles along some hyphae in the 
stipitate Hydnaceae. These particles adhered to the wall (along it) much in 
tile manner of iron filings aggregating along a magnet; he termed these 
"apparent amyloid" partly for the reason that some darken in KOH as 
well as Melzer's solution. As yet it has been impossible to be sure that one 
kind of granule gives both reactions. Smith (Smith and Zeller, 1966) found 
these granules to be a prominent feature in some species of Rhizopogon and 
interhyphal debris is amyloid in some species of Chroogomphus (Miller, 
1964 ). Thiers and Smith (1966) have used amorphous material in the 
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trichodermal hyphae of one of the Boletus rube flus complex as a means of 
recognizing a species. Heinemann (1942) used the amyloid content of 
cystidia for the same purpose in Psathyrella. Lange (1956) used the 
presence of large pigment balls (droplets) which are orange red in color 
as an aid in characterizing some species of Rhizopogon. Smith (1966) 
verified Lange's observations and also found a few species in which the 
pigment balls were violaceous to purplish in Melzer's solution. These pig
ment balls are apparently formed by the partial solubility in chloral hydrate 
of the amorphous material deposited between the hyphae which thereupon 
form a viscous mass globose to versiform in shape and 6-70 11 in diameter. 
Originally this material must have been in solution and then coagulated as 
the liquid evaporated. 

In Mycolevis (Smith, 1966) a green reaction on the petidial wall was 
obtained with Melzer's solution. Under the microscope some blue pigment 
was noted in aggregations of hyphae, but most of the pigment appeared to 
be dissolved in the mounting medium. 

C. Chemicals Other Than Iodine 
The reaction of KOH (2.5-5%) in producing a brown discoloration in 

the hyphal wall has already been noted. This is a feature of the well-known 
"xanthochroic" line of the Basidiomycetes wherein mycologists have now 
placed more cmphasis on the color of the hyphal walls than on the con
figuration of the hymenophore in analyzing relationships. It should be 
remembered that this same color reaction is also a feature of the hyphae of 
the cutis in many species of Cortinarius (Agaricales) as well as of their 
spores. Also, Smith (1963) described a species of Martellia (astrogastra
ceous line of the Gastromycetes) in which the tissues of the basidiocarp as 
well as the spore wall darken to rusty brown on aging or when the basidia
carp is bruised, and darken further when revived in KOH. One basidiocarp 
was found in nature half of which had white spores and half brown spores. 
It appears that whatever chemical gives this reaction with KOH it is quite 
common in hyphal and spore walls and, like other common metabolites, 
may not have much value in uniting species differing sharply in fundamental 
morphological features. 

Another color reaction with KOH is that in the spores of many of the 
Strophariaceae (Agaricales) in which the spore when fresh has a distinct 
violaceous color as seen in water mounts under the microscope. This color 
changes to yellow-brown immediately upon the introduction of KOH. A 
number of color changes are produced by KOH in the fresh basidiocarp, 
including the yellow-brown which is evident in a number of Rhizopogon 
species. In many species of Agaricus (Agaricales) a lemon-yellow color is 
produced. In many species of Rhizopogon, and in members of the Can-
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tharellales (Polyozel/us multiplex) a color change to olive is produced and 
is very characteristic; it is demonstrable both in fresh and dried material. 
However, KOH may also give a red reaction, as in many species of Rhizo
pagan and Cortinarius. Also in Cortinarius, KOH may give a red reaction 
with intercellular deposits of amorphous pigment (C. sanguineus, etc.) and 
in others may produce a change to purplish in the granules in the basidium 
(C. orichalceus group). When fresh, C. semisanguineus gives an inky 
violet color upon application of KOH. 

In some species of Rhizopogon in sections of the fresh peridium, some 
sharply defined areas or zones stain green and others stain red upon applica
tion of KOH, a reaction that is constant for the species. Most of the KOH 
reactions-to brown, yellow, red, or green-can be demonstrated on dried 
as well as fresh material. For obvious reasons they are regarded as being 
more important taxonomically than reactions shown only by fresh 
specimens. 

Such salts as ferric chloride, or ferric or ferrous sulfate (10% aqueous), 
will frequently give a green to olive ~olor to the fresh context or cutis of a 
basidiocarp. In some species of Russula a reddish discoloration is induced. 
Ethanol (70%) will also cause certain color changes, and since this 
chemical is frequently used for a solvent for reagents it is important to test 
it separately. An interesting reaction is obtained with ethanol followed by a 
drop of ferric or ferrous sulfate (or vice versa). Usually this merely speeds 
up the reaction with the iron salt or makes the reaction more intense, but 
in some species it causes a change from olive to blue. This test should be 
made before reporting a species as reacting negatively to iron salts. For 
instance, some species of Rhizopogon, which at first appeared to be nega
tive, were positive with this combination. Ethanol alone has been found to 
cause a pinkish to reddish cinnamon color in some species of Rhizopogon. 
Ammonium hydroxide also is used on fresh specimens, especially on boletes 
where pinkish, violaceous, or fuscous colors are sometimes produced, or in 
the cutis of Phyl/oporus, where green colors are produced. 

Other well-known reactions include the Shaffer reaction, used mostly for 
species of Agaricus, and the sulfovanillin reaction for species of Russula. 
In the former, a streak of nitric acid is applied to the cap with a streak of 
aniline oil crossing it. A red color at the intersection of the streaks is a 
positive reaction. The sulfovanillin reaction gives a dark color to the ele
ments of the laticiferous system in most of the Russulaceae, as does sulfo
benzaldehyde. 

The above listing and discussion of color changes produced by applica
tion of chemicals is by no means complete, but it is sufficient to show the 
scope of their use with hyphae of basidiocarps and the empirical manner in 
which they are being used. It is obvious at a glance that all chemicals test 
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for is the presence of certain compounds or classes of compounds (such as 
resins) in the tissues or regions of the basidiocarp. It follows that closely 
related fungi may differ in the presence or absence of a compound and, 
although the color reaction may be very distinct. the difference may be in a 
single gene or less in one of a multigenic complex. Hence, attempts to 
arrange a classification into families and genera on the basis of color 
reactions with chemicals, especially those based mainly on one reaction, are 
as weak as any other c1assification involving a single character. Chemical 
characters should be used in conjunction with all other features including 
the configuration of the hymenophore. Mycologists have been so desperate 
to find demonstrable features which correlate with the intangible differences 
they observe on fresh specimens that they have tended to fall into the error 
of overinterpreting color changes produced by chemicals before they know 
the chemistry involved. Levenberg (1961) has shown that the production 
of a certain compound (agaricine) in A garicus follows a pattern consistent 
with the presumed relationships of the species as worked out on the basis 
of morphology and hyphal anatomy. This is the level we must attain in 
"chemotaxonomy" before we can say that the subject is on a firm founda
tion. 

VI. CELL SHAPE 

This is a most important feature and obviously must be used in relation 
to the part of the basidiocarp under consideration. If we refer again to our 
un specialized hypha [Fig. 1 (1)], it is a long straight tube with a thin wall 
and is divided into cells by cross-walls (septa) that are a considerable dis
tance apart. One of the first changes that may occur in a hypha is the 
formation of numerous septa to produce short, almost isodiametric cells. A 
tissue composed of this type often resembles parenchyma and is described 
as being pseudoparenchymatic. The cells in this type of tissue may inflate 
considerably, and some become keg-shaped to globose, the pattern depend
ing on the species involved. In many fungi the hyphal cells enlarge next to 
the septa at either end, the remainder of the cell remaining tubular [Fig. I 
(8)], hence the shape of the cell is somewhat tibiiform. The walls of some 
hyphae may become undulated (flexuous) [Fig. 1 (7)], or develop bumps 
or short rodlike or wartlike projections, or spinelike processes may be pro
duced [Fig. I (J 1)]. Since much of the rapid "growth" in size by basidio
carps of agaricales is associated with cell enlargement and accompanying 
changes in shape, it is important to study both mature and immature speci
mens to ascertain the pattern for each species. The hyphae of the laticiferous 
system [Fig. I (3)] are often misshapen. It is not uncommon for cells in a 
tissue such as the epicutis in some species of Rhizopogon (section Villcsuli) 
to be versiform-meaning all sorts of odd shapes. 
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Outline Summary of Cell Shape 

1. Tubular: Increase in size due to increase in length and/or width 
2. Inflated 

a. Barrel-shaped to globose 
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b. Sausage-shaped-curved and enlarged evenly but narrow at septa 
c. Tibiiform: Inflated near septa but tubular between 

3. Irregular: Wider in one part and tapered to tubular or nearly so at one 
end 

4. Compound shapes 
a. Tubular with flexuous walls 
b. Inflated with various irregularities including short protuberances 

from the wall 
c. Versiform---odd shapeS- irl_volving any combination of above types 

and often including irregular branching 

A chemical (enzymatic) reaction is involved in the dissolution of the 
cross wall, especially in chains of globose cells [Fig. 1 (5)], to produce a 
powdery layer made up of individual cells (see Lepiota sect. Pruinosi, and 
Cystoderma in part). However, disarticulation of hyphae is not limited to 
~chains of globose cells. In Leccinum (Boletaceae) there is a strong tendency 
of the hyphal cells of the pileus epicutis to disarticulate [Fig. 1 (15)]. These 
cells vary from subglobose to cylindrical. A pileus which at first appears 
fibrillose-streaked may by maturity appear glabrous if the cuticular hyphae 
show this feature. This distinction is difficult to make at times, especially if 
gelatinous hyphal walls are involved. 

VII. THE SUBHYMENIUM 

Since features of the subhymenium are now being used to group species 
into genera, some observations made on the subhymenium of Rhizopogon 
are pertinent. When spores first begin to form in some species this tissue 
consists of interwoven, much branched filamentous hyphae which give rise 
to the hymenial elements in the form of a trichodermal palisade. As the 
process of growth continues the subhymenial elements inflate to 4-5 times 
their original diameter and the layer appears as if it were composed of 
sphaerocysts and more or less continuous with the hymenial elements. Thus 
it seems like a layer of a completely different type. This argues for the use 
of caution in assigning great taxonomic emphasis to subhymenial features, 
especially at the generic level. These features are likely to be most useful 
in genera where the basidiocarp is little more than a layer of basidia and 
cystidia over the substratum. Those species in which numerous crops of 
basidia are produced during one season, or over several, show accompany-
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ing changes such as specialized types of subhymenia and deep hymenia 
caused by the growth of a new crop of basidia beyond the old ones which do 
not collapse completely. 

VIII. HYPHAL BRANCHING 

The patterns of hyphal branching are many and sometimes bizarre. but 
are usually constant for a given tissue, such as the hymenium, the cutis of 
the pileus or of the stipe. In the hymenium of some species the "candelabra 
effect" occurs in which a hypha as it approaches the hymenium branches 
dichotomously repeatedly with the apical cells forming the hymenial ele
ments. A most troublesome type of branching to interpret is that when false 
clamps are formed. In this case the branch which was supposed to have 
formed the clamp does not fuse with the penultimate cell formed after cell 
division and is found dangling with a free tip, appearing much like any other 
short branch. In order to identify such a branch correctly, one must know , 
the direction in which it grows: if away from the terminal cell it is a false 
clamp; il toward it the branch has nothing to do with clamp formation 
[Fig. 1 (6)]. In the latter type, which is much the commonest, the branch 
originates just below the distal septum of the mother cell and grows toward 
the outer edge of the culture, if growing on a petri dish. Such branches are 
usually long and finally become divided into tubular cells and rebranch in 
the same manner. In the context of a fleshy basidiocarp, in contrast to a 
culture of vegetative mycelium, the branching may be random to produce 
what is commonly termed an intricately interwoven arrangement. This 
complicates a determination of the direction of branch growth. In the con
text of most species, however, whether fleshy or woody in texture, there is a 
general direction of hyphal orientation from the stipe toward the margin of 
the pileus. This may also be noticed on the pileus cutis where, especially if 
it is fibrillose in texture, the fibrils are arranged approximately radially, i.e., 
the tips are directed toward the pileus margin. 

One of the most important features of hyphal branching is that the 
branch from any given hypha does not necessarily become a cell with the 
same features as the parent cell. Oleiferous hyphae in many species become 
differentiated late in the development of the basidiocarp and may be only 
segments of a hypha. In sphaerocyst formation in Russula and Lactarius 
slender branches may give rise to a terminal sphaerocyst, but in other 
hyphae globose cells may arise by the formation 01 secondary septa and 
then cell inflation. Both types may occur in the same species. The walls of 
the sphaerocysts are typically thin but thick-walled ones are known (Mar
tellia). In Rhizopogon such cells are scattered in the peridial context and 
do not form a tissue. In the Russulaceae they are a regular feature of the 
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context of the pileus so that they are regarded as one of the components of a 
specialized tissue termed heteromerous [Fig. 1 (l0)] in which groups of 
inflated cells are surrounded by filamentous hyphae. In Rhizopogon such 
cells aid in distinguishing species; in the Russulaceae their presence as a 
component of a specialized tissue is one of the basic features of the family. 

In many species of the Polyporales, as well as in some of the Agaricales, 
reduced types of branching occur which produce rather weird structures at 
times. These most often are present on the hyphae of the pileus cutis, as in 
many species of Mycena (Smith, 1947) where all stages from true branches 
to short rodlike projections are found, often in a single pileus. Similarly 
branched cells may also occur on the gill edges or as pileo- or caulocystidia. 
In cells of the hymenium or gill edge the projections have at times been 
interpreted as being rudimentary or modified sterigmata. It is perfectly clear 
that in some species the cellular ornamentation has been derived from the 
sterigmata, but this is not the case with hyphae of the pileus cutis. These 
abortive branches setvG,_ to bind the hyphae of the cutis into a cohesive 
layer which protects the tissue beneath and are most logically regarded as a 
reduced type of branch. Clusters of cells along the gill edge with the same 
type of "branching" could easily serve as an air trap to protect against 
exces.sive water loss from the gill edge. Also, the production of sterigmata 
on the basidia may be interpreted as a pattern of branching in itself, so 
perhaps the question of the homologies of these atypical types of branching 
may not be particularly significant. 

Certain hyphae of the basidiocarp may become differentiated into long 
tubes by the failure of septa to form or possibly by their dissolution as the 
hypha matures. Thus, septate and nonseptate hyphae may be found in a 
fruiting body of a single species, especially in the laticiferous system. In 
some hyphae, either septate or nonseptate, the wall becomes irregularly 
enlarged and narrowed and the cell content may be seen in revived material 
to be mostly of an amorphous, possibly resinous to oily, material. In fresh 
material the contents mayor may not be homogeneous and have more of a 
tendency to absorb dyes such as cresyl blue than other matrical hyphae. 
These are the elements of the laticilerous system. If such hyphae actually 
contain a latex when the basidiocarp is fresh they must be termed laticifers; 
otherwise tbey are referred to as oleiferous hyphae. Singer (1963) has tried 
to distinguish between the two types on morphological bases, but in my 
estimation, without success. The hyphae of the laticiferous system have also 
been referred to as vascular hyphae, but this term creates tbe false im
pression, as Dank (1964) has so appropriately pointed out, that they are 
special conducting hyphae. They appear to function more as repositories of 
metabolic products-probably wastes. The tips of the hyphae of this system 
often project into the hymenium and form cystidia of various shapes and 
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sizes. and possibly some waste materials and moisture are removed by 
evaporation from these organs. Indeed. this appears to he the function of 
most cystidia which occur in the hymenium. The elements of the laticiferous 
system vary in size from one cell long to hyphae that can be traced for long 
distances in the context of stipe pileus and hymenophore. They may arise 
so early in the formation of the basidiocarp that it is difficult to determine 
just when they first appear. Certain chemical "reactions" are characteristic 
at these elements as, for example, in the Russulaceae where many species 
show a dark reaction in sulfobenzaldehyde or sulfovanillin. 

IX. CLAMP CONNECTIONS 

The presence or absence of these structures at the septa of the hyphae of 
the secondary mycelium, whether they belong to the vegetative stage or the 
basidiocarp, has been used by all taxonomists of the modern era as a 
character at importance, but again, rather empirically and without an under
standing of the basis of the observation. For instance, the "skeletal" has 
been defined as a thick-walled hypha lacking damps and cross walls. This 
would seem to imply that hyphae without septa but with clamps are known. 
but this violates the definition of a clamp connection. At the present time 
the presence or absence of clamp connections at the septa at hyphae is not 
to be regarded as linked regularly with either thick-walled or thin-walled as 
a character. 

There are a few species in which whorls of clamps are known to occur 
at each septum but this is very unusual. It is now known that there are large 
groups (e.g., the astrogastraceous line of the Gastromycetesl which lack 
them. In Rhizopogon (Smith and Zeller, 1966) clamps are present on the 
hyphae of the basidiocarp in fewer than five of 137 species. In the Bole
taceae they are absent on the hyphae of the basidiocarps in the larger genera 
such as Boletus, but present in the more "primitive" (1) groups including 
a few species of Suillus. It is in this group that Pantidou (J 961) found 
clamps on the mycelium of some species in which the hyphae of the 
basidiocarp lacked them. Miller (1964) clearly demonstrated in Chroogom
ph us (Gamphidiaceae) that clamps occurred on the mycelium found in 
nature, but not on the hyphae of the basidiocarp, an observation made 
possible by the amyloid reaction of the hyphae, a rare feature in basidio
mycetes which are mycorrhiza formers. In the type subgenus of Pluteus 
(Volvariaceae), species with and without clamps on the hyphae of the 
basidiocarp occur with equal frequency (Smith 1956-66). In Corlinarius 
they are regularly present except in less than a dozen of over 700 species 
known to me. These examples are limited to those I have personally 
verified, but others are given in the literature. As can be seen, large groups 



166 Alexander H. Smith 

sizes, and possibly some waste materials and moisture are removed by 
evaporation from these organs. Indeed, this appears to be the function of 
most cystidia which occur in the hymenium. The elements of the laticiferous 
system vary in size from one ce!llong to hyphae that can be traced for long 
distances in the context of stipe pileus and hymenophore. They may arise 
so early in the formation of the basidiocarp that it is difficult to determine 
just when they first appear. Certain chemical "reactions" are characteristic 
of these elements as, for example, in the Russulaceae where many species 
show a dark reaction in sulfa benzaldehyde or sulfa vanillin. 

IX. CLAMP CONNECTIONS 

The presence or absence of these structures at the septa of the hyphae of 
the secondary mycelium, whether they belong to the vegetative stage or the 
basidiocarp, has been used by all taxonomists of the modern era as a 
character of importance, but again, ratber empir-iJOally and without an under
standing of the basis of the observation. For instance, the "skeletal" has 
been defined as a thick-walled hypha lacking clamps and cross walls. This 
would seem to imply that hyphae without septa but with clamps are known, 
but this violates the definition of a clamp connection. At the present time 
the presence or absence of clamp connections at the septa of hyphae is not 
to be regarded as linked regularly with either thick-walled or thin-walled as 
a character. 

There are a few species in which whorls of clamps are known to occur 
at each septum but this is very unusual. It is now known that there are large 
groups (e.g., the astrogastraceous line of the Gastromycetes) which lack 
them. In Rhizopogon (Smith and Zeller, 1966) clamps are present on the 
hyphae of the basidiocarp in fewer than five of 137 species. In the Bole
taceae they are absent on the hyphae of the basidiocarps in the larger genera 
such as Boletus, but present in the more "primitive" (?) groups including 
a few species of Suillus. It is in this group that Pantidou (1961) found 
clamps on the mycelium of some species in which the hyphae of the 
basidiocarp lacked them. Miller (1964) clearly demonstrated in Chroogom
phus (Gomphidiaceae) that clamps occurred on the mycelium found in 
nature, but not on the hyphae of the basidiocarp, an observation made 
possible by the amyloid reaction of the hyphae, a rare feature in basidio
mycetes which are mycorrhiza formers. In the type subgenus of Pluteus 
(Volvariaceae), species with and without clamps on the hyphae of the 
basidiocarp occur with equal frequency (Smith 1956-66). In Cortinarius 
they are regularly present except in less than a dozen of over 700 species 
known to me. These examples are limited to those I have personally 
verified, but others are given in the literature. As can be seen, large groups 
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of fungi vary in the proportion of clamped species from none or few to 
about half to nearly 100%. A study of the mycelia of "clampless" species 
is needed to determine to what degree they are clamped, if at all. Moreover, 
a quantitative study of the proportion of septa on which clamps occur in 
basidiocarps of a given species is needed as well as whether clampless and 
clamped "species" show any mating compatibility when single spores are 
paired. Until these questions have been answered it seems prudent not to 
use the presence or absence of clamps on the hyphae of the basidiocarp as 
an important feature of genera or higher categories. In Galerina (Kuhner, 
1935; Smith and Singer, 1964) it was used as a section and subgeneric 
category, respectively, but recent observations by Bass (1965), and my own 
recent experience, indicate that it would probably have been wiser to have 
placed certain clampless species alongside some having clamps but which 
resemble them in most of their other features. At present I regard the 
presence of absence of these structures as not being necessarily linked with 
any of the routine anatomicaWeatures of the hyphae, such as width of cells, 
thickness of wall, presence of incrustations, etc. It would be interesting to 
get nuclear details of the hyphal cells bounded by clampless septa in species 
where clamps were present with some frequency. Originally (Bensaude, 
1918; Kniep, 1918) clamp connections were regarded as a device to allow 
tiJe...n1jClei of a dikaryon to divide separately, and thus the idea that the 
clamp was a basic and primitive feature of the Basidiomycetes probably 
had its origin. 

X. HYPHAL TIP DIFFERENTIATION 

It is in the terminology of hyphal tips that mycologists are tending to 
lose themselves in a complicated terminology comparable to the branching 
pattern in "dichophyses." Those who love new terms have truly experienced 
a field day, but fortunately the work of Dank (1964) and others now 
points the way toward fewer and more meaningful terms. In this chapter I 
have tried to influence this trend even further. 

A. The Hymenium 
The hymenium is a palisade formed by the end cells of hyphae and their 

branches, but these have been so reduced and changed morphologically 
that the hyphal aspect of the layer (including the subhymenium) is usually 
rather obscure. The basidia (Section X, B) are the most important element 
since they are the cells in which the vital processes of karyogamy and 
meiosis occur, culminating in the production of spores. The next most im
portant element functionally is the basidiale (Section X, C) (and brachy
basidiole). Basidioles resemble young basidia in size and shape, hence they 
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cannot be distinguished under the microscope. However, in some genera 
(Coprinus, and numerous hymenogastraceous species) the basidioles inflate 
markedly and form a distinct cellular pavement supporting the basidia as 
these produce their spores. When they inflate to twice or more the diameter 
of the young basidia, they should be termed brachybasidioles (Smith, 
1966). The third category of end cells includes many kinds of cystidia 
(Section X, D). These occur haphazardly in the hymenium, depending on 
the species, and vary from abundant to absent. They differ from basidioles 
in that a typical hymenium can form without them. Also, it is assumed that 
their function is not that of support for the basidia. The last element, named 
hyphoids (Section X, D, 4). is in reality a kind of cystidium. Hyphoids are 
simple or branched filaments, sometimes very elaborately so, and are more 
numerous in the Aphyllophorales than in fleshy fungi. It is obvious that the 
function of the basidia is spore production, and that of the basidioles to 
support the basidia in the palisade, but it is not so clear what functions the 
cystidia (including hyphoids) serve, It is assumed that since metabolic 
products are deposited in many cystidia they are a type of excretory organ. 
Lentz (1954) has given a detailed account of the history of these bodies, 
and Watling (1966) has advanced the idea that they might aid in drawing 
water down from the pileus because of their ability to evaporate it readily, 
thereby tending to increase the humidity in the area where spores are form
ing. Hyphoids may be considered to be somewhat like air traps, also 
preserving a high relative humidity during the development of the basidia 
and possibly during spore formation. These seem to be reasonable explana
tions since most hyphal modifications in the basidiocarp appear to be 
adjustments to meet the problem of moisture loss. That different species 
have evolved different ways of meeting the problem explains the diversity in 
both form and content of these cells. 

B. The Basidium 

The morphology of the basidium is given great importance in the classifi
cation of the basidiomycetes. MorphOlogy, however, refiects the pressures 
of the environment in selecting successful variants. Thus, those species with 
a gelified hymenium nearly always produce long sterigmata to ensure that 
the spores form in a position where, when shot off, they can be dispersed 
by air currents. The Tremellales characteristically show this adaptation. At 
the other extreme, in Rhizopogon, the basidium varies from cylindric to 
urn-shaped or clavate in a single basidiocarp, depending upon its position 
in the hymenium in relation to pressures from other cells. In the Aphyl
lophorales (Dank, 1964) basidial shape is more constant within a species 
and is used as a feature to separate a number of groups. The "tuning fork" 
type of Dacrymyces is well known, and the two-spored basidia of Cerato-
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basidium resemble them to a striking degree. Tulasnella features odd 
variations (Rogers, 1933), such as inflated deciduous sterigmata. In the 
Agaricales the basidium is a very constant structure. Normally it is merely 
narrowly to broadly clavate but varies to cylindrical or, when one-spored, 
sometimes fusoid (Mycena). It is a single cell cut off by a basal septum. In 
the Tremellales two walls vertical or oblique to the basal septum are laid 
down making the basidium 4-celled, each cell of which produces a sterigma 
and spore. Basidia developing septa in addition to the original basal one 
have in the past been classified as Heterobasidiomycetes, meaning a group 
of fungi with types of basidia other than those found in the "Homobasidio
mycetes" of which the type found in the Agaricales is an example. Talbot 
(1954) refers to basidia with septa in addition to the basal one as 
phragmobasidiate. Rarely in the homobasidium a secondary transverse 
septum may form as the spores mature. A rather complex nomenclature has 
been developed for naming the parts of the heterobasidium at various stages 
in its development. The term probasidium in the Heterobasidiomycetes is 
applied to the young basidium before the longitudinal or oblique walls are 
formed. The metabasidium is the stage, as in the Tremellales, when the 
longitudinal septa have been laid down. The epibasidium is represented by 
the thick outgrowth terminated by a point (spicule), the latter representing 
the sterigma to some authors. Dank (1964) has made the most logical 
solution to the complicated situation which has resulted from trying to 
apply the above nomenclature to basidiomycetes in general. Dank defines 
the probasidium and metabasidium in relation to the nuclear phase in
volved. The probasidium is that stage in which nuclear fusion occurs. The 
metabasidium is the stage in which the fusion nucleus divides, and the other 
terms epibasidiurn and spicule rna y be regarded as the sterigmal apparatus. 
The features of the basidium furnish the basic taxonomic characters of the 
major groups of basidiomycetes. 

C. Basidioles 

Basidioles may be defined as basidia which have not yet produced spores 
or cells like them which will never produce spores. No morphological 
distinction can be made between them. They make up the body of the 
hymenium and act as support for the cells that are sporulating. When they 
do become differentiated from young basidia as in Coprinus (and hymeno
gastraceous fungi in part), they can be readily recognized at sight by their 
larger size. These enlarged cells have had various designations in the 
literature: pseudoparaphyses; coprinoid paraphyses; and, most recently by 
Donk, brachycystidia. In keeping with correlating the name of a structure 
with its function or supposed function, the term brachybasidiole is much 
more appropriate and has been proposed as a replacement for brachy-
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cystidia. In some species of Marasmius the basidioles are somewhat fusaid 
as are also the basidia. It is generally accepted that the basidioles are 
derived from unmodified basidia or that they represent sterile basidia. Both 
typically originate from elements of the subhymenium, but they can 
originate from tramal hyphae even in species with well-developed sub
hymenia, as 1 have observed on some occasions in Suillus species. 

D. Cystidia 

The definition of a cystidium suggested here is: "an element of the 
hymenium apparently functioning mainly to aid in the evaporation of 
moisture and other volatile substances or acting as an air trap and not being 
found in the hymenium or basidiocarp of every species." Typically cystidia 
are distinguishable morphologically from basidia and basidio1es of all kinds. 
Vesiculate to clavate hymen1a! cystidia project beyond the basidia Or arc 
randomly situated. Rarely do they serve the secondary function of support, 
as in certain coprini, where they hold the young gills apart, thus allowing 
the spores to form. They undoubtedly serve other functions, such as 
operating as air traps. The mechanical function of cystidia generally has 
been greatly overemphasized even for coprinL 

Cystidia have been variously classified: one terminology very useful in 
routine descriptive work is that of Buller (1922), who assigned terms 
indicative of their position on the basidiocarp, In the agarics, those cystidia 
occurring on the face of the hymenophore were termed pleurocystidia 
[Fig. 2 (2-7 and 12-14,20)]; those on the gill edge, cheilocystidia [Fig, 2 
(11,18-20)]; those on the stipe, caulocystidia [Fig. 2 (8,16)]; and those 
on the pileus, pileocystidia (sometimes erroneously spelled pilocystidia). 
Singer has grouped the pileocystidia and caulocystidia under the term der
matocystidia, but this leads to ambiguity in descriptive work since the two 
are different in many species. For example, those on the stipe tend to be 
longer or to show more variation in shape. Of course Buller's terms are 
applicable only to those species with highly developed basidiocarps and 
hymenophores. In those forms lacking a stipe or a pileus or both, and 
having a smooth hymenium, the best term to use is hymenial cystidia. This 
is necessary because, as we shall see, some species have internal cystidium
like cells now often referred to as endocystidia. Buller's system is applicable 
to the polypores, hydnums, and agarics. The term dermatocystidia is most 
appropriate for cystidia on the peridia of gastromycetes. 

If the problem of classifying cystidia is approached from a different point 
of view, we find that many modern authors, such as Romagnesi (1944), 
and Singer (1963), have based a classification on morphological types and 
to some extent on presumed function. Actually both this and Buller's system 
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F IG. 2. Differentiated end ceUs of hyphae in hymenomy~etes. (1) Cheilocystidium 
with basal wall thickening becoming brown in KOH; (rom Galerilla vittae/ormis var. 
a/beseem f. tetraspora. (2) Pleurocystidium of Galerina IImbrillipes (a leptocys
tidium). (3) Pleurocystidium of Galerilla IllUjina (a branched letocystidium). 
(4) Pleurocystidium in Mycelia pllra (a leptocystidium ). (5) Pleurocystidium in 
Mycelia pelianthilla (a leptocyslidium) . (7) P leurocystidium in Mycena gypsea (a 
leptocystidium with apical incrustation insoluble in KOH) . (8) Caulocystidium of 
Mycelia corticola showing development of branches. (9) Setiform cystidium (seta) 
from pileus of Crillipellis zonata sbowing thick-walled clamp at base and secondary 
wall lacking a clamp. (10) Cbeilocystidia of Mycena rosella. (J 1) Cheilocystidia of 
Mycelia citrillomarginata. (12) Pleurocystidium of Mycella latifolia. (13) Pleuro
cystidium o( M ycena borealis. (14) Pleurocystidium (lamprc:>cystidium) of P.I'athyrella 
camptopoda. (J 5) Colored lamprocystidia in Polyporus tomelltosllS var. circillatus. 
(16) Caulocystidia (setae) from Collybia sell/losa. (17) Pseudocystidia in Lactarius 
vellereus (macrocystidia). (18) Chei.locystidia of COllocybe 1enera sensu lato. (19) 
Cheilocystidia of Agariclls augustus (the end cell in the chain is technically the 
cystidium) . (20) Pleurocystidium of Chroogomphus vinicolor. (21) Cbrysocystidia 
(pleurocystidia) in Naematoloma (Slropbariaceae). 
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can be used together to make descriptive work concise and to allow the user 
quickly to locate and identify the cells he sees under the microscope. 

1. Leptocystidia 

The common type found in most of the Agaricales and to a lesser extent 
in otber groups is called a leptocystidium [Fig. 2 (4)). It is presumed to be 
a modified basidium since it typically arises from tbe same area as the 
basidia. If this supposition is correct, then these cystidia must be regarded 
as being more highly specialized than basidioles because so many species 
lack them and, when present, they occur randomly. Leptocystidia arc 
typically thin-walled and lack significant incrustations, although amorphous 
material often adheres to the exterior when the cell is fresh. This material 
usually dissolves in the mounting medium and so is not ordinarily observed 
(personal observations). Th"",e cystidia originate in the subhymenium or 
the adjacent tramal tissue, arid v_::_lry in shape from fusoid-ven!ricose to 
clavate or clavate-mucronate or utriform (ventricose with a short neck and 
very broadly rounded to subcapitate apex). Their content is usually hyaline 
but is colored at times from pigment in the cell sap-as in a number of 
species of M ycena sect. Calodantes. One needless term introduced to the 
nomenclature of cystidia is cystidiole. The only justification for it is to 
regard it as a parallel term to basidiale, but this is not the way it is being 
used. Cystidiole should apply to the young cystidium as a cell which will 
form a cystidium, but in which the morphological differentiation has not yet 
taken place. Hence, in many cases, basidioles and cystidioles will not be 
distinguishable from each other. The tendency to regard small cystidia as 
cystidioles is unjustifiable inasmuch as size is one of the most variable 
features of leptocystidia. Neither does the fact that some cystidia fail to 
project beyond the hymenium have any bearing on their nomenclature. 
Lentz's (1954) definition of a cystidiole (p. 190) as being "a simple 
hymenial cell of approximately the same diameter as the basidium but 
remaining sterile and protruding beyond the hymenial surface" expresses no 
worthwhile distinction between leptocystidia and cystidioles. 

Although most leptocystidia originate in the subhymenium at the level of 
the basidia, this position of origin is not rigidly fixed for all hymenomycetes. 
In Suillus (Boletaceae), Smith and Thiers (1964) have traced sporulating 
basidia back into the tramal area before finding a cross wall, so I do not 
regard the point of origin of cystidia to be of any more significance than 
that of basidia. Certainly there appears to be no good justification for apply
ing different names to cystidia simply because the larger number come from 
the subhymenium as compared to the adjacent hymenophoral trama or 
vice versa. 
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2. Larnprocystidia 

Lamprocystidia are a second recognizable type [Fig. 2 (14)]. They vary 
in shape from fusaid to bristlelike with pointed tips (setae) ar to fusoid
ventricose (much like Ieptocystidia). Moreover the two intergrade, as in the 
Pluleus salicin us group. The walls may be evenly or irregularly thickened, 
or thickened only in a particular area such as the neck. They are often 
ornamented with crystalline or amorphous deposits not readily soluble in 
routine mounting media, but it seems prudent not to involve such deposits 
in the nomenclature of the cells. To be specific, the term metuloid appears 
superfluous. It must be recognized that incrustations, especially of calcium 
oxalate, are not per se a part of the cystidium but a product of the bio
chemistry of the species and hence best considered as a separate "chemical" 
feature. More to the point, it must be remembered that in such genera as 
Psathyrella and Acanthocysti.i ~ot all the cystidia show such incrustations 
even on sectians of a single gill so'that ambiguity is at once apparent if one 
tries to apply separate names to nonincrusted and incrusted thick-walled 
cystidia. 

The most acute problem in cystidial nomenclature involves lampro
cystidia of the setiform type, i.e., setae as generally recognized by my
cologists [Fig. 2 (9)], but not in the specialized sense of Lentz (1954). 
I believe that setae in the Hymenomycetes are simply lamprocystidia, 
typically with colored walls. The walls frequently deepen in color when 
treated with KOH. These cells may occur as pleurocystidia (Marasmius 
cuhaerans), pileocystidia (Psathyrella subatrata), endocystidia (Xantho
chIoie series), and, undoubtedly, as caulocystidia in a number of agarics. 
In general, if the cystidium is ten times, or more, longer than it is wide in 
its widest place, and tapers to an acute apex, it meets the criteria set for a 
setiform lamprocystidium. I can see no justification for so much emphasis 
being placed on the color of the wall since in the Agaricales examples af 
such cells with almost all degrees of wall colaring are known, induding 
species of Psathyrella and Galerina [Fig. 2 (l)] where the wall is colored 
only in the lower or basal portion of the cell. Nor is the color reaction with 
KOH of sufficient importance to justify restricting the term seta to only 
those thick-walled cystidia which show it. The KOH reaction is well known 
on spore and hyphal walls to students of brown-spored agarics. That larger 
groups of species which react positively in this test have arisen in some 
families than in others is to be expected. The definition of the term seta in 
Snell and Dick (1957) is a good one. 

Lentz (1954, p. 191) defined a "false seta" as "a seta-like end of a 
skeletal hypha extending into or beyond the hymenium." If by this the 
author implies that the cross wall differentiates the hyphal end as a cell, 
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there is no need for another term. If he is using the term skeletal hypha in 
the sense that it is not a hypha but a greatly elongated end cell from a hyphal 
branch back in the context which finally grows out to project from the 
hymenium, a better term might be mycosclerid (Wright, 1955) [Fig. 1 
(14)]. This consideration becomes important in a discussion of the basidio
carp in many of the Aphyllophorales sensu Dank. Many of the "skeletals" 
described as thick-walled nonseptate hyphae are probably only mycosc1erids 
since they are the end cells of hyphae or hyphal branches. The feature which 
makes these elements unrepresentative of setae is that they are not pointed 
at the apex and are reminiscent of hyphae in the way they are arranged in 
the context of the pileus and/or hymenophore. The criteria for distinguish
ing between a true hypha and a mycosc1erid include the manner of origin, 
that is, whether they are end-cells or not. Another criterion is, if aseptate, is 
this condition derived instead of primary, i.e., were cross-walls originally 
present and then eliminated as the hypha matured? If so, the structure is a 
modified hypha, not a modified hyphal cell. This area of study is one of the 
most difficult in the Hymenomycetes,""\;o it is not surprising that there are 
many problems still unresolved. Perhaps too much work has been done on 
preserved herbarium material (not always collected in the best condition) 
instead of by following the hyphal changes through the development of the 
basidiocarp. Corner has attempted more of the latter type of work than 
most investig'ltors, but much still remains to be done. 

Stellate setae are branched cells, the spines typically radiating, which are 
found in Asterodon as a classical example. Thus we find branching even in 
elements as specialized as thick-walled end cells. 

3. Gloeocystidia 

Gloeocystidia constitute a third major type of cystidium and one with an 
extremely varied history. Like the terms leptocystidia and lamprocystidia, 
gloeocystidia must be regarded as applying to a wide range of morphological 
subtypes. These cells are characterized by having oily to refractile contents, 
but almost any cystidium containing such material, even if coagulated, is 
called a gloeocystidium. Their outline is often quite irregular, and many 
different chemical compounds may be involved in the deposits within these 
cystidia although more remains to be known about them. Some gloeocystidia 
appear to be identical with leptocystidia except that their contents when 
fresh, although homogeneous, show a strong affinity for certain dyes, and 
when revived in KOH the contents often coagulate to form a highly re
fractile amorphous body often filling less than a third of the cell. Such cells 
are termed chrysocystidia [Fig. 2 (21) 1 by some authors. Frequently, 
especially in the Russulaceae, cystidia have an oily content when fresh and 
are terminal members of the laticiferous system [Fig. 2 (17)]. It is assumed 
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that this origin is characteristic for the great majority of the gloeocystidia, 
but it is not very evident for those termed chrysocystidia. Filamentous 
hyphal ends embedded in the hymenium, but having oily contents, represent 
the simplest gloeocystidia and are called pseudocystidia [Fig. 2 (17)]. To 
be designated a gloeocystidium the end cell of the laticiferous element must 
project into or beyond the hymenium. Otherwise the structure is simply a 
laticiferous element, unless one elects to combine the terminology with that 
of Buller. In this case there could be endogloeocystidia, etc. 

4. Hyphoids 

The last type of hymenial element, the hyphoids meet my definition of 
cystidia and perhaps should be so classified, but there is some merit in giving 
them special consideration because of the strong likelihood that they func
tion in a different manner. It seems most probable to me that they are air 
traps which help to contain the air around or over the developing basidia and 
thereby slow evaporation~at the surface of the hymenium. Hyphoids are 
branched hyphal end cells, often so intricately branched that it is difficult 
to follow their ramifications. They are found more often in the Aphylo
phorales than in the Agaricales, probably because the hymenial surface of 
the former remains functional for a longer period of time. Types of 
hyphoids include: dendrophyses, cells with treelike branching; acantho
physes, cells with fine branches (bottlebrush-like); and dichophyses, cells 
which repeatedly branch dichotomously with the branches becoming smaller 
and smaller. Donk (1964), who proposed the term hyphoid, gives a good 
account of them. Dicbophyses comprise much of the basidioearp context 
in some species (Corner, 1948). 

5. Summary of Cystidial Types and Their Nomenclature 

a. Classification by Position 

1. Pleuroeystidia: on face of lamellae tubes or teeth 
2. Cheiloeystidia: on gill edges, ends of leeth, and edges of dissepi-

ments of tubes 
3. Pileocystidia: on the pileus 
4. Caulocystidia: on the stipe 
5. Dermatocystidia: on either pileus or stipe, or peridium of gastro

myeetes 
6. Endocystidia: in context of pileus, hymenophore, or stipe 

b. Classification by Types 

1. Leptocystidia: smooth, thin-walled, shape different from that of 
basidia 
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2. Lamprocystidia: thick-walled at least in some part, and with or 
without incrustations, walls colored to hyaline 

(a) Setiform lamprocystidia: awl-shaped, wall typically colored 
(b) Astrosetae: radially branched lamprocystidia 
(c) Mycosclerids: versiform endolamprocystidia, often hyphalike 

3. Gloeocystidia: versiform cells distinguished by their contents, 
which either stain heavily, or are oily or amorphous and refractive 

(a) Chrysocystidia: like leptocystidia but with highly staining con
tents, refractive as revived in KOH 

(b) Pseudocystidia: Filamentous to fusoid elements with oily 
contents when fresh 

4. Hyphoids: filamentous to cystidium-like cells characterized by 
peculiar systems of branching 

(a) Dendrophyses: having treelike branching 
(b) Acanthophyses: with bottlebrush-like projections 
(c) Dichophyses: dichotomously branched repeatedly 
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I. INTRODUCTION 

A number of fungi exhibit a phenotypic duality in cell form. Depend
ing upon environmental conditions, they may develop either in the form 
of a mycelium composed of long, branching, septate or aseptate filaments, 
or in the form of spherical or ovoid yeast cells that reproduce principally 
by budding. In addition, a number of yeasts are capable of a filamentous 
mode of growth through the formation of a pseudomycclium, whereby 
frequently branched filaments arise by successive formation and elongation 
of buds. While many yeasts can form a rudimentary pseudomycelium, 
this tendency is especially marked in members of the genus Candida. 

The term "dimorphism" generally has been used in reference to a group 
of fungi which cause systemic infections in man and animals; it has been 
defined by Ainsworth (1955) as "the condition in which there is a yeast
like parasitic phase and a mycelial saprophytic phase." The term will be 
used in a broader sense in this review, and will be used in reference to 
non pathogens as well as pathogens, and without particular distinction be
tween parasitic and saprophytic modes of existence. Dimorphism, in its 
broad sense, then, is defined as an environmentally controlled reversible 
intcrconversion of yeast and mycelial forms, and is denoted as Y;;:::::: M. 

Dimorphism has been equated with morphogenesis, and this review is 
included in a section bearing that title. This is entirely proper if morpho
genesis is taken literally to mean origin of form. However, as Lockhart 
(1959) has emphasized, morphogenesis generally is taken to mean the 
development of differentiated metabolic patterns and structures. It should 

1~1 
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be pointed out that cellular differentiation and development of specialized 
structures does not take place in situations discussed here in the same 
sense that it does in slime molds and other fungi, discussed in subsequent 
chapters, and in higher plants and animals. 

This phenomenon has been of great interest to the medical mycologist, 
since many dimorphic fungi are pathogenic. The significance of these or
ganisms in medicine has thus given impetus to many studies of the phenom
enon. However, dimorphism has interesting, and perhaps more fun
damental implications to the general physiologist. Filamentation in yeasts 
has been interpreted as an uncoupling of cell division from growth without 
impairment of growth (Nickerson, 1948); the situation is entirely analogous 
to filamentation in bacteria, which can be induced by a variety of means 
(Webb, 1953). This fortuitous separation of the two processes allows an 
advantageous system for studying the two processes, particularly since the 
separation can be subjected to a considerable degree of experimental con
trol in some organisms. 

The organisms discussed here do not represent an exhaustive list of 
dimorphic fungi. Emphasis is placed on the elucidation of the physiological 
basis of dimorphism, and material has been selected with that objective. 
The reader is referred to other reviews by Ainsworth (1955, 1958) and 
Scherr and Weaver (JJl53). 

_____ ,-// 

-------II. TEMPERATURE-DEPENDENT DIMORPHISM 

In the case of Blastomyces dermatitidis, the causative agent of North 
American blastomycosis, there is compelling evidence that temperature 
is the sole factor determining cellular form. In lesions, this organism oc
curs as budding yeast cells. When cultured in vitro and incubated at 37°C, 
yeastlike cells develop that are similar to those occurring in vivo; when 
cultured at 25°C, a mycelial phase develops (Fig. 1). That this dimorphism 
is entirely temperature dependent and independent of nutrition was shown 
by Levine and Ordal (1946). These workers were able to culture both 
the mycelial form and the yeast form on a minimal glucose-ammonium 
sulfate-mineral salts medium, showing that the nutritional requirements 
of both forms are the same. The mycelial to yeast conversion took place 
readily on this minimal medium when the incubation temperature was 
raised to 37°C. These findings were corroborated by Nickerson and Ed-

FIG. 1. Blastomyces dermatitidis. A. Budding yeas-tlike cells in pus from a 
subcutaneous abcess. B. Yeastlike cells from beef infusion glucose agar at 37°C. 
C. Filamentous stage with round and pyriform conidia from Sabouraud's glucose 
agar at room temperature. Magnification: X 700. From Conant et al. (1954). 
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wards (1949), and by Salvin (1949a), who found that in both B. derma
titidis and B. [Para('(}ccidioides] brasiliensis, no amino acid, carbohydrate, 
or growth factor was essential for yeast growth or for mycelial to yeast 
conversion. This temperature-dependent interconversion of form has been 
termed by Nickerson and Edwards (1949) "thermal dimorphism." 

Since yeast to mycelial conversion has been considered as an interruption 
of cell division without a concomitant interruption of growth, and such 
a conversion can be closely controlled in Blastomyces by varying only 
temperature, Nickerson and Edwards viewed this system as a favorable 
one in which to study the effect of temperature on cell division and to in· 
vestigate physiological bases of morphogenesis. Accordingly, they studied 
the effect of temperature on oxygen uptake by mycelial and yeast forms 
of B. dermatitidi.l'. Oxygen uptake was selected for study because of the 
abundance of data concerning the effect of temperature on this activity 
in other organisms. They found that the yeast form consumed 5-6 times 
as much oxygen as did the mycelial form; in addition, the yeast form oxi
dized exogenous acetate and glucose, whereas the mycelial form showed 
no exogenous respiration. They hypothesized that the greater energy po
tential exhibited by the Y form may be related to its invasiveness in host 
tissues. 

The respiratorY . .J:<lte of the M form was proportional to temperature, 
and from the Arrhenius equation an activation enerh'Y of 13,250 calories 
pe, gram molecule was calculated for the process. An Arrhenius plot (log 
rate vs. liT) showed deviation from linearity above 30 c e, indicating en
zyme inactivation above this point. When temperature was changed quickly 
upward or downward, there was an "overshoot phenomenon"; that is, there 
was a lag in the adjustment of the respiratory rate at the new temperature. 
These data were interpreted as follows: a sudden temperature change 
disrupts a steady state balance between a rate-limiting process (11 = 13,250 
cal/gm mole) and reversible enzyme inactivation. An analogous disruption 
in balance between enzymes competing for substrate for cell division, and 
enzymes concerned with growth, was considered as a possible explanation 
for differences in cellular form. 

Taylor (1961) compared DNA, RNA, and protein content of yeast and 
mycelial cells. He found DNA content to be essentially the same in both 
phases. Protein was relatively low and constant in the M phase, and much 
higher in the Y phase, decreasing with age. There was a larger amount of 
RNA in the Y phase and greater fluctuation in concentration; there was 
an abrupt increase and decrease between the 3rd and 10th to 15th day 
of incubation. Amounts of RNA in the M phase remained relatively low 
and constant. On this basis, an involvement of RNA fluctuation in di
morphism was speculated. However, the greater amounts of RNA and pro-
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tein in the Y phase developing at 3TC may be related to the increased 
energy potential and growth rate at this elevated temperature; the depend
ence of protein synthesis on RNA synthesis is now well known (Gale. 
1962) . 

Taylor (1961) has expressed the view that variation in structure results 
from many metabolic processes within the cell rather than from the activity 
of one enzyme. such as the protein disulfide reductase of Nickerson and 
Falcone (Section IV. A). [t would appear desirable to reinvestigate ther
mal dimorphism in the light of recent developments concerning the regula
tion of enzyme synthesis in microorganisms by temperature. 

III. TEMPERATURE- AND NUTRITION-DEPENDENT 
DIMORPHISM 

There is a group of fungi for which incubation at 37°C alone is not 
sufficient to maintain .the yeast phase in culture or to bring about mycelial 
to yeast conversion; additional nutrients are required. Included in this 
group are Sporotrichum [Sporothrix] schenckii, Histoplasma farciminosum, 
and H. capsulatum. 

In the case of S. schenck ii, CO, appears to play an important role in 
conversion to the yeast form. Drouhet and Mariat (1952) were able to 
obtain the yeast form of this organism at 3TC on synthetic solid or liquid 
media containing an inorganic nitrogen source, if a mixture of 5 % CO2 in 
air was provided. Supplying N2-air mixtures or air alone resulted in mycelial 
growth under these conditions. However, M -> Y conversion could be ob
tained in agitated liquid media without addition of CO" if the nitrogen 
source was casein hydrOlyzate or certain amino acids, alone Of in com
bination. It is indicated that an increase in CO:! tension from amino acid 
decarboxylation determines the M ~ Y conversion under these conditions. 

Carbon dioxide is also required to convert and maintain H. farciminosum 
in the yeast phase. Bullen (1949) showed that when this organism was 
incubated in a variety of media at 37"C. growth was mycelial. Conversion 
to the yeast form was accomplished by incubation on blood agar at pH 
7.4 in a McIntosh and Fildes jar in an atmosphere of 15-30% CO2 • The 
optimum CO" concentration was 15-20%. To show that the response was 
in fact due to CO2 , and not merely to decreased 0" tension, the yeast 
phase was cultured on the same medium in jars containing 10-20% N2 
instead of CO2 . Soda lime was placed in the jars to absorb metabolic CO2 , 

The culture reverted to the mycelial phase under these conditions. 
The situation with regard to H. capsulatum is much more complex. 

Although yeast to mycelial conversion takes place readily if the incubation 
temperature is lowered from 37°C to 25°C, conversion from the mycelial 
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to the yeast phase in vitro is extremely difficult. Thus, the environmental 
factors governing this conversion, which takes place invariably in the 
mammalian host, are not well understood. Requirements of the yeast phase 
for good growth from small inocula are numerous, and there is a consider
able degree of variation among strains. This has necessitated the use of 
numerous strains in all experiments in order that valid conclusions could 
be drawn. Experimentation is therefore laborious, and interpretation 
difficult. 

Consistent conversion of mycelial to yeast phase has been accomplished 
at 37°C in a number of complex media. Conant (1941) found that M -> Y 
conversion took place on blood agar slants sealed with paraffin. Campbell 
(1947) employed a cystine blood medium, and Kurung and Yegian 
(1954) described a congealed egg-potato flour medium which supported 
excellent M -> Y conversion. Larsh et al. (1956) reported conversion of 
all 13 strains tested in a HeLa cell tissue culture. 

Salvin (l949b) undertook studies with synthetic media in order to 
identify nutritional factors concerned with growth of each of the two 
phases and their interconversion. He found that the nutritional require
ments of the two phases differed: biotin was required by yeastlike cells 
but, with one exception among six strains studied, had no effect on mycelial 
growth. While no single amino acid was necessary for the growth of either 
the yeast or mycelial phase, a sulfide or sulfhydryl group in a small organiC 
molecule, preferably an amino acid, was essential for yeast growth. Even 
in a medium with 16 nonsulfur amino acids, maintained at 37°C, yeast 
cells always reverted to the mycelial phase. On the other hand, cystine or 
cysteine added as sole amino acids supported growth of the yeast phase. 
On comparing the relative activities of various SUlfur-containing com
pounds in maintaining the yeast phase, it was found that cystine and 
cysteine were more effective than the tripeptide glutathione, and cystine 
was effective at a lower concentration than cysteine. Salvin attributed this 
latter observation to the greater amount of sulfur present per molecule in 
cystine. 

Further studies employing synthetic media were carried out by Scherr 
(1957) and Pine and his colleagues (Pine, 1954, 1955, 1957; Pine and 
Peacock, 1958). Scherr (1957) found that no yeast phase growth took 
place with an inoculum of la' cells/ml or less, regardless of conditions. 
He found that while, in general, 37°C was better than 25°C for the main
tenance of the yeast form, it was possible to maintain the yeast form at 
lower temperatures (25°C better than 30°C) provided the cysteine con
centration was high enough. It appeared, therefore, that the concentration 
of -SH groups or cysteine is more critical for yeast phase maintenance 
than 37°C temperature. It was emphasized, however, that while the Y 
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pbase could be maintained at lower temperature, it was never possible to 
carry out conversion of M to Y in vitro at temperatures lower tban 37'C. 
He feels tbat Y growth, once initiated, could be propagated indefinitely if 
the -SH content or the oxidation-reduction potential were maintained at 
an optimum leveL The fact that M --> Y conversion could not be accom
plished below 37'e was interpreted as an indication that the role of 37'e 
temperature is to maintain optimum conditions for enzymes directing the 
M --> Y transition, and that metabolic pathways governing maintenance of 
Yare distinct from those governing M --'> Y conversion. 

Pine (1954) developed a synthetic medium containing glucose, glutamic 
acid, aspartic acid, and cysteine, which supported good growth of the yeast 
phase. The fact that glutathione did not substitute for cysteine indicated 
that the cysteine requirement could not be ascribed entirely to a require
ment for -SH. The essentiality of the -SH group for the yeast growth, 
however, was confirmed, since addition of substances reacting with -SH 
groups inhibited growth. It was concluded that the role of -SH groups 
was to initiate yeast growth, since after 4-6 hours of incubation under 
conditions of high aeration no significant amount of -SH groups could 
be detected in tbe medium. 

The general requirement for large inocula may be explainable as (1) a 
requirement for CO", (2) a fatty acid requirement, (3) protection by dead 
cells against excess fatty acids (Pine, 1954). It was found that CO" oleic 
acid, and albumin, which could supply fatty acids or bind excess fatty 
acids, all stimulated growth. 

The differential vitamin requirements of the mycelial phase at 25°C and 
the yeast phase at 37°C were confirmed by Pine (1957). The mycelial 
phase required no singk added vitamin, whereas 8 of 11 yeast-phase 
strains required thiamine, one required biotin, and one required thioctic 
acid. 

It was emphasized by Pine and Peacock (1958) that mere satisfaction 
of growth requirements of the yeast phase was not sufficient to bring about 
conversion of the mycelial phase to the yeast phase. In attempting to 
elucidate factors bringing about conversion, these workers found that citric 
acid stimulated M --> Y conversion. Evidence was presented that this effect 
was due to selective inhibition of the M phase by metal chelation and 
stimulation of the Y phase by use of citrate as a substrate. Zinc was also 
found to stimulate conversion to the Y phase at 3rc. 

Myers and Sherwood (1951) reported Y --> M conversion in grass frogs 
(Rana pipiens) at 20-25°C. Pine and Peacock (1958) found that the 
yeast phase can infect frogs at 25 'c and that conversion could occur in 
some strains at 30°C_ These findings would indicate that the conversion 
may be temperature-independent under the proper conditions. 
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It is difficult to put forth a general scheme that would adequately explain 
the mechanism of M -> Y conversion in H. capsulatum. Pine and Peacock 
(1958) view the situation as resolving itself into two factors (1) satisfac
tion of yeast phase requirements (2) inhibition of the mycelial phase 
without inhibition of conversion to the yeast phase. They have hypothe
sized that there are two different metabolic routes, one for each phase, 
which are competitive but not mutually exclusive. At 37 Q C, the mycelial 
phase is inhibited and the yeast phase more easily maintained; at 25°C, 
the mycelial phase is maintained more easily. The -SH requirement is 
probably involved, although it may be a secondary expression of a changed 
metabolism after conversion to the yeast phase. However, though the direct 
participation of the -SH group in conversion in H. capsula tum is yet to 
be demonstrated, it is interesting to speculate on this possibility on the 
basis of experiments with Candida albicans that are described in Sec
tion IV, A. 

, 
IV. NUTRITION-DEPENDENT DIMORPHISM 

A. Dimorphism in Candida 

Members of the genus Candida represent a group of anascosporogenous 
yeasts with a marke>! 1endency toward filamentation. The most intensely 
studied specieSrC.- albicans, is capable of causing a number of human and 
animal infections. While the other dimorphic fungi discussed in the previ
ous sections occur almost exclusively in the yeast form in host tissues) C. 
albicans often occurs in systemic infections in the filamentous form. The 
relationship of cellular form to pathogenicity will be considered in Sec
tion V. 

Earlier studies on the morphology, cultural characteristics, and di
morphism phenomenon in Candida have been reviewed by Skinner (1947). 
This organism is readily cultured on a variety of common media. On 
Sabouraud dextrose agar, the growth is almost entirely yeastlike both at 
room temperature and at 37°C; filaments may penetrate into the medium 
and may be observed at the periphery of a colony on prolonged incubation. 
Filamentation is more profuse on washed polysaccharide media low in free 
sugars such as corn meal agar or potato infusion broths. Under these condi
tions, chlamydospores characteristic of the species are formed at the ends 
of the filaments. These media have been used extensively, therefore, for 
diagnostic purposes. 

The nutritional requirements of this yeast are comparatively sim
ple. Burkholder (1943) found that a medium composed of glucose, 
(NH, ),S04, biotin, and inorganic salts supported maximal growth of 
several different strains. 
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Nickerson and Mankowski (1953) studied filament formation under 
well-defined nutritional conditions in order to elucidate nutritional factors 
controlling dimorphism. Using a basal medium containing (NH4),S04, 
KH,PO" biotin, and agar, the effect of carbon source on cell form was 
determined orr slide cultures examined in situ. [t was found that only bud
ding yeast cells developed when glucose was used as the carbon source, 
even at widely differing carbon:nitrogen ratios. When a less readily utilized 
carbon source was used, such as purified soluble starch, glycogen, or 
dextrin, there was diminished growth and the appearance of extensive 
filamentation. This tendency toward filamentation was reversed by addition 
of 0.01 M cysteine to the polysaccharide media. No filamentous cells were 
observed in cultures receiving cysteine. 

The results were interpreted as follows: the rapid metabolism of a 
readily utilizable carbon source such as glucose generates sufficient reduc
ing power to maintain ~SI:J groups required for optimum growth and cell 
division. Polysaccharides are not readily metabolized by C. albicans, hence 
there is insufficient reducing power generated to maintain adequate thiol 
groups for cell division. Cell division does not keep pace, even at the 
reduced growth rate, and cells elongate to form filaments. Under these 
conditions, cell division can be restored by addition of an exogenous source 
of -SH. 

There are other lines of evidence supporting the contention that -SH 
groups are required to maintain the yeast shape in Candida. Nickerson and 
Van Rij (1949) found that cobalt-treated cells showed long mycelial frag
ments with no cross walls and wide spacings between blastospore clusters; 
the effect was reversed by 0.01 M cysteine. Waksman et ai. (1953) found 
that fradicin, an antifungal antibiotic, induced filamentation in C. ulbicans 
in subinhibitory concentrations; both the filament-inducing effect and the in
hibitory effect of the antibiotic could be abolished by cysteine. Wins ten and 
Murray (1956) found that addition of cysteine to cultures of a filamentous 
strain of C. albicans enhanced yeast development and virulence in mice. 

McClary (1952) also studied the factors affecting morphology in syn
thetic media. As to carbon source, he found that galactose gave heavy 
mycelial growth, and that maltose and sucrose were better than glucose, 
man nose, or fructose in this respect. On this basis, he disputed the im
portance of reducing sugars in celt division, since galactose, a reducing 
sugar, produced the most abundant mycelium. However, these findings can 
be interpreted as favoring Nickerson and Mankowski's views, since galac
tose is much less rapidly utilized than glucose, mannose, and fructose, and 
hence would be incapable of generating as much reducing power during 
metabolism. 

Nickerson and co~workers carried out an extensive study on a per-
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manently filamentous mutant designated as C. albicans 806 which was de
rived from a normal strain (C. albicans 582) by Mackinnon (1940). This 
mutant strain was viewed as having a genetic block in the cellular division 
mechanism; therefore, the nature of the biochemical lesion imposed by the 
mutation was sought. No significant difference between the parent strain 
and the divisionless mutant was found with respect to fermentation of 
sugars, vitamin requirement, endogenous respiration, or carbohydrate com~ 
position. Energy metabolism in the mutant was unimpaired, since growth 
on a number of media was only slightly less than that of the parent strain 
(Nickerson and Chung, 1954). The hypothesis that the biochemical lesion 
in the mutant was concerned with production Of maintenance of -SH 
groups involved in cell division was supported by the finding that addition 
of cysteine to cultures of the mutant brought about the development of a 
high proportion of budding yeast cells in the population. 

The most striking feature of the physiology of C. albicans 806 was its 
marked ability to accumulate and reduce tetrazolium dyes (Nickerson, 
1954). The parent strain, growing as a budding yeast, accumulated the dye 
but did not reduce it; in older cultures, after available carbohydrate had 
been depleted, the filamentous cells which developed also were able to 
reduce tetrazolium dyes. Hence there was a "spillover" of metabolically 
generated reducing power in the mutant, and in the parent strain growing 
in the absence of cell division. This excess reducing power was diverted to 
dye reduction. The enzymatic locus at which the "uncoupling" of cell 
division took place was judged by Nickerson to be a metallofiavoprotein 
on the basis of the following evidence: (1) Brodie and Gats (1952), using 
a cell-free preparation from yeast, showed that the reduction of tetrazolium 
by coenzyme I is catalyzed by a flavoprotein system; neither coenzyme 
I-linked dehydrogenases nor coenzyme I alone could reduce tetrazolium. 
(2) Addition of low concentrations of sodium ethylenediaminetetraacetic 
acid (Na,EDTA) to growing or resting cells of the normal yeast strain 
greatly stimulated tetrazolium reduction. Under these conditions, the nor
mal strain behaved as the filamentous mutant. This indicated that dye 
reduction proceeded only after tbe removal of a metal from flavoprotein, 
or, possibly, the formation of a double chelate (flavoprotein-metal com
plexon). The metal involved was probably iron, since EDTA-metal 
chelates with stability constants lower than ferrous-EDT A were found to 
stimulate dye reduction, while ferrous-EDTA or more stable EDTA-metal 
chelates were without effect. 

These facts led, therefore, to the postulation that this metalloflavoprotein 
locus is the site at which a reaction essential for cell division is coupled 
via an oxidation-reduction reaction to cellular metabolism. Uncoupling of 
cell division by genetic block in strain 806 is presumed to be due to an 
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impairment of a dissociable metal chelate mechanism which normally 
couples a reaction essential to cell division to flavoprotein oxidation. The 
situation was diagrammed (Eq. 1). 

H+ + e Acceptor participating 
FP (metal) H -----~______._ in reaction essential to 

cellular division 

NA2 EDTA, 
Mutant 806 

FPH } H+ + e 
or 

FPH-metal-eomplexon 

TTC or other 
dye acceptor 

(1) 

Ward and Nickerson (1958) compared the normal and filamentous 
strains with respect to respiratory physiology. Respiration was found to be 
qualitatively similar, and unique ill that it is not mediated by cytochrome 
oxidase. In resting cells, respiration was found to be resistant to and 
stimulated by cyanide, carbon monoxide, and sodium azide. There was 
a quantitative difference, in that the filamentous mutant reduced oxygen 
more rapidly than the normal strain. Therefore, metabolically generated 
hydrogen, which spills over for nonspecific dye reduction in strain 806 is 
not at the expense of respiration or of growth. This is consistent with the 
concept that growth can proceed independently of cell division, as long as 
the energy required for growth can be supplied continuously by unimpaired 
respiration. 

In the filamentous mutant, oxygen uptake was decreased by triphenyl 
tetrazolium chloride; hence the dye can compete with oxygen for reduction. 
In the normal strain, it does not. It appears that in the normal strain, 
metabolically generated hydrogen is strongly channeled to the cell division 
mechanism (presumably disulfide reduction); in the mutant strain, in the 
absence of such a mechanism, hydrogen can be used for reduction of 
oxygen or dyes. 

The next important question to be answered concerns the nature of the 
specific hydrogen acceptor which normally participates in cell division. It 
is improbable that it is oxidized glutathione or cystine, since both gluta
thione reductase and cystine reductase were found to be operative in C. 
albicans 806 as well as the normal strain (Romano and Nickerson, 1954). 
Evidence has been presented by Nickerson and associates that the acceptor 
is a disulfide bond in a protein of the pseudokeratin type occurring in a 
glucomannan-protein complex which makes up the inner layer of the yeast 
cell wall. A specific enzyme has been described which catalyzes this reduc-
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tion and has been identified as a cell division enzyme in yeast and has been 
termed I'protein disulfide reductase." A discussion of the evidence leading 
to this conclusion is given below. 

Falcone and Nickerson (1956) isolated purified cell walls of bakers' 
yeast by mechanical disruption of cells followed by differential centrifuga
tion. From clean cell wall preparations, a major fraction (approximately 
75%) was solubilized by extraction with IN NaOH. The solubilized mate
rial was dialyzed, redissolved in water, and purified by (NH,),SO, pre
cipitation. The isolated substance was found to be a glucomannan-protein 
complex containing 6.8% protein. The mann an was tightly bound to the 
protein, since the polysaccharide could not be precipitated as a copper 
complex. The protein portion was found to be of a pseudokeratin type 
containing 2.1 % sulfur. Similar glucomannan-protein complexes were 
isolated also from C. albicans 582 and 806; more detailed data on the 
properties of these substances are given by Kessler and Nickerson (1959) 
and Nickerson et al. (1961) .. 

Enzymatic reduction of the dIsulfide linkages in the cell wall protein was 
accomplished using a cell-free particulate preparation from yeast (Nicker
son and Falcone, 1956a). When cell-free particulates were incubated 
together with a coenzyme concentrate, succinate, and ethanol as hydrogen 
donors, and with glucomannan protein in which sulfhydryl groups had 
bet!n oxidized by ferricyanide, there was mercaptide formation, as deter
mined spectrophotometrically by the reaction of mercaptides with p-chloro
mercuribenzoate. Control experiments with heated particulates showed no 
mercaptide formation. 

On comparing the protein disulfide reductase activities of the normal and 
filamentous strains of C. albicans, it was found that mitochondrial particu
lates obtained from the normal strain showed strong activity on cell-wall 
protein, whereas preparations from the filamentous mutant showed only 
slight activity (Nickerson and Falcone, 1956b). The data are shown in 
Table I. It is seen that particulates from the normal strain had strong 
activity against cell-wall protein obtained from both the normal strain and 
the mutant. In contrast, particulates obtained from the mutant exhibited 
only slight activity against its own cell-wall protein and no activity against 
the cell-wall protein obtained from the normal strain. It was concluded 
that the enzymatic reduction of disulfide covalent bonds in the glucoman
nan-protein complex, a major structural component of the yeast cell wall, 
is the reaction essential for cell division in yeasts. The enzyme is presumed 
to be a flavoprotein which, when impaired by genetic block, channels 
metabolically generated hydrogen to oxygen or nonspecific dye reduction 
instead of to the normal protein-disulfide acceptor. 

Normal operation of the enzyme is visualized to alter the fab:ic of the 
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TABLE I 
PROTEIl"f DISULFIDE REDUCTASE ACTIVITY IN NORMAL AND 

DIVISIONLESS SlRAINS OF Candida albicansa 

Mercaptide formation (optical 
density at 255 mp,) 

193 

Enzyme system Enzyme system 
from from 

Reaction system normal yeast division less mutant 

Oxidized cell-wall protein 
from normal yeast 

Mitochondrial particulates 

Cell·wall protein + particulatesb 

Oxidized cell-wall protein 
from filamentous mutant 

Mitochondrial particulates 

Cell-wall protein + particulates1t ..... 

a From Nickerson and Falcone (1956b). 

1.156 
0.520 

0.766 
0.520 

} 1.676 
1.156 } 0.790 1.946 

3.ROO 1.880 

} 1.2g6 
0.766 
0.790 } 1.556 

1.920 1.730 

b Values for controls using heated mitochondria were not greater than the sum of 
the constituents. 

cell wall by rupturing disulfide bonds that form covalent links between 
molecules of the glucomannan-pseudokeratin complex (Falcone and Nicker
son, 1959). This is diagrammed in Fig. 2. The rupture 01 the bonds causes 
a weakening of the cell wall. making plastic deformation possible. The en-

PDS 
Mannon- Protein-S-S- Monnon-Protein-SH 

reductase 

~C-C-C-N~C~ 
I I 
5 5 PDS 
~ ~ FPH reductase 
I I 

~C-C-C-N~C~ 

'VV' C 'VVV"I/V'V'V"V C "\/V'V"v 

I I 
SH SH 

~H yH 
'VV' C 'VVV'\IVV'VV'I. C '\fV'V\" 

FIG. 2. Diagram of operation of protein disulfide (PDS) reductase on disulfide 
bonds that form covalent links between molecules of the gJucomannaIl~pseudokeratin 
component of the cell walL Preliminary evidence indicates that PDS may be a 
flavoprotein, and participation of the reduced form of the enzyme is indicated as 
FPH. FrODl Falcone and Nickerson (1959). 

suing events are purely physical consequences: the weakened spot fails to 
withstand the internal pressure of the cell and a naked protoplasmic mass is 
extruded iu au explosive manner. This naked "protoplast," which repre
sents the bud initial, is then covered with new wall substance, the synthesis 
of which begins at the base of the bud, using the preexisting cell wall fabric 
of the mother cell as a "primer." 
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The "explosive" nature of the appearance of the bud initial was con
firmed by time-lapse photography, where it was shown that appearance 
of a well-developed bud initial from an intact mother cell took place within 
30 seconds (Falcone and Nickerson, 1959). The wall of the bud then 
thickens gradually, and the wall of the parent cell at the budding site is 
rebuilt. 

The fact that budding of a yeast cell usually begins at a "point" rather 
than on a broad area of the surface of the cell agrees well with the finding 
that the protein disulfide reductase is localized in particles. 1t is visualized 
that these particles are in a state of rapid motion in the cell and may 
bombard the cell wall. The selection of the site of budding is not random. 
Barton (1950) and Freifelder (1960) have observed an invariable se
quence in the appearance of buds at specific sites on the surface of a 
Saccharomyces cerevisiae cell. The sequence was definite enough that the 
site of bud formation could be predicted on a given cell , provided it had 
not bUdded more than 3 or 4.. times. Budding usually takes place at the 
point of maximum curvature of the cell, and development of the bud is 
consistently such that the long axis is perpendicular to a plane tangent to 
the sutface of the mother cell (Nickerson, 1942). These observations were 
explained by Falcone and Nickerson (1959) by consideration of some 
principles of hydraulics: a fluid in motion, through inertial properties, 
exert:- greatest force against the waH of its container in the region of maxi
mal curvature of the container in a direction that is perpendicular to a 
plane tangent to the curved surface of the container. These considerations 
are consistent with the concept that in the yeast cell, particles containing 
the enzyme bombard the cell wall, causing point regions of weakness; the 
probability of a "blowout" occurring is greatest at the point of maximum 
curvature of the cell, so a bud is extruded at this site. Considerations of 
this sort may also explain the observation that multipolar budding occurs 
more often in yeast cells that are more spherical than ovoid. A spherical 
configuration would have no point of maximum curvature, hence, no pref
erentia[ point of "bfowout." AIso, the spherical configuration may be due 
to a lesser degree of cell wall rigidity to begin with, and the appearance 
of sites of insufficient rigidity to withstand the internal pressure of the cell 
may become more probable. 

Falcone and Nickerson (1959) use another mechanical model to sup
port their "explosive extrusion" concept of yeast bud formation. Electron 
photomicrographs of isolated yeast cell walls reveal that the cell wall is 
made up of densely intermeshed microfibrils that are randomly oriented. 
However, at the bud scars, there is a very definite orientation of the micro
fibrils parallel to each other to form a cablelike pattern Which encircles 
the bud scar. This is exactly the pattern that would be expected if the 
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bonds holding the originally randomly oriented fibrils were weakened and 
a strong perpendicular force were applied. This orientation is identical to 
that shown in the deformation patterns formed in plastic that has been 
struck with liquid moving at high velocity in a direction perpendicular to 
the film. 

This hypothesis on the mechanism of cell division in yeasts is an original 
and stimulating one, although it must be admitted that a great deal more 
experimental evidence is required to confirm its validity. Certainly there 
is a big step from the demonstration of an enzymatic activity in vitro to 
the assignment of an essential role in vivo. Other authors have offered 
evidence both in support of and in contradiction of this hypothesis. 

Robson and Stockley (1962) have provided cytological evidence which 
supports Nickerson and Falcone's views on the involvement of -SH 
groups in the budding process in yeasts. A localization of the -SH groups 
was detected in the hyphaL walls of Eremothecium ashbyii at the site of 
bud formation by using an antoradiographic technique whereby tritiated 
phenyl mercuric chloride was used to localize -SH groups. Experiments 
with C. albicans showed that -SH was localized in the walls of yeast cells, 
but not in walls of filamentous cells that developed on potato agar. 

Also, the pattern of cell wall synthesis during the budding process fol
lowed by immunofluorescence is consistent with the notion that the ceIl 
wall of the bud is newly synthesized first at the base area, and then is added 
to the growing bud in a direction away from the base (Chung et al., 1965). 

On the other hand, the hypothesis of Nickerson and Falcone has been 
chaIIenged by McClary and Bowers (1965). These authors examined 
budding yeast cells by dark field microscopy; they concluded that the ap
parent gaps which appeared in the cell wall were not due to the emergence 
of protoplast bud initials, but rather to changes in focus. Also, electron 
microscopy of thin sections of budding yeast cells that they examined 
showed that the wall extended around both the mother cell and the bud 
from the earliest appearance of the bud. Moreover, the bud retained both 
its structural integrity and essential constant degree of thickness through
out the budding process. They concluded, therefore, that neither rupture 
nor stretChing of the wall occurs. A similar picture of the budding process 
based on electron microscopy has been described by Agar and Douglas 
(1955) . 

It can be argued, of course, that the failure to demonstrate naked buds 
by electron microscopy does not preclude their existence. Such a structure 
might not be preserved during fixation and sectioning. At any rate, a defini
tive answer to this question must await further data. 

A more detailed discussion of the biochemistry and mechanics of ceIl 
division in yeast is to be found in a recent review by Nickerson (1963). 
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B. Dimorphism in Mucor 

There is a marked tendency in a number of species of Mucor to develop 
as budding yeast cells under certain conditions of culture. It had been 
observed frequently in early studies on the alcoholic fermentation that 
when certain fungi were incubated in saccharine fluids that were more or 
less deprived of air, budding yeast forms appeared. While many fungi were 
observed to form aberrant spherical cells under these conditions, the 
tendency was greatest in Mucor. This phenomenon had been interpreted 
originally as a transmutation of species. However, later studies showed that 
the yeast forms developing from Mucor were independent of the common 
beer yeast (Saccharomyces), and the potentiality of Mucor to exhibit two 
distinct cellular forms was clearly recognized. The environmental factors 
controlling this dimorphism were not firmly established, however. and con
troversy existed as to whether the appearance of budding yeast cells was 
caused primarily by deprivation of oxygen or by accumulation of carbon 
dioxide during fermentation. The 'early . literature on this subject has been 
reviewed by de Bary (1887), Foster (1949), and Bartnicki-Garcia and 
Nickerson (1962a). 

The physiological control of dimorphism in Mucor has been studied 
comprehensively in recent years by Bartnicki-Garcia and Nickerson 
(1962a,b,c,d). These workers showed that in M. rouxii, and in all other 
species of Mucor studied, with the exception of a strain of M. subtilissimus, 
two environmental factors were necessary for yeastlike development: ab
sence of oxygen and presence of carbon dioxide (Bartnicki-Garcia and 
Nickerson, 1962a). When grown in an anaerobic atmosphere under nitro
gen, filamentous growth was obtained; when grown in an anaerobic at
mosphere under carbon dioxide, spherical, budding. yeastlike cells were 
obtained. M. 8ubtilissimus was an exception, forming yeastlike cel1s in an 
anaerobic atmosphere under nitrogen in the absence of carbon dioxide. 

The capability of yeastlike development is not widespread among the 
Mucorales. A number of organisms of this order were cultured under air, 
nitrogen, and carbon dioxide. The tendency toward yeastlike development 
occurred only among species of Mucor. Species of Rhizopus tested grew 
under carbon dioxide hut formed only filaments; other genera tested did 
not grow under a carbon dioxide atmosphere. 

It is important to distinguish between yeastlike development and 
arthrospore formation; the latter is a normal consequence of filamentous 
growth in Mucor. Arthrospores are also spherical and are difficult to 
distinguish from yeastlike cells. The criterion to be applied, as emphasized 
by Bartnicki-Garcia and Nickerson (1962a), is that truly yeastlike cells 
of Mucor are only those cells which originate and multiply by budding. 
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It is probable that much of the confusion and disagreement in the earlier 
literature originates from the failure to distinguish between these two 
distinct forms of vegetative development. 

Environmental factors causing yeastlikc development were most ex
tensively studied by the above workers in M. rouxii. In this organism, 
growth in air or under a nitrogen atmosphere resulted in a typically 
filamentous mycelium; development was entirely yeastlike under carbon 
dioxide (Fig. 3A and B). This dimorphism took place on solid medium 
as well as in liquid medium. On solid medium, colonial morphology 
was determined by the incubation conditions: aerobically, typical loose, 
fluffy, spreading colonies were obtained with extensive sporangiaphore for
mation; anaerobically, under nitrogen, a thin film of slowly growing, spread
ing, filamentous mycelium developed; anaerobically, under carbon dioxide, 
compact, opaque, "convex colonies with an irreguJar surface and undulate 
border showing no iendeney toward spreading were obtained. Colonies 
consisted entirely of yeastlike cells with multipolar buds. Further incuba
tion of these plates in the air resulted in the formation of extensive 
filamentous growth. 

Experiments with solid media were carried out to establish firmly that 
this dimorphism induced by CO, represents a phenotypic difference 
rather than a selection of different genotypes by varying environments. 
Spores derived from a single spore isolate of M. rouxii were plated 
out and incubated under CO2 for 24 hours; all spores gave rise to identical 
microcolonies consisting exclusively of yeastlike cells. When subsequently 
exposed to air, all of 5000 such microcolonies examined developed extensive 
filamentous growth. 

The effect of CO2 concentration on the morphology of M. rouxii 
was determined by growing this organism in various atmospheres with 
adjusted partial pressures of CO2. In N,-C02 mixtures (anaerobic) 
a pCO, of 0.3 was sufficient to cause purely yeastlike development. In 
air-C02 mixtures (aerobic), a pCO, of 0.9 was required to induce 
distinctly yeastlike cells, although shorter mycelial fragments and arthro
spores developed at lower CO, concentrations. Therefore, small amounts 
of oxygen can negate the effect of CO2 in inducing yeastlike development. 

The sequences of events which take place when spores of M. rouxii 
are allowed to germinate in different atmospheres arc depicted in Fig. 
3C, where, by interval photography, a spore germinating under air 
is compared with a spore germinating under CO2 , Under air, germina
tion was fairly rapid; after 3 hours, the spore had swelled and the 
beginnings of a germ tube appeared shortly thereafter. A relatively large 
area of the surface of the spore bulged out in the formation of a single 
broad germ tube, which grew unidirectionaIIy and was, therefore, polarized. 
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FIG. 3. Dimorphism of Mucor rou:cii. A. Filamentous form grown under nitro
gen (magnification : X 75). B. YeastHke form grown under CO2 (magniJ1cal ion: 
X 375). F rom Nickerson (1959). C. GerminaLion of spores under air or CO2; incu
bation time indicated in hr:min (magnification: X 900). From Bartnicki-Garcia and 
Nickerson ( 1962a). 
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Under CO2 the development of the spore was quite different and was 
relatively much slower. After the initial slow swelling, spherical buds 
were formed by extrusion of protoplasm through relatively small areas 
of the swollen spore wall. These buds did not appear until 13 hours 
after the spores were placed on the germinating medium. After their 
initial appearance the buds grew uniformly; therefore, it appears that 
there is no polarity of growth in this situation. 

The development of yeastlike ceJls in Mucor appears to be metal
dependent (Bartnicki-Garcia and Nickerson, 1962b). Evidence for this 
lies in the demonstration that ethylenediaminetetraacetic acid (EDT A) 
and other chelating agents of the N-acetic acid type inhibit yeastlike 
development; concentrations of EDT A in the range of 2.7 X 10-' M 
to 2.7 X 10- 4 M caused a progressive inhibition of growth and an in
creasing tendency toward filamentation. In normally filamentous cultures 
(incubated in air or under N2 ), M. rouxii showed a decrease in the 
number of arthrospores formed. In cultures incubated under CO2 , there 
was a shift from yeastlike development to filamentous development. 
M. subtilissimus, which exhibited yeastlike development under an N2 
atmosphere in the absence of CO2 , also shifted to a filamentous form 
of growth in the presence of EDT A. 

The effects of the chelating agents on both M. rouxii and M. sub
tilissimus could be reversed by the addition of certain metal ions. Transi
tion group metals (Fe++, Mn++, Cu++, Zn++, AI+++, Co++) were 
most effective in this respect. 

It thus appears that yeastiike development in both M. rouxii and M. 
subtilissimus is dependent upon the metal-catalyzed formation of a 
metabolite inducing the yeast form. M. rouxii requires CO2 to form this 
metabolite; M. subtilissimus does not. A model has been put forth by 
Bartnicki-Garcia and Nickerson (1962a) as a working hypothesis (Eq. 2), 

M. rouxii [metal} EJ?TA 
co.z+W X Y 

(2) 

M. subtilissimus 
v 

where V, W, and X are metabolic precursors of Y. The action of Y 
was postulated by these workers to lead to an alteration in the chemical 
composition of the cell wall, since the rigid cell wall is the structure 
ultimately responsible for the shape of the cell. 

A comparative study of the chemical composition and structure of 
purified ccli walls of filamentous and yeastlike forms of M. rouxii was 
carried out by Bartnicki-Garcia and Nickerson (l962b) in order to 



200 Antonio H. Romano 

explore morphogenetic implications. Filamentous and yeastlike cells were 
ruptured by mechanical means; the resulting cell wall fragments were 
then exhaustively washed and analyzed. Results of chemical determina
tions accounting for 93% of the total are shown in Table II. It is 
clear that cell walls of both filamentous and yeastlike cells are highly 
complex; the components contain most of the major protoplasmic con
stituents, including proteins, carbohydrates, lipids, purines-pyrimidines, 

TABLE 11 
COMPOSITION OF CELL WALLS OF Mucor rOllxiifl 

Filaments Yeasts 
Components (% ) (% ) 

Readily extracted lipids 2.0 0.8 
Bound lipids 5.8 4.9 
Chitosan 32.7 27.9 
Chitin 9.4 8.4 
Unidentified 2~amino sugars 2.4 3.1 
Fucose as {CijH100 4 )n '-, 3.8 3.2 
Mannose as (Ct,HUP:)n ~ 1.6 8.9 
Galactose as (C(jHto0;:;}n 1.6 1.1 
Other carbohydrates 1.7 0.9 
Protein 6.3 10.3 
Purines and pyrimidinos- 0.6 1.3 
Phosphate as (H2P03 1 n 23.3 22.1 
Mg ].0 
Ca ],0 

Sum: 93.2 92.9 

a From Bartnicki-Garcia and Ni,ckeroon (1962<:.). 

and minerals. Differences between filamentous and yeastlike cell walls 
are principally quantitative rather than qualitative. The relatively higher 
amounts of protein and purines and pyrimidines in yeastlike cell walls 
are probably significant, but the most interesting feature is the much higher 
amount of mannose found in the yeastlike cell wall. Studies on the chemical 
composition of cell walls of other yeasts, such as Saccharomyces 
cerevisiae and Candida albicans, consistently have revealed mannan as a 
principal constituent (North cote and Horne, 1952; Kessler and Nickerson, 
1959; Nickerson et al., 196]). Even before the development of modem 
methods for isolation of purified cell walls, Garzuly-J anke (1940) found 
that mannan was present in most species of yeast but was undetect
able in species of filamentous fungi examined. Moreover, a glucomannan
protein complex found in the cell wall of C. albicans and S. cerevisiae 
has been assigned a role in cell division (Section IV, A). It is tempting, 
therefore, to assign a major role to cell-wall mannan in the maintenance 
of the yeast shape. 
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Electron microscope examination of ultrathin sections of cells and 
isolated cell walls also revealed differences between filamentous and 
yeastlike cell walls (Bartnicki-Garcia and Nickerson, 1962b). Filamen
tous cells showed a compact envelope of uniform thickness (0.05-0.1 fl) 
consisting of a single layer of solidly packed microfibrils arranged parallel 
to the surface of the cell. Yeastlike cells showed a much thicker cell wall 
(0.5-1.0 f') consisting of two distinct layers: an outer relatively thin, 
electron-dense layer with conspicuous microfibrillar structure, and a 
thick, more electron-transparent inner layer with a less distinct fibrillar 
appearance. It is difficult to interpret these differences in terms of cell 
shape at this time. It would be of interest to determine whether the outer 
layer of the yeastlike cell wall is the same as the single layer of the 
filamentous cell wall, and whether the inner layer occurring in the ycast
like cells represents an addition which may affect yeast shape. It would be 
hazardous to speculate too far, however, since, as Bartnicki-Garcia and 
Nickerson (1962c) have pointed out, these cells were necessarily grown 
under much different conditions, and gross differences may be due to 
mechanisms other than those immediately determining dimorphism. 

Since the yeast shape in Mucor rouxii was induced by CO2 in an 
anaerobic atmosphere, a biochemical explanation for the action of CO2 

was sought. Accordingly, the possibility that CO2 might be fixed into 
a metabolite implicated in yeastlike development was explored by Bart
nicki-Garcia and Nickerson (l96Zd). It was found that at the partial 
pressure of CO, inducing maximum yeastlike development (pCO, = 0.3), 
there was also maximum fixation of C140 2 , and maximum malic enzyme 
activity. The major product of CUO, fixation was found to be aspartic 
acid. These findings, though not completely conclusive, suggested the 
following relationships to the mechanism of dimorphism: the mannan
protein complex found in Candida albicans is notably rich in aspartic 
acid; the cell wall of the yeastlike form of M. rouxii contains increased 
amounts of mannan and protein. Hence, it was hypothesized that CO2 

fixation under anaerobic conditions may lead to increased formation 
of aspartic acid-containing mann an-protein complex. The validity of 
this hypothesis must await confirmation by further experiment. 

V. THE RELATIONSHIP OF DIMORPHISM 
TO PATHOGENICITY 

The generalization has been made that those fungi that are capable of 
causing infections of deep organs in man and higher animals are char
acterized by the capacity to develop in the yeast form, and the yeast 
form is that which is consistently found in infected tissues (Ainsworth, 
1955, 1958; Scherr and Weaver, 1953; Rippon and Scherr, 1959). This 
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is in contrast to the dermatophytes which cause superficial infections of 
the keratinized layers of the skin, and to fungi which cause plant infections. 
The dermatophytes are mycelial both in the infective stage and in culture, 
and do not have a yeast phase. Plant pathogenic fungi are principally 
filamentous; a few such as Taphrina and certain members of the Ustilagi
nales, have well-defined yeast phase, but it occurs only when growing as 
a saprophyte (Ainsworth, 1958). 

This correlation between yeastlike development and ability to cause 
deep mycoses has invited speculation as to the relationship between 
yeastlike development and pathogenicity. Ainsworth (1958) has rea
soned that since most of the systemic mycoses are exogenous, the poten
tiality to develop as a yeast may be an important factor in determining 
the ability of the fungi concerned to establish themselves as internal 
parasites of warm-blooded animals. He points out that the tissues may 
be looked upon as a relatively unfavorable environment for growth 
when host defense mechanisms are considered; most fungal pathogens 
of man and animals grow much more abundantly in vitro than in vivo. 
Therefore, it is possible to view the parasitic phase of the dimorphic 
fungi as the abnormal state, and yeastlike development may be a 
response to the less favorable conditions, just as is yeastlike development 
in Mucor under anaerobic conditions and high CO2 tensions (Section 
IV, B). Ainsworth points out that Candida albicans is different in that 
it is well adapted to both a saprophytic and a parasitic existence in higher 
animals, and so much pseudomycelium may be produced in tissues that 
its yeastlike character may be obscured. At any rate, if the parasitic 
state is the abnormal state for the dimorphic fungi, the ability to assume 
the yeast form might have survival value in that it is the one which allows 
the greatest number of reproductive structures with the least synthesis 
of new protoplasm, as suggested by Baker et al. (1943). 

Another aspect relating to the invasive mechanism of the yeast form 
of Blastomyces dermatitidis is to be recalled (Section II) from the work 
of Nickerson and Edwards (1949), who found that the yeast form con
sumed 5-6 times as much oxygen as the mycelial form; it was hypothesized 
that the greater energy potential exhibited by the yeast form may be 
related to its invasiveness in host tissues. 

The concept that the ability of a fungus to invade deep tissues usually 
depends on the capacity of the organism to exist in or have the potential 
for yeastlike growth was strengthened by Rippon and Scherr (1959). 
They reasoned that if a dermatophyte, which does not normally invade 
deep tissues, could be induced to assume a morphological and physiologi
cal state more consistent with that of the dimorphic pathogenic fungi, 
the organism might show enhanced pathogenicity for deep organs. This 
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was found to be the case; they were able to induce a morphological 
change simulating dimorphism whereby yeastlike "spherules" were formed 
in Trichophyton rubrum, Microsporum audouinii, and Cladosporium 
mansonii when cultured on gradient plates containing increasing concen
trations of cysteine. These spherical cells so obtained had enhanced 
ability to invade and form lesions of the liver, kidney, and spleen when 
injected into mice. The prevalence of lesions of these deep organs was 
correlated with the position on the cysteine concentration gradient from 
which the cells had been isolated. A similar type of morphological altera
tion was achieved by incubating suspensions of the dermatophytes in 
dialysis bags within the peritoneal cavity of rabbits; these cells also 
exhibited enhanced invasion of the deep organs in experimental animals. 

Scherr and Weaver (1953) have put forth the theory that since the 
yeast form of dimorphic fungi is best adapted to development in tissues, 
any agent that might bring about conversion to the mycelial form in vivo 
might be expected to arrest growth of the pathogen. This theory was tested 
by treating mice systemically infected with C. albicans with certain 
plant growth-promoting substances (auxins) which had been found to 
stimulate Y --:) M conversion in vitro. The results were negative, but 
the authors felt that the validity of this approach should not be discounted. 
It was pointed out that C. albicans may have been a poor choice for 
these studies, since this organism shows the concomitant existence of 
both forms is a culture grown at constant temperature; mycelial cultures 
contain yeast cells (blastospores) on the filaments. Moreover, while 
auxins may stimulate Y ----:0. M conversion ill vitro, there is no assurance 
that they would do so in vivo because of difficulty of access, enzymatic 
transformation, and other possibilities. 

While it seems clear that the yeast form is the invasive form in most 
of the dimorphic fungi, the situation with respect to C. albicans is con
troversial. As has been pointed out earlier, well developed pseudomycelia 
as well as budding yeast cells are observed commonly in tissues; the 
pseudomycelium itself characteristically has yeast cells attached (blasto
spores). Therefore it is difficult to make a decision as to the invasive 
form on the basis of microscopic examination alone. 

Mackinnon (1940) reported that C. albicans 582 (normal strain) 
was highly virulent for experimental animals whereas the filamentous 
mutant (C. albicans 806) derived from it was avirulent. Nickerson et al. 
(1956) isolated a selenite-resistant variant from C. albicans 806 which 
had regained the capacity for yeast type growth, and concomitantly had 
regained virulence for mice. Eisman et al. (1953) isolated a number of 
colonial variants of C. albicans and found that yeast cells from smooth colony 
types were more virulent to mice than filamentous cells which occurred 
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in a rough colonial strain. Winsten and Murray (1956) found that addi
tion of cysteine to cultures of a filamentous strain enhanced both yeast 
development and virulence. All these data would implicate the yeast 
form as the virulent one. 

On the other hand, there is evidence that the filamentous form is 
more invasive. Hill and Gebhardt (1956) found that yeast cells of 
C. albicans, when injected into a subcutaneous air pouch in mice, Changed 
to elongated pseudomycelia within 60 minutes; at later times, consider
able growth of filaments was observed. By contrast, nonpathogenic species 
of Candida did not do this. The filaments that were formed in the case 
of C. albicam' were less readily phagocytosed than the yeast cells. It was 
postulated that filamentation in vivo is of significance to virulence and 
that the transformation favors survival of the fungus by mechanical inter
ference with phagocytosis and by mechanical plugging of capillaries and 
arterioles. "'-

Gresham and Whittle (1961) reported that isonicotinic acid hydrazide 
inhibits mycelial formation by C. albicans both in vitro and in vivo. Rab
bits were not killed by C. albicans infection if a loading dose of INAH 
was given before injection, but protected animals showed small lesions. 
It was concluded that the mycelial form is invasive and that INAH confers 
a degree of protection by inhibiting mycelial formation. 

Taschdjian et al. (1960) have attempted to reconcile these seemingly 
contradictory lines of evidence by making the tentative inference that 
the yeast phase plays an essential role in tissue penetration, but that the 
mycelial phase may evoke the tissue reactions which characterize clinical 
candidiasis. This would explain the lack of virulence of permanently 
filamentous variants cited above. 

Heineman et al. (J 961) have postulated that the inflammatory re
sponse of the host plays a role in dimorphism in vivo. In a postmortem 
study of a fatal case of human C. albicans endocarditis, they found that 
a vigorous cellul ar exudate found in kidney and brain abcesses was 
associated with marked suppression of mycelial growth and exclusive 
appearance of yeast forms. Lack of host response in the valvular region 
of the heart and in the infarcted renal papillae allowed uninhibited growth 
of mycelial elements with chlamydospores. It was concluded that protec
tion of mycelia from inflammatory cells in a cardiac vegetation or a 
venous thrombus may be an essential stage in the initiation of systemic 
candidiasis. The observed ability of C. albicans to form chlamydospores 
in vh'o and survive under conditions lethal to other members of this 
genus was put forth as a possible explanation of its greater pathogenicity. 

Taschdjian and Kozinn (1961) suggested that C. albicans subsists 
saprophytically in human tissues under conditions that favor celi division; 
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invasion of host tissues is associated with at least partial inhibition of 
cell division, resulting in the presence of both mycelial and yeast cells. 
They pointed out that yeast morphology in vivo differs from that seen 
in vitro. In lesions, cells are ovoid, thin-walled, and have small vacuoles 
whereas in cultures, cells are more spherical, thick-walled, and have large 
vacuoles. They found that growth in serum resulted in mycelial cells; 
when grown in a serum dialyzate, typical tissue morphology was exhibited, 
which they denoted as TY 1M, indicating the simultaneous presence of 
"tissue yeast" and mycelium. Development of the tissue morphology 
was inhibited by an unidentified nondialyzable serum component. Taschd
jian and Kozinn tentatively concluded that conversion to tissue morphol
ogy was related to complete utilization of free amino acids and that 
some unidentified dialyzable serum component was essential for this 
purpose. Mycelial cells derived ill serum or by inoculation into a sub
cutaneous air pouch by the technrque of Hill and Gebhardt did not 
reduce triphenyl tetrazolium chloride. Therefore, it was implied that 
enzymatic pathways of cell division in vivo were different from those 
described for in vitro systems (Section IV, A). 

It is clear that it would be difficult to make any generalizations con
cerning the physiological basis of dimorphism in vivo with any degree 
of-confidence. Comparison of in vitro and in vivo experiments is fraught 
with pitfalls because of enormous differences in the complexities of the 
systems. Certainly, knowledge of virulence mechanisms in these organisms 
is rudimentary, and any conclusion to be drawn concerning dimorphism 
and pathogenicity must be speculative at this time. 

VI. CONCLUDING REMARKS 

Although the organisms discussed here present a diversified picture as 
to the physiological basis of dimorphism, there are similarities. There 
can be little doubt that oxidation-reduction potential and sulfhydryl com
pounds play a role in the determination of cell form; the evidence is 
suggestive in Histoplasma capsulatum and compelling in Candida albicans. 
It can even be speculated that the role of elevated temperature in deter
mining the yeast shape in Blastomyces may be related to increased gen
eration of reducing power. 

The role of a thiol-disulfide equilibrium in morphogenetic processes in 
many organisms is suggested, for various -SH and -ss reagents have been 
shown to effect morphogenesis in such different materials as amphibian 
eggs, regenerating tadpoles, planarians, and the unicellular alga Acetabu
laria mediterranea (Brachet, 1961). 

The concept of a specific cell-division enzyme put forth by Nickerson 
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and Falcone is an exciting one, since it is the first and only such enzyme 
system described. The generality of the key role played by such an 
enzyme in dimorphic fungi remains to be established. However, the 
characterization and partial purification of a protein disulfide reductase 
from pea seeds by Hatch and Turner (1960) may indicate widespread 
occurrence of this enzyme. 

The mechanism by which CO2 induces yeastlike development in Mucor 
rouxii, Sporothrix schenckii, and Histoplasma farciminosum is obscure. ]t 

appears to be independent of the thiol-disulfide equilibrium. Elucidation 
of the mechanism awaits further investigation. 
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Morphogenesis in the Myxomycetes 
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I. INTRODUCTION 

The Myxomycetes are funguslike organisms with a free-living, mobile, 
acellular, multinucleate, assimilative stage, the plasmodium, which becomes 
converted into one or more, often intricately constructed, sporophores that 
bear the spores. Upon germination each spore liberates one to four swarm 
cells or myxamoebae which divide repeatedly by binary fission and produce 
large populations of uninucleate, haploid, naked cells. Compatible cells 
tben fuse in pairs. Plasmodia are formed either by the growth of individual 
zygotes, in which repeated nuclear divisions take place, or by the coales
cence of zygotes successively or, perhaps, en masse. 

II. SPORE GERMINATION 

Three general types of spore germination have been observed in the 
Myxomycetes. One type, exemplified by Fuligo septica and other species 
in the order Physarales, consists of the gradual or sudden cracking of the 
spore coat forming a wedge-shaped opening through which the protoplast 
escapes. The second type, usually encountered in the members of the 
Stemonitales, is accomplished by the formation of a very small, irregular 
pore in the spore coat (Gilbert, 1929a,b; Koevenig, 1961a,b; Smart, 
1937). In Ceratiomyxa fruticulosa (McManus, 1958), the spore coat 
seems to dissolve and disappear. However, the spores of Ceratiomyxa are 

1 I am grateful to the National Science Foundation for financial assistance through 
Grant GB 2738 while this chapter was being written. 
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probably homologous with the sporangia of the majority of myxomycetes 
(Gilbert, 1935), and the spore coat must then be regarded as the peridium. 
Nevertheless, these structures do function as spores and each, upon germi
nation, liberates a naked protoplast. In spite of the above it must be noted 
that Smart (1937) has shown that environmental conditions govern to 
some extent the type of germination exhibited by a single species, and tbat 
Koevenig (1961 b, 1964) changed the germination of Physarum gyrosum 
from the split to the pore type by adding cellulase to the germination 
medium. 

Factors that favor spore germination have been investigated by several 
workers (Martin, 1940; Alexopoulos, 1963), but the most comprehensive 
study is that of Smart (1937), who found that temperature, pH, germina
tion medium, wetting and drying, and mass-spore effect were the most 
significant (see Chapter 23). Age of spores also has been observed by , 
several workers to affect the percentage and time of germination. However, 
both Smith (1<}29) and Elliott (1<}49), who recorded the age of the spores 
with which they worked, stated that the spores of some myxomycetes are 
capable of germinating even after prolonged periods of storage (see chap
ter on "Resistance and Longevity of Fungi" by A. S. Sussman in Volume 
III). The oldest specimen that Elliott used in his studies had been collected 
61 years before he germinated the spores. The time reqUired for germina
tion varies with the species. Freshly collected spores of Fufigo septica, for 
example, often will germinate in 15-20 minutes in distilled water at room 
temperature (2Y-25° C). Spores of other species, such as many cribrarias 
or trichias, may require 1 week, or even 2 weeks, for germination. 

An important criticism of spore germination experiments heretofore per
formed is that no attention has been paid to the sporangium from which 
the spores were collected. In studies of the germination of single sp"res 
obtained from individual sporangia of Didymium iridis produced in arti
ficial culture, Collins (1961) showed that germination varies from 0 to 
100% depending on the sporangium selected. Although the numbers of 
spores used were much too small for definite conclusions to be reached, 
these observations suggest that the sporangium is an important factor and 
may very well explain the discrepancy in results reported for the same 
species by different authors (Alexopoulos, 1963). 

Whether hydrostatic pressure, created by water absorption and swelling 
of the protoplast, or enzymatic action, or botb, is responsible for the actual 
germination of the spore has not been established. It would appear that 
the hydrostasis plays a greater part in type 1 germination and the enzymatic 
action in types 2 and 3, but it is probable that both are partially involved 
in all three types of germination. Koevenig's (196lb, 1964) results with 
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Physarum gyrosum indicate that cellulase may be a factor in spore germi
nation. 

Ill. MYXAMOEBAE AND SWARM CELLS 

A. Development 

When a spore germinates it liberates one to four naked cells. These may 
be myxamoebae or swarm cells. A swarm cell is a flagellated myxamoeba. 
The two stages are interconvcrtible, a relatively dry environment (absence 
of free water) usually favoring a myxamoebal condition, and the presence 
of free water often inducing the formation of flagella. Nevertheless, it must 
not be considered that the change from myxamoeba to swarm cell, and 
vice versa, may be induced in all species by supplying or withholding water. 
Ross (I 957b) has proposed three general types of life cycle which he has 
called briefly flagellate, flagellate, and completely flagellate. All species do 
not strictly conform to the types of life cycle proposed by Ross, but the 
categories he has defined are useful in a general way. In the first of these 
tbe amoebal stage predominates. Once the flagellates are converted to 
myxamocbae, reversion to the flagellate condition usually does not occur. 
In the second type the flagellate condition predominates but interconver
sion between flagellate and amoeboid stages does take place. It appears 
~l:':~t4--itI-ihis case, the environment more or less governs the formation of 
flagella at any time during the naked, haploid stage. In the third type the 
amoeboid stage is absent or greatly restricted. 

What stimulus initiates the formation of flagella is not known. It appears 
that the presence of water alone may be sufficient to evoke their develop
ment (Kerr, 1960). Research in progress by Aldrich in our laboratory in
dicates that in Didymium iridis the basal bodies are present not only in 
the swarm cells, but also in the resting spores. It has been demonstrated 
that optimum conditions for the development of flagella in D. nigripes are 
provided by a medium with a pH of 9.1 containing 0.05 M NaHCO", and 
that streptomycin at concentrations no greater than 100 I1g/ml inhibits 
flagellum formation both in this species and in Physarella oblonga (Kerr, 
1960, 1965). 

The old controversy concerning the number of flagella which a mature 
swarm cell carries need not be reviewed in detail here. The evidence for 
a biflagellate condition is abundant and the examination of thin sections 
with the electron microscope reveals a biflagellate condition in Didymium 
iridis, Stemonitis nigrescens, Comatricha typhoides, Physarum flavicomum, 
etc. (Aldrich, 1965). Aldrich has demonstrated also that the lIagella of the 
species he has examined exhibit the 9 + 2 fibrillar arrangement, as might 
be expected. 
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B. Syngamy 

Although the occurrence of apogamy in myxomycetes cannot be ruled 
out, every species that has been critically investigated initiates its plasmodial 
stage through syngamy and the formation of zygotes. The controversy con
cerning syngamy, and the place of karyogamy in the life cycle, is of long 
standing and is so important in understanding development in the Myxo
mycetes that it warrants detailed treatment here. Beginning with Cienkowski 
(1863) many investigators had observed fusing cells in several species. 
But it was after the work of J ahn (1911) that syngamy as we think of it 
today was accepted as the phase of the life cycle which initiates the 
diploid condition. At the same time, a number of workers-among them 
von Stosch (1935, 1937), Luyet (1950), and Gehenio and Luyet (1950) 
more recently-have insisted that at least some species are apogamic. 
Moewus (1943), in discussing this situation pointed out the necessity for 
careful and painstaking observations before ap0j¥my can be claimed. 
Although it is impossible to prove a negative proposition, it is noteworthy 
that for every claim of apogamy there is at least one observation of syngamy 
in the same species. Of course, it is always possible that apogamic strains 
may develop in any species, but Jhe evidence for syngamy as a prerequi
site for plasmodium formation is overwhelming (Martin, 1940; Alex
opoulos, 1963). The recent discovery of heterothallism in several species 
leaves no doubt about the necessity of syngamy for plasmodial formation 
in those species. Heterothallism now has been established as occurring 
in Physarum polycephalum (Dee, 1960, 1962), P. f/avicomum (Henney, 
1965; Aldrich, 1965), P. pusillum (Collins, 1962; Collins et al. 1965), 
Fuligo septica (Alexopoulos and Henney, 1965), Didymium iridis (Alex
opoulos and Zabka, 1962; Collins, 1961; Mukherjee and Zabka, 1964), 
Comatricha laxa (Wollman, 1966). 

Although the occurrence of syngamy in myxomycetes has been abun
dantly demonstrated, the method by which it occurs is still not entirely 
clear. In some species fusion of amoebae in pairs results in an amoeboid 
zygote (Jahn, 1911; Ross, 1957b); in others, fusion of swarm cells ap
pears to be the rule (M. Wilson and Cadman, 1928; Abe, 1934; Howard, 
1931; McManus, 1961 b; Ross, 1957b; Kerr, 1961). In still other species 
some investigators report fusion of amoebae and others report fusion of 
swarm cells (Howard, 1931; Jahn, 1911; Koevenig, 1961 a,b). Skupien
ski (1926, 1927) found that in Didymium difforme either swarm cells or 
myxamoebae may fuse. Kerr (1961) and Koevenig (1961 a,b, 1964) 
reported the same situation in D. iridis and Physarum gyrosum, respectively. 
In the "brielly lIagella!e" type of life cycle, Ross (l957b) states that only 
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amoebae fuse, whereas in the other two types plasmogamy is said to occur 
through fusion of swarm cells. It is probable, however, that several species 
may employ either method, depending on the environment. McManus 
(1961a) and Benedict (1962) have given evidence which may indicate 
that in Stemonitis fusca syngamy occurs between a myxamoeba and a swarm 
cell. This is in contradiction to Ross' (1957b) finding that pairs of swarm 
cells fused in this species. 

There is another question with regard to plasmogamy that has not been 
resolved satisfactorily. Although it is usually stated that only two cells are 
involved in syngamy, there have been persistent reports of multiple fusion 
of cells at this stage of the life cycle. From Cienkowski to the present time, 
workers have often reported fusion of three or more swann cells in various 
species of myxomycetes. Skupienski (1927) and Cadman (1931-1932) 
observed this in Didymium, as "did M. Wilson and Cadman (1928) and 
Koevenig (1961 b, 1964) in Reticularia, Gilbert (1935) in Ceraliomyxa, 
Koevenig (l961b, 1964) in Physarum, etc. Wollman (1966) most recently 
stresses the frequency of the clumping of swarm cells in her cultures of 
several species of Comatricha. Without claiming that multiple fusion oc
cur~_.she does point out that in her cultures the clumps of swarm cells 
are characteristically formed at the time of plasmodium formation. How
ever, she noted such clumping even in clonal cultures of the heterothallic 
C. laxa, an observation that may indicate that the clumping reaction is in
dependent of sexual fusions, as cells within a clone of a heterothallic strain 
are sexually incompatible. Ross (1957b) in his study of syngamy in many 
species did not report multiple fusion and appears to be satisfied that only 
two gametic cells fuse to form a zygote. 

Most workers who have investigated the nuclear cycle of myxomycetes 
are convinced that karyogamy follows plasmogamy and results in a uni
nucleate. diploid cell, the zygote. In recent years, Ross (1957b) concluded 
that this is the situation in the 19 species he investigated. However, he 
based his conclusions on stained preparations. Koevenig (1961b) actually 
proved through phase cinephotomicrography that karyogamy follows plas
mogamy in Physarum gyrosum. Howard (1931) and Guttes el al. (1961), 
working with P. polycephalum, also reported karyogamy in the fusion 
cell. However, Dee (1962) found the same amount of DNA in the nuclei 
of the amoebae and the plasmodia of this organism and suggested, as had 
Skupienski (1926, 1927) and Schiinemann (1930) previously, that 
karyogamy may be considerably delayed. Dee pointed out, at the same 
time, that the accuracy of her densitometer was not great and that her 
measurements were subject to considerable experimental error. A definitive 
answer to this interesting question has recently been given by Therrien 
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(1965) for four species, three of which are heterothallic. Measuring the 
DNA in Feulgen-stained nuclei spectrophotometrica1ly, Therrien found 
that the plasmodial nuclei bave twice the amount of DNA present in the 
myxamoebae. In the heterothallic species the sum of the mean DNA in 
the two mating types almost exactl y equaled the amount of DNA measured 
in the plasmodial nuclei (Fig. 1). In the bomothallic species (Didymium 
nigripes) he found two sizes of amoeboid cells in his cultures, the nuclei 
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FIG. 1. PhYSIlTllII! pllsillum. DNA in the nuclei of various stages of the life cycle 
(L.C.) . Myxamoebac of mating type a contain more D N A than those of mating 
type A. Quantity of DNA in the nuclei of the malllre spores (/11) is intermediate 
between tbe amount in the nuclei of the myxamoebae of the two mating types. 
From Therrien (1965). 

of the larger cells containing double the amount of DNA present in those 
of the smaller cells. He logically concluded that the large celJs were zygotes. 
It is of considerable interest that the two mating types had different 
amounts of DNA in two of the three heterotballic species he investigated. 
In the third one, bowever, he found no measurable difference. Therrien's 
resul ts leave no doubt that in Didymium nigripes karyogamy precedes 
plasmodjum formation, and they support the view that this is also the 
case in the three other species he investigated ( D. iridis) Physarum flavi
comum, and P. pusillum). 
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IV. THE PLASMODIUM 

A. Plasmodium Formation 
Only about 10% of the known species have been cultured in the 

laboratory from spore to spore. The failure to grow many species is chiefly 
due to ignorance of the factors that induce plasmodium formation. Ale 
though usually there is little difficulty in germinating spores and growing 
large populations of myxamoebae or swarm cells, the conditions necessary 
for the continuation of the life cycle often cannot be provided. 

Some species initiate plasmodia by the growth of the zygotes which 
undergo karyokinesis without cytokinesis. Several workers have demon
strated nuclear divisions in stained preparations of cells presumed to be 
zygotes, but since the cells had been fixed, could not prove that cytokinesis 
would not follow. Still others had demonstrated two simultaneous nuclear 
divisions in binucleate single cells but could not prove that these binucleate 
cells had not arisen by cyiopJasmic fusion of two zygotes or myxamoebae. 
It remained for Koevenig (1961b) to furnish rigorous proof of the for
mation of a four-nucleated plasmodium in Physarum gyrosum from a 
uninucleate cell by filming the process with phase cinephotomicrography. 
Since he had also filmed nuclear division followed by cytokinesis in 
myxamoebae, the evidence that the plasmodium-forming cells were zygotes 
was conclusive. 

According to Ross, in the "briefly flagellate" type of life cycle, plasmodia 
are formed by the aggregation and fusion of zygotes. In the center of such 
aggregations may be seen larger cells which are minute plasmodia. Whether 
these have been formed by the growth of single zygotes or by the fusion of 
two or more has not been determined. That zygotes do fuse with one 
another and with small plasmodia has been well established. Koevenig 
(l961a,b, 1964) observed the fusion of two zygotes and filmed the fusion 
of a zygote with a binucleate plasmodium. The two types of plasmodium 
formation, therefore, differ in that an aggregation stage precedes plas
modium formation in one type, whereas in the other, individual zygotes 
develop into plasmodia and only by chance do they fuse with other zygotes 
with which they come in contact. The stimulus which causes aggregation of 
zygotes in the "briefly flagellate" type of life cycle has not been determined. 

B. Structure of Plasmodium 

Three general types of myxomycete plasmodia, the phaneroplasmodium, 
the aphanoplasmodium, and the protoplasmodium have been described 
(Alexopoulos, 1960) (Fig. 2). The phaneroplasmodium, exemplified by 
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the well-known plasmodium of Physarum polycephalum, has been most 
studied. It is the plasmodium often seen in nature in its active state and 
the one which typifies-unfortunately to the exclusion of the other types
the assimilative stage of myxomycetes in the minds of most biologists. The 
phaneroplasmodium begins as a minute amoeboid structure which, at first, 
exhibits slow, irregular streaming. As it grows, its anterior end spreads out 
into a fan-shaped region and definite polarity is established. A system of 
channels now develops in the plasmodium and as it grows it differentiates 
into a network of veins, each with a thick, jellified region surrounding an 
inner fluid core which exhibits rhythmical, reversible streaming. Under 
optimum conditions of growth the fan becomes a fleshy sheet in which 
the protoplasm flows in well-defined channels. The protoplasm of the 
phaneroplasmodium is highly granular, rendering the plasmodium easily 
visible to the unaided eye when it reaches a size of about 0.5 mm. The 
phaneroplasmodium is characteristically associated with the order Phy
sarales. 

"-
The aphanoplasmodium"'-associated with the Stemonitales-grows to a 

considerable size. Soon after it reaches about 100-200 f1 in diameter, it 
begins to elongate and to produce long, hyphalike extensions in which 
reversible rhythmical streaming may be detected. As the plasmodium grows, 
the strands branch, but do not anastomose until later, so that for some 

'time they end abruptly. Eventually, anastomosis takes place and a large 
meshed network is formed. In some species, at least, one or more ad
vancing fans then develop. The younger strands of an aphanoplasmodium 
are not clearly differentiated into jellified and fluid protoplasm but are 
delimited by an extremely thin membrane which resembles a thin hyphal 
wall. Only when the major strands have attained considerable thick
ness can a nonstreaming region be detected. The large strands are often 
surrounded by small strands which originate from the former and appear 
to form a tubular net around them. The protoplasm in the strands of an 
aphanoplasmodium is much less granular than that in a phaneroplasmodium 
and renders the former difficult to see by reflected light. Aphanoplasmodia 
seem to prefer moist conditions and thrive throughout their existence 
under a layer of water. Many are so sensitive to dry conditions that they 
sclerotize as soon as they are deprived of a covering film of water. 

The protoplasmodium appears to be a primitive type, which retains 
the juvenile characteristics of a phaneroplasmodium throughout its life. 

FIG. 2. Major plasmodial types. (a) Protoplasmodium (Echinostelium minulUm) 
(from Alexopoulos, 1962), (b) Aphanoplasmodium (Comatriclw noduli/era), (c) 

Phaneroplasmodium (Physarum gyrosum) (from DoyLe, 1964). Photographs by C. J. 
Alexopoulos. Magnification: (a) X 864; (b) X 288; (c) X 1.62. 
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It never grows to a large size, and in some species it divides before it 
reaches a diameter of 1 mm. Streaming in a protoplasm odium is irregular 
and slow; there are no veins or fans produced, but pseudopodia may be 
extended and withdrawn irregularly over the surface. A protoplasmodium, 
when it fruits, typically produces but a single minute sporangium. The 
method by which protoplasmodia form has not been determined. It is 
probable, but not certain, that they form by the growth of single zygotes. 
Protoplasmodia are characteristic of the small order Echinosteliales but 
are also produced by some species with minute sporocarps in some other 
orders. 

A fourth type of plasmodium, intermediate in many respects between 
the aphano- and the phaneroplasmodium has been described briefly by 
Alexopoulos (1960) and more recently by McManus (1962). As more 
and more species arc grown in artificial culture and their plasmodia are 
studied, more types will undoubtedly emerge. For example, Licea hiforis 
appears to have a plasmodium intermediate between the phanero- and 
protoplasmodial types (Wollman, 1966). From our present knowledge, 
however, it seems that the three types discussed in the previous paragraphs 
are major centers from which other types may have been derived. 

C. Physiology and Biochemistry of the Plasmodium 

Much knowledge has accumulated concerning the biochemistry and 
physiology of the plasmodium of Physarum polycephalum, but not of the 
plasmodia of other species. It is outside the scope of this treatise to delve 
into the physiology of the plasmodium except when it relates to morpho
genesis, but a short summary of our knowledge might be desirable here. 
The most significant discovery with regard to the motive force behind 
protoplasmic streaming in the plasmodium of P. polycephalum relates to 
at least two contractile proteins (myxomyosin and myosin B). Both undergo 
a reversible change in viscosity when allowed to react with ATP (Ts'O 
et al., 1956a,b, 1957a,b; Nakajima, 1964). Inasmuch as protoplasmic 
streaming is intricately linked with plasmodial migration, it is interesting 
to note here that potassium, which plays an important role in the migration 
of the plasmodium, (Anderson, 1962, 1964) appears also to be necessary 
for the response of myxomyosin to ATP. 

Concerning the nutrition of the plasmodium, little is known beyond the 
requirements of P. polycephalum. Even so, these data are of considerable 
importance because this is the only plasmodium which has been grown, 
thus far, in axenic culture on a chemically defined medium. Such a medium 
contains inorganic salts, glucose, citric acid, various amino acids, and 
hematin (Daniel and Baldwin, 1964). Unfortunately, other species do not 
respond similarly to this medium (Ross, 1964). 
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Plasmodial nuclei multiply by synchronous mitosis which is nearly ab
solute under rigidly controlled conditions (Guttes el at., 1961). When 
several microplasmodia with different mitotic rhythms are permitted to 
coalesce, a single rhythm is established within the whole plasmodial mass 
in about 6-7 hours, which represents about one-half of the interphase 
time. According to Nygaard et aZ. (1960). in the plasmodial nuclei syn
thesis of DNA occurs within a period of 1-2 hours following mitosis and 
then ceases. However, RNA synthesis continues at a more or less even rate 
throughout the mitotic cycle. 

D. Sclerotizarion 

Sci erotization in myxomycetes may be regarded as a rapid response 
to unfavorable conditions which keeps the organism alive until favorable 
conditions return. Among the conditions which induce sclerotial formation 
in Physarum polycephalllm the following appear to be most important: 
gradual desiccation, low temperatures, high osmotic pressure. low pH, and 
sublethal doses of heavy metals (Jump. (954). If the desiccation process 
is completed in less than 4 hours, the sclerotia formed will not be viable 
(Hodapp. 1942). Sclerotization in P. polycephalum begins with cessation 
of streaming and, under certain conditions, aggregation of plasmodial 
strands. Gelation of the whole structure follows and the nuclei are re-

FIG. 3. Sclerotizing plasmOdium of Arcyria cinerea. Photograph by C. J. Alex
opolLlos. Magnification: X 400. 
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distributed. Walls are now laid down which compartmentalize the plas
modium into a large number of macrocysts varying in size from IOta 25 ~l 
in diameter. each containing from 0 to 14 nuclei. Upon completion of 
macrocyst formation, the sclerotium hardens and the nuclei shrink to about 
one-half their original diameter. Such sclerotia remain viable for 1-3 years. 
Rehydration of the sclerotium reverses the process of sclerotization where
upon the sclerotium regains its plasticity, the nuclei enlarge to their normal 
size, the macrocysts merge, and streaming is resumed. 

The process of sclerotization appears to be somewhat different in aphano
plasmodia. Instead of the strands aggregating, they segment and the entire 
plasmodium becomes converted into a large number of disconnected 
macrocysts distributed according to the pattern of the plasmodial network at 
the time of sclerotization (Alexopoulos, 1960; Wollman and Alexopoulos, 
1964) (Fig. 3). Upon return to favorable conditions, the macrocysts 
merge and the plasmodial net is reconstituted. Although desiccation brings 
about rapid sclerotizati<m of aphanoplasmodia, other unknown factors 
sometimes have the same effect, for aphanoplasmodia have been seen to 
sclerotize in culture under water. When this occurs, the macrocysts do not 
revert to the plasmodial stage under any known conditions. 

Protoplasmodia encyst in the manner of amoebae under unfavorable 
conditions. 

V. SPORULATION 

A. Induction 

Although many factors have been linked with sporulation by various 
authors, the conditions that actually trigger the process remain unknown. 
In nature, plasmodia often live between the bark and the wood of decaying 
logs, but their fruiting bodies are mostly formed on the surface of the 
bark or on the exposed wood where the bark has been stripped off. What 
causes the plasmodium to emerge before fruiting is not known. 

In artificial culture, too, many species appear to be unpredictable in 
their fruiting habits. Notorious among these is Fuligo septica, a common 
and widespread myxomycete, which can be cultured easily from spores 
to the plasmodial stage. Eventually it fruits, but no one has been able to 
determine the conditions which bring about sporulation. In the most recent 
study on this species, Scholes (1962) reached the conclusion that the only 
factor, among those she studied, which appreciably influenced sporulation 
was age of the culture. It has been noted by a number of investigators that 
sporulation in axenic myxomycete cultures, if indeed it takes place at all, 
often is greatly delayed over that in synxenic cultures. However, Daniel 
and Rusch (1962a) have discovered factors which induce sporulation in 
Physarum polycephalum, in axenic culture. These authors distinguish be-
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tween the growth medium in which the plasmodia have been growing and 
the sporulation medium to which, after they attain a certain age, they must 
be transferred in order to fruit. The sporulation medium must contain 
niacin, niacinamide, or tryptophan, although some other substances may 
be substituted (Daniel and Rusch, 1962b). The role niacin plays in the 
sporulation process is not known, but Daniel and Baldwin (1964) state 
that "it appears that niacin or a distal metabolite of niacin may induce 
anabolic pathways whose products are essential for sporulation." 

Gray (1938, 1941, (953) is usually credited with the discovery that 
light is required for sporulation of pigmented plasmodia. He found that 
the optimum wavelength for the sporulation of P. polycephalum is 436 mr'. 
Daniel and Rusch (1962a) confirmed Gray's work by showing that in 
axenic culture a minimum of 2 hours' exposure to light was an absolute 
requirement for spprulation and that the optimum wavelength lies between 
350 and 500 mIl. Tlnl yellow plasmodium of P. nudum sporulates when ir
radiated with wavelengths between 330 and 560 m!', but the higher range 
(417-560 mf'), at tbe optimum intensity, is more effective tban the lower 
(330-400 mil) (Rakoczy, 1963) . 
• That the plasmodial pigments may be involved in the photochemical 

/reaction is suggested by the fact that in acid tbe absorption peak of the 
yellow pigment suspected to be the photoreceptor in P. polycepha/urn is 
approximately 415-430 m!, (Daniel and Rusch, 1962a; Gray, 1953; Wolf, 
1959). How light brings about sporulation is not known, but certain chemi
cal reactions induced in the plasmodium by light have been reported. A 
"point of no return" past which the plasmodium of P. polycephalum "com
mits itself to sporulation" is reacbed after 18 bours of illumination at 25°C 
(Zeldin and Ward, 1963a,b). Although no morphological cbanges are 
evident at that time, acrylamide gel electropboresis of illuminated plas
modial extracts revealed a 60% decrease in tbe activity of a specific a
amylase after the critical point, and a further decrease as morphOlogical 
changes take place. Still and Ward (1963) showed that an enzyme, other 
than indole-3-acetic acid oxidase, was present in the plasmodium of P. 
polycephalum but was inactivated during a 20-hour period of illumination. 
Ward (1958) found a shift in oxidases from ascorbic acid to cytOChrome 
oxidase as the organism proceeds from the plasmodial to the spore stage. 
In his own words: "Whereas there is apprOXimately three times as much 
cytochrome oxidase activity in spores as in plasmodia, there is approxi
mately six times as much ascorbic acid oxidase activity in the plasmodia 
as in the spores." Finally, on the basis of Ward and Havir's (1957) in
vestigation of certain enzyme systems involved in melanin production dur
ing spore formation, Ward (1959) suggests "the possibility that sporulation 
can be triggered by the inactivation of -SH groups in the intact plasmodium." 
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B. Development of the Sporophore 

Almost all that is known concerning sporophore development in myxo
mycetes is based on studies of the Physarales and the Stemonitales. There
fore the following brief discussion must be confined to these two orders 
with only the briefest reference to other groups. 

1. The Physarales 

When the plasmodium passes the "point of no return" in its biochemical 
progress toward sporulation, morphological changes begin to take place. 
The phaneroplasmodium, as exemplified by that of Physarum polyeephalum 
and other members of the Physarales, flows into the already fleshy, spread
ing fans concentrating its protoplasm into a thick, continuous layer (How
ard, 1931; Welden, 1955). In pure culture, the strands of P. polyeepha/um 
assume an undulating appearance (Guttes el al., 1961). The plasmodium 
then becomes cleaved into a nld...mbcr of pulvinate masses or nodules which 
soon begin to elongate into piHarso_ No geotropic effect is evident, elon
gation being perpendicular to the surface of the substratum. Pigment and 
other granutes are concentrated into the central axis of the pillars. aud~ 
gradually, the sporangium becomes differentiated at the top of each pillar 
as an enlarged mass, the base of which appears to be constricted. This 
constriction is partly due to the shrinking of the rnaterial composing the 
stipe. This is composed of (I) a tough, irregular lamellate wall, (2) a 
foamlike cylinder of protoplasm, and (3) a central core of granular 
material responsible for the rigidity of the stipe (Howard, 1931; Welden, 
1955). It is important to note, as Ross (l957a) has emphasized, that 
there is a continuous membrane on the outside of the sporangial initials 
and that the hypothallus, which is continuous with the stalk, is formed 
on the upper side of the plasmodium and is laid down on the substratum 
as the protoplasm moves upward on the inside. The sporangium at this 
stage is covered by a double-walled peridium and is filled with frothy 
protoplasm in which a vacuolar system is being organized. 

2. The 5lemanita/es 

Prior to fruiting, the aphanoplasmodium is flat and difficult to see. As 
it grows older and larger it forms definite fans at the advancing edges and, 
as fruiting approaches, the hitherto colorless and transparent protoplasm 
becomes opaque, and thickens and flows together, forming coralloid masses 
(Alexopoulos, 1959, 1960). As the sporangial primordia begin to form, 
the hypothallus j, deposited directly on the substratum on the underside 
of the plasmodium (Ross, 1957a). The sporangial primordia, in the form 
of small pulvinate papillae, now deposit fibrous strands internally on the 
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hypothallus on which they rest and the protoplast begins to move slowly 
up the stalk, continuously adding material to the tip of the stalk as it moves 
upward (DeBary, 1887; Jahn, 1931;Ross, 1957a, 1960; Goodwin, 1961). 
When the final height is reached, the protoplasm forms a sphere at the 
apex of the stalk but continues to deposit material internally, thus forming 
the columella in species in which this structure is present. The membrane 
which surrounds the protoplasmic sphere is now the thin, transparent 
peridium characteristic of the developing sporangia of Comatricha and 
Lamproderma (Goodwin, 1961; Ross, 1960). Thus, there is a fundamental 
difference in the origins of the hypothallus, stalk, and probably peridium, 
as exemplified by the few genera that have been studied, between the 
Stemonitales and the Physarales. 

C. Capillitium .Development 

Inside the fructificatiCn of many myxomycetes there is, in addition to 
the spores, a system of threads forming the capillitium. These threads are 
free or united into an open or dense net. Although the capillitium often is 
thought to be fanned by the deposition of waste products, such a view 
te~ds ~not to recognize that its structure is characteristic and constant for 
each species and that the capillitial system, by virtue of properties like 
hygroscopicity or elasticity, often plays an important role in the dispersal 
of the spores. 

In the Physarales the capillitium is formed by the excretion of various 
products, including CaCO", into a network of vacuoles connected with 
invaginations originating at the peri dial walls. This system transports 
material to the outside, but retains a sufficient amount to form the capilli
tial threads. In Didymium iridis, the sporangium expands and encloses the 
tip of the stalk. The protoplasm adjacent to the tip is cut off from the rest 
of the sporangium, disintegrates, and becomes deposited on the apex of 
the stalk, forming the columella (Welden, 1955). The nature of the capil
litial threads remains unknown, but in D. nigripes they appear to be solid 
with a dense periphery and a less dense but solid, layered central core 
(Schuster, 1964). 

In the Trichiales the capillitium is also formed as a result of a system 
of vacuoles (Strasburger, 1884; Harper and Dodge, 1914), but it appears 
that the material from which it forms is deposited by the protoplasm on the 
walls of the vacuolar network. . 

Whether in the Stemonitales the capillitium is deposited in or on a vacu
olar system is not certain. Bisby (1914), who studied microtome sections 
of Stemonitis fusca, believed that the capillitium was formed by "the depo
sition of hollow threads by plasma membranes lining tubular capillary 
spaces." He described such capillary spaces as invaginations originating 
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both from the peridial membrane and from the columella. Neither Ross 
(1957a, 1960) nor Goodwin (1961) found evidence of vacuolation or 
invagination in Stemonitis, Lamproderma, or Comatricha. These workers 
mounted whole sporangia at various stages of development in Hoyer's 
medium or squashed them in aceto-orcein. Jt is possible that the difference 
in teChnique was responsible for the different interpretation. In Coma/richa 
and Lamproderma. when the full height of the fructification has been 
reached, the fibers which comprise the stipe and columella begin to bend 
out, and they continue to do so until the columella reaches its full length. 
The fibers now elongate and branches arise from them. Anastomosis takes 
place, and within a few hours the entire capillitial system has been 
formed. In Stemonitis, two capillitia] systems are formed, one originating 
at the periphery of the sporangium ~nd forming the surface net, and the 
other from the columella as described· above. The two fuse when the 
branches from the columella reae., the peripheral capillitium. 

The structure of the fibers in the Stemonitales is not known. Ross 
speaks of tubules; Goodwin states that she found no evidence that capilli
tial threads are tubular and considers them to be solid. Only the electron 
microscope will resolve this question. Nor has the chemical composition 
of the capillitium been determined. Cihlar (1916) reported chitin in the 
capillitium of S. {usca and von Wettstein (1921) found cellulose in the 
membranes of Comatricha and Slemonilis. Goodwin identified cellulose but 
not chitin in the stalk and capillitium of the three species of Comalricha 
she studied. All these conclusions were based on microchemical tests. It 
remains for X-ray diffraction studies and chemical isolation to provide 
definitive answers to these interesting questions. 

D. Spore Formation 

At the completion of, or during, capillitium formation, nuclear division 
takes place in the sporangium (Howard, 1931; Ross, 1960). Whether one 
or two divisions occur at this point is a matter of dispute linked with the 
whole controversy as to where meiosis occurs in the life cycle of the 
Myxomycetes. The three principal views are: (1) that meiosis takes place 
just preceding spore delimitation; (2) that it occurs during spore matura
lion; and (3) that the first meiotic division occurs in the sporocarp just 
before spore formation and the second takes place later, probably in the 
spore before or during germination. The reader is referred to Martin 
( 1940) and Alexopoulos (1963) for a detailed review of the literature 
concerning meiosis. All workers agree that in Ceratiomyxa meiosis takes 
place in the spores during germination, but there is great disagreement 
about the endosporous species. The most important contributions to this 
question in recent years are those of von Stosch (]935, 1937), C. Wilson 
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and Ross (1955), Ross (1961), and Therrien (1965). C. Wilson and 
Ross, and subsequently Ross, using classical cytological methods, counted 
chromosomes and concluded that meiosis occurs, in all species they investi
gated, just before the spores are delimited in the fruiting body. Therrien 
reached the same conclusion for four species, on the basis of measurement 
of DNA content at different stages (Chapter 18). He found the spores to be 
typically uninucleate, and the amount of DNA in the nuclei of the mature 
spores to be half that in the nuclei of the plasmodium. Furthermore, in two 
species, he found the amount of DNA in very young spores just after 
cleavage to be about half that present in the nuclei of the mature spores. 
He concluded that the nuclei of the plasmodium pass 90% of their inter
phase time in the diploid 4c condition, that the nuclei in the postcleavage 
spores are in the haploid Ie condition, and that the mature spores are in 
the 2c condition and remain so until germination. The opposite view is 
held by von Stosch (1935, 1937) who, using classical cytological methods, 
reported that in species in which meiosis is a part of the life cycle it takes 
place in the spores and that one nucleus disintegrates after each division, 
leaving the spores uninucleate and haploid. Von Stosch insisted, however, 
that some isolates go through their life cycle apogamously. 

Therrien's conclusions for the four species he investigated are in agree
ment with the general conclusions of Wilson and Ross and of Ross, referred 
to above. It is of further interest to note here that electron micrographs by 
Carroll and Dykstra (1966) seem to demonstrate clearly the occurrence 
of synaptinemal complexes in a developing sporangium of Didymium 
iridis (Fig. 4). 

Mycologists have generally assumed that the Myxomycetes is a fairly 
homogenous group and that the nuclear cycle must, therefore, be the same 
in all endosporous species. Only further research employing various tech
niques and a large number of species will show whether this assumption is 
warranted. It is certainly possible that some of the endosporous species 
follow the nuclear cycle pattern of Ceroliom),xa, as Von Stosch's results 
indicate. 

After meiosis, the protoplasm cleaves into uninucleate portions which 
are the young spores. In D. nigripes these already possess around their 
peripheries more or less evenly spaced projections with a granular con
sistency which become the spines of the mature spores. Two walls are now 
laid down, the inner wall giving a positive test for cellulose. The outer 
wall, of which the spines are a part, does not give a cellulose reaction, but 
may contain chitin (Schuster, 1964). 

Thus, the developing spores in the few species that have been investi
gated are typically uninucleate. However, nuclear divisions ~ave been 
reported in the spores of various species so that the mature, restmg spores 
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FIG. 4. Didymium iridi8. Section through a sporangium at the rime of sporulation 
showing synaptionemal complexes. From Caroll and Dykstra ( 1966). MagnificMion: 
X 11,799. 

may contain 1- 4 nuclei and give rise to 1-4 protoplasts upon germination. 
!n a recent electron microscopic study of the spores of Arcyria cinerea, 
Carron (1965) photographed a thin section of a spore which clearly 
shows 8 nuclei (Fig. 5). Whether this is the usual pattern for A. cinerea, 
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FIG. 5. A rcyria cinerea. Seclion through a mature spore showing Il nuclei. 
Electron micrograph by G. Carroll. Magnification X 9,268. 

or merely an unusual development with little general significance. remains 
to be seen. :! 
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NOTES ADDED IN PROOF 

Schuster [Protistologica 1:49-57 (1965)] was able to confirm the pres
ence of centrioles reported by Cadman (1931-1932) in the myxamoebae of 
Didymium nigripes, but could not find them in the spores. Aldrich [Ph. D. 
dissertation, University of Texas (1966)] has now demonstrated their 
presence in the spores of Physarum fiavicomum as well as in D. iridis (see 
p. 213). At the time of transformation of the myxamoebae of D. nigripes 
into swarm cells, polarity is established and "the centrosphere (Golgi plus 
centrioles) located on the nuclear membrane, comes to define what is to be 
the anterior end of the flagellate" (Schuster, loco cit.). The now elongated 
nucleus assumes a position in the anterior portion of the elongating cell. 
The Golgi apparatus is located between the kinetosomes (derived from the 
centrioles), at the tip of the cell, and the nucleus. Both Schuster and 
Aldrich have now shown (the fo-'Cmer in P. cinereum and D. nigripes, the 
latter in P. fiavicomum and D. iridis) that the flagella are constructed, as 
might be expected, on the 9+2 pattern. 

In his electron microscope study of the life cycle of P. fiuvicomum, 
Aldrich (loc. cit.) has found synaptinemal complexes in IS-hour-old 
spores. On the basis of this evidence he concluded that the 2 divisions he 
found occurring in the young spores represent meiosis. He also presented 
strong evidence indicating that 3 of the 4 resulting nuclei disintegrate leaving 
the mature spores uninucleate and haploid. 
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L INTRODUCTION 

For the past twenty years the interest in the cellular slime mold (Ac:
rasiales) as a system with which the physiology or biochemistry of morphO
genesis may be studied has been consistently increasing. While this may 
be related to the ease with which the slime molds can be maintained in 
the laborator~, it is t,1rimaril~ attributable to their relativel~ sim'ie btlt 
fascinating developmental system. Unlike most of the Metazoa and higher 
plants the slime molds undergo a transition from a stage in which the cells 
live independently to a multicellular status. Thus, a unique opportunity 
arises to determine the factors that enable independent cells to adapt (0 

a multicellular existence and the subsequent interactions that affect their 
course of development. As multicellular pseudoplasmodia the slime molOs 
enact morphogenetic movements and cell differentiation to attain their 
ultimate forms. The distinct form changes of the pscudoplasmodia durirtg 
morphogenesis provide reference points to which physiological or biO
chemical events possibly may be causally related. Consequently the,e 
characteristics of the cellular slime molds have tended to promote research 

1 This paper is dedicated to my friend and fellow scientist, Professor Albert Tyl~r, 
California Institute of Technology, on the occasion of his sixtieth birthday. 

2 This investigation was. supported in part by a Public Health Service Research 
Career Programs Award 5-K3-HD-15, 780 from the National Institute of Child 
Health and Human Development and Research Grant GM-10138 from the National 
Institutes of Health. 
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bearing upon problems of their development. Hence, this review is primarily 
concerned with this aspect of the biology of the slime molds. 

The current review is based upon a previous account of the development 
of the Acrasiales (Gregg, J 964). However, a considerable amount of 
literature has accumulated since its preparation. Under these circum
stances the opportunity was seized to incorporate new research data and 
to modify old views where necessary within the general framework of the 
original version. 

IT. NUTRITION AND PATTERN OF DEVELOPMENT 

The taxonomy of the Acrasiales and the descriptive phases of their life 
cycles, upon which physiological studies must be based, are attributed to 
E. W. Olive (1902), Raper (1935, 1937, 1939, 1940a,b, 1941), and 
Bonner (1944). The following morphological and functional details in 
development are restricted primarily to Dictyostelium discoideum, which 
will serve as a general guide to the pertinent aspects of the life cycles of 
cellular slime molds, although the details of development vary from one 
species to another. 

The life cyc]l' of D. discoideurn is generally described by reference to 
the developmental stages described below. This description provides a 
basis to which the physiological processes under consideration in this 
review may be related. 

Mature sorocarp (Figs. I and 10). The mature sorocarps are composed 
of a spore mass supported by a slender stalk. The stalk forming cells in 
D. p"rp"reum, and probably other forms lose their viability when they 
become vacuolated at a site near the terminal end of the developing soro
phore (Whittingham and Raper, 1960). The mature spore cells retain 
their Viability and are responsible for perpetuating the species. Upon ger
mination a single myxamaeba emerges from each spore and the vegetative 
phase is initiated. 

Vegetative stage (Fig. 2). Slime molds are generally cultured on a 
nutrient "gar substratum in association with Escherichia coli or Aerobacter 
aerogenes. During the vegetative stage the slime mold myxamoebae en
gulf the bacteria as foodstuff. Slifkin and Gutowsky (J 958) have shown 
that bacteria which support good growth of D. discoideurn also have 
infrared absorption spectra very similar to spectra of that species. 

Obviously it would be advantageous, particularly in biochemical anal
yses, to culture myxamoebae in the absence of living bacteria. The initial 
step in achieving this objective involved the use of dead bacteria or frac
tions of bacteria to sustain growth (Bradley and Sussman, 1952; M. 
Sussman and Bradley, 1954; Gezelius, 1962; Hohl and Raper, 1963a), 
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-

FIGs. 1-9. Di,·tyosrelillnl discoid{!um. 
F IG. 1. Mature sorocarp and spores. 

FIG. 2. Vegetative myxamoeba. 
FIG. 3. Myxamoebae removed from aggregating streams. 

FIG. 4. Pattern of aggregation. 
FIG. S. Late aggregate. 

FIG. 6. Migrating pseudoplasmodiuro. 
F IG. 7. Preculmination. 

FJGs. 8 and 9. Culmination. 
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Polysphondyliwn paUidum myxamoebae have been cultured successfully 
in defined liquid media (Hohl and Raper, 1963b,c; Allen et al., 1963; 
M. Sussman, 1963). Unfortunately Diclyosleliuffl, does not grow well in 
these media. 'The importance of this development in culture procedure 
cannot be overstated as future research on slime molds may now, at least 
in P. paliidllm, be conducted without bacterial interference . 

• 
• • • 

1.0 MM. 
FIG. 10. PoJYSphOlldyJiulII vioJaceum mature sorocarp. 

Growth of the myxamoebae occurs and binary fission accounts for an 
increase in celi number. The generation times for several species of slime 
molds are about 2-3 hours (Bonner, 1960; M. Sussman, 1956a; Takeuchi., 
1960). The thousands of myxamoebae which accumulate in a culture 
eventually cease feeding and aggregation is initiated. 

Aggregation (Figs. 3- 5) . Upon the cessation of feeding, slime mold 
myxamoebae depend solely on their endogenous foodstuffs as the source 
of energy for completion of their development. Consequently morpho
genesis of the slime molds will occur on nonnutrient substrate. Aggregation 
of the myxamoebae results in the formation of amorphous masses, each 
of which may contain from a few hundred to thousands of cells (Raper, 
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1960). Each group of myxamoebae becomes polarized and forms a car
tridge-shaped migrating pseudoplasmodium. 

Migration (Fig. 6). The coordinated movements of the myxamoebae 
result in the migration of the pseudoplasmodium as a unit on the sub
stratum. Forward movement of the pseudoplasmodium is accompanied 
by the deposition of a slime sheath behind the cell mass. The migration 
period depends on the humidity and the solute content of the agar media 
(Bonner and Shaw. 1957; Slifkin and Bonner, 1952). Bonner et al. (1953) 
determined that larger pseudoplasmodia migrated marc quickly than 
smaller ones, the rates ranging from 0.25 mm per hour to 2.0 mm per 
hour. Migrating pseudoplasmodia of several species orient toward light, 
a stimulus to which large pseudoplasmodia respond more effectively than 
the smaller ones (Bonner and Whitfield, 1965). Francis (1964) deter
mined that light at about 425 mfl was the most effective in the orientation 
of Dictyostelium. The movements responsible for phototaxis were attributed 
to an increase in speed of the~myxamoebae on one side of the pseudo
plasmodium tip or to the possible effects of light on the extensibility of 
the slime sheath. 

Preculmination and culmination (Figs. 7-9). After migration the pseudo
plasmodium approaches radial symmetry in preparation for the culmi
nating-or fruiting process. Culmination consists of the oriented movements 
of the prestalk and prespore cells in such a fashion that as a slender stalk 
is produced the spore mass is raised. The fruiting body usually assumes 
a 90° angle relative to the substratum although the proximity of other 
fruiting bodies or objects tends to cause a deviation away from the obstacle 
during culmination (Rorke and Rosenthal, 1959). This phenomenon has 
been attributed to the secretion of a gas which repels the fruiting structure 
from the vicinity in which the concentration is greatest (Bonner and Dodd, 
1962a). Perhaps the phototaxis and gas orientation assure the formation 
of fruiting bodies in light or darkness which otherwise might be terminated 
during culmination for lack of sufficient space. 

Raper and Fennell (1952) consider the swelling of the stalk cells within 
the sorophore sheath of D. discoideum to be the primary force which 
elevates the spore mass into the air, with assistance from coordinated 
pseudopodial activity of the prespore myxamoebae. Shaffer (1965a), how
ever, concludes that both prestalk and prespore cells contribute actively 
to the culmination process until they differentiate into mature cells. 

III. COMPONENTS OF AGGREGATION 

The mechanism which enables cells of the Acrasiales to make the tran
sition from a unicellular state to the multicellular condition involves a 
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chemotactic response (Runyon, 1942). Chemotaxis exists in a variety of 
living forms. Among the Myxomycetes, Physarum polycephalum exhibits 
positive chemotaxis in the presence of glucose but is repelled by hydrogen 
and hydroxyl ions (Coman, 1940). A chemotactic response by fern sper
matozoa was observed by Pfeffer (1884). The response of both fern and 
club moss sperm was shown to be mediated by malate and citrate anions 
(Buller, 1900). Chemotaxis provides the mechanism by which leucocytes 
are directed to infecting microorganisms (McCutcheon, 1946). 

A. Attracting and Inhibiting Substances 

Prior to aggregation a repulsion phenomenon has been observed among 
Dictyostelium myxamoebae (Samuel, 1961). Eventually certain myx
amoebae secrete a diffusible chemotactic substance called acrasin (Bonner, 
1947). This substance induces an increase in the rate of movement of the 

'" myxamoebae and orients them' toward the centers of its emission. Surpris-
ingly, Bonner et al. (1966) found that another component, which is func
tionally indistinct from acrasin, is present in the cells prior to the time that 
they begin to secrete acrasin and undergo aggregation. The failure of the 
myxamoebae to aggregate in the presence of this "rate substance," or 
acrasin, may reside in their lack of sensitivity during this period. 

In Polysphondylium violaceum, however, an airborne metabolite appears 
to be capable of initiating aggregation as well as attracting pseudoplas
modia (Shaffer, 1964a). Chemotactic substances presumably cause a 
response in the amoeboid myxamoebae by affecting sol-gel changes in 
particular sites of the cells. Thus, oriented pseudopodial activity could re
sult in the directional movement observed during aggregation. In a series 
of papers Shaffer (l963b, 1964b, 1965b,c) has described the cell surface 
phenomena which account for the formation of pseudopodia and conse
quently cell movement in Dictyostelium and Polysphondylium myxamoebae. 
His hypotheses attribute coordinated movement of myxamoebae in iso
lation, aggregating streams, and pseudoplasmodia, to chemotaxis and the 
mechanical effects of compressing and stretching the cell surfaces (Shaffer, 
1965d). 

Ennis and Sussman (1958a) revealed that certain cells, which they 
called "initiator cells," were present in D. discoideum in the ratio of one 
I-cell to about 2000 total cells. Such I-cells were claimed by these authors 
to have the ability to initiate aggregation. Their views have been questioned 
by several investigators, and most agree that aggregation is not initiated 
in response to specific cells which exist in certain proportions in a popu
lation of cells (Bonner and Dodd, 1962b; Gerisch, 1961a; Konijn and 
Raper, 1961; Shaffer, 1962). 

Shaffer (l96Ia,b) determined that a strain of Polysphondylium viola-
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ceum begins aggregation in response to acrasin secretion by a single cell, 
although Dictyostelium appears to require groups of cells to initiate aggre
gation. Cells responding to an aggregation center are induced to secrete 
acrasin (Shaffer, 1958). It was determined that the acrasins produced by 
four species of Dictyostelium were cross-specific in affecting aggregation 
of these species but had only weak attraction for P. vialaceum myxamoebae 
(Shaffer, 1953). P. vialaceum produced acrasin from early centers which 
was capable of attracting only its own myxamoebae. P. vialaceum centers 
eventually produced an acrasin which was also capable of attracting D. 
discoideum myxamoebae. 

The initiation and number of aggregation centers in Dictyostelium or 
Palysphandylium was enhanced by maintaining the cultures in light (Konijn 
and Raper, 1965). Under these conditions it is postulated that either a 
substance repressing center formation is decreased, the myxamoebae be
come less sensitive to repression or more sensitive to the aggregating stimuli. 
The addition of charcoal or mineral oil to the cultures, by absorption or 
alteration of the critical environment of the repressor, tended to promote 
center formation (Kahn, 1964a). Repressor substances also appear to be 

. involved in the distribution of Dictyastelium and Palysphandylium aggre
gating centers on the substrate. Evidently, existing centers emit a diffusible 
substance which prevents adjacent cells from forming additional centers. 
Consequently a nonrandom distribution of aggregates is established (Bon
ner and Hoffman, 1963; Shaffer, 1963a). Migrating pseudoplasmodia also 
have the capacity to inhibit center formation. This cffect is mediated by a 
gas, possibly CO" diffusing through the air. Thus, an aqueous and a gaseous 
source of center inhibition may he distinguished (Bonner and Hoffman. 
1963). In addition, macrocyst formation in D. mucaraides is effected by 
a volatile substance produced in the early stages of development (Wein
kauff and Filosa, 1965). 

B. Biochemical Nature of Acrasin 

Shaffer (1956a) prepared extracts of myxamoebac from which heat 
stable acrasin was dialyzed, thus indicating its low molecular weight. The 
preparation attracted myxamoebae in the characteristic manner and was 
used by Shaffer (I956b, 1957a,b,c, 1958) in further studies of the aggre
gation process. Surprisingly "acrasin" may also be extracted from E. cali 
(Bonner et al., 1966). However, bacteria are not vital for the elaboration 
of acrasin by the myxamoebae as indicated by the growth of Palysphan
dyiium pa/lidum in axenic cultures and their successful morphogenesis. 

Acrasin preparations from slime molds when chromatographed yielded 
three components (M. Sussman et ai., 1956; R. R. Sussman et al., 
1958). One of these components, or the three combined, was capable of 
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causing aggregation. Wright (1958) has reported that urine from a preg
nant woman and certain steroids initiated aggregation in D. discoideum. 
Heftmann et al. (1960) isolated a sterol, il?2-stigmasten-3B-ol, from D. 
discoideum which had Slight activity in attracting myxamoebae. This sterol 
is formed exclusively in the vegetative stage of D. discoideurn. An aggre
gateless mutant of the same species has an exceptionally high concentra
tion of this sterol. It is conceivable that the abnormal gradients of sterol 
formed by the mutant myxamoebae could account for their failure to 
aggregate (Johnson et al., 1962). Hostak and Raper (1960) have also 
demonstrated that the aggregation phenomenon may be induced in Acyt
ostelium leptosomum by other steroids and alkaloids although the occur
rence of these compounds in the slime molds has not been established. 

C. Summaq 

It is clear that aggregation is initiated by aqueous diffusible or volatile 
air-borne substances which have the capability of causing increased activity 
and oriented movements in myxamoebae. Acrasins do not appear to be 
highly specific considering the fact that several species and genera will 
induce aggregation reciprocally. The discovery of acrasin in bacteria 
and the activity of steroids and alkaloids in aggregation emphasize the 
need for biochemical characterization of the attracting substance. The 
identification of acrasin would undoubtedly spur additional experiments 
on its role in morphogenesis following aggregation, a topic about which 
little is known. 

The aggregation of myxamoebae is also accompanied by the action of 
factors that inhibit center formation; this results in spacing of the aggre
gates on the substrate. Consequently, the pseudoplasmodia are assured of 
sufficient space in which to complete the fruiting process. 

The appearance of aggregation centers constitutes the first functional 
variation arising from a population of homogeneous cells. These acrasin
secreting cells initiate the cellular diversity which is necessary for the 
development of cellular slime molds. The mechanisms effecting such cellular 
diversity in the slime molds or other organisms are obscure and constitute 
a major problem in development physiology. 

IV. CELLULAR HETEROGENEITY AND PSEUDOPLASMODIUM 
FORMATION 

Populations of slime mold vegetative myxamoebae presumably consist 
of homogeneous cells. However, multicellularity is always accompanied 
by an increasing heterogeneity or speCialization of the cells of an organism. 
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The initial cellular homogeneity of the slime mold is lost with the con
struction of fruiting bodies composed of two types of cells. Such hetero
geneity appeared even in a population of cells arising from a single cell 
isolate which ensured that the population was genetically identical (Bonner, 
19593). 

A sexual phase and consequently genetic recombination has not been 
conclusively demonstrated for cellular slime molds (Bonner, 1959a, 1960; 
Bonner and Frascella, 1952; Shaffer, 1961 b; Skupienski, 1920; M. Suss
man, 1955, 1956b; C. M. Wilson, 1952, 1953; C. M. Wilson and Ross, 
1957). There seems to be no doubt but that fusion of myxamoebae occurs 
in several species. The nuclei, however, rarely fuse, and usually cell division 
quickly restores the unin!lcleate condition (Huffman et at., 1962; L. 
Olive, 1962; Huffman and'Olive, 1964). Nevertheless, these authors em
phasize that exchange of cytoplasmic components may occur during the 
anastomoses which may result in phenotypic effects. 

Ross (1960) observed syngamy in a haploid strain of Dictyosteliurn 
discoideurn followed by meiotic divisions to retain their haploid state. 

···The existence of stable haploid, diplOid, and metastable strains of D. 
discoideurn has been reported by M. Sussman and Sussman (1962). How
ever, L. S. Olive (1963) concludes that the demonstration of any degree 
of plOidy does not confirm the existence of a sexual process. L. S. Olive 
et a1. (1961) cultured two distinct physiological races of Aerasis rosea 
in tandem, and upon plating out of the resulting spores 3-4 % of the 
colonies which appeared were distinct from the original two strains. These 
neotypes proved to be unstable and were considered to be the result of 
heterokaryosis or mixed cytoplasmic effects. M. Sussman (1961) com
bined two mutant stocks of D. discoideurn, one pigmentless and the other 
which developed a brown pigment in the spore masses. In subsequent 
clones from the spores of this combination the wild-type reappeared among 
the mutant types. Sussman suggests that a parasexual or sexual mechanism 
must be responsible in this transformation. In contrast, Rafaeli (1962) 
conducted a similar experiment using morphological mutants of Polysphon
dylium violaceum or mutants combined with the wild type. The spores 
from the communal fruiting bodies always yielded clones typical of the 
types entering the aggregate. The absence of recombinants under these 
circumstances does not support the existence of sexuality in the cellular 
slime molds. Kahn (1964b) determined that single wild type Dictyostelium 
purpureum cells or histidine could initiate aggregation and fruiting body 
formation in an aggregateless mutant. Thus, it appears that anastomoses 
are not necessary to effect the transformations observed in experiments 
of this nature. 

The evidence suggests that genetic recombination cannot be a factor 
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influencing the secretion of acrasin or development of cellular slime molds. 
Under similar circumstances. Markert (1956) attributes the differentiation 
of a cell to the interaction of a complement of genes with an environment 
subject to change by cellular metabolism. Consequently the pattern of 
variability among a population of cells may be determined by the particular 
environment induced by cellular metabolism. It is conceivable that such 
factors are responsible for initiating acrasin secretion and consequently 
aggregation centers. 

A. Partition of Cells in the Pseudoplasmodium 

A migrating pseudoplasmodium is composed of two types of cells which 
are destined to become mature stalk and spore cells in the fruiting body. 
The pseudoplasmodium is polarized, one end always leading and directing 
the cell mass during locomotion. These leading or anterior cells are different 
from the posterior cells. The anterior cells are larger and have larger nuclei 
(Bonner, 1944; Bonner et al., 1955; Bonner and Frascella, 1953). 
Bonner (1952) found that a migrating pseudoplasmodium, composed of 
myxamoebae stained with vital dyes, exhibited an anterior area which 
retained heavy staining while the posterior area was considerably lighter. 
Thus, anterior cells which eventually form the stalk of the mature soro
carp are delineated from the posterior or spore-forming cells. 

Several investigators have been concerned with the way in which polar
ization is established in a migrating pseudoplasmodium. Gerisch (1962a) 
determined that polarization of a cell mass occurs 2 hours after the start 
of aggregation in D. discoideum. This conclusion was based on the appear
ance of centedess aggregation patterns in synchronized cell populations and 
the time required for the central cone of cells to appear. Bonner (1950) 
determined that anterior-posterior polarity arose in an aggregate produced 
by shaking the cells together until random contacts resulted in their clump
ing. Since this procedure eliminated the normal chemotactic aggregation 
process, Bonner concluded that acrasin gradients are not solely responsible 
for establishing polarity in the pseudoplasmodium. Subsequently Bonner 
(1952, 1957) attributed polarization to rapidly moving cells which accu
mulate at the anterior end of migrating pseudoplasmodia of D. discoideurn. 
He observed that a pseudoplasmodium composed of cells of mutant and 
wild-type D. mucoroides sorted the mutant cells to the posterior end 
(Bonner, 1959b). Furthermore, in D. mucoroides, two antigenic cell 
types appeared just prior to aggregation (Takeuchi, 1963). These types, 
which could be distinguished by the staining characteristics of their granules, 
were believed to sort out to compose the pres talk and prespore areas of 
the pseudoplasmodium. 

If rapidly and slowly moving cells exist in a pseudoplasmodium it should 
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be possible to isolate small groups of them. Samuel (1961), however, 
found no difference in the rate of movement of D. mucoroides myxamoebae 
which had been removed from various regions along the anterior-posterior 
axis of a migrating pseudoplasmodium. Assuming that cells seeking the 
anterior region of the pseudoplasmodium are responding to stimuli from 
the anterior end, the absence of such an orientation mechanism would 
result in random wandering in the cell mass. The effect on the rate of 
movement of individual cells removed from these stimuli cannot be pre
dicted. Cells arriving at their anterior destination, in an intact pseudo
plasmodium, may reduce their rate of movement (Shaffer, 1962). Thus, 
the possibility of rapidly moving cells being present at certain stages of 
pseudoplasmodium formation cannot be eliminated on the basis of Samuel's 
( 1961) experiments. 

Shaffer (1962) suggests that the gradient of cells within a migrating 
pseudoplasmodium is dielated by the particular adhesive properties of 
the cells themselves. Cells which have the greatest mutual affinity would 
tend to sort into groups. While this phenomenon may establish the ulti
mate position of a particular cell, a differential in the rate of cell move
ment may occur as the cells assume their positions. 

In Dictyostelillm pseudoplasmodia the prestalk cells were readily dis
tinguished from the prespore cells when stained with fluorescent antisera 
(FAS) (Takeuchi, 1963; Gregg, 1965) (Figs. 14 and 15). Although the 
surfaces of the prestalk cells were stained, the cytoplasm was almost com
pletely devoid of staining with FAS. The prespore cells, however, showed 
an intense fluorescence in both these regions. It is conceivable that the PAS 
staining patterns are associated with the nonstarch polysaccharide distri
bution in the migrating pseudoplasmodium (Bonner et al., 1955). The 
differential staining by PAS enabled Takeuchi (1963) and Gregg (1965) 
to determine that prestalk cells in D. mucoroides begin to differentiate at 
the onset of the cone-shaped late aggregation stage. In D. discoideum the 
late aggregate is highly elongated, but prestalk cell differentiation is de
layed until the period just prior to migration (Gregg, 1965). Consequently, 
it appears that form and polarity may be achieved in a cell mass composed 
of cells which appear identical by antigenic criteria. 

The cells are not, however, functionally identical as the acrasin produc
tion is greatest at the anterior tip of the migrating pseudo plasmodium 
(Bonner, 1949). Thus, morphological and functional polarity exist in the 
D. discoideum aggregate before the differentiation of two cell types. The 
mechanism which establishes polarity may also be capable of directing 
the differentiation of the anterior-most cells into prestalk cells and the 
remainder into pres pore cells. Thus, the developmental fate of a cell de
pends upon its location within the cell mass at a critical time. 
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B. Consequences of Cellular Interaction 

If cellular interactions are unnecessary in cell differentiation during 
the course of development, independent cells should be capable of trans
forming into mature spores. However, aside from microcysts formed by 
single cells of certain species of slime molds, cell differentiation by isolated 
celIs has not been observed (Blnskovics and Raper, 1957; Bonner, 1959a). 
CelIs in association can develop successfully more often than isolated cells. 
Wilde (1961) noted that single or small groups of amphibian embryonic 
celIs in culture fail to differentiate. Differentiation was obtained subse
quently by addition of extracellular material from disaggregated cells. 
Puck and Fisher (1956) observed that the mutant cells of a human cancer 
did not survive unless grown in the presence of another specific strain. 
The induction of kidney tubules occurred in mouse metanephrogenic mes
enchyme separated by a filter from mouse spinal cord (Grobstein, 1961). 
McKeehan (1958) observed that chick lens was induced even though an 
agar membrane was inserted between the presumptive lens and eyecup. 
These experiments emphasize the role of diffusible substances in promoting 
cell differentiation. Grobstein (1963) suggests that macromolecular mate
rials in the microenvironment between cells may act on ceIl boundaries and 
influence cellular activity. 

The nature or extent of intercellular actions concerned in morphogenesis 
and cell differentiation in slime molds has not been determined. Initiation 
of aggregation by acrasin may be recognized as the first cellular interaction 
of morphogenesis. Although acrasin is known to be produced in migrating 
pseudoplasmodia, particularly in the anterior tip (Bonner, 1949; Pfutzner
Eckert, 1950), there are no indications of its continued morphogenetic 
role. Thus, after aggregation the nature of cellular interactions becomes very 
subtle. 

The size of each pseudoplasmodium depends on the number of myx
amoebae entering the aggregate. However, the size of a fruiting body can
not be increased beyond the average by mechanically crowding the myx
amoebae prior to culmination. Under these circumstances two or more 
fruiting bodies are formed (Hohl and Raper, 1964). Regardless of the 
total mass of cells organized into a pseudoplasmodium, the proportions of 
prestalk and prespore cells remain constant (Bonner, 1957; Raper, 1940a). 
Consequently the number of prestalk and prespore cells must be regulated 
according to the absolute size of the cell mass. Therefore, whether a cell 
becomes a prestalk or prespore cell must be determined after the cells are 
associated at aggregation. This suggests that heterogeneity is affected by 
cellular interactions. 

The proportions of the two types of cells which appear in a pseudo-
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plasmodium may be precisely measured after their differentiation into 
mature stalks and spores. It has been determined on a dry-weight basis 
that D. discoideum fruiting bodies are, composed of approximately one
third stalk cells and two-thirds spore cells (Bonner, 1952; Gregg and 
Bronsweig, 1956a). This proportional development is maintained even 
in extremely small fruiting bodies consisting of a total of 12-15 cells 
(Bonner, 1960; M. Sussman and Sussman, 1956). 

The regulation of the proportions of spores and stalks has been studied 
experimentally. Raper (1941) observed that fragments of migrating 
pseudoplasmodia of D. discoideum, resulting from transection, completed 
the fruiting process. The regulation of normal proportions of stalk and 
spore cells in an amputated pseudoplasmodium composed of the anterior 
one-third or one-fourth was found to depend on the extent of migration 
after transection. The posterior regions formed fruiting bodies of normal 
cellular proportions either with Qr without migration. Raper concluded 
that anterior cells originally destined to become only stalk cells could 
in time regain the capacity to produce spores. The myxamoebae in the 
posterior prespore region, however, appear to have an immediate capacity 
for stalk cell production. 

Bonner et al. (1955) observed histochemically that non starch polysac-
---charides were concentrated in the prespore areas of D. discoideum mi

grating pseudoplasmodia while relatively little staining was observed in 
prestalk regions. They bisected migrating pseudoplasmodia, separating 
the prestalk from the prespore areas. After the fragments had reorganized 
from 1 to 6 hours, they were stained for nonstarch polysaccharides. Both 
anterior and posterior fragments acquired differential staining typical of 
the intact pseudoplasmodium (Fig. 11). Thus the fragments could differ
entiate the necessary types of cells to produce a normally proportioned 
fruiting body. A similar pattern of biochemical reorganization of fragments 
of migrating pseudoplasmodia has been revealed by vital stains as well 
as by nonstarch polysaccharides (Bonner, 1952, 1957). 

In a similar experiment Gregg (1965) studied the organization of tran
sected migrating pseudop1asmodia of D. discoideum and D. mucoroides 
using fluorescent antisera (FAS) (Fig. 12). An isolated prestalk region 
which had reorganized for about 2 hours had resynthesized cytoplasmic 
antigens which were lost as a consequence of differentiation during pseudo
plasmodium formation. Thus, intense staining with F AS occurred in the 
prestalk areas of both species under these conditions (Fig. 17). The 
presence of prespore cells inhibited the synthesis of antigen in the pres talk 
cells (Fig. 13). 

In order to achieve normal proportions an isolated prestalk mass must 
differentiate prespore cells. Through absorption experiments it was deter-
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mined that the antigens that reappear are present in the undifferentiated 
vegetative myxamoebae. Consequently, the resynthesis of vegetative myx
amoebae antigens must comprise a step in the transition to prespore 
formation. 

zone removed~ 

Po". ==:=.. 'N,\,+,~j I •... CS.' .. :'.:::',:·· Ant. 
~'-i.-:"._,-\e'il~.')'-~:;:<~; ~;,':-.: z:_ 
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FIG. 11. Dia-gram illustrating experiment in which a partially differentiated cell 
mass is bisected and each portion is examined by the periodic acid-Schiff (PAS) 
technique after 1 and 6 hours, respectively. Note that anterior end of each fragment 
reversed its PAS staining properties-in one case from the light prestalk condition 
to the dark prespore condition, and vice versa in the other. From Bonner et 01. 
(1955) . 

An isolated prespore mass is of course deficient in prestalk cells. Within 
2 hours of reorganization a margin of cells appeared on the upper edge 
of the isolate which had lost their cytoplasmic antigens as indicated by FAS 
(Fig. 16). The cell mass regained its normal slug shape and cell proportions 
in about 5 hours. 

Obviously an isolated prestalk or prespore mass has the genetic capability 
of differentiating the cell type necessary in regulating their proportions or 
to complete the fruiting process. An isolate, however, probably does not 
have the immediate capacity to delineate and initiate differentiation of 
the precise number of cells necessary in establishing proportions. This hy
pothesis is based upon the observation that the prestalk cells resynthesize 
antigens throughout the entire isolate and are not restricted to the area in 
which prespore cells eventually appear. Consequently in normal pseudo
plasmodium formation, or in reorganizing isolates, proportionality is 
probably achieved by the gradual differentiation and interaction of cells 
until an equilibrium is established (Gregg, 1965; Raper, 1960). 

Bonner and Frascella (1952) investigated the possibility of mitotic 
activity in fragments of pseudoplasmodia as a necessary part of develop
ment. D. discoideurn pseudoplasmodia in which mitotic activity had 
normally ceased were selected for fragmentation and subsequent exami-
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FIG. 12. Transection of Dictyostelilltll mucoroides migrat.ing pseudoplasmodia 
and subsequent patterns of reorganization of prestalk and prespore isolates. 
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nation for the appearance of mitotic figures. Fragments examined at inter
vals following the operation showed no mitotic activity, and they concluded 
that regulation and differentiation do not depend on mitosis. 

Although the exact mechanism regulating the proportions of cell types 
in a pseudo plasmodium remains obscure, it must depend upon the transfer 

FIG. 13. An isolated Dict}'ostelium mllcoroides cell mass composed of approxi. 
mately equal proportions of preSlalk and prespore cells. Following reorganization the 
isolate was stabled with FAS. The prestalk cells did not stain cytoplasmically. appar
ently because of tbe presence of the prespore cells. 

of information within the pseudoplasmodium (Bonner, 1957) . Similar 
phenomena have been recognized in other systems. For example, an inter
actlng system has been revealed in tJJe green alga VIva mutabiJis Foyn 
(Lovlie, J 964) in which giant stem cells under certain conditions arc 
capable of differentiating into blade cells. However, they are inhibited in 

FIGS. 14-18. Die/yosle/illm mucoroides. 
FIG. 14. Migrating pseudoplllsmodium stained with normal lhlOrescent serum. 

Staining was negative in both cell types. 
FIG. 15. Migrating pseudoplasmodium stained with D. nlllcoroides wild-type 

fiuorescein-isothiocyanMe labeled anliserum (f AS}. Prestalk cet\s stained only on ~ell 
surfaces. blll prespore cells were intensely stained cytoplasmically. 

F IG. 16. An isolated prespore area following reorganiza tion and stllining with 
FAS. A margin of cytoplasmically unstained cells marks the differentiation of new 
pres talk cells. 

FIG. 17. An isolated prestalk. area from a migrating pseudoptasmodium foHowing 
a period of reorganization. The isolate stained intensely with fAS in both prestalk 
and newly formed sta lk cells. 

FIG. 18. An MY migrating psel)doplasmodium stained with FAS. The prestalk 
area was tlOl well defined and sta ining was irregular in intensity in the prespore area. 

Figures 14-18 are reproduced from Gregg (1965). 
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the attempt due to the presence of the blade cclls. Also the synchronous 
nuclear divisions in the myxomycete Physarum polycephalum (Howard, 
1932) and the regulation of size in Amoeba proteus must depend upon a 
coordinating mechanism (Prescott, 1955). At present the nature of the 
interactions between the cells of these various forms is unknown. 

It is apparent, however, that either adjacent eel! surfaces interact or 
materials are transferred across cell boundaries. Such interactions have 
been suggested by several investigators (Ennis and Sussman, 1958b; 
Filosa, 1962; M. Sussman, 1954; M. Sussman and lee, 1955; R. R. Suss
man and Sussman, 1953). Filosa (1962) determined that mutants rang
ing from aggregateless to fruitless forms, could be isolated from wild-type 
D. mucoroides. Kahn (1964b) and R. R. Sussman and Sussman (1953) 
produced a similar series of Dictyostelium mutants by ultraviolet irradi
ation. Mutant and wild-type cells were combined in various ways to deter
mine the effect of cellular interaction on morphogenesis. When some 
mutants were combined with relatively small proportions of wild-type cells, 
the resulting fruiting bodies exhibited the wild-type phenotype (Filosa, 
1962). 1n Kahn's experiments mixtures of an aggregate less mutant with 
the wild-type produced only wild-type upon plating out the spores. The 
conversion of these mutants to wild-type was attributed to either enzyme 
induction, epigenetic homeostasis, or cytoplasmic inheritance. If mutants 
are combined that are incapable of completing development alone, fruiting 
body formation occurs through synergistic action of the cells (M. Suss
man and Lee, 1955). These authors attributed the ability of the mutants 
to complete morphogenesis to a mutual exchange of the necessary diffusible 
metabolites between adjacent cells. However, the cells in such preparations 
must be physically associated. When they interposed a thin agar membrane 
between wild-type myxamoebae and certain mutant types. the mutants 
were unable to complete morphogenesis. 

During normal development of Dictyostelium or Polysphondylium, pre
stalk and prespore cells are associated. Possibly the differentiation of spore 
cells depends on an interaction with the prestalk cells. Gerisch (196Ib), 
after studying the action of various chemical agents, concluded that differ
entiation of the two cell types does not depend on normal morphogenetic 
movements resulting in fruiting body formation. In Gerisch's experiments, 
stalk cell differentiation invariably occurred but was not necessarily ac
companied by spore differentiation. Spore formation never occurred in 
the absence of stalk cell differentiation. Sonneborn et al. (1963) reported 
that a D. discoidellm mutant, although capable of forming spores without 
fruiting body construction, synthesized both "spore" and "stalk" antigens. 
Thus, the possible biochemical effects of prestalk cells or cells producing 
stalk materials on spore differentiation have not been eliminated. It might 
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be of interest to note, however, that a primitive slime mold, Acytostelium 
leptosomum, accomplishes spore differentiation and the construction of 
a noncellular cellulose stalk by secretory activity of the prespore cells alone 
(Raper and Quinlan, 1958), This does not contradict the possibility that 
more specialized slime molds accomplish differentiation by cellular inter
action, How this association may affect the course of differentiation has 
yet to be assessed. 

C, Distribution of Biochemical Properties 

The two major cell types which occur in the pseudoplasmodium acquire 
characteristic biochemical properties. Physiological and biochemical het
erogeneity accompany the differentiation of the cells. The following section 
is concerned with the variety and pattern of such heterogeneity in the 
pseudoplasmodium. Histological and histochemical techniques have yielded 
most of this information. Histochemical,analyses revealed that the anterior 
prestalk area of D. discoideum has the greatest alkaline phosphatase (Bon
ner ef al., 1955; Krivanek, 1956) and 5'-nucleotidase activity (Krivanek 
and Krivanek, 1958). Considering the distrihution of these enzymes there is 
a possibility that they are identical (Gezelius and Wright, 1965). The 
posterio(,_ -prespore area maintained high cytochrome oxidase and succinic 
dehydrogenase activity (Takeuchi, 1960). Nonstarch polysaccharides (Bon
ner ef al., 1955; Krivanek and Krivanek, 1958) are concentrated in this 
area which may partially account for the intense staining with fluorescent 
antisera (Takeuchi, 1963; Gregg, 1965). 

A uniform distribution of amine oxidase, nonspecific dehydrogenases, 
lipase, acid polysaccharides, protein (Krivanek and Krivanek, 1958), and 
pentose nucleic acid occurs throughout the pseudoplasmodium (Bonner 
et al., 1955). 

In Polyspholldyliul1l a stalk is formed continuously as migration occurs. 
However, histological and histochemical observations disclosed that the 
remainder of the pseudoplasmodium is not separated into prestalk and 
prespore areas. The cells are apparently undifferentiated until those at the 
anterior tips form mature stalk cells followed by the differentiation of 
other cells into mature spores (Bonner et al., 1955). Consequently, weak 
alkaline phosphatase activity and nonstarch pOlysaccharide staining are 
uniformly distributed in the undifferentiated cells. 

During preculmination and just before culmination, the prestalk cells 
which are perpendicular to the stalk become particularly active in synthesis 
and secretion of PAS and acid pOlysaccharides (Bonner et al., 1955; 
Krivanek and Krivanek, 1958) (Fig. 19). These cells are also high in 
alkaline phosphatase and contain relatively large quantities of RNA. Pre-
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stalk cells, just prior to becoming perpendicularly oriented, are high in 
S'-nucleotidase activity (Krivanek and Krivanek, 1958). The activity o[ 
this enzyme may reflect the synthesis and consequent accumulation of RNA 
which appears when the cells become perpendicularly oriented. 

In general during the culmination process in D. discoideum the prespores 
and prestalks retain the levels of substrates and enzymatic activities ob
served histochemically during migration. 

Upon fruiting in Dictyostelium the mature stalk and spore cells show 
negligible alkaline phosphatase (Bonner et aI., 1955; Krivanek, 1956). 
amine oxidase, 5'-nucJcotidase, and nonspecific dehydrogenase activity, as 
revealed by histochemical methods (Krivanek and Krivanek, 1958). On 
the other hand, Gezelius and Wright (1965) report that the maximum 
activity of alkaline phosphatase in vitro occurs in mature spores of D. 
discoideum. Lipase is high in activity in both spores and stalks while 
cytochrome oxidase activity was evident in only the spores (Krivanek and 
Krivanek, 1958). Polysaccharides, protein, and RNA were present in both 
spores and stalks although RNA had declined somewhat in the spores as 
compared to the stalks (Bonner et al., 1955; Krivanek and Krivanek, 
1958). 

D. Summary 

Slime mold myxamoebae are probably a homogeneous population. The 
appearance of acrasin secreting myxamoebae marks the beginning of func
tional heterogeneity in the cell population. Prcstalk and prespore differen
tiation is initiated in the aggregate and is completed with the formation 
of a polarized migrating pseudoplasmodium. Although a wide range in size 
occurs in pseudoplasmodia the proportions of prestalk to prespore cells 
remain constant. The regulation of these proportions appears to depend 
upon an interaction between the cell types until an equilibrium is estab
lished. The evidence supporting cellular interactions is emphasized by the 
enhanced morphogenetic capacity of aggregateless strains combined with 
wild-type cells. 

The prestalk and prespore cells are distinguishable by their particular 
biochemical entities and activities. This division of activities between the 
two cell types reflects the specialized tasks necessary in effecting the differ
entiation of the cells into mature stalks and spores. Apparently in Diet yo
stelium heterogeneity must be established prior to fruiting body construc
tion when differentiation of the cells into stalks and spores occurs. 

The heterogeneity observed in Dic/yosteliwn does not occur in migrating 
pseudoplasmodia of PoIysphondylium. This suggests that if a variety of 
biochemical changes are necessary to cffest cell differentiation they must 
be accomplished in Poly.lphondyliulIl immediately before stalk or spore 
formation. 
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V. CELL ADHESION AND MORPHOGENESIS 

The cells of multicellular organisms tend to adhere. Otherwise unity of 
the organism would be lost and cellular interactions depending on the close 
association of the cells would be impossible. Cell adhesion appears to exist 
as a general phenomenon affecting a variety of cell types and functions. 
Wounds heal by the proliferation of cells which adhere through surface 
structures. Thus. the success of skin grafts depends on the adhesiveness 
between the host and the graft. Cell adhesion is responsible for the sorting 
out of dissociated vertebrate embryo cells into tissue-specific groups 
(Moscona. 1957) and for the reaggregation of sponge cells into species
specific aggregates (Spiegel, 1954a; H. V. Wilson, 1910). In addition 
Spiegel (I954b) provides evidence that selective cell adhesion may play 
a role in the devdop.ment of amphibian embryos by assuring the associa
tion of tissues, such as mesoderm with endoderm and ectoderm. Fertili
zation is initiated by the interaction of specific substances present in eggs 
and sperm (Tyler, 1948) which affect adhesion between gametes. A 
decrease in adhesiveness relative to normal cells occurs in neoplastic 
squamous epithelial cells from carcinomas of the lip and cervix uteri 
(Coman, 1944). Thus, the possibility of invasiveness and metastasis is 
increased by the loss of mutual attraction. 

How cells selectively associate and adhere is obscure, and several hy
potheses have been advanced. Possibly cells adhere through forces similar 
to those existing in an antigen-antibody reaction (Tyler, 1947; Weiss, 
1947). An intercellular cement, attached to each cell by specific bonds 
and divalent cations may effect adhesion in sponge cells (Humphreys, 
1963 ). 

In slime molds the myxamoebae change from an independent to a 
multicellular state by aggregation. The cells are in contact, and maintain 
close association throughout the morphogenetic process. A mechanism 
must exist which effects adhesion between the cells without restricting 
their morphogenetic movements. Thus, the slime molds present a system 
in which a normally nonadhesive stage is followed by an adhesive phase. 
The following evidence suggests that this change is accomplished by the 
acquisition of surface structures which appear at the onset of aggregation 
and persist until morphogenesis is completed. 

A. Biological Criteria 

From studies on several species of slime molds, Shaffer (1958) deter
mined that vegetative myxamoebae adhere poorly if brought together. At 
aggregation, however, in the presence of acrasin the cells become strongly 
adhesive. The adhesive phenomenon, which Shaffer calls "integration," 
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is considered important in aggregation and throughout morphogenesis. 
Gerisch (1964) observed that "integration" is accompanied by changes 
in the metachromatic granules in the aggregating cells. Consequently, he 
suggests these changes may be related to the ability of the cells to establish 
intcrccllular connections. 

Electron microscopy has demonstrated that the plasma membranes of 
opposing cells of D. discoideum remain within approximately 200 A of 
each other even though the movements of the cells result in convolution 
of the surface membranes (Mercer and Shaffer, 1960). This could prob
ably occur only if adhesion existed between the cells. 

It may be inferred from the experiments by Raper and Thorn (1941) 
that cell adhesion occurs between the cells of developing slime molds. 
They combined myxamoebae of different species to determine the mor
phogenetic results. When D. discoideum and D. purpureum vegetative 
myxamoebae were mixed they formed fruiting bodies characteristic of 
their species. If the same two species 'w«Ie combined during the migrating 
stage, fruiting bodies composed of both species were formed. Regardless 
of the stage at which D. disc<JideHm and P. violacel-4m cells were mix.ed, 
sorting out according to species invariably occurred so that communal 
fruiting bodies were Ilpt found. 

Bonner andAdams (1958) examined the problem of cell mixtures in 
detaiL .They combined several species and strains of Dictyostelium in 
various combinations and then observed their responses. AU strains of 
Dictyoste{iun! responded to the same acrasin (Shaffer, 1953). It might 
be expected that acrasin action would produce a random distribution of 
cells of different species or strains forming a common fruiting body. 
Instead, depending on the particular mixture, the cells responded by sort
ing out completely to form separate fruiting bodies, a double fruiting body 
or a single mass containing spores grouped according to species. The fact 
that cells in these mixtures regrouped according to species or strains em
phasizes the possibility that specific surface structures playa role in sort
ing out the cells. The varying degrees of morphogenetic compatibility ob
served in these species and strains of slime molds suggested that the cell 
surfaces may regulate this phenomenon (Bonner and Adams, 1958). How
ever, they also considered the differential in rate of differentiation of these 
particular strains as a contributing factor in their results. 

B. Immunological Evidence 

Immunological techniques have been used to study the surfaces of the 
cells during development. Von Schuckmann (1925) and later Zaczynski 
(1951) demonstrated that antisera produced in rabbits to Dictyostelium 
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myxamoebae caused agglutination of the cells. Gregg (1956, 1961), 
Sonneborn (1962), Takeuchi (1963), and Sonneborn ef al. (1964), using 
various immunological techniques, found that new antigens or specific 
combining groups appear on the cell surfaces of strains of Dictyostelium 
and Polysphondyliurn violaceurn during the transition from the vegetative 
myxamoebae to the migrating pscudoplasmodia. 

The evidence suggests that the new antigens may play a role in the 
aggregation process. The species of Dictyostelium and Polysphondylium 
vegetative myxamoebae studied did not appear to have surface antigens 
in common as revealed by agglutination (Gregg, 1956) and fluorescent 
antibody techniques (Takeuchi, 1963). However, antigens in common 
appear as the time of aggregation is approached (Gregg, 1956) and as 
migrating pseudoplasmodia are formed (Takeuchi, 1963). Sonneborn 
(1962) and Sonneborn et.al. (1964) contend that the "aggregation anti
gen" is functionally associated with aggregation because this process can 
be inhibited by antibodies to the antigen. Furthermore, immunological 
cross-specificity exists between "aggregation antigens" of Dictyostelium. 
Some species of Dictyostelium are capable of coaggregation. Polysphon
dylium violaceum, which will not form communal aggregates with Dic
t),ostelium, showed little cross-specificity with Dictyostelium "aggregation 
antigen." Sonneborn (1962) and Sonneborn et at. (1964) reasoned that 
jf ""aggregation antigen" was somehow involved in aggregation, a series 
of aggregateless variants of D. discoideum might fail to develop this anti
gen. However, all but one of the aggregateless variants studied proved to 
synthesize "aggregation antigen" comparable to the wild type. 

Gregg and Trygstad (1958) determined that defects in surface anti
gens existed in certain of the ultraviolet-induced aggregateless variants 
isolated by R. R. Sussman and Sussman (1953). Cells with such defects 
could not be agglutinated by wild-type antiserum and did not produce 
antiserum in rabbits capable of agglutinating wild-type ceUs. This failure 
might be attributed to the presence of aberrant surface antigens. Under 
these conditions cell adhesion would not be maintained and morpho
genetic movements would be adversely affected. 

Ennis (1957) determined that wild-type acrasin was produced by certain 
aggregateless variants. Consequently, in these instances developmental 
failure cannot be attributed to the absence of acrasin. 

In addition to the adhesive and antigenic changes in cell surfaces on 
aggregation, another major change was observed upon differentiation into 
mature spores. In D. discoideum the adhesiveness of the spores and their 
ability to agglutinate in antisera were greatly reduced simultaneously 
(Gregg, 1960). The changes in these two characteristics were accompanied 
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by large quantities of antigenic material appearing cxtraceJlularly around 
the spores, suggesting that adhesive material was loosely bound or 
eliminated from the cell surfaces at some phase of spore differentiation. 

Raper (1956) observed that a single D. polycephalum pseudoplas
modium will produce several sorophores which maintain contact until 
culmination is three-fourths complete. At this point the sorophores diverge; 
this divergence results in the formation of separate fruiting bodies. Raper 
anticipated the existence of repellent substances which may account for 
this phenomenon. The repelling mechanism may be accompanied by a 
loss of adhesiveness in the mature spores which would tend to promote 
divergence of the fruiting bodies (Gregg, J960). 

C. Agents Inhibiting Adhesion 

Among experiments designed to affect the cell surfaces of slime molds 
in order to determine the morphogenetic consequences are those of De 
Haan (1959) and Gerisch (1961b,c,d, 1962b). De Haan observed that 
aberrant loosely knit aggregates of D. discoideum myxamoebae and dis
aggregation of migrating pseudoplasmodia occurred in the presence of the 
chelating agent cthylenediaminetetraacetic acid (EDT A). He concluded 
that EflTA could inhibit normal intercellular adhesion. Gerisch (1961c) 
demonstrated that Dictyostelium cells prior to aggregation formed no 
groups, or groups of only a few cells, in the presence of EDT A. How
ever, cells that were on the verge of aggregation were insensitive to the 
presence of EDTA and proceeded to aggregate. Gerisch (l96Jd) con
cluded that two forms of intercellular contacts existed during aggregation 
and migration. Thus, EDTA-insensitive bonds effect cell adhesion in the 
presence of EDT A. This emphasizes the importance of divalent ions, such 
as Ca + +, in cell adhesion processes, in addition to pointing out that an 
ion-independent mechanism may prevail during development of the 
cellular slime molds. 

Whitfield (1964) conducted a study on the effect of proteolytic and 
other enzymes in disaggregating migrating pseudop1asmodia of Diet yo
stelium and Polysphondylium. Enzymes such as trypsin, pepsin, pan
creatin, or cellulase were ineffective in dispersing the cells. Crystalline 
papain, however, was extremely active in disrupting the pseudoplas
modia. Considering the acid pH which was optimum for the splitting of 
peptides by papain, Whitfield suggests that intercellular adhesion may 
depend upon a polysaccharide in association with pep tides instead of 
proteins. It is interesting to note in this connection the experiments of 
Gasic and Gasic (1962). In this instance neuramidase, which acts upon 
the mucopolysaccharide coating of cells, was injected intravenously into 
mice. When such mice were injected with ascites tumor ceUs a significant 
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decrease in metastasis was observed as compared to animals not injected 
with the enzyme. 

Gerisch (1961 b) studied the effects of several chemicals on morpho
genetic processes following aggregation. EDT A was found to cause aber
rant fruiting structures although the cells differentiated into spores and 
stalks. Ethylurethan affected the cells in such a fashion that the spores 
in most of the fruiting bodies did not reach maturity. Furthermore, the 
positions of the two cell types in the fruiting body appeared to be inverted 
with respect to those of the normal fruiting body. Such inverted forms 
consisted of a stalk supporting a mature spore mass which was surrounded 
by stalk cells. Although cells of the stalk proper did not entirely dif
ferentiate into mature stalk cells, the cells which surrounded the spore 
mass were true stalk cells. Mercaptoethanol appeared to affect primarily 
the differentiation of tlie spores and, to a lesser degree, that of the stalk 
cells. This agent produced fruiting bodies which consisted of mature stalk 
cells and undifferentiated prespore cells. Gerisch (1962b) also noted that 
although mercaptoethanol tended to inhibit cell movement it had effects 
similar to EDTA on adhesion. Dinitrophenol inhibited cell movement but 
had little effect on cell adhesion. 
. Aggregation of D. discoideum myxamoebae can be inhibited by homolo
gous antiaggregate serum absorbed by vegetative myxamoebae (Sonneborn, 
1962; Sonneborn et al., 1964). Such inhibition might occur through the 
blocking of surface antigens involved in morphogenetic movements. 

D. Summary 
There is no proof that the surface antigens involved in agglutination of 

myxamoebae by antisera are those involved in cell adhesion or other 
morphogenetic processes. However, the biological and immunological evi
dence indicates that during aggregation neW surface antigens appear which 
promote adhesion between homologous cells and lead to the sorting out of 
cells of different strains or species. The normal complement of surface struc
tures seems necessary because variants with aberrant cell surfaces fail to 
complete morphogenesis. Morphogenetic effects of chemical agents or 
specific antisera were considered to be caused by modifications or block
age of intercellular bonds. Consequently cell adhesion is regarded as neces
sary in promoting morphogenetic interactions, although nothing specifically 
is known of the dynamics of cell contacts and how they direct morpho
genesis and differentiation. The loss of adhesion between mature spores of 
D. discoideum would be of selective advantage to the slime mold as spore 
dispersal would not be inhibited. 

The adhesive material has yet to be identified although the evidence 
implicates substances like mucopolysaccharides. 
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VI. METABOLISM AND SYNTHESIS DURING 
DEVELOPMENT 

The major growth phase of the slime molds ends with the initiation 
of aggregation resulting in a separation of the growth and morphogenetic 
phases of development. Since all food intake ceases at aggregation, endoge
nous substrates provide the only source of energy for the processes of 
morphogenesis. The cost in terms of dry weight loss during the growth 
and aggregation period was 26-40% of the initial weight of the vegetative 
myxamoebae (Liddel and Wright, 1961; White and Sussman, 1961). 
Loss during morphogenesis may range from 7 to 28% relative to the 
initial weight of the migrating pseudoplasmodium (Gregg and Brons
weig, 1956a; Liddel and Wright, 1961; White and Sussman, 1961). The 
extent to which this decrease in dry weight'may be attributed solely to 
the Joss of substrates hy metabolism cannot be readily determined. 

The discussion that follows concerns the metaholic and synthetic events 
which occur during the ceurse of development. It is reasonable to assume 
that these physiological events reflect the demands of the slime molds dur
ing morphogenesis and cellular differentiation. An attempt is made to 
associate particular metabolic events with specific morphogenetic processes, 
although establishing causal relationships continues to be a major prob
lem of developmental physiology. 

A. Respiratory Metabolism and Associated Enzymes 
Wright and Anderson (1958, 1959) determined that D. discoidellm 

vegetative myxamoebae are facultative aerobes in that they will grow and 
undergo binary fission anaerobically. However, neither carbon dioxide nor 
acid production could be detected in vegetative myxamoebae, indicating 
a lack of glycolytic activity under anaerobic conditions (Takeuchi, 1960). 
Furthermore, all morphogenetic movements of D. discoideum are inhibited 
under anaerobic conditions or by metabolic inhibitors, such as KeN, which 
affect electron transport enzymes (Gregg, 1950; Takeuchi and Tazawa, 
1955). Oxygen tension at a level sufficient to sustain aggregation did not 
allow migrating pseudoplasmodium formation (Takeuchi and Tazawa, 
1955). Dinitrophenol, commonly believed to uncouple respiration from 
phosphorylation, was found to be highly inhibitory to aggregation (Hirsch
berg and Rusch, 1951; Takeuchi and Tazawa, 1955). Glycolytic system 
inhibitors, such as rnonoiodoacetic acid and sodium fluoride, except in 
high concentrations, did not suppress morphogenetic movements (Hirsch
berg and Rusch, 1950, 1951; Takeuchi and Tazawa, 1955). The insen
sitivity of D. discoideum to iodoacetic acid or sodium fluoride during mor-
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phogenesis may be attributed to a secondary metabolic pathway, the 
hexose monophosphate shunt (Wrigh.t and Bloom, 1961). Considering 
the effects of anaerobiosis and metabolic inhibitors, oxidative phosphoryl
ations seem necessary for growth, morphogenetic movement, and cell 
differentiation. 

Rates of oxygen consumption of D. discoideum during growth and 
morphogenetic stages were determined by Gregg (1950) and Liddel and 
Wright (1961). In Pig. 20 the results of these authors are compared. 
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FlO. 20. Rate of ' oxygen consumption based on total N (derived from Gregg, 
1950) and cell numbers (derived from Liddel and Wright, 1961). 

There is disagreement concerning the change in rate of oxygen consump
tion during the transition from the vegetative myxanlOebae to the migrat
ing pseudoplasmodium. However, tbe fact that Liddcl and Wright (1961) 
observed a decrease in rate may be attributed to a loss of cells during this 
period, through failure of synchronous aggregation or possibJy lysis of the 
cells. They also attribute the decline in respiration during culmination to a 
"critical depletion of endogenous oxidizable substrates." However, develop
ment may be delayed by mechanically disrupting the migrating pseudo
plasmodia. Despite the energy-consuming delay the cells are capable of 
continuing culmination. Furthermore, there is a close correlation between 
the rates of oxygen consumption and stalk formation during culmination 
(Gregg, 1950) (Fig. 21). This suggests that the decline in the rate of 
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respiration may simply be due to a gradual loss of oxygen consuming 
cells as they differentiate into stalks and spores. 

The increased rate of movement (Samuel, 1961) and oxygen tension 
requirements (Takeuchi and Tazawa, 1955) of the myxamoebae com
posing migrating pseudoplasmodia support the view that increased energy 
requirements paraUet the morphogenetic stages . 
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FIG. 21. Correlation between the rates of oxygen consumption and increase in 
height of individual Diclyo.l'leli/(m di.rcoideum pseudoplas01odia during culmination. 
From Gregg (1950). 

Bonner and Eldredge (1945) determined that the rate at which a D. 
discoideum pseudoplasmodium culminates to form a fruiting body de
pends on its size. They proved that a pseudoplasrnodium twice the size 
of its neighbor would culminate at 30-35 % greater rate. They related the 
delay in morphogenetic rate observed in a smaller pseudoplasmodium to 
the relatively greater adbesive force existing between the smaller prespore 
mass and its stalk. The oxygen consumption of pseudoplasmodia of various 
sizes proved to be identical per unit mass of tissue (Gregg, 1950) . Thus, 
small pseudoplasmodia do not increase their rate of energy output to 
overcome the adhesive force that results in morphogenetic delay. How
ever, the increased time required for the smaller slime molds to culminate 
results in a greater total energy expenditure per unit of morphogenetic 
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work per unit mass of tissue. This interpretation was presented first by 
Tyler (1942) in explanation of similar morphogenetic and metabolic 
phenomena exhibited by dwarf sea urchin eggs. 

During certain stages of development in D. discoideum several metabolic 
changes have been observed. Wright and Anderson (1958) investigated 
the biochemical mechanisms to which oxygen consumption and the metabo
lism of the major substrates might be attributed. They determined that 
malic and 6-phosphogluconic dehydrogenases increased in activity during 
the transition from the vegetative myxamoebae to the migrating pseudo
plasmodia. Malic dehydrogenase (DPN-speciflC) declined in activity after 
the completion of culmination. Other enzymes, including isocitric dehydro
genase, glucose 6-phosphate dehydrogenase, glutamic dehydrogenase, and 
glutamic-pyruvic transminase, do not vary significantly in activity during 
development (Wright, 1960). Wright (1960, 1963) and Wright et al. 
(1964) suggest that the levels of endogenous substrates available at certain 
stages could result in enzyme inhibition or activation. Consequently 
metabolic pathways could be favored or inhibited, thereby determining 
the course of cell differentiation. As an example of this phenomenon 
Wright and Bard (1963) report that although glutamic acid oxidation 
in vivo increases during culmination it is due to a rise in the level of 
glutamic acid rather than to an increase in glutamic acid dehydrogenase. 
Thus, an increase in the substrate effected an increase in enzyme activity. 
Gezelius and Wright (1963) emphasize that in vitro experiments, such as 
analyses of alkaline phosphatase activity, do not necessarily reflect the 
activity of the enzyme in vivo as a result of the influence of substrate 
concentration. 

Takeuchi (1960) studied the activities of succinic dehydrogenase and 
cytochrome oxidase quantitatively during the development of D. muco
roides. Succinic dehydrogenase activity began to rise during "interphase" 
and increased about fourfold at the time of formation of migrating pseudo
plasmodia. Cytochrome oxidase activity was highest during the vegetative 
stage but dropped about 50% during "interphase" and remained at this 
level through aggregation and migration. Takeuchi attributed the decline 
in cytochrome oxidase activity to the possibility that it may not "be the 
terminal oxidase in slime mold respiration. 

B. Protein and Nucleoprotein Utilization 

Protein breakdown was negligible in D. discoideum during transition 
from the vegetative myxamoebae to the migrating pseudoplasmodium 
(Gregg at al., 1954), which may explain why anti metabolites were ineffec
tive in inhibiting myxamoebae throughout the aggregation period (Hirsch
berg and Merson, J955a,b; Kostellow, 1956). However, during the cul-
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ruination process certain protein fractions decreased by approximately 
50% relative to the initial amount in the migrating pseudoplasmodia. 
Separate analyses of the spores and stalks revealed that the greatest protein 
metabolism occurred in the prestalks during culmination (Gregg et al., 
1954) . 

White and Sussman (1961) revealed that total protein decreased by 
approximately 72% during the course of development in wild-type D. 
discoideurn as well as two aggregateless mutants and one fruitless mutant. 

A variety of amino acids and antimetabolites was found to have 
inhibitory effects during culmination (File',a, 1960; Hirschberg and 
Merson, 1955a,b). Kostellow (1956) determined that arginine affects the 
proportions of the fruiting body in that the spore mass is abnormally large 
relative to the stalk length. She attributes the effect of arginine to the 
high protein metabolism in the prestalk cens during culmination. Thus, 
the cells may synthesize abnormal REoteins, resulting in an irregular struc
tural organization. The permeability of D, mucoroides cells to I-arginine is 
relatively low, suggesting that the toxic effect of arginine may be directed 
at the cell surfaces (Faust and Filosa, 1959). Glucose did not prevent the 
morphogenetic effects of antimetabolites, consequently the interference was 
not due to the lack of an energy source (Kostellow, 1956). Although 
illhibilory-effects were recorded for the action of cthionine on D. dis
coideurn, Filosa (1960) observed that it did not affect D. mucoroides. 
Furthermore, ethionine promoted fruiting body formation in aD. mucu
raides mutant which normally was arrested at culmination. Ethionine is 
known to inhibit the formation of disulfide bonds, an inhibition suggesting 
that the morphogenetic failure of the mutant may be associated with such 
linkages. Maintenance of cell division and prevention of abnormal filamen
tous forms of the yeast Candida albicans may depend upon an enzyme 
system which catalyzes the reduction of disulfide bonds to sulfhydryl 
groups (Nickerson and Mankowski, 1953; Nickerson and Romano, 1952; 
Romano and Nickerson, 1954). 

Little is known concerning the synthesis of specific proteins during 
development. Solomon et al. (1964) have reported that additional acid 
and alkaline phosphatase and nonspecific esterase isozymes are syn
thesized during the morphogenetic stages. There is no indication, how
ever, that the antimetabolites are affecting the synthesis of those particular 
enzymes. Protein synthesis during the preculmination stage was found to 
be inhibited by 2,4-dinitrophenol, emphasizing the necessity for normal 
metabolism in this process (Wright and Anderson, 1960). 

Krivanek (1964) analyzed D. discoideum during development for RNA 
and DNA content. RNA increased about fourfold during the transition 
from vegetative myxamoebae to migrating pseudoplasmodia. During cul-
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mination the RNA decreased to the level observed in the vegetative 
myxamoebae. DNA content did not change during the entire develop
mental period. White and Sussman (1961) found, however, that RNA is 
metabolized throughout development in wild-type D. discoideum as well 
as in certain aggregateless and fruitless mutants of the same species. 

The differences observed in RNA metabolism are difficult to explain. 
In view of the variety of syntheses known to begin following aggregation 
it should not be surprising that an increase in RNA content occurs simul
taneously. It seems plausible that later the RNA content would decrease 
when vacuolated stalk and dormant spores have differentiated. 

c. Carbohydrate and Lipid Syntheses 

The formation of a fruiting body in the slime mold consists of the 
gradual conversion of certain ceUs jnto a basal disk and a slender stalk 
which must support a spore mass. 

The myxamoebae and spores of Dictyostelium and A cytostelium lep
tosomum have double cell membranes or cell walls. The purified stalk 
substance of A. leptosomum and the outer stalk sheath of Dictyostelium 
appears to be cellulose (Gezelius, 1959). The cellulose sorophore sheath 
is synthesized during culmination and provides a supporting matrix sur
rounding the stalk (Gezelius and Ranby, 1957; Miihlethaler, 1956; 
Raper and Fennell, 1952). Krivanek (1956) provides evidence that alka
line phosphatase activity is intimately involved in the synthesis of the 
sheath. Therefore, carbohydrate appears to be a necessity in structural 
morphogenetic processes. 

Clegg and Filosa (1961) report that the disaccharide trehalose con
stitutes 7% of the dry weight of D. mucoroides spores and serves as an 
energy source during germination. 

Krichevsky and Wright (1961, 1963) consider glucose to be the 
primary energy source in maintaining the rate at which morphogenetic 
processes occur. Amino acids which provide an energy source enter the 
Krebs cycle primarily by conversion into glutamic acid which is subse
quently oxidized (Brtihmtiller and Wright, 1963). Both glucose and 
histidine enhance the amino acid uptake by the cells. Consequently, protein 
synthesis is stimulated; this results in the increase observed in the rate of 
differentiation (Krichevsky and Wright, 1963). 

Reserves of carbohydrates remain fairly constant (White and Sussman, 
1961) or are increased during the transition from the vegetative myx
amoebae to the mature sorocarp (Gregg and Bronsweig, J956b). The 
latter authors suggest that protein metabolism, which is particularly high 
in the prestalk cells, provides intermediates from which carbohydrates 
may be synthesized. The deamination of glutamic acid and other amino 
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acids may provide Krebs cycle intermediates later involved in carbohydrate 
synthesis (Krivanek and Krivanek, 1959) . These authors also consider 
that transamination is involved in the conversion of protein to carbohydrate 
(Krivanek and Krivanek, 1965). 

At the beginning of a series of studies on polysaccharides, White and 
Sussman (1961) fractionated Diclynslelillm cells during development and 
showed that two polysaccharide componenls appeared at the onset of 
stalk construclion. Certain mutant strains of D. Jnllcoroides, known as 
glassy and curly. which form stalks also produce these polysaccharides. 
Aggregateless and fruitless D. discoideum mutants fail to produce either 
stalks or polysaccharides. 

Subsequent research by White and Sussman (l9'63a,b) on Dictyostelium 
and Polysphondylium characterized further the polysaccharides which are 
synthesized during development. Three major components have been 
separated two of whicb are water-soluble glucose polymers and the third 
a water-soluble acid mucs polysaccharide (s). The mucopolysaccharide was 
antigenic and could be quantitatively estimated by complement fixation 
using antispore immune serum. It first appears during the t('ansition of 
the aggregates into migrating pseudoplasmodia. It continues to be synthe
sized during culmination, finally comprising 1-2% of the dry weight of 
the fruiting body (Fig. 22). Acid mucopolysaccharides are composed of 
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galactose, galactosamine, and galacturonic acid. One of the important steps 
in the preparation of galactose for incorporation into mucopolysaccharide 
is indicated by the accompanying reaction sequence (Kleiner and Orten, 
1962) . 

Galactose I-phosphate 

+ 
UDP-Glucose 

UDP-Galactose transferase 

Glucose I-phosphate 

.+ .... 
UDP-Galactos.~ 

t 
Mucopolysaccharide 

+ 
UDP 

Additional reactions convert UDP-galactose into the other two muco
pOlysaccharide constituents galactosamine and galacturonic acid. 

The activity of UDP-galactose polysaccharide transferase in cell free 
extracts of D. discoideum has been correlated with the synthesis of the 
pOlysaccharide (M. Sussman and Osborn, 1964) (Fig. 22). UDP-glucose 
synthetase also becomes active during the migration stage but declines in 
the mature sorocarps (Wright and Anderson, 1958). While UDP-glucose 
may be involved in polysaccharide synthcsis, recent evidence suggests that 
it does not act as the glucosyl donor in cellulose formation in green plants 
(Aronson, 1965). UDP-galactose transferase commences activity at the 
time of migrating pseudoplasmodium formation and reaches a maximum 
just prior to the completion of mature sorocarps. Shortly after the com
pletion of fruiting the enzyme begins to be excreted and consequently the 
activity declines steadily until it reaches negligible levels (M. Sussman 
and Lovgren, 1965). This apparently preferential release may be triggered 
by the synthesis of a protease which is discharged simultaneously with 
other enzymes no longer necessary in development (M. Sussman and 
Sussman, 1966). 

The appearance and disappearance of UDP-galactose transferase de
pends upon the synthesis of RNA. Actinomycin D, which inhibits DNA
dependent RNA synthesis prevented the accumulation of the enzyme and, 
consequently, mucopolysaccharide synthesis. The relatively short actino-
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mycin-sensitive period which begins during aggregation and persists into 
migration suggests that all messenger RNA synthesis for this enzyme is 
accomplished during this period (M. Sussman and Sussman, 1966). If 
Actidione, which inhibits protein synthesis, was added at the beginning 
of the actinomycin-sensitive period the synthesis of UDP-galactose trans
ferase and its disappearance were prevented. The failure of the enzyme to 
disappear was considered to be associated with inhibition of protease 
synthesis (M. Sussman, 1965). 

Mutant strains of D. discoideum which do not form stalks or spores 
neither synthesize mucopolysaccharide nor have transferase activity (White 
and Sussman, 1963b; M. Sussman and Osborn, 1964). Although the reason 
for the developmental failure is not apparent it could result from a mutation 
affecting the pathway of mucopolysaccharide synthesis. It is known that in 
Salmonella a mutation exists which prevents the synthesis of UDP-galactose 
4-epimerase and, consequently, lipopolysaccharide synthesis in the cell 
walls (Nikaido, 1962). 

The D. discoideurn mutant, Fr-I?, which forms stalks and spores which 
are arranged in an amorphous mass of cells, synthesized both transferase 
and polysaccharides. Diffe'Tentiation and synthesis both occur at an accel
erated rate in the mutant as compared to the wild type. This is considered 
to refiect disorder in the control mechanism initiating transferase synthesis 
rather than a gene mutation (Sonneborn et (II., 1963; White and Sussman, 
1963b; M. Sussman and Osborn, 1964). 

Davidoff and Korn (1962a), in an analysis of the lipids of D. discoideurn, 
found that the fatty acid composition of the wild type and of an aggregate
less mutant was identical. In a further series of investigations they have 
been concerned with the pathways through which the aggregateless mutant 
converts saturated fatty acids to unsaturated ones (Davidoff and Korn, 
1962b, 1963a). The production of acetate from saturated fatty acids is 
used to form long-chain fatty acids, such as palmitate. Palmitate and 
stearate, both saturated fatty acids, are converted directly to unsaturated 
types. Although little is known about lipid metabolism in the slime molds, 
it is suggested that the short-chain fatty acids serve as a source of carbon 
and energy whereas the longer chains are synthesized into lipids (Davidoff 
and Korn, 1963b; Davidoff, 1964). 

Some of the cellular slime molds are pigmented, the spore masses of 
Dictyostelium purpureurn being purple while those of D. discoideum are 
yellow (Whittingham and Raper, 1956; Staples, 1964). The synthesis of 
these pigments may be inhibited by phenol and diphenylamine, respectively. 
Consequently, the yellow pigment has been identified as a carotenoid. 
However, the role of pigment synthesis in development is obscure. 

The extent of protein (Gregg et al., 1954), nucleoprotein (White and 
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Sussman, 1961), and lipid metabolism (Krivanek and Krivanek, 1958) 
which occurs, particularly in prestalk cells, suggests that these substrates 
are metabolized for energy and to provide the necessary intermediates for 
polysaccharide synthesis during stalk formation. 

Protein, nucleoprotein metabolism, and the fatty acid composition of 
wild-type and mutant forms are not significantly different. However, in 
view of the correlation between defective polysaccharide synthesis and 
developmental abnormalities, White and Sussman (1961) contend that 
carbohydrate metabolism may be intimately linked with morphogenetic 
events. 

D. Antigen Synthesis and Fate 

One of the characteristics of a differentiated cell is its particular molecular 
specificity. The acquisition of such specificity depends on synthetic processes 
during development. Jhul.1unological techniques have provided a sensitive 
means of studying the ontogenetic changes in antigens or specific combining 
groups. The wealth of data available emphasizes that complements of 
antigens in a variety of organisms tend to change during the course of 
development. The objective of such studies is to causally relate specific 
antigens with particular morphological events. The reader is referred to 
reviews by Ebert (1952, 1958) and Tyler (1955) for comprehensive 
accounts of this general subject. 

Immunoelectrophoretic evidence discloses that a total of 19 antigens or 
specific combining groups occur in D. discoideum during its life cycle. The 
numbers of antigens increase from 9 to 12 during the transition from 
vegetative myxamoebae to mature spores. Of these 12 antigens, however, 
only 4 have common specificity with the vegetative myxamoebae. This 
may be attributed to the alteration or destruction of certain antigens during 
the course of development (Gregg, 1961) (Table I). The evidence for 

TABLE I 
ANTIGEN CHANGES IN Dictyostelium discoideum DURING DEVELOPMENT 

DETERMINED BY !MMUNOFLECTROPHORESIS 

Antigena Antigens shared, synthesized, and destroyed 

VA 1 2 3 4 5 6 7 8 9 
MP 4 5 6 7 8 9 10 II 12 13 
MS 6 7 8 9 10 II 14 15 16 17 18 19 

a VA: vegetative myxamoebae; MP: migrating pseudoplasmodia; MS: mature 
spores. 

these periodic antigenic changes is supported by studies with flourescent 
antisera on Dictyostelium. These observations reveal that cytoplasmic anti
gens are lost upon the differentiation of prestalk cells during pseudoplas-
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modium formation. Simultaneously new antigens appear in the prespore 
cells (Takeuchi, 1963; Gregg, 1965). The synthesis of a relatively large 
variety of antigens would be expected in view of the distribution of poly
ribosome sizes in Polysphondylium pallidum vegetative myxamoebae. These 
polysomes are composed of up to 20-30 ribosome clusters which is charac
teristic of certain mammalian cells engaged in the synthesis of many types 
of proteins (Phillips et aI., 1964). 

Sonneborn (1962) and Sonneborn et al. (1964) determined immuno
logically in D. discoideum that four major antigens appear and persist during 
development. A "myxamoebae antigen" was detected in all stages of devel
opment except in the mature spores. An "aggregation antigen" appeared 
and increased in concentration between the stationary growth period and 
aggregation. The level of this antigen did not change significantly during the 
migration stage but appeared in the mature stalks in greater quantity than 
in the mature spores. "Stalk antigen" and "spore antigen" appeared at the 
migration stage, increased with the fruiting stage, and accumulated in 
stalks and spores. These two antigens did not appear in mutants of D. 
discoideum which were unable ~ form migrating pseudoplasmodia. The 
mutants capable of beginning the transition between the migrating pseudo
plasmodia and the mature sorocarp contained detectable amounts of spore 
and stalk antigen. One mutant able to form mature spores without con
structing sorocarps produced spore and stalk antigen quantitatively similar 
to the wild type. The Dictyostelium mucoroides mutant MV, which is 
characterized by producing small spore masses supported by short stalks, 
exhibits an aberrant staining pattern with fluorescent antisera (Gregg, 
1965) (Fig. 15). Consequently, these morphOlogical defects may be asso
ciated with a failure in synthesizing protein or pOlysaccharide antigens. 

It appears from these investigations that antigen synthesis and change 
parallel morphogenesis and cell differentiation in the slime molds (Gregg, 
1961; Sonneborn, 1962; Sonneborn et ai., 1964). However, the problem of 
attributing certain developmental processes to specific antigens has not been 
solved. 

E. Summary 

Oxidative phosphorylations provide the energy for growth and morpho
genesis in certain slime molds, considering the inhibitory effects of anaero~ 
biosis and certain enzyme poisons. Evidence from many sources suggests 
that the energy requirements increase during the morphogenetic phase of 
development. During this period differentiation of the stalk and spore cells 
is paralleled by increased activity of enzymes concerned with polysaccharide 
synthesis. Carbohydrate levels remain high, sustained possibly by a high 
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rate of protein metabolism. particularly in the prestalk cells which must 
synthesize a cellulose sorophore sheath. 

Immunological studies reveal the synthesis of new protein or polysac
charide antigens during development. The synthesis of mucopolysaccharide 
as a structural component of the fruiting body suggests that carbohydrate 
metabolism is causally involved in morphogenetic processes and cell differ
entiation. However, proteins appear to be closely involved in differentiation 
considering the morphogenetic defects caused by amino acids and anti
metabolites. While Wright (1964) correctly points out that differentiation 
depends upon a multiplicity of reactions, it will continue to be of consider
able interest to reveal the terminal events which effect form changes and 
cell transformations. 

VII. GENERAL CONCLUSIONS 

Although cellular slime molds could survive indefinitely as independent 
free-living vegetative myxamoebae or by encysting, normally they enter a 
more complex state of development by aggregating to form a multicellular 
organism. Aggregation occurs in response to a chemotactic substance, 
acrasin, which affects the rate of movement and orientation of the myx
amoebae. Obviously, subsequent developmental progress is contingent upon 
a series of cellular interactions. Consequently, surface structures appear at 
aggregation which assure the intimate associations necessary to promote 
cellular interactions. In the process of forming a pseudoplasmodium two 
cell types, prestalk and prespore, differentiate and may be distinguished by 
their morphological and biochemical properties. The morphogenetic move
ments and subsequent transformation of these cells result in the formation 
of a mature sorocarp or fruiting body. A fruiting body is composed of a 
slender stalk which supports a mass of spore cells. A major event in cul
mination appears to be the synthesis of polysaccharide as a structural entity 
in the mature stalks and spores. The evidence suggests that the endogenous 
protein, nucleoprotein, and lipids may provide intermediates necessary in 
polysaccharide synthesis. The processes of growth and morphogenesis are 
sustained by aerobic metabolism. However, respiration declines to a negli
gible level following the completion of fruiting body construction. 

Although a sequential synthesis and loss of antigens and enzymes occurs 
in the cells during morphogenesis, irreversible changes are not apparent 
prior to their final transformation into mature stalks and spores. Thus, 
prestalk and prespore cells can be induced experimentally to differentiate 
into the opposite cell type, emphasizing the lability of the genetic mechanism 
which must be responsible for their conversion. These phenomena suggest 
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that cellular differentiation in the slime molds depends upon gradual and 
reversible processes rather than abrupt and final events. 
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CHAPTER 10 

Morphogenesis in Aquatic Fungi 
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East Lansing, Michigan 

L INTRODUCTION 

In this chapter, we shall direct attention toward current concepts of 
morphogenetic mechanisms among aquatic Phycomycetes-an assemblage 
of unusually multifarious creatures which have come to be known as the 
"water molds" by an equally unusual breed of mycological Peeping Toms 
who cannot resist meddling in their various affairs. The dizzy pace with 
which this pastime has been pursued by those addicted to it becomes 
evident immediately upon glancing at Sparrow's monumental treatise, 
"Aquatic Phycomycetes" (1960). In it are documented the innumerable 
reports of past decades which have led to present facts and notions about 
the water fungi-the ideas about their oldness, their ancestry and descent, 
and their kinship with one another; observations of the way in which the 
motile zoospores navigate, and of the quarters in which they come to rest 
and nest; empirical tricks whereby these creatures have been ambushed 
and trapped on bits of snake skin and even fruits and twigs in wire cages, 
isolated from their natural societies, undraped of their protective camou
flage of microorganismal slime, domesticated in the lab, and then rehabili
tated to yield heretofore unheard of secrets about their courtships, frater
nizations among impotent neuters, the stability of the more celibate water 
mold societies, and the like. Thus, although it is still proper to perform 
postmortems on pickled corpses, it has become quite fashionable-and cer
tainly far more profitable-to herd these molds into the mycological arena 
where they can be made to go through their acts ad infinitum under condi
tions controlled by the spectator. 

In order to achieve an appropriately manifold view of these motley 
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molds, "morphogenesis" will be considered in the broadest sense; that is, 
in terms of the genesis of cellular and organismal architecture at any level 
of organization which can be detected and defined. Furthermore, attention 
will be devoted not only to the way in which cell differentiation operates 
during the life history of a single organism-i.e., ontogeny-but also to the 
way in which genesis of form may have operated over the span of many 
generations-i.e., phylogeny. 

II. MECHANISMS OF MORPHOGENESIS AT THE 
PHYLOGENETIC LEVEL 

A. Classic Morphological Foundations 
Let us try to appraise, first, the racial history of aquatic Phycomycetes. 

Undoubtedly, like other living things, they evolved and differentiated into 
modern kinds of fungi through mutation and selection. By the same token, 
just as evolution has proceeded at dive'rgent rates for other creatures, the 
pace at which water molds have gotten where they are today may have 
varied widely. In brief, broad generalizations about the evolution of plants 
and animals can probably be invoked for aquatic fungi. But how should 
we evaluate the details of fungal evolution? What kinds of yardsticks, and 
how many, should be used? 

In lhe past, most mycologists supposed that morphological parameters 
made the best measuring devices. The mass and form of the total fungus 
was, after all, its most conspicuous feature and gave it identity. Indeed, 
even those who are grappling today with the overwhelming degree of tidi
ness in the complex machinery of living cells are aware (e.g., Racker, 
1959) that the first degree of intracellular order is established by meanS 
of structure. Thus, there is good reason to employ morphological and 
structural criteria as a terra firma upon which to build evaluations of phy
logeny in water fungi. 

There is a second parameter1 too, which " ... aside from its recreational 
possibilities, has profound and far-reaching biological significance, . . ." 
(Raper, 1959), and which has long been recognized as a tool for analyses 
of evolution: namely, sex. In fact, Raper feels that it may provide a most 
critical key for explaining the origin and diversity of the fungi. 

And so, from a fabric woven mainly of morphology but pieced and held 
together with fair supplies of sexuality, mycologists have tried for many 
years to reach conclusions about phylogenetic relationships among aquatiC 
fungi. Early in this century, Atkinson's (1909) and Petersen's (1909) 
attempts culminated, so to speak, in Scherffe!'s (1925) suggestion that 
aquatic Phycomycetes had evolved along two major paths, each from a 
different kind of ancestor, which led to modern-day uniflagellate and bi
flagellate fungi. For some twenty years, these speCUlations fit the facts. But 



10. Morphogenesis in Aquatic Fungi 285 

Scherffel, like mycologists before him (and as many of us may be a decade 
hence) was handicapped by want of sufficient information. Now, with an
other score of years gone by, new organisms have been added to the fold, 
some old ones recast, and a few fiung into obscurity by taxonomic annihila
tion. This, together with additional life histories and more extensive mor
phological criteria, has rendered today's version significantly different from 
Scherffe!'s simple scheme of two divergent lines leading to the uniflagellate 
"Chytridineen" and the biflagellate "Saprolegniineen-Peronosporineen." 
Two somewhat different slants have been placed upon this modern view 
(Fig. 1). 
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FlG. 1. Possible evolutionary paths among the major groups of water molds. 

Alexopoulos (1962) thinks in terms of four groups coordinate in rank 
with one another (Fig. 1, bottom): the Chytridiomycetes, producing spores 
with a single posterior flagellum; the Hypochytridiomycetes, forming spores 
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with a single anterior flagellum; the Oomycetcs, which develop hiflagellate 
spores; and the ohligate endoparasites, the Plasmodiophoromycetes~also 
producing biflagellate but heterocont spores~which are set off as a sep
arate class. 

Sparrow, too (1960), sees four lines of descent (Fig. I )~three major 
paths, with a dichotomy in one to yield a fourth~leading to nine orders 
of Phycomycetes. These presumptive evolutionary routes and relationships 
are based upon comparative life histories and morphology, with major 
emphasis upon the distinctive type of flagellation of the spores in each of 
the four main lines: the posterior, "whiplash" flagellum shared by the 
Chytridiales, Blastocladiales, and Monoblepharidales; the anterior "tinsel" 
flagellum with lateral threads in the Hypochytriales; and the paired flagella 
in the biflagellate series, including (a) the whiplash flagella of unequal 
lengths found in the Plasmodiophorales, and (b) the pair of whiplash and 
tinsel flagella, roughly equal in length, associated with the Saprolegniales, 
Leptomitales, Peronosporalcs (Pythia.ceae), and the Lagenidiales. 

A good case has also been made for sequential evolution linking the 
Chytridiales through some members of the Blastocladiales (Emerson, 
1950; Crasemann, J 954) to the Monoblepharidales (Carttino, 1950, 1955; 
Cantino and Turian, 1959). In fact, the origin of a mutant with chytrid
like qualities from a _blastodadiaceous progenitor has been demonstrated 
in the laboratory (Cantino and Hyatt, 1953b). But the biJlagellate complex 
is a more tangled skein, and it is at just such a place that a critical~per
haps even a supercritical~approach is needed. To render judgment about 
evolutionary routes for the Saprolegniales, Peronosporales, Leptomitales, 
and Lagcnidiales is very difficult on morphological grounds alone. Unmis
takable affinities do exist among them, it is true. Also, with their parasitic 
tendency and adaptation to terrestrial habitats in mind, it is tempting to 
consider the Lagenidiales and Peronosporales as relatively advanced. But 
their points of origin along the line (Fig. I) are certainly not resolvable on 
morphological grounds. The lack of fossil evidence for such fragile "bone
less" creatures does not make the problem easier. Thus, it behooves all Who 
are concerned with this matter to examine available data critically. 

A quick glance at the reports about these molds might lead to the con
clusion that an abundance of raw material~knowledge of morphology and 
sex~is available. Indeed, this lengthy literature has led to suggestions that 
aquatic Phycomycetes were derived from simple monad ancestors, from 
algae via loss of chlorophyll, from higher fungi by degeneration and adop
tion of parasitic habits, etc. But, a second glance at Sparrow's book will 
also show that most of them have not even been isolated in unifungal~let 
alone pure-<:ulture. Thus, we simply do not know as yet just how static 
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their morphology and sex really is, nor how distinctive it may be under 
natural conditions. 

But even when degrees of morphological and sexual plasticity become 
established, the question of interpreting the data will remain. Recently, 
Grimstone (1959) reemphasized the dual nature of morphological resem
blances among living things: those built on the same structural plan and 
phylogenetically related to common ancestors, and those found among 
organs of similar function regardless of phylogenetic ties. He stressed the 
need to make this distinction at all levels of organization, and cautioned 
that if two organisms of similar size occupy the same ecological niche, 
morphological resemblances would not be unexpected. 

Aquatic Phycomycetes are world wide in distribution, and by and large 
they grow and propagate in bodies of water. The "buffering" capacities 
inherent therein probably ensure some degree of environmental uniformity 
and constancy. Thus, to distinguish between homologous and analogous 
structures among waterJungi is a difficult and perilous task. For example, 
since the notion is widespread that the motile cells of water molds provide 
good morphological parameters for evaluations of phylogeny, let us pose 
two questions: (a) theoretically, to what extent should details about in
ternal structure of the spore be employed? and (b) practically how much 
d9 we really know about these to begin with? 

--- Consider, first, the question of internal cell morphology. Since all 
eukaryotic cells apparently contain mitochondria, is it not likely that such 
organelles arose independently in different groups of organisms in the 
course of evolution? Following Pantin (1951) (cf. Grimstone, 1959), 
should we not expect that different molds arrived independently at the 
same solutions to common problems when the number of possible answers 
was restricted in nature by the materials available? If we grant this to be 
true, then the mitochondria in their motile cells--organelles presumably 
dependent upon relatively few genes-evolved more often than the more 
complex spore itself. Thus, for purposes of phylogeny, similarities and dis
similarities in the spores' interna1 structures could be misleading, and they 
should be interpreted with caution. 

But, notwithstanding eventual interpretations, what about the second 
question? What are the facts at our disposal to begin with? Both Water
house (1962) and Koch (1961) stress that if we are to usc spore structure 
as a basis for interpretations, then we must learn much more about it than 
we know now; taxonomic speculations based thereon must be postponed 
until a later day. Ironically enough, the truth of this is nowhere better illus
trated than in Koch's own paper. In a sketch of the spore of Allomyces, he 
depicts lipid granules in the cytoplasm, and a ring of mitochondria around 
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the nuclear cap (clearly documented for the first time by Blondel and 
Turian, 1960), and says: "The mitoplanospore of Ailomyces macrogynous 
... diagrammed ... on the basis of personal observations, is representative 
of the Blastocladiales' motile cell which is rather well described in the 
literature." And yet, electron microscopy reveals (Cantino et aI., 1963) 
that in the spore of Bias/oc/adieUa emersonii, there is no ring of mitochon
dria; rather, there is only one mitochondrion. Furthermore, it lies not upon 
the cap, but eccentrically in the posterior end of the spore adjacent to the 
flagellum. Clearly, we are in no position to make generalizations about 
internal structure in the spore, even within a single family of the water 
fungi. 

By the same token, generalizations about the chemistry and physiology 
of motile spores would be premature. For example, the spore of B. emer
sanii has been fingerprinted in some detail: its weight, the total N, soluble 
N, soluble protein N, and soluble nonjll'otein N, chitin, soluble polysac
charide, and lactic acid pools per cell, and'its total content of glucosamine 
synthetase, glucose (i-phosphate dehydrogenase, glycine-alanine tran",.. 
aminase, isocitritase, and other enzyme activities have been established 
(Cantino, 1961; Cantillo and Goldstein, 1961; Cantino and Lovett, 1960, 
1964; Lovett and Cantino, 1960b; McCurdy and Cantina, 1960). Even its 
nuclear cap has been isolated and analyzed (Lovett, 1963). However, none 
of these has been recorded for any other spore of the water fungi. If we 
are to come to grips eventually with this question of the validity of using 
the motile spore as a basis for phylogeny, we shall have to learn much, 
much more about its chemistry and physics and about its structure and 
function from every possible point of view. Painstaking, time-consuming, 
definitive analyses will have to precede broad generalizations. 

B. Recent Nutritional Substructures 

In considering evolutionary mechanisms, there is no reason to restrict 
the point of view solely to morphology and life histories of aquatic fungi. 
Indeed, there has always been good reason not to do so. Even the experi
mental plant taxonomist, who must overcome greater hurdles than those 
confronting the mycologist, begins to see a panoramic view of the evolution 
of higher plants on the horizon. As Riesey et al. (19()2) point out, "The 
entire spectrum of expression of higher plant species, ranging from the 
multitudinous aspects they present ... in the wild to the detailed analysis 
of the functioning of their many component parts down to the cellular 
level, is now within reach ... ," 

Among aquatic fungi, non-"morphological" parameters such as disposi
tion of chemical constituents within a thallus, overall synthetic capacities, 
etc., must also have evolved along with gross morphology, sexual compe-
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tence and attributes, a tendency to parasitize a host, etc. The conclusion is 
inescapable that the aggregate morphology of a water mold results from 
the balance of many forces within it. The "master plan" (Mitchell, 1962) 
by which energy, metabolism, transport, and growth are integrated in the 
genesis of an organism '8 form is, as yet, far from comprehensible. While 
Mitchell's plea that we " ... straighten our backs ... and look carefully 
at the master plan ... " is one to which we should all subscribe enthusias
tically, the real question for us is: where is the vantage point from which 
the mycologist can start? 

The capacity of a fungus to make certain molecular building blocks, and 
its inability to manufacture others, is certainly part of its master plan and 
constitutes a foothold. Let us see how firm a grip it gives us. 

To begin with, there is a practical reason for considering nutrition: its 
effect upon the morphology of aquatic fungi has been recognized for 
decades. Klebs' classic, often quoted observations on the effect of environ
ment upon the Saprolegniales, and sulisequent studies of this sort by others, 
are summarized by Hawker (1957), Cochrane (1958), Sparrow (1960), 
etc. Recent years have reemphasized the import of environment in the 
genesis of form. Examples can be found among the saprophytic Blasto
cladiales (Cantino and Turian, 1959; Cantina, 1961; Cantina and Lovett, 
1964; Horenstein and Cantino, 1962), where bicarbonate, light, and other 
factors affect morphology at different stages in ontogeny in precise, pre
dictable fashion--even the morphology of the parasitic Catenaria appar
ently responds to changes in its environment (Gaertner, 1962); among the 
Chytridiales (Willoughby, 1962), where light (and perhaps vitamins) 
plays a role in the capacity of Cladochytrium to produce sporangia; and 
among the SaproJegniaJes, where stages in the formation of oogonia by 
Saprolegnia (Krause, 1960), Achlya (Barksdale, 1962), and Aphanomyces 
(Papavizas and Davey, 1960a) are affected, respectively, by temperature 
and light, by inorganic ions, total N, and sugars, and by the balance among 
amino acids, sugars, and the S source. But granting the utility of knowing 
how nutrition affects form, let us-for the moment-leave the latter 
out of it. 

Presumably, the composition and organization of a water fungus in 
chemical and physical terms would be related to its synthetic capacity, but 
the data available (until recently: d. reviews by Cantino, 1955; Cantino 
and Turian, 1959) have been limited in quantity and scope. It is true that 
more definitive information has begun to appear-structural details gotten 
by electron microscopy and diffraction (Aronson and Preston, 1960a,b; 
Blondel and Turian, 1960; Cantino et at., 1963), microchemical work 
(Fuller, 1960), studies of the enzymOlogy and chemistry of the metabolic 
machinery in a cell at different stages in ontogeny (Cantina and Lovett, 
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1964), etc. But unfortunately. such work has involved so few water fungi 
that it would be premature to apply the results to phylogeny. 

The second parameter is nutrition itself. An attempt to use this device 
was begun almost fifteen years ago (Cantina, 1950), and the approach has 
been updated and revised periodically (Cantina, 1955; Cantina and Turian, 
1959). Now that another five years have gone by, the picture can be 
brought up to date. More than two decades ago, Lwoff (1944) postulated 
a scheme for physiOlogical evolution among protozoa based upon his notion 
that increasing specialization in nutritional requirements is a concom
itant of evolution. Thus, for example, an organism autotrophic for all 
vitamins and capable of reducing inorganic, highly oxidized Nand S com
pounds would be relatively primitive. It already was evident in 1950 that 
the synthetic capacity of the water fungi was sufficiently diverse to warrant 
a trial application of this notion; it has become increasingly, evident since 
then that the approach was justified. It appears as though physiological 
evolution among aquatic fungi has led to degeneration and heterotrophism, 
whereby progressive losses in the capacity for synthesis has rendered them 
more and more dependent upon the environment. The current view is 
depicted in Fig. 2. The data which' underlie this evolutionary flow sheet 
have been summarized (Cantina, 1955; Cantino and Turian, 1959), and 
almost all nutritional reports after 1959 have fit the scheme. 

Let us assume_ that a spore's flagellation, not its internal structure, is of 
some importance in delimiting major phylogenetic routes; i.e., that uni
flagellate and biflagellate series have evolved separately. The losses in syn
thetic capacities associated with these two paths seem to differ quite sig
nificantly. 

1. The Chytridiales-Blastocladiales-Monoblepharidales Complex 

Nutritionally, the Chytridiales include the most primitive members of the 
uniflagellate series because apparently (a) all have retained the aboriginal 
capacity to usc highly oxidized forms of inorganic S (i.e., sulfate) as sale S 
sources for growth; (b) likewise, some have retained the primitive capacity 
to synthesize all essential vitamins, although a few have lost the power to 
synthesize thiamine, and one canoot make biotin and nicotinamide; and 
(c) some have retained the capacity to use both oxidized and reduced 
forms of inorganic N (i.e., nitrate N and ammonia N), although a few can 
no longer utilize nitrate N. Since 1959, new chytrids have been isolated in 
pure culture. Once again, some of them, i.e., Phlyctochytrium (S. Goldstein, 
1960a) and Rhizophydium (Gaertner, 1960), have retained the capacity 
to synthesize all essential vitamins and use sulfate S (and for Phlyctochy
trium, both nitrate N and ammonia N) as sole sources of sulfur and nitro ... 
gen, respectively; two of them, Cladochytrium (Willoughly, 1962; S. Gold-
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stein, 1960b) and Nowokowskiella (S. Goldstein, 1961), have lost the 
power to synthesize vitamin B1 but have retained the capacity to use sul
fate S as well as nitrate N and ammonia N; and yet others, i.e., Rhizophy
dium (S. Goldstein, 1960a) and Chytriomyces (Reisert and Fuller, 1962), 
have lost the capacity both to manufacture thiamine and to use nitrate N. 
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FIG. 2. Apparent evolutionary paths for losses in synthetic capacity of the sapro
phytic water molds. 

The nutritional characteristics of the Blastodadiales are dearly more 
advanced than those of the Chytridiales. All of them have lost the capacity 
to use inorganic sulfate as a sole source of sulfur for growth and require 
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reduced organic S (at least two, in fact, have specifically lost the power to 
synthesize methionine); all have lost the capacity to synthesize the pyrimi
dine moiety of thiamine-if not the complete-molecule, and some have 
suffered additional losses in the capacities for synthesis of biotin, p-amino
benzoate, and nicotinamide. Moreover, all have lost the capacity to grow 
on nitrate N, and one even on ammonia N. Thus, with respect to S, N, and 
vitamin nutrition, the Blastocladiales arc more specialized and more de
pendent upon the environment than the Chytridiales. On this basis, the 
latter represent the more primitive, and the former the more advanced, 
members of the uniflagellate series. 

As for the Monoblepharidales, no one has succeeded in establishing their 
nutritional requirements. An educated guess, however, may be in order: 
probably, they have suffered even more extensive losses in synthetic capac
ity than their supposed progenitors among the Blastodadiales. In fact, this 
may explain why they have not, as yet, been cultured in synthetic media 
(Cantina and Turian, 1959). 

2. The Saprolegniales-Peronospo1'ales-Leptomitales-Lagenidiales Complex 

The Saprolegniales have lost the capacity to utilize sulfate and nitrate as 
sale sources of Sand N, respectively, for growth. Practically all species, 
however, have retained the ability to use ammonia N, and to synthesize 
essential vitamins. Here, too, reports which have appeared since 1959 are 
in keeping with the scheme in Fig. 2. All the saprolegnias tested (Krause, 
1960; Dayal, 1961a,b)-even a marine species (Vishniac, 1958)-as well 
as lsoachlya and Achlya (Dayal, 1961b) and Aphanomyces (Papavizas 
and Davey, 1960b; Haglund and King, 1962), have retained the capacity 
to synthesize the vitamins they need. On the other hand, they have lost 
the capacity to utilize sulfate S for growth. Furthermore, Aphanomyces, 
Achlya, lsoachlya, and Saprolegnia have lost the ability to use nitrate N 
but have retained the capacity to use ammonia N. 

The Leptomitales, in contrast, have lost the capacity to use both am
monia N and nitrate N for growth, but they have retained the power to 
reduce sulfate for the biosynthesis of the S compounds they require. Finally, 
while some have remained autotrophic for vitamins, one (and perhaps two) 
can no longer manufacture thiamine. 

The aquatic Peronosporales (Le., the Pythiaceae), like the Leptomita!es, 
have retained the capacity to satisfy their needs for S with sulfate. Like the 
Saprolegniales, on the other hand, practically all have retained the capacity 
to use ammonia N to satisfy growth requirements; apparently, some can 
also use nitrate N. But, unlike either the Saprolegniales or the Leptomitales, 
essentially all of them have become partially or completely heterotrophic 
for thiamine. Reports which have appeared after 1959 have brought about 
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some shift in emphasis, but no real change in the scheme in Fig. 2. The 
capacity of the Pythiaceae to use sulfate S (Fothergill and Hide, 1962), 
and their inability to synthesize vitamin B, (Erwin and Katznelson, 1961), 
has been noted once again (however, Fothergill and Hide report one of the 
very few exceptions regarding vitamins). The partial loss in capacity of the 
Pythiaceae to utilize inorganic N now seems greater than originally visual
ized (Cantino, 1950, 1955). Davies (1959), Fleetwood-Walker (1954), 
and Erwin and Katznelson (1961) all report that neither ammonia N 
nor nitrate N is used as sole N source for growth. However, whether or 
not ammonia N supports growth may depend, in some cases, upon the 
exogenous carbohydrate supplied (Christie, 1959). 

In conclusion, it is not implied that deep evolutionary significance should 
be attached to the difference between an organism which requires organic 
N and one which can use inorganic N (i.e., ammonia); a loss of capacity 
to synthesize anyone of the multitude of amino acids, peptides, etc. would 
result in dependency upo~a supply of organic N. But the living cell con
tains far fewer S compounds; thus, the PQw~r to reduce sulfate and to use 
it as the only sulfur source for growth should be more significant. It is sup
posed, therefore, that progressive losses in synthetic capacities of the bi
flagellate complex evolved along two independent paths (Fig. 2); one gave 

_!ise to the Saprolegniales, and the other, via a second, subsequent branch-
-- - ing, to the Peronosporales and Leptomitales. From a nutritional point of 

view, therefore, the Leptomitales are more closely related to the Perono
sporales than to the Saprolegniales. 

C. Prospective Synoptic Footholds 

For the present, the skeleton of any scheme for evolution of flagellated 
fungi must still be based upon structure and life cycles. Nutritional criteria 
can be employed as supplements for judging relationships well-founded on 
morphological grounds (as in the uniflagellate series), or for shifting em
phasis in a new direction if other evidence is insufficient (as in the biflagel
late series). But where should future efforts lead? That the ultimate aim 
is to achieve a quantitative understanding of evolution at all its levels of 
organization is self-evident-and so is the enormity of the task. Attention 
must be given to parasitic aquatic fungi, the sequence and turnover of water 
mold epidemics (Canter and Lund, 1951), interacting factors in the biol
ogy of lakes and mud puddles which could provide clues about the origin 
and maintenance of such relationships, etc. The ecological problem of 
populations (their number and what determines it) and the genetical prob
lem of populations (their kinds, and what determines them) clearly overlap 
(Birch, 1960); for the water molds, too, we must learn how kind influences 
number, and vice versa. Conceivably, mycologists may even arise onc day, 
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to find a theory [perhaps akin to Slobodkin's (1961) for ecology] with 
which, along with an appropriate calculator, educated guesses will be made 
about the future evolutionary pathways of water fungi. 

But along with this macrocosm about which we know so little, there is a 
microcosm equally deserving of attention. The metabolic machinery which 
governs synthesis and maintenance of morphological structure and sexual 
potency in water fungi had to evolve simultaneously. We must, therefore, 
learn much more about it, what it is made of, and how it operates. What 
does this imply? Ten years ago, we might have been gratified with a modest 
knowledge of the role of the Krebs cycle and the Embden-Meyerhof-Parnas 
(EMP) glycolytic pathway-perhaps even the hexose monophosphate 
shunt. But who, today, would be truly satisfied without some insight into 
the action of an upstrand operator sitting on a regulator operon about to 
send repressive agents off to war upon peaceful fellow operators on func
tional operons elsewhere in the cell? Our machine is infinitely more sophis
ticated, and many will want to know about the battery of relays, semicon
ductors, amplifiers, and other devices in the cell's milieu which mediate 
induction, repression, and gene control in general. 

In this light, our nutritional approach is far from perfect and leaves 
much to be desired-indeed, it appears positively primitive! And yet, 
water-moldologists can only work with what they've got, and what they 
can expect to have in the foreseeable future. Besides, losses in capacity for 
synthesis must be related, in some measure at least, to the ecological 
capabilities of water fungi, on the one hand, and to the cogs in their meta
bolic wheels on the other. Somewhere in between lies a region of com
promise wherein different approaches can be reconciled, and whereby it 
can be estimated how, by mutation and recombination, raw materials for 
evolution originated. Judging from comparative biology and contemporary 
thinking on the matter, selection probably operated via the routes in Fig. 3. 

1. A Framework for Further Study 

Undoubtedly, mutation was a major factor, but to what degree? Thus, 
is the mutation rate among water fungi about the same as in other living 
things? The sensitivity of enzymes and DNA in pneumococci to ionizing 
radiation is increased by oxygen (Hutchinson, 1960). If their niche in 
nature is relatively poor in oxygen, do the water molds, therefore, display 
low mutation rates? The opaqueness of water to certain radiations should 
provide additional "protection." Although evidence is meager and negative 
besides, the fact remains that spontaneous mutations among water molds 
appear to be exceedingly rare; even induced mutations are hard to come by. 
It may be fair to guess, therefore, that among the water fungi production 
of undirected genotypic plasticity (Fig. 3) via mutation occurred at rates 
below par. 
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F IG. 3. T he possible nature and genesis of raw materia ls involved in the evolution 
of water molds. 

Recombination is the second major factor in evolution of most other 
living things. But among aquatic fungi, sex-at least, gesticulations recog
nizable as such- is all too often missing. Of course, for molds which do 
indulge, mycologists will b ave to grapple with the question " ... is sexual 
versati lity ... the cause or the result of evolutionary diversity?" (Raper, 
1959). But for those that don' t, it doesn't rea lly matter. T hus, a second 
source of undirected genotypic plasticity is, tOday, at least, lacking in the 
great majority of water molds. 
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Naturally, there is no question (Wright, 1956) that selection cannot 
operate without some raw material. Thus, future work will have to aim, 
first, toward gathering quantitative data about the origin of undirected 
genetic variability; and second, toward identifying the properties of the two 
paths (Fig. 3) which stem therefrom through the agency of uniparental 
and biparental reproduction. 

Almost all aquatic Phycomycetes are homothallic and employ uniparental 
modes of reproduction. Apparently, they do not enjoy heterokaryosis as 
a "genetic balancing device" (Raper, 1959), and yield clones of constant 
genotype. Therefore, following Wright (1956), and ideas attributed by him 
to Haldane, effective selection of the most rapid multipliers in newly formed 
clones should ensue quickly. But thereafter, evolution would be restricted 
to rare mutations among them. Slight differences in longevity, survival under 
competition, fecundity, etc., would then be magnified and playa potent role. 
Thus, like other asexual creatures which have persisted in constant environ
ments (Sonneborn, 1957), water fungi living in aquatic habitats buffered 
against rapid ~hange presumably enjoy the same "advantages" and a sus
tained existence." 

If the current view about common gene pools excludes asexual orga
nisms from consideration, we are left (Fig. 3, bottom left) with water 
molds in anonymity. This kind of dilemma led Sonneborn to use the term 
~'syngen" as a unit of evolution (vs. "species/' the unit of identification). 
He distinguished syngens by lack of gene flow between them. Thus, their 
delimitation among asexual organisms must depend upon extensive com
parative studies to provide bases for judgments about the probable com
plexity of their genetic makeup. This, perhaps, is one course to chart as 
we search for an understanding of evolutionary mechanisms among aquatic 
fungi. With reliable data about nutrition, the structure and function of their 
metabolic gear, their method of gene control, etc., the syngens of water 
molds can be characterized, and judgments made about degrees of discon
tinuity among them. 

But having placed the emphasis upon the homothallic majority, we do 
not mean to slight the small minority capable of biparental reproduc
tion (Fig. 3, right); some of the most venerable molds are found among 
them. However, as Raper (1959) points out, Allomyces is somewhat ex
ceptional; not only does it have a 2 N vegetative thallus, but-although 
homothallie-it also hybridizes with other members of its kind. And as for 
the achlyas, most of them are capable of sexual ambivalence and appear 
to constitute fungi in a state of sexual transition. Might this, too, stem in 
part from the "buffering" capacity of their aquatic environment? If effective 
selection could only have occurred in sharply changing settings, perhaps 
we should expect to find them in a state of flux. In any case, to evaluate 
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evolutionary mechanisms for the very few fungi among which gene flow 
can occur (Fig. 3, right) may be more difficult than for those with single 
parents. Fortunately, we already know a good deal about them. 

2. Synopsis 

Extensive uniparental reproduction prevails among aquatic Phycomycetes. 
Cross-breeding is rare. If application of the words of Wright (1956) to this 
system is justified, we can conclude that it "is probably more significant as 
a means of insuring the appearance of adaptive genotypes, capable of tak
ing advantage of any temporary bonanza ... than of progressive evolu
tion." Students of the water fungi have always regarded them fondly as the 
most primitive representatives of the true fungi. Perhaps we should add: 
and they have not gotten very far! If, by and large, they consist of groups 
in which irreversible evolutionary divergence has not yet occurred, intensive 
study of their syngens should provide definitive bases for judgments about 
the complexity of the genetic differences among aquatic Phycomycetes. 

III. MECHANISMS OF MORPHOGENESIS AT THE 
ONTOGENETIC LEVEL 

A. Potential Utility of Aquatic Phycomycetes 
for Morphogenetic Studies 

/-This vast, ubiquitous assemblage of primitive fungi constitutes a grab 
bag of useful "guinea pigs" waiting to be exploited for experimental studies 
of cell differentiation. Unfortunately, few biologists have taken advantage 
of what they have to offer; even then, rarely have systematic attempts been 
made to develop and exploit them as vehicles for long-range studies. Fur
thermore, the intolerance of some molecular "biologists" for "descriptive" 
morphologists-and vice versa-has too often been painfully obvious in 
the past and needs no documentation. To jump with both feet into some 
highly special aspect of the biology of an aquatic fungus, paradoxically 
ignoring background knowledge of its life history and morphology, or alter
natively, its chemistry and physics, is patently ludicrous. It is no wonder 
that knowledge of morphogenesis in water molds-indeed, in all the fungi 
-is spotty. Fortunately, there are some notable exceptions. 

B. Aquatic Phycomycetes Exclusive of the Blastocladiales 

1. Saprolegniales 

The thallus of these creatures is a branched coenocytic mycelium with 
unlimited capacity for growth. The genesis of sexual and asexual structures 
thereon has been studied intensively and with ample rewards. It is instruc
tive to see how our knowledge has evolved. 
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According to Waterhouse (1962), in the early 1820's F. P. Gruithuisen 
and C. G. Carus gave good descriptions of sporangia and of the emission and 
encystment of their spores. Later on, in the 1880's (Sparrow, 1960), M. 
Busgen and M. M. Hartog wrote of the distinctive cytoplasmic changes 
which occur during the genesis of a sporangium and its spores. Finally, this 
led to knowledge of the sequence of events involved in spore formation; out
ward extension of cleavage planes to delimit spore initials and formation of 
discharge papillae, subsequent abrupt changes in "aspect" (degree of granu
lation) of the protoplast, and, last, relase of spores. Thus, an essential 
cornerstone was laid down ear1y, and superstructures were built upon it later. 
The early 1900's saw development of now-classic Klebsian principles about 
the impact of environment on morphogenesis (Klebs, 1900; summarized in 
Coker, 1923; Sparrow, 1960). Mycelia well nourished in "rich" nutrients 
formed sporangia and discharged spores when transferred to a nutrient
poor environment such as witer. Reduction (rather than severe depletion) 
of the food supply induced genesis of sex cells. From this point on, knowl
edge of morphogenesis in the Saprolegniales evolved along two paths of 
unequal length and different texture. 

As ill-defined as Klebs' results may appear today to our sophisticated 
hindsight, we know astonishingly little more than he did about the genesis 
of sporangia. Aside from suggestions that metabolic products alter sporan
gial morphology (Salvin, 1942), and that aeration (Llanos and Lockwood, 
1960) affects sporogenesis, there is little new. One cannot agree more 
wholeheartedly with Waterhouse (1962) that, as far as these sporangia are 
concerned, we are still in the dark ages. 

But in sharp contrast, a bright beacon glows along the second road. 
After recognition that heterothallism (Couch, 1926), and staling products 
(Salvin, 1942), played a role in development, Raper (1951, 1952) un
covered a remarkably complicated hormonal control mechanism for the 
genesis of sex cells in Achlya, which is reviewed by Machlis in this volume. 
Raper showed that water-soluble substances sequentially initiated and coor
dinated sexual reproduction: (a) hormone A, produced by the female 
thallus, induces formation of male sex organs on the male thallus; (b) the 
latter then releases hormone B which initiates the formation of female sex 
organs on the female thallus; (c) the female now releases hormone C, 
which brings about delimitation of the male organ and, in fact, attracts it 
to itself; and finally (d) the male produces hormone D which delimits the 
female organ from the thallus. Emerson (1950) sums up the essence of 
this work thus: "Diffusion of the hormones across cellophane membranes 
was shown and the sequence of steps and the timing of each was ingeniously 
demonstrated by many types of experiments. Reciprocal matings between 
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A. ambisexualis and A. bisexualis revealed the nonspecificity of certain 
of the hormones and the specificity of others, the latter providing a precise 
explanation for the sexual incompatibility of these two species. It was 
shown that both hormone A anll hormone B are stable at lOO°e. ... It 
was found that the number of antheridial hyphae produced was propor
tional to the concentration of hormone A applied and could be used as an 
accurate index of reaction intensity. Optimal conditions of temperature, 
hydrogen-ion concentration, and other factors were determined, and stand
ard conditions for bioassay of hormone A were described. In 1942, Raper 
and Haagen-Smit ... refined the method of assay still further and suc
ceeded in obtaining, by a complex series of chemical fractionations, a 
preparation of hormone A 70,000 times more active than the starting 
material. Unfortunately, despite intensive effort, the substance was not 
isolated in a pure state, but many of its physical and chemical properties 
were established. Subsequently, Raper. '; . discovered that the initial re
sponse of the male vegetative plant to the female vegetative plant depends 
upon a comp\ex of interactions between two substances, A and A'!, pro
duced by the female, and two substances, A' and an inhibitor, produced by 
the male." 

Thanks to Raper, we already had ten years ago a tidy picture of an im
portant mechanism of development involving 7 hormones, 4 secreted by 
the male and 3 by the female, which induced and regulated morphogenesis 
in one of the Saprolegniales. And yet, perhaps because Raper was a step 
ahead of the times-or maybe simply because the main obstacle for chemi
cal identifications was the tremendous quantities of spent media containing 
the hormones which, so far as was then known, were" . .. of interest and 
importance only to other Achlyas" (Raper, 1951 )-this outstanding work 
has not yet led to an interpretation of morphogenesis in chemical or meta
bolic terms. Undoubtedly, however, it will come with the recent flurry of 
renewed interest in the female gender of the Saprolegniales. Barksdale 
(1962) has defined the optimal balance between glucose and the quantities 
of C, P, K, S, Mg, and Ca necessary for formation of sex organs in Achlya. 
Krause (1960) outlined some five phases (i.e., induction, growth, differ
entiation, etc.) during genesis of oogonia in Saprolegnia, the first of these 
being sensitive (but the rest insensitive) to blue light. Vitamin nutrition 
did not appear to be involved. And finally, Papavizas and Davey (1960a) 
showed that various factors, particularly exogenous sugar: amino acid ratios 
and the kind of sulfur source, affected formation of oogonia in Aphano
myces. To what degree such studies will blend with what we know of the 
hormonal control of reproduction is a moot point. At this moment, a meta
bolic basis for morphogenesis in the Saprolegniales has not yet been sug
gested. 
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2. Leptomitales and Pythiaceae 

Potentially, these organisms have as much to offer as the Saprolegniales, 
but experimental studies of their morphology-at least, the sort we have 
been discussing-have been almost wholly lacking. For Apodachlya, this 
seems to be particularly anomalous because the cytological foundations 
for sexual differentiation were available long ago. The simultaneous divi
sion of nuclei in the female organ, the outward migration and subsequent 
degeneration of all but one of them, and the fusion of the latter with a 
nucleus from the male-all was described by Kevorkian (1935) almost 
thirty years ago, but has not been exploited further. Bishop (1940) pro
vided suggestive evidence for the role of hormones in sexua1 reproduction, 
but more than two decades have gone by and nothing much has been 
added. Even aspects of metabolism were explored (Schade and Thimann, 
(940), but the work was not designed to bear upon questions of morpho
genesis. Thus, experiments with the Leptomitales have been rare and spotty; 
in particular, they have not fertilized one another. At the moment, knowl
edge of the mechanism of morphogenesis in the Leptomitales (and the 
Pythiaceae, too,). is almost nil. 

3 .. _.Monoblepharidales and Chytridiales 

The Monoblepharidales have not played a role in advancing our knowl
edge of morphogenesis; until recently (Perrott, (958), they had not even 
been isolated in pure culture. But their relatives, the Chytridiales, have 
already left their mark and have much more to offer. Once again, this 
stems in part from the orderly fashion in which knowledge of them is 
evolving. An abundant baCkground of descriptive morphology can be found 
in the 561 pages which Sparrow (1960) has devoted to them, and cyto
logical research with them is well along. 

Starting with early reports [see Sparrow (1960) for historical survey], 
such as Wagner's on Polyphagus-wherein, half a century ago, he had 
already discovered that during morphogenesis nuclear divisions were com
pleted before cytokinesis was initiated-a cytological foundation began to 
accumulate. This is based on observations that cytoplasmic strands in 
Cladochytrium connect flagellum to nucleus and that a nuclear cap is at
tached thereto (Karling, 1937); the fact tbat in Polychytrium such caps 
contain coalesced granular material (Ajello, 1948), and that in Astero
phlyetis (Antikajian, 1949) they are quickly lost following spore germi
nation; findings that as a young chytrid germling grows, its single nucleus 
can enlarge in striking fashion-from twofold in Endochytrium and Rhizo
phydium (Hillegas, 1940; Hanson, (945), to as mucb as fivefold in Astero
phlyetis (Antikajian, (949); discoveries tbat when nuclear division does 
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begin in older thalli derived from germ lings of Cladochytrium (Karling, 
1937) and Rhizophydium (Hanson, 1945), crescent-shaped nucleoli per
sist during the apparently synchronous (Ajello, 1948) mitoses which 
ensue; and, finally, observations of a gradual reduction in size of nuclei 
with each successive division (Antikajian, 1949), thus regenerating the 
original nuclear dimension found in spores. Provided with such provocative 
focal points pregnant with possihilities for the future, along with evidence 
of mating type control in Rhizophlyctis (Couch, 1939), and the awareness 
that Klebsian principles are applicable to chytrids, too, an orderly continu
ation of studies in chytrid morphogenesis is inevitable. The increasing use 
of pure cultures for studies of nutrition (Section II, B), and work on the 
fine structure and composition of chytrid thalli (Aronson and Preston, 
1960b; Fuller, 1960) has helped to set the stage. Effects of light and 
vitamins on the capacity of Cladochytrium to form sporangia (Willoughby, 
1962), and the events involyed in the differentiation of Rhizidiamyces 
(Fuller, 1962), will presumablJ be pursued further. Although metabolic 
bases for morphogenesis in the Chytridiales have not yet been studied, 
they are probably not too far off. 

_/- C. The Blastocladiales 

1. Difjerefltiatian of Sexual Reproductive Cells 

.- ·-'the self-fertile, hermaphroditic, I N mycelium of Allamyces forms paired 
sex organs (gametangia) from which male and female gametes are released 
and then attracted to one another by a hormonelike substance called 
"sirenin" (Machlis, 1958). The male organ is orange, while the female 
one is colorless (Fig. 4, top left). The nonfilamentous Blastocladiella 
emersonii also produces orange and colorless multinucleate cells-albeit 
only one kind or the other per plant (Fig. 4, top right). Although they do 
not lead to conventional gametic copulation, there is good reason to con
sider them, too, as nonfunctional sex organs (Cantina and Hyatt, 1953a). 
Because both fungi were maintained in culture and studied intensively for 
years by a small group of workers, knowledge of sexual differentiation in 
them evolved systematically and with increasing sophistication as new tools 
became available. The cross-fertilization (Cantino and Turian, 1959) which 
gradually ensued has led to promising notions about mechanisms of gameto
genesIs. 

The literature on A /lorn)'ces dates back to the turn of the century, when 
Butler (1911) first described it, and Barrett (1912) isolated it in pure 
culture. However, it was 1929 before Kniep described its type of sex 
which was previously unknown in fungi, involving copulation of plano
gametes derived from paired sex organs-one, orange and terminal, and 
the other, colorless, subterminal, and attached to the mycelium. A year 
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later, Kniep (1930) reported a second A llomyces in which arrangement 
of such pairs was reversed; the colorless cells were terminal, and orange 
ones subterminal. Once pure cultures had been obtained, along wilh a 
well-documented life history, and a solid background of descriptive mor
phOlogy, there followed quickly a series of important reports (Fig. 4). 
Hatch (1935) made early observations of cytodifferentiation during the 
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ontogeny of sex organs. Although these led him to postulate incorrectly 
the site of reduction division, stimuli for further work were provided, 
particularly by his thoughts on the possible role of mitochondria in differ
entiation. At about this time, Matthews (1937) described a new genus, 
Blastodadiella. Unlike Allomyces, it was not mycclial-rather, it displayed 
a determinate system of growth-but, like Allomyces, it could (as shown 
by Harder and Sorgel, 1938) form orange and colorless cells. 

Emerson (1941) extensively surveyed life histories of Allomyces, de
scribed some departures therefrom, added new subgenera, and made 
crosses in an effort to learn about the genetic control of sex ratios and the 
position of gametangia relative to one another. The orange pigment in the 
male was identified as chiefly y-carotene (Emerson and Fox, 1940). By 
mid-century, following the first detailed study (Emerson and Wilson, 1949; 
C. M. Wilson, 1952) of meiosis in any aquatic Phycomycete, it was es
tablished that the orange and colorless gametangia are haploid and that 
reduction division occurs elsewherejn the life history. Thus, differentiation 
of sex organs on the same hypha apparently does not result from segre
gation of sex chromosomes or genes; all nuclei originate by mitosis from 
a 1 N nucleus in the spore from which the garnetophyte is born. Such a 
situation is spoken of as phenotypic sex determination (in contrast to geno
typic; Emerson, 1955). Finally, the work Emerson started in the late 
1930'seulminated in thorough documentation and discussion (Emerson 
arid ~Wilson, 1954; Emerson, 1955) of the genetics, cytogenetics, and 
cytotaxonomy of the genus. Specifically, it was concluded that arrangements 
of gametangial pairs are ultimately controlled by the genotype, and that 
a wide range of hybrid forms is created by interspecific crossings in which 
the sex ratio appears to be controlled by a polygenic system. 

At about this time, a new species of Blastocladiella, B. emersonii, was 
described in detail (Cantino, 1951; Cantina and Hyatt, 1953a). It, too, 
produces orange cells which are "phenotypically" determined. Thus, by 
the early 1950's it was clear (Fig. 4) that differentiation of sexually func
tional orange and colorless cells in Allomyces, and similar but apparently 
nonsexually functional ones in Blastocladiel/a, can be controlled and 
manipulated experimentally. 

Since the immediate manifestation of sexual disjunction in A Ilomyces is 
the orange pigment in the male organ, it is no surprise that attention was 
swiftly turned toward it. Whiffen (1951) found that cycloheximide induces 
deposition of orange pigment in the 2 N sporophytes of Allomyces with 
concomitant production of orange sex organs. Therefore, she suggested 
that cycloheximide may exert its effect by inducing chromosome reduction. 
Conversely, diphenylamine inhibits pigment formation and, when sex cells 
are thus rendered colorless, the decrease in y-carotene is associated with 
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an mcrease in b-carotene and phytofluene (Turian, 19570; Turian and 
Haxo, 1954). In Blastocladiella, too, the pigment in orange cells is pre
dominantly y-carotene (Cantina and Hyatt, 1953b), cycloheximide in
duces an extraordinary increase in its synthesis (i.e., up to a 40-fold in
crease) and in the incidence of orange cells in populations of the fungus 
(Cantina and Hyatt, 1953a). Moreover, diphenylamine depresses formatIOn 
of carotenoids (Cantina and Horenstein, 1956b). Clearly, within obvious 
genetic lines of demarcation, differentiation of orange and colorless cclls
that is, phenotypic sex determination-is profoundly subject to environ
mental control in both Allomyces and Blastocladiella. 

Intensive work now began along different lines, and new techniques 
facilitated progress along the old ones. Electron microscopy revealed 
(Turian and Kellenberger, 1956) rings of mitochondria arouna the nuclear 
apparatus in gametes of Allomyces, and set the pace for studies of fine 
structure in the Blastocladialcs. Also, new techniques for handling sexual 
generations of Aliomyces were wprked out. When gametophytes grow in 
liquid culture, the release of gametes is quickly followed by formation of 
2 N sporophyles from zygotes resulting from gametic copulation and/or 
from female gametes via parthenogenesis. Consequently, a mixed culture 
of 1 Nand 2 N thalli ensues quickly. Turian (1955) overcame this diffi
culty by preventing gametic fusion with boric acid. This made it possible 
to propagate sexual generations in liquid media, and to study gametogenesis 
without contamination by the sporophyte. But most important was the fact 
that Emerson and Wilson (Emerson, 1955) had created interspecific 
hybrids, from parents with normal male:female ratios (i.e., unity), which 
bear less than one female organ for every thousand male organs and which 
are in effect, therefore, male strains. Their potential utility was exploited 
further, as we shall see. 

With BlastocladieUa, on the other hand, the fact that a thallus can 
produce either an orange cell or a colorless cell (but not both at once) 
permits certain direct observations of the wild type on solid media. For 
example, the ratio of orange;colorless cells in a population depends upon 
the age and nature of their parents (Cantina and Hyatt, 1953a). It is also 
of great interest that although most swarmers from an orange cell are not 
viable (their inability to retract flagella is believed to be the cause), a few 
of them do germinate and grow directly into new blastocladiellas. Thus, in 
sharp contrast to Allomyces, the nonfunctional male "gametes" of B. 
emersonii are capable of ephebogenesis. But here, too, further progress 
came with the isolation of mutant strains (Cantina, 1953; Cantina and 
Hyatt, 1953b) which, much like the male hybrids of Allomyces, produce 
orange cells exclusively. From this point on, studies of Allomyces and 
Blastocladiella diverged for a few years, but they complemented one an-
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other, gradually converged, and finally anastomosed to reinforce the fabric 
woven from earlier observations. 

Comparisons of the orange mutant of Blastocladiella with the wild type 
(Cantino and Hyatt, 1953b,c) revealed that isocitric, succinic, malic, and 
a-ketoglutaric-dehydrogenases, fumarase, aconitase, and cytochrome oxi
dase activities are demonstrable in cell-free preparations of colorless cells. 
However, in orange cells fumarase and malic dehydrogenase are lower by 
50% or more, and aconitase and a-ketoglutaric dehydrogenase arc virtually 
missing. Thus, the mutant appears to be incapable of carrying out the two, 
successive oxidative decarboxylations in the Krebs cycle. This led to the 
notion that orange cel1s of B. emersonii possess an enzymatic lesion which 
prevents normal turnover of the tricarboxylic acid cycle, the consequent 
lack of reducing power leading via shunts to accumulation of the I'-carotene 
characteristic of an mange cell. At a different level of organization, a new, 
Nadi-positive, cytoplasmic "gamma" particle, possibly a lysosome, was dis
covered in B. emersonii (Cantino and Horenstein, 1954, 1956b; Cantino 
et al., 1963). Such particles are less numerous in orange cells than colorless 
ones, and their number responds to treatments with diphenylamine and 
cycloheximide as does synthesis of carotene itself. Thus, it was thought that 
the metabolic lesion in an orange cell may result from-Of at least be re
lated to-this deficiency of "gamma" particles, and that the overall defect 
induces the genesis of an orange "sex" cell in B. emersonii. 

With Allomyces, comparative studies were at first cytological and cyto
chemical rather than metabolic. Although I Nand 2 N generations were 
shown (Machlis and Crasemann, 1956) to be similar in nutrition and 
growth rates [and recently, in glutamine synthetase and dehydrogenase ac
tivities (Klinkhammer, 1959)J, sex determination was not the issue in 
this work. Starting with undifferentiated gametophytes, Turian (1957b, 
1958) described the early phases of sexual differentiation. Since Hatch 
(1935) had suggested that differential distribution of mitochondria might 
be responsible for sexual disiunction, Turian explored this further. He 
found that not all "mitochondria"-like particles in the region undergoing 
sexual differentiation react strongly to the Nadi reagent; indeed, those that 
do are more numerous in the colorless female than in the orange male 
organ. This situation is in harmony with that in Blastocladiella, where a 
low content of Nadi-positive "gamma" particles is associated with orange 
cells and a higher content with colorless cells. Along with Foley's (1958) 
reaffirmation of the possibilities for cytoplasmic control of sex in Allomyces. 
this lends emphasis again to the apparent homology between orange and 
colorless "sporangia" of Blastocladiella and male and female gametangia 
of Allomyces. 

In A llomyces, sex organs differ in two other important respects: the 
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greater number of nuclei per unit vo1umc of male protoplast, and the 
greater size of the nuclear cap per unit volume of female protoplast. Turian 
showed that although nuclei arc randomly distributed in fertile, hyphal 
tips before septation, a differentiated male organ still contains about the 
same number of nuclei as the much larger (ca, fourfold) female organ. 
Thus, male nuclei appear to multiply 4 times as fast as female nuclei after 
a cross wall delimits these sexual territories, As for the nuclear cap, its 
basophilic properties result largely fwm its content of RNA (TariJn, 1956; 
compare with Blastocladiella: Cantina et al., 1963; Lovett, 1963). But 
even before caps are formed, basophilic intensity in the protoplast of a 
young, female organ is already greater than in the male. This difference 
is detectable when the cytoplasm becomes granular. It becomes more pro
nounced when nuclear caps arc finally organized, apparently by an aggre
gation of preexisting ribosomes (Blondel and Turian, 1960), around 
gametic nuclei at the cleavage stage. Furthermore, the increase in basophily 
of a female organ is independent of its position relative to the male (Turian, 
1958). This led to the thought that a potential gradient for RNA synthesis 
exists long before it manifests itself visibly (and as shown later, chemically; 
Turian, 1961 a), during maturation of the sex organs. The ootion thus 
developed that the cytoplaiipl of a young male organ constitutes a zone of 
intense utilization of RNA, whereby it is converted to DNA needed for the 
increased rate of nuclear multiplication found therein. Conversely, the more 
sluggish nuclear reproduction in the female permits retention of this RNA 
and, therefore, formation of the larger nuclear caps so typical of the color
less sex organ. Some of these relationships were then quantified by chemical 
analyses. 

Thymine induces increased numbers of male organs in A llomyces 
(Turian, 1958) and increases the DNA:RNA ratio in Blastocladiella 
(Turian and Cantina, 1959) and, as shown subsequently (Turian, 1961 a), 
in Allomyces too. Subsequent analyses revealed (Turian, 1961c, 1962) 
that the DNA: RNA ratio in the orange male of AI/omyces is one and one
half to two times greater than in a colorless female and that it can be 
traced back to an early stage in sexual morphogenesis when differential 
nuclear multiplication in the male first becomes detectable. It appears as 
though (a) the DNA:RNA ratio begins to fall in the female organ because 
of an increase in RNA synthesis which, as we have seen, is finally expressed 
in massive nuclear caps; and (b) the DNA:RNA ratio remains high in the 
male organ because net synthesis of DNA is maintained at a high level 
while net synthesis of RNA is lower, and this is finally expressed in relatively 
thin nuclear caps. 

Finally. attempts were made to relate these nucleic acid transformations 
to metabolism. The Allomyces male displays less reducing power than the 
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female (Chodat and Turian, 1955). Extracts of a male hybrid possess 
(Turian, 1960b) less succinic and a-ketoglutaric dehydrogenase but more 
lactic dehydrogenase activity than a female A llomyces. Krebs cycle inhibi
tors like malonate and arsenite (Turian, 1960a), as wen as acetate, 
promote the genesis of orange male organs in hybrid females. This led to 
the observation (Turian, 1961 b) that isocitritase and glycine-alanine trans
aminase activities are more abundant in males than in females and that 
the acetate induction of increased maleness actually brings on a simul
taneous increase in isocitritase activity. The current notion, therefore, is 
that an orange male organ is characterized by a lesion in oxidative metabo
lism-presumably in the Krebs cycle-and that the glyoxylate cycle may 
provide an alternative route by which it carries on. Once these enzymes 
from Allomyces have been partially purified, their properties determined, 
and their activities per cell established during the genesis of male and female 
organs, mycologists may find themselves with the most well-defined 
metabolic basis for sexual differentiation in a water mold-perhaps in any 
fungus. 

By way of summary, these investigations with Blastocladiella and Allo
myces have complemented one another nicely although some major gaps, 
of course, remain. To begin with, extensive genetic work with Allomyces 
provides an important fabric in which the results of other studies of sexual 
disjunction can be interwoven. By contrast, in B. emersonii, wherein even 
the degree of ploidy is unknown, conventional genetic analysis cannot be 
done. Second, a lot is known about the progressive cytological changes 
which occur during transformations of undifferentiated hyphae into pairs 
of sex organs in Allamyces; in Blastocladiella, knowledge of this sort is 
almost nil. And third, although the number of nuclei per unit of proto
plasm-and, therefore, the rate of nuclear reproduction-is known to be 
greater in orange cells than in colorless ones of both organisms, comparative 
analyses of DNA and RNA during nuclear multiplication in orange and 
colorless cells has been done only with Allamyces. 

On the other hand, it is clear that in Blastocladiella (a) differential 
distribution of cytoplasmic "gamma" particles is correlated with the color 
of the "sex" organs, (b) electron microscopy reveals that gamma particles 
are not mitochondria (although they may be lysosomes), and (c) experi
mental alteration of the number of gamma particles per cell with chemicals 
is associated with a simultaneous change in color (i.e., in "sex") of the 
cell. In Allomyces. the relation between cytoplasmic particles and sex has 
not been manipulated, and the degree of possible plasticity is not known. 

Finally, in both Blastocladiella and Allamyces, orange cells appear to 
display two main lesions, one in common and one different, in the tricar
boxylic acid cycle. To what degree, and by what mechanism, these differ-
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ences may be causally related to synthesis of carotene and the nucleic 
acid transformations characteristic of an orange male organ remains to be 
established. 

2. DifJerentiation of Asexual Reproductive Cells 

Almost all the BlastocladiaJes produce a well-defined, multinucleate 
cell-known as a "resting spore," a "resistant sporangium," or, when ap
propriate, a "meiosporangium"-which possesses a thick, brown, and 
usually pitted wall. We shall refer to it as the RS cell. Under appropriate 
conditions, its protoplast is converted into motile spores which are released 
and germinate to start a second generation. Among the saprophytic Blas(O
cJadiales which we shall discuss. thin-walled, colorless, unpitted multi
nucleate cells--called zoosporangia, or when appropriate, mitosporangia~ 
are also formed. Their protoplasts, too, are converted into motile spores. 
In Allomyces and Blastocladia. both sporangia! types can form on the 
same thallus; in Blaslociadielia, only one or the other is produced. A good 
deal is known about the mechanism which underlies this dual capacity 
for morphogenesis. and ~e shall try to trace its history. 

Morphological descriptions date back to Reinsch's (1878) discovery 01 
the organism now known (Petersen, 1909) as Blastoc/adia. The brown, 
thick-walled, pitted cells borne on its thallus received further attention, 
notably from Thaxter (1896), von Minden (1916), Kanouse (1927), 
Blackwell (1937, 1940), and Lloyd (1938). With the discoveries of 
Allomyces (Butler. 1911) and Blaslociadielia (Matthews, 1937), and the 
works which followed (Couch and Whiffen. 1942; other references cited 
in previous sections), the RS cell became diagnostic for all the Blasto
cIadiales. By the early 1940's, its morphology and behavior were well 
known; they are nicely summarized by Sparrow (1960. p. 610): "The 
peculiar, olten pitted, resting spores so characteristic of this order are 
unquestionably a device for tiding the plant over unfavorable environmental 
circumstances. Unlike other parts of the fungus they can withstand dryiI1g 
and freezing and probably high temperatures. Although found for the most 
part on the zoospore-bearing plant they are occasionalJy observed on the 
gametophyte, if it is formed. Their structure in practically all instances is 
identical. In the early stages of development they resemble in position aad 
shape ordinary zoosporangia. The increasing density and darkening of the 
protoplasm and the thickening and pigmentation of the wall, however, 
together with the lack of formation of discharge papillae, soon distinguish 
them from developing zoosporangia. . .. At maturity the obpyriform, 
ovoid, clavate, beaked, or sometimes spherical resting spore is more or 
Jess closely enveloped by the thin walJ of the container within which it lies. 
The outer wall of the spore is thick, of varying shades of brown. and usually 
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perforated by innumerable minute inwardly directed cone-shaped pits or 
pores. The apices of these pores are in contact with a second, thinner, 
smooth colorless wall which surrounds the cytoplasm. The living contents, 
although considerably masked by the pigmented outer wall, are composed 
of numerous large fat globules imbedded in a finely granular matrix. The 
resting spores vary somewhat in shape in the different species, but they 
frequently have a narrow truncate base and, for the most part, are broad
est slightly above the equatorial region .... Although the container or 
hyphal sheath may burst to liberate its resting spore, more commonly it 
persists around the resting spore and is shed with it. If persistent, upon 
germination the container bursts and the thick outer wall of the resting 
spore cracks open along a preformed line. Discharge papillae develop on 
the bulging, exposed, thin, inner wall and deliquesce to form pores 
through which the posteriorly uniflagellate planonts emerge .... In certain 
forms a somewhat prolonged discharge tube is produced. What type of 
plant is subsequently developed from these swarmers depends upon the 
particular organism involved." 

Although these facts about the RS cell have been known for many years, 
. the mechanism of its formation remained a mystery until about the middle 

of this century. Then, with a sudden burst of activity-and in little more 
than a decade-knowledge about the formation of these thick-walled cells 
was accumulated, along one path for Allomyces and another for Blasto

'Badia and Blastoc/adiella. It is convenient to consider them separately. 
a. A llomyces. On yeast-starch agar (Emerson, 1941), sporophytes of 

Allomyces produce RS cells without 'pecial treatment, and they mature 
(i.e., can produce spores) in 3-6 weeks. Notably through the efforts of 
Emerson (1950), Emerson and Wilson (1949), c. M. Wilson (1952), 
Rorem and Machlis (1957), and Machlis and Ossia (1953a,b), our under
standing of RS development in Allomyces has made remarkable progress. 
Part of it is best summarized in Emerson's (1955, p. 196) own words: 
"When young resistant sporangia are first formed at the hyphal tips their 
protoplasm is evenly granular and similar to that of the vegetative hyphae. 
Within about 48 hours, however, aceto-orcein smears reveal many spherical, 
deeply staining bodies that have appeared quite suddenly and form a con
spicuous part of the cytoplasm. They are one to several microns in diameter, 
and we have called them chromospheres because of their shape and staining 
properties. They persist in the resistant sporangia during the entire period 
of maturation, which lasts from one or two to many weeks depending upon 
the isolate concerned and the conditions of culture. Then, very suddenly, 
probably in less than 24 hours, all the chromospheres are disintegrated and 
disappear. Simultaneously the expanded diploid nuclei are revealed and 
prove to be in an advanced prophase of Meiosis 1. If the RS are air-dried at 
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this time they can remain viable for at least twenty years with meiosis 
arrested in prophase .... If, however, they are placed in water as soon as the 
chromospheres have disappeared, they will usually germinate." Finally, dur
ing this last stage, both meiotic divisions are completed. As Emerson (1955, 
p. 198) points out, " ... shortly before the spores arc being cleaved out, 
aceto-orcein smears again reveal momentarily spherical masses of deeply 
staining material in the cytoplasm. These have been called ... post-meiotic 
chromospheres, to distinguish them from the pre-meiotic chromospheres 
that are found during the maturation period. They appear to coalesce and 
form the nuclear caps which are so conspicuous in the spores of the Blasto
cladiales .... The precision of their appearance and disappearance and the 
regularity of their association with meiosis and the motile stages of A/lo
myces mark them as distinctive cytochemical features with morphogenetic 
roles of undoubted significance." 

Thus, disappearance of chromospheres, appearance of nuclei at prophase 
of meiosis I, and attainment of capacity to germinate occur simultaneously 
and signify RS maturation. Machlis and Ossia succeeded in reducing the 
maturation time in liquid media, and showed that (a) indoleacetic acid 
accelerates disappearance of chromospheres; (b) swelling of the proto
plast, like germination itself, will not occur if chromospheres are still 
present; and (c) additional factors are also involved in the attainment of 
maturity. Further cytological work (Turian, 1957c) suggested that both 
pre- and postmeiotic chromospheres are rich in RNA; at the same time, 
Rorem and Machlis (1957) isolated premeiotic chromospheres and showed 
that they contain 12% RNA and 60% protein, but no DNA. Thus, it 
seems probable that premeiotic chromospheres are nucleoprotein organ
elles which, after meiosis, reappear as postmeiotic chromospheres and 
finally collect around the nuclei to become spore nuclear caps. 

This notion has been greatly strengthened by Lovett's (1963) isolation 
of the nuclear caps themselves from Blastocladiella. The cap contains 60% 
protein and 40% RNA, and its amino acid composition is similar to that 
of ribosomal protein of other organisms. Over 95 % of the particles in the 
cap have a sedimentation coefficient of 83 S (in 0.005 M Mg), contain 
63% RNA and 37% protein, and are dissociable into 63 Sand 41 S 
particles. Clearly, the nuclear cap appears to be a package of ribosomes. 
Further discussion is provided in Cantino et al. (1963), Cantino and 
Lovett (I 964), and in Lovett (1963). 

b. Blastocladia. The capacity of Blastocladia to produce RS cells has 
always been apparent to those who have collected it in nature. But in 
striking contrast to Allomyces, when it was isolated (Emerson and Cantino, 
1948), in pure culture it promptly refused to produce them even though, 
in all other respects, it seemed to grow well. This dilemma was resolved 
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when it was learned (Emerson and Cantino, 1948; Cantino, 1949) that 
(a) it requires very little oxygen for growth and is at least microaerophyllic, 
if not facultatively anaerobic. Moreover, it does, indeed, produce RS 
provided that it is grown under extraordinarily high CO, tensions (literally, 
a stream of tank CO,) and at a suitable pH. A metabolic shift. involving 
the liberation of more succinate and less lactate, is associated with the shift 
in morphogenesis. Although knowledge of the nutrition of the genus has 
been extended since that time (Crasemann, 1957), the CO, effect on RS 
formation has not been pursued further. However, the slack was quickly 
picked up in its close relative, B. emersonii. 

c. Blastocladiella. Under ordinary circumstances on solid media, over 
99% of the spores of B. emersonii give rise, upon germination, to plants 
with a determinate system of growth (Fig. 5); the terminal sporangium 
is thin walled and not obviously pigmented. When such a first-generation 
ordinary colorless (OC) cell is mature, it proliferates further in situ by 
liberating a crop of first-generation spores from which a clone of second
generation cells is produced. If a viable OC cell is removed from this clone 
and placed in a fresh environment, it will repeat the process; this cycle 
can continue ad infinitum. However, if all cells arc left in place, the second
generation clone now displays its totipotency (Cantino, 1951; Cantina and 
Hyatt, 1953a). Some cells develop into colorless, thin-walled OC types, 
.others differentiate into thick-walled, brown, pitted, non proliferating RS 
types, and a few produce orange types. Furthermore, some OC cells cease 
growth prematurely, while others reproduce via spores with varying degrees 
of viability; in this way, new clones of third-generation progeny are formed. 
Thus. when this heterogeneous mass of cells finally ceases to proliferate, 
it consists mainly of RS cells, an occasional orange cell, and some OC 
cells the growth of which is interrupted at different stages in their ontogeny. 

This was our understanding of B. emersonii in the early 1950·s. In the 
years which followed, these developmental paths were studied in detail. 
at first with multiple generation cultures, and later with synchronous single 
generations. Consequently, it is now known that any population of spores 
can give rise to four different phenotypes (Fig. 6) which are distingUishable 
from one another by various parameters, and whose proportions in the 
population depend upon environmental conditions. Synopses of the infor
mation available on these phenotypes were published recently (Cantino, 
1961. 1965a; Cantina and Lovett, 1964; Cantina and Turian, 1959). 

d. The Spore of Blastociadielia emersonii. The living. swimming spore 
of B. emerson!; measures ca. 7 X 9 ['. weighs (dry) between 7.6 and 
11.3 X 10-5 ['g, contains ca. 1.3 X 10-'; l'g of DNA and ca. 20 X 10-0 

f'g of RNA. propels itself with a single flagellum some 20 f' long, and dis
plays an extraordinarily high (Q",. ca. 100) endogenous respiration. 
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Recent studies of its fine structure reveaJ a distinctive internal architectuIe 
which- for the moment, at least- is unique among the fungi (see Fig. 11 ) . 
A single nucleus, with nucleolus embedded therein, is separated by a double 

Clone of 
second gen cells 

(1 ) OC Cell with third 
gen. in s itu 

(2) OC Cell, non v iable 

(3) OC Cell disc barging 
third gerr, 5% viallle 

(4) OC Cell dis cha(ging 
third gen, 0% viable 

(5) OC Cell discharging 
third gen , 100% viable 

(8) Orange cell 

(7) Brown RS cell 

Sporogenesis 

First gen 
spores 

FIG. S. Clonal development of Blaslodadiella emersOllii on solid media. Gen = 
generation. 

membrane from its massive nuclear cap, an aggregate of 83 S ribosomal 
particles which a.ccounts for 68% of the RNA in the spore. Numerous 
pores (100 mtA in diameter) in this membrane establish continuity between 
the nucleus and its cap. The flagellum bas a classical internal structure, with 
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9 outer and 2 inner fibers, each a double structure, and is surrounded by a 
sheath continuous with the spore's outer membrane. The 2 central fibers 
terminate abruptly at the nucleus. The 9 outer fibers run through-and 
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FIG. 6. The four developmental paths that can be taken by spores of Blasto
cladiella emersonii, and the gross parameters which distinguish them from one 
another. From Cantino (1961). 

some are linked by a banded rootlet to-a mitochondrion, situated eccen
trically in the posterior end of the spore and extending up along one 
side almost to tbe anterior end of the nuclear cap. This mitochondrion 
is the only one in the spore and occupies an extraordinarily large proportion 
of the cell's volume. Although it resembles mitochondria from other orga
nisms, about a dozen lipid granules are attached to it peripherally in single 
layers and are separated from the cytoplasm by a double membrane of 
their own. The cytoplasm is devoid of endoplasmic reticulum, but contains 
randomly scattered organelles witb single membranes which look like 
lysosomes and are undoubtedly the "gamma" particles seen earlier with 
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the light microscope. This cellular architecture exists only in the spore, and 
is maintained only so long as the spore retains its flagellum (Cantina ef al., 
1963; Cantina and Horenstein, 1956b; Cantina and Hyatt, 1953a; Cantino 
and Lovett, 1964; Lovett, 1963; Lovett and Cantino, 1960b; McCurdy 
and Cantino, 1960; Turian and Cantino, J 959). 

The spore can swim for many hours, particularly if it is placed in water 
and thus deprived of exogenous nutrients. This is not surprising, for it is 
supplied with a large amount of lipid, ca. 48 [tg of soluble protein and ca. 
50 [tg of soluble polysaccharide per milligram dry weight. Because of its 
high glucose 6-phosphate- and 6-phosphogluconic dehydrogenase activities, 
and its high capacity for producing lactic acid (0.25 ftM X mg dry wt- 1 X 
hr- 1), it is thought that polysaccharide (apparently disposable via the first 
steps of the hexose monophosphate shunt) is the main source of energy. 
The intimate contact between the mitochondrion and flagellum may pro
vide the device which transduces this chemical energy into flagellar motion 
(Cantino and Goldstein, 1961; Cantino and Lovett, 1960, 1964; Lovett 
and Cantina, 1960b). ". 

Prior to gemlination, the spore stops swimming and retracts its ffagdlum. 
The process is irreversible and takes but a few moments. Simultaneously, 
the nucleus a.nd its cap rotate about 270 degrees in one direction within 
the cell'wnile the flagellum, in complementary fashion, curves in a wide 
arc in the opposite direction as it is being pulled in. The nuclear cap is 
then dispersed, and the spore sends out a germ tube which later gives rise 
to the rhizoidal system of the cell. Currently, little is known about the sig
nificance of this relation between the turning of the flagellum and rotation 
of the cap, the dispersal of the ribosomes in the cap, and the fate of the 
absorbed flagellum. Recent pictures obtained by Lovett (unpublished data, 
1965) with the electron microscope, however, reveal that the retracted flag
ellum can be detected within the body of the spore after it has been with
drawn. The reader can be certain that these phenomena will be studied 
intensively in the future (Cantino, et al., 1963; Cantina and Lovett, 1964). 

e. Genesis and Nature of the DC Cell. In liquid media which support 
vigorous growth, the spore sends out a germ tube (Fig. 7, top left), and 
its nucleus divides mitotically by a process in which the nuclear membrane 
remains intact. The germ tube develops into extensive, tapering, nonseptate 
rhizoids and, at the same time, the cell enlarges several hundredfold. 
Later, a cross wall is laid down (Fig. 7, bottom left) which delimits the 
thallus into a tiny, basal, rhizoid-bearing cell and an apical, multinucleate, 
fertile cell. Since the lower cell is devoid of protoplasm at maturity, develop
ment is from a uninucleate spore to a multinucleate but unicelJed thallus. 
Finally, the terminal cell which contains all the protoplasm is partitioned 
into hundreds of uninucleate spores which are released through pores 
formed by the dissolution of several papillae. If these first-generation spores 
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Flc . 7. The appearance of OC cells of B/aSfQcladicd/a t!lIIerso((;; growing in 
synchronous, single-genera tion culLure. F rom A. Goldstein and Cant ino ( 1962) . 

are collected from many plants at once, an extremely heavy suspension can 
be obtained with which millions of Blasloc{udiella cells have been grown 
synchronously for a single generation and induced to difTerentia te into eithe r 
OC or RS cells (A. Goldstein and Cantino, 1962; Lovett and Cantina, 
1960b; McCurdy and Cantino, 1960; Turian and Cantina , 1960). Let us 
see what has been done with the OC cells. 

Chemical analyses of growing OC cells reveal that Changes, not detect-
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able microscopically, occur. Starting with the germinating spore, its nuclear 
cap disintegrates, its DNA doubles, simultaneously its RNA decreases 
almost proportionately, and then the first nuclear division occurs. Thus, 
the disappearance of the RNA-containing nuclear cap is apparently asso
ciated with the synthesis of DNA necessary for the manufacture of the 
first daughter nucleus (Turian and Cantina, 1959). Then the cell begins 
its exponential phase of growth. 

In vitro, crude cell-free extracts of OC cells can mediate (Cantino, 
1965a): (al conversion of fructose 1,6-diphosphate to phosphoglycerate 
via a DPN-specific. iodoacetate-sensitive triosephosphate dehydrogenase; 
(b 1 metabolism of phosphoglycerate through a slower, ftuoride-sensitive 
step (between triosephosphate and pyruvate) to lactate via a strong DPN· 
specific lactic dehydrogenase; (c) a DPN-specific side reaction forming 
a.-glycerophosphate; (d) formation of glucose 6-phosphate via a rate
limiting hexokinase, which can lead to glycerophosphate and lactate, or be 
metabolized by way of a TPN-specific glucose 6-phosphate dehydrogenase. 
In vivo, a growing OC cell can actually carryon a predominantly homo· 
lactic fermentation. A non proliferating cell is capable of dissimilating 
glucose fermentatively, whereby no oxygen is consumed or CO, produced, 
and the only labeled nonnitrogenous acid formed from labeled glucose is 
lactic acid (Brown and Cantino, }955; Cantino, 1951, 1965b; Cantina and 

."" 

Horenstein, 1956a). -
Apparently, an OC cell also has the capacity to carry on the tricarboxylic 

acid cycle, judging from the facts that Cal intermediates of the cycle are 
metabolized in vivo, and almost all of them arc detectable in the ceil's 
soluble pool when previously labeled with C"; and Cb) extracts of an OC 
cell contain the activities of a CN-sensitive aconitase, TPN-specific isocitric 
dehydrogenase, DPN-dependent arsenite-sensitive a-ketoglutaric dehydro. 
genase, malonate-sensitive succinic dehydrogenase, fumarase, DPN-depend. 
ent oxalacetate-sensitive malic dehydrogenase, and a cyanide-sensitive cyto· 
chrome oxidase (Cantina, 1951, 1953; Cantina and Horenstein, 1956a 
Cantino and Hyatt, 1953b,c). 

What happens to these and other aspects of the cell's machinery in ontog· 
eny7 During exponential growth of the OC cell, its weight and its polysac. 
charide pool increase exponentially at identical rates; on the other hand 
although its soluble protein pool also increases exponentially, the rate i! 
only 78% of the above. Similarly, synthesis of a glucose 6-phosphate dehy
drogenase also proceeds at the same rate as growth itself, whereas synthesi! 
of isocitritase does not occur at all until half the cell's generation time ha! 
gone by. Thus, during its exponential growth, various components of tb, 
OC cell are synthesized at differential exponential rates and, therefore, th, 
composition of the cell does not remain constant. Furthermore, differentia 
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rates of synthesis during growth are themselves affected differentially by 
environmental factors (Cantina, 1961; Cantina and Lovett, 1964; A. Gold
stein and Cantino, 1962; McCurdy and Cantina, 1960). The inherent plas
ticity of the OC ceil's metabolic machinery, and its susceptibility to exoge
nous control, is revealed in striking fashion, as discussed below. 

f· Effect of Light on the OC Cell. The early stages in ontogeny, down 
to the first nuclear division, are accelerated by white light (as compared to a 
dark-grown OC cell). Cytologically, the rate of nuclear reproduction is 
increased 30-40%; chemically, the ratio of DNA:total nucleic acid in
creases. Since exogenous thymine (but not uracil) substitutes for light, 
thymine synthesis may be a limiting barrier in the growth of B. emersonii. 
Light also alters glycine uptake by the cell, which is totally dependent upon 
the presence of exogenous CO2 and/or bicarbonate. These effects, how
ever, are not limited to the germling stage. For example, light causes older 
cells to consume more glycine-2-C14, and, simultaneously, net synthesis of 
labeled DNA increases. These effects occur when nuclear divisions and 
DNA synthesis in the dark-grown cell have almost come to a complete halt, 
but may be induced to continue by illumination. Thus, prolongation of the 
cell's generation time is involved, which also requires exogenous bicarbonate. 
Furthermore, light causes an OC cell to fix C"O, at twice the dark rate, 
a rate change which is accompanied by a twofold increase in the internal 
pool of labeled succinate. Such cells grow more rapidly in volume, with 
altered internal ratio of organic:inorganic P, and different quantities of 
inorganic P released into the medium, along with a decrease in the pool of 
free amino acids. Finally, a fully mature OC light-grown cell in synchronous 
culture contmns 51 % more dry weight, 28% more nucleic acid, 37% more 
protein, and 74% more polysaccharide than its dark-grown counterpart; 
simultaneously, even the composition of its protein pool is altered. It is 
not surprising, then, that patterns of enzyme synthesis are also different in 
light and dark grown cells, including those of glucose 6-phosphate and 6-
phosphogluconic dehydrogenases, arginase, glutaminase, asparaginase, orni
thine transcarbamylase, and undoubtedly others. For some of these effects, 
100 foot-candles of white light is sufficient, the effective wavelengths lying 
between 400 and 500 mIl. Identification of the elusive light receptor has 
been a serious stumbling block, but there are indications (Cantina, 1965b) 
that it may be a protein-bound porphyrin; proof of this would remove a 
major hurdle in this work. But whatever the final result, the fact remains 
that B. emersonii is a water mold devoid of chlorophyll; its astonishing re
sponse to visible radiation is unique and represents, apparently, the only 
well-documented example of a nonchlorophyllous organism which, pro
vided CO, is available, grows more rapidly in the light than in the dark 
(Cantina, 1959; Cantina and Horenstein, 1957, 1959; Cantina and Turian, 
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1961; Domnas and Cantino, 1965; Goldstein and Cantino, 1962; Turian 
and Cantina, 1959). 

g. Effecl of Bicarbonate on Development. The plasticity of B. emer
sonii's metabolic machinery has been demonstrated in more detail in an
other way. It will be recalled (Fig. 6) that a population of spores may 
develop into four distinct kinds of cells. However, virtually all germlings
except the very few destined to become orange-form the thick-walled, 
brown, pitted RS cells if ca. 10-' M bicarbonate is incorporated in the 
growth medium. In effect, over 99% of the spores, which ordinarily would 
have become OC cells, are induced to develop along a new path. The re
sponse is not due, per se, to shifts in pH or CO, partial pressure (Cantino, 
1951, 1956; A. Goldstein and Cantina, unpublished data, 1963) because 
bicarbonate itself, at a suitable pH, is the principal agent involved. External 
conditions can be set up, however, such that bicarbonate alone does not 
suffice unless it is augmented with a-ketoglutarate, or an oxidative decar
boxylation inhibitor (i.e., arsenite), or a keto-binding reagent (i.e., semi
carbazide). In order to discl.l,Is the mechanism of this bicarbonate trigger 
mechanism, let us first see how mature RS and OC cells differ. 

h. Nature of the RS Cell Produced in Response to Bicarbonate. The 
thick wall of an RS cell is impregnated with melanin and tyrosinase; an OC 
cell contains neither. The RS cell wall has about 4 times more chitin than 
the thin wall of an OC cell. An RS protoplast contains about 8 X I o-u f'g 
y-carotene whereas an OC cell contains none. Microscopically, an RS pro
toplast has more lipid-like globules than an OC cell. Furthermore, in an 
RS cell (versus an OC cell), the free amino acid pool-the tyrosine content 
in particular-is smaller, and the composition of its soluble protein is 
mar'keo)y iill'ierent,oofh quanlltallve,y ana qual·natively. Clearly, tne olcar
bonate trigger mechanism involves machinery for the de novo synthesis of 
melanin and carotene, increased synthesis of chitin and lipids, and a multi
tude of other events sooner or later associated with morphogenesis. It is no 
surprise, therefore, that physiological and enzymatic changes are also 
detectable. Endogenous respiration in an OC cell is about 200 times greater 
than in an RS cell. Almost all the enzyme activities of the Krebs cycle, 
easily demonstrable in an OC cell, are lost or greatly reduced in an RS 
cell, as is cytochrome oxidase. However, an RS cell retains a high level 
of isocitric dehydrogenase and, indeed, possesses more isocitritase and 
glycine-alanine transaminase activity than an OC cell (Cantina el ai., 1957; 
Cantino and Goldstein, 1962; Cantino and Horenstein, 1955, 1956a; Can
tina and Hyatt, 1953b; McCurdy and Cantina, 1960). 

The biochemical events in the bicarbonate trigger mechanism which ap
pear to be responSible are summarized in Fig. 8. Bicarbonate induces 
multiple enzymatic lesions in the tricarboxylic acid cycle and, simullane-
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ously, a directional shift in the operation of the isocitric dehydrogenase 
which remains-from oxidative decarboxylation of isocitrate to reductive 
carboxylation of a-ketoglutarate. l socitrate is removed via isocitritase, and 
the glyoxylate is metabolized via glycine-alanine transaminase. Wilh syn
chronized single-generation RS populations, per-cell data were obtained 
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FIG. 8. The basic, bicarbonate-induced, presumably causal metabolic shift asso
ciated with the genesis of aD RS cell. From Camino (1961 ). 

about the way in which these and other characteristics of the RS cell evolve 
during ontogeny. 

i. Exponemial Growth of the Young RS Cell. Precise data are available 
for the increase in weight, volume, chitin, lipid , polysaccharide, DNA, 
RNA, total N, soluble protein, enzyme activities (glucosamine synthetase, 
isocitric-, a-ketog!utaric-, and glucose 6-phosphate dehydrogenases, glycine
alanine transaminase, isocitritase, and others), etc., a ll 00 a per-cell basis. 
Furthermore, some enzymes were partially concentrated and characterized. 
The isocitritase was purified about 50-fold , and its reversibility, pH 
optimum (7.4), specificity for the o-isomer, reguirement for -SH groups 
and Mg+ + or Mn ++, its Michaelis constant (4.8 X 10-4 M ). activation 
energy ( 10,700 cal/mole), and QIO ( 1.8) for the reaction established. The 
glycine-alanine transaminase, never heretofore purifled from any other 
source, was concentrated 80-fold, and its reverSibility, pH optimum (8.5), 
requirement for pyridoxal phosphate, high degree of stability, and speci
ficity for alanine were determined. The glucosamine synthetase (g!utam ine
fructose 6-phosphate transamidase) was purified about 20-fold, and it, too, 
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was characterized. Exponential synthesis of many of these enzymes and 
metabolites occurs during exponential growth of an RS cell, and the rates 
for a good number of them are different. Thus, like an OC cell, the RS cell 
simply does not maintain a constant composition during its exponential 
growth (Cantina and Lovett, 1964; Lovett and Cantina, 1960a,b; McCurdy 
and Cantina, 1960). 

Microscopically, the young RS cell looks much like a young OC cell 
(compare Fig. 9, 24-hour cell with Fig. 7, top). Nonetheless, such cells 
have embarked upon different paths. It is here during exponential growth 
and long before morphological differentiation occurs, that control devices 
involved in morphogenesis are initiated. But not all occurrences are simul
taneous: some are first detected in early exponential growth and cease long 
before it ends, others commence later and do not halt until growth has 
stopped, and some do not even begin until exponential growth has ccased 
(Fig. 10). Let us examine some of these devices. 

A spore's endogenous oxygen consumption is inhibited by arsenite and 
malonate, and the effect of the latter is overcome by succinate. But once 
the organism begins development along the RS path (versus the OC path), 
its respiration drops precipitously, exogenous glucose is not consumed, its 
exponential growth rate is reduced by 46%, and exponential synthesis of 
its pool of polysaccharide (relatiw,',to_ dry weight) is doubled. At the 
enzyme level, spore germination is followed immediately by exponential 
synthesis of isocitritase. By the end of its exponential growth, oxygen con
sumption has been reduced to one-tenth the level of the spore. Simultane
ously, the total isocitric dehydrogenase activity per cell rises 6500-fold, but 
the total activity of the a-ketoglutaric dehydrogenase increases only one
tenth as much. Thus, the 10-fold reduction in oxygen consumption induced 
by bicarbonate appears to result from a corresponding 10-fold decrease in 
the rate at which a-ketoglutaric dehydrogenase is synthesized by the ceil 
relative to its isocitric dehydrogenase. Simultaneously, the immediate, bi
carbonate-induced exponential synthesis of isocitritase apparently provides 
relief for this partial lesion in the Krebs cycle by mediating removal 01 
isocitrate along a new metabolic path (Fig. 8). It is important to reem
phasize that in the OC cell growing in the absence of the morphogenetic 
inducer, bicarbonate, the increase in total activity per cell of both isocitric
and a-ketoglutaric dehydrogenase is approximately the same so that the 
latter does not constitute a bottleneck; conversely, isocitritase is not pro
duced by the OC ccII, and what little there was in the spore to begin with 
is quickly diluted out. Thus, a bicarbonate-induced alteration of metabolic 
pathways during exponential growth appears to be a major focal point for 
the morphological differentiation which is to follow. The tricarboxylic acid 
cycle is disrupted, most of its enzymes ultimately disappear, the terminal 
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24 HR 

34 HR 

36 HR . 83 HR 

FIG. 9. The appearance of RS cells of Blll,I"IOcladiellu (!1II(!rsollii growing in 
synchronous, single generation culture. Magnilical ion : the diameter of the spherical, 
83-hour RS cell i~ 130 ~t . From Lovell and Cantino ( 1960b). 
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cytochrome oxidase to which it was previously coupled is lost, and the flow 
of intermediates is shunted via isocitritase to succinate and glyoxylate, and 
the latter, via glycine-alanine transaminase, to glycine (Cantina, 1961; 
Cantina and Goldstein, 1961; Cantino and Lovett, 1960; Lovett and Can
tina, 1961; McCurdy and Cantina, 1960). 

The facts outlined above have been thoroughly documented. But the con
tinued operation of this metabolic machine demands that the cell provide 
a supply route for generation of a-ketoglutarate to replace that being 
siphoned off through isocitritase, and for reduced TPN used up in the car
boxylation of a-ketoglutarate. The precise mechanisms involved are not yet 
fully understood, but good presumptive evidence provides a probable answer 
to the second question. The rapid exponential synthesis of glucose 6-phos
phate dehydrogenase which can generate the needed TPNH suggests that 
an important source of reducing power lies in the early stages of the hexose 
monophosphate shunt. The synthesis of polyphenol oxidase may do the 
same. Its appearance is associated with de novo deposition of melanin and 
with a sharp reduction in the cell's free pool of tyrosine. Electrons generated 
by polyphenol oxidase can be coupled to t!'e reduction of TPN (but not 
DPN) instead of oxygen. Indeed, dialyzed preparations of the enzyme are 
relatively inactive unless provided with bicarbonate and u-ketoglutarate. 
Thus, a second major source of reducing power for carboxylation of fl

ketoglutarate seems to lje-on the path to melanogenesis (Cantino e/ al., 
1957; Cantino and Horenstein, 1955, 1959; Cantino and Lovett, 1964; 
Lovett and Cantino, 1960b). 

j. Differentiation at the RS Cell. The next phase in development is the 
transition from exponential growth to the differentiation of a thick-walled, 
brown, pitted cell. Associated with this is a morphOlogical "point of no 
return" before which RS formation can still be reversed. On certain solid 
media (Cantina, 1952), it is about 60% of the RS generation time. Re
moval of bicarbonate before this stage in ontogeny causes the fungus to 
reverse its developmental path and to mature into an OC cell, but beyond 
this time, the shift in morphology does not occur. In synchronized liquid 
cultures, this "point of no return" is reduced to 43 % of the RS cell's 84-
hour generation time. The biochemical bases which underlie the "point of 
no return" have been examined in some detail. 

k. Reversibility of Differentiation before the "Point of No Return. N 

Growth in the size of the cell stops when cross-wall formation is complete, 
and this, in turn, coincides with its irreversible commitment to RS forma
tion (Fig. 9, 36-hour cell). SImultaneously, other events are detectable 
(Fig. 10): the cell's pool of amino acids and inorganic P drops; its Q02 
declines even further; net synthesis of protein and DNA ceases; numerous 
enzymes decrease in activity. Conversely. synthesis of chitin, lipid, melanin, 
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polysaccharide, and RNA continues without interruption for some time. 
Some of the earliest transformations are particularly significant. For exam
ple, both melanin and carotene appear in the young RS cell long before its 
morphological "point of no return." Since neither substance is normally 
produced by an OC cell, bicarbonate must induce two, new, biosynthetic 
pathways early in ontogeny. Furthermore, in addition to such all-or-none 
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Ii: 
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VOL .• DNA, SOL-P~~T il 
GA-SYNTH, G6P-DE I--~__''' II 
TRANS, I. I-DE j 

'" -[GLucl~ .., 
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FIG. 10. The initiation and duration of the synthesis of cell components, metabolic 
products, etc., during exponential growth, the "point of no return," and differentiation 
of an RS cell. Explanation of symbols: DNA, deoxyribonucleic acid; SOL-PROT, 
soluble protein; GA-SYNTH, glucosamine synthetase; G6P-DE, glucose 6-phosphate 
dehydrogenase; TRANS, glycine-alanine tTansaminase~ I, isocitritase~ I-DE, isocitric 
dehydrogenase; GLUC, glucose; WT, dry weight; TOT-N, total nitrogen; CHIT, 
chitin; POLYSAC, soluble polysaccharide; MEL, melanin; LACT, lactic acid; Pi' 
orthophosphate; CMP, cytidylic acid; AA, amino acids; ORG-P, organic phosphorm; 
DECR aKGII-DE, decrease in the ratio of (l-ketoglutaric/isocitric dehydrogenase 
activities; DECR. O 2, decrease in O;_! consumption; TOT-RNA, total RNA. 

effects, bicarbonate also causes quantitative changes in metabolism before 
the "point of no return," i.e.: (a) a 1.8-fold increase in the exponential rate 
of synthesis of polysaccharide, apparently due to a metabolic shift whereby 
the cell's capacity to dissimilate glucose to lactic acid is suppressed while 
its capacity to polymerize glucose to polysaccharide is expressed; (b) a 
quantitative change in composition of the cell's soluble protein pool; (c) 
a sharp increase in total isocitritase and isocitric dehydrogenase per cell, 
but simultaneously, a decrease in the a-ketoglutaric dehydrogenase and, as 
mentioned earlier, a 46% reduction in growth rate and about a 90% drop 
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in respiration (Cantina, 1961, 1962; Cantina and Goldstein, 1961; Cantina 
and Lovett, 1960; Lovett and Cantina, 1960b, 1961; McCurdy and Can
tino, 1960). 

Clearly, bicarbonate exerts a full-toned effect early in the ontogeny of a 
growing thallus of B. emerson ii, but in spite of this an inherent morpho
logical plasticity is retained up to the "point of no return," when an OC 
cell is formed if the bicarbonate inducer is removed on time. When this is 
done, some of the internal changes described above are also reversed-but 
others are not. For example, total protein per cell does not change, but its 
composition does, for it is converted back to onc more typical of an OC 
cell. Part of the ceil's nucleic acid pool displays a similar reversal. Further
more, the activities of two key systems, a-ketoglutaric and isocitric dehy
drogenases, rise and fall, respectively, to levels characteristic of DC cells. 
The fact that these two, differential, enzyme alterations occur only when 
consummation of RS development is prevented by removal of bicarbonate 
is particularly noteworthy for it is directly in agreement with their pre
sumed role in the bicarbonate trigger mechanism. But, it is also noteworthy 
that some of the properties characteristic of the young RS cell arc not 
altered upon morphological reversal. For instance, neither the small 
amount of melanin nor the increased quantities of chitin found in the wall 
of the young RS cell are degraded during its "dedifferentiation." lndeed, 
whereas the quantitative relationship among some protein components re
verses as pointed out above, others are not altered. Although the morpho
logical "point of no return" is sharply defined, that for the metabolic ma
chinery which underlies it is more obtuse, perhaps because each biochemical 
event probably has its own "point of no return." For this reason, an OC cell 
derived from a developing RS ceIl by morphological reversal functions like 
an OC cell but it need not be-and, in fact, is not-entirely identical to it 
in total structure and composition. This in no way negates the functional 
significance of morphological reversibility in B. emersonii because no 
change occurs in an RS cell, prior to its "point of no return," which (upon 
removal of inducer) prevents it from regaining the function of an OC cell. 
Whatever structural changes occur before this stage in ontogeny, they do 
not playa central, regulatory function in RS morphogenesis (Cantina, 
196 I; Cantina and Goldstein, 1962; Lovett and Cantina, 1961). 

I. Functional Significance of Internal Changes during Morphogenetic 
Reversal. To establish that internal changes are responsible for a new 
developmental pathway, an obligatory connection between them must be 
demonstrable. This requires discrimination between causal and dependent 
factors in morphogenesis. In this connection, let us turn first to the bicar
bonate-induced melanogenesis in the RS cell. Phenylthiourea can suppress 
synthesis of melanin but does not otherwise interfere with RS differentia-
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tion. Since melanogenesis is depressed during morphological reversal, this 
metabolic path requires bicarbonate for its maintenance as well as its in
duction. Thus, melanin appears de novo as a result of RS differentiation, 
but it is not essential to it (Cantina, 1953). 

Second, consider the significance of the tricarboxylic cycle. Extensive 
circumstantial evidence for its role in RS formation has been cited. More 
direct proof came with demonstrations that certain mutants which lost their 
capacity to form a-ketoglutaric dehydrogenase simultaneously lost their 
capacity to manufacture RS cells in response to bicarbonate (Cantina, 
1953; Cantina and Hyatt, 1953b,c). 

The data available today do not provide an unequivocal explanation for 
the rapid shift from a plastic system to one that is essentially unidirectional. 
If some pool or pathway which reaches a critical threshold level is respon
sible, it has not yet been identified. More likely, however, no single factor 
is responsible. Thus, "The underlying biochemical events, if each of them 
could be viewed and taken separately, would probably have their 'points of 
no return' dispersed over a much broader range of time and physiological 
age, each with its own degree of <indispensableness,' and each, if rendered 
inoperative, contributing a certain degree of somatic 'hybridity' to the pro
toplast of the RS cell which finally is formed. Thus, it would be a certain 
cumulative degree of this hybridity which would constitute the biochemical 
point of no return that underlies the morphological point of no return" 
(Cantina and Goldstein, 1962). 

m. RS Differentiation after the "Point of No Return." Once beyond its 
"point of no return," the cell is led inevitably to form the resistant sporan
gium so characteristic of the order. The only visible sign of activity is a 
gradual thickening, pitting, and darkening of the wall, but, inside the cell, 
a great deal is going on. For example (see Fig. 10), the thaJlus weighs 
0.63 ~g at the "point of no return" and increases to about 0.86 fIg by 57% 
of its generation time and then drops slightly. The cell's lipid and total N 
also rise during this period-from about 100 X 10- 01 and 42 X 10-3 ~g 

per cell to 170 X 10-·' and 55 X 10-" fig, respectively. Later, the lipid 
decreases again to 142 X 10-3 f'g, while the total N simply levels off. But 
within the N pool, differential changes occur: soluble protein N per cell 
reaches about 15 X 10-3 pg at the "point of no return" and then levels off, 
while the total soluble N per cell decreases from 36 X 10- 3 to ca. 24 X 
10-8 flg (due in part to a sharp loss in the soluhle pool of free amino 
acids). Chitin continues to rise even longer, from about 470 X 10-' ~g 
per cell at the "point of no return" to about 880 X J 0- 4 flg at 72 % of the 
generation time, and the ceil's melanin pool follows a similar pattern, rising 
about 5-fold. The pools of free nucleotides and bases also change. Cytidylic 
acid rises slightly, from 5.4 X 10- (i ~mole per cell at the "point of no re-
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turn" to about 5.7 X 10-1\ !,mole at 50% of the generation time; then it 
drops sharply to 0.5 X 10- 6 !,mole by the time the RS cell matures. Free 
adenine rises to 4 X 10-" !lmole per cell at 55% of the generation time 
and then decreases to about 1.0 X 10-" !lmole. Guanine, on the other 
hand, exhibits no pronounced change. Some of the most striking differential 
changes. however, occur in the cell's RNA pool (see below). Soluble poly
saccharide rises slightly after the "point of no return" (12 X 10-" I'g pe, 
cell) to about 14 X 10-" flg per cell at 58% of the generation time; then 
it decreases again to 8 X 10- 2 I'g at 70% of the generation time. Ortho
phosphate, too, drops rapidly, while soluble organic P increases (Cantina, 
1961; Cantina and Goldstein, 1961, 1962; Lovett and Cantina, 1960b; 
McCurdy and Cantina, 1960). 

As might be predicted from all this, physiological Changes occur as well. 
For example, at the "point of no return" the cell ceases to use exogenous 
glucose. At this time, it consumes about 6.4 X 10-3 ['I oxygen per hour, 
which rises slightly to 6.8 X 10-3 and then quickly drops again to less than 
0.5 X 10- 3 "I. Conversely, a young RS does not produce lactic acid until 
the ~'point of no return" is reached. Thereafter, it re1eases 1arge amounts 
of it into the medium. Simultaneously, the internal lactate pool also in
creases, from 6 X 10- 5 ).lmole p~r cell at the "point of no return" to about 
9 X 10-' [,mole at maturity. Aithough enzyme activities usually either 
level off or decrease, glucose 6-phosphate dehydrogenase rises greatly, 
from 105 X 10-5 arbitrary units per cell at the "point of no return" to 
155 X 10-' units at RS maturity. 

Thus, many' of the events described above begin and end (Fig. 10) dur
ing the period in ontogeny when the cell, although committed, has not yet 
arrived. Considerable breakdown and resynthesis occurs during the critical 
interval following the "point of no return" and preceding actual formation 
of a mature RS cell (see discussion, Cantina and Lovett, 1964). With such 
turmoil in the cell, this is hardly the picture of a static system. 

n. Final Internal Affairs; the RS Cell as a Spore Producer. Certain 
transformations occur in the RNA pool during RS maturation which relate 
to its ultimate fate-the production of spores. Net synthesis of RNA con
tinues until the RS cell is nearly mature. Simultaneously, the nucleic acid 
pool is altered chemically. Between the "point of no return" and about 
78% of generation time, total RNA per cell rises from 37 X 10-" [,mole 
(as total RNA nucleotides) to about 65 X 10- 6 flmole. This RNA can be 
divided into two fractions, one NaCI soluble, and the other NaCl insoluble. 
Immediately after the "point of no return," NaCI-insoluble RNA begins 
to accumulate linearly up to about 78 % of the generation time, increasing 
20-fold from about 2 X 10-6 "mole pef cell to about 42 X 10-6 [,mole. 
During this same period, NaCI-soluble RNA (which includes essentially 
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all the RNA of a young RS cell which has not yet reached its "point of no 
return") decreases by almost one half-from 34 X 10-" !lmole/cell to 
about 20 X 10- 6 !lmole. When the transformation is complete, base ratios 
in the NaCI-soluble RNA which remains are the same as those in the newly 
formed NaCl-insoluble RNA; all four nucleotides are present in essentially 
equimolar quantities. And yet, before the "point of no return," the base 
ratio in NaCl-soluble RNA is not unity, but rather (CMP:AMP:UMP: 
GMP) 1.00:1.28:1.08:1.31. NaCl-insoluble RNA is about 65% of the 
total RNA in a mature RS cell. Moreover, the RNA in a spore nuclear cap 
is 69%. Many data point to the conclusion that NaCl-insoluble RNA is 
laid down during RS differentiation in the form of protein-bound organelles 
(perhaps similar to chromospheres of Allomyces) which are ultimately 
transformed into the nuclear caps of RS spores. Although these hypothet
ical organelles have not been detected microscopically, it is clear that 
they must exist-at least as molecular aggregates which sediment in fields 
as low as 15,000-20,000 g-and tIlat a minimum of 35% (if not all) of 
their RNA is newly synthesized (Cantina, 1962; Cantina and Lovett, 1964; 
Lovett, 1963). 

The end result (Fig. 11) is a thallus which bears a terminal, thick
walled, pitted, pigmented, dormant, resistant-sporangial cell borne upon a 
smaller, empty cell to which rootlike rhizoids are attached. Its fate now 
depends upon the environment in which it finds itself in nature, or in which 
it is placed in the laboratory. In a dry state, it remains dormant but viable 
for years. But if it is submerged in water, it liberates the motile spores 
(Fig. 11) each of which-with its single nuclear cap, single mitochondrion, 
and single nucleus-begins a new generation of Blastodadiella emersonii. 

o. Blastocladiella britannica. This unicellular relative of B. emersonii 
was described as a new species only recently (Horenstein and Cantina, 
1961, 1962, 1964). On solid media, certain strains produce cells which, 
as in B. emersonii, culminate in the formation of either a hyaline, thin
walled cell, or a thick-walled, brown, pitted, resistant sporangial cell. But 
in B. britannica, unlike B. emerson ii, alternate morphogenetic pathways 
are not controlled by bicarbonate. Instead, white light is the environmental 
factor which affects differentiation. Thin-walled cells are formed in its 
presence, whereas RS cells are formed in its absence. A method was devised 
for growing synchronized, single generations of B. britannica, uniformly 
suspended in agitated media. Throughout ontogeny, it is almost a perfect 
sphere, and in cultures containing up to 10' cells per milliliter, the all-or
none effect of light and darkness is demonstrable. Precise quantitative data 
associated with these two developmental pathways are now available and 
set a groundwork for future studies of the biochemical basis far photomor
phagenesis in B. britannica. Its exponential growth rates, its response to 
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FIG. II. The structure of the motile spore of Blastocladiella emersOllii, and the 
two major developmental paths that it may take. Explanation of symbols: G, gamma 
particle; NC, mlclear cap with double membrane: M. mitochondrion; L , aggregate 
of lipid gT3nules attached to M and bound by its own double membrane; F, flagellum; 
R, banded rootlet anchoring F to M ; N, nucleolus; NV, nucleus with double mem
brane; P, pores in double membrane separating NV from NC. 

various pH levels, the effect of population density upon size, generation 
times. and other growth parameters have been established. The exact 
"points of no return" in ontogeny for both developmental paths have been 
delimited and are very sharp indeed. being 65 % and 53 % of the genera
tion times of the tbin-walJed cell and the RS cell, respectively. The available 
data (Horenstein and Cantina, 1964) point to a light-sensitive glucose
uptake capacity as being a critical- and possibly a causal-factor in the 
photomorphogenetic response of B. britannica. 



10. Morphogenesis in Aquatic Fungi 329 

IV. GENERAL CONCLUSIONS 

For years, biologists have focused attention upon the nature of the proc
esses which, via ontogeny and phylogeny, culminate in the manufacture of 
a living system. No single creature or group of organisms has provided 
sufficient evidence for establishing the exact mechapjsms involved. In this 
chapter, emphasis has been placed upon the potential utility of aquatic 
fungi for studies of this sort, and what has been done with a few of them. 
In particular, conspicuous differences in metabolism exist among the un
differentiated, differentiating, and differentiated cells of Blastocladiella 
emersonii, and the evidence points sharply to a manifold induction and 
repression of enzyme synthesis as a partial basis for these changes. Fur
thermore, just as interactions between nucleus and cytoplasm can be ap
proached most directly by studying synthetic capacities in a cell deprived 
of its nucleus (Keck, 1961), fOJ;. which the alga Acetabularia is so well 
suited, so an equally direct approacb would be to study a "living" nucleus 
deprived of its cytoplasm. The spore of B. emersonii comes pretty close to 
providing such a system (cf. Cantino and Lovett, 1964). And for investiga
tions of the way in which visible light exerts control over growth, develop
ment, and differentiation (ef. review by Mohr, 1962), both B. emersonii 

-and B. britannica give ample testimony of their utility. 
In the last analysis, the intellectual profit to be gained from working with 

water fungi such as the Blastocladiales stems from the fact that they can be 
observed and manipulated under controlled conditions as intact, living, 
growing, differentiating systems in operation. We agree wholeheartedly with 
Steward (1961) that in the current eagerness to know more and more 
in detail about ever more refined parts and systems found in living things, 
perspective is badly needed. With B. emersonii, it is possible to do enzymol
ogy and descriptive biochemistry, to integrate these with cytology and 
descriptive morphology, and to shift out minutiae with concomitant clari
fication and magnification of the whole; with it and its relatives, it is possi
ble to have the cake and to eat it too! It is apparent that the water molds 
have arrived as experimental guinea pigs, and that they can help those of 
us so inclined to reverse the trend whereby, if carried to its logical conclu
sion, "the modern doctrine of molecular biology would leave botany a 
branch of chemistry" (Steward, 1961). 
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Morphogenesis in Ascomycetes 
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/ 1. INTRODUCTION 

~~~'~n considering as a morphogenetic process any developmental change in 
fungal form toward either greater complexity or simplification. we can dis
tinguish two main phases. In the morphogenesis of ascomycetes these are: 

I. An initial, simplificative morphogenesis corresponding to the vegeta
tive phenomenon of spore germination, This phase is characterized by the 
morphological transition from the differentiated structure of the spore. 
through a short dedifferentiative stage associated with the resumption of the 
proliferative capacity, to the redifferentiated, simpler, growing structure of 
the germ tube or first vegetative hypha. 

2. A final, elaborative morphogenesis corresponding to the reproductive 
phenomenon of spore formation or sporulation. This phase is initiated by 
the physiological transition from the vegetative to the reproductive state 
and expresses itself morphologically either by the direct differentiation of 
asexual spores (conidia, etc.) or the more complicated morphogenesis of 
sexual spores (ascospores), subsequent to the differentiation of sexual 
organs. 

These two phases delimit the whole fungal life cycle defined as spore to 
spore development separated by a more or less prOlonged period of mycelial 
growth. During this intermediate vegetative period, a few peculiar struc
tures, such as oidia, chlamydospores, sclerotia, etc. may be formed under 
particular conditions. They can adequately be considered as formative 
manifestations of an intermediate, accessory phase of morphogenesis essen
tially concerned with vegetative reproduction. 

The main morphological features of development in ascomycetes are 

339 



340 G. Turian 

common to all taxonomic groupings. Therefore, our conceptual frame for 
the successive phases and stages of their morphogenesis can apply to any 
ascomycetous fungus. By contrast with this morphological unity, the en
vironmental and physiological factors influencing morphogencsis, or con
cerned in its realization, are very diverse, or so they appear to be in our 
present state of insufficient knowledge. In consequence, the best-known 
effects of these factors will have to be envisaged for each individual fungus, 
at each of its morphogenetic stages, because "there is apparently no one 
'formula' known for sporulation" (Cochrane, 1958). 

Until now, morphogenesis in ascomycetes has not been considered as a 
defined field, but only incidentally in relation to reproduction of fungi, with 
the main focus on the problem of initiation of sporulation (Hawker, 1950. 
1957; Cochrane, 1958). The stepwise development of their reproductive 
structures has in the main been treated as a problem of morphology (Gau
mann, 1949, 1964; Bessey, 1950; Alexopoulos, 1952, 1962; F. Moreau. 
1952-1 953; Chadefaud, 1960) and bi6chemical and physiological aspects 
are still inadequately known. Some of its primary genetical determinants have 
been unraveled in a few cases and can be ordered in a sequence correspond
ing to the main morphogenetic stages. Considering that the normal expres
sion of these genetic potentialities depends on the environmental conditions 
Jnd that morphological differentiation ultimately rests on the underlying 
respiratory and metabolic pathways, we will present successively genetic, 
environmental, and metabolic aspects for any morphogenetic stage when our 
present state of knowledge permits it. As this can be easily achieved with only 
a few ascomycetes, yeasts, penicillia, aspergilli, Ophiostoma, Glomerella, 
Venturia, Podospora, Sordaria, and especially Neurospora spp., we have 
centered our review on these "experimental ascomycetous molds." 

II. MORPHOGENETIC PHASES 

A. Initial or Vegetative Morphogenesis: Spore Germination 
Fungal spores are differentiated, resting cells capable of initiating new 

growth by germination. The process of spore germination corresponds 
therefore to the dedifferentiation of a complex but relatively inactive struc
ture and its redifferentiation into the simpler one of an actively growing 
hyphal tube (simplificative morphogenesis). 

The emergence of the hyphal germ tube is the most obvious morpho
genetic event of spore germination and, as such, is commonly used as its 
main criterion. However, it is already the last stage of a whole develop
mental sequence including: (1) an initiating physiological stage with several 
incipient, metabolic processes associated with the transition from the rest
ing to the activated sporal condition in the pregermination period; (2) a 
first morphological stage, the swelling stage (Mandels and Darby, 1953; 
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Yanagita, 1957); (3) the stage of emergence of the germ tube, or sprouting. 
The nature and complexity of the initial metabolic processes, under the 

control of hereditary factors, determine the minimal duration of the pre
germination period. On such a specific time criterion, it is possible to dis
tingnish two main categories of spores: (1) those which germinate soon 
after their transfer into a fresh medium, i.e., only after a short maturation 
period; they include the asexual spores and many ascospores; (2) those 
which germinate only after a pronounced period of dormancy (weeks or 
months), as exhibited particularly, but not exclusively, by ascospores of the 
coprophilic ascomycetes. 

In each of these two categories, a few examples have been chosen to 
illustrate the existence of well-defined physiological and morphological 
stages during spore germinatiQU. Further information concerning the action 
of various factors, mainly environmental, on spore germination can be ob
tained in the reviews by Doran (1922), Gottlieb (1950, 1964) and Allen 
(1965) as well as chapters in Lilly and Barnett (1951), Cochrane (1958), 
and Sussman (1965) and Chapter 23 of this volume. 

_]. ·~pores without Dormant Stage 

Even spores which have undergone maturation may not germinate im
mediately on transfer into a fresh medium (Jones, 1919; Burgert, 1934; 
Ryan, 1948). The so-called latent period is the last pregerminative stage. 
Its duration depends upon environmental factors, and its associated meta
bolic reactions are usually much more sensitive to temperature changes 
than those of the following morphological stages. Thus, it has been shown 
that low temperature delays the onset of germination by increasing the 
latent period in Sclerotinia fructicola (Wellman and McCallan, 1942) and 
in Fusarium moniliforme (Saccas, 1951). However, in Uncinula necator 
(Delp, 1954), both the latent period and, in addition, the rate of germina
tion (emergence of germ tubes) are affected by low temperature. The latent 
period may also manifest a differential sensitivity toward toxicants (Tom
kins, 1932). 

The metabolic processes during the latent period are concerned with the 
progressive activation of the spores as a prerequisite physiological condi
tion preceding the initiation of the morphological changes associated with 
the process of germination proper. Among the many changes that the com
plex enzymatic pattern of the spores undergoes (Gottlieb, 1950, 1964) is a 
noticeable activation of the hydrolytic enzymes (Mandels, 1956), especially 
the nonspecific phosphatases (Bhatnager and Krishnan, 1960b) and poly
phosphate kinase (Nishi, 1960) in Aspergillus niger. The oxidative enzymes 
are also stimulated, as in germinating macroconidia of Neurospora (Owens, 
1955), even though catalase is more active in ungerminated conidia of A. 
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niger (Bhatnagar and Krishnan, 1960a). As expected, respiration increases 
at germination, especially after a mild heat treatment of the spores (Bhat
nagar and Krishnan, 1959). Furthermore, during their initial 2-hour ger
mination period, the conidia of A. niger exhibit a loss of resistance to heat 
and germicides and a decrease in polyphosphate content (Y anagita and 
Yamagishi, 1958). Tn this fungus, I-alanine or I-proline are required as key 
substances for the initiation of spore germination (Yanagita, 1957; Takebe 
and Shimizu, 1959), as they are concerned with its primary biochemical 
event directed toward ribonucleic acid (RNA) synthesis, which precedes 
deoxyribonucleic acid (DNA) synthesis (Nishi, 1961; Hoshino ef al., 
1962). It has been suggested that because a change in nucleotide composi
tion of RNA during germination could be measured (Hoshino et al., 1962), 
the ungerminated spores are characterized by the possession of "dormant 
nucleic acids" which become active by molecular modification. 

After their activation, spores enter the swelling stage (Mandels and 
Darby, 1953; Sisler and Coy, 1954; Yanegita, 1957). They become 
rounded with a dedifferentiated, uniform cytoplasm swollen with imbibed 
water. Only the powdery mildew conidia which already have a high water 
content (70%) do not swell (Yarwood, 1950). The dedifferentiation of 
the sporal content is also _revealed cytochemically by the progressive dis
appearance of the fat globules (Kordes, 1923; Evans and Harrar, 1930) 
and a change in appearance of the nuclei (macroconidia of Neurospora; 
Kihara, 1962) as a probable preparation for their first division (0. E. 
Baker, 1945). The increased basophilia of the sporal cytoplasm refiects 
the active nucleic acid synthesis detected in the swelling stage of the conidio
spores ofA. niger (Yanagita, 1957). 

The short dedifferentiative, swelling phase characterized by a uniform 
spore content is rapidly followed by an intracytoplasmic reorganization 
concerned with the creation of a polar center of growth activity. This proc
ess culminates in the emergence of a germ tube as the morphological expres
sion of a simplified redifferentiation (initial morphogenesis). A Significant 
increase in the activity of proteinase has been measured at this stage of the 
germination of Penicillium griseofulvum (Morton et al., 1960). In its further 
extension, the germ tube keeps the growth point in its tip (apical growth: 
see Reinhardt, 1892; Smith, 1924) so that rapidly a hyphal type of differ
entiation appears with a meristematic, apical zone and an increasingly 
vacuolated, distal portion. The redifferentiation may be bipolar as in the 
spores of Helrninthosporiurn sativum which emit either one or two germ 
tubes (Hrushovetz, 1956). Moreover, a certain "competence" of the spore 
content appears to be required for germination, as shown by the multicellu
lar spores of Pestalotia in which only the basal cel] forms a germ tube 
(Weston, 1951; Chevaugeon, 1961). 
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Parallel to these cytomorphological changes, the type of metabolism also 
changes after spore germination, as demonstrated by the differential effect 
of griseofulvin, which, while not affecting emergence of the germ tube, 
prevents its further extension (Brian et al., 1946). Similarly, Myrothecium 
verruearia needs biotin for its growth, but only in the stage following germ 
tube emergence (Mandels, 1955). 

2. Spores with a Dormant Stage 

Mature ascospores of Ascobolaceae (Discomycetes) and Sordariaceae 
(Pyrenomycetes) are not able to germinate in a fresh and enriched medium. 
Surrounded by their thick, chitinous, melanized walls (see Lowry and Suss
man, 1958), they remain in a pronounced dormancy period which is the 
first of the three stages (viz. dormancy, activation, and germination) in the 
development of the ascospores of Neurospora recognized by Goddard 
(1935). 

Dormancy can be broken by brief exposm;_e to high temperature (50-
60°C for 10-60 minutes) as shown for Ascobolus ascospores by Dodge 
(1912) and Gwynne-Vaughan and Williamson (1927) and for Neurospora 
ascospores by Shear and Dodge (1927) and Goddard (1935, 1939). This 
heat activation is reversible, Le., activated ascospores become dormant 
again if prevented from germinating (Goddard, 1935). They can be par
tially reactivated in N. crassa (Emerson, 1954). Fresh ascospores of N. 
crassa (Emerson, 1948) and N. tetrasperma (Sussman, 1953a,b) can also 
be activated chemically with furfural and related unsaturated heterocyclic 
compounds. Emerson (1954) has suggested that furfural duplicates the 
action of a natural catalyst which is normally produced during spore dor
mancy or prematurely induced to form or become active by heat treatment. 
Alternatively, a natural inhibitor could be present in fresh ascospores and 
inactivated by heat or by those chemicals which induce germination 
(Cochrane, 1958). 

As for the factors of dormancy, permeability neither to water nor to 
gases appears to be implicated in N. lelrasperma (Lowry et al., 1956). 
However, the activating effect of alkali on ascospores of Ascobolus spp. 
(Yu, 1954) may be related to permeability to water. In N. tetrasperma, 
dormant ascospores are relatively impermeable to cations (Lowry et ai., 
1957), which are adsorbed by the surface and can gain access inside only 
during germination (Sussman et al., 1958). Mechanical factors might also 
be implicated in Onygena equina where ascospore dormancy develops only 
after the heavy spore wall is laid down whereas immature spores can ger
minate without a dormant period (Brierley, 1917). 

Activation of the ascospores of N. telrasperma is characterized by a 
prominent increase in their respiratory rate (Goddard and Smith, 1938) 
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and ability to decarboxylate pyruvic acid through activation of a latent 
carboxylase (Goddard, 1939). However, it was later demonstrated that 
the activation process could not be explained in terms of activation of 
pyruvic carboxylase, ethanol dehydrogenase, and cytochrome oxidase 
(Sussman et al., 1956) or of increased amounts of cytochrome c available 
to the respiratory apparatus of ascospores after their activation (Holton, 
1960). The I('cus of metabolic activation might rather consist in the induc
tion of an enzyme system through which trehalose, the main endogenous 
substrate of dormant ascospores, is metabolized (Sussman, 1961). How
ever, recent work suggests that removal of a barrier between trehalase and 
its substrate could explain the breaking of dormancy (Budd et al., 1966). 

Thermal and chemical activations correspond to at least two distinctive 
steps in the activation stage as revealed by their differential sensitivity 
toward metabolic inhibitors. Thus sodium azide prevents heat-activation 
and its characteristic respiratory rise but does not interfere with furfural 
activation (Emerson, 1954). Moreover, aged dormant spores can still be 
chemically activated, but only if they afe·first heated (Sussman, 1954). 

Germination as the stage following activation is defined not only morpho
logically by germ tube emergence, but also metabolically as demonstrated 
by its complete inhibition by iodoacetate, which is incapable of reducing 
the increased respiration characterizing the activation stage (Goddard, 
1948). Activated ascospores are ready to germinate if placed in the right 
environmental conditions. Thus, the washed ascospores of N. tetrasperma 
can germinate even in distilled water (Sussman, 1954) by utilizing tre
halose as their endogenous substrate (Sussman and Lingappa, 1959). 
Those of the related sphaeriale Sordaria {imicola germinate only poorly in 
these conditions and are, therefore, nutritionally dependent (Bretzloff, 
1954; Butler, 1956). 

After the dedifferentiative step which can include ascosporal swelling 
(Gwynne-Vaughan and Williamson, 1927; Hawker, 1950), polar or bipolar 
redifferentiation of the spore contents culminates in the protrusion of one 
(Sordaria spp.) or two (Neurospora spp.) germ tubes, thereby achieving 
the metabolic and morphological transition from the germinative to the 
mycelial type of growth. 

B. Intermediate or Vegetative-Reproductive Morphogenesis 

This accessory phase of morphogenesis is the simplest type of reproduc' 
tion in fungi, characterized by the direct modification of vegetative cells 
into more or less differentiated structures such as oidia, vegetative chI amy' 
dospores, sclerotia, or synnema. 
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1. Oidia 

The formation of yeastlike or oidial forms by rounding off and ultimate 
separation of vegetative cells depends on environmental conditions such 
as partial anaerobiosis (aspergilli, etc.) or is associated with the well-known 
phenomenon of dimorphism (see Chapter 7). 

2. Vegetative Chlamydospores 

These have all the characteristics of resting bodies, such as thick walls, 
dense, oily contents, longevity, and limited powers of germination. 

Little is known of the exact factors inducing their formation, but they 
are generally formed in old cultures where the medium is almost depleted 
of essential nutrients (Hawker, 1957). They appear in great numbers on 
Fusarium solani growing in the presence of strains of certain bacteria 
(Venkat Ram, 1952). In Colletotrichum atramentarium, conidia evolve to 
appressoria instead of chlamydospores in the presence of inhibitory sub
stances from Bacillus subtilis (Schmiedeknecht, 1959). Candida albicans 
forms its chlamydospores only when the concentration of glucose in the 
medium is low (Nickerson and Mankowski, 1953), a condition unfavor
able for oidia! production. Similarly, in Fusarium oxysporum f. sp. gladioli, 

. chlamydospore formation is favored by a low C:N ratio as well as by dark
ness (Carlile, 1956). These low carbon requirements are in contrast with 
the well-known situation in the phycomycete Mucor racemosus, where 
chlamydospores are best formed on media of high sugar concentration 
(Hawker, 1957). 

Finally, from the descriptive features given above, it can be inferred that 
in prospective chlamydospores the metabolic pathways may be directed 
toward increased synthesis of fatty materials and wall polysaccharides. 

3. Sclerotia 

The exact nature of sclerotia may differ depending upon whether they 
are solely organs of vegetative reproduction and survival, or whether they 
will bear the fructifications of the fungus, their formation being only a first 
step toward sporulation, as in species of Sclerotinia and Claviceps and in 
certain penicillia. 

They develop by various processes of branching and coalescence of 
closely interwoven hyphae, completed by a differentiation of the outer cells 
to give a protective layer (Isaac, 1949; Townsend and Willetts, 1954). 

Sclerotium formation depends on adequate physical environmental fac
tors, such as temperature and light, which do not necessarily coincide with 
those favorable for growth (Hawker, 1957). Continuous white light 
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promotes sclerotium formation in Fusarium oxysporum (Carlile, 1956) 
but has no effect on sclerotial aspergilli (Rudolph, 1962) and may even be 
inhibitory to Botrytis spp. (Paul, 1929; 0. T. Page, 1956). Kaiser (1962) 
found that microsclerotia of VerticiIlium alboatrum formed only on colonies 
illuminated with red to green light and that blue light was inhibitory, as 
already shown for aspergilli (Tarurenko, 1954). 

Among nutritional factors, the C: N ratio is important in controlling the 
formation of sclerotia. Thus, an increase in nitrogen inhibits their production 
in Botrytis cinerea while increasing that of conidia (Peiris, 1947). Fewer 
sclerotia were formed on glucose than on sucrose in several aspergilli 
(Rudolph, 1962). In Verticillium, manganese ions stimulate simultaneously 
melanin and microsclerotia formation, as does a diffusible morphogenetic 
factor produced by this fungus (llra!,dt, 1962). 

Contrary to the claims of Robbins !tnd Kavanagh (1938) that thiamine 
induced the formation of numerous sclerotia by the basidiomycete Sclero
tium rollsii, Lilly and Barnett (1948a) conclude that the known vitamins do 
not have a specific effect on sclerotial production. This by no means excludes 
the formative action of unknown stimulating substances from natural ex
tracts (Nakata, 1929) or of diffusible morphogenetic factors (Brandt and 
Reese, 1964). 

In repeating and expanding Peiris' work an the effects of the C:N ratio, 
Townsend (1957) showed that under some conditions, numerous but 
immature sclerotial initials were induced but that under others only a few. 
but mature, sclerotia were formed. Thus it appears that the processes of 
initiation and maturation arc distinct and not favored by the same set of 
enviromnental conditions. In fact, it has been shown that 0, uptake 
of Claviceps purpurea sclerotia is insensitive to malonate inhibition whereas 
subsequent fruit-body formation on them is completely blocked by this 
Krebs cycle inhibitor (Garay, 1958). 

4. Synnemata 

The synnema, or coremium, is a differentiated structure consisting of an 
erect bundle of hyphae which eventually bears the spores. Taber (1961) 
describes two morphogenetic types of synnemata: (J) those which produce 
spores at the apex, as in Graphium and Stysal1us 'pp., classified as having 
determinate growth; (2) those which produce spores at the base and possess 
an apical growing point, as in Isaria cretacea, classified as having indeter
minate growth. 

Morphogenesis of the synnema can be divided into four phases: differen
tiation of certain hyphae of the assimilative mat into those capable of 
developing into synnemata, orientation of the hyphae away from their 
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origin, continued growth, and branching and sporulation of the hyphae 
(Taber, 1959). Synnema morphogenesis is under genetic control as re
vealed by a variant of [saria crefacea which does not produce synnemata 
under any condition, not even in heterokaryosis with the parent strain 
(Taber, 1959). 

Nutritional control of synnematal development has been thoroughly 
studied (Taber, 1960). Sucrose, mannitol, and acetate are specific inhibitors 
of synnematal morphogenesis. No more exogenous thiamine and biotin are 
required for this process than for maximal vegetative mat growth. How
ever, Magrou et ai. (1951) had shown that Sphaerocybe concentrica pro
duced its characteristic coremes only on media containing thiamine or a 
mixture of its two constituents, pyrimidine and thiazole. Addition of an 
auxin, indoIeacetic acid, which~-inhibits endogenous respiration of /, cre
tacea, to the sucrose medium retards vegetative mat growth (primary 
vegetative growth) and initiates synnema growth (secondary vegetative 
growth) (Taber, 1960). These data suggest that morphogenesis of syn
nemata is a -function of endogenous metaboHsm and constitutes a good 
example of experimental control of fungal morphogenesis. 

The relationship between synnemata1 development and nutrients appears 
to be similar in Hirsutella gigantea (Stilbaceae), an insect parasite with 
svnnemata resembling the {saria type, to that described in Graphium ulmi 
(Taber, 1 961). In H. gigantea, Loughheed (1961) made the interesting 
observation that phosphoglyceric acid and gibberellic acid are more effec
tive stimulants of synnemata formation in the dark than in the light. 

Factors in the formation of coremia were also studied in other ascomy
cetes: these factors include desiccation of the culture, pH change in the 
medium, accumulation of metabolic products in Trichophyton mentagrophy
tes (Hejmanek and Hejmankova-Uhrova, 1956); effect of illumination on 
the size and form of coremia in Penicillium claviforme (Carlile el al., 
1961). In the latter, a photosensitive stage (blue light) early in the elonga
tion of the coremium stalk is followed by a light-insensitive phase of elonga
tion, well-illustrating Loughheed's (1961) conclusion that "the diversity 
of factors influencing synnemata formation indicates that their morpho
logical differentiation is a multistep process which may be affected at sev
eral points." 

C. Final or Reproductive Morphogenesis: Asexual Sporulation 
("Imperfect" Stage) 

The main type of asexual spore produced by ascomycetes is the conidium 
or conidiospore, which is a deciduous bud formed on a specialized hypha. 
[For the method of conidial formation in the Hyphomycetes, see Hughes 
(1953).J By contrast, the so-called macroconidium often corresponds to 
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an arthrospore formed by the constriction of a preexisting hypha (Vuil
lemin, 1910). 

1. Conidia 

The most generally essential condition for the formation of conidiospores 
in several species of Penicillium is the absence, or the exhaustion, of 
assimilable nitrogen from the medium while carbohydrate in high concen
tration is still present. In such conditions, sporulation could even be induced 
in submerged cultures of P. griseofulvum when pure glucose was replaced 
by a crude glucose derived from maize starch by acid hydrolysis (Morton 
et al., 1958). The morphogenetic stimulus could be due to the presence 
in crude glucose of both anhydroglucose and traces of Ca++ (Armstrong 
et al., 1963). 

In nitrogen-starved Penicillium griseofulvum, the intracellular proteinase 
enzymes increased to levels several times higher than in growing mycelium 
(Morton et aI., 1960). Under some conditions the induction of sporulation 
could be associated with this rise In ·'proteinase, but there was no simple 
causal relation between the two processes, although they occurred simulta
neously after transfer of the mold to nitrogen-free medium. Indeed, in 
Aspergillus niger, Scopulariopsis brevicaulis, and Gibberella fujikuroi, in
creased proteinase during nitrogen starvation was not accompanied by 
sporulation. The inducing effect of nitrogen starvation may be related to 
the fact that there is considerable reorganization of nitrogenous constituents 
at sporulation as shown in A. niger, where the amino acid composition of 
mycelium differs from that found after sporulation (Stokes and Gunness, 
1946). However, the mycelial proteins of P. roquefortii do not differ in 
their albumen and globulin contents from the spore protein (Taha and 
Knight, 1962). In A. {favus, the appearance of conidia is coincident with a 
marked fall in mycelial nitrogen, easily interpreted as resulting from trans
port to the sporulating structures (Pillai and Srinivasan, 1956). Correspond
ingly, there is also a transfer of phosphate from the mycelium to the 
conidia during their formation in A. niger as shown by the 80% P decline 
in the mycelium with at least some of this P appearing in the spores (Bajaj 
et al., 1954). Acid-soluble polyphosphate is accumulated in sporulating 
Aspergillus (Kulayev and Belozersky, 1957), and the conidia of A. niger 
contain in their metachromatic granules a fairly large amount of polyphos
phate as a P reservoir (Nishi, 1961). These translocations and intercon
versions of phosphorus compounds are mediated by enzymes such as the 
polyphosphatases, which catalyze the depolymerization of high-polymer 
polyphosphates to lower polymers. Their activity increases in the sporulat
ing mycelium of A. niger (Lindeberg and Malmgren, 1952). Moreover, the 
conidia of A. niger are highly basophilic. The basophilic substances, prob-
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ably nucleoproteins, are translocated from the vesicles into conidia during 
morphogenesis (Yanagita and Kogane, 1962). 

The conditioning effects of trace elements on sporulation and its asso
ciated pigmentation in A. niger is well known (Foster, 1949). Depending 
on their concentration, these elements exert a prosporulating effect, as with 
traces of copper (Mulder, 1938) or an antisporulating effect, as with excess 
zinc (Roberg, 1928). Lack of iron had the same restrictive effect on sporu
lation of A. niger as the absence of oxygen (Sauton, 1910). Manganese 
and iron stimulated sporulation in Penicillium (Bhattacharyya and Basu, 
1962). Dimethy1g1yoxime and other metal-reacting oximes and quinolines 
were found to be effective in reducing spore production of Sclerotinia truc
ticola, Alternaria sp., Penicillium sp., and A. niger (Rich and Horsfall, 
1948). 

A calcium requirement has been demonstrated for sporulation of Penicil
lium notalum in submerged culture (PDster el aI., 1945). At least 35 ppm 
of Ca + + was necessary for the maximum degree of sporulation by this 
mold, and strontium or barium could partially replace calcium for the 
morphogenetic effect (Hadley and Harrold, 1958a). However, the sporula
tion of P. notalum in normal subaerial cultures did not require the presence 
of calcium, and Hadley and Harrold concluded that "in submerged cultures 
of Penicillium, it appears that the function of the different agencies induc-

" ing sporulation is to impart an element of heterogeneity into the system 
which stimulates mycelium in some yet undefined way, to manifest the 
capacity for sporulation which develops during growth." Concerning the 
development of sporulation in P. notalum, they showed that the require
ment for calcium appears to be confined to the 6-hour period immediately 
preceding initial sporulation and is associated with the differentiation of 
phia1ides and conidia. A culture's development is therefore divisible into 
an initial calcium-independent phase of physiological differentiation or 
maturation, the length of which is a function of inoculum load and a cal
cium-dependent phase of morphological differentiation of the now mature 
mycelium, lasting 6 hours and independent of the inoculum load. A stage 
of "ripeness to spore," corresponding to the end of the maturation period 
has also been recognized in submerged cultures of P. griseofulvum (Morton 
el al., 1958). Finally, a sporulating factor(s) was found to be liberated in 
the filtrates of mature cultures of P. nolalum and also of five other Penicil
lium species and A. niger (Hadley and Harrold, 1958b). This nonspecific 
substance(s) is thermolabile and its effects are not reproduced by glucose
I-phosphate or fructose-l :6-phosphate, the perithecial stimulants in Me
lanospora (Sordaria) destruens (Hawker, 1948). 

Vitamins have often been mentioned as stimulating asexual sporulation 
in fungi (Lilly and Barnett, 1951), but this effect is not too specific as it 
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is generally accompanied by increased growth. Relatively high doses of 
inositol added to its culture medium cause Ophiostoma muitiannulatum to 
grow almost entirely in the form of conidia (Fries, 1949). In other cases, 
excess of a vitamin may be inhibitory to sporulation, as with riboflavin in 
Cercospora personata [Myeosphaerella berkleyii] (Shanta, 1961). Anti
vitamins such as pyrithiamine can also be effective antisporulants (Lilly 
and Barnett, 1948b). 

Too little attention has been paid to the unraveling of those metabolic 
pathways involved in the processes critical for conidial formation. In A. 
niger, the functioning of the complete glycolytic pathway and the citric acid 
cycle seems to be required for conidial formation as revealed by the differ
ential sensitivity of conidiation toward appropriate metabolic inhibitors 
(fluoride, arsenite, malonate, etc.) at concentrations that have no effect 
on mycelial growth (Behal and Eakin, '1 959b). However, induction of the 
glyoxylate cycle as an alternative pathway to the citric acid cycle in A. niger 
grown on an acetate medium increased the relative rate of conidiogenesis 
(Turian and Seydoux, 1961). The stimUlation of macroconidial formation 
in Trichophyton mentagrophytes grown under increased CO2 tensions 
(Chin and Knight, 1957) may also be related to induced changes in meta
bolic pathways (Chin and Knight, 1963). In Fusarium oxysporum f. sp. 
eubense, similar patterns of distribution 01 the glycolytic and oxidative 
enzymes were found among four particulate fractions of mycelium and 
microconidia. The specific activities of diphosphopyridine nucleotidase and 
cytochrome oxidase were higher in the mycelium and those of succinic 
dehydrogenase and isocitratase higher in the microconidia (Maruyama and 
Alexander, 1962a), which are noticeably richer in nucleic acids ( Maruyama 
and Alexander, 1962b). Budding conidia of Ophiostoma multiannulatum 
were also found to have a higher DNA content than hyphae; thus, as ex
pected, aminopterin, actinomycin, or puromycin, which can interfere with 
normal synthesis of DNA or protein, produced long hyphal cells in this 
species (von Holsten, 1962). In connection with lipid metabolism, it was 
shown that the formation of ketones from fatty acids was definitely asso
ciated with the spores, and not with the mycelium, of P. roquejortii (Gehrig 
and Knight, 1958). Disturbance in the metabolism of methionine caused 
by 6-ethylthiopurine prevented conidial differentiation at the extremities 
of the sterigmata in A. niger. Another purine analog, 6-hydroxy-2-mercap
top urine (thioguanine) inhibited only conidiophore maturation (Behal and 
Eakin, 1959a). Further use of antimetabolites may help to clarify the 
nature of the subtle metabolic shifts associated with each of the morpho
genetic stages in the fungi. 

Among the physical factors that control spore formation, light has fre
quently been shown to influence asexual sporulation (Fikry, 1932; Etzhold, 
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1960; Ingold, 1962). It has a positive effect on the size and septation of 
macroconidia of Fusarium spp. (Harter, 1939; Snyder and Hansen, 1941; 
Carlile, 1956) and stimulates conidial formation in many imperfect fungi 
(Johnson and Halpin, 1954). In Alternaria, formation of sterigmata was 
induced by light, while dark periods were required for conidial differentia
tion on these sterigmata (von Witsch and Wagner, 1955). Ultraviolet light 
can also promote sporulation in many fungi (Stevens, 1928) such as 
Fusarium oxysporum (Carlile, 1956), Helrninthosporiurn oryzae (Leach, 
1961), Alternaria dianthi (Joly, 1962). Light-induced formation of asexual 
structures in concentric rings (zonation) is of frequent occurrence in Peni
cillium (Sagromsky, 1952), Monilia spp. (Jerebzoff, 1958; and Volume I, 
Chapter 27). The light stimulus for sporulation could check the growth of 
the hyphal tips, triggering an enzymatic mechanism implicated in spore 
formation. 

Abnormalities such as proliferations of sterigmata and enlarged, multinu
cleated conidia have been observed in Aspergillus repens and A. echinulatus 
grown at temperatures above optimum or in high humidity (Thielke, 1958; 
Thielke and Paravicini, 1962). Under similar conditions, proliferations of 
the· conidiophores had also been described in Eurotium herbariorum 
(Barnes, 1928). Exclusive conidial growth of O. rnulliannulalum could be 
maintained only in aerated liquid media incubated at about 30'C, while 
below 20 c C hyphal growth was favored (von Hofsten and von Hofsten, 
1958) . 

Oxygen tension appears to be critical for normal sporulation in Aspergil
lus spp. Anaerobic conditions lead to conidiophore proliferations in A. niger 
(c. W. Miller and Anderson, 1961). Sterigmata proliferations, considered 
as dedifferentiations induced by respiratory deficiency, were also observed 
in A. amstelodami (Bleul, 1962b). Furthermore, suhmerged cultures ex
hibited morphogenetic changes in Aspergillus and Penicillium spp. 
(Thirumalachar, 1957) and in Penicillium, the presence of 0, was found 
to be necessary for the strong spore-forming effect of light (Gutter, 1957). 

The most powerful stimulus to sporulation in Penicillium and other fungi 
comes from emergence of mycelium frem submerged into aerial conditions. 
In a critical reevaluation of the role of oxygen in this morphogenetic in
duction, Morton (1961) demonstrated that in P. griseojulvum and P. chry
sogenum the aerial stimulus is not associated with the supply of 0,. Con
centration of CO, and water loss from the mycelium are also not influential. 
The primary aerial stimulus to sporulation may be associated with some 
physicochemical change at the cell surface (probably synthesis of a sur
face-active protein) induced by the abrupt formation of an air/water inter
face. This explanation also finds support in previous observations that cer
tain surface-active substances can stimulate endosporulation in Penicillium 
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sp. (Converse, 1957) while others such as digitonin reduced aerial sporu
lation in A. niger (Steinberg, 1940), as confirmed in P. griseojulvum 
(Morton, 1961), and in the suggestion that spore surfaces in P. cyclopium 
and P. spinulosum are of a waxy or lipidic nature (Douglas et al., 1959). 
Finally the observed increase in dehydrogenase activity of the aerial portion 
of P. griseojulvum (Morton, 1961) reveals that important metabolic 
changes occur when the mycelium breaks the surface of the medium (see 
also in Neurospora, Section II, D, 1, c). 

All the above studies on the control of asexual sporulation, i.e., main
tenance of the molds in a vegetative, mycelial condition or induction of 
their sporulation, have been made .with fungi having a normal genetical 
background, fully compatible with spore formation. Mutations can disturb 
this morphogenetic capacity as shown in the sterile M (mycelial) fonn 
of many fungi exhibiting the "dual phenomenon" (Hansen, 1938) and 
the sectors without conidia and conidiophores, or with only abnormal 
conidiophores appearing in the colonies of penicillia (Reese et al., 1949; 
R. MUller, 1953) or other fungi such as aspergilli (see Fincham and Day, 
1963). These so-called morphological mutants have lost the capacity to 
sporulate normally even in environmental conditions known as optimal. 
Therefore, if at first sight the environmental factors may appear to exert 
a determining (inductive or repressive) effect on sporulation, in the last 
analysis they act only through the secondary control of metabolic pathways 
directed primarily by the genetic potential of every normal fungus. It must 
be pointed out, however, that the sequential nature of this morphogenetic 
control does not exclude the possibility of restoring morphological mutants 
to normality by supplementing them with a critical but deficient metabolic 
intermediate. Thus, certain basic amino acids (lysine, histidine) were 
beneficial to nitrite-requiring mutants of aspergilli with abnormal sporu
lating structures (Steinberg and Thorn, 1942). 

2. Arthrospores 

See macroconidia of Neurospora (Section II, D, 1, c). 

D. Final or Reproductive Morphogenesis: Sexual Sporulation 
("Perfect" Stage) 

1. Differentiation of Sex Organs 

a. Ascogonia-antheridia. In a few species of Penicillium, the differenti
ation of ascogonia (~) among tangles of aerial hyphae is accompanied 
by that of antheridia (&) as in Brefeld's well-known illustration (1874) 
of "P. glaucum" showing two short bodies arising from adjacent cells 
and coiling spirally about each other. In the Penicillium luteum series, 
Emmons (1935) also described perithecial initials as coiling bodies, the 
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antheridial branch being sometimes much thinner than the ascogonial 
(P. vermiculatum). In P. wortmannii. a slightly differentiated branch of 
the vegetative mycelium functions as an ascogonium and no paired organs 
are to be found whereas in six other species, among which is P. brefeldi
anum (Dodge, 1933), a single substitute type of ascogonium arises in the 
crotch of a system of dichomotized hyphal branches (Emmons, 1935). 

In aspergilli the perithecium arises from a single branch which coils 
in various ways to become the ascogonium (Dangeard, 1907; Dale, 1909). 
No antheridial differentiation and no fertilization were demonstrated in 
these studies (Thorn and Raper, 1945). 

All these types of perithecial initials in the Penicillium-Aspergillus group 
have in common a high stainability .. (Dodge, 1933; Emmons, 1935), 
probably indicative of their richness in nucleoproteins. The factors in their 
appearance and development have received much less attention than their 
descriptive morphology. Moreover, the formation of the whole fruiting 
structure, the perithecium, has generally been considered as the develop
mental criterion rather than the appearance of the initial sex organs . 

. The abundance of assimilable carbohydrate has often been considered 
to be the most general condition favoring sexual reproduction in these fungi 
(Klebs, 1928; Thorn and Raper, 1945). However, in Aspergillus man
ginii, the perithecial initials do not form on high sugar concentrations (M. 
Moreau, 1959). An initial low concentration of soluble sugar was also 
conducive to perithecial formation in P. vermiculatum and P. wortmannii 
and perithecial growth was best with polysaccharides as C sources while 
peptone was the most favorable N source (Basu and Bhattacharyya, 1962). 
In A. amstelodami, peptone in alkaline media favors conidial formation 
(Schonborn, 1955). The concentration of nitrogen (NH.NO, or other N 
source) is more important than the concentration of glucose in determining 
the production of perithecia in P. vermiculatum (DasGupta and Nandi, 
1957). From these rather conflicting results it appears that a definite 
carbon/nitrogen balance is the most general condition controlling sexual 
expression in different penicillia and aspergilli. 

Among physical factors, continuous light was shown to reduce the peri
thecia;conidia ratio in A. amstelodami (Bleul, 1962a). 

An element of duality could be suspected in the developmental alterna
tive, well illustrated in the penicillia and aspergilli between the asexual 
differentiation of propagative conidia (asexual sporulation) and the differ
entiation of sexual organs, ascogonia and antheridia, leading finally to 
ascospore production (sexual sporulation). This dualism has been wel1 
demonstrated in Aspergillus glaucus propagated by conidia for several 
generations. In these conditions, the production of perithecia and asco
spores gradual1y fell until the fungus lost its capacity for sexual repro-
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duction and became imperfect (Jinks, 1954, 1956; Chapter 19). A similar 
increased emphasis upon asexual sporulation by prolonged selection of 
conidia was obtained in Cercospora musae [Mycosphaerella musae] (Cal
pouzos, 1954). In A. glaucus, the cytoplasm that has thus progressively 
changed its determination of sexual capacity can, nevertheless, be restored 
to its original state by propagation through the last-formed ascospores. 
Mather and Jinks (1958) concluded, thercfore, that sexual reproduction 
always involves a cytoplasmic restoration so that despite developmental 
alterations the standard basic cytoplasmic pattern is once again established. 

Among other ascomycetes differentiating both ascogonia and antheridia 
at the beginning of sexual sporulation is Venturia inaequalis (Killian, 1917; 
Keitt and Palmiter, 1938) in which extracts of other fungi have been shown 
to stimulate (Wilson, 1927), and low concentrations of NO,,- to inhibit 
(Ross, 1959), initiation of perithecia. In Pleospora gaeumannii both asco, 
gonium and antheridium exhibit strong stamability (E. MUller, 1951) and 
in P. bromi, the optimum pH range for formation of pseudothecial pri. 
mordia is pH 6.0--6.3 (Frauenstein, 1962). Furthermore, light is required 
for perithecial primordium formation in Hypomyces solani under certain 
laboratory conditions (R. Baker and Ware, 1962). 

In several species of Chaetomium, a cell of an ascogonial coil is fertil, 
ized by a slender antheridial hypha (Greis, 1941; Whiteside, 1957). C. 
cochliodes (Hawker, 1942) and C. convolutum (Lilly and Barnett, 1949) 
fruit better in the presence of aneurin. The existence of a definite "fruiting 
factor," other than the recognized B-group vitamins, has been observed 
in the extracts of jute (Buston and Basu, 1948). Suitable doses of calciulh 
could reproduce in part the jute effect in C. globosum and C. brasiliense 
(Basu, 1951, 1952). The formation of perithecia in C. globosum is associ
ated with the presence of organic phosphates, especially phosphoglyceric 
acid, in the medium (Buston and Khan, 1956; McDonough and Rickard, 
1960); unfortunately, the exact stage of development at which the chemical 
stimulus can evoke the fruiting response is unknown. 

Contrasting with the wealth of descriptive knowledge accumulated about 
sexual development of the discomycete Pyronerna since the time of Harper, 
Dangeard, and Claussen (E. J. Moore, 1963), our insight into the morpho
genetic factors at work in this interesting fungus is still very poor. Accord
ing to Robinson (1926), initiation of the sexual organs in P. confluens 
[Po ornphalodes] occurred only on exhaustion of the nitrate ion from the 
medium (also in Venturia and Neurospora), and at least 6 hour's exposure 
to light was required for normal differentiation of groups of antheridia 
plus ascogonia in the tufts of short aerial hyphae (for pigment relationships, 
see Section II, D, 4). Ked (1937) showed that, in certain cultural con-
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ditions, antheridial and ascogonial cells of p, omphalodes can dedifferentiate 
back to vegetative hyphae. With ascogonia, however, there was a progres
sive diminution of this regenerative ability up to fertilization. 

Ascobolus magnificus also differentiated an antberidium and a septated 
ascogonium including one central cell as the initial of the future ascogenous 
hyphae and an apical trichogynous cell (Dodge, 1920). On the monoecious 
mycelium of the species, the sexual elements tend to develop into antheridia 
on the distal branches and into oogonia on the older branches nearer the 
base of the mycelium (Gwynne-Vaughan and Williamson, 1932). An
theridia could be induced class-specifically in Ascubolus stercorarius (Bistis 
and Raper, 1963). 

b. Ascogonia-microconidia. In PodiJspora anserina, the female organs 
or ascogonia consist of coiled structures terminating in slender trichogynes 
while the male structures are small flask-shaped antheridia out of whose 
necks minute spcrmlike bodies, often called microconidia, are successively 
pushed (Ames, 1934}. Similar sbarp differentiation between the sexual 
organs has been described in pyrenomycetes such as Mycosphaerella tulipi
ferae (Higgins, 1936), Podospora minuta (Page, 1939), Bombardia lunata 
(Zickler, 1937, 1953), and Gelasinospora calospora (Sloan and Wilson, 
1958; Goos, 1959). 

As in Neurospora, Glomerella, and Sordaria, detailed genetic study of 
Podospora anserina has led to the isolation of mutants blocked at given 
stages of their sexual morphogenesis (Rizet and Engelmann, 1949). On 
the physiological side, it has been shown that P. anserina grown in glucose 
or fructose media, which are favorable to dark pigment production, formed 
ascogonia which degenerated while with saccharose, a poor C source for 
pigment production. normal sexual morphogenesis occurred. Thus, con
trary to Neurospora, no correlation between the differentiation of ascogonia
protoperithecia and the formation of pigment, assumed to be melanin, 
could be ascertained either in the wild type or in different mutants of P. 
anserina (Esser, 1956). Moreover, this study illustrates Klebs' principle 
(1900) that relatively poor nutritional conditions, such as growth on 
saccharose for P. anserina, are more favorable to sexual reproduction. 

Among discomycetes, microconidial formation has been especially studied 
in the Sclerotiniaceae (Drayton, 1932, 1937; Groves and Drayton, 1939). 
In Sclerotinia gladioli, the receptive bodies containing deeply stained, coiled 
ascogonial hyphae on the stromatic tissue are the only structures capable 
of fertilization by the microconidia (Drayton, 1934). It was later shown 
that thermoperiods exert an influence on the production of the sexual stage 
in S. trifoliorum (Sproston and Pease, 1957). In Coccomyces hiemalis, 
the elongated coiled ascogonium, under some hormonal incitement, ex-
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tends up to the acervuli differentiating the microconidia (Backus, 1934). 
Pseudopezjza ribis djfferentiates its microconidia at lower temperaturc\ 
than its macroconidia, which form at 20-24°C (Blodgett, 1936). 

Bistis (1956, 1957) has contributed two major morphogenetic studic\ 
concerning the sexual reaction of Asco/Joiu.s stercorarius which result:, 
from the interaction between a single oidium (fertilizing, microconidial-likc 
agent, Dowding, 1931a) and a mycelium (ascogonial parent). The ontogeny 
of the ascogonium includes in its first stages (1) induction of the asco
gonial primordium, (2) maturation of the ascogonium, and (3) directional 
growth of the trichogyne toward the oidium. There is evidence that sex 
hormones are active during this sexual process (Bistis, 1956). Protoplasmic 
differentiation in the ascogonium has been studied further, and it has been 
shown that the stalk cells of the mature ascogonium alone retain the ability 
to bud out lateral vegetative' bpnehes and that the main stem and the 
trichogyne are apparently capabkonly of carrying out their sexual function 
(Bistis, 1957). Dedifferentiation was, however, still possible through trans
fer of one complete ascogonial primordium to a fresh agar plate on which 
the tip grew. out as a vegetative hypha and produced a normal colony 
(see also Neurospora, Dodge, 1932; and Pyronema, Ked, 1937). 

c. Ascogonia-macroconidia-microconidia. Neurospora, the red bread 
mold, has proved to be a particularly suitable tool for the study of the 
factors determining the expression of morphogenesis. This is due to the 
fact that it is possible to use a combined genetic and biochemical approach 
to problems of morphogenesis on one and the same organism, which can 
be grown under very precisely controlled environmental conditions on a 
chemically defined medium. 

Following the pioneer studies on sexuality in the newly described N euro
spora sitophila (Shear and Dodge, 1927; Dodge, 1928), the stages in the 
development of female sex bodies or protoperithecia (incipient perithecia) 
from the initial ascogonial coil were studied in detail in this species and 
N. crassa (F. Moreau and Moreau, 1930; Dodge, 1935a; Backus, 1939) as 
well as N. tetra.rperma (Colson, 1934). 

Both multinucleate macroconidia and uninucleate microconidia of hetero
thallic N. sitophila and N. ("rassa function as the usual donors of nuclei to 
the female receptive organs of the opposite mating type (spermatization, 
see Backus, 1939). As such they can be considered to be male cells and 
their differentiation can thus be visualized and studied as the morphogenetic 
alternative to ascogonia-protoperithecia rather than as simple asexual 
spores (macroconidia considered as arthrospores). Moreover, factors de
termining their epigenetic initiation can be investigated independently of 
the genetically determined outbreeding device enforcing cross-fertility 
(heterothallism) because both types of sexual structure are differentiated 
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on a single strain (bisexuality). Furthermore, the direct morphogenetic 
sequence from the ascogonium ---7 protoperithecium ~ perithecium with 
four-spored asci can be adequately followed in the homothallic N. tetra
sperma. 

Several types of morphological mutants are known in Neurospora. Some 
have lost the ability to form conidia, e.g., the purely mycelial, aconidial 
or "fluffy" strains (Lindegren and Lindegren, 1941). Others can form 
only microconidia (albino strains of N. sitophila, Dodge, 1932; "peach" 
mutant of N. crassa, Barratt and Garnjobst, 1949). According to segre
gation tests, an aconidial character (con) is situated in the mating-type 
chromosome (Sheng and Ryan, 1948). In addition, temperature-sensitive 
genes affecting conidiation are known in Neurospora (Grigg, 1960a), and 
it was shown that··the ability of a culture of N. crassa to produce a macro
conidium or a microconidium is determined (irreversibly) at a particular, 
not always coincident, period during development (Grigg, 1960b). Female
sterile mutants, incapable of forming protoperithecia, are also known (see 

/~estergaard and Hirsch, 1954), and it has been shown that the abundance 
_./ of protoperithecia formed by any strain of N. sitophila is genetically con

trolled by factors which segregate at meiosis (Aronescu, 1933; Dodge, 
1946). Further mutational studies will be necessary to disclose the sequen
tial blockage in the sexual morphogenesis of Neurospora as already de
scribed in Podospora or Glomerella. 

Among the numerous biochemical mutants Neurospora (see Wagner 
and Mitchell, 1955) certain may also be useful tools for investigation of 
morphogenetic problems. Such is the case with the inositolless mutants 
because of their colonial morphology (Beadle, 1944) similar to the "para
morphic" growth induced by I-sorbose (Tatum et at., 1949) suggesting 
that inositol might have a morphogenetic role in N. crassa (Shatkin and 
Tatum, 1961) as in Ophiostoma (Fries, 1949; Section II, C, 1). 

The establishment of the perithecia-promoting minimal medium (P-min. 
medium) for Neurospora by Westergaard and Mitchell (1947) not only 
fostered the field of biochemical genetics by providing biologists extending 
the brilliant discoveries of Beadle and Tatum (1941) with a better-defined 
crossing medium, but also fostered morphogenetic studies by becoming a 
reference medium to test for the degree of fertility of Neurospora. While 
testing their new medium, Westergaard and Mitchell (1947) made the 
important observation that N. crassa, though grown on this optimal me
dium, produced no perithecia at 35°C. Hirsch (1954) confirmed this 
thermoinhibition and found that tyrosinase and melanin are reduced or 
absent in such sterile mycelia. He further showed that any other conditions 
which interfered with melanin production (increased nitrogen, tyrosinase 
inhibitors, etc.) also had an inhibitory effect on the formation or normal 
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functioning of protoperithecia. Hirsch suggested a causal connection be· 
tween tyrosine metabolism and induction of the female sex bodies. How· 
ever, this requires further genetic studies of the loci responsible for prot{}
perithedal and melanin formation, and Hirsch wisely concluded, "The 
process of protoperithecia formation requires the function of certain genes 
some of which may be associated with melanin formation, but these genes 
act only under proper environmental conditions," An investigation of tyro
sine metabolism in N. crassa has added further biochemical confirmation 
of Hirsch's hypothesis by showing that there was no tyrosinase activity 
in the female-sterile strains available (Barbesgaard and Wagner, 1959), 
Melanin production has recently been envisaged as being a reflection of 
the protein turnover associated with the differentiation process in Neuro· 
spora (Horowitz et al., 1961). 

The idea put f?rward by Westergaard and Hirsch (1954) that in the 
formation of female--&ex organs one or more of the precursors of melanin 
may have a hormonelikc' effect has not been directly confirmed, Hirsch 
(1954) was, indeed, unsuccessful in his attcmpts to demonstrate the pres
ence, in extracts of one strain of N. crassa, of hormones or morphogenetic 
substances capable of inducing the formation of protoperithecia in another 
strain. In fact, sex hormones have never been unequivocally shown to be 
present in Neurospora (F. Moreau and Moruzi, 1931; F. Moreau and 
Moreau, 1938; Aronescu, 1933; Dodge, 1935a; Lindegren, 1936; Sansome, 
1946; see Raper, 1952). More recent evidence has been given of the 
presence, in the filtrate of a strain of N. crassa grown in a balanced NH4 + -
NO,- medium, of substances that act partially as sex inducers of the op
posite mating type strain (lto, 1959, 1961), 

In the search for further criteria of differential metabolism in the alternate 
morphogenetic states (protoperithecial (25°C)-conidial (37'C)) of N, 
crassa, we detected at first a striking accumulation of succinic acid in the: 
conidial, "male" filtrates, This was indicative of a metabolic block at tho, 
succinic dehydrogenase step and could be proved by the finding in cell-fre. 
extracts of the conidial mycelia of only 20% of the succinic dehydrogenas<: 
of the protoperithecial mycelia (Turian, 1960), It could then be inferre(j 
that conidial differentiation was in some way connected with a lesion iII 
the Krebs cycle while protoperithecial morphogenesis apparently requirecl 
full functioning of this important metabolic pathway, Owens (1955) hacl 
already measured succinic oxidase activity in conidial homogenates of N, 
sitophila but had not compared it with that from protoperithccial mycelia, 
Instead, confirmation of our suggestion can be found in Zalokar's indepen_ 
dent demonstration (1959a) of very low sucdnic dehydrogenase activity 
in the mitochondria isolated from conidia of N, erassa compared to that 
from vegetative mycelia, Additional support came from the successful USe 
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of an efficient Krebs cycle inhibitor, malonate, which strongly repressed 
protoperithecial differentiation in N. crassa and N. tetrasperma while favor
ing a conidial development (Turian, 1962c). Chemocontrol of Neurospora 
morphogenesis could thus be substituted for the thermocontrol used thus 
far. Induction of the glyoxylic acid cycle as an alternative to the Krebs 
cycle, by imposing acetate as a single source of C for Neurospora achieved 
approximately the same goal, i.e., pure conidial growth (modest growth 
improvable with a 1:8 supplement of sucrose) without any protoperithecial 
differentiation (Turian, 1961a,b). Such induction of conidia was accom
panied by a drop in the succinic cytochrome c reductase activity of the mito
chondria isolated from the conidial cultures in comparison with that from 
sucrose-grown cultures (Turian and Seydoux, 1962). Isocitratase, the key 
enzyme of the glyoxylic cycle, was also induced in a microconidial albino 
strain of N. sitophila, (from Dodge, 1932) grown on acetate medium but 
with only 33 % efficiency compared to the macroconidial wild strain (Turian 
et al., 1962). Pair activity of isocitratase could be measured ill extracts 
of the conidial cultures obtained at 37'C on sucrose, a strong repressor 
(as glucose) of isocitratase at 25'C. This endogenously induced enzyme 
activity was ascribed to a derepression effect through negative feedback 
'to the isocitrate branching of the therrnoinhibited Krebs cycle (Turian, 
196Ib, 1963). CO2 (NaHCO,,), presumably by repressing the decarboxy
lation steps in the Krebs cycle (sec Cantino and Horenstein, 1956), also 
induced in sucrose cultures, but already at 25°C, isocitratase activity; 
this effect was unfavorable for protoperithecial, but favorable for conidial, 
differentiation (Turian, 1963). 

A certain proportion of the glyoxylic acid formed by isoeitratase activity 
appears to be transaminated by a-alanine to form glycine (Turian and 
Combepine, 1963), an important precursor for the increased nucleic acid 
biosyntheses required for conidial proliferation. Another amino acid, methio
nine, appears to playa role in conidial formation, as revealed by its success
ful counteraction of the anticonidial effect of its analog, ethionine (Strauss, 
1958). In a more general way, media rich in organic nitrogen are favorable 
for conidiation in Neurospora (Horowitz, 1947; Hirsch, 1954). 

Whatever the importance of isocitratase activity in opening an alternate 
pathway to the Krebs cycle and thus creating internal conditions unfavorable 
for female differentiation, it does not appear to be the only possible way of 
producing glyoxylate, the important glycine precursor always detected in 
conidial homogenates (Owens, 1955; Turian, 196Ih). Abundant conidial 
production can indeed occur under conditions of relatively low isocitratase 
activity by growing N. crassa at 25°C on the Westergaard-Mitchell su
crose medium enriched in citrate or succinate. Under these conditions, the 
main oxidative alternate pathway in the conidia appears to be pro-
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vided by the hexose monophosphate or pentose shunt (Turian, 1962a) and 
the glyoxylate generated through the splitting of some of the pentose 
produced (Turian, 1963). The heavy conidial production on the citrate
sucrose-nitrate medium could be prevented by the addition of ammonium 
ions (Turian, 1964), known to be repressors of the nitrate reductase 
(Kinsky, 1961), and therefore antagonizing the best source of TPNH 
(reduced triphosphopyridine nucleotide) regeneration normally coupled 
with the functioning of the pentose shunt (nitrate reductase in Neurospora: 
TPNH-Mo-flavoprotein, Nicholas and Nason, 1954). 

The observed stimulatory effcct of nitrate upon conidiation in Neurospora 
growing in defined conditions (sugar and orgaflic acids as H donors) fits 
with Hirsch's observation (1954) that this ion inhibits some stage in the 
differentiation of the protoperithecia (nitrate exhaustion from the medium 
is a prerequisite for their formation). Moreover, when the mycelial felts 
break the surface of the culture solution and emerge into a more aerobic 
environment where they start forming conidia, there is a predominance 
of the assimilatory type of nit~ate reduction reguiring only the functioning 
of FAD (flavine adenine dinucleotide) and molybdenum to regenerate 
TPNH (Walker and Nicholas, 1962). The dispensability of the cytochrome 
system in this process may explain the lower cytochrome oxidase activity 
measured in conidial homogenates compared to protoperithecial ones 
(Turian, 1960). In this connection, it is also important to mention that 
a very active DPNase (diphosphopyridine nucleotidase) has been detected 
in the conidia of N. crassa (Zalokar and Cochrane, 1956) and that the 
TPN rather than the DPN type of glutamic dehydrogenase functions in 
these "male" cells (Sanwal and Lata, 1961). Thus it appears that a 
flavine type of metabolism, coupled through TPNH --' TPN regeneration 
to the direct oxidation of sugars through the hexose monophosphate shunt, 
predominates during conidial differentiation in Neurospora. Such a tenta
tive conclusion is in good agreement with the highly aerobic nature of this 
morphogenetic process as suggested by the fact that conidia never form on 
submerged mycelia (Went, 1901; Zalokar, 1957), but always on specialized, 
aerial hyphae (Zalokar, 1959b). 

Protoperithecia can differentiate under less strict aerobic conditions 
than conidia as revealed by observations on the effects of O2 deficiency on 
perithccia formation (Denny, 1933; see Section II, D, 4). However, their 
associated respiratory processes not only require normal functioning of the 
Krebs cycle (see above), but appear to be cytochrome mediated. Thus, 
certain nuclear gene mutants (Cna and Cm ) which mimic the cytoplasmic 
mutant poky (slow growth, aberrations in cytochrome system) cannot 
normally function as protoperithecial parents in crosses with the wild 

1 

I 
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type. Interestingly enough, they also have an abnormally high quantity 
of FAD (Wagner and Mitchell, 1955). 

There is no necessary relationship between the formation of conidia by 
Neurospora and the usually associated biosynthesis of carotenoids (Haxo, 
1949), as exemplified by albino but fully conidiated mutants (Hungate, 
1945; Sheng and Sheng, 1952) but a repression of conidial formation ac
companied drastic inhibition of carotenogenesis through diphenylamine 
treatment of N. crassa grown on the Fries liquid medium (Turian, 1957). 
On our new conidiogenic media such as the citrate-sucrase-nitrate (see 
above), pure white, partially conidiated phenocopies of the albino strains 
could however be obtained with the wild type of N. crassa grown in the 
presence of diphenylamine (Turian, 1962d). In the conidia, the relative 
amounts of the carotenoids spirilloxanthine, lycopene, and an acidic pig
ment (neurosporaxanthine) wher6.shown to be prominently higher than in 
the mycelium (Zalokar, 1954). . 

Finally, by analogy with other fungi such as the phycomycete Allomyces 
, (Turian, 1962b), some kind of relationship between the nucleic acids and 

sexual morphogenesis could be expected in Neurospora. The average RNA: 
DNA ratio in macroconidia is 8· 7 (UV method, Owens ef al., 1958) and 

__ ' {ends to be higher in protoperithecial compared to conidial mycelia (Turian, 
1961c). Minagawa ef al. (1959) found that the base ratio of total RNA 
in hyphae and conidia is the same. Composition of ribosomal and soluble 
RNA is also identical in both morphological types (Henney and Storck, 
1963). Protoperithecial mycelia would be interesting to analyze in this 
light. 

d. Ascogonia. No antheridium has been found near the coiled asco
gonium of Ophiostoma adiposum (Sartoris, 1927), O. fimbriatum (Mitt
mann, 1932; see, however, "functionless antheridium," Andrus and Harter, 
1933), Ceratoeystis picea (Bakshi, 1951), C. moniliformis (F. Moreau and 
Moreau, 1952) and C. ulmi (Rosinski, 1961). In Ceratostomella fimbriata 
(0. fimbriatum), there is good evidence that perithecial formation occurs 
only when the ratio of thiamine to the amount of nutrients in the medium is 
relatively high (Barnett and Lilly, 1947a). Thiamine is also required for 
perithecial production in C. pluriannulata (Robbins and Ma, 1942) and 
C. variospora (Campbell, 1958). While calcium favors, excess nitrogen 
prevents, sexual morphogenesis in C. fimbriata (Campbell, 1960). 

In Glomerella cingulata, the two initials of the perithecium are at first 
indistinguishable from one another. They arise from adjacent cells chiefly 
at, or near, the point where a hypha from a conidial-type culture crosses 
a hypha from the perithecial culture (McGahen and Wheeler, 1951). Some 
kind of chemical stimulation has been reported to be involved in that mor-
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phogenetic process (Markert, 1949). Then thc initials elongate differen
tially and the longest begins to coil around the other and soon cnvelops 
it. The inner coil is made up of three to five uninucleate, thick cells, rich 
in intensely staining cytoplasm. It corresponds to thc ascogonial structure 
in which the dikaryotic condition originates after the fusion of its receptive 
tip cell with a conjugation hypha of the conidial culture (McGahen and 
Wheeler, 1951). Thus, in the Ipomoea strain of G. cingulata, no typical 
antheridium is differentiated simultaneously with the ascogonial structure. 
The effect of environmental conditions on ascogonia} differentiation is still 
poorly known in Glomerella. The induction of tyrosinase activity coincides 
with the cessation of growth and therefore with the initiation of the differen
tiative processes (Sussman and Markert, 1953). On the other hand, 
genetic factors A2 and B' have been shown to control the first steps of 
perithecial initiation (Wheeler, 1954) and there is preliminary evidence 
for a diffusible metabolite which induces the formation of perithecia in 
G. cingulata (Driver and Wheeler, 1955). 

Sexual morphogenesis in Sordaria fimicola and related species is generally 
initiated by a single coiled ascogonium (Dangeard, 1907; Ritchic, 1937; 
C. Moreau, 1953). However, male cells such as microconidia have occa
sionally been described (Greis, 1936; Gaumann, 1940; Olive and Fantini, 
1961). Self-sterility may be induced at different stagcs of the sexual process 
in S. fimicola (Greis, 1942; Heslot, 1958; Carr and Olive, 1959). Fertility 
could be recovered through heterokaryon formation bctween irradiation
induced self-sterile mutants of homothallic S. macrospora (Esser and 
Straub, 1956). Extracts of fertile strains did not induce formation of peri
thecial bodies in the sterile mutants (Esser and Straub, 1958). Thus, as 
in Glomerella, the various steps of sexual reproduction in Sordaria are 
gene controlled. In one of the particular croSSes to produce fertile hetero
karyotic mycelia in S. fimicola, one self-sterile strain produced no asco
gonia and therefore had its sexual morphogenesis blocked at an earlier 
stage than the other strain capable of producing protoperithecia only when 
grown alonc (Olive, 1958). 

The formation of the pcrithecia of Sordaria fimicola can occur under 
conditions that are not strictly aerobic, as in submerged cultures (Bretzloff, 
1951). In such cultures, thc addition of boric acid (10-fi) to the Fries 
sucrose medium resulted in a doubling of the production of coiled asco
gonia and young perithecia in S. macrospora (Turian, 1955). Physiological 
studies had previously shown that a strain of S. fimicola was entirely un
able to produce any trace of sexual organs or fruit-body initials in a biotin
free medium (Barnett and Lilly, 194 7b). Small quantities of certain phos
phoric esters of glucose and fructose could stimulate the formation of 
perithccia in S. destruens (Hawker, 1948). In this species, an essential, 
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minimal, internal concentration of both thiamine and biotin may be largely 
responsible for the increase in respiration which precedes the formation of 
perithecial initials (Hawker, 1957). 

2. Fertilization (Plasmogamy) 

In this intermediate phase of sexual morphogenesis, the complementary 
nuclei are brought together through plasmogamy of the ascogonium with 
an antheridium, microconidium, or an oidium, a germinated Of ungermi
nated micro- or macroconidium, or even an ascospore germ tube or a 
hyphal tip. 

The coordination of the morphogenetic events preceding the physical 
contact between sex organs is most likely due to the secretion of diffusible 
sex hormones by the two mates (Raper, 1952, 1960). Thus, in Neuro
spora sitophila, trichogynes branch. freely in the direction of conidia of 
the opposite mating type (Backus, 193.9), and in Bombardia lunata, the 
trichogyne exhibits a strong positive chemotropic response with respect 
to spermatia discharged from spermogonia (Zickler, 1953). In Glomerella 
cingulata, plasmogamy is accomplished by a copulation hypha of the 
conidial culture fusing with the tip cell of the ascogonial coil (McGahen 
and Wheeler; 1951). 

____ . Several genes can block this sexual step in Glomerella (Wheeler and 
McGahen, 1952). Cultures that carry any of these genes produce an abun
dance of perithecial initials or protoperithecia, but these never develop. 
Genes affecting the sexual process in G. cingulata could do so by controlling 
the synthesis of specific chemical substances required for the completion 
of the various morphogenetic steps (Wheeler, 1954); a sexual hormone 
was found to be responsible for selfing in this fungus (Driver and Wheeler, 
1955). 

In the heterothallic species of Ascobolus, there is indirect evidence of 
hormonal action in the sexual process (Dodge, 1912, 1920). Bistis (1956, 
1957) has presented new evidence in favor of its existence in demonstrating 
the directed growth of the trichogyne and sexual activation of oidia in A. 
stercorarius. Plasmogamy can occur only between a trichogyne and a 
sexually activated oidium (or a hypha). In the sexual conditioning process 
some changes occur in the oidial wall which result in its breaking at the 
point of contact with the trichogyne wall, itself locally dissolved (Bistis, 
1957) . 

In the yeast Hansenula wingei the mating cells in contact also fuse by 
a softening of the cell wall, followed by formation of a conjugation tube 
and dissolution of the cross walls between the two cells. Inhibitors which 
prevent metabolism prevent the fusion process. This process requires 
synthesis of a new protein assumed to be the wall-softening enzyme (s), 
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the synthesis of which is induced in each cell by contact with its mate 
(Brock, 1959, 1961). It appears that in other yeasts a contact between 
haploid cells is not a necessary prerequisite for the formation of conjugation 
tubes, as shown in Saccharomyces cerevisiae where some diffusible sub
stance induces the process (Levi, 1956). 

3. Embryogenesis 

It is common knowledge that embryogenesis immediately follows fertil· 
ization, and ascomycetes do not break this rule even though their fertiliza
tion is accomplished in two steps due to their peculiar, deferred karyogamy 
The intercalated proliferation of ascogenous hyphae can be visualized as 
the first embryonic device for the multiplication of the initial "diplo-zygote" 
formed at plasmogamy. Finally, the popular analogy between fungal spores 
and plant seeds, if restricted to the sexual spores, here ascospores, may bL 
valid in comparing the ascosporal wall to the seed integument and the 
uni- or pluricellular ascosporal content to the embryo. 

a. Ascogenous Hyplwe. As perithecial development progresses after 
plasmogamy, the ascogonia1 coil becomes more complex, often producing 
lateral branches. In Glomerella, only one binucleate cell in each ascogonial 
coil proliferates to produce the ascogenous hyphae (Wheeler et al., 1948). 
ProHferation by means of croziers is characteristic of the entire develop
ment leading up to the formation of asci. An indication that the develop
ment of the ascogenous system is distinct from other processes of the pro
toperilhecial to perithecial transformation was obtained in Neurospora by 
inhibition of the former by independent mechanisms (Lindegren et al., 
1939). Later, genes (pi, f, I) controlling the transformation of ascogonium
containing protoperithecia to peritheeia Viith a complete a"ogeno\ls sJstem 
were described in the apogamous Sordaria macrospora (Esser and Straub, 
1958) . 

The physiological processes involved in the proliferation of ascogenous 
hyphae are unknown and, in some studies, may have been confused with 
those responsible for the formation of the young asci. Thus, certain cases 
of aborted asci may have been due to failure of development of the 
ascogenous system. 

b. Asci. In late stages of development, the ascogenous hyphae bend to 
form a three-celled hook or crozier, its central, binucleate cell being the 
ascus initial. Cytological stages of ascus development have been well studied 
in Neurospora crassa (McClintock, 1945; Singleton, 1953). Almost im
mediately after the formation of the ascus initial, the two nuclei within it 
fuse together (karyogamy). The diploid fusion nucleus then undergoes 
meiosis resulting in the formation of the haploid nuclei of the presumptive 
ascospores. Prominent centrioles in the postmeiotic division may play <1 
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role in ascospore delimitation in Neurospora (Singleton, 1953) and Sor
daria (Hes\ot, 1958). A rather unorthodox view of the ascus of N. crassa 
as a complex structure formed by association of several hyphae which 
cooperate in forming spores has been presented (Mitchell, 1960). 

In the immature perithecium of Glomerella, thin-walled, multinucleate 
cells, fill the portion that is not occupied by the ascogenous system. As the 
asci mature, these cells disintegrate and slowly disappear while serving a 
nutritive function (McGahen and Wheeler, 1951). Karyogamy and meiosis 
in the young asci of this fungus are under genetic control; mutant genes 
(B' and dw1 ) produce nuclear disintegrations leading to ascus abortion in 
perithecia otherwise normal in appearance (Wheeler, 1954). 

In Sordaria macrospora, mutant genes (.I', min, pal permit apparently 
normal formation of the asci while preventing any further intra-ascal differ
entiation into ascospores (Esser and Straub, 1958). The process of forma
tion of asci is thus developmentally distinct from the subsequent one of 
ascospore differentiation. It also inc1udes the differentiation of various 
apical devices (Ch~defaud, 1942, 1960) related to the mechanics of final 
ejection of the ripe ascospores (Ingold, 1953). 

c. Ascospores. The cytological processes of ascospore differentiation 
have received much attention from the period of the pioneer investigations 
by Guilliermond (1904), Faull (1905), Fraser and Brooks (1909), and 
others, to the most recent electron microscopical studies of ascospore initia
tion in yeasts (Conti and Naylor, 1960) and the discomycete Dasyscyphus 
(R. T. Moore and McAlear, 1962). Of importance to the field of mor
phogenesis are also studies of the development of the wall structure of 
ascospores such as in Neurospora tetrasperma (Lowry and Sussman, 
1958). Autonomously functioning rib-forming bodies may participate in 
this process in N. crassa (Lindegren and Scott, 1937). 

Since Dodge's description (1934) of "indurated asci" free of ascospores 
in N. tetrasperma (see also Dodge et al., 1950), ascospore abortion has 
been observed in many ascomycetes: Podospora anserina (Rizet and 
Engehoann, 1949), Ascobolus stercorarius (Bistis and Olive, 1954), Sor
daria macrospora (Esser and Straub, 1958), S. fimicola (Carr and Olive, 
1959). Giant and dwarf ascospores have been observed in Podospora 
(Dowding, 1931b; Page, 1936), S. fimicola (Page, 1933), N. tetrasperma 
(Dodge, 1935b). The size of ascospores in N. crassa was shown to be con
trolled by a polygenic system, a part of which is linked with the albino 
locus on chromosome I (Lee and Pateman, 1961). In Venturia inaequalis, 
five mutant genes can determine abnormal differentiation of ascospores 
(Boone and Keitt, 1956). Giant ascospore formation can be artificially 
induced by treatment of S. macrospora with ether or chloral hydrate 
(Zickler, 1931) or of P. anserina with ether, chloroform, or benzene 
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(Rizet, 1942). Dimorphism of ascospores has been studied genetically in 
Chromocrea spinulosa (Mathieson, 1952) and is also known in Bulgaria 
inquinans (Forster, 1941). In S. fimicola (Olive, 1956; Hoslot, 1958) and 
N. crassa (Ito, 1957), ascospore color mutants (lack or dilution of melanic 
pigment in the wall) are known. Partially fertile mutants of S. fimicola, 
with slow-maturing ascospores of variable color, have been obtained 
(EI-Ani et al., 1961). Maturation of ascospores in the asci can also be 
chemically repressed with neutralized boric acid in S. macrospora (Turian, 
1954,1955), phenyl mercuric chloride (Hutton, 1954), maleic hydrazide, 
or nucleic acids in V. inaequalis (Ross, 1959). 

The hydrogen-ion concentration is important for normal ascospore 
maturation. Thus, in the cIeistocarps of Eurotium herbariorum and Penicil· 
lium javanicum and perithecia of Chaetomium globosum, asci did not 
mature at pH values below neutrality (Lockwood, 1937). The beneficial 
effect of calcium on sporulation, e.g., on perithecial production by C. glob
osum (Basll, 1951) might well be due to its effect in counteracting acidity 
(Hawker, 1957), Certain critical concentrations of vitamins are required 
for normal differentiation of ~scospores. In S. fimicola, there is a relation
ship between the amount of biotin and the number of mature ascospores 
produced. In the lower concentrations of biotin, the cytoplasm of most the 
abnormal asci was not even delimited into ascospores and consequently dis
integrated (Barnett and Lilly, 1947b). A similar relationship has been 
found in C. convolutum which for any given concentration of nutrients 
requires certain concentrations of thiamine and biotin in order to develop 
mature perithecia with normal ascospores (Lilly and Barnett, 1949). In 
N. crassa, a high concentration of sucrose in Czapek's medium, unless 
balanced by increased doses of yeast hydrolyzate, prevents normal differen
tiation of the ascospores (Girbardt, 1952). 

Vitamins also are required for ascospore formation in yeasts (Tremaine 
and Miller, 1954) as are also certain ions such as K + and Mg+ + (McClary 
et al., 1959). Acetate is a very favorable substrate for inducing sporulation 
in these proto-ascomycetes (Stantial, 1935; Adams, 1949; Fowell, 1952), 
This morphogenetic effect of acetate might well be correlated with its pre
dictable inducing effect on isocitratase. The activity of this enzyme has 
been shown to be awakened (endogenous induction) at the stage of asco
spore differentiation in N. tetrasperma (Turian et al., 1962) and, by anal
ogy, it is possihle that the effect of acetate in yeasts also is connected in 
some way with the induction of the glyoxylic acid by-pass of the Krebs 
cycle. Such enzyme induction should necessarily precede morphogenetic 
expression for, according to McClary et al. (1959), most of the important 
metabolic events lie in the presporulation phase while sporulation may be 
mainly concerned with the intracellular protein degradation and resynthesis 
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postulated for spore maturation in bacteria (Hardwick and Foster, 1952). 
Changes in amino acid content could thus be expected to occur during 
yeast sporogenesis; in fact an accumulation of free proline has recently 
been detected in sporulated Saccharomyces cerevisiae (Ramirez and Miller, 
1963). Finally, it is worth mentioning that Miller et al. (1959) found no 
evidence of difference in the respiratory ability of sporulated and nonsporu
lated yeast cells. 

4. Fruit Bodies 

Two elaborate categories of ascomycetous fruit bodies are the flasklike 
perithecia of pyrenomycetes and the cup-shaped apothecia of discomycetes 
(cup fungi). 

Since the thorough study by Dangeard (1907) of the development of 
perithecia, many other detailed, descriptive studies have been concerned 
with these structures 1Varitchak, 1931; Chadefaud, 1960). It has been 
established that while the dikaryotic ascogenous hyphae grow out from the 
ascogonium, the haploid, mycelial sheath which envelops it begins to 
develop as the wall of the perithecium. The apothecium has also received 
<!l:tailed attention from Corner (1929) as to the exact derivation of its 

~parts. This wealth of descriptive knowledge is in sharp contrast to our lack 
of information concerning the formative factors controlling the morpho
genesis of both perithecia and apothecia. These are only superficially known 
from the studies of the effects of different environmental factors on fruit
body formation (see Lilly and Barnett, 1951; Hawker, 1957; Cochrane, 
1958). Most often these effects could not be clearly distinguished from 
those on the reproductive organs previously mentioned. 

Perithecial formation does not require strict aerobic conditions in 
Neurospora sitophi/a (Denny, 1933) and Sordaria {imico/a (Bretzloff, 
1951). It conforms to Klebs', principle (1900) that reproduction takes 
place under more restricted environmental conditions than growth. In 
many pathogenic fungi, perithecial formation can occur only on natural 
substrata; for example, the entomogenous Cordyceps militaris requires un
autoclaved pupae (Shanor, 1936), and several plant parasites their hosts 
(Hansen and Snyder, 1944). Apple leaf medium offered the best conditions 
for perithecial development in Venturia inaequalis (Keitt and Pahniter, 
1938) and Leptosphaeria rusei produced a number of perithecia on a syn
thetic medium containing cellulose but none on a glucose medium (Lacoste, 
1960). In Gnomonia vulgaris, a peptone-malt extract medium at pH 5.2 
is optimal for perithecial production if the temperature is below 20°C 
(Henriksson and Morgan-Jones, 1951). Low temperature and light are 
both necessary for the formation of perithecia in many species of Lepto
sphaeria (Lacoste, 1963). 
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Robinson (1926) found that light is necessary for both orange pigmenta
tion and apothecial formation in Pyronema omphalodes and postulated a 
causal relationship between these two processes. However, an albino 
Pyronema was later found to be capable of noonal reproduction (Bean and 
Brooks, 1932) and an albino mutant with neither colored nor colorless 
polyenes still required light to produce apothecia (Carli!e and Friend, 
1956). Thus, carotenoids cannot be the photoreceptors in the photomor
phogenetic response of Pyronema. Contrary to Robinson's hypothesis, pig
mentation and apotheciai morphogenesis are distinct and unrelated photo. 
chemical effects in normal, orange Pyronerna (Carlile and Friend, 1956). 
Light is necessary for apothecia! formation of Ascobolus immersus grown 
on an urea-containing synthetic medium (Yu-Sun, 1964). Stipe apices 
of Sclerotinia sclerotiorum also require light to develop their single apothe. 
cium. In darkness, these stipes only grow in length without branching. 
Decapitated stipes cease to grow in length and lateral branches develop, 
demonstrating removal of the apical dominance which normally is effective 
in the apothedal stipe of this discomycete (Henderson, 1962) . . . 

III. CONcLUSIONS 

In the complex processes of morphogenesis, overly simple formulas can 
scarcely be expected. It does seem, however, that further investigations of 
the relationships between metabolic pathways and alternate morphogenetic 
situations such as ascogonia~antheridia or ascogonia.conidia in ascomy
cetous fungi, offer promising lines of investigation. 

The indispensable connection between the ultrastructural components of 
the cell and these phenomena must not be forgotten. The ergastoplasm, 
through its ribosomal constituents, is tied to the RNA system in the synthe
sis of the specific proteins, associated with the successive morphogenetic 
stages. And thus we return to the main control center, the nucleus, with 
its DNA as the ultimate source of morphogenetic information. 

ADDENDUM 

Further information concerning aspects of morphogenesis in ascomycetous fungi 
can be found in recent reviews (W. J. Nickerson and S. Bartnicki-Garcia, Ann. Rev. 
Plant Ph,ysioL 15:327-344 (1964); H. H. Baldwin and H. P. Rusch Ann. Rev. Bio
chem. 34: 565,594 (1965) J. 

Prominent among recent photomorphogenetic studies (see also M. I. Carlile, Ann. 
Rev. Plant Physiol. 16:175-202 (1965) and R. M. Page, Volume 1, Chapter 23) are 
the observations of the prevention of the photo~inhibition of conidiation in Alternaria 
solani by flavins [R. J. Lukens, Am. J. Botany 50:720-724 (1963)], of the effect of 
high concentrations of glucose and peptone on the formation of conidia in the light 
and of sclerotia in the dark by Aspergillus japonil:us [L A. F, Heath and H. O. W, 
Eggins, Experierrtia 21:385-386 (1965)], of the effect of near UV in stimulating peri
thecial development in Hypomyces [C. R, Curtis, Phytopathology 54:1141-1145 
( 1964)] while inhibiting both melanin synthesis and microsclerotial development in 
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Verticillium [W. H. Brandt, Can. I. Botany 42: 1017-1023 (1964)1. and the unraveling 
of ultraviolet-absorbing substances associated with light-induced spoTulation in several 
ascomycetes [c. M. Leach, Mycologia 55:151-163 (1963); Can. J. Botany 43:185-200 
(1965); Mycologia 57:291-300 (1965); c. M. Leach and E. 1. Trione, Plant Phy
siology 40:808-812 (1965)J. 

Section 11,D,1,c 

Genetic and epigenetic factors controlling female sterility [Po H. Fitzgerald, Hered
ity 18:47-62 (1963)] and other morphological mutants of Neurospora crossa [J. C. 
Murray and A. M. Srb, Can. J. BotallY 40:337-349 (1962)] have been studied. A new 
periodical colonial mutant of N. crassa named "clock" [A. S. Sussman, R. J. Lowry 
and Th. Durkee, Am. 1. Botan), 51:243-252 (1964)1 shows a rhythmic alternation of 
surface and aerial growth [D. E. Bianchi, J. Gen. Microbiol. 35:437-445 (1964)] and 
can produce conidia only under bright, continuous light [M. D. Berliner and P. W. 
Neurath, J. Cellular Compo Physioi. 65: 183-194 (1965)]. Similar morphological 
mutants have been obtained in Ascaballl.~ immerSIlS [CO C. Yu-Sun, Genetics 50:987-
998 (1964)]. 

The relationship of cell wall to morphology in N. crassa has recently been studied 
by correlating the levels of st{,uctural polymers of tbe cell wall with wild-type and 
colonial morphology [Po R. Mahadevan and E. L. Tatum, J. Bacteriol. 90: 1073-1081 
(l965)J. 

Concerning enzymes and conidiation in Neurospora, l3-glucosidase [B. M. Eber
hardt, J. Cellular Camp. Physial. 58: 11-16 (1961)] and trehalase [E. P. Hill and A. S. 
Sussman. J. Bacterial. 88: 1556-1566 (1964)] were shown to be more active in conidia 
than in the mycelium. B. Weiss [I. Gen. Microhiol. 39:85-94 (1965)] completed an 

-~~--__'eiectron microscope and biochemical study of N. crassa during development. The 
mitochondrial oxidative phophorylation system showed no variation in the protoplasts 
of conidia, young germinated conidia, and branched mycelia; succinate dehydrogenase 
also did not alter. Non-conidiating, mycelial cultures of N. crassa (ammonium me
dium, see Turian, 1964) have a much greater glycolytic activity than conidiating 
cultures (nitrate medium) as measured by the production of alcohol. alcohol dehydro
genase, and pyruvate decarboxylase activities (in the aconidial "Ruffy" mutant, gly
colytic activity was relatively high in both media); chemical inhibition or gly
colysis induced conidiation in the wild type while interference with oxidative meta
bolism suppressed it [G. Turian and N. Matikian, Nature in press (1966); B. Weiss 
and G. Turian, J. Gen. Microbiol- 44, in press (1966)]. 

Sections ll, D, 2 and 3 

The conjugation process in Hansenula wingei has been further studied by T. D. 
Brock from both a biochemical [I. Bacteriol. 90:1019-1025 (1965); Proc. Natl. Acad. 
Sci. U.S. 54: 1104-1112 (1965)] and an ultrastructural [So F. Conti and T. D. Brock, 
I. Bacteriol. 90:524-533 (1965)1 point of view, while 1. 1. Miller and O. Hoffmann
Ostenhof [Z. Mikrobiof. 4:273-294 (1965)1 produced a thorough review of spore 
formation and germination in Saccharomyces. 
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1. INTRODUCTION 

The word morphogenesis refers to the process of development by which 
cells and tissues acquire their characteristic form. In all except spherical 
unicellular organisms it is an expression of directed but unequal growth. 
Descriptive studies of changes in form are referred to as developmental 
morphology, a subject that is not treated fully in this chapter. Appropriate 
references to developmental morphology are Comer (1934, 1937), 
Pantidou (1962), and Gaumann (1952). 

The fact that determination of form is ultimately under genetic control 
is self evident, but it is not evident how the information contained in the 
genetic code is transmitted, how some may be withheld until its expres
sion is advantageous, or how the influence of the external environment 
manifests itself. Something of the mode of transfer of information intra
cellularly from the nucleus to the site of synthesis, the ribosome, is now 
known (Davis, 1961), and concepts such as end-product inhibition, re
pression, derepression, positive feedback, and operator gene control 
probably will be found to playa role in morphogenesis. For the present, 
however, it is expedient to view the subject of morphogenic regulators in 
the terms of Sinnott (1956), who suggests that there is an external and 
internal environment and that in broadest terms each may be divided 
further into physical, chemical, and biological components. 

It is perhaps paradoxical that few morphogenic studies have been made 
on the basidiomycete carpophore even though it is the largest regularly 
shaped fungus structure. Perhaps this is due in part to the mistaken be
lief that basidiomycete fruit bodies are difficult to grow in the laboratory. 
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388 W. A. Taber 

In fact more than 150 species of agarics, polypores, and boletes have been 
grown in the laboratory, although not all on synthetic media (Buller. 
1909, 1922, 1924, 1931, 1933, 1934; Denyer, 1960; Lohwag, 1952; 
Badcock, 1943; Pantidou, 1962; Tamblyn and Dacosta, 1958; Yurchenco 
and Warren, 1961). 

There are many entities in the Basidiomycetes that either have been. 
or should be, the subject of morphogenic studies. These include hyphal 
branching systems, smut cell form, the rust haustorium, appresorium and 
vesicle, clamp connection, rhizomorphs, pseudorhiza, hyphal strands, and 
the primordium, stipe, pileus, hymenium, and spore of the fruit body or 
carpophore. The carpophore should prescnt a particularly rewarding subject 
for study since it has several sites of growth, a regular and complex form. 
and an (n + n) somatic cell which is genetically similar to a diploid cell 
of higher plants and animals. The hymenomycete carpophore is the prin
cipal subject of this chapter. 

II. MORPHOGENETIC ENTITIES 

A. Hyl!!wl Branching 
Fungal somatic cell growth may'be, considered to consist of two types: 

primary growth, which is that of cells in direct contact with the nutrient 
medium and their immediate aerial branches, and secondary growth, which 
is that of cells not in direct contact with the substrate and which obtain 
their nutrients from primary hyphae. In both instances, growth occurs 
by extension of the tip and eventually gives rise to new lateral growing 
points which form branches (ef. Volume I, Chapter 26). The branching 
system of Coprinus disseminatus has been studied by Butler (1961), 
who found regularity and interdependence in the development of the 
system. Growth was monopodial; that is, the tip continued to grow after 
subapical branChing had occurred. Apical extension was most rapid in 
hyphae having the greatest diameter. Since the ratio of surface area to 
volume decreases with increasing diameter, the limiting factor in apical 
extension probably is not absorption but either the amount of metabolism 
in the apical cell or the rate of translocation to it. Butler has provided 
convincing evidence that hyphal branching is controlled rather than a 
product of random growth. 

B. Mycelial Strands 
Mycelial strands (see also Chapter 3, Section III, A) and rhizomorphs 

resemble one another superficially but have been distinguished by Garrell 
on developmental grounds (Butler, 1957). Mycelial strands consist of 
loose aggregates of hyphae which increase in thickness by accretion of 
hyphae from the base while the rhizomorph develops as a completely 
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autonomous organ possessing an apical growing point. Hein (1930) work
ing with Agaricus campestris noted that strands began to develop from the 
inoculation point, but after most of the substrate had been occupied. He 
attributed strand development to one or more of the following factors: 
adhesion, crowding, branching, air currents, CO~ tension, moisture under 
certain conditions, chemotropism, and thigmotropism. The strands in
creased in diameter through aggregation and through actual fusion and 
resorption of hyphae. 

Strand development of Meruiius lacrymans [Serpula lacrimans] through 
non-nutrient substrate was studied by Butler (1957). Strand development 
proceeded behind the advancing mycelial margin and arose from a narrow 
region. Growth of strands was subject to influence from variations in dis
tance from the food base. Slender, thigmotropically sensitive tendril 
hyphae developed from the m,<!n hyphae of the strand (Falck, 1912; But
ler, 1958) and contributed to the strand. These tendrils developed at the 
clamp connection nodes of the main hyphae and at the narrow tips of 
earlier branches. Butler believes that a form of apical dominance maintains 
the predictable branching hierarchy and that a nutritional mechanism could 

___ __b<Hlr€ actual regulatory device. Tendril hyphae are thought to lie along the 
- main hyphae as a result of the nutritional advantage conferred by this 

proximity. Agaricus bisporus also produces strands which bear tendrils 
(Mathew, 1961). Nutrition may playa role since mycelial strand develop
ment was inversely correlated with the concentration of nutrients of the 
medium and directly correlated with moisture content. Unlike the rhizo
morph, mycelial strand development proceeds behind the margin (Butler, 
1957) . 

C. Rhizomorph 

Four morphological types of rhizomorphs (see also Chapter 3, Section 
III, A) have been described by Townsend (1954), who also noted that 
growth of these highly organized structures was suppressed by light. Devel
opment of the rhizomorph has been investigated by Garrett (\953). Devel
opment began late but, once established, the rhizomorph grew up to 5 
times more rapidly than the mycelium of the colony mat. Nutrition plays 
an important role in morphogenesis of the rhizomorph. An interaction 
was found to exist between the concentrations of carbon and nitrogen 
source. Within a certain range, increasing the amounts of both favored 
development. The range of nutritional conditions favoring rhizomorph 
initiation and devciopment is narrower than that permitting mycelial 
growth. Seven days after placing a 4-mm agar disk cut from near the mar
gin of a colony onto an appropriate nutrient agar, rhizomorph initials 
developed in a circle about the disks. Those developing most rapidly pre-
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empted the flow of nutrients by translocation pull and suppressed subse
quent development of others. This was further demonstrated by cutting a 
strip of agar out of an agar plate along the diameter and inoculating one 
side of the agar. Unorganized hyphae eventually bridged the gap and 
established a new colony on the far side. If the bridging hyphae were cut, 
rhizomorphs subsequently developed from the new colony; if not, the rhizo
morphs on the old colony continued to grow but presumably hoarded the 
nutrients and thus prevented formation of new ones on the far side. The 
function of the rhizomorph under natural conditions is thought to be the 
translocation of nutrients from one locale to another. Abundant evidence 
will be presented throughout this chapter that translocation in regular 
hyphae is of utmost importance to morphogenesis of secondary hyphal 
structures. This is perhaps a foregone conclusion since secondary hyphae 
arc not in contact with the exogenous nutrients and hence must either 
obtain exogenous nutrients via translocation from primary hyphae or 
endogenous nutrients, synthesized by primary hyphae, via translocation 
(cf. Volume I, Chapter 16). ' 

Either high 0, tension or low CO, tension is required for rhizomorph 
development (Snider, 1959). 

D. Smut Vegetative Cell Form 

The regulation of cell form by nutrients has been studied by Spoerl el al. 
(1957) and Wachter and Spoerl (1961). Various nitrogenous compounds 
caused USI;lago sphaerogena to grow either as short rods or as long hypha
like cells. Cell division is thought to be the process which is aflected by 
the chemicals. Formation of irregular hyphalike cells might be abnormal 
since the function of cell division may be to maintain a constant ratio 
between volume of nucleus and cell. 

E. Rust Vesicle 

The obligate parasite Puccin;a gram;nis forms an appressorium on the 
leaf, enters through the stoma, and develOps a substomatal vesicle of quite 
definite form. Formation of the vesicle is favored by high temperature and 
high light intensity (Sharp el al., 1958; Rowell ef al., 1958). Nutrition 
may also be involved since these conditions also favor photosynthesis in 
the host. 

F. Gasferomycete Fruit Body 

Sphaerobolus slellalus will fruit on a synthetic medium containing 
starch, MgSO" thiamine, asparagine, and a low concentration of phosphate 
proViding the temperature does not exceed 20-25°C, and providing in
cubation occurs under a light intensity of at least 100 lux (Alasoadura, 
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1963). The band of light allowing fruiting is between 440 and 480 mf!. A 
high concentration of phosphate and presence of glucose or sucrose permits 
good vegetative growth, but not fruiting. 

G. Hymenomycete Carpophore 

I. Primordium 

With the exception of Sphaerobolus (Alasoadura, 1963) the agarics and 
polypores are the only fleshy basidiomycetes which have been studied mor
phogenetically. In general the primordium of the ground agarics develops 
into a minute "bud" which often possesses gills while but a few millimeters 
high (Corner, 1934; Bonner et al .• 1956). Expansion of the nonphoto
tropic button occurs at night (Corner, 1947). Placing primordia in a 
saturated atmosphere did not cause them to expand during the day, an 
observation suggesting that light or some factor other than moisture is re
quired. The button is not characteristic of all agarics, however. The lig
nicolaus Lentinus lepideus forms a primord'lum with a potentially indeter
minate growing point resembling that of a polypore. The polypores and 
boletes typically form a primordium which develops into a cylindrical stipe 
with an organized growing point. and the pileus develops out of the tip 
after the stipe is mature. Unlike the button, the light-sensitive stipe expands 
during the day, profiting by phototropic stimuli. In all cases, however, there 
must exist a morphological and physiological change from continued growth 
of primary hyphae to establishment of secondary hyphae which can grow 
upright in an organized and integrated manner, thereby forming the 
primordium. That a real metabolic or physiological change has taken place 
can be demonstrated with Lentinus lepideus by a comparison of the form 
of growth that results from inoculating fresh nutrient media with tissue 
from a stipe or with vegetative, primary mycelium taken from the COlony 
mat just adjacent to the stipe (Fig. I). The stipe tissue gave rise to a 
colony from the lower end which was in contact with the agar and to a 
pileus from the upper end. The vegetative mycelium, however, produced 
only a colony which after many days gave rise to primordia-but from 
the vicinity of newly formed hyphae, not from the original inoculum site 
(Taber, 1963). This change in the capacity of hyphae is an aspect of mor
phogenesis that should lend itself well to laboratory experimentation. 

2. Slipe and Pileus 

a. Agaricaceae. For convenience of treatment, distinction is made be
tween families, as in Ainsworth and Bisby (1961), because of the striking 
difference in the form of maturation of the commonly studied ground and 
coprophilous Agaricaeeae and the lignicolous Polyporaceae (see Section II, 
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F, I ). However, the existence of lignicolous agarics Jike Collybia velutipe.l. 
Lentinus /epideus, and SchizophyLlum commllne and of new interpretations 
of family characteristics, reduces the usefulness of the distinction. 

(1) Schizophylllltn commune. This fungus has been the subject of in· 
tensive genetic and nutritional studies by ). R. Raper and his group 

... . _ .. 
FIG. I. Lefl: Fruit body of Lentintls lepideus which has developed 17 days after 

transfer of stipe tissue to fresh agtlr. The stipe tissue tip did not grow further, but gn"c 
rise to a pileus above and colony below. Right: Vegetative colony which resu lted from 
transferring colony tissue adjacent to stipe used to inoculate culture on left B} 
17 days fruit bodies had not developed lilthough eventually 4 did develop. but from 
the vicinity of new hyphae, not from inoculum tissue (Taber, 1963). 

(Raper, 1959, I961a,b; Raper and San Antonio, ] 954; Raper and 
Krongelb-, 058; Papazian, 1950). Fruiting typically requires formation 
of a heterokaryon resulting from fusion of two sexually compatible strains 
(Raper. 1961 a). 

S. commllne grows readily and fruits on a medium of the following com
position (Raper and Krongelb, ]958): glucose 20gm; peptone, or DL· 

asparagine 2.0 gm; MgS04 0.5 gm; K H;!P 0 .1 0.46 gm; K:lHPO~ 1 gm; 
thiamine' Hel 12 1-1g; agar 20 gm; distilled water to 1 l iter. The inoculum, 
peptone, and agar undoubtedly supply the trace elemenls. The pyrimidine 
moiety of thiamine alone will not permit fruiting. Good fruiting is asso· 
ciated with restricted growth (e.g .. restriction of colony growth with Rose 
Bengal dye) although not all compounds t]lat restrict colony growth favor 
fruiting. Addition of yeast extract to the above medium delayed fruiting, 
presumably by prOlonging the time whkh was favorable for growth. Fruit
ing took place between 5 and 42 days. SChopfer and Blumer (1940) found 
that thiamine is required but that some other natural compound is also 
required for copulation. Exhaustion of exogenous nutrients was found by 
Wakefield to favor fruiting (see Hawker, 1950). 

Various carbon and nitrogen SOurCes appear to support carpophore 
formation (Niederpreum. 1963). Asparagine, urea, glutamine, glutamic 
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acid, serine, alanine, arginine, and ammonium phosphate were favorable 
nitrogen sources, and sucrose, maltose, trehalose, cellobiose, glucose, fruc
tose, mannose, galactose, xylose, mannitol, glycerol, and ethanol were good 
carbon sources. By contrast, acetate and citrate were not satisfactory. 

Of physical factors, only light appears to have been considered in detail, 
Light is required for normal fruiting, and 30-50 foot-candles of fluorescent 
light for 9 hours per day was sufficient. Niederpreum (1963) concluded 
that high CO, tension and high humidity inhibited fruiting. 

(2) Agaricus bisparus (syn. A. camflestris vaL bisparus, A. hartemis). 
This fungus fruits readily on certain natural substrates which have been 
covered with sailor inorganic material such as gravel (Eger, 1961). The 
advantages conferred by such an environment may be due to both nutri
tional and physical properties, and a specific role of autotrophic microor
ganisms in the covering layer was proposed. 

Light is inhibitory to fruit-body formation (Koch, 1958) and the carpa
phore once formed is not phototropic (Ingold, 1953). Buller has proposed 
that soil mushrooms are not phototropic whereas Iignicolous and copro
philous ones are (Buller, 1924), but there is at least one exception (Gal
leymore, 1949) . 

. ~Although other aspects of morphogenesis have been neglected (prob-
......---~ibly because of culturing difficulties), the mechanics of fruit body matura

tion has been examined in detail (Bonner et al., 1956). Development 
begins when the button is but 2 mm high. The button will eventually grow 
to a height of 10 em. The gills and gill gaps are present at this early 
stage although the hyphae of the stipe are still irregularly arranged. By the 
time the button is 2 em tall, all tissues are formed, so maturation of the 
stipe consists of elongation of existing cells. The area of most rapid in
crease in cell length is just behind the cap (Fig. 2). This was established 
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FIG. 2. A diagrammatic growth curve of Agaricus campestris showing region of 
expansion. The lines are drawn through homologous points. Reproduced from Bonner 
et a/. (1956). 
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by placing carmine markings equidistantly along the button and noting tht 
changes in distance between them as elongation continued. A threefold 
increase in height was accompanied by a similar increase in the length of 
cells in the region of rapid elongation. The slight increase in diameter of 
the stipe was accounted for by a commensurate increase in cell diameter. 
Elongation was accompanied by uptake of both water and nutrients int~ 
the carpophore. Expansion of the cap was effected by a gradient of expan
sion of the cells, the greatest amount occurring at the margin. When the 
area of elongation was excised and placed on moist agar it was capable 
of small but definite expansion. This would suggest that these cells were 
irreversibly committed to this form of development. Accumulation of 
volatile substances, some of which are not CO2 , may retard fruiting (Stol
ler, 1952). Buller (1909) concluded that pileus formation was controlled 
by internal factors since inverted buds developed normally. 

The carbon dioxide level is critical, indicating that CO2 plays some rok 
in formation of the fruit body (Tschierpe and Sinden, 1964). These in
vestigators found that normal fruitiIlg of A. bisporus took place in an 
atmosphere of 0.05-0.06% air volume 'of CO,; increasing the proportion 
to 0.1-0.18% of air volume retarded formation of fruit bodies as well Us 

the number of fruit bodies. 
Gases other than CO, may be involved, however, and evolution of 

ethylene, acetaldehyde, acetone, ethanol, and ethyl acetate as well as car
bon dioxide by A. bisporus has been detected (Lockard, 1962). 

(3) Psilocybe mexicana. The fruiting ability of this fungus has been 
studied by Heim et at. (1958) in the course of their investigation of the 
in vitro production of the hallucinogenic substances psilocybin and 
psilocyn. The carpophore develops on natural substrates, and a short 
exposure to light is required. 

(4) Coprinus lagopus. The nutritional requirements for fruiting have 
been examined by Madelin (1956a,b). Fruiting occurred on a medium of 
the following composition: glucose 10 gm; DL-alanine 1 gm; K,HPO, 
2 gm; MgSO,·7 H20 0.2 gm; thiamine· HC] 500l'g; agar 20 gm; distilled 
water to 1 liter. The minimal pH allowing growth was 4.5. It was also 
observed that, as the dry weight of the carpophore increased, the dry 
weight of the colony mycelium decreased. Fruiting occurred over a narrower 
range than vegetative growth (Madelin, 1956a), suggesting again that 
fruiting obeyed Klebs' laws of reproduction (Lilly and Barnett, 1951). 
Madelin found that glucose, maltose, fructose, starch, and xylose were 
acceptable carbon sources. Sucrose supported abundant mycelial growth 
but not fruiting, and growth did not occur on nitrate nitrogen. Ammonia 
nitrogen was used for vegetative growth but not fruiting, but Scheller
Correns (1957) reported that nitrate nitrogen Was used. It is not possible 
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to determine from the literature whether the conflict between these reports 
is due to strain differences or to experimental conditions. Scheller-Correns 
observed fruiting on potassium nitrate, glycine, alanine, aspartic acid, 
valine, asparagine, and glutamic acid, the last two being best. Fruit bodies 
were not formed on phenylalanine, B-aianine, cysteine, serine, threonine or 
methionine, u-aminobutyric acid, leucine, isoleucine, arginine, or urea. 

Approximately 25°C was optimal for growth and fruiting. Light was 
required for rapid carpophore formation, but a short exposure was suffi
cient (Scheller-Correns, 1957; Voderberg, 1950). After 14 days' growth 
in the dark, 10 seconds' exposure to 8 foot-candles, or 5 seconds at 2.5 
foot-candles, was sufficient (Scheller-Correns, 1957). The culture became 
light sensitive on about the 7th or 8th day. White light was best, followed 
by blue, then blue-green, light. Green light was intermediate in effective
ness and yellow, orange, and red were almost without effect. Similar results 
were obtained by Borriss (1934.1). Madelin (l956b) observed that fruit
ing took place on the 15th day when the culture was grown in the dark 
and by 7-13 days when grown in the light. This stimulation by light was 
not translocated to portions of the colony not exposed to light. The light 
receptor appears not to be a carotene (Schneiderhohn, 1955), and a 
yellow pigment was found which was not riboflavine. 

Temperature also influences the development of the stipe (Borriss, 
1934b). At 20 c C in the dark, the stipe is exceptionally long and the pileus 
is but a knob whereas at 26°, the stipe is shorter and the pileus normal. 
Growth in darkness tends to produce "etiolated" carpophores, and both 
light and mechanical stimulation tend to minimize this response (Stiefel, 
1952). Nematodes are not required to induce mechanical stimulation since 
the laboratory cultures were free of them (Borriss, 1934b). Borriss 
(1934a) studied the sequence of development of the carpophore and noted 
that development occurred in two phases: the fruit body separates from 
the vegetative mycelium during the first phase, and it develops (expands) 
independently of the mycelium during the second phase. It is believed that 
water was not taken up during the second phase, and interaction between 
the stipe and pileus is postulated. If the pileus were removed during the 
first phase, stipe elongation ceased (possibly because the site of evapora
tion which provided force for upward translocation had been removed), 
but they developed independently during the second phase. Transloca
tion, which is dependent upon the pileus, occurs during the first phase, but 
not the second. Under constant environmental conditions there occurred 
a periodicity or endogenous rhythm of fruit body growth during the first 
phase. Elongation was believed not to be due to changes in turgor, elasticity, 
osmotic values, or absorbing power. Fruit body formation was not de
pendent upon a specific humidity (Borriss, 1934a). 
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(5) Coprinus sassii. Strains of this fungus were found to be amphithal
lic, producing both homothallic and heterothallic mycelium (Bille-Hansen, 
1953a). 

Fruit bodies were formed when the culture was incubated in the light 
at 17-19"C on a medium consisting of maltose 10 gm; MgSO, 0.5 gm; 
Ca(NO,,), 0.5 gm; K,HPO, 0.25 gm; thiamine·HCl 50 ~'g; agar 10 gm; 
distilled water to 1 liter, The inoculum was an agar disk, and 15 ml of 
medium was dispensed per 100-ml Erlenmeyer flask. When asparagine was 
used as the nitrogen source, vegetative growth was luxurious but fruiting 
did not occur. Neither sucrose nor glucose was a satisfactory carbon source 
for fruiting. Fruiting of C. heptemerus and C, congregatus was also studied 
(Bille-Hansen, 1953b). The stipe of Coprinus cinereus (c. lagopus?) is 
phototropic (see Chapter 21). 

(6) Collybia velutipes. Dikaryons' &ynthesized from various mono
karyons differed in capacity to form fruit bodies (Aschan, 1954a; Aschan
Aberg, 1960a,b), C. velutipes is tetrapolar, Fruit bodies are occasionally 
formed by haploid mycelia, however. A study of dikaryotization and 
capacity of strains to form fruit bodies has been conducted by Aschan
Aberg. Normal fruit bodies developed only when the two pairs of genes 
which most influence the dikaryotization process are different at both the 
A and B loci. If the alleles at the B locus are identical whereas those at 
the A locus are not, clamps are formed only at the contact zone and these 
hyphae give rise only to primordia or half-developed fruit bodies under the 
culture conditions used. Formation of fruit bodies has been shown by 
Zattler (see Aschan-Aberg 1960a) to have a genetic basis, segregating as 
though depending on one Mendelian pair of genes. Thus genetic factors 
other than mating type are involved in fruiting. 

Nutritional requirements for fruiting have been examined (Aschan, 
1954a,b; Aschan-Aberg, 1958). A synthetic medium (Mint) has the 
following composition: glucose 20 gm; ammonium tartrate 9 gm; KH,PO, 
7 gm; MgSO,·7 H,O 2.5 gm; ferric citrate 5 mg; thiamine 50 ~g; MnSO,·4 
H,O 20 mg; ZnSO,'7 H,O 20 mg; NaC! 100 mg; CaCl, lao mg; distilled 
H20 to 1 liter, pH 5.3. Although growth will occur in the pH range of 4.0 
to 8.0, fruiting occurs in a narrower range. A pH of 4.6 was the lowest 
allowing fruiting according to Aschan (J 954b), and 5.2 was the lowest 
observed by Plunkett (1953). Once primordia were formed, however, fruit 
bodies formed at lower pH's. Fruiting occurred in 25 days when 25 ml of 
this medium contained in 125-ml Erlenmeyer flasks were inoculated with 
an agar disk (Aschan-Aberg, 1958), Thiamine was required for growth 
(Marczynski, 1943) although the concentration is not critical (Aschan, 
1954b). Addition of folie acid and other B vitamins did not influence fruit
ing (Aschan-Aberg, 1958), nor did hydolyzed nucleic acid, yeast extract, 



12. Morphogenesis in Basidiomycetes 397 

tryptophan, and agar. Glucose was the best carbon source, followed by 
sucrose then maltose. Indoleacetic acid stimulated fruiting slightly (Aschan
Aberg, 1958). This substance can force formation of the stipelike synnema 
of Isaria cretacea (Taber, 1960). Ammonium tartrate was the best nitro
gen source examined, followed by ammonium chloride and asparagine. 
The efficacy of nitrogen sources depended in part on their influence on pH 
as growth commenced. Plunkett (1953) obtained fruiting on a medium con
taining a high ratio of sucrose to asparagine. Tn general, it would appear 
that high concentrations of the carbon source and low concentrations of 
nitrogen source are favorable for fruiting. However, it is difficult to trans
late this into terms of metabolism or physiology. 

Some influences of the physical environment have been identified. C. 
velutipes will develop primordia and stipe in the dark, but normal develop
ment of the pileus requires light. When cultures are exposed to light 
throu),,, Wratten and Jena glass J\lters, it was found that wavelengths 
longer than 470 mf' are without effect on pileus development (Aschan
Aberg, 1960b). Aiki (cited by Asehan-Aberg, 1960b) found that pilei were 
formed in vio1et, but not grecn, orange, or red, light. Blue-sensitive proc
esses are of tell assumed to be mediated by yellow pigments, but Aschan
Aberg (jid not detect carotenes or riboflavine in the fruits although only 

~ .. ~trains which were yellowish were capable of fruiting. 
A pretreatment of 1 week of darkness followed by light decreased the 

time required for fruiting from 5 to 4 weeks (Aschan-Aberg, 1958). The 
culture was incubated at 25" in the dark and 15° in the light. Plunkett 
(1956) concluded that darkness restrains cap expansion without prevent
ing stipe elongation. Only a weak phototropic response of stipes and young 
fruit bodies has been observed (Taber, 1963). 

Carbon dioxide tension may be important in fruiting, for a flowing air 
stream favored fruiting (Plunkett, 1956) as a result of removing CO, or 
other staling substances. It was found that 5 % CO, atmosphere retarded 
stipe growth and lower concentrations retarded pileus development. Both 
darkness and high CO, tension restrained cap expansion without prevent
ing stipe elongation. Long (1962) found that a high CO, tension (3%) 
caused light-induced cultures to grow as if they were in the dark; that is, 
the cap did not expand. Carbon dioxide appears to be the gas involved 
since the presence of KOH removes the inhibitory effect (Plunkett, 1956). 
The beneficial effect of moving air is to remove CO:! since maturation of 
C. velutipes is not favored by low humidity. Polyporus brumalis (see Sec
tion n, G, 2, b i). on the other hand, responds favorably to air flow be
cause the resulting low humidity accelerates translocation. 

Chloramphenicol, an inhibitor of protein synthesis, prevented fruit body 
formation only when primordia were less than 1 em high, an observation 
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indicating again that expansion may involve a minimum of cell synthesis 
(Long, 1962). 

(7) Lentinus tuber-regium. This carpophore develops from a sclero· 
tium, and light is required for fruit body but not sclerotium development 
(Galleymore, 1949). 

(8) Lentinus lepideus. Buller (1933) observed that this fungus reo 
quires light for pileus development. He postulated that, since ground 
agarics such as AgariCUS campestris grow on an essentially horizontal sur· 
face, response to light is not necessary for orientation whereas tree agarics 
require such orientation. Oddly, response to gravity occurs only in the 
light, but the stipe of L. lepideus continues to grow in the dark (Taber, 
1963). The development of the primordium has been discussed in Section 
II, G, 1. The fungus fruits readily on potato-dextrose agar when incubated 
at 20T in the light (Fig. 1). 

(9) Armillaria meUea. Translocathm in this fungus has been studied 
by Schutte (1956) and reviewed by Hill (Volume I, Chapter 16). 

(10) Pleurotus ostreatus. This agaric fruits on a partially synthetic 
medium containing cellulose, peptone, salts, and thiamine after 40-150 
days' incubation, if illuminated (Koch, 1958). 

b. Polyporaceae. (1) Polyporus brumalis. A series of very concise and 
ingenious experiments by Plunkett (1956, 1958, 1961) on this fungus. and 
on Col/ybia velutipes, have revealed much of what is known of the role 
of the physical environment on carpophore morphogenesis. P. brumulis is 
dimetic, having thin-walled generative hyphae and thick-walled branching 
binding hyphae. This fungus does not form a button but develops a tubular 
stipe whose undifferentiated growing point of generative hyphae grows into 
the air for some distance before fanning out and differentiating into tissues 
which then form the cap and hymenial layer. This is a strikingly different 
mode of growth and development from that of many ground Agaricaceae 
which produce a miniature mushroom in the primordium; this mushroom 
then matures by expansion of the preformed pseudo-tissue. P. brumalis 
fruits on 4% malt extract broth. It has an unusually restricted pH range 
for growth of from 3.1 to 5.1 and fruits in a narrower range, near pH 4.1. 
Fruiting occurs readily from 15° to 25'C. 

Light is important in the development of the fruit body and, also in its 
orientation. Carpophore primordia form in the dark although they are 
more numerous when incubated in the light. Exposure to darkness results 
in short, thick stipes as contrasted to the effect of such exposure in the 
case of certain agarics. Continuous exposure of 40 foot-candles of incan
descent light was not sufficient to allow normal fruiting, but exposure to 
160 foot-candles was. A high transpiration rate, which is brought about 
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by low humidity, leads to rapid translocation which may favor fruiting, but 
the light stimulation is not a result of acceleration of transpiration rate. 

The effect of humidity on fruiting was studied using a chamber similar 
to that shown in Fig. 3. The water level was kept constant by use of a 
reservoir, and air of varying humidity was continuously passed through 

FIG. 3. Modified Plunkett chamber. Culture medium is steriliz.ed ill situ in the 
culture beakers. When cool. the level of liquid in the culture beakers is raised by 
altachment of reservoir a l lOp, which contains sterile water. Sterile air is passed 
through the cOllon-fi lled tu be on righ t and is discharged below the supporting plate. 

the chamber. The number of fruit bodies produced under a given set of 
conditions varied too much to be used as an index of fruiting capacity. 
Plunkett lIsed the ratio of stipe length Lo pileus diameter (l Id) since these 
two forms of growth are usually competitive. The relative humidity (RH) 
of air entering and leaving the chamber was measured. In all example the 
RH of ingoing air was 0, 75, and 96% and of outgoing air was 69.5, 88, 
and 96.5%, respectively. The flow rates of air were 200, 200, and 5 mil 
minute, and the rate of water loss per culture (in mg/ cm2 / hr) was cal-
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culated. Plunkett found that low humidity and, therefore, high transpira
tion favored pileus development. Water loss from the fungus at 6 times 
the rate which suppressed pileus development in C. vetUlipes was favorable 
for pileus expansion. Reducing the water loss from 6.5 to 0.0015 mg/em'! 
hour suppressed pileus expansion. With increasing light intensity the 
amount of water loss required to effect a given amount of pileus expansion 
decreased. Thus light and low humidity were additive in favoring expan
sion but were not interchangeable. In still, nearly water-saturated air, the 
pileus does not develop but the stipe continues to elongate. Addition of 
5% CO" to the air or washing it with KMnOJ did not influence expansion, 
unlike the situation with C. ve/ufipes, so it was concluded that moisture 
was the component of the atmosphere which influenced pileus develop
ment. Mader (1943) believed that under some circumstances othel 
volatiles are effective. After Plunkett found that low humidity favor" 
pileus expansion, he designed experiments to determine whether it was due 
to enhanced translocation into the carpophore (1958). Under condition, 
of low humidity (high transpiration), the uptake of the dyes fluorescein 
and trypan bloe was rapid. Carpophores which had been killed by chloro
form vapor did not take op the dyes. Furthermore, low humidities led to 

increased dry weight in the growing tip of the stipe. Light did not increase 
dye uptake in Plunkett's experiments, adding further weight to the supposi
tion that light did not favor cap development through a stimulation of the 
rate of transpiration. 

Some fruit bodies are known to be both phototropic and geotropic, and 
Buller (1933) postulated that the stipe is negatively geotropic and the 
dissepiments positively geotropic. Plunkett (1961) provided a different 
explanation for the role of phototropic and geotropic responses in P. 
brumalis. The stipe was found to be positively phototropic at first and then 
negatively geotropic. Placing an artificial pileus (cardboard disk, Fig. 4) 
over the stipe tip shaded it and blocked phototropism and allowed expres
sion of negative geotropism. Thus, from this and other experiments, it was 
concluded that the stipe is both positively phototropic and negatively geo
tropic but that when both stimuli are present the phototropic stimulus 
takes precedence. Under normal conditions response to light brings the 
stipe tip into the air. Then light stimolates expansion of the tip into the 
cap which then shields the tip from light, thus allowing expression of the 
negative response to gravity. Subsequent light would have but little effect 
since by the time the cap extends the growth potential of the subapical 
region is all but exhausted. Further, the remaining area of growth under the 
cap is so close to the top that any curvature in response to light would be 
almost immediately stopped as a result of renewed shading brought about 
by the curvature. When cultures were illuminated from below, growth was 
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FIG. 4. Demonstration that phototropic response overrides geotropic response. In 
the presence of unilateral light (I) growth proceeds toward the light source and in 
defiance of gravity. When a shield is placed between light source and stipe (2-5), 
geotropic response is expressed. When light once again strikes the stipe (6) the 
phototropic reaction once again takes over. Reproduced from Plunkett (1961). 

toward the light source. 'T{le orientation of the pileus was reversed with 
reference to the substratum;' but not to the stipe. That is, the gill area 
faced upward and the morphological upper surface of the pileus faced 
downward (Fig. 5). There arc, apparently, two positions of null response 
to gravity: when the stipe is vertical, either pointing upward or downward. 
_:r:.he carpophore always grew so as to place the morphologically upper 

--------- surface of the pileus toward the strongest light source. Changing the posi
tion with respect to the gravitational field did not alter this response. 

r:I 
I s 

Transfer to 
darkness ¢ltf: QL r (?L r (?L 

'I 2 13 4 
Change of 
light direction 
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{) 
L 
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FIG. 5. Demonstration that growth of the stipe proceeds toward a light source 
until the growth area is shaded by the pileus and that light from below can result 
in inverted growth. In the latter case, however, development is normal in the sense 
that the morphologically upper surface of the pileus is closest to the light. Reproduced 
from Plunkett (1961). 
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(2) Serpula lacrimans. Lippe and Nesemann (1959) determined con· 
ditions under which this fungus formed fruit bodies on agar in the labora· 
tory. Fruiting followed 18 weeks' incubation at 16"C on a medium having 
a pH of 5.8 and the following composition: sucrose, DL-a-alanine, 
threonine, salts, and agar. With sucrose as the carbon source, 16 of 22 
amino acids and amides examined allowed fruiting when used as the sole 
source of nitrogen. A combination of NH,Cl and KNO" also allowed fruit
ing if the nitrogen concentration was sufficiently low. Glucose was not a 
satisfactory carbon source for fruiting. The cultures were illuminated 9 
hours per day with fluorescent light and received about 400-600 lux. 

(3) Polyporus versicolor. This polypore fruits if given light and grown 
on a medium containing glucose, alanine, thiamine, and salts (Koch. 
1958). Fructose and glycerol are satisfactory carbon sources and am
monium chloride, ammonium tartrate, arginine, asparagine, glutamic acid. 
glycine, and aspartic acid are suitable nitrogen sources. At least 1000 lux 
per day were required for fruiting. 

(4) Ganoderma lucidum. Abundant fruit bodies and vegetative growth 
occurred when cultures were grown 16 weeks at 20c C on an agar medium 
consisting of: a carbon source 5gm; nitrogen source 0.425 gm; KH2PO, 
2.0 gm; MgSO,·7 H20 0.5 mg; FeCla'H,O 0.8 gm; ZnSO,·7 H 20 0.9 
gm; MnSO,' 4 H 20 0.4 gm; Ca(NO,)2, and thiamine 2 mg each per liter. 
Calcium was said to be necessary for fruiting, but its beneficial effect may 
have been due to its interaction with an excessive amount of some 
other ion. 

(5) Poria ambigua. This fungus provides the only reported example 
of the retention of the light stimulus by the mycelium, where it is expressed 
in subsequent darkness (Robbins and Hervey, 1960). When the inoculum 
was exposed for a few minutes to bright light and then transferred to 
darkness, fruiting was induced although a second exposure to light was 
beneficial. The stimulus of the two light exposures was believed not to be 
qualitatively different but were additive. When using a rich malt extract 
medium only one exposure was required. Three growth factors were 
postulated: (x) formed in the light and required for fruiting; (y) whose 
formation was interfered with by light and which was required for vegeta
tive growth, and (z) whose formation is favored by light but which is 
limiting for growth in the dark and in the presence of large amounts 
of (y). 

(6) Lenzi!es trabea. A study of genetic regulation of fruiting has been 
carried out by Barnett and Lilly (1947). Cultures were grown 6-8 weeks 
at 25'C on 20 ml of 2% malt extract agar. Absence of clamp connections 
was used as a criterion of haploidy. The culture characteristics of haplonts 
and diplonts differed significantly, and dediploidization frequently oc-
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cUfred, giving rise to sectors. When haplonts, isolated as germlings, were 
crossed many produced fruits. However, 17 of 30 haplonts also fruited. 
Spore lines obtained from a haplont fruit body were all incompatible with 
the parent haplont but were compatible with other haplonts. 

c. Nidulariales fruit body. (1) Cyathus stercoreus. This "bird's nest 
fungus" will fruit on semisynthetic media (Brodie, 1948). Recent studies 
have shown that light is required for fruit body formation. Lu (1965) found 
that a certain amount of light (blue light being best) was required to 
initiate fruiting; a photoinductive constant was ca1culated and found to 
be 17,200 foot-candle hours at 25°C. As the light intensity was increased, 
the fewer hours of exposure were required. Cultures were grown 15 days 
in the dark and then exposed to light. Under the specified conditions the 
time required for fruiting (Y) could be calculated by the formula Y = 
17256//· X where / is light intensity, X is number of hours of exposure por 
day. It was hypothesized that precursors form during growth in the dark 
and that a photoreceptive r<:ecursor brings about photoinduction. 

3. Gill and Hymenium 

The gill is the site of compact. regularly formed tissue and of differen
tiated cells such as the basidium, spore, cystidium. basidioles and other 
'.!erile elements (ef. Chapter 5). Pressure and localized positive photo
tropism probably play roles in determining the shape of these structures. 
Pressure resulting from continued expansion of tissues in the confinement 
of the underside of the pileus could lead in part to a folding which might 
lead to the formation of gills or pores; and pressure of adjoining cells and 
differential laying down of rigid cell walls during growth could lead to the 
cylindrical form of the basidium and allied cells (see Corner, 1934). In 
any event, the formation of these various types of cells results ultimately 
from unequal growth, and about this little is known. 

That the gills and spores of many mushrooms orient themselves to the 
vertical by slight growth adjustments which may be due to differential 
inflation of cells at the base of the gill (cf. Chapter 21) is well known. 
The gill possibly is positively geotropic (Plunkett, 1956), so gravity may 
assist in the regulation of forms, but this does not explain how unequal 
growth within the cell is effected. 

III. MORPHOGENETIC FACTORS 

A. Genetical 

The genes provide the blueprints of the various proteins and, in addi
tion, provide incompatibility mechanisms which reduce the chance of 
inbreeding and subsequent loss of "nonessential" reproductive capabilities. 
But little is known of the actual role of genes in morphogenesis although 
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the mechanisms proposed by Jacob and Monad (1961) for the control 
of protein synthesis may be involved (cf. Volume I, Chapter 14). 

B. Physical 

As stated at the beginning of this chapter, morphogenesis in basidiomy
cetes is a function of a series of unequal growth patterns. Unequal growth 
cannot occur unless polarization occurs. Known exogenous factors which 
can influence growth unilaterally are light, gravity, pressure, temperature, 
moisture, gases, air currents, and, possibly, magnetic fields. Light is the 
most thoroughly studied of these forces (Table I; see also Volume I, Chapter 
23). Tn Coprinus sterquilinus light prevents development of primordia on 
the surface of dung (Buller, 1924). This has survival value because only 
primordia seated deeply enough in the substratum to support the fruit body 
actually can develop into fruit bodies. Response to unilateral light also 
results in the upward orientation of stipes of gymnocarpic, lignicolous 
hymenomycetes; in addition, light in sam, manner institutes differentiation 
at the stipe tip, thereby starting pileus development. In some species, 
pileate fruit bodies grow in such a way that the cap is always directed 
toward the light source. A general observation is that only short wave
lengths are active on fungi. The role of gravity was evaluated in Section n, 
G, 3. That the seven external physical forces playa role in determining 
form is unql1eslionable but just how they interact with metabolic processes 
to bring about unequal syntheses within the ceJ! is completely unknown. 

C. Nutritional 

Numerous examples of tbe influence of the nutrient medium on fruit 
body morphogenesis have been cited in this chapter. Evaluation of nutri
tional data is difficult because the composition and concentration of 
nutrients such as carbon, nitrogen, phosphorus, and salts may influence 
growth through effects on pH and other variables. A favorable concentra
tion -of an ion may be due to its interaction with another ion which is 
present in otherwise too high a concentration. The influence of nutrients 
may also be the result of the formation of staling substances. These in
fluences are therefore no doubt mostly indirect, and a possible explanation 
of their role is given below. 

b. Endogenous Nutrition and Physiology 

Nutrition is the utilization of food stuffs for growth and hence relates 
to morphogenesis in that it provides the substance and energy for synthesis 
of primary and secondary hyphae. 1t is possible that exogenous growth 
factors play an additional role in morphogenesis by triggering secondary 
growtb. A speculation as to this role is as follows: primary (or essen-
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tially colony growth) continues as long as no critical exogenous nutri
ent becomes limiting, and as long as staling does not become excessive. 
During primary growth, endogenous nutrients such as polyols, carbo
hydrates, amino sugars, lipids, polyphosphates, and nitrogenous com
pounds accumulate. Eventually some exogenous nutrient becomes limiting 
and primary growth, or cellular synthesis, either ceases or becomes dras
tically reduced. Upon the cessation of primary growth, secondary growth 
(formation of sporophores) then is initiated and proceeds along the line 
dictated by the genetic constitution. Endogenous nutrients, and perhaps 
some exogenous ones, are then used in respiration and synthesis of the 
secondary hyphae which will make up the fruit body. 

If this hypothesis is correct, then it should be possible to detect changes 
in the content and extent of growth of the primary mycelium. Madelin 
reported a decrease in dry weight of the mycelium as the fruit body 
develOps, and Aschan-Aberg detected changes in the content of nitrogen 
and phosphorus compounds. Further, Kul'aev ef al. (1960) found differ
ences in the chemical composition of the fruit body. Mention has already 
been made of cessation of colony growth before fruiting. 

Hormones or some form of endogenous growth regulators appear to be 
involved in development of the carpophore (Gruen, 1963; Hagimoto and 
Konishi, 1959). Gruen determined the influence of the cap on stipe devel
opment and obtained evidence that an endogenous growth factor present 
in the lamellae stimulates stipe elongation. The lamellae were also the 
site of a substance controlling cap tram a expansion. Transmission of the 
growth factor stimulating stipe growth occurred either through hyphae at 
the base of the cap adjacent to the lamellae, or directly through the lamellae 
to the cap-stipe juncture. 

E. Biochemical 

Biochemical investigations of morphogenesis in the Basidiomycetes 
have been few. While no single biochemical step can explain morpho
genesis, interactions, regulation, and inheritance, must be the ultimate 
basis of morphogenesis. 

IV. MECHANICAL AND MATHEMATICAL ANALYSIS 
OF FRUIT BODY 

Economy of cellular synthesis, and efficiency in use of the environment 
by extensive growth and dispersal of propagules are certainly manifested 
in the Hymenomycetes. Mutation and selection have apparently led to 
development of an efficient means of bringing genetically different nuclei 
together without necessitating utilization of sex organs, and hence the 
synthesis of such structures is not required. Irrespective of the form of a 
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given "mushroom," it confers a high degree of efficiency in coping with the 
environment. 

The central stipitate umbrella form of fruit body provides maximal 
strength with minimal interference with spore dispersal for fungi growing 
on a horizontal surface. The cap typically tapers toward the margin or 
is thin and flat, thus avoiding excess weight for the stipe to support. 
Often the stipe is hollow, thereby conferring the most strength to resist 
lateral pressure to a beam of given length and amount of structural 
material. Movement of the gill only 5 degrees from the vertical may 
result in most of the spores being lost to the neighboring gill rather than 
being properly dispersed. Russula, which has a heavy pileus, may have a 
solid, short stipe which makes the fruit body rigid and hence prevents 
swaying, as well as resists downward pressure on the thick pileus (Buller, 
1909). Such a stipe cannot respond fully to geotropism and the gill 
is brought to the vertical by differential growth changes at the base of 
the gill. Those fruit bodies witQ._ a longer and more slender stipe (such 
as coprophilous ones) respond more readily to forces such as graVity and 
light. 

1. Russula ochroleuca 

Ingold (1953) analyzed the dimensions of this and other fungi math-
"ematically and concluded that their stipe length and diameter were just 

sufficient to serve their supportive and disseminative functions. Small
capped agarics tend to have slender stipes and appear to be "tall" while 
those with large caps have thick stipes and appear to be "short." The 
weight of the cap, which is proportionate to its volume, is distributed 
evenly over the cross section of the stipe. A solid structure of constant 
shape but varying in size, such as the pileus, will vary in volume (or 
weight) as the cube of the linear dimension whereas the stipe area will 
vary as the square of its diameter. Therefore, the pileus and stipe diam
eters will change in proportion to one another with changing size. Further, 
natural selection will select for shorter stipes among fungi with large 
pilei. Shorter stipes among small pileate species would not be selected 
for because this type of structure would impede lateral dispersal of 
spores. That cellular syntheses and physiological processes often are 
selected for in accordance with economic considerations is well established 
(Davis, 1961). 

Fruit bodies of most lignicolous species developing from a vertical sur
face bear either no stipe or a lateral or eccentric stipe. The advantages 
that are conferred are conservation of stipe material and little interference 
with spore drop. Unlike soil fungi such as Agaricus campestris and 
Coprinus comalus, which possess a thick stipe and pileus, the lignicolous 
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ones are phototropic and geotropic. Phototropism brings the primordium 
into the open and geotropism assures that it is upright with the result 
that the gills are vertical. 

Evolution has led to development of hymenial layers with increased 
efficiency in the production of spores. Thus, an evolutionary trend can 
be visualized leading from the Thelephoraceae with smooth, flat hymenia 
to polypores with the most hymenial surface area to pileus area (Buller, 
1934). 

In studying the relative efficiency of the gill and pore in providing l~rge 
surface arc a, Buller (1934) expressed the ratio of hymenial surface 
area (H) to pileus underside surface area (A) as H : A. Theoretically 
the ratio for the Thelephoraceae with no folding would be 1. The H : A 
ratio for agarics ranged from 7 for Russula citrina to 20 for Agaricus 
campestris. The ratio for polypores ranged up to 148 for annuals and 
almost 500 for perennials such as Fornes vegetus. 

The examples of mechanical efficiency in fruit body form are many, 
and since this topic merges with that of developmental morphology, which 
is not dealt with here, the reader is referred to the volumes of Bllller 
(1909-1934), Thompson (1952), and Wardlaw (1952) and Chapter 21 
of this volume. 
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CHAPTER 13 

Sex Hormones III Fungi 

LEONARD MACHLIS 

Department 0/ Botany 
University of California 

Berkeley, California 

I. INTRODUCTION 

The participation of hormones [sensu Raper (1952), but see Wilson 
and Bossert (1963)J in the sexual reproduction of fungi is a well-estab
lished fact. The purpose of this chapter is to describe the hormones 
demonstrated or postulated to exist and to indicate the progress made 
toward chemical identification. The material is organized in relation to 
the organisms used by the investigators. Several reviews with excellent 
bibliographies are available. These begin with the detailed and compre
hensive review by Raper (1952) on Chemical Regulation 01 Sexual 
Processes in the Thallophytes. Periodically, Raper (1954, 1957, [960) 
has brought this original review, particularly the parts pertaining to the 
fungi, up to date. Less detailed because of their broader scope are the 
annual summaries in Forschritte der Botanik under the heading of 
"Physiologie der Fortpflanzung und Sexualitat" beginning with Volume 
17 in 1954 written by Linskens; the summary tables of sex hormones 
in both the algae and fungi initially prepared by Raper and subsequently 
revised before publication by Machlis and Rawitscher-Kunkel, which 
appeared in the handbook "Growth" edited by Altman and Dittmer 
(1962); and most recently the review by Machlis and Rawitscher-Kunkel 
(1963) on Mechanisms of Gametic Approach ill Plants. 

II. SAPROLEGNIALES 

The role of sex hormones in saprolegniaceous fungi is a most appro
priate place to begin because it was in relation to these organisms that 
the occurrence of sex hormones in the fungi was first suggested (de Bary, 
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1881) and because species of Achlya were used by Raper and his associates 
in the now classical studies demonstrating beyond doubt a multihormonal 
regulatory system. 

Sexual reproduction in these organisms involves the development 
either on the same thallus (homothallic) or on separate thalli (hetero
thallic) of oogonia with one or several uninucleate eggs (oospheres) 
and antheridial hyphae. The Jatter grow and attach to the oogon;a. 
after which an antheridium is cut off by a cross wall. Fertilization tubes 
grow out from an antheridium and pierce the oogonial wall; then one. 
or a branch from one, grows to each egg which receives a single nucleus, 
thereby completing fertilization. The fertilized oospheres develop thick 
walls, thus becoming oospores. These germinate after a period of rest 
and usually after karyogamy. 

The first part of de Bary's investigation was an extensive study of 
reproduction by such fungi as Pythiurn, Phytophthora, Peronospora, 
Saprolegnia, Achlya, and Aphanomyces. lit the second part, which is a 
general evaluation and discussion, he proposed that specific chemical 
substances emanating from the oogonia initiate the development of the 
antheridial hyphae and, further, direct the growth of these hyphae to the 
oogon;a. No experimental proof of these postulates was presented. 

Later, Kauffman (1908) supported de Bary's postulates on the basis of 
his studies of Saprolegnia hypogyna, a species in which oospores usually 
devdop parthenogenetically with only the rare production of antheridia. 
He found, however, that certain inorganic salts caused the production of 
many antheridial hyphae. Kauffman concluded that nutrients made pos
sible the synthesis of the hormones inducing antheridial hyphae and 
directing the growth toward oogonia as postulated by de Bary. 

However, it was Couch (1926) who, as part of a study of heterothall
ism in Dictyuchus, first deliberately attempted to demonstrate the opera
tion of hormones in the saprolegniaceous fungi. Although his results 
were all negative, they can be explained on the basis of subsequent 
work with related fungi, as Raper (1952) did in some detail. It remained 
for Bishop (1940) to actually demonstrate sexual hormones in Sapromyces 
reinschii, a species now classified in the order Leptomitales. This work 
was completed in 1937 (Bishop, 1937) althongh it was not publiShed 
until 1940, thus antedating Raper's first paper on sexual hormones (Raper, 
1939a). 

Raper (1952) has described Bishop's work so well that it would be 
superfluous to rephrase it. "In connection with a study of hetcrothallism 
and sexuality in S. reinschii, Bishop gave unequivocal proof that secretions 
of ~ plants induced the production of antheridial hyphae on the ~. In 
matings of ~ and ~ plants on an agar medium, production of antheridial 
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hyphae on the 5 prior to contact with the Q was frequently observed, 
and it was regularly the case that antheridial hyphal development was 
more intense upon that portion of the J mycelium proximal to the Q 

than elsewhere upon the J mycelium. Production of antheridial hyphae 
on 6' plants grown sterilely upon an agar medium could be regularly 
induced by the addition of a filtrate, freed of spores and hyphal fragments 
by passage through a Berkefeld filter, of ~ plants grown sterilely in 
water. No response was observed when the reciprocal test was performed, 
i.e., ~ plants in J filtrate. Oogonial initials were occasionally formed 
on 9 mycelia before contact with J 's when mated upon a semisolid 
medium, and antheridial hyphae were observed always to grow directly 
to the exact distal ends of oogonial initials. Production of oogonial initials 
and the directional growth of antheridial hyphae were considered to 
result from the activities of diffusible substances, but no specific ex
perimentation was performed to test the validity of this assumption." 
Bishop concluded " ... that some substance diffusing from the 9 mycelium 
stimulated the development of antheridial hyphae on the J and that these 
in tum were influenced to grow directly toward the oogonia by some sub
stance diffusing from the oogonia themselves. . ." 

From these beginnings Raper (1939a,b, 1940a,b, 1942a,b, 1950a,b) 
and Raper and Haagen Smit (1942) exposed the full complexity of the 
hormonal control in the type of sexual reproduction under discussion. 
Although the basic work was done with two heterothallic species of 
Achlya, A. ambisexualis, and A. bisexl/alis, Raper showed, as has Barks
dale (1960) since, that the basic regulatory system also prevails in 
homothallic forms. There is neither space nor need to recount in detail 
these investigations; they are available in the original papers as well as 
in the reviews referred to earlier. Raper divided the sexual reaction into five 
major stages: (J) the development of antheridial hyphae on the male plants; 
(2) the production of oogonial initials on the female plants; (3) the growth 
of the antheridial hyphae to the oogonial initials; (4) the formation of cross 
walls in the antheridial hyphae, thus delimiting the antheridia after the 
antheridial hyphae contact the oogonial initials, as well as the delimitation 
of the oogonia by the formation of the basal cross walls and the cleavage of 
the oogonial protoplasm into oospheres; and (5) the development of 
the fertilization tubes, their penetration into the oogonia, their growth to 
the oospheres, and finally the transfer of the male nuclei to the oospheres. 
Evidence was presented that the first stage, Le., the initiation of antheridial 
hyphae, was controlled by four specific hormones and that at least one 
hormone was essential for each of the next three stages. Although the 
last stage, fertilization, would appear to be hormonally controlled, no 
evidence was or has been presented for this postulate. The evidence for 
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the hormones rests upon experiments involving the use of filtrates, 
the physical separation of mated plants by permeable membranes, and 
a perfusion technique in which water passes slowly from one micro
aquarium to another, each containing a male or a female plant in an 
order determined by the objective of a particular experiment. 

The first step in sexual reproduction in Achlya is the initiation of 
antheridial hyphae on the male plant. The number of antheridial hyphae 
initiated is dependent on the amounts of four hormones known collectively 
as the A complex; the action of each of the hormones can be quantitatively 
assayed. The vegetative female plant secretes hormones A and A, while 
the male plant secretes A, and A,. These hormones can be separated 
since hormone A from the female plant and A, from the male plant are 
soluble in acetone and dioxane whereas Al and A2 are acetone-insoluble 
and water-soluble. Hormones A and A2 secreted by the female plant 
can individually or together initiate antheridial hyphal development; 
hormone A, from the male plant cannot initiate, but can quantitatively 
augment, the activity of the iWQ hormones secreted by the female plant; 
finally, hormone A, from the male plant decreases the response to the 
other three hormones. 

While the antheridial hyphae are developing they secrete hormone B, 
which induce~/the formation of oogonial initials on the female plant. 
A quantitative assay for the activity of this hormone has not been devel
oped. The oogonial initials now secrete hormone C, which does two 
things: (1) directs the growth of the antheridial hyphae to the oogonial 
initials and (2) causes the formation and delimitation of the antheridia 
after the antheridial hyphae make contact with the oogonial initials. 
Finally, the antheridia secrete hormone D, which causes the delimitation 
of the oogonia by the development of septa across the oogonial stalks 
and, further, causes the protoplasts of the oogonia to cleave into the eggs 
or oospheres. 

Raper and Haagen Smit (1942) attempted to isolate and identify 
hormone A from A. bisexualis female without success. It must be rec
ognized that this hormone can cause the initiation of the antheridial 
hyphae and that the other hormones of the A complex only modify the 
response quantitatively; their essentiality has not been demonstrated. Al
though the attempt to characterize hormone A chemically failed, methods 
were developed for concentrating it. Thus, an impure preparation weigh
ing 0.2 mg concentrated from 1440 liters of filtrate from female plants 
induced antheridial hyphae on male plants when diluted 10' :< times. 

Further work on this system has been continued by Barksdale (1963). 
Raper had shown earlier that hormone A is produced in measurable 
amounts by female strains of Achlya ambisexualis, but not at all or very 
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slightly by the male strains. Barksdale in the course of her study of 
hormone A production by various strains of AChlya observed that its 
concentration in cultures containing both male and female thalli equaled, 
not that of the female strain when grown alone, but that of the male 
strain. The failure of hormone A to accumulate in mixed cultures, as 
it regularly does in the isolated female cultures, led her to seek an explana
tion. Both heterothallic and homothallic strains of Achlya were used, 
some of the latter behaving as either male or female depending on the 
strain with which they were mated (Barksdale, 1960). The experiments, 
which involved a less laborious but also less precise assay method than 
that developed by Raper, showed quite clearly that the strains capable 
of producing antheridial initials in interthallic sexual- reactions with a 
female strain remove hormone A from the culture fluid. It is taken up most 
rapidly by the pure male strain, and the two homothallic strains which 
produce antheridial hyphae when allowed to react with a female strain 
but do not produce oogonia..._ when reacted with a male strain; it is 
taken up less rapidly by the homothallic strains that can produce oogonia 
when mated with a male strain; and still less rapidly, actually too slowly 
to be detected, by a pure female strain. Hormone A appears to be absorbed 
by the mycelium and not merely adsorbed on the hypal walls since it 
was _llot possible to recover the hormone by extracting the mycelium 

--with acetone. There is the possibility that the hormone is inactivated 
on the surface of the mycelium but it is unlikely. Two further results 
are noteworthy. Hormone A accumulates in the cultures of those strains 
that take up the hormone slowly or not at all, i.e., by those strains 
with the least male tendencies. Conversely, as detailed above, those 
strains that take up the hormone are the ones that have the ability to 
produce antheridial hyphae. Moreover, the greater the initial concentra
tion of hormone A added to the culture media the more rapidly it is 
absorbed. 

It will be recalled that Raper concluded that the female mycelium 
secreted hormone A, which causes the initiation of antheridial hyphae, 
and that subsequently the oogonial initials secrete hormone C, which 
directs the growth of the antheridial hyphae to the oogonial initials or 
to a separating cellophane membrane. Furthermore, after the antheridial 
initials contact an oogonial initial or a membrane, septation of the 
antheridia is induced. Barksdale's (1963) investigation indicates that 
hormone A causes those responses attributed to hormone C as well as 
those of hormone A, thereby reducing the number of hormones known to 
act in this system. She found that particles of either polystyrene or polyvinyl 
plastic would adsorh hormone A. These particles were then quite clearly 
able to attract the antheridial hyphae. When these hormone-treated particles 
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were placed on top of a cellophane membrane overlying the male stroin 
they induced the formation of antheridial branches beneath the membrane 
Many of these branches had cross walls near the tip, including branch" 
tbat had not made contact with the membrane, In other experiments til, 
number of cross walls formed was found to be a function of the number 0 

antheridial branches, which in turn was related to the concentration o. 
hormone A added to the cultures, Thus, it appears that hormone A h 

responsible for the activities attributed to hormone C and that thign"'
tropism of the antheridial hyphae is not a necessary prelude to antheridium 
formation. 

Further substantial progress in the physiology, as well as the bi()
chemistry, of the hormonal system operating in these saprolegniaceous 
molds is dependent on the isolation and chemical identification of the 
hormones, This same statement will or could be made for each of the 
other hormonal systems yet to be discussed, 

IlL CHYTRlDIALES 

One stage of sexual reproduction in two species of Synchytrium appears 
to be hormonally controlled, In a previous review (Machlis and Rawit
scher-Kunkel, 1963), this type of reproduction was referred to as physio
logical anisogamy, These organisms produce motile isogametes, some 
of which become nonmotile and attract to themselves the remaining motile 
gametes, E, Kohler (1930) observed this behavior in S, endobioticlIm, 
as did Kusano (1930) in S, lulgens, Kohler remarks that as soon as 
copulation occurs the swarmers leave, He postulated that the functional 
females produce a substance that not only attracts the functional males 
but stimulates them to swim about at a greater velocity than when not in 
the vicinity of a functional female. There is no experimental evidence to 
support the suggestion that an attracting substance is secreted, 

IV, MUCORALES 

In the Mucorales sexuality is manifested by the development of protuber
ances on adjacent sexually compatible hyphae, usually referred to as 
zygophores. When they meet, the apex of each is cut off, thus delimiting 
multinucleate gametangia, Blakeslee (1904), in the course of his dis
covery of heterothallism in the Mucorales, observed that progametangia 
of Rhizopus nigricans [R stoloniler] were formed after the zygophores 
were mutually attracted to each other. The chemotropism of the zygophores 
was named zygotropism by Burgeff (1924), who provided the first experi
mental evidence for such attraction, He observed that when plus and minus 
strains of Mucor mucedo were allowed to grow toward each other on an 
agar plate, hyphal swellings, considered to be the beginnings of progame-
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tangia, appeared before actual contact had been made. He confirmed this 
in an experiment in which a membrane was placed over the mycelium of 
the minus strain growing on nutrient agar. On top of the membrane he 
placed a block of agar containing the plus strain, which then grew out over 
the membrane. Zygophores were induced in the two strains and grew 
toward each other although they were prevented from meeting by the 
membrane. 

Similar experiments with Rhizopus nigricans [R. stolonifer], Mucor 
hiemalis, and Phycomyes nitens failed. However, when two strips of agar, 
one containing the minus strain of M. hiemalis and the other the plus 
strain, were placed about 2 mm apart, each produced zygophores which 
grew toward each other through the air. Burgeff postulated that each strain 
produced a volatile and water-soluble substance that could diffuse through 
agar media or pass through the air to induce as well as direct the growth 
01 the zygophores. In suppor{ of the idea that each mycelium produces an 
inducing and chemotropic hormone he did an experiment in which air 
was passed over a plus culture of R. stoioniter, through a tube a meter 
long, and then over a minus culture of M. mucedo. In the latter, young 
sporangiophores were converted into branched zygophores. Although the 

________ ,-..evidence for volatile hormones is not fully conVincing, the experiments arc 
described because of the subsequent recurrence 01 this theme. 

It will be noted that Burgeff did not postulate separate hormones for 
the induction of zygophores on the one hand and their chemotropic attrac
tion on the other. Experimental proof that these two processes are con
trolled by separate hormones did not become available until 1960 (Plem
pel, 1960a). 

Burgeff's report, as might be expected, initiated a series of investigations 
on the hormonal basis of reproduction in the Mucorales which has con
tinued to this day. Verkaik (1930) repeated Burgeff's membrane tests with 
M. mucedo but added nothing significant to what was already known. 
Ronsdorf (1931) showed that Phycomyces blakesleeanus was similar to 
M. mucedo in its behavior. F. Kohler's (1935) efforts to isolate an active 
principle failed and led him to suggest that the induction was caused by 
"some kind of mitogenic ray." When Kohl (1937) found that a continuous 
current of air passing over a nutrient plate containing plus and minus 
strains of M. mucedo appeared to narrow the copulation zone, he con
cluded that the active principle was transmitted through the atmosphere 
and tested a number of volatile oils for activity with negative results. In 
a very detailed, extensive investigation of Pi/obo/us crystallinus, which 
grows entirely submerged in the agar, in contrast to Phycomyces which has 
aerial zygophores, Kralczyk (1931, 1935) demonstrated that zygophore 
induction and attraction occurred prior to contact. To demonstrate the 
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zygotropic reaction he placed an agar block with a minus mycelium and 
one with a plus mycelium next to each other so that the direction of growth 
of the mycelia was opposite but parallel. As they approached each other 
along the common edge, the zygophores clearly turned toward each other. 

Banbury (1954, J955) undertook a detailed study of the zygotropic 
reaction by inoculating agar plates with alternate rows of plus and minus 
spores of M. mucedo. When the mycelia approached each other, zygo
phores were induced. At this time Banbury cut out rectangular agar blocks 
that crossed the copulation zone. Each block then contained in the middle 
a mixture of plUS and minus copulating zygophores, and at one end minus 
zygophores and at the other plus zygophores. Thus, each rectangular block 
was like a magnet with its two poles. If now, under appropriate conditions 
of humidity, and with the blocks turned on their sides, a plus end was 
brought close to a minus end, the zygophores grew toward each other, 
curving if necessary. If two plus ends or two minus ends were brought 
close to each other, the zygophores grew away from each other. When such 
blocks were seaJed from each other by glass, mica, or aluminum foil 
barriers, there was no zygotropism. These last experiments were done to 
eliminate the possibility that "mitogenic rays," previously postulated by 
F. Kohler (1935), were the active agent. 

Since the agar blocks in the above tests did not touch each other, Ban
bury concluded that the active principles were volatile. In keeping with 
others before him (Ronsdorf, 1931; Krafczyk, 1931, 1935; Buller, 1933), 
Banbury concluded that there must be two hormones involved. He pro
posed that one of them is produced by the plus zygophores, stimulating 
growth in the plus and inhibiting growth in the minus, and that the other 
hormone is produced by the minus zygophores, stimulating growth in the 
minus and retarding it in the plus. The positive zygotropic response be
tween plus and minus zygophores was interpreted as a consequence of the 
partial inhibition of growth on the near side of each hypha caused by the 
higher concentration of hormone emanating from the opposite zygophore. 
The tendency of like zygophores to grow away from each other is attrib
uted to the growth-promoting effect of the hormone produced by these 
zygophores. Thus, two like zygophores would grow more on the sides 
faCing each other and thus curve away from each other. 

Beginning in 1957, Plempel and his associates (Plempel, 1957, 
J960a,b, 1963a,h; Plempel and Braunitzer, 1958; Plempel and Dawid, 
1961) initiated a vigorous attack on the hormonal regulating system in 
Mucor, working principally with M. mucedo. The experimental results 
require the postulation of at least six hormones. The plus and minus 
strains, when grown separately, each release a "progamone" into the 
nutrient broth during their vegetative growth. When the cell-free broth is 
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then used to culture the opposite strain, i.e., broth from plus mycelium is 
used as substrate for minus mycelium. the latter then synthesizes the minus 
"gamone"; similarly the plus mycelium produces plus gamone. These 
gamones, when used in the quantitative assay, induce the development of 
the zygaphares, the plus gamone being specific far zygophorc production 
by the minus mycelium and the reciprocal being true for the minus gamone. 
Finally, the zygophores produce zygotropic hormones that direct the growth 
of the zygophores of the opposite type toward the source of the hormone. 

An extensive series of experiments were carried out on the zygotropic 
hormones to cstablish whether or not they are volatile and transmitted 
through the gas phase as suggested by the earlier investigators. The cxperi
mental conditions were improved by Plempel's isolation of the substances 
inducing zygophores in the plus and minus strains (see below). Thus, it 
became possible to induce zygophor'es,on plus and minus strains grown in 
separate agar plates. 

When this was done by including zygogcnic substance in nutrient agar, 
the' placing of agar blocks containing additional active material adjacent 
to plus or minus zygophores failed to cause bending toward the blocks. 
From this it was concluded that the purified material containing zygophare
inducing hormones did not include the zygotropic factor. Further, because 
of tbe conditions under which the zygophore-inducing material was pro
duced, it seemed likcly that the chemotropic factor(s) was formed only 
after the appearance of the zygophores. Also reported arc observations of 
the reaction when a plus or minus strain of M. mucedo is confronted with 
the opposite strain of Phycomyces blakesleeanus. In the latter, the zygo
phores develop within the agar substrate and rise above it only after con
tact, whereas in M. mucedo they develop upward from the substrate prior 
to contact. The Mucor zygophores always developed first, then, when 
those of Phycomyces formed, thc former bent back toward the substrate 
where they became encircled by the Phycomyces zygophores. However, 
zygospores were not formed. Plempel concludes by suggesting the possi
bility of a gaseous zygotropic factor for Mucor, but ruling it out for Phy
comyces since it grows entirely in the substrate. 

Plempel and co-workers then set about establishing the mechanism in
volved in the transfer of the zygotropic factor in M. mucedo. First they 
unsuccessfully attempted to induce a zygotropic response by diffusion of 
presumably active material through agar. Plus and minus mycelia alone and 
mixed were grown on 3 % malt extract absorbed into cotton, and were then 
induced to form zygophores by the zygogenic substance. Extracts werc then 
obtained by gently pressing the cotton and the mycelium on it. These 
extracts were tested directly or after various treatments which included: 
(a) bringing to pH 3 with sulfuric acid, or pH 9 with KOH, and then 
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extracting with petroleum, ether, and acetaldehyde in succession, followed 
by taking to dryness at 30°C and then dissolving in 0.5 ml water; and (b) 
concentrating 7.0 ml of the pressed juice by lyophilization to dryness and 
then dissolving the concentrate in 0.5 ml of water. The several preparations 
were tested both by solidifying them with agar from which a small cylinder 
was placed near zygophores, or by placing capillaries containing the solu
tions next to zygophores. In no instance did any curvature toward the 
test material occur. Had the factor been present it should have diffused 
through the agar to the zygophores. It was possible that the factor had been 
destroyed in the preparative procedures. To check this, cheese cloth circles 
supported by a wire ring about the size of a petri plate were coated with 
nutrient agar 2 mm thick. These were seeded with spores from plus strains 
near one edge on one side and with spores from minus strains on the othel 
side at the other end of a diameter \Connecting the two inocula. Altel 
incubation in a sterile, humid chamber for 3 days, zygophores were in
duced by the zygogenic substance. If zygotropic substauces were producei 
they should have diffused through the 2-mm thick agar disk and causee 
the zygophores of the two strains to bend 90 degrees toward the surface a 
the agar disk. This did not happen. Moreover, young zygophores not ye 
above the agar surface should have remained in the medium in response 
to the attraction, but did not. It was concluded that the zygotropic material 
was not diffusible through agar. 

Plempel and associates also tested the possibility that the zygotropic 
substance is transmitted through the air. The basic experiments were done 
with a petri dish divided in half by a vertical mica sheet through which 
holes 3.5 mm in diameter (four across the plate) had been drilled. -rhe 
mica was held in place between glass blocks glued to the bottom of the 
plate and by the half-covers which met with the mica between them. 
Rectangular blocks (12 X 5 mm) of agar with plus and minus mycelia 
were prepared, soaked in zygogenic solution, dried on filter paper, and 
then placed standing on edge next to the holes in the mica so that the direc
tion of growth of the zygophores was at right angles to the nutrient agar 
surface and in the direction of the holes. When minus zygophores faced 
plus zygophorcs across the holes, several of the former grew with the 
necessary curvature through the hole toward a single plus zygophore and 
established contact, traversing a distance of 2.5 mm. With a separation 
of 4 mm, the zygophores of both types nearest to the hole elongated twice 
as much as those most distant (laterally) from the hole. If for the first 12 
hours a minus block faced a minus block the zygophores stopped growing 
and began changing into sporangiophores with thickened tips. If, after this 
time, one of the minus blocks was replaced by a plus block, the tr~ns-
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formed minus zygophores developed from their tips the long thin hyphae 
characteristic of zygophores, which then grew up to and through the hole. 
When two plus blocks or two minus blocks faced each other, no responses 
in terms of growth toward the holes and accelerated elongation were 
observed. Instead, most of the zygophores changed into sporangiophores. 
Additional tests of various kinds served to support the suggestion that the 
zygotropic hormones are volatile and transmitted through the atmosphere. 
They greatly increase the growth in length of the zygophores-as much 
as four to six times compared to those not exposed to the agent-and cause 
them to bend toward each other. 

No mention is made of a tendency of like zygophores facing each other 
to grow back toward their own nutrient agar surfaces as described by Ban
bury. The zygotropic response is explained in terms of two gaseous, organ
specific growth substance!>. These stimulate elongation of the zygophores 
of the opposite mating type. If a zygophore is exposed to unequal concen
trations on its anterior and posterior flanks, either the elongation on the 
side receiving the higher concentration is inhibited or the other side receiv
ing the· lower concentration is enhanced. This work suggests that the 
zygotropic substances are unstable and readily oxidized in air. This destruc
tion is postulated to be the basis for the maintenance of concentration 
gradients. 

The other major line of attack on the hormonal system in M. mucedo 
has been on the chemistry of the gamones, or zygogenic hormones. In this 
work, the initial hormonally active nutrient solution was obtained by grow
ing mixed plus and minus cultures. The individual hormones cannot, as 
yet, be separated chromatographically, indicating that they have very 
similar structures. The most recent preparation began with 250 liters of 
active solution which was first extracted with butyl acetate, then concen
trated by evaporation at 20'C, and fractionated on a column. The active 
fraction was treated with benzoyl chloride to yield the benzoate ester. After 
further chromatographic separation, 29.8 mg of pure gamone ester was 
obtained. The latter crystallized from ether at _2 D C in the form of yellow 
needles. Upon saponification and chromatography of the products there 
was obtained a yellow-red, viscous, clear oil with very high biological 
activity. The elemental analysis of this preparation indicated 67.7% car
bon, 7.4% hydrogen, and 24.6% oxygen. The molecular weight deter
mined osmotically gave values of 314 in acetone and 374 in chloroform 
(± 5 % ). These figures suggest the formula C,uH"O". Evidence is pre
sented indicating the presence in the molecule of one or more hydroxyls, 
an ester bond, and a carbon-carbon double bond. From the infrared analysis 
it is concluded that no aromatic ring is present. 
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The reported progress made by Plempel and his associates on the chem
istry of the gam oneS of M. mucedo is so far the most successful attack 
made on any sex hormone in plants. 

V. BLASTOCLADIALES 

The water mold Allomyces, in which so far only one hormone is known 
to function, has been the object of intensive investigation with the purpose 
of establishing its chemical nature (Machlis, 1958a,b,c; Machlis et aI., 
1965). In Allomyces, the gamete-bearing generation consists of a dichot
omously branching mycelium that bears large numbers of small orange, 
male gametangia and larger, colorless, female gametangia. In water, the 
gametangia release highly active, motile, orange, male gametes and slug
gishly motile, colorless, female gametes. It can be observed that the male 
gametes cluster in the vicinity of unopened female gametangia. 

The first proof that the clustering is a response to a chemotactic agent 
was obtained by embedding female gametangia in agar and showing that 
the male gametes arc attracted to the gametangia. It was subsequently 
shown that the male gametes would approach and remain in the vicinity 
of a dialyzing membrane that had on its other side the supernatant in 
which female gametangia had released female gametes. The hormone 
attracting the sperm was named sirenin. 

From the normally hermaphroditic plant, predominantly female and 
predominantly male isolates were genetiCally selected on the basis of 
hybridization studies by Emerson and Wilson (1954). The female plants 
were then used to produce sirenin and the male plants were used for the 
production of sperm in adequate concentrations for assaying for sirenin. 
A quantitative assay was developed, based on the numbcr of gametes 
adhering to a unit area of membrane in response to diffusion of sirenin 
through thc mcmbrane. 

Progress on the chemical aspects of the study of sirenin became possible 
with the development of a system yielding approximately 25 mg of siren in 
per week. Briefly, female plants are grown on nutrient agar plates. Agar 
and plants are fragmented in a blendor and used to inoculate 300 ml of 
yeast extract-glucose liquid medium. After 2 days' incubation at 25°C the 
entire contents of a flask is added to 10 liters of glucose-tap water con
tained in 5-gallon carboys, where further growth takes place at 25°C with 
vigorous aeration for 30 hours. By this time the plants are coated with 
gametangia. Upon addition of another 9 liters of tap water there is a 
copious discharge of gametes together with sirenin. Each day, the active 
medium from four carboys is transferred to two large 40-liter continuous 
extractors where extraction with methylene chloride takes place for 24 
hours. At the end of each week, the methylene chloride containing the 
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sirenin and other lipid-soluble materials from almost 200 liters of active 
medium is concentrated by vacuum evaporation at room temperature to 
a small volume. At this point the material undergoes final purification. Jt 
is first fractionated on an alumina column. The active fraction is then 
treated with p-[(p-nitrophenyl)azoJbenzoyl chloride (NABS) to form a 
colored, crystallizable NABS ester (Hecker, 1955). The ester can be 
saponified with the recovery of activity, thus making possible the identifica
tion of the sirenin ester from others which are also formed. The sirenin 
ester is separated by thin layer chromatography on a micro scale and by 
column Chromatography on a larger scale. Elemental analysis of the ester 
showed only carbon, hydrogen, and oxygen to be present. This informa
tion, together with estimates of molecular weight based on the UV extinc
tion coefficient for the ester, in<Q_cate the best value to date for the em
pirical formula to be C15H,,02 with a,molecular weight of 236. 

On the basis of a molecular weight of 236, sperm attraction in the 
standard bioassay can be detected at a concentration of 10- 10 M. Con
siderable information is available on probable functional groups and 
structural defail of this molecule, but we prefer to withhold discussion until 

,these aspects are proved beyond doubt. 

VI. ASCOMYCETES 

Winge (1935) and Nickerson and Thimann (1941, 1943) suggested 
that the conjugation tubes of certain yeasts might be hormonally directed 
in their growth toward each other. Experimental evidence that this is so 
was presented by Levi (1956) for Saccharomyces cerevisiae. Plus and 
minus mating types in liquid culture develop hyphal copulatory processes. 
When these meet, fusion occurs and a zygote is formed. He showed that 
when a plus cell is placed close to a minus cell on agar, the latter, but 
not the plus mating type, develops a copulatory tube. In further experi
ments he showed that an agar surface from which sexually active cells had 
been removed could now induce the copulatory process in new minus 
cells, but not in plus cells. So far, Levi has not been able to prepare an 
active filtrate, and only once in several trials was the mating reaction 
induced across a collodion membrane. 

The basic pattern of reproduction in the remaining ascomycetes to be 
discussed involves the development on hyphae of an ascogonium, usually 
a coiled, septate structure representing the female. From this develops a 
tube, which may branch in some species. The tube-a trichogyne-even
tually contacts the nonmotile male element, whose contents then enter the 
trichogyne and migrate into the ascogonium. The ascogonium may become 
ensheathed by hyphae originating from basal cells of the ascogonium or 
nearby vegetative hyphae. The male elements may be almost any kind of 
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cell from the proper mating type, but specifically, in the work to be re
viewed here, they are nonmotile, unicellular bodies cut off from the parent 
plant and called variously, depending on matters not pertinent to the 
present review, oidia, spermatia, or conidia. 

The most significant investigation with organisms of this type has been 
that of Bistis (1956, 1957) on Ascobolus, Before going into this study, 
one should note certain less extensive studies in which sexual hormones 
have been implicated, Raper (1952) has recounted in detail the highly 
controversial series of papers by several investigators claiming and dis
claiming the involvement of hormones in the sexual reproduction of 
Neurospora, specifically the action of hormones in inducing the develop
ment of perithecia. From this work no meaningful conclusions can be 
drawn. 

Markert (1949), from certain Cllperiments on Glomerella, concluded 
that a diffusible substance affected perithecial development. Two weakly 
compatible strains were mated on agar and separated by a permeable mem
brane from a third strain which was fully compatible with one of the 
mated strains. He reported that the mated strains produced many more 
perithecia in the presence of the third strain than in its absence. McGahen 
and Wheeler (1951) also concluded from their studies on the genetics of 
Glomerella that there may be perithecium-inducing substances. In a strain 
which produces perithecia in clumps they reported that the formation of 
one perithecium seemed to stimulate the formation of others in the im
mediate vicinity, thus leading to the clumped perithecial condition. In 
another situation, where the clumped perithecial strain was mated with a 
conidial strain, the perithecia arose cbiefly at or near the point where a 
hypha hom the conidial culture crossed one hom the peritheeial culture. 
McGahen and Wheeler concluded that the conidial hypha provides a chemi
cal stimulus for the development of the perithecia. 

More concrete evidence of hormonal involvement exists in relation to 
the chemotropic growth of the trichogyne. The first suggestion of a chemo
tropic growth of a trichogyne was made by Dodge (1912) when describ
ing reproduction in Ascobolus carbonarius: "There can be no question, 
however, as to the specific attraction between the trichogyne and the 
conidium, and I shall call it the antheridial conidium." A similar observa
tion was made by Backus (1939). He performed no experiments to sub
stantiate his idea that in Neurospora sitophila the trichogyne sought out 
the conidium. Backus also observed that conidia, which by themselves can 
germinate and grow into a mycelium, would not germinate in the presence 
of a mycelium of tbe opposite compatibility strain. 

Definite evidence for the chemotropic growth of a trichogyne was pro
vided by Zickler (1937, 1952) in Bombardia lunata. In this organism the 
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male element is a spermatium. In contrast to the conidia above they will 
not germinate and grow vegetatively on nutrient agar, nor do they require 
sexual activation as do the oidia to be described later in relation to 
Ascobolus stercorarius. Each of the compatibility types produces both 
ascogonia and spermatia. The trichogyne arising from an ascogonium 
initially grows in a random fashion and then, if spermatia from the op
posite mating type are present, the trichogyne grows directly to the sper
matia, making in some cases a full right-angle bend. Zickler suspended 
spermatia in water and then removed them by filtration. The filtrate, either 
in capillary tubes or in agar blocks, attracted the trichogynes and did so 
even after autodaving. Vegetative hyphae did not respond chemotropically, 
an observation indicating that the chemotropic factor was specific for the 
trichogyne. On the other hand, mycelial extracts of the correct mating 
type were as effective as spermatial extracts in attracting trichogynes. This 
is not unexpected since almost any part of the appropriate compatibility
type partner can serve as a male element in these organisms. 
, The work of Bistis referred to earlier provided evidence that in A. ster

corarius there is a multihormonal mechanism controlling and regUlating 
sexual reproduction. In this work the male element consists of oidia which 
are multinucleate cells obtainable free of the mycelium on which they are 
produced. These are capable of growing vegetatively when placed on 
nutrient agar, but their germination and vegetative growth is inhibited in 
the presence of mycelium from their own or the opposite compatibility 
dass. An oidium induces ascogonial development only after it itself has 
been sexually activated by exposure for about 4 hours to a mycelium of 
the opposite compatibility type. After activation it then induces the devel
opment of ascogonial initials which develop into multicellular organs, the 
terminal cell of which grows out as a trichogyne. Evidence for the chemo
tropic growth of the trichogyne was obtained by moving an oidium after 
a trichogyne had started growing toward it. The trichogyne then turned 
until directed toward the new position of the oidium. This could be re
peated until the trichogyne failed to grow. Moreover, it was found that an 
unactivated oidium is unable to attract a trichogync. 

After fusion, lateral hyphae from the base of an ascogonium and nearby 
vegetative hyphae grow to the ascogonium and ensheath it. This is con
sidered to be a chemotropic response, but no evidence other than the 
observation of the approach of these investing hyphae has been presented. 

Although the question was later posed (Bistis and Raper, 1963) whether 
the inhibition of germination was essential to sexual activation, the two 
responses could not be separated. In this same recent study hyphal frag
ments were also used as fertilizating elements. These became sexually 
activated by dilation of the tip, which the authors consider to be the induc-
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tion of antheridia. Thus, since nongerminatcd oidia function as antheridia, 
the process of sexual activation referred to above is actually antheridial 
induction. 

The work reported above makes available for further study a third 
multihormonal system in the fungi. So far, no effort has been made to 
isolate and identify any of the hormones involved. 

VII. BASIDfOMYCETES 

Somatic copulation by the fusion of hyphae is the typical sexual reaction 
in the Basidiomycetes with the exception of the rusts. As early as \883, 
Brefeld described the development of tubular connections between pairs 
of germinating sporidia of rus!>. This we now know is a somatic sexual 
fusion, but at the time, Brefeld considered it to be nonsexual because the 
sporidia would always develop into mycelia or conidial colonies in the 
yeast form as long as there were suitable nutrients. Only when the nutrient 
solutions were exhausted did the hyphal fusions occur. 

Purely vegetative hyphal fusions also are widespread in these fungi. 
Sexual hormones per se have not been demonstrated, but there is an exten
sive literature on chemotropism between fungal hyphae, whether sexual or 
vegetative, resulting in such fusions. 

VIII. SUMMARY 

The preceding survey of the evidence that hormones regulate sexual 
reproduction of fungi involves enough different organisms and different 
types of sexual reproduction to suggest that all sexually reproducing fungi 
probably use hormonal control mechanisms to a greater Of lesser extent. 
So tar, three tungi are known in which the initiation 01 the sexual process 
and the coordination of all stages up to plasmogamy are controlled by 
hormones-Achlya, Mucor, and Ascobolus. It is to be expected that this 
list will be increased with time. The need in this field, however, is not as 
great for evidence of hormones in other organisms as for the determination 
of the chemical structures of known hormones. Progress in this direction 
is being made only with the zygogenic hormone of Mucor, the sper01-
attractant from Allomyces, and hormone A of Achlya. Once the structures 
of these hormones are known, then it is likely that they and analogs can 
be synthesized. With such materials the study of the mechanisms by which 
these hormones exert their control can begin. 
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1. INTRODUCTION 

Reproduction of an organism is the production of new individuals which, 
in general, resemble the parent(s). This may be brought about vegetatively, 
by development of new individuals from unspecialized detached portions 
of the parent; asexually, by the formation of new individuals from special
ized reproductive bodies produced by the parent independently of nuclear 
fusion; or sexually, by a process involving a fusion between two compatible 
nuclei and a subsequent reduction division. The functions of reproduction 
in fungi are not only the multiplication of individuals, but also dispersal 
to new substrata, resistance to temporary adverse conditions, and the provi
sion of a mechanism for variation. 

Filamentous fungi increase vegetatively by the linear growth and branch
ing of the hyphae, a process which involves replication of similar units. 
This can correctly be termed vegetative reproduction only when a new 
mycelium arises from a detached portion of a hypha. Yeasts multiply 
vegetatively by fission or budding of unicells, a process involving first an 
enlargement of the individual and then an increase in number. Vegetative 
cells of other unicellular fungi, such as the chytrids, may increase in size 
but usually increase in number only through the production of spores. The 
whole or most of the single-celled thallus of these fungi is used up in 
asexual or sexual reproduction. 

Most fungi reproduce by the production of small detachable bodies, the 
spores. These may be produced asexually or sexually, the same fungus 
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usually producing spores of more than one type. Spores may be produced 
in very large numbers, and they then serve as a most efficient means of 
dispersal and migration of the species, or they may be provided with thick, 
relatively impermeable walls and are then capable of surviving periods un
favorable to vegetative growth. 

When a suitable culture medium is inoculated with a fungus, or a natural 
substrate is successfully colonized, the organism first grows vegetatively. 
This phase may be quite brief or it may continue indefinitely. A change to 
the reproductive or sporulating state is the result of a combination of 
genetic competence to produce spores and the effects of environmental 
factors. A mycelium which is genetically unable to sporulate will remain 
sterile under all conditions; one of low fertility will sporulate only when 
external conditions are particularly favorable; and a highly fertile mycelium 
may be prevented from sporulating only by sublethal conditions. 

The type of spore produced at a particular time may depend upon the 
age or state of the parent mycelium or may be determined solely by en
vironmental influence. In general, for a given species, the external condi
tions inducing production of a particular type of spore differ, often con
siderably, from those favoring another type or from those optimal for 
vegetative growth. Such differences in requirements for the various phases 
of growth and reproduction are biologically valuable, since they often lead 
to the formation of the appropriate dispersal units or resting bodies at the 
time when these are most needed, that is when conditions are becoming 
less favorable for vigorous vegetative growth. Moreover, with many fungi, 
energy is not wasted in producing complex reproductive bodies under con
ditions optimal for hyphal growth. 

Successive stages in the initiation, development, and maturation of 
particular spores or spore-bearing structures may differ in their environ
mental requirements. This also is often of obvious biological advantage, as 
when falling food supply permits further development of only the first
formed fruit-body initials of certain higher fungi, thus allowing the limited 
food available to be devoted to the maturation of a few fruit bodies rather 
than to partial development of a larger number. 

Owing to the complexity of the natural habitat, most studies of the effect 
of external factors on reproduction have been concerned with pure cultures. 
This work has been the subject of a number of reviews including those by 
Lilly and Barnett (1951), Hawker (1951, 1957), Hawker et ai. (1960), 
Cochrane (1958), and Cantina (1961). This chapter will not include a 
full review of results from pure culture work but will refer also to the 
effects of temporary changes in the natural environment. Little is known 
of the mechanism by which perception of an external stimulus is translated 
into tbe visible initiation of the reproductive phase. 
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II. EFFECTS OF EXTERNAL FACTORS 

A. Food Supply 

The production of spores, particularly when these are contained in large 
and complex fruit bodies, inevitably makes heavy demands on available 
food materials. The cytoplasm of spores is denser than that of vegetative 
hyphae, and it contains quantities of reserve food substances such as gly
cogen and oil drops. Electron microscope studies reveal that even such a 
comparatively simple spore as the sporangiospore of Rhizopus possesses a 
cell wall which is relatively thick and of different construction from that of 
the hyphae (Hawker and Abbott, 1963). Many spores have very thick, 
sculptured walls (e.g., teleutospores of rusts or ascospores of Tuber sp.); 
others are surrounded by a gelatinous layer (e.g., ascospores of Sordaria) 
or have complex appendages (e.g., conidia of Pestalatia); others are pro
duced on specialized branched hypbae or in or on complex fruit bodies. 
The formation of spores thus involves not only the use of relatively large 
quantities of food, but also the synthesis of special substances not normally 
present in the vegetative hyphae and for which special food substances not 
necessary for mycelial growth may be required. Thus, it is not surprising 
that a supply of food adequate to sustain vegetative growth may not permit 
sporulation and that nutritional requirements for optimal production of 
mycelium seldom also lead to maximum spore production. 

The total amount, nature, and concentration of food materials necessary 
for reproduction may all be different from those favoring vegetative growth. 
Moreover, requirements may differ at different stages in a reproductive 
process or for the production of different types of spore by the same species. 

Pure culture studies have shown that the elements required for reproduc
tion are the same as those necessary for vegetative growth, but that the 
quantities required, and the form in which the various elements must be 
present, are not necessarily the same for both phases. In addition to water, 
fungi need atmospheric oxygen, a supply of carbon, in the form of a carbo
hydrate or other relatively complex organic substance, combined nitrogen 
in a suitable form, smaller quantities of phosphorus, sulfur, potassium, and 
magnesium (see Volume I, Chapter 8), and minute amounts of a number 
of other elements (the so-called trace elements) including iron, zinc, 
copper, manganese, molybdenum, and possibly calcium (see Volume I, 
Chapter 8). 

1. Concentration of Nutrients 

In a very weak nutrient solution a fungus may be able to produce a few, 
sparsely branched hyphae but may not be able to sporulate. With a slight 
increase in concentration, spores may be produced. Sporulation is usually 
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inhibited by a concentration considerably below that which inhibits mycelial 
growth. The transfer of a well-nourished mycelium to water or a weak 
nutrient solution is a well-known method of inducing spore formation. 
Fruit bodies of certain basidiomycetes will not develop in either a concen
trated solution or a small volume of dilute solution, but will do so in a 
large volume of the same dilute solution (Plunkett, 1953). Fruit bodies of 
some ascomycetes, e.g., Sordaria fimicoia, will not form in a medium con
taining 5.0% glucose, but will do so if the same amount of sugar is 
supplied in small increments (Hawker, 1939a). 

Many plant parasites (e.g., many rusts) produce resting spores only in 
late summer or autumn. Reduction in food supply is one possible cause 
of this. Thc basidiomycete parasites of standing timber produce their fruit 
bodies only after a considerable period of vegetative activity, by which time 
the center of the tree trunk is in'an advanced state of decay. Again a likely 
stimulus to fruit-body formation is the depletion of the cellulose and/or 
lignin of the heartwood. Some entomogenous fungi, such as Cordyceps spp. 
produce fertile stromata bearing the perithecia only when the softer parts 
of the host have been consumed and replaced by fungal cells. The produc
tion of spores by many fungi in the natural habitat is consistent with the 
view that sperulation is induced by a reduction in food supply, but it is 
difficult to prove this under natural conditions. 

Concentration of nutrients often has less effect on the production of 
asexual spores than on sexual reproduction. The range of concentration 
permitting the formation of conidia of many species may be only slightly 
narrower than that allowing hyphal growth, e.g., many species of Penicil
lium and Aspergillus. Such plant parasites as Venturia inaequalis, the cause 
of apple scah, or Gnomonia erythrostoma, the cause of cherry leaf scorch, 
produce their asexual speres (conidia) during the summer before the host 
is seriously damaged and while the fungus is growing vigorously with an 
abundant supply of food. The perithecia, however, are not formed until the 
host leaves die. Similarly many rusts (e.g., Puccinia graminis) produce 
large quantities of asexual uredospores during the summer but teleutospores 
only later in the year. The factors distinguishing between production of 
asexual and "sexual" spores by a parasite growing on the host plant are 
complex, but reduction in food supply may well be important. 

Thus, it is clear that spore formation and, in particular, sexual reproduc
tion, has a greater minimum food requirement than has vegetative growth, 
but that too high a concentration of nutrients encourages vegetative growth 
rather than sporulation. These effects of concentration of food materials 
are biologically valuable since, with many fungi in the natural habitat, 
vigorous mycelial growth continues until the substratum has been fully 
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exploited. The fall in food supply then induces spore formation at a time 
when this is most valuable. 

2. Nature of Nutrients 

a. Carbon. All fungi need oxidizable organic compounds as sources 
of energy and of most of their carbon requirements. They are unable to 
synthesize carbohydrates from carbon dioxide and water either by photo
synthesis, as do green plants and certain pigmented sulfur bacteria, or by 
the oxidation of inorganic compounds, as do certain specialized groups of 
bacteria. Consequently, the fungi are dependent upon relatively complex 
organic material as a source of energy. In natural habitats they obtain this 
from living organisms or from organic material of biologic origin. Pure 
culture experiments show that hexose sugars, notably glucose or fructose, 
are the most generally suitable carbon compounds for vegetative growth 
and also for the formation of the asexu"l spores of many species. In con
trast, sexual reproduction of many fungi ischecked or completely inhibited 
by concentrations of glucose and fructose considerably lower than those 
optimal for vegetative growth, but may be favored by relatively high con
centrations of more complex carbohydrates. A strain of Sorelaria fimicola 
(syn. Melanospora destruens) produced no perithccia on media containing 
5.0% glucose, 5.0% fructose, or 2.5% glucose plus 2.5% fructose, but 
produced large numbers on a similar medium in which hexose sugar was 
replaced by sucrose or in which the same amount of hexose sugar was 
supplied in small doses (Hawker, 1939a). Perithecial production on some 
other di·and polysaccharides was poorer than with sucrose, but superior to 
that with hexoses alone (Table 1). In all media there was an inverse cor
relation between dry weight of mycelium and intensity of sporulation. Other 
fungi reacted to particular carbohydrates (Table II). Hawker and Chaud
huri (1946) showed that the effect of a particular carbohydrate depended 
upon the rate at which the fungus could hydrolyze it (Fig. I). Thus, sub
stances hydrolyzed rapidly had an effect similar to that of an initial supply 
of a comparable amount of hexose sugar, those hydrolyzed only very slowly 
or not at all gave a starvation effect with poor growth and little or no fruit
ing, but those which were hydrolyzed at an intermediate rate, such that a 
low concentration of hexoses was maintained over a long period, gave the 
highest number of fruit bodies. Hawker (1947) showed that this was only 
partly due to the maintenance of a concentration of hexoses optimal for 
fruiting and that the ease of phosphorylation was another important factor 
in determining the effect of a particular carbohydrate. 

Other carbon compounds, such as amino acids, proteins, lipids, and even 
some organic acids and higher alcohols can be used by some fungi as 



440 Lilian E. Hawker 

sources of energy, but these are usually less suitable both for vegetative 
growth and sporulation. 

b. Nitrogen. No fungi have been proved to fix nitrogen, but most are 
able to usc nitrates or ammonium salts. A few require organic nitrogen, 
usually in the form of specific amino acids, and it is likely that such fungi 
are unable to synthesize one or more of the amino acids essential for pro
tein synthesis. As a rule any nitrogenous substance which permits the 
growth of a particular fungus will also be suitable for sporulation, in con
trast to the differential effects of various carbon compounds. The minimum 
concentration of nitrogen necessary for reproduction may be slightly greater 
than that allowing vegetative growth. High concentrations of nitrogen 
usually decrease sporulation, and this depressing effect may often be cor
related with the accumulation of toxic metabolic products (staling sub
stances). The rate of vegetative growth usually falls at similar concentra
tions. The effects of nitrogenous stlbstances on sporulation thus closely 
follow those on mycelial growth. While the nitrogen supply has a less 
specific effect than carbon on reproduction, the ratio of carbon and nitrogen 
may be important. 

TABLE I 
EFFECTS OF NATURE AND CONCENTRATION OF CARBON SOURCE ON THE FORMATION 

OF PERlTHECIA BY Sordaria fimicola (Melanospora desfruens)Q,IJ 

Amount of carbon compound (gm/IOO m[ medium)c 

Nature of 
carbon 
source 0.0 0.5 1.0 2.0 5.0 10.0 20.0 

Arabinose 3.0 10.0 11.8 7.2 
Glucose 3.0 7.2 3.2 Pew 0 0 0 
Fructose 3.0 8.3 3.0 Pew 0 
Galactose 3.0 3.5 1.6 1.0 
Sucrose 3.0 2.9 3.2 5.2 9.4 9.9 Pew 
Lactose 3.0 8.8 11.3 10.2 9.8 7.0 
Maltose 3.0 8.2 5.4 4.7 
Raffinose 2.3 4.6 
Starch 3.0 7.7 11.1 13.1 10.2 7.0 
Inulin 3.0 3.5 3.7 2.0 
Mannitol 3.0 3.4 3.2 3.4 3.6 0 

a Data from Hawker (1939a). 
b Basal medium: KN03 , 3.5 gm; KH2P04 , 1.75 gm; MgS04 • 0.75 gm; lentil con

centrate as source of growth substances, 0.5 ml; distilled water, 1 liter; agar, 15 gm. 
Experiments with pure thiamine and biotin as source of growth substance, instead of 
lentil extract, gave comparable results. 

C Figures are mean numbers of perithecia per microscope field at 10 arbitrarily 
chosen points in each of three to ten plates. Dash indicates that no data are available. 
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TABLE II 
PERCENTAGE CONCENTRATION OF VARIOUS CARBOHYDRATES OPTIMAL FOR FRUIT-BODY 

FORMATION OF SIX SPECIES OF ASCOMYCETES''!' 

Species Glucose Fructose Sucrose Maltose Lactose Starch 

Sordaria limicola strain 1 0.5 0.5 5.0 0.5 0.5 1.5 
Sordaria limicola strain 2 1.0 ~" 10.0" 1.0 2.0 
Podospora sp. 1.0 1.0 10.0c 2.0 10.Oc 2.0 
Melanospora zamiae 0.5 1.0 0.5 5.0a 5.0,-; 0.75 
Ceralastomelia adiposa 0.5 0.5 0.5 0.75 5.0r, 0.5 
Chaelomium eachlioides 2.0 2.0 2.0 2.0 IO.or to.Oc 

Pyronema omphalodes 5.0 5.0 5.0 1.0 W.Of) W.Oe 

a Data from Hawker and Chaudhuri (1946). 
lJ Dash indicates that no data ar~ available. 
C This was the highest concentration tested; the optimum concentration might have 

been higher. 

When Botrytis cinerea is grown on glucose-peptone agar the production 
of conidia is _favored by a low ratio of glucose to peptone and that of 
sclerotia bya high ratio (Peiris, 1947). Carlile (1956) showed that chlamy
dospores of Fusarium oxysporum were formed on a glucose, nitrate, salts 
medium only when the glucose: nitrate ratio was low. The shape and size 
of spores may also be influenced by the carbon: nitrogen ratio. Reduction in 
the ratio of glucose to asparagine in the medium reduces the length and 
number of septa of macroconidia produced by some species of Fusarium 
(Brown and Horne, 1926; Horne and Mitter, 1927) and increases the 
proportion of small oval conidia to long curved ones produced by species 
of Cytosporina, Phomopsis, and Diaporthe (Nitimargi, 1937). 

c. Mineral Elements. There are many references in the literature to 
the effect of various mineral elements on sporulation. It is clear, however, 
that any element required for vegetative growth is also essential for sporu
lation. As a rule the minimum amount permitting measurable mycelial 
growth is insufficient for sporulation. Sporulation of many fungi is inhibited 
by concentrations of minerals, such as the trace element zinc, well below 
that which stops vegetative growth. 

With the possible exception of calcium, no element in addition to those 
necessary for vegetative growth is known to be necessary for sporulation. 
Basu (1951) showed that a synthetic medium allowing good growth of 
Chaetomium globosum needed the addition of a small quantity of calcium 
to make it suitable for the initiation and development of perithecia. Hadley 
and Harrold (1958) showed that while added calcium was not necessary 
for vegetative growth of Penicillium notatum in submerged culture, conidia 
developed only after the addition of calcium. It is not clear whether calcium 
is a real exception to the general rule that sporulation does not require 
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FIG. 1. T he curves show three types of effect of concentration of carbohydrate on 
mycelial growth. (MrMs ) and on fruiting (F1- F3 ). Ml and Fl iUustrate typical re
sponse to hexose sugars (e.g., Sordario li m icoTlI on glucose ) . M 'J, and F2 represent the 
effect of a more complex carbohydrate on a fungus which can break it down at a 
moderate rate (e.g., S. fimicola on sucrose). M:j and F :J show the extreme type 
where tne abilily of a fungus to break down a complex carbohydrate is so poor that 
a starvation type of growth results (c.g., Pyronema omphalodes on lactose). From 
Hawker and Chaudhuri (1946). 

elements additional to those essentia\ for vegetative growth or whether, 
more probably, the amount required for the latter is so small that it is not 
removed by the normal purification techniques. Further work is required 
not only with calcium, but with other trace elements. Most of the available 
data on the effect of trace elements on sporulation have been obtained with 
Aspergillus niger, and it is obviously desirable that detailed studies of other 
fungi should be undertaken. 

d. Organic Growth Substances. Many fungi are able to grow and re
produce on defined synthetic media; others will do so on appropriate 
natural media, but fail to grow on a synthetic medium unless traces of one 
or more specific organic substances are added. These include a number of 
known vitamins and some unidentified compounds. It can be shown that all 
fungi need these growth substances, but that many are able to synthesize 
their requirements from a sugar-salts medium. Others again can synthesize 
part of their requirements but grow better in the presence of an external 
supply. Many can synthesize enough for good vegetative growth but need 
a further supplement for sporulation. Some fungi are able to synthesize a 
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particular vitamin if one or more of its precursors is supplied. Each stage 
in synthesis of a complex substance is thought to be controlled by a single 
gene, and loss or damage to any onc of these will interrupt the chain of 
reaction and so make the fungus dependent on an external supply of the 
finished product or of an appropriate precursor. 

The true growth substances, such as thiamine (vitamin B1 ), biotin 
(vitamin H), or pyridoxine (vitamin Be), are required in only minute 
quantities and are known to form parts of essential enzyme systems (e.g., 
thiamine is cocarboxylase). Others (such as certain purines, some amino 
acids, and inositol) are required in rather larger amounts by those orga
nisms unable to synthesize them and are probably needed in the synthesis 
of major cell components, such as nucleic acids and proteins, and for the 
formation of complex spore walls. 

None of these known growth substances is a specific "spore-promoting" 
compound. All are needed for vegetative growth but are usually needed 
in greater amount for sporulation. So far only a few specific spore-promot
ing substances are known, e.g., the hormones produced by such fungi as 
Achlya (Raper, 1939, 1952). These are considered in Chapter 13. The 
effects of known vitamins have been reviewed elsewhere (Hawker, 1957) . 
. . The actual growth substance requirements differ among species, between 

-strains of the same species, and even in the same strain under different 
environmental conditions and with the length of time it has been maintained 
in artificial culture. Thus, one strain of Sordaria fimicola has been reported 
to grow in a synthetic medium but to require biotin for the formation of 
perithecia and to require further increases in biotin supply for the produc
tion of mature, viable ascospores (Barnett and Lilly, 1947a); another re
quires thiamine for growth but produces perithecia only with the further 
addition of biotin; a third requires biotin for growth but fruits only when 
thiamine is present too (Table Ill). This last strain (originally identified 
as Melanospora destruens) grew well and produced a few perithecia on a 
synthetic glucose-salts medium when first isolated but soon needed thiamine 
for perithecial production and later required biotin also, even for mycelial 
growth. The vitamin requirements of a fungus are thus determined by its 
synthetic abilities and may change if its genetic constitution is altered by 
mutation or otherwise. Such changes are frequent in culture but must occur 
also in nature. In culture genetic changes are almost invariably in the direc
tion of loss of synthetic ability. A "deficient" mutant is, however, likely to 
disappear under natural conditions, since it can survive only by colonizing 
a richer substratum. 

Many plant parasites are deficient for one or more known growth sub
stances (i.e., they are unable to synthesize them). These organisms would 
be at a disadvantage in the presence of less exacting species, and it may 



444 Lilian E. Hawker 

well be that their parasitic ability has enabled them to escape from such 
competition. Mycorrhizal basidiomycetes are usually thiamine-deficient, 
while many of the woodland saprophytes (the litter fungi) growing in the 
layer of fallen leaves are able to synthesize this vitamin. The mycorrhizal 
species have been shown to obtain the vitamin from the living roots, which 
are a richer source than are the dead leaves. It is claimed that some mycor-

TABLE III 

THE EFFECT OF THIAMINE, BIOTIN, AND INOSITOL ON GROWTH AND PRODL'CTION 

OF PERlTHEClA OF SIX ISOLATES OF Sordaria fimicola AND ONE OF 

Me1annspora zamiaefJ. 

Basal medium 
(A) without A + thiamine 

growth A + thia- A + thiamine + biotin 
Isolate substances mine A + biotin + biotin + inositol 

S, (imicola (i) 0, 00 0, 0 mm,O mmm, ppp mmm, ppp 
(ii) 0, 0 0, 0 mm,O mmm, ppp mmm, ppp 
(iii) 0, 0 0, 0 mm,O mmm, ppp mmm, ppp 
(iv) 0, 0 0,0 m, 0 mm, pp mm, pp 
(v) 0,0 0,0 m,O mm, pp mm, pp 
(vi) ill, 0 mm, p m,O mmm, ppp mmm, ppp 

M. zamiC!-e/-- 0,0 ill, 0 m, 0 m , p m , p 

a Data from Hawker (1951). 
b The first symbol in each column refers to mycelial growth, the second to produc

tion of perithecia: m, very slight mycelial growth; mm, fair mycelial growth; mmm, 
good mycelial growth; p, few scattered perithecia; pp, fairly numerous peritheda; 
ppp, numerous perithecia. Basal medium: glucose, 5 gm; KN03 , 3,5 gm; KH 2P04, 

1.75 gm; MgS04 , 0.75 gm; distil1ed water, 1 liter. 

rhizal basidiomycetes produce fruit bodies only when growing in assoeia
tion with tree roots. It is possible that this is a result of the availability of 
a continuous supply of thiamine, although other factors are likely to in
fluence this complex relationship. 

The localization of spores of some parasites in particular parts of the 
host (e.g., the grain and anther smuts which produce spores in the ovule 
or anther, respectively) may be due to nutritional factors, of which the 
local concentration of vitamins may be one. 

It is clear that nutrition plays an important part in initiating the reproduc
tive phase and in the development and maturation of spores and sporo
phares, but even if all nutritional requirements are satisfied reproduction 
will still be prevented if other external factors are unfavorable. 

B. Water Supply 

Both the water content of the substrate and the relative humidity of the 
attnosphere above the substratum are of importance in controlling growth 
and reproduction of fungi. 
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Since fungi absorb their food in solution it is clear that a supply of water 
is essential for growth and sporulation. In general, fungi are able to grow 
only in rather dilute solutions and, as pOinted out in the preceding section, 
sporulation may be inhibited by concentrations considerably below the 
maximum permitting vegetative growth. Thus, reproduction obviously re
quires an adequate supply of water and may be more exacting in this 
respect than is vegetative growth. Aquatic fungi need free water for the 
production of their zoosporangia. Semiaquatic fungi such as Pythium and 
some species of Phytophthora may form their sporangia under slightly drier 
conditions but require free water for the dispersal of the zoospores. 

The delicate sporangiophores and conidiophores of many fungi are 
particularly sensitive to dry conditions. Most of these develop only when 
the humidity is relatively high. Many plant parasites (e.g., Phytophthora in
festans and the downy mildews), protected by the tissues of the host, grow 
vegetatively within these, but emerge to produce asexual sporangia and 
conidia only when the humidity is high. 

The range of relative humidity (R.R.) permitting sporulation may be 
very narrow,- e.g., 90-100% and 98-100% R.H. for conidia and conidio
phares of Peronospora destructor (onion mildew; Yarwood, 1943) and 
Bremia lactucae (lettuce mildew; Ogilvie, 1944), respectively. Quite brief 
and small fluctuations below the optimum humidity may check the develop
ment of the sporangia of Phytophthora infestans (Orth, 1937), and this 
effect is much more severe than that of large fluctuations in temperature. 
The "blight wamings" given to farmers in July and August are based 
mainly on this effect of high humidity on sporulation. 

Nevertheless very damp conditions may not be the best for the final 
stages of spore formation. For example the conidial (Monilia) state of 
species of Sclerolinia causing brown rot of rosaceous fruits consists of 
branched chains of spores. These form only under conditions of high 
humidity, but a slight reduction in humidity is necessary to permit the 
rounding off and separation of the spores. 

In contrast, other species, such as Venturia pyrina (the cause of pear 
scab), bud off their conidia only in the presence of a film of water (Cheal 
and Dillon Weston, 1938). It is obvious that much work is needed to 
elucidate the effect of water supply on growth and on the various types and 
stages of sporulation of different species of fungi. 

Water supply, and in particular relative humidity, may determine the 
kind of spore produced in those fungi having more than one type. Thus, at 
25"C and above, the proportion of multispored sporangia to conidial heads 
produced by Choanephora cucurbitarum is greater at a relative humidity 
of 100 than at lower humidities (Barnett and Lilly, 1955). Humidity also 
determines the predominance of the asexual or sexual phases in some fungi 
but the evidence is often contradictory, suggesting that other undetermined 
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factors also are operative. Thus Klebs (1898, 1899, 1900), confirmed by 
Robinson (] 926), reported that high humidity favors the sexually produced 
zygospores of Syzygites megalocarpa and that the optimum for asexual 
reproduction (by sporangia) is lower. Baker (1931) obtained both spore 
forms over a range of 0-100% R.H. In contrast sporangia of Rhizopus 
sexuaUs develop under conditions of low temperature and high humidity 
unsuitable for zygospore formation. Temperature may, however, be the 
more important factor with this fungus. The oogonia and antheridia of 
some species of Phytophthora (e.g., P. caetorum) form freely on a suitable 
agar medium, whereas sporangia are few unless the plate is flooded with 
water. 

While most types of sporulation need a damp substratum and a humid 
atmosphere, some are encouraged by slight drying. The asci of Eremascus 
fertilis form readily in pure culture on a sugary medium if the lid of the 
petri dish is raised long enough to allow partial drying of the medium. It 
is not clear, however, whether drying of the substrate or reduction of 
atmospheric humidity is responsible for increased ascus formation. A com
parable example is the formation of sporangia in myxomycete, (c.g., Bad
hamia utriculosa) when the plasmodium is exposed to dry conditions. The 
production of many types of resting spores under natural conditions is often 
correlated with drying, but in a complex habitat it is usually impossible to 
distingUish the effects of reduced water supply from those of high tem
perature or increased concentration of nutrients. 

Fruit bodies of some higher fungi (e.g., Marasmius spp., Schizophyllum 
commune, many woody and leathery bracket fungi, and the gelatinous 
Auricularia and Tremella in basidiomycetes; and tough stromatic pyreno
mycetous species, such as Daldinia concentrica or species of Xylaria, in 
ascomycetes) are formed only on a damp substratum but can survive con
siderable periods of desiccation and will commence to shed spores again 
with a return to moist conditions. 

The shape and size of spores and spore-bearing structures are frequently 
influenced by humidity. The sporangiophores of Mucor hiemalis and some 
other members of the Mucorales elongate only in a rather moist atmos
phere, but those of the related Phycomyces blakesleeanus, which have 
unusually thick rigid cell walls, develop normally in a dry atmosphere if the 
substrate is kept moist (Ingold, 1954). The conidiophores of such fungi as 
BOlrylis cinerea and species of Penicillium are long and branching with few 
spores in a saturated atmosphere but are short and bear numerous spores 
in a relatively dry one. The shape and size of individual conidia of some 
species may also be influenced by atmospheric humidity. The cylindrical 
conidia of Ramularia vallisumbrosae are sllorter and have fewer septa 
under conditions of high relative humidity than in a drier atmosphere 
(Gregory, 1939). 
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The form of the complex fruit bodies of higher fungi is influenced by 
external factors, including humidity. Hopp (1938), grew Gal70derma ap
planatum on blocks of poplar wood under conditions of controlled humidity 
and obtained normal fruit bodies only when aeration was good and the 
supply of water to the mycelium was adequate. Under these conditions 
normal fruit bodies were produced at a relative humidity of 73 %, but only 
abnormal ones occurred at 53 or at 100% R.H. Plunkett (1956) showed 
that rate of water loss influenced the ratio of stipe length to pileus diameter 
in the xeromorphic Polyporus brumalis. Tremelloid outgrowths of the 
pileus of species of agarics have been reported and have been variously 
interpreted as being parasitic or abnormal outgrowths of the fruit body. 
Keyworth (1942) induced the formation of such outgrowths by passing a 
stream of air over cultures of Coprinus ephemerus. A possible interpreta
tion is that the outgrowths were the result of the drying effect of the air 

'-
stream. While results of this type must be interpreted with caution unless 
all environmental factors are strictly controlled, the evidence is consistent 
with a formative effect of humidity on sporophore development. 

C. Hydrogen-Ion Concentration of the Substrate 

Studies of the effect of hydrogen-ion concentration on growth and sporu
lation of fungi are usually concerned with the initial pH of the medium 
(Table IV). Since the pH alters as the fungus grows, such studies, while 

TABLE IV 

EFFECT OF pH ON PRODUCTION OF PERITHECIA BY Sordaria fimicola ON Two 
DIFFERENT SYNTHETIC MEDIAG 

Initial pHD 

2.4 
3.8 
4.1 
4.6 
5.0 
5.5 
6.2 
7.6 
8.8 
9.2 
9.6 

a Data from Hawker (1947). 

Basal medium 
with 0.5% glucose/) 

0.0 
0.0 
0.0 
1.2 
1.7 
1.8 
2.0 
1.9 
1.5 
0.0 
0.0 

Basal medium 
with 05% SllcroseC 

0.0 
0.0 
3.8 
5.3 
7.5 
6.7 
5.8 
4.6 
0.0 
0.0 
0.0 

b An media became less acid during experiments, but the relative acidity remained 
the same. 

e Figures refer to number of perithecia taken as the average in ten arbitrarily 
chosen microscope fields on each of three plates. Basal medium: KN03 • 3.5 gm; 
KH2P04, 1.75 gm; MgS0 4, 0.75 gm; distilled water, 1 liter. 
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valuable in determining media suitable for particular species, yield little 
information on the effect of pH on sporulation. The speed and direction of 
change with growth depends on the species, the nature and concentration 
of the food supply, and, to a lesser extent on other external factors. 

Most fungi grow over a fairly wide range of initial pH, the limits of the 
range varying with the species. Sporulation may take place over the wllole 
range or may be more restricted, often to a very narrow range. The range 
of initial pH which permits sporulation may, however, be very different 
from the range of pH at which sporulation actually takes place. For exam
ple, Lilly and Barnett (1947) showed that although perithecia of Sordaria 
fimicola are eventually formed on a medium with an initial pH as low as 
4.0 they do not form until 19 days after inoculation, by which time the pH 
of the medium has risen to 6.84. 

The optimum initial pH for sporulation may also differ from that for 
vegetative growth of the same species; different types of sporulation may 
have different optima and the optimum value may change with develop
ment of a particular reproductive structure. Thus, the optimum pH for the 
production of pyenidia, pseudothecia, and chlamydospores of Myco
sphaerella pinodes is reported to be 5.0,7.0, and 8.0, respectively (S0rgel, 
1953). Eurotium rugulosum produces more perithecia and fewer cO[1idia 
as the initial pH value rises within the limits permitting good growth (Lilly 
and Barnett, 1951). Plunkett (1953) showed that an initial pH of 4.5 
prevented initiation of fruit bodies of Collybia velutipes but that when the 
primordia had been formed at a slightly higher pH they continued to 
develop even after the pH had fallen as Jaw as 4.2 as a result of the growth 
of the fungus. Aschan (1954) obtained earlier fruiting of the same species 
at a pH lower than that optimal for production of the maximum number 
of fruit bodies. Apparently normal fruit bodies of several ascomycetes (e.g., 
Eurotium herbariorum, Chaetomium globosum) formed over a compara
tively wide range of initial pH but contained viable ascospores only over a 
much narrower range (Lockwood, 1937). 

There have been few attempts to analyze the mechanism of action of pH 
on growth and sporulation. It is known that pH may act in several different 
ways, such as influencing enzyme action, altering metal solubilities, modify
ing surface reactions, or preventing or facilitating tlle entry of vitamins, 
organic acids, or minerals into the hypha. The influence of pH on sporula
tion of a particular species may be exerted in a different manner over 
different parts of the range, and this may in some instances give two optima 
for the same spore phase. 

Effects originally directly attributed to other factors have sometimes been 
fonnd to be due to pH change brought about by these. For example, Rob
bins and Schmidt (1945) showed that the effect of temperature on the 
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formation of zygospores of Phycomyces blakes/eeanus was in fact due to 
its alteration of the pH of the medium. The beneficial effect of calcium on 
the sporulation of some fungi (Section II, A, 2, c) may be due to the 
counteraction of acidity. Antagonism between two species is frequently, but 
not always, the result of the modification of the pH of the substratum by 
one species in a manner detrimental to the second. 

While a great deal more work is needed to elucidate the mechanism of 
the effect of pH, it is established that pH is often a critical factor in sporu
lation. 

D. Temperature 

1. Range of Temperature Permitting Reproduction 
" Temperature has a profound effect on both growth and reproduction of 

fungi. It influences the latter largely as a result of its effect on the many 
complex chemical and physical processes involved in vegetative growth but 
also may have a direct specific effect on the production of different types 
of spores or on the various stages in the initiation, development, and 
maturation of a particular spore type. 

The most striking fact in the effect of temperature on reproduction is that 
the range permitting sporulation is almost always narrower than that at 
which mycelial growth occurs. Usually, but not invariably, the range 
allowing sexual reproduction is narrower than that for the asexual phase, 
which is itself narrower than that for vegetative growth and spore germina
tion. Table V gives examples of temperature ranges for different phases of 
a number of fungi. 

The shape of the temperature curve for a reproductive process is usually 
essentially similar to that for growth; that is, the optimum is usually nearer 
to the maximum than to the minimum. It is usually assumed that the in
crease in growth with rise in temperature above the minimum up to the 
optimum value is the result of the effect of temperature on the many 
chemical metabolic processes which control growth and that the eventual 
rapid fall in growth after the optimum temperature is reached is due to the 
effect of high temperature on the physical state of the cytoplasm. This latter 
effect is to some extent reversible since most fungi are able to survive at tem
peratures somewhat above that maximal for growth and to resume growth 
and sporulation on being transferred to more suitable conditions. The rela
tively narrow range of temperature permitting reproduction suggests that this 
phase involves some chemical and physical processes which are not neces
sary for vegetative growth and which are more exacting in their temperature 
requirements than are those which suffice for the vegetative phase. 

Evidence that low temperature may be limiting reproduction through its 
effect on a particular chemical synthesis is afforded by Rhizopus sexualis 
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and some related fungi. Initiation of zygospores of these fungi is inhibited 
at temperatures of 7 -J oDe (the exact temperature varying with the species), 
which permit slow mycelial growth and the production of asexual sporangia 
(Hawker ef al., 1957). Zygospores which have passed the early stages of 
development at a higher temperature continue to develop even if they are 
then placed at a temperature low enough to prevent initiation. However, if 
a current of air is passed over a mature colony bearing numerous zygo. 
spores at 20 0 e and then, after cooling is passed over a young colony at 
l00e, the latter will produce zygospores in the path of the stream of air 
(Hepden and Hawker, 1961). Thus, it is clear that a volatile substance 

TABLE V 
TEMPERATURE RANGES FOR GROWTH AND REPROO'llCnON OP REPRESEN'TXTl'VI: FUNGI 

Range for 

" 
mycelial Range for 

Type of 
" growth reproduction 

repro-
Fungus Min. Opt. Max. Min. Opt. Max. duction 

MUcor racemOSt-tS 4-5 -" 32-33 6-7 30-31 Sporangia 
(Klebs, (900) 

RhizoplKSexualis 5 Sporangia 
(Hawker et ai" 1957) 10 Zygospores 

Pilobolus microsporus 2--4 33-34 10-12 28-30 Sporangia 
(Grantz, 1898) 

Syzygites megalcarpa 1-2 31-32 5-6 29-30 Sporangia 
(Klebs, 1900) 5-6 27-28 Zygospores 

Saprolegl1ia mixta 0-1 36-37 1-2 32-33 Zoosporangia 
(Klebs, 1900) 1-2 26-27 Oospores 

Saccharomyces cerevisiae 4 38 9 37-5 Asci 
(Hansen, 1883) 

Eurotium repens 7-8 37-38 8-9 35-36 Conidia 
(Klebs, 1900) 33-34 Clcistocarps 

Penicillium sp. 2-5 43 3 40 Conidia 
(Wiesner, 1873) 

Gnomonia vulgaris 5 17 30 ID 15 19-25 Perithecia 
(Henricksson and 
Morgan Jones, 1951) 

G. intermedia 5 19 35 5 15-19 19 Perithecia 
(Henricksson and 
Morgan Jones, 1951) 

a Dash indicates that no data are available. 
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produced by mature colonies is able to overcome the inhibitory effect of 
low temperature on the initiation and early development of zygospores. 
Hepden and Folkes (1960) interpret this as the provision of a methyl 
donor essential for the synthesis of DNA. Differential staining of vegetative 
and conjugating hyphae supports tlus view and shows that vegetative 
hyphal tips are rich in RNA which, in the zygophores, largely disappears 
with a corresponding increase in DNA. Cold treatment partially prevents 
this change in the ratio of RNA to DNA. It is suggested that, in this exam
ple, low temperature inhibits reproduction only at a particular stage through 
its effect on a specific chemical process taking place at this stage and con
cerned with nucleic acid synthesis. 

Another example of the differential effect of temperature on different 
stages in reproduction is described by Hirsch (1954) for the formation of 
perithecia in Neurospora !!,rassa. In this heterothallic species perithecial 
initials (protoperithecia) areiorrned on monosporous colonies but develop 
into mature perithecia only after fertilization, that is, after the addition to 
the colony of conidia from a complementary strain. If after fertilization the 
colony is transferred from 25' to 35°C, none of the protoperithecia 
develOp. Colonies grown continuously at 35°C do not even produce proto
perithecia; those initially grown at 35°C and transferred to 25°C after 
fertilization produce mature perithecia. Continuous growth at 30°C results 
in protoperithecia which do not develop further. These results, which are 
summarized in Table VI, indicate that the maximum temperature permitting 
the formation of protoperithecia is higher than that for the further develop
ment of these to give mature perithecia. 

TABLE VI 

THE EFFECT OF TEMPERATURE ON FORMATION OF PROTOPERITHECIA AND MATURE 

PERlTHECIA BY Neurospora crassaa 

Temperature Temperature 
of incubation of incubation 

before after 
fertilization b fertilization 

("C) ("C) Protoperithecia Perithecia 

25 25 + + 
30 30 + 
35 35 
25 35 + 
35 25 +, + 

a Data from Hirsch (1954). 
b In general, crosses in Neurospora are made by adding conidia of one strain to 

young cultures of another. 
o Formed only after transfer to 25"C. 
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In both these examples, it is possible that the specific effect of critical 
temperature is on particular nuclear stages. Such an effect is indicated even 
more strikingly in Ustilago maydis (Bowman, 1946) where fusions between 
the sporidia of this smut fungus occur freely only at 20-24°C. Therefore, 
temperature requirements for nuclear fusion may be particularly exacting. 

2. Effect of Temperature on Type of Reproduction 

The asexual spores of many fungi form over a wider range of tempera
ture than that suitable for the sexual or perfect phase. In some species, 
however, the temperature ranges for the two phases differ to such an extent 
that the type of spore produced depends on the temperature. The cleisto
carps of some species of Aspergillus (Klebs, 1898, and general lahoratory 
experience) are produced only at relatively high temperatures whereas 
conidia are most numerous at lower ones. Conidia of Ceratostomella fim
briata form freely at 18°e, but perithecia are absent. The latter are numer
ous at 25'e (Barnett and Lilly, 1947b). According to Baker (1931) 
Syzygites megalocarpa produces zygospores at higher temperatures than 
those at which sporangia develop. Similarly the sporangia of Rhizopus 
sexualis are produced freely at temperatures low enough to inhibit zygo
spore initiation but are formed only sparsely at 20 0 e or over. In contrast, 
Thamnidium elegans produces sporangia at temperatures above those at 
which zygospores develop. Fungi with more than one type of asexual spore 
may also produce one type or the other according to the prevailing tem
perature. Thus Choanephara cucurbitarum, in artificial culture (Barnett 
and Lilly, 1950) at 25°e, produces conidia more freely than multispored 
sporangia, while sporangia are the more numerous at 30o e, and are the 
only spore form at 31°C. This fungus produces only conidia in its natural 
habitat, but this may be due to a complex of factors and not solely to tem
perature. Pseudopeziza ribis (Blodgett, 1936) produces macroconidia over 
the narrow range of 20-24 0 and microconidia only at lower temperatures. 
Many such examples could be cited. 

3. Effect of Temperature an the Morphology of Spores and Spore-Bearing 
Structures 

Temperature may also profoundly influence the size and form of spores 
and sporophores, but there is no general rule as to these effects. Thus 
sporangia of Choanep/zora cucurbitarum increase in size with increase in 
temperature (Barnett and Lilly, 1950), but the homOlogous conidia of 
Peronaspora parasitica (Thung, 1926) are smaller (23 X 19.5 fl) at 20 0 e 
than at 5°e (27 X 23 fl). Mrak and Bonar (1938) reported that the rela
tive size of asci and ascospores of species of Debaryomyces alters with 
temperature sO that at low temperatures the ascospores do not fill the asci. 
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Wall sculpturing may also depend to some extent on temperature, as with 
the oogonia of Achlya c%rata (Reischer, 1949), which are smooth at 
20'C and papillate at 15'C. Thus diagnostic characters may be altered by 
change in temperature. 

The many different effects of temperature on reproduction indicate the 
complexity of the reproductive phases and suggest that temperature may 
influence a number of metabolic processes anyone of which may be limit
ing under particular circumstances. Interaction with other external factors 
may mask or alter the nature of the direct temperature effect. Thus, Hawker 
(1947) demonstrated that the temperature optimal for the formation of 
perithecia of Sordaria fimicola is higher on a sucrose medium than on a 
comparable glucose one. The effect of temperature may be directly on some 
metabolic step, as postulated in the example of Rhizopus sexualis already 
given, or it may be indirect as with 'Phycomyces blakes/eeanus where tem
perature was shown by Robbins and Schmidt (1945) to influence zygospore 
formation by alteration of the pH of the substratum. Further critical in
vestigations are necessary before any general interpretation of the effect 
of temperature is achieved. 

In the natural habitat the effects of temperature can seldom be separated 
from those of other environmental factors. In a few examples, however, the 
evidence for temperature effects is fairly clear. In England the oak mildew 
(Microsphaera alphitoides syn. M. quercina) is usually present in the co
nidial form only, but in unusually hot years abundant c1eistocarps have been 
reported (Robertson and Macfarlane, 1946). In general the cleistocarps of 
other powdery mildews are also more numerous in warm weather but, since 
in England very warm weather is usually also very dry weather, it is not cer
tain that this abundance of ascocarps is solely due to high temperature. Many 
rust fungi also tend to be particularly conspicuous in hot summers through the 
production of numerous spores. The antirrhinum rust (Puccinia antirrhini), 
which first became common in England in the early 1930's, was at first 
found only in the uredospore state. In the hot summer of 1955 teleutospores 
were formed abundantly, and these were also reported on plants in a warm 
greenhouse (Hawker, 1957). It is likely that the teleutospores form only 
at relatively high temperatures, although other factors also may control 
their incidence. 

E. Aeration 

Fungi, with the possible exception of a few aquatic species growing in 
mud or stagnant water, are strictly aerobic organisms. Some, such as many 
yeasts, certain species of Fusarium, and some members of the Mucorales, 
produce alcohol under conditions of low oxygen tension and must, there
fore, possess the ability to metabolize anaerobically. These fungi usually 
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do not grow or reproduce under such conditions. Even such fungi as the 
"aero-aquatic" hyphomycetes Clathrosphaerina and Helicodendron, which 
colonize decaying leaves in stagnant water, where bacterial activity must 
render the conditions nearly or completely anaerobic, produce their spores 
only when the leaves are removed from the stagnant water and exposed 
to air (van Beverwijk, 1951; Glen-Batt, 1955). Emerson and Cantino 
(1948) showed that Blastodadia pringsheimii, which inhabits decaying 
vegetable matter in stagnant water, produces its thick-walled resting 
sporangia only when the concentration of carbon dioxide is at least 95%. 
Nearly all fungi, however, require adequate aeration for vegetative growth 
and are even more exacting in their requirements for reproduction. Morton 
(1961) considered that "the most powerful stimulus to sporulation" of 
Penicillium "is the emergence of the mycelium into aerial conditions." It is 
common laboratory experience that growth may continue in tightly fitting 
dishes or plugged tubes but that' increased aeration is necessary for sporula
tion, and there are many references in the literature to this greater require
ment for air by reproductive processes (e.g., pycnidia of Sphaeropsidales, 
Leonian, 1924; apothecia of Ascobolus spp., Green, 1930; fruit bodies of 
Polyporus bfumalis, Bannerjee and Bakshi, 1944; zygospores of Rhizopus 
sexl/alis, Hawker, unpUblished data). 

The effects of aeration on growth and reproduction may be due to one 
or more of a number of factors. The concentrations of oxygen, carbon 
dioxide, and various stimulatory and inhibitory gases, and the presence of 
water vapor, are all important. There is no evidence that atmospheric pres
sure is important within the range found normally. 

1. Oxygen 

While all, or nearly all, fungi have an absolute requirement for oxygen 
in the atmosphere, the actual concentration needed is usually rather low 
but may be higher for reproduction than for vegetative growth. Pycnidia 
of Plenodotnlls fuscomaculans (Coons, 1916) and perithecia of Neuro
spora sitophila (Table VlI; Denny, 1933) are examples of reproductive 
bodies which fail to form at low concentrations of oxygen where mycelial 
growth is normal. Once the essential minimum concentration of oxygen is 
reached, the effects are usually slight over the whole range permitting 
sporulation. 

2. Carbon Dioxide 

It is likely that the deleterious effects of poor aeration on the growth and 
sporulation of fungi often are due to excess carbon dioxide instead of lack 
of oxygen. Many observers attribute the frequent failure of fungi to sporu
late in large volumes of liquid media, unless these are shaken or otherwise 
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aerated, to the accumulation of carbon dioxide as a result of respiration. 
Other factors, such as the accumulation of free ammonia or other volatile 
metabolic products, may be equally important. It has been proved, how
ever, that the sporulation of many fungi is inhibited by lower concentra
tions of carbon dioxide than are needed to slow or stop vegetative growth, 
e.g., sporangia of Mucor mucedo (Lopriore, 1895), sporangia and conidia 

TABLE VI! 
THE EFFECT OF OXYGEN CONCENTRATION ON FORMA'nON OF PERITHECIA 

BY Neurospora sitophilau 

Percentage 02 

20.8 
9.4 
3.75 

/1.5 
0.24 

._' _- o--Data from Denny (1933), 

Time in days 
from 

inoculation 
to formation 
of perithecia 

4 
7 
9 

12 
None formed at 30 days 

of Choanephora cucurbitarum (Barnett and Lilly, 1955), ascospores of 
bakers' yeast (Bright et aI., 1949). 

Increased concentration of carbon dioxide actually favors the formation 
of certain resting spores, e.g., the resting sporangia of Blastociadia, already 
referred to, and the chlamydospores of Mucor racemasus. 

3. Ammonia 

In the breakdown of organic nitrogenous compounds, particularly when 
other sources of carbon are absent or in low concentration, fungi tend to 
utilize the carbon constituent more rapidly than the nitrogen and the latter 
accumulates as free ammonia. Brown (1925) showed that such an am
monia residue caused "staling" of a species of Fusarium on a medium 
initially containing a small amount of glucose and with asparagine as the 
sole nitrogen source. Other observers have obtained similar results with a 
number of fungi and various nitrogenous substances. Sporulation is often 
inhibited before vegetative growth stops. The inhibiting effect of poor aera
tion on sporulation of Pyricularia oryzae was attributed by Henry and 
Andersen (1948) to ammonia released during growth of this fungus. 

4. Volatile Fungicides 

A number of organic fungicides depend for their efficiency on a volatile 
substance given off (e.g., the chlorinated nitrobenzenes, marketed as 
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proprietary fungicides). These are usually more effective in preventing 
sporulation than in inhibiting vegetative growth. Such prevention of sp<Jru
lation is particularly valuable in the control of diseases caused by such 
fungi as Botrytis spp. where spread of the disease is due to the dissemina
tion of large numbers of air-borne spores. The mechanism of inhibition is 
not fuUy understood, but it is remarkable that some fungi are not signifi
cantly inhibited by these substances whereas others are effectively con
trolled. 

5. Unidentified Volatile Stimulatory and Inhibitory Substances 

It had long been suspected that certain volatile substances produced by 
the mycelium are concerned in the regulation of conjugation in heterothallic 
members of the Mucorales, but it was not until 1954 that Banbury (1954, 
1955) showed that such substances are responsible for the attraction of the 
zygophores of complementary strains toward one another. 

More recently, Hepden and Hawker (1961) showed that cold-induced 
inhibition of early stages of zygospore formation in Rhizopus sexuali" (see 
Section II, D, 2) could be at least partially counteracted by a volatile sub
stance produced by mature mycelium of the same fungus. Volatile sub
stances produced by related fungi were less effective, and those by un
related fungi were only slightly effective or had no effect. The nature of 
the volatile substance has not been elucidated, but there is some evidence 
that it might be methylamine. 

6. Morphogenetic Effects of Aeration 

The form of spores or of sporophores may be altered by atmospheric con
ditions. Thus Lambert (1933) claimed that excess carbon dioxide caused 
abnormal growth of mushroom sporophore, and that excess oxygen gave 
larger and more compact fruit bodies. Normal expansion of the pileus of 
Collybia wlutipes and Polyporus brumalis is prevented by poor aeration 
(Table VIII; Plunkett, 1956). The development of tremelloid outgrowths 
on the pileu, of agarics, attributed by Keyworth (1942) to the drying 
effect of a stream of air, might also be influenced by other aspects of 
aeration. 

While it is clear that adequate aeration is essential for spore production 
there is a need for more critical work to analyze the effects of atmospheric 
factors. 

P. Radiation 

The effects of visible light and of other radiations on growth and devel
opment of fungi have been reviewed by Smith (1936), Marsh et al. 
(1959), Mohr (1961), and Ingold (1962); also see Volume I, Chapters 
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23 and 24. The most striking effect of visible light is on the initiation and 
development of spores of a number of species. 

1. Visible Light 

Many fungi are apparently uninfluenced by visible light. These produce 
their spores equally well in darkness, continuous light, or alternating dark
ness and light. However, light may influence the size and shape of spores 

TABLE VIII 
THE EFFECT OF CARBON DIOXJI)E CONCENTRATION ON DIAMETER (MM) 

OF PILEUS OF Collybia veiutipes(!' 

Airlike gas streams 

Still air Moving air 2% CO, 4.9% CO2 

1.2 4.7 2.6 1.8 0.96 

a Data from Plunkett (1956). 

and spore-bearing structures of fungi which are able to sporulate freely 
in the dark, as with Sordaria fimicola, which produces equivalent numbers 
of perithecia in darkness or in light, but those subjected to illumination are 
significantly larger. The macroconidia of some species of Fusarium are also 
longer in illuminated cultures. The length of the sporangiophores of Phy
cornyces and some other members of the Mucorales is influenced by light 
even in species which produce sporangia freely in continuous darkness. 
These and many other spore-bearing structures are strongly phototropic. 
Such a response is of great importance in spore discharge (Chapter 21). 

The type of spore produced may also be controlled by illumination. 
Thus, Thamnidium elegans (Lythgo, 1961) produces both sporangioles 
and terminal multispored sporangia in the light but only sporangioles in 
continuous darkness. 

Many species produce spores in darkness but produce them more freely 
in the light or in alternating light and dark conditions. These include many 
Fungi Jmperfecti, such as Botrytis cinerea and Trichoderma viride. 

A third group of species has an absolute requirement for light for sporu
lation, which is completely inhibited by continuous darkness. Fungi of this 
type occur in most of the major groups, e.g., Pi/obolus spp. and Choane
phora cucurbitarurn among zygomycetes, Pyronerna ornphalodes and many 
other djscomycetes among ascomycetes, some species of Fusarium and 
some members of the Sphaeropsidales among Fungi Imperfecti, and 
Coprinus spp. among basidiomycetes. Some of these fungi need only a 
small increment of light to induce sporulation; others require light over a 
longer period. Some species of Coprinus which are unable to produce fruit 



458 Lilian E. Hawker 

bodies in continuous darkness need only 2-3 hours' illumination for the 
initiation and subsequent development to maturity of the fruit bodies. P. 
ompha/odes (Robinson, 1926), however, does not require light for the 
initiation of fruit bodies. Tufts of hyphae arise and eventually give rise to 
sclerotium·like bodies in complete darkness. If, when these tufts are form· 
ing, or just before this point, the colonies are exposed for 6 hours to light 
of 40 candle-power at a distance of 50 em, antheridia and ascogonia are 
formed. These, however, do not give rise to fertile apothecia unless the 
periods of exposure to light total at least 24 hours. The pink pigment char, 
acteristic of normal apothecia is not synthesized in the sterile sclerotia 
formed in darkness. Fruit bodies of many agarics and polypores are initiated 
in darkness but develop abnormally unless exposed to light. Many other 
examples could be given to show that the phase of development which 
requires light differs in different light.requiring species. No generalization 
can be made as t.:l whether light is needed for initiation, further develop. 
ment or maturation or for all these stages in reprodnction. 

A striking effect of light in inducing sporulation is the production of 
alternating zones of sporing and nons poring hyphae (see Volume I, Chap. 
ter 27) in colonies exposed according to a diurnal periodicity or to arti, 
ficially arranged alternating periods of light and darkness. This effect is 
seen in culture and also in the natural habitat. Concentric rings of spore, 
bearing tufts of M otliiia spp. on rosaceous fruits damaged by the brown rot 
fungi and rings of pyenidia of Phyllosticta and similar fungi on plant leaves 
are familiar sights. These are almost certainly due to the diurnal periodiCity 
of alternating light and darkness. The zones of spores are usually developed 
as a result of light stimulation but may actually form during the dark period 
on hyphae stimulated during the preceding period of illumination. The 
rhythmic zonation may continue for some time after the fungus is trans, 
ferred to complete darkness, e.g., M. fructigetUl (Hall, 1933), Zonation 
may also be induced by light-inhibition of sporulation in those fungi which 
sporulate only in darkness. 

Some fungi which are unable to sporulate in continuous darkness are also 
unable to do so in continuous light and need alternating periods of light 
and darkness. Others sporulate more freely in such alternating periods than 
in continuous light. Barnett and Lilly (1950) reported a detailed examina· 
tion of factors controlling the production of both conidia and sporangia by 
Choanephora cucurbitarum. Their strain of this fungus formed conidia only 
in alternating light and darkness but sporangia were formed independently 
of the conditions of illumination. They concluded that at least two meta· 
bolic reactions (A and B) are influenced by light. Reaction A needs light, 
but strong light inhibits reaction B. Thus, in continuous bright light only 
reaction A takes place and conidial formation is inhibited hy failure of 
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reaction B. In continuous darkness reaction A is inhibited. For both reac
tions to take place alternating periods of light and darkness are required. 
A strain used by Christenberry (I 938) formed conidia in complete dark
ness, although less freely than in alternating light and darkness. The reac
tions leading to conidial production must be different in the two strains. 
There are many other examples of striking differences in response to light 
between members of the same family, different species of the same genus 
and even strains of the same species. It is clear that, as with growth-sub
stance deficiencies (Section II, A, 2, d), changes in the ability to synthesize 
some necessary enzyme may make a fungus more dependent upon favorable 
external factors than was the parent type. 

Sporulation in some fungi is actually depressed or completely inhibited 
by light. Buller (1909-1950) claimed that the initiation of fruit bodies of 
Coprinus sterquilinus is inhibited in light and suggested that this has bio
logical value since OlUy those fruit bodies which are firmly based within 
the substratum reach maturity. Although the brown rot fungus Sclerotinia 
fructigena fails to form conidia in continuous darkness, sporulation of the 
closely related S. fructicola is inhibited by light. 

Exact studies on the most effective wavelength of light are few, but there 
is considerable evidence that, in general, blue light is the most effective. In 
experiments with monochromatic light, Leach (1962, 1963) showed that 
the dosages of light necessary to induce reproduction in Ascochyta pisi and 
Pleospora herbarum decreased with decreasing wavelength. Requirements 
for sexual and asexual reproduction were not identical. Little is known of 
the mechanism of the light effect with respect to sporulation, but the effect 
on growth in general is considered in Chapter 23, Vol. I. It is of interest that 
some instances have been reported of the removal or modification of the 
light requirement by some other factor (e.g., temperature, humidity, or 
nutrition). Thus, Plunkett (1956) showed that the pileus of Polyporus 
brumalis does not form under conditions of high humidity and weak illumi
nation but does so if either the light is increased or the humidity is reduced; 
conidia of Helminthosporium gramineum (Houston and Oswald, 1946) are 
formed in darkness on the infected barley leaf but, in artificial culture on 
potato-dextrose agar, are not; some members of the Sphaeropsidales 
(Leonian, 1924) produce pycnidia freely in the dark only at temperatures 
higher than those which are optimal in the light. Coons (1916) attempted 
to show that light could be replaced by certain oxidizing agents and re
ported that a few pycnidia of Plenodomus fuscomaculans formed in the 
dark in the presence of hydrogen peroxide. This result has not been con
firmed. More critical studies on the nature of the light stimulus and on 
factors which may replace it are desirable before generalizations may be 
made. 
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2. Nonvisible Radiation 

Little is known of the effects of radiation outside the visible spectrum. 
Sublethal doses of ultraviolet light or of nearby radiation stimulate sporula
tion of some fungi (Stevens, 1928), but the exact wavelength producing 
this effect has not been determined. 

G. Gravity 

Many spore-bearing stmctures are geotropic. Thus, gravity influences 
the direction of growth of various parts of these structures. 

The upright growth of many simple spore-bearing structures such as 
sporangiophores and conidiophores is not necessarily due solely to the 
effect of gravity but may also be influenced by negative chemotropism di
recting them away from the substratum. Under suitable illumination photo
tropism also plays a part. 

The large fruit bodies of most ~tipitate discomycetes and higher basidio
mycetes are, however, strongly geotropic. The stipes of such discomycetes 
as Geoglossum, Helvella, and Morchella and of the agarics and stipitate 
polypores and hydnaceous species are negatively geotropic. The pilei of 
these species are usually diageotropic and gravity plays a part, together 
with light and humidity, in their expansion. The gills of the agarics (with 
the exception of species of Coprinus) and the teeth of species of Hydnum 
are positively geotropic. In such species this geotropism of the spore-bearing 
surfaces acts as a fine adjustment and ensures that they are placed in such 
a way that the discharged basidiospores have an uninterrupted faU and so 
are freed from the parent fruit body (see Chapter 21). The tubes or pores 
of the polypores are also formed in an exactly vertical position in response 
to gravity. The hymenia of less complex fruit bodies such as Auricularia, 
Stereurn, or Sparassis are also influenced by gravity and are formed only 
on the under surfaces of the fruit bodies. Hymenia in the Clavariaceae are 
presumably not influenced by gravity, since they develop over the surface 
of the club-shaped fruit body without any obvious relation to the direction 
of gravitational stimulus. 

The mechanism of response of sporing structures of fungi to gravity is 
entirely unknown. 

H. Poisons, Inhibitors, and Fungistatic Substances 

Chemical inhibition of fungal growth and the mechanisms by which 
various inhibitory substances act have been discussed in Volume I, Chapter 
20. Little can be added here concerning the specific effects of such sub
stances on sporulation, since insufficient data exist. In general the inhibiting 
effects on sporulation are more severe than those on growth. This is to be 
expected since, as already pointed out, any harmful interference with essen-
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tial metabolic pathways is likely to result in a failure to synthesize the 
complex materials needed for reproduction. 

The accumulation of staling products, metabolic toxic substances pro
duced by some fungi (Section II, A, 2, b), often prevents spore production 
before growth is seriously slowed. 

I. Contact Stimuli 

It is a common phenomenon for sporulation to commence when the 
mycelium of a colony growing in artificial culture reaches the edge of the 
petri dish. It has been suggested that this is the result of contact with the 
rim of the dish, but it is more likely to be due to exhaustion of nutrients 
or even to better aeration near the edge of the dish. It is clear, however, 
that contact with a solid object does influence sporulation of some species; 
for example, fruit bodies of many hypogeous gasteromycetes are commonly 
found pressed agaihst. the roots of trees or against stones. These and the 
hypogeous ascomycetes' (in particular, species of Elaphomyces) are fre
quently found in woodlands at the level of the hard clay pan beneath the 
leaf litter. The mechanism of this response is unknown. Raper (1952) 
claims that the stimulus of contact with a firm surface, together with the 
presence of hormonal exudates, causes the differentiation of the oospheres 
of Achlya after contact has been made between the antheridia and the 
immature oogonium. 

1. Wounding 

There are several reports of the increased production of conidia in 
Fusarium, Alternaria, and othcr genera by the cutting or grinding of the 
mycelium. Again the mechanism by which this stimulatory effect is brought 
about is entirely unknown. 

K. Biotic Factors 

Most of the recorded data relating to the effect of external factors on 
reproduction have been obtained by means of pure cultures. A few studies 
have been made with two-member cultures. In the natural habitat, how
ever, such simplified conditions seldom occur. The fungus is usually grow
ing in the company of other species of diverse types and competing with 
these for water, food, and oxygen. Owing to the nature of the habitats in 
which fungi grow and to their uutritional requirements they must obviously 
compete with other species of fungi and with other microorganisms, such 
as bacteria and myxomycetes, and often algae and protozoa also. These 
other organisms may injure a particu1ar fungus Of, more often, inhibit 
sporulation by more rapid utilization of nutrients and oxygen, by actually 
overgrowing the fungus, by the secretion of toxic antibiotic substances, by 
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altering the composition and pH of the substratum, or by actively destroy
ing and consuming spores or mycelium. 

Other microorganisms may, however, actually stimulate sporulation of 
some fungi. Contaminant colonies on a petri dish culture are frequently sur
rounded by zones of intensified sporulation or rings of fruit bodies of the 
original culture. Asthana and Hawker (1936) listed many examples of this 
and showed that the formation of rings of perithecia of Sordaria fimicola 
around colonies of a number of unrelated fungi was due to the production 
of a stimulatory substance by the latter. Later Hawker (1939b) showed 
that this substance was thiamine. Similarly other growth substances pro
duced by those fungi able to synthesize them may stimulate sporulation in 
deficient strains. 

Reduction of nutrients or modification of the pH of the substratum 
through the activity of microorganisms may not always be harmful, but 
may actually stimulate sporulation of a particular fungus even when reduc
ing mycelial growth. 

Not only other microorganisms but also animals (including man) and 
green plants may influence sporulation of fungi in the natural habitat. Graz
ing animals may remove competitors or may allow light and air to reach 
microfungi; their dung influences the composition of the soil by providing 
organic materials which stimulate sporulation; man by his agricultural 
activities has a profound influence on other species, including fungi; the 
green plant both competes with and provides food and shelter for fungi 
and other microorganisms. 

Many fungi are associated with green plants in so-called symbiotic rela
tionships. Mycorrhizal species of basidiomycetes produce their fruit bodies 
only in the presence of tree roots of the appropriate species. Fruit bodies 
of some species of Endogone have been found only in contact with plant 
roots. Detailed investigations of the effect of the living plant on sporulation 
of fungi are needed. 

L. Interaction of External Factors 

Under artificial cultural conditions it can be readily demonstrated that 
the effects of a particular external factor on both mycelial growth and 
reproduction may be modified by changes in other such factors. For exam
ple, Plunkett (1956) showed that the development and final shape of fruit 
bodies of Collybia velutipes and Polyporus brumalis depend upon the inter
action of a number of external factors, aeration, humidity, and light, rather 
than upon anyone of these acting alone. Similarly, Barnett and Lilly 
(1950, 1955) have shown that the effect of light on the sporulation of 
Choanephora cucurbitarum is modified by temperature together with other 
factors. The formation of perithecia by Sordaria fimicola (Hawker, 1947) 
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reaches a maximum at a higher temperature on a sucrose medium than on 
a comparable glucose one. Many such examples could be quoted. but the 
reasons for these interaction effects have usually not been fully elucidated. 

In the natural habitat it is difficult to distinguish between the effects of 
the many variable external factors, but it must be assumed that these inter
act to control the type and intensity of sporulation. 

III. POSSlBLE MECHANISMS OF TRANSLATION OF EXTERNAL 
STIMULI INTO VISIBLE CHANGE OF PHASE 

From the few examples given in the preceding sections of this chapter 
it is clear that a large amount of data is available concerning the effects of 
various external stimuli on the initiation of the reproductive stage and on 
the development of the reproductive structures. 

It is possible to make'sQJI1e generalizations as to the expected effects of 
external factors: (l) Conditions favoring maximum mycelial growth may 
or may not also favor asexual reproduction but are usually unfavorable to 
sexual reproduction. (2) The range of any particular external condition 
whicll will allow sporulation is usually narrower than that permitting myce
liar growth and is sometimes narrower for sexual than for asexual reproduc
tion. (3) Sporulation and, in particular, sexual reproduction usually require 
a higher threshold level of nutrients than does mycelial growth, but sporula
tion is usually inhibited at concentrations considerably below the maximum 
for growth; nevertheless the total amount of food necessary for the forma
tion of complex fruit bodies is often greater than that sufficing for hyphal 
growth and is then best supplied in a large volume of dilute solution or as 
small increments over the growing period. (4) Conditions favoring initia
tion of reproduction are not necessarily equally favorable for later stages in 
the development and maturation of the reproductive bodies; much of the 
earlier work was reduced in value by failure to study each stage separately. 
(5) Since the conditions favoring vegetative growth, asexual sporulation 
and sexual reproduction differ, it is theoretically possible to control the type 
of growth by suitable manipulation of the environment. 

In spite of the theoretical possibility of the control of phase of growth 
through alterations in external conditions, very little critical work has been 
done along these lines and few investigators have studied the mechanisms 
by which an external stimulus is translated into a visible morphogenetic 
response. Doubtless this scarcity of precise data is due to the inherent 
difficulties of such work, and it is to be hoped these will be overcome by 
the use of new techniques. 

The few critical investigations carried out, however, indicate that changes 
in the nature and distribution of the chemical constituents of the hyphae 
precede reprOduction and that changes, or shunts, in the metabolic pathway 
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may be brought about by changes in external conditions. Turian (1957) 
showed that the formation of the female gametangium and the subsequent 
differentiation of the gametes of species of Allomyces is associated with the 
establishment of a ribonucleoprotein gradient in the hyphal tips. Hepden 
and Hawker (1961) showed by differential staining that the ratio of 
RNA:DNA in the hyphal tips changed during the early stages of zygospore 
formation in Rhizopus sexualis. Later (Hawker and Hepden, 1962) they 
showed that in some fungi sexual reproduction took place only after an 
initial period of intense respiration. The work of Cantina and his associates 
(Chapter 10) with Blastocladiella emersonii showed that the presence of 
relatively high concentrations (ca. 0.1 %) of bicarbonate in the medium 
interfered with the Krebs cycle and altered the metabolic pathway in such 
a way that resting spores were produced instead of zoosporangia. Nickerson 
(1954) showed that the formation of chlamydospores by Candida albicans 
depends upon changes of metabolic pathway resulting from changes in the 
supply of nutrients. Other examples could be cited. 

Hawker and Hepden (1962) discussed the probable series of events 
during the change from vegetative growth to the reproductive phase (Fig. 
2). They considered that in young colonies, up to and just beyond the 
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FIG. 2. Diagram to show suggested relation between growth, respiration, and 
sporulation in a fungus genetically competent to produce spores, growing in a static 
culture. From Hawker and Hepden (1962). 

period of maximum vegetative growth and respiration, internal changes 
take place predisposing the fungus to reproduction but that these may be 
inhibited or accelerated by external conditions at any time during that stage. 
After the peak of respiratory activity has been passed, growth declines and, 
if external conditions are favorable, spore initials develop. The release of 
energy by the active respiration presumably promotes the synthesis of 
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relatively large quantities of essential compounds, including novel spore
promoting substances. Up to this point the tendency toward sporulation is 
reversible, but soon a stage is reached when it is no longer reversible and 
when the spore or fruit body initials must either go on developing or abort. 
External conditions determine whether or not further development and 
maturation takes place. 

The accumulation of data relating to the effects of external conditions on 
particular fungi is of value, but the elucidation of the mechanism of these 
effects is of greater fundamental interest. Warkers on this subject should 
exploit new chemical and physical techniques to the full and, moreover, 
should distinguish between the various stages in development when attempt
ing to determine the effect of environment on reproduction. 
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Life Cycles, Basic Patterns of 

Sexuality, and Sexual Mechanisms 1 
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I. INTRODUCTION 

The fungi were once characterized, with considerable justification, as 
"a mutable and treacherous tribe." Probably no other characteristic or 
activity of the fungi contributed so prominently to this epithet as sex alld 
the phenomena associated with sex. For the better part of a century the 
problem of sex in fungi has received a great deal of attention among 
students at the group, and a tremendous literature has accumulateil 
through the years. The problem, however, seems to grow a trifle faster than 
does the solution and leads to the interesting situation, originally described 
by Lewis Carroll, in which one loses only little ground by running very faSt. 

During the early decades of the century, numerous scholarly publications 
summarized the existing information and integrated it into the more co)11-
prehensive problem of sexuality in plants and animals. The more notalJle 
of these works were Kniep's "Die SexualWit der niederen Pflanzen," 1928, 
Giiumann's "Vergleichende Morphologie der Pilze," 1926, and Dodge's 
translation and revision of this work in 1928 (see Gaumann and Dod!\e, 
1928), Link's highly intellectual review of reproduction published the fol
lowing year, and Hartmann's "Die SexuaIWit," published in 1943. In more 

1 The present chapter is a somewhat expanded and revised treatment of a paver 
previously published by the author: Life cycles, sexuality, and sexual mechanisms in 
the fungi. In "Sex in Microorganisms" (D. H. Wenrich et al., eds.), pp. 42-81. 
Am. Assoc. Advance. Sci., Washington, D.C., 1954. 
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recent years, several reviews haye appeared on sexuality and its many 
manifestations among the fungi (Whitehouse, 1949a, 1951; J. R. Raper, 
1954, 1959, 1960; Ahmad, 1954; Burnett, 1956; Esser and Kuenen, 
1965) ; none of these, unfortunately, treat the subject in the same detail as 
did the classic works of the 1920's. The implications of sexuality in fungi, 
however, remain largely unknown to biologists in general. 

Essential sexual processes in the fungi, as in all other organisms, may be 
defined as those processes requisite to and including the juxtaposition and 
fusion of compatible nuclei and the subsequent sorting out of genetic 
factors in meiosis. These processes impose a cyclic progression during 
which plasmogamy, karyogamy, and meiosis are the irreducible cardinal 
events. The cycle, however, may be varied in three basically different ways: 
(1) by variations of the temporal relationships between the cardinal events 
by the intercalation, at different stages, of essential processes of growth; 
(2) by the imposition of genetic restrictions upon universal compatibility; 
and (3) by variations in the mechanical means of "ccomplishing the 
cardinal events. 

These three m0des of variation determine three distinct facets of sex
uality, all separately definable but inextricably interrelated in the living 
Olganism: (1) life cycle, (2) basic pattern of sexuality, and (3) the sexual 
mechanism per se, respectively. Each facet is understandable only as a 
time-integrated and dynamic process. A detailed examination of each facet 
brings to light a number of facts which are little known but which are of 
considerable biological interest and are essential to an appreciation of the 
broad implications of sexuality in the fungi. 

II. LIFE CYCLES 

The fungi are commonly considered to be haploid organisms, with 
nuclear fusion occurring at the end of the vegetative phase to yield a 
diploid phase which persists for only a single nuclear generation. Although 
this is true of many species, particularly among the more primitive groups, 
the regular occurrence of exceptions to this simple pattern among the lower 
groups and the various complexities of the life cycles characteristic of the 
more highly evolved forms make such a generalization meaningless. Life 
cycles among sexually reprOducing fungi run the gamut from completely 
haploid at the one extreme to completely diploid, except for immediate 
products of meiosis, at the other. In addition, certain life cycles unique to 
the fungi involve a highly specialized heterokaryon, the dikaryon, which 
has evolved as a distinctive nuclear phase (Whitehouse, 1951; J. R. Raper, 
1955). The dikaryon greatly increases the range of variability in respect 
to the life cycle. 

Since the dikaryon makes possible life cycles that are peculiar to the 
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fungi, it deserves brief description and illustration at this point (Fig. 1). 
The essential sexual process is initiated by the fusion of two sexually com
patible elements, spores) vegetative cells, Of differentiated sexual organs, 
each containing one or more haploid nuclei (N). This fusion has been 
termed plasmogamy or cytogamy. The nuclei provided by the fusing ele
ments may retain their individuality and become associated in one or 

Plasmogamy 

Conjugate 
diVISion 

FIG. 1. Schematic representation of the initiation, propagation, and termination 
of the dikaryotic association of compatible nuclei. The dikaryon occurs in the higher 
ascomycetes in the ascogenou~ hyphae and universally in the Basidiomycetes in the 
"secondary" (dikaryotic) mycelium. 

more pairs, each pair known as a dikaryon (B). The dikaryon may be 
propagated for a short, or for an indefinite, period of time by rcpeated, 
simultaneous mitotic divisions of its members, the division figures of the 
two nuclei commonly lying side by side. This process is termed conjugate 
division. Fusion of the two associated nuclei, or karyogamy, eventually 
occurs in terminal binucleate cells to establish the diploid phase (0); 
meiosis follows immediately, and the haploid nuclei are incorporated into 
spores. The dikaryotic phase thus serves, when present, to eflect a tem
poral and spatial separation of plasmogamy and karyogamy. It also serves, 
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because of the repeated divisions of its component nuclei, to increase 
greatly the productivity per sexual fusion both of the number of spores 
and of possible genetic combinations. 

Seven basic types of life cycles can be clearly distinguished; these are 
diagrammatically represented in Fig. 2 and are designated by the letters A 
to G. Changes in nuclear phase are here considered the cardinal events in 

I HaploId I lD'k~~y~j IP'Plo.dl 

Nuclear 
phose 

FlO. 2. Schematic comparison of life cycles in fungi. In each cycle, changes in 
nuclear phase are indicated, in clockwise sequence, by changes in shading. The double 
vertical !.ine at the top of the diagram represents meiosis, and each of the two narrow 
sectors adjacent to the line represents a single nudear generation (from Raper, 1954). 

the life cycle. These changes are indicated for each cycle, in clockwise 
sequence, by differences in shading. 

Asexual reproduction, by spores or other specialized organs, occurs at 
Icast in certain species belonging to each type and with few exceptions 
propagates the phase of the cycle from which the specialized reproductive 
cells are derived; the few exceptions will be mentioned later. 

A. Asexual Cycle 

Species apparently lacking any sexual expression or alternation of 
nuclear phase are fairly common throughout the fungi and constitute a 
sizable proportion of aU known species, approximately 20% according to 
Bessey (1950). Because of the failure to observe rarely occurring sexual 
stages, the actual number of exclusively asexual species must be somewhat 
less than reported, but it must still be very large. The entire group known 
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as the Fungi Imperfecti belongs here as well as numerous species which 
are clearly assignable by morphological characteristics to various groups 
throughout the perfect fungi, such as Penicillium notatum. 

Certain of the benefits of sexuality are provided in many sexually sterile 
species by the association of nuclei of different origins in heterokaryotic 
mycelia, in which different genetic characters are expressed in much the 
same way as in dikaryotic mycelia or in diploid organisms (cf. Chapter 17; 
Pontecorvo, 1946). Heterokaryosis per se allows only for the interaction 
rather than for the permanent recombjnation of genetic characters of the 
associated genomes. Through the intimate association of genetically differ
ent nuclei which it affords, however, heterokaryosis serves as the primary 
requisite for somatic recombination (Chapter 18), which yields haploid 
recombinant nuclei via the parasexual cycle (Pontecorvo, 1956) and 
possibly via other means (Ellingboe and Raper, 1962; Ellingboe, 1963). 
The haploid products of somatic recombination differ only in their relative 
rarity from the products of the sexual cycle and provide for asexual forms 
the essential benefits of true sexuality. Somatic recombination has been 
reported in numerous asexual, as well as in sexual, species belonging to 
all major groups 6f the higher fungi, and probably it occurs in all groups 
of lungi that are able to form heterokaryons. A majority of asexual species 
have this competence, and it is probable that somatic recombination is a 
regular and highly significant feature in the biology of most fungi lacking 
overt sexuality. 

B. Haploid Cycle 

The most common type of life cycle found in phycomycetes, and more 
primitive ascomycetes, is completely haploid with the exception of a single, 
diploid, nuclear generation, the fusion or zygote nucleus. This type of life 
cycle is the simplest possible one that allows for sexual fusion and genetic 
recombination and in all probability represents the primitive type from 
which the more complicated cycles have evolved. The general correlation 
between this type of cycle and the relative morphological simpliCity of the 
forms exhibiting it, not only in the fungi but also in the algae, tends to 
support this view. 

C. Haploid Cycle with Restricted Dikaryon 

A predominantly haploid cycle, which differs from the one discussed 
above by the separation in space and time of plasmogamy and karyogamy, 
is characteristic of the higher ascomycetes such as Neurospora. At the 
time of the fusion of the sexual cells or organs, one or more dikaryotic 
pairs of nuclei are formed, and these, by repeated mitotic divisions in the 
ascogenous hyphae, provide paired nuclei for a large number of ascal 
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primordia, within which karyogamy and meiosis occur. The multiplication 
of associated nuclei, though often extensive, is nevertheless restricted both 
in time and by the complete dependence of the ascogenous hyphae upon 
the haploid mycelium. The nature of the dikaryotic phase here would 
suggest for this type of cycle an evolutionary position intermediate between 
the exclusively haploid cycle and the more complex cycles to be found 
among basidiomycetes. 

D. Haploid-Dikaryotic Cycle 

The predominant life cycle in the Basidiomycetes, many of the smuts 
excluded, differs from the cycle just discussed by the unrestricted and 
independent growth of the dikaryotic phase. Both the haploid, or horno
karyotic, phase and the dikaryotic phase are completely independent and 
capable of indefinite vegetative growth and are terminated by dikaryotiza
tion and fruiting-body formatiori'; respectively. The termination of each 
phase depends upon the achievement of certain requirements, which are, 
in each case? largely a matter of chance. The cycle may therefore be con
sidered to comprise two roughly equivalent phases and to terminate in a 
single dip10id nuclear generation, the fusion or definitive nucleus in the 
basidium. 

A number of cases have been described among these forms in which 
differentiated spores produced by the dikaryotic mycelium reestablish the 
haploid phase (Brodie, 1931; Nobles, 1942). This occurs through the 
separation of the members of conjugate pairs of nuclei in the formation 
of uninucleate conidia or oidia, These specialized cells appear to attain 
their greatest effectiveness as fertilizing (dikaryotizing) agents, although 
germination in low percentage does serve to sort out the original dikaryotic 
components into haploid, vegetative mycelia. Similar cells produced on 
haploid mycelia behave in an identical manner. 

E. Dikaryotic Cycle 

The extreme development of the dikaryotic phase is exemplified by the 
cycle in which the immediate products of meiosis, ascospores or basidio
spores, fuse to initiate the dikaryotic phase. Both haploid and true diploid 
phases are thus reduced to single nuclear generations, This type of cycle 
is occasionally seen in the yeasts (Guilliermond, 1940) and is of common 
occurrence among the smuts (Kniep, 1926), 

The distinction made here between the haploid-dikaryotic and the 
dikaryotic cycles emphasizes the two extremes in what, in all probability, 
is a continuous series. Chance juxtaposition of compatible germinating 
spores of the haploid-dikaryotic type might result in the typical dikaryotic 
cycle; on the other hand, the experimental prolongation of the haploid 
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phase, as sprout mycelia in smuts for example, converts the typical di
karyotic cycle into the haploid-dikaryotic. 

Of particular interest in this and the haploid-dikaryotic cycle is the 
failure of the dikaryon in many cases to constitute a physiological summa
tion of its haploid components. This phenomenon is reflected in (1) the 
host specificity of the two phases in the heteroecious rusts (for example, 
the haploid phase of the "black stem rust" of wheat is an obligate parasite 
of the barberry, whereas the dikaryotic phase is an obligate parasite of 
grasses); (2) the saprophytic habit of the haploid phase versus the obligate 
parasitic habit of the dikaryotic phase of many smuts (Christensen and 
Rodenhiser, 1940); and (3) the fruiting requirements of the dikaryotic 
phase of certain hymenomycetes as compared to the nutritional require
ments of the component homokaryons (Schopfer and Blumer, 1940). 

F. Haploid-Diploid Cycle 

The alternation of haploid and true diploid generations, a common type 
of cycle in the algae and in the higher plants, is known to occur among 
fungi only in two groups. The better known of these is the aquatic phy
comycetous order Blastocladiales, with certain species of Allomyces the 
best-known examples (Couch and Whiffen, 1942; Emerson, 1941; Harder 
and Sorgel, 1938; Kniep, 1929, 1930). In Allomyces and related genera, 
the vegetative mycelia of the two generations are identical except for the 
specialized reproductive organs which they bear. In the second case, a 
heteromorphic life cycle (i.e., alternation of dissimilar generations) has 
been reported for Ascocybe grovesi; (Endomycetales) (Dixon, 1959). In 
this exceptional form, the haplophase consists of vegetative mycelium and 
asexual spores, and a diplophase, initiated by the fusion of two vegetative 
nuclei, persists throughout the formation and differentiation of a specialized 
ascophore, at the tip of which is borne a fascicle of asci. This cycle, which 
occurs in a form related to the yeasts, thus differs from the cycle of the 
typical mycelial ascomycetes by the interposition of a diplophase rather 
than a dikaryophase between plasmogamy and karyogamy. 

G. Diploid Cycle 

The cycle that is typical for the animal kingdom, completely diploid 
except for the immediate products of meiosis, is known to occur among 
the fungi in a number of yeasts (Guilliermond, 1940; Winge, 1935), and 
it also occurs in the Myxomycetes, or true slime molds (AlexopoulOS, 
1962). In both these cases, the haploid phase can be propagated, as in 
the dikaryotic smuts, by the isolation of ascospores and swarmers, respec
tively, prior to their fusion to establish the diploid phase. 

A diploid life cycle has also been reported in some members of the 
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Blastoc1adiales (Couch and Whiffen, 1942; McCranie, 1942). This maybe 
a slight variant of a true diploid cycle, as Wilson (1952) has reported a 
single mitotic division of the meiotic nuclei prior to the differentiation of 
gametes. A regular haploid phase of two nuclear generations is unique 
among the fungi and perhaps should be considered a distinct type of 
life cycle. 

Convincing evidence that a diploid life cycle occurs in, and may be 
characteristic of, members of the Saprolegniales and Peronosporales h:ll 
been presented by Sansome (1961, 1963), from studies on Pythium de
baryanum, Phytophthora caetarum, and Aehlya sp. The author interprets 
figures of nuclear division that she observed in differentiating oogonia and 
antheridia of all of these species to be meiotic; accordingly she considered 
the vegetative phase to be diploid, with the haploid phase restricted to a 
single nuclear generation or, at most, to a very few nuclear generations 
prior to fertilization of the oosphere. Meiosis in the biflagellate water 
molds had generally been considered to occur in the germination of the 
oospore (zygote), and the life cycle, consequently, haploid (Ziegler. 
1953). Early and definitive resolution of any remaining uncertainties about 
the basic facts of the life cycle in this large and important group is highly 
desirable. 

III. BASIC PATTERNS OF SEXUALITY 

A. Semantic Difficulties 

Blakeslee (1904), in the course of an investigation of zygospore forma
tion in the common "black bread mold," Rhizopus nigrieans [R_ stolani
jcral, first o.emC)nstrateo. "bisexuality" in the tungi. The term hctcrothaUism 
was introduced to designate the occurrence, within a given species, of two 
kinds of individuals, each self-sterile and presumably differing in sexual 
sign, and the necessity of interaction between mycelia of the two kinds to 
accomplish sexual reproduction. The term homothallism was coined for 
the antithetical condition, the occurrence of only a single kind of individ
ual, self-fertile and sexually self-sufficient. 

The original definitions of homothalJism and heterothallism unfortunately, 
however, were somewhat ambiguous. The derivation of the term 
heterothallism implies differences of any sort between the individuals 
required for sexual interaction, whereas the original definition strongly 
implied differences in sexual sign. That Blakeslee was convinced of the 
sexual nature of the race differences, in spite of the slight and inconstant 
morphological differences, is strongly indicated by the work done by him 
and his associates during three decades toward the definite identification 
of (+) and (-) as ~ and J, respectively (Satina and Blakeslee, 1928, 
1929). 
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Blakeslee (1920) and other workers determined the pattern of sexuality 
in most of the members of the Mucorales, the order to which Rhizopus 
belongs. It is of interest in the present discussion that all species of this 
group having a sexual stage were unambiguously divisible into heterothallic 
and homothallic species and that, in each heterothallic species, no irreg
ularities in respect to sexual sign were encountered, although individual 
isolates often varied widely in sexual potency. 

In the half century that has elapsed since Blakeslee's first demonstration 
of obligatory intermycelial reaction for sexual reproduction, similar situa
tions have been reported for some members of every major group of fungi. 
The requirement for intermycelial reaction, however, is the only feature 
common to all cases: in some, sexual differences are clearly evident; in 
others, sexual differences equally clearly do not account for the pattern 
of self-sterility and cross-fertility. With the discovery of the several patterns 
of interactions, each differing in some important respect from that 
originally described in the Mucorales 'and termed heterothallism, a number 
of proposals have been made either (a) to differentiate, by appropriate 
terms, these cases from heterothallism as originally defined, (b) to redefine 
heterothallism in a more broadly inclusive manner, or (c) to replace the 
terms and the concept of homothallism versus heterothallism, which have 
been held by certain authors to be inappropriate or outmoded. 

Different authors quite naturally approach the problem of sexuality 
from different points of view, and the systems of categorization of sexual 
phenomena in fungi that have been proposed are consequently rather 
diverse. The treatment that is developed here is thus only one of many 
possibilities, each of which has its own virtues and weaknesses. A brief 
comparative note relating the system adopted here to others that bave been 
proposed will be presented later. 

Whitehouse (1949a), in a comprehensive review, advanced a logical 
system of differentiation which promised to clarify considerably the entire 
subject of sexuality in the fungi. He retained, on rational grounds and with 
historical justification, the term heterothallism to include all those cases 
in which intermycelial reaction is a requisite for sexual fusion. Two major 
types of heterothallism were distinguished: (I) morphological heterothall
ism, to include those cases in which the two interacting thalli differ by 
production of morphologically dissimilar sexual organs or gametes which 
are identifiable as J and ~, and (2) physiological heterothallism, to 
include those cases in which the interacting thalli differ in mating type, or 
incompatibility, irrespective of the presence or absence of sexual organs 
or differentiated gametes per se. Homothallism was retained in the original 
sense: sexual fusion between elements of the same thallus or, in unicellular 
organisms, hetween individuals of the same clone. A new term, secondary 
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homothallism, was applied to self-fertile heterokaryons. These will be dis
cussed in detail later. 

Inevitably, there exist a number of forms which fit uneasily into a simple 
breakdown of this sort; in a group as varied as the fungi, this situation 
almost necessarily follows any attempt at categorization in respect to char
acteristics of the mature thalli. A somewhat less ambiguous system could 
be erected on the distinction between phenotypic and genotypic determina
tion of sexual or mating behavior or both. The two major groupings here 
would be based upon the ability or inability of genetically identical nuclei 
(sister nuclei, daughters of a single primary meiotic product) to participate 
in sexual fusion. Such a distinction would roughly parallel that between 
homo- and heterothallism. Wide acceptance and common usage of the 
homo--heterothallism concept, however, dictate its perpetuation without 
radical change in spite of its intrinsic shortcomings. Recognition of the 
pattern of segregation at meiosis as the chief, and frequently the sale, 
factor in determining the ultimate sexual character or mating behavior, or , 
both, of the thallus results in a far clearer understanding of the homo-
heterothallism concept. . 

Each mature thallus, at the stage in its development at which sexual 
fusions occur, commonly contains nuclei of only a single kind; that is, it 
is homokaryotic (a number of important exceptions to this generalization 
will be considered later). These sexually mature thalli thus represent the 
expressed potentialities determined at meiosis and imparted to the spores 
that constitute the immediate products of this process. Spores, and the 
thalli into which they develop, may be divided into three types in respect 
to the segregation of sexual or mating capacities; (1) segregation of sexual 
factors, (2) segregation of incompatibility factors, and (3) segregation of 
neither sexual nor incompatibility factors. In the simple cases under con
sideration, spores of types 1 and 2 give rise to thalli which are self-sterile 
but which are cross-fertile in those combinations bringing together com
plementary sexual or incompatibility factors. Such forms are clearly hetero
thallic. Spores of type 3, on the other hand, produce thalli of only a 
single kind, all of which are self-fertile; such forms are homothallic. 

A number of complicating phenomena tend to mitigate somewhat the 
simplicity of this picture. Foremost among these is the regular association, 
initiated in spore formation in certain speCies, of two kinds of nuclei of 
dissimilar incompatibility types in a single thallus which is self-fertile. A 
form of this kind, in spite of its segregative pattern and the necessity of 
genetically dissimilar nuclei for sexual fusion, must be termed homothallic 
because of the self-fertile nature of its thallus. 

A second complication is the possibility of final determination of sexual 
or roating behavior, in forms lacking this determination at meiosis, by 



15. Life Cycles, Sexuality, and Sexual Mechanisms 483 

environmental factors during the development of the thallus. A physio
logical differentiation of this sort between individual cells or groups of 
cells within a single thallus constitutes typical homothallic behavior; if the 
final differentiation involves different thalli, however, it must be termed 
heterothallic because of the self-sterile nature of the sexually mature thalli. 
Students of different groups of fungi have shown somewhat less than com
plete accord in their integration of phenotypic determination with the 
homo-heterothallism concept. The general acceptance of the concept of 
the clone, now frequently ignored except in the sludy of unicellular forms, 
would resolve the more important discrepancies in interpretation of these 
phenomena. 

A third mode of deviation from a strict dichotomy between homo- and 
heterothallism may arise through mutations of factors controlling mating 
behavior or modifying sexual expression. 

These depart"res from strict homo- and heterothallism will be con
sidered later in connection with dl(tailed accounts of the various patterns 
of mating behavior. 

B. Homothallism 

Of the several distinct patterns of sexuality found among the fungi, 
homothallism is perhaps the most common; it occurs in all major groups 
and, with the exception of the Basidiomycetes, in a majority of species 
within each group. The critical differentiation of compatible elements is 
intramycelial, and differentiation in different cases may involve a portion 
of the thallus ranging from a single cell to the entire thallus. The spatial 
relationship between differentiated elements of the fusing pair is also 
variable. This variability may best be illustrated by certain species in the 
coenocytic, aquatic phycomycetous order, the Saprolegniales: (J) ~ and 
~ elements may together constitute a specialized lateral hyphal branch, a 
stalked oogonium with an antheridial cell either differentiated in the stalk 
or arising from it; (2) t and ~ elements may arise from adjacent sec
tions of main hyphae; and (3) t and ~ elements may arise from different 
main hyphae, each main hypha being differentiated in its entirety as $ or 
as ~ (Coker, 1923). 

Differentiation of sexual elements within a single thallus is usually 
reversible, either to the vegetative state or in some cases to sexual organs 
of the opposite sign. The vegetative development of unfused ~ gametes of 
Allomyces (Emerson, 1941) and the ability of the differentiated sexual or
gans of homothallic species of Achlya to regenerate normal hermaphroditic 
plants are typical examples of such reversibility. In at least certain cases, 
however, reversibility to vegetative growth is dependent upon the degree of 
differentiation that has been achieved, In Ascobolus stercorarius, Bistis 
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(1957) reports that all cells of the developing ascogonium are capable of 
reversion, whereas once the ascogonium is fully differentiated only the basal 
cells retain this capability. A morc extensive reversibility, from sexual 
organs of one sign to organs of the opposite sign, is fairly common in the 
homothallic water molds. The production of antheridial hyphae from 
oogonia and the occurrence of small oogonia intercalated in antheridial 
hyphae have been observed in various species (Coker, 1923; Humphrey, 
1892; Maurizio, 1899). It has also been demonstrated in several homo
thallic species that sexual hormones from strongly sexed plants caused 
oogonial initials to redifferentiate and produce antheridial hyphae (J. R. 
Raper, 1950). 

One further point in connection with true homothallism is of general 
biological interest. Sexual fusion normally occurs between elements carry
ing sister (genetically identical) nuclei. This W(luld imply, a priori, that 
most fungi are deprived of the benefits occurring in the recombination 
of genetic factors following sexual fusion between dissimilar elements. Two 
facts would tend to mitigate this deprivation: (1) the separate histories, 
often extended, of the two sjster nuclei brought together in the sexual 
act allow considerable opportunity for the accumulation and recombina
tion of minor differences due to induced or spontaneous mutations (Pon
tecorvo and Roper, 1952; Roper, 1952; Esser and Straub, 1958; El Ani 
and Olive, 1962); and (2) juxtaposed thalli having totally different origins 
allow for extensive crossbreeding and even hybridization in forms with 
motile or nonmotile differentiated gametes (Emerson, 1941, 1950; Emer
son and Wilson, 1954) and for occasional crossbreeding in forms lacking 
free gametes (J. R. Raper, 1950; Salvin, 1942). The extent to which 
either or both of these phenomena might duplicate in nature the benefits 
of enforced crossbreeding cannot be accurately assessed. The widespread 
occurrence of homothallism in fungi, however, is eloquent testimony of 
the evolutionary success of this pattern of sexuality among these forms. 

Superficially, it would appear that in homothallic species, which typically 
unite genetically identical nuclei, the usual sexual endeavor approaches a 
total sacrifice of quality for quantity; the exceptional cases which prevent 
the accomplishment of this biological absurdity appear to provide sufficient 
variability to allow for adaptation and survival. 

C. Heterothallism 

A number of distinct, basic patterns of sexuality have been described as 
responsible for heterothallism among fungi. Beyond the single requirement 
for heterothallism, that the sexual act involve two individuals, these several 
pattcIns are quite distinct. 

The distinctions between the various basic patterns imposing inter-
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mycelia] mating reactions have been recognized by many authors, several 
of whom have proposed new terms for one or more of the seemingly co
ordinate patterns to distinguish them from heterothallism as originally 
defined. Some of these terms have been widely accepted and now constitute 
useful components of our working vocabulary; others have probably de
served the oblivion to which they have been relegated. It is certainly not 
the purpose here to add to this burden of awkward descriptive terms, but 
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FIG. 3. The genetic devices that underlie the seven distinct patterns of sexuality 
in fungi. A\\ \n~) .... \du'Uh of 'S.pe'C-ioc'S. ot type 0 a'ie a\\k'C '21.1'1'11 fun~\\\)na\\y 'hermaphro
ditic; individuals of species of types I to VI are divided, by sexual or incompatibility 
differences, into two or more distinct mating types among which cross-mating is 
obligatory. Series of multiple incompatibility factors commonly occur in types V 
and VI, and the number of distinct mating strains may be of the order of hundreds 
and of tens of thomands in species of the two types, respectively (modified from 
Raper, 1954). 

rather to differentiate as concisely as possible between a number of patterns 
which are based upon distinct genetic devices, are quite similar superficially, 
and accomplish a commOn purpose. 

The basic segregative mechanisms responsible for the different hetero
thallic patterns are diagrammed in Fig. 3. The order within the comparative 
listing here is not intended to convey any intimations of phylogenetic or 
evolutionary significance. 

In typical heterothallic species, the immediate products of meiosis, spores 
of one sort or another in most cases, differ among themselves in respect 
to either sexual sign or incompatibility factors. 
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The necessary use here of both sexual and incompatibility factors forces 
upon the reviewer the most unwelcome chore of attempting to distinguish 
concisely between the two; the onerous fact that a clear distinction is im
possible at the present time unfortunately does not excuse him from making 
the attempt. Sexual factors are those genetic factors which determine the 
elaboration of morphologically distinguishable 6 and ~ plants by deter
mining the formation of differentiated d and <2 sexual organs Of gametes, 
or both. The criteria for the designation of 6 and Q organs or cells, or 
both, are largely borrowed from mammalian reproductive processes and 
include relative size, inclusion of reserve food materials, motility, and par
ticularly the direction of nuclear migration (or transport) in fertilization. 
Incompatibility jactors, by contrast, are those extrasexual genetic deter
minants of mating capacity which operate either in addition to or in the 
absence of sexual factors. The difficulty of a sharp, universally applicable 
distinction between the two arises primarily from the occasionally known 
occurrence of heterothallic species in whiCR_demonstrable sexual differences 
exist in the absence of morphological differentiation. The best-known 
example is the complex of interbreeding species of the green alga Chlamy
domonas, which comprises heterogamous, anisogamous, and isogamous 
forms (Moewus, 1950). In other cases where sexual sign cannot be tested 
by crossbreeding with sexually differentiated forms, it is impossible to make 
a certain distinction between sexual and incompatibility control of mating 
behavior in the absence of clear morphological differences. This difficulty 
will be apparent in the following description of segregative patterns. 

1. Single Alternate Sexual Factors (Pattern 1) 

The simplest pattern of sexual differentiation yields two classes of 
progeny, each of which is either immediately distinguishable as 6 or ~ 

or bears differentiated t or ~ sexual organs or gametes, respectively, or 
both. Sexual dimorphism is typically rigid in plants belonging to this 
category. 

Relatively few groups of fungi contain species which unquestionably 
show this type of differentiation. Among the more primitive monoflagellated 
aquatic fungi, numerous species produce thalli which, at maturity, are 
differentiated into single gametangia with clear morphological distinction 
bewteen 8 and ~ (Couch and Whiffen, 1942; Harder and Sorgel, 1938; 
Sparrow, 1960). Such forms are obviously heterothallic; whether the dif
ferentiation of the individual as a 8 or as a ~ is phenotypically or geno
typically determined, however, remains largely untested (Cantino and 
Hyatt, 1953; Emerson, 1950). In one species, Dictyomorpha dioica, how
ever, fusion has been reported to occur only between gametes derived from 
two sexually compatible strains (Mullins, 1961), and both original mating 
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types have been recovered in the progeny of the germinated resting spores 
(Mullins, 1965). Mating competence is evidently genetically determined in 
this case. Certain groups among these primitive fungi, particularly Blasto
cladiella (Blastocladiales), constitute series grading from clear distinction 
between 3 and ~ thalli to forms that show no morphological difference 
between the two mating types (StUben, 1939). The sure distinction 
here between sexual factors and incompatibility factors is not possible, but 
it would seem to the reviewer, in disagreement with the views of White
house, that here as elsewhere a common pattern of sexuality most probably 
is shared by the members of a closely related group. 

Sexual dimorphism is also known among the members of two groups of 
ascomycetes: in many species of the Laboulbeniales (Benjamin and Shanor, 
1950; Thaxter, 1908) and in Ascophaera (Pericystis) (Claussen, 1921; 
Spiltoir, 1955). Sexual dimorphism has been reported for isolated species 
belonging to three additional groups of ascomycetes and basidiomycetes: 
Hypomyces solani f. sp. cucurbitae (Pyrenomycetes) (Hansen and Snyder, 
1946; Hirsch, 1949), Stromatinia narcissi (Discomycetes) (Drayton and 
Grores, 1952), and Solenia anomala (Hymenomycetes) (Greis, 1942; 
Hartmann, 1943, 1955). The occurrence of incompatibility systems as the 
primary determinant of mating competence in all other known heterothallic 
species belonging to these groups, however, suggests that "dimorphism" 
in these cases may be related to mutations affecting the normal pattern of 
development (El Ani, 1954; J. R. Raper, 1959). Induced mutations that 
mimic the features described in these species are known in various asco
mycetes and basidiomycetes (Barnett, 1953; Esser, 1959; Zickler, 1934, 
1937; J. R. Raper and Miles, 1958). 

The heterothallic members of the Mucorales, e.g., Rhizopus, in which 
heterothallism was first discovered, have long been cited as the classic 
examples of sexual segregation among the fungi. Recent work and reexami
nation of earlier studies, however, leave such an interpretation in some 
doubt; current views rather favor the determination of mating type in these 
forms by incompatibility factors (Whitehouse, 1949a). 

2. Multiple Alternate Sexual Factors (Pattern II) 

A somewhat more complicated type of sexual segregation than that im
mediately preceding involves the determination of several sexual strains, 
each typically self-sterile but cross-fertile with all others. A heterothallic 
species of this type constitutes a linear series of sexual strains, each of 
which, with the exception of the two terminal strains, reacts as ~ or as ~ 

depending upon its position in the series relative to that of its mate; each 
of the two terminal strains reacts in a single sexual capacity, as t or as 2. 
This pattern of sexuality has been found in all heterothallic species of the 
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biflagellate, phycomycetous orders, Saprolegniales, Leptomitales, and Pe· 
ronosporales, which have been intensively investigated (Bishop, 1940; de 
Bruyn, 1935, 1937; Couch, 1926; Leonian, 1931; J. R. Raper, 1940, 1947; 
Barksdale, 1960, 1965). 

The mating pattern of a number of strains of A chlya ambisexua!;s 
best serves to illustrate this type of sexuality (1. R. Raper, 1947). Ten 
isolates of this species, collected from northern Illinois in 1946, when mated 
in all possible combinations, were found to belong to six classes. These 
strains, each self-sterile but cross-fertile in all combinations, could be 
linearly ordered, in respect to J and ~ potentialities, as shown in Fig. 4. 

f--~~~-cf ondlo. ? 
E87~~- 11,159~ 89~- 107,190 ----88~155-~ 78,80,184 

Enqland I---------~Ulinois ------------1 

FJG. 4. In Achlya ambi.<;{'xll(l[is (a heterotha1lic species of type II), there are 
numerous self-sterile, intergrade strains in addition to pure t and pure S1 strains. 
The i~tergrade strains may ~be linearly arranged in respect to t and 1_\2 potentialities, 
and each :strain can react as 6' or '¥ or both (from Raper, 1947). 

In this series each isolate reacted as 2 to those on its left and as t to those 
on its right. A strong d strain, E87, collected the following year in England, 
reacted as .; to all six strains from Illinois. Any intergrade mycelium is 
capable of reacting as 6 and 2 in different portions of its thallus when 
mated simultaneously with strong 2 and 6 plants. 

Only in a single species, Dictyuchus monosporus, has germination of a 
sufficient number of zygotes been achieved to permit any study of the 
segregation of sexual characters in plants exhibiting this pattern of sex· 
uality. Couch (1926) found various intergrades in addition to 6 and 2 
strains among the progeny of <1 by 2 crosses. 

These preliminary findings are in complete accord with the many reports 
of multiple sexual strains in this and in other heterothallie species, coUected 
from nature, but the underlying genetic basis for the complex of different 
sexual strains is still unknown. Earlier suggestions to account for the situ
ation, such as mUltiple sexual factors or polyploidy (J. R. Raper, 1940, 
1954, 1960) assumed the basic life cycle to be haploid. The present indi
cation of a diploid cycle in these forms (Sansome, 1961, 1963) calls im
mediate attention to other possibilities. The cataloguing of these, however, 
is bootless; the basis for this unusual pattern of sexuality can be satisfac
torily clarified only by adequate genetic analysiS. 

[Note Added in Proof: The handicap of poor germination of the oospores 
of the biflagellate fungi proves not to constitute an absolute bar to genetic 
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analysis. Mullins and Raper (1965) reported germination in low frequency 
« 1 %) of oospores of Achlya ambisexua/is and Dictyuchus monos porus. 
The results of preliminary analyses of small samples of progeny (56 and 
36 for the two species, respectively) were consistent with, but not proof of, 
diploidy. Both samples of progeny included J, Q, and intergrade strains 
of varied sexual potency, and it was concluded that inheritance of mating 
competence involves a more complex genetic basis than alternate alleles at 
a single locus. Barksdale (1966) has also succeeded in germinating oospores 
of Achlya and has made a preliminary study of the inheritance of sexual 
characters in A. ambisexuolis and A. bisexualis.] 

3. Hermaphrodism with Incompatibility Factors at a Single Locus 
(Pattern Ill) 

This type of hcterothallic differentiatiOllc produces two self-sterile and 
cross-fertile strains, each morphologically and functionally hermaphroditic, 
and depends upon the equal segregation at meiosis of incompatibility fac
tors. Mycelia of each of the two strains characteristically produce both 6 
and tj'l sexual organs; sexual fusion is accomplished, however, only between 
the 6 gametes or the 6 gametangia of one strain with the Q elements of 

.~_., the opposite and compatible strain (Dodge, 1932; Drayton, 1932, 1934; 
Lindegren, 1932; Shear and Dodge, 1927; Wilcox, 1928). 

The majority of heterothallic ascomycetes, with the exception of the 
heterothallic yeasts, as well as many species of the rusts (Basidiomycetes), 
exhibit this basic pattern of sexuality. In many ascomycetes, Neurospora, 
for example, the 6', or fertilizing, element is characteristically the micro
conidium or spermatium; the 2, an ascogonium. In other ascomycetes, 
differentiated gametes are not formed, and fusion occurs between morpho
logically distinct gametangia, antheridia and ascogonia, respectively. In 
rusts exhibiting this type of sexuality, spermatia effect fertilization when 
brought into contact with receptive elements of the compatible mycelium, 
usually a specialized organ known as the "flexuous hypha" (Buller, 1950; 
Craigie, 1927, 1931, 1942). 

The differentiation of sexual cells in plants having this type of hetero
thallism is phenotypic, and there are numerous cases in which differentiated 
sexual cells, spermatia or microconidia, of ascomycetes particularly (Dodge, 
1932), have been shown to be capable of purely vegetative development. 
Conversely, in a number of forms, fertilization is accomplished with equal 
facility by microconidia, by asexual macroconidia or, for that matter, by 
any cell of the vegetative thallus (Backus, 1939). In some the ability to 
produce differentiated 6 cells appears to have been lost, the function of 
fertilization being completely assumed by asexual or vegetative elements 
(Dowding, 1933; Dowding and Buller, 1940). 
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In most cases, differentiation of 3 and ~ sexual organs or cells requires 
no external stimulus, fully functional sexual elements forming upon isolated 
mycelia of both classes, e.g., Neurospora silophila and N. crassa (Dodge, 
1932) and Bombardia lunala (Zickler, 1937, 1952). In heterothallic 
species of Ascobolus, however, J and ~ sexual organs are formed and 
differentiated only upon contact of compatible mycelia or of compatible 
mycelial elements. (Dodge, 1920; Bistis, 1956). 

Secondary homothallism, sensu Whitehouse-a phenomenon of fairly 
common occurrence in this group and in forms of one other pattern in 
which incompatibility factors constitute the critical determinant of mating 
behavior (see below) -results from the regular inclusion in the spore of 
two nuclei carrying opposed incompatibility factors (Ames, 1934; Dodge, 
1927; Dowding, 1931; Dowding and Buller, 1940; Rizet and Engelmann, 
1949). Binucleate spores of this sort give rise to heterokaryotic mycelia 
which are self-fertile; in some species, sexual organs are present and appear 
to be essential, in other species sexual organs may be absent or greatly 
reduced and apparently nonessentjal. In several cases, occasional irregu~ 

larities during spore production yield small, uninucleate spores, each of 
which develops into a self-sterile but cross-fertile mycelium which behaves 
exactly as do the individual mycelia of heterothallic species (Ames, 1934; 
DOWding, 1931). The initial binucleate condition thus predetermines a 
compatible heterokaryon, the net reac,tion of which is homothaHic. 

The detailed means by which compatible elements are juxtaposed in the 
developing asci differ in two of the more intensively studied species of this 
sort. In Neurospora lelrasperma, the mating type locus lies near the cen
tromere and the segregation of alleles occurs at the first meiotic divisioll', 
overlapping spindles at the second division then pair nuclei of the two 
types in the maturing ascus (Dodge el aI., 1950). In Podospora (Pleurage) 
amerina, the mating type locus lies distant from the centromere and the 
mating type alleles segregate in the second meiotic division in practically all 
asci; nonoverlapping spindles in the second division thus pair nuclei of the 
two types (Franke, 1957, 1962). 

4. Paired Incompatibility Factors at a Single "Locus" (Pattern IV) 

This and the succeeding patterns of sexuality involve no sexual factors 
and, with the exception of the Mucorales. no differentiated sexual organs. 
Mating commonly consists of the fusion of two morphologically similar 
vegetative cells, spores, or gametangia. 

In heterothallic species of certain groups, a single pair of incompatibility 
alleles determines mating type; all individuals of each species therefore be
long in one or the other of two mating categories, commonly designated A 
and a. The heterothallic yeasts are the best-known examples of this pattern 
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(Winge, 1935, 1944; Winge and Laustsen, 1939), and a recent review of 
the sexuality of the heterothallic smuts indicates basic control of mating 
behavior in many members of this group by a one-locus, two-allele mecha
nism (Whitehouse, 1951). The heterothallic members of the Mucorales are 
also most commonly considered to exhibit this pattern of sexuality. 

Mutations at the incompatibility locus in certain yeasts (Lindegren and 
Lindegren, 1944; Winge, 1944; Ahmad, 1952, 1953) may be considered 
slight deviations of this pattern and may possibly indicate the mode of 
origin of the following pattern. Either A or a may occasionally mutate to 
altered states which permit fusion and ascus production within a single 
clone. The ascospores of such unions, however, have a low degree of vi
ability. This possibly refiects either a lack of equivalence between the mu
tated alleles and the originals or the expression of deleterious, semisterility 
factors in the homozygous conditiQu (Catcheside, 1951). The mating type 
"locus" in one species of yeast, Schizosaccharomyces pombe has been found 
to be complex, and internal recombination results in several interallelic 

. combinations that display distinctive sexual reactions (Leupold, 1958, 
1959). Also, inrcertain yeasts, numerous factors, such as extra-incompati
bility genes, polyploidy, and irregularities in nuclear divisions and distri
bution, may mask or otherwise profoundly affect sexual expressions (cf. 
J. R. Raper, 1960, for review and references). 

5. Multiple Incompatibility Factors of a Single Series (Pattern V) 

What would appear to be a much more highly evolved pattern of single 
"locus" control of mating behavior is characteristic of many basidiomycetes, 
exclusive of the rusts and smuts. All the forms displaying this pattern of 
sexuality are mycelial; mating is reciprocal between compatible strains, and 
each cell of the thallus is potentially capable of donating or receiving a 
fertilizing nucleus. The term somatic copulation-Somatagamie (Renner, 
1916)-has been applied to this type of sexual fusion. In these forms, a 
very large number of completely equivalent factors may be found in various 
individuals at the single incompatibility "locus," and mating occurs readily 
between any two haploid strains which carry different factors (Brunswik, 
1924; Buller, 1924; Vandendries, 1923; Whitehouse, 1949b). Thus, in 
lieu of the single pair, A and a, these forms each comprise an extended 
series of mating types which may be designated by AI, A2, A3, A4, ... , 
An. This pattern of mating-type determination has been termed bipolar 
sexuality or, preferably, bipolar incompatibility. 

Secondary homothaIlism is quite common among forms that are basically 
bipolar (Sass, 1929; Skolko, 1944; Lange, 1952; Boidin, 1956). A variety 
of patterns of nuclear behavior in the developing basidium account, in dif
ferent species, for the inclusion of compatible nuclei in single basidiospores 
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and the consequent self-fertility of the heterokaryotic mycelia (Skolko, 
1944 ). 

6. Multiple Incompatibility Factors of Two Series (Pattern VI) 

The final pattern of obligatory, interstrain mating behavior is one found 
only among basidiomycetes, exclusive of the rusts and related groups. It 
involves mating-type determination by incompatibility factors of two series; 
for example, the diploid condition may be designated AIA2 BIB2, and 
segregation and independent assortment of these factors at meiosis yield 
progeny of four mating types, Al BI, Al B2, A2 BI, and A2 B2. Mating 
occurs only in those combinations having different factors of both series, 
for example, Al B2 X A2 BI and Al BI X A2 B2 (Brunswik, 1924; 
Hanna, 1925; Kniep, 1920, 1922; Mounce, 1922, 1926; Whitehouse, 
1949b; J. R. Raper, 1953). This pattern of segregation was first described 
by Kniep about 1920 and was later termed tetrapolar sexuality by Bauch 
(1931). " 

In tetrapolar species, as in the bipohr forms discussed above, the total 
number of mating types in the population is increased tremendously by the 
occurrence of multiple factors of both series (Kniep, 1922). The number 
of equivalent factors of each series, however, appears to be consistently 
different in two large groups of basidiomycetes, the Gasteromyeetes, whieh 
includes the "puffballs," and so on, and the Hymenomycetes, whieh includes 
the "mushroom," "bracket fungi," and the like. In the former group, about 
10 factors of each series has been indicated as the extent of the series 
(Fries, 1940, 1943), whereas, in the lalter group more extensive series 
were early indicated (Kniep, 1922; Brunswik, 1924; Whitehouse, 1949b) 
and have since been demonstrated. In Schizophyllum commune, 122 A 
factors and 61 B factors have been identified, and the two series, in the 
total natural population, have been estimated to comprise 350-450 A 
factors and about 6S B factors (J. R. Raper et aI., 19S8b; J. R. Raper 
et al., 1960). Comparably extended series are indicated for certain other 
tetrapolar species (Fries and Jonasson, 1941; Prevost, 1962; Day, 1963b) 
and are suspected in all species. In all cases the factors of each series appear 
to be physiologicaUy equivalent. The device of multiple incompatibility fac
tors allows for almost complete outbreeding while maintaining inbreeding 
at 50% in bipolar forms and at 25 % in tetrapolar forms. 

Kniep, in his original work on tetrapolarity, observed that "mutations" 
occurred at the A and B "loci" in frequencies of about 2 % and slightly 
less than 1 %, respectively (Kniep, 1923). These changes in the incompati
bility factors, repeatedly observed by various workers, however, seemed 
to occur only in the germling mycelia recently derived from basidiospores, 
never in well-established mycelia. It was shown beyond reasonable doubt 
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by Papazian (1951) that the A factor of S. commune consists of at least 
two linked but distinct loci, that these act together as a physiological unit, 
and that occasional recombination at meiosis yields new factors. Subsequent 
analysis of the A and B factors of this species has demonstrated both to be 
complex. The A factor consists of two loci, a, and ~, each with a series 
of multiple alleles. Nine and 26 alleles have been identified at AD. and A~, 
respectively, and the two series are estimated to comprise 9 a's and about 
50 Ws in the natural population (J. R. Raper et al., 1958a; J. R. Raper 
et al., 1960). The B factor is similarly constituted of at least two distinct 
loci (J. R. Raper et aI., 1958a), but there is evidence for a third locus, 
y, as well (Raper, 1966). Less extensive analyses have demonstrated 
complex factors in several other tetrapolar species (Terakawa, 1957, 1960; 
Takemaru, 1957, 1961; Day, 1960, 1963a,b; Prevost, 1962). 

D. Anomalies of Patterns and Expression of Sexuality 

A majority of sexually reproducing species that have been adequately 
examined have been shown to be either homothaIIic or hcterothallic. The 
literature, however, is burdened with reports of (1) anomalous sexual 
behavior in forms exhibiting a clear pattern of sexuality and (2) of cases 
that cannot rationally be assigned to any of the patterns of sexuality above. 

In the first category, certain types of anomalous behavior are so common 
as to be considered characteristic of the basic patterns of sexuality, e.g., 
(a) low-level self-fertility via mutations of the incompatibility factors in 
yeasts (Pattern IV, Fig. 3), (b) the factors affecting sexual expression in 
yeasts (Pattern IV) , and (c) secondary homothallism in the higher ascomy
cetes (Pattern Ill) and bipolar hymenomycetes (Pattern IV). Anomalous 
behavior occurs in all the different patterns of sexuality with sufficient fre
quency to blur somewhat the rather clear distinctions made in their 
descriptions. A few additional cases will suffice to emphasize this point: 
(a) in heterothaIIic water molds (Pattern II), oogonia and antheridia are 
occasionaIIy formed on aged mycelia of strongly reacting J and ~ strains 
grown in isolation (J. R. Raper, 1940; Barksdale, 1960); (b) in Ascobolus 
(Pattern III) plasmogamy can be induced following maturation of the 
ascogonium between sexual elements of the same incompatibility class 
(Bistis and Raper, 1963); (c) in the Pyrenomycetes (Pattern III), in
cluding Cochliobolus (Nelson, 1959, et prior) and Podospora (Esser, 
1959, et prior), numerous genetic factors have been shown to modify the 
pattern of sexuality determined by the incompatibility factors-in the latter 
species, a distinct genetic system of four loci, semi-incompatibility, imposes 
restrictions on outbreeding and thus operates in opposition to the basic 
incompatibility system (Esser, 1959); (d) in bipolar and tctrapolar hy
menomycetes (Patterns V and VI), haploid mycelia of many species pro-
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duce sporulating fruiting bodies-in some of these, spore production is 
poor and germinability is low (J. R. Raper and Krongelb, 1958), but in 
some such fruiting seems to be an efficient means of reproduction (Smith, 
1934; J. R. Raper, ]953). 

To these naturally occurring anomalies can be added those resulting 
from mutations and other genetic ills induced in the laboratory. Such ef
fects have been observed in forms representing several differetlt patterns 
of sexuality. The example of a single species will serve here to illustrate 
the range of possibilities. In the typical tetrapolar hymenomycete Schizo
phyl/um, numerous deviations from normal sexual behavior have been 
demonstrated: (a) most morphological mutations, whether spontaneous or 
induced, result in unilateral mating, the mutant being able to donate, but 
not to accept, fertilizing nuclei (Papazian, ]950; J. R. Raper and Miles, 
1958). (b) A class of dominant mutations prevents nuclear pairing and 
conjugate division in the dikaryon and leads to sterility (c. A. Raper and 
Raper, (964). (c) A number of genetic systems, some comprising single 
loci and others appearing to be polygenic, determine both fruiting com
petence and the form of the fruiting bodies (J. R. Raper and Krongelb, 
1958). (d) Disomy for, and mutations induced in, the A and B factors lead 
in monosporous cultures to the establishment of fertile dikaryons (J. R. 
Raper and Oettinger, 1962; J. R. Raper, Boyd and Raper, 1965). 

In the second category, occasional species appear to occupy positions 
that are intermediate between homothallism and heterothallism. These 
species exhibit patterns of sexuality ranging from predominantly hetero
thallie with homothallic tendencies to predominantly homothallic with 
heterothallic tendencies and together may be considered as bridging the 
gap between true homethallic and heterothallic conditions. At the one 
extreme are those yeasts, mentioned earlier, which are basically hetero
thallie but which produce frequent, low-viability mutants of the incom
patibility factors. Mather (1940) has suggested the term partial heterothal
lism for cases of this type. At the other extreme are homothallic species 
such as Aspergillus nidulans, in heterokaryons of which crossed perithecia 
versus selfed perithecia occur in characteristic ratios that are often quite 
different from the ratio of 1: 1 expected by chance alone (Pontecorvo, 
1953). This situation was termed relative heterothaliism. 

Intermediate to these conditions, which are basieally heterothallic and 
homothallic, respectively, a number of patterns of sexual behavior have 
been reported that are quite ambiguous in respect to these two extremes. 

Outstanding among such forms is the ascomycete Glomerella, a sexually 
ambiguous species without peer. Edgerton (1914) described a strong 
sexual interaction in this species between weakly self-fertile strains. Sub
seque~t intensive work with G. cingulata (Andes, 194]; Edgerton et al., 
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1945; McGahen and Wheeler, 1951; Wheeler, 1950; Wheeler and 
McGahen, 1952) has revealed an extremely compUcated pattern of sex
uality which results from the interaction of numerous genetic factors, some 
exhibiting high mutation rates. As currently interpreted (Wheeler and 
McGahen, 1952), two loci, A and B, are considered primarily responsible 
for the basic sexual characteristics, with some twenty other loci modifying 
the sexual reaction. Two mutant states are known at each of the two 
primary sexual loci in addition to the two wild-type alleles. Thus all com
binations between the three alleles at the two loci, A+, AI, and A2 and 
B+, B1, and B2, determine nine distinct phenotypes, each having a char
acteristic pattern of self-sterility or self-fertility on the one hand and inter
strain roatings on the other. The sexual characteristics of the various strains 
may be further modified by mutations ~t loci other than the primary sexual 
loci, A and B, and two of these, Ft and "I" have been described in detail 
(Wheeler and McGahen, 1952). Each of these mutants imposes self
sterility upon each of the normally self-fertile strains but does not interfere 
with inters train reactions provided that the two mates carry neither of the 
mutations in common. 

Self-sterility resulting from induced, recessive mutations, comparable 
to pi and st' in G. cingulata, has been extensively analyzed in two addi
tional homothallic ascomycetes, Sordaria fimico/a (Carr and Olive, 1959; 
El Ani and Olive, 1962) and S. macrospora (Esser and Straub, 1956, 
1958). These three studies on homothaHic forms have shed significant light 
upon the genetic control of the sexual sequence and have suggested to cer
tain authors a possible mechanism for the origin of heterothallism due to 
incompatibility (Wheeler, 1954; Olive, 1958; EI Ani and Olive, 1962). 
A comparably drastic alteration of sexual behavior has been achieved in 
the homothallic, aquatic phycomycete Allomyces; effectively dimorphic 
plants, & and g, have been generated via hybridization between two 
distinct species and followed by selection (Emerson and Wilson, 1954; 
Machlis, 1958). 

An interesting pattern of sexuality that cannot be designated either 
homothallic or heterothallic as construed here has been reported in the 
ascomycete Chromocrea spinu/osa (Mathieson, 1952), and a similar situa
tion probably obtains in Ceratostomella fimbriata (Olson, 1949): different 
alleles at a single (incompatibility?) locus are requisite for sexual activity, 
with heterozygocity apparently being achieved anew via mutation in each 
sexual generation. 

The patterns of sexuality in Glomerella and Chromocrea are therefore 
basically different from any of the well-defined patterns described above. 
I! is possible that here we have on display species in the process of evolv
ing from homothallism to heterothallism, or vice versa, and to accept the 
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concept of partial and relative heterothallism may well be the best that 
can be done at the present time toward integrating these patterns into the 
general scheme of sexuality in the fungi. 

Other present-day students of sexuality in fungi, however, have viewed 
the problem in different perspective and with differences in emphasis on 
the various criteria that can be applied. Thus the systems developed by 
Ahmad (1954), Burnett (1956), and Esser and Kuenen (1965) bear 
varying resemblance in nomenclature and in organizational detail to that 
given above. Conceptually, that of Ahmad most closely resembles the general 
outline of the above, with new terms paralleling homo- and heterothallism 
to avoid the ambiguities implicit in the original definitions of these terms. 
The proposal of Burnett emphasizes the relationship between basic life cycle 
and the origins of sexually interacting nuclei in the context of a newly ra
tionalized and very esoteric terminology. The scheme of Esser uses as the 
primary criterion of distinction the ability of the individual (a) both to do
nate and to accept fertilizing nucid (monoecism) vs. (b) only to donate or 
to accept fertilizing nuclei (dioecism); self-fertility, self-sterility and cross
fertility, sexual dimorphism, etc., are then applied as secondary criteria of 
differentiation. All these systems have merit, and any attempt to formulate a 
definitive analysis of sexuality in the fungi will be deeply in the debt of 
their several authors. The present outline has no such pretensions, and the 
serious student of sexuality can only be referred to these related but diver
gent treatments of the subject for broader perspective. 

IV. SEXUAL MECHANISMS 

The final aspect that must be considered to give a comprehensive under
standing of sex in fungi is the sexual mechanism, the mechanical means 
by which compatible elements are brought together under the restrictions 
imposed by the particular life cycle and pattern of sexuality involved. 

The number of possible combinations of basic sexual apparatuses and 
developmental histories to be found among fungi precludes the considera
tion of all. Let us rather list a few possible variants at certain critical stages 
and demonstrate by simple developmental histories the range of variety 
of specific overall patterns. 

Sexual mechanisms may be differentiated on the basis of morphological 
differences at three critical points in the life cycle. These points are (1) 
meiosis, (2) the physical union of compatible sexual elements, and (3) 
the fusion of compatible nuclei. 

A. Meiosis 

The immediate products of meiosis, with few exceptions among the 
fungi, are spores of various kinds, such as zoospores, ascospores, and 
basidiospores. 
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B. Union of Sexual Elements 

In spite of the almost endless variety of sexual apparatuses among the 
fungi, they may be considered to belong to four basic types, first recognized 
by Kniep (1928). Each type comprises definite groups of plants, but such 
groupings have very little correlation with the major phylogenetic group
ings. The four basic types are: 

1. Gametic copulation, in which the two elements brought together in 
the sexual act comprise uninucleate, free gametes of which one or both 
may be motile. 

2. Gamete-gametangial copulation, in which one fusing element is a 
differentiated uninucleate gamete and the other is a differentiated game
tangium which produces no discrete, unjnucleate gametes. The differentiated 
gametes may be either S or ~ depending upon the group. 

3. Gametangial copulation, in which both fusing sexual elements are 
differentiated as gametangia; one or many pairs of nuclei may be involved, 
and the two gametangia may be differentiated as S and ~ or they may 
be morphologically indistinguishable. 

4. Somatic copulation, in which fusion occurs between undifferentiated 
vegetative cells or spores. In mycelial forms, fusion is commonly followed 
by reciprocal nuclear migration, each mate fertilizing the other, and the 
two compatible nuclei usually retain, once brought together, a dikaryotic 
association for an indefinite period prior to nuclear fusion. 

These four basic types, as exemplified in four well-known representative 
species, are shown, in surface view, in Fig. 5. Each type may be found 
in a wide array of morphological variations, but the basic aspects of the 
sexual progression and nuclear behavior are relatively constant in the 
variants. 

C. Fusion of Compatible Nuclei 
After the fusion of the two sexual elements, there exist two possibilities 

with regard to the subsequent activity of the paired compatible nuclei: they 
may fuse immediately to establish the diploid phase; or they may become 
associated in one or more pairs and divide conjugately by mitosis to 
provide ultimately a large number of paired nuclei, which finally fuse to 
form the definitive nuclei in the asci or basidia. 

The developmental patterns relating these cardinal stages in the sexual 
cycle may be represented by the various pathways indicated in Fig. 6. The 
specific combination of events at the critical points in the developmental 
cycle, meiosis, plasmogamy, and karyogamy, defines about as well as is 
possible the sexual mechanism for any given species. A few well-known 
forms will be used here to illustrate the range of possibilities; sexual 
mechanism and developmental history may be defined in each case by a 
specific sequence of the numbered stages shown in Fig. 6. 
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FIG. 5. The four basic modes of sexual fusion in fungi. (a) Gametic copulation, 
Allomyces arbuscli/(i. Motile gametes originating in ~ gametangium (above) and ~ 
gametangium (below) fuse to form a zygote that germinates directly to produce a 
diploid plant (lower right ). (b) Gamete-gametangial copulation, Neurospora crassa. 
A multinucleate <i1 gametangium. the ascogonium, is fertilized via the trichogyne, by 
the nucleus of a differentiated J gamete. the spermatium. (c) Gametangial copula
tion, Phycomyces blakes/e('OIIUS, A pair of multinucleate gametangia. produced ac the 
lips of large, arched processes, fuse to form a heavy-walled zygospore. (d) Somatic 
copulation, ScJlizophy/lul11 COmmUll1! (schematic). Two types of hyphal fusion, tip
(a-lip and [ip-to-peg. are shown in progress (left) and completed ( right), The 
eltchange of nuclei in somalic copUlation is typically reciprocal, each mate fertilizing 
the olher (modified from Raper, 1954). 
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The production of gametes as the immediate products of meiosis may 
oCCur in a very few species of the monoflagellate Blastocladiales and may 
prove to be characteristic of biflagellate phycomycetes. In the former case, 
however, a single mitotic division has been reported as interposed between 
meiosis and the differentiation of gametes in the single species which bas 
been cytologicalJy investigated (Wilson, J 952). In the latter case, the 

MeIosis 

___ --

FIG. 6. Summary diagram of developmental sexual histories in fungi. The num
bered lines trace developmental variations relating the critical events of plasrlOgamy. 
karyogamy, and meiosis (modified from Raper. 1954). 

Saprolegniales, Leptomitales, and Peronosporales, the cytological details 
of gametangial development are obscure, but differentiation of the im
mediate products of mei.osis as gametes now appears to be the likely course 
of events. 

A distinction is necessary at this point between gametes on the one hand 
and single cells of other types that are capable of sexual fusion on the 
other. The inability or ability to multiply vegetatively and to retain copula
tory competence in the individual progeny provides a convenient criterion. 
The copulatory cells of Allomyces are thus gametes, since, in isolation, 
they can only reestablish vegetative mycelia. Copulatory spores or vegeta
tive cells of yeasts and smuts and the swarmers of myxomycetes are not 



500 John R. Raper 

gametes according to this criterion, since cells of each of these types can 
propagate vegetatively to establish a clone of morphologically identical 
cells, each of which retains its copulatory competence. Sexual fusions in 
these laller cases are thus interpreted here as somatic copulation. 

Most species, however, produce spores immediately after meiosis, and 
the further developmental sequence is extremely variable. In a number of 
cases the fusion of these differentiated spores constitutes the sexual act. Of 
common occurrence in the yeasts is the fusion of ascospores in pairs while 
still in the ascus to reestablish the diploid phase [2] (Winge and Laustsen, 
1939) or, rarely, a dikaryon [4-13] (Guilliermond, 1940); a similar 
sexual fusion is known in many smuts, in which sporidia, or basidiospores, 
fuse to establish a stable dikaryon [4-13] (Bauch, 1925; Kniep, 1926). 

In many, if not all, of these cases, the spores germinate to establish 
clones of sexually competent unicells. The developmental sequence would 
then become [3-5] in the diploid yeasls and [3-6-13] in the smuts. 

The spores give rise in otber fungi to vegetative thalli or clones of 
vegetative cells prior to sexual activity. Vegetative cells may participate 
without any discernible sexual differentiation in either of two ways. In 
clonal, unicellular forms, such as many of the haploid yeasts, each individ
ual cell may function as a gamete (Guilliermond, 1940), but fusion be
tween such cells must be considered a somatic copulatory process [3-5]. 
In a large number of extensively developed mycelial forms, including the 
majority of the species of the Basidiomycetes, all vegetative cells of the 
thallus are capable of reciprocal somatic copulation to initiate the dikaryon 
[3-6-13) (Buller, 1924; Kniep, 1920, 1922). 

The remaining fungi produce sexual organs or gametangia, and these 
are almost invariably essential for sexual activity. The entire vegetative 
thallus may be differentiated at maturity into one or more gametangia, 
which may develop further in either of two different ways. The gametangia 
may undergo internal differentiation to produce uninucleate gametes which 
fuse in pairs, as in Blastocladiella [3-7-9-10] (Couch and Whiffen, 1942; 
Harder and Sorgel, 1938), or the gametangia may fuse without further 
differentiation, as in numerous monollagellate phycomycetes, such as 
Siphonaria [3-7-12] (Karling, 1945; Wager, 1913). 

In yet other forms, the sexual activity is relegated to gametangia which 
originate de novo as extravegetative structures. Three different patterns of 
further sexual development are found in these forms: gametangia may 
produce gametes which fuse in pairs, as in Allomyces [3-8-9-10] (Emer
son, 1941; Kniep, 1929); gametangia of one sexual sign may produce 
differentiated gametes which react sexually with gametangia of the opposite 
sexual sign, as in Neurospora (Backus, 1939; Shear and Dodge, 1927) 
and many rusts [3-8-9-11-13) (Buller, 1950; Craigie, 1942); the game-
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tangia, morphologically diffcrentiated in respect to sexual sign, or not, 
depending upon the species, may fuse directly with one another, as in 
Mucor and Rhizopus [3-8-12] (Blakeslee, 1904, 1920; Burgeff, 1924; 
Krafczyk, 1935) or Pyronema (Claussen, 1912) and Ascobolus (Dodge, 
1920) [3-8-12-13]. The developmental pattern of phycomycetes and most 
of the lower ascomycetes (Hemiascomycetesl differs from that of the 
higher ascomycetes (Euascomycetes) and basidiomycetes following plas
mogamy in that their nudei fuse immediately, whereas in the higher groups 
dikaryons are regularly formed. 

The dozen or so developmental and sexual histories sketched here are 
the more common types encountered among the fungi. Most forms fit com
fortably in one or the other of these patterns, but there are a number of 
cases that would be categorized variously according to the preferred inter
pretation of structural and behavioral characteristics. 

V. CORRELATIONS OF LIFE CYCLES, SEXUALITY, AND 
SEXUAL MECHANISMS 

The three principal facets of sex in fungi having been examined in some 
detail, it should now be possible to attempt some correlation between them 
and to approach some sort of integrated picture of the problem in its 
entirety. Such a correlation is attempted in Table I. In this table are shown 
the more frequent combinations of life cycle, sexuality, and developmental 
sexual history, as well as examples of these, chosen wherever possible 
from fungi which are relatively well known to biologists other than mycol
ogists. Patterns of sexuality and developmental histories have been 
bracketed within each type of life cycle; indication of the actual comb ina
t~.ons which are known to occur, however, would serve only to obscure 
the important conclusions that may he drawn from this body of in
formation. 

The most striking fact that emerges here is also one of considerable 
significance, namely, no rigid and inclusive correlation exists between the 
various combinations of sexual features and the universally accepted phylo
genetic groupings. To illustrate this: homothallism, possibly the most 
primitive of the various patterns of sexuality, occurs in conjunction with 
all types of life cycles, with practically all developmental histories, and in 
every major grouping from the most primitive phycomycetes to the most 
highly evolved basidiomycetes. 

In spite of the lack of any parallel progression from simple to complex 
life cycles, patterns of sexuality, and sexual mechanisms and morphological 
characteristics, there are certain tendencies that are worthy of mention. 
There is a very loose correlation between morphOlogical specialization 
and each of the three major facets of sexuality. 
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Life cycles, on the whole, become progressively more complex proceed
ing from primitive to more highly specialized groups. The haploid cycle 
predominates in the phycomycetes, the haploid with restricted dikaryon 
cycle in the ascomycetes, and the haploid-dikaryotic and the dikaryotic 
cycles in the basidiomycetes. The exceptions to this generalization, how-

Life 
cycle 
( cf. 

Fig. 2) 

A 

B 

C 

D 

E 

F 

Go 

TABLE I 
COMBINATIONS OF LIFE CYCLES, PATTERNS OF SEXUALITY, 

AND SEXUAL MECHANISM OCCURRING IN FUNGI 

Pattern of Sexual 
sexuality mechanism 

(ef. Fig. 3) (ef. Fig. 6) Example 

None None 

0 I 3-7-9-10 Synchytrium 
3-7-12 Siphonaria 

I 

r 
3-8-9-10 MOl1oblepharis 
3-8-12 Mucor, Eremascus 

IV ) ~5 Zygosacdwromyces 

0 } 3-8-12-13 Pyronema, Ascobolus 

III 3-8-9-11-13 Neurospora, Podospora 

0 

} Saccharomyces sp. 4-13 
1Il 3-8-9-11-13 Uredinales 
V 3-6-13 Gasteromycetes. 

VI Hymenomycetes. 
Ustilaginales 

0 } V 
4-13 U stilaginales 

0 } 3-8-9-10 Allomyces 

I 3-7-9-10 Blastocfadiella 

V 3-5 Saccharomyces sp. 

IV 2 Saccharomycodes 

a Achlya, Dictyuchus. Pythium, etc., patterns 0 and II, probably belong in this 
category, but sexual mechanisms cannot be specified on the basis of available informa-
tion. 

ever, are numerous, and, when considered in respect to probable phylo
genetic lines, they are more than a little puzzling. Haploid-diploid and 
diploid cycles, those cycles which would seem to be the most highly 
advanced of all, occur only in aquatic phycomycetes and in a number of 
yeasts. 

The pattern of sexuality in heterothallic species shows a similar progres-



15. Life Cycles. Sexuality. and Sexual Mechanisms 503 

sian. The role of sexual factors as the critical determinants of mating 
behavior is for the most part limited to the more primitive forms, partic
ularly aquatic phycomycetes, although there are a few cases of strict sexual 
dimorphism among ascomycetes. A single pair of incompatibility factors 
at a single locus possibly occurs in the more complex phycomycetes, the 
Mucorales, is very common among ascomycetes, and is frequently encoun
tered in the rusts and possibly the smuts of the Basidiomycetes. The 
essentiality of differentiated sexual organs would seem to follow similar 
broad phylogenetic lines: they are present and functional in practically all 
phycomycetes and most ascomycetes, except the yeasts, and absent in all 
basidiomycetes, except the rusts. 

Multiple-factor incompatibility is known only among members of the 
most highly evolved fungi, the Basidiomycetes, and is unquestionably the 
most efficient of all means evolved in the fungi to enhance outbreeding. 

This might suggest a sort of coupling of the culmination of incom
patibility control of mating behavior with a high degree of morphological 
development, particularly in the tetrapolar species, were it not for the 
,fact that species which are obviously closely related to such tetrapolar 
forms arc strictly homothallic and get along quite nicely with no restric
tions imposed by incompatibility factors. 

~ Sexual mechanisms and developmental histories are fairly constant 
-~~-within groups at the level of orders. There is also a tendency, in passing 

from primitive to highly evolved forms, to progress from gametic copula
tion through the loss of gametic differentiation in one sex or the other 
(gamete-gametangial copulation), to loss of gametic differentiation in 
both sexes (gametangial copulation), to the loss of sexual organs com
pletely and the ability of all vegetative cells to participate in sexual fusions 
(somatic copulation). The developmental histories of sexual aspects per se, 
furthermore, show a marked tendency toward simplification, probably 
through reduction, in most of the more highly evolved groups. 

VI. SUMMARY 

Sexual reproduction in fungi displays a tremendous range of variability. 
Recognition of three distinct features is necessary adequately to describe 
the role of sex in any single species. These facets are: (1) the life cycle, 
in which the critical events arc coincident with the initiation, the progres
sion, and the termination of the essential sexual process; (2) the pattern 
of sexuality, which determines self-fertility or self-sterility and, in the later 
case, the exact pattern of inter-individual fertility; and (3) the sexual 
mechanism, the means by which sexual fusion is accomplished within the 
restrictions imposed by the life cycle and pattern of sexuality. Seven types 
of life cycles, seven distinct patterns of sexuality, and about a dozen or 
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more basic kinds of sexual histories allow, in combination, a bewildering 
array of distinct sexual types. 

Although there is a very loose correlation between morphological 
specialization and each of the three major facets of sexuality, no rigid 
correlation appears to exist between phylogenetic groupings and the various 
combinations of sexual features. 
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I. INTRODUCTION 
~--

-The genetics of fungi is not a self-contained subject. A student of mycol-
ogy wishing to deal competently with genetic aspects of fungi needs some 
knowledge of hereditary processes as they occur in higher plants and 
animals and in bacteria and bacteriophages. He may reasonably expect to 
find the necessary background information in current textbooks of general 
genetics, some of which are completely adequate. Students primarily inter
ested in the genetics of insects, mammals, higher plants, bacteria, bacteria· 
phages, or protozoa, on the other hand, may not appreciate the genetic 
potentialities of fungi, or may not be able to review critically the data from 
experiments with fungi, because of insufficient knowledge of the sexual, 
morphological, and cultral characteristics of different kinds of fungi. They 
may logically expect to find the required background information in a series 
of volumes dealing with all aspects of the lives of the fungi. 

Information pertinent to genetic studies appears throughout the volumes 
of "The Fungi" in sections reviewing the morphology of vegetative and 
reproductive structures, nuclear cytology during meiosis and mitosis, sexual 
cycles and life histories, etc. lnasmuch as those reviews were not necessarily 
written with the aim of showing their relevance to genetic mechanisms it 
seems important to do so in this chapter. It is my hope that overlap with 
other chapters will be small, discrepancies minor, and viewpoints sufficiently 
dissimilar to warrant the duplication that does occur. 

No attempt will be made to catalog all kinds of genetic experiments that 
513 
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have been made with fungi, nor to list all species that have been used in 
genetic experiments. Instead, species representative of different groups of 
fungi (exclusive of the slime molds) will be used to illustrate important 
diversities that occur. Most attention will be paid to those species which 
have contributed most to the current understanding of genetic mechanisms. 
A more extensive coverage of various aspects of fungal genetics can be 
found in a recent book by Fincham and Day (1965). 

II. THE BASIC MECHANISM OF MENDELIAN INHERITANCE 

Mendelian inheritance, in the sense used in this review, includes all pat
terns of inheritance of characteristics controlled by the genes in the chromo
somes. The observed patterns of inheritance are dependent upon the loca
tions of the genes in the chromosomes and upop the detailed behavior of 
the chromosomes during the entire life cycle of the-species concerned. The 
basic mechanism of inheritance would be more nearly self-evident if there 
were a single invariable pattern of behavior of genetic elements within an 
individual and among all individuals of a species. As it is, the vast bulk 
of genetic and cytological observation is in accord with a single general 
mechanism, but one which can be modified by certain influences and 
severely upset by accidents. 

The principal problem encountered in deducing a basic pattern of nu
clear and genetic behavior arises from the difficulty in evaluating those 
observations which are discordant with a postulated basic pattern. Does an 
untoward event stem directly from the true basic pattern? If so, does it in 
any way invalidate a postulated pattern? Or does it supply information 
leading to a more complete understanding of a pattern under considera
tion? At present there is one generally accepted pattern of nuclear and 
genetic behavior which satisfactorily accounts for the great majority of 
observations in all nucleated organisms, including the fungi. There are also, 
especially in studies of fungi, a number of observed phenomena which are 
not directly predictable from this accepted pattern. Such phenomena will 
be examined for their importance to the accepted general mechanism of 
inheritance after it has been outlined. 

A. Critical Stages in Life Cycles 

The kinds of information available from genetic experimentation, the 
ease and accuracy with which genetic observations can be made, and the 
validity of the inferences drawn from such observations, all depend to a 
very considerable extent on details of nuclear behavior during the entire 
sexual cycle of the organism studied. Of the various phases succeeding one 
another throughout a life cycle, two are essential to studies of Mendelian 
inheritance: karyogamy and meiosis. Homologous sets of chromosomes 
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from the two parents are brought together in one nucleus at karyogamy, 
without which there would be no opportunity for segregation of, or recom
bination between, those genes in which the parents differ. Cytological 
observations alone are often sufficient to show that karyogamy has oc
curred, and has brought together two sets of haploid chromosomes. The 
two meiotic divisions can also be identified cytologically, as can pairing 
between homologous chromosomes to give an opportunity for crossing 
over. On the other hand, many of the details of genetic recombination and 
segregation which occur during meiosis cannot be directly determined, and 
must be inferred from genetic observation. The mechanism by which genetic 
recombination occurs is still not understood, though quite a lot is known 
about it. Hence, from a strictly genetic point of view, meiosis is the most 
critical stage in the life cycle of a species. 

A genetically ideal life cycle ,would be one in which it would be possible 
to know the exact genetic constitution of the two sets of homologous 
chromosomes which pair in the first meiotic division, and one in which the 
four products of the two meiotic divisions can be recovered and identified 
as to their relation to those two divisions. Among the fungi these conditions 
would be closely approximated in a life cycle in which no dikaryotic phase 
intervened between plasmogamy and karyogamy, in which no diploid phase 
'occurred between karyogamy and meiosis, and in which the four products 
of meiosis occur together in an order reflecting their relationships to the 
two meiotic divisions. The nearest approach to ideal among fungi which 
have been studied genetically is to be found in a few species of ascomycetes 
with linearly ordered ascospores. One of these, Neurospora crassa, will be 
used to illustrate the basic mechanism of Mendelian inheritance. 

B. Basic Pattern of Inheritance in Neurospora crassa 

1. Life Cycle 

The entire vegetative part of the life cycle of N. crassa is haploid, and 
consists of a freely branched multicellular mycelium in which there are 
perforated septa through which nuclei freely migrate. Asexual spores are 
of two kinds: macroconidia, 6-8 ft in diameter (Fig. la) with one to eight 
or more nuclei, usually three or two (Norman, 1951; Huebschman, 1952), 
and uninucleate microconidia, 3-4 ft in diameter. Strains with appropriate 
genotypes (Barratt and Garnjobst, 1949) produce microconidia exclusively. 

Heterothallism is governed by two alleles at the single mating-type locus. 
The alleles are remarkably stable, never having been observed to mutate. 
Strains of both mating types are hermaphroditic in that each can function 
as either female or male in crosses. The female sex organ is the ascogonium 
(Fig. Ib), consisting of a rather thick coil of a few oIigonucIeate cells, end-
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ing in a branched receptive hypha (or trichogyne), and enclosed in a wall 
of sterile hyphae to constitute the incipient ascocarp, or protoperithecium. 
No specialized male cells are produced, unless microconidia are so con
sidered, but conidia or any vegetative cells can serve as male gametes. 

Plasmogamy takes place through the attachment of a branch of the 
trichogyne to a conidium (Fig. 1 b) or other vegetative cell of opposite 

..• ~ 

FIG. J. Nllclear behavior at critical stages in the sexual cycle of Neurospora 
crassa: (a) portion of a conid.iophore wiLb macroconidia- the black dots represent 
nuclei of one mating type; (b) the fertile hypba (ascogonium) of a protoperithecium 
(incipient ascocarp)-the open circles represent nuclei opposite in mating type to 
(oose in the conidia, two of whicb are shown in association with the trichogyne, tr, 
of the ascogonium; (c) the same, after nuclei from the conidia have migrated into 
it; (d) conjugate divisions of nuclei of opposite mating type in the crosier; (e) 
origi.n of the ascus initial from the penultimate cell of the crosier; (f) and (g) 
fusion of baploid nuclei to fonn the diploid zygote nucleus; (h-k) successive nuclear 
divisions in the ascus-respectively the first meiotic division, the second meiotic 
division with spindles in tandem orientation, the third division which is a baploid 
mitosis, and the fourth division which is a haploid mitosis occurring in the young 
ascospores; (1) ascospore germination to form coenocytic hyphae. 

mating type. Nuclei from the male cell migrate through tbe trichogyne and 
establish a dikaryotic condition in the coil of the ascogonium (Fig. Ic) , 
from which dikaryotic ascogenous hyphae develop inside the wall of the 
growing peritbecium. (Judging by the number of asci and sterile cells pro
duced in a perithecium it can be estimated that at least seven and not mOre 
tban ten successive nuclear divisions usually take place in the relatively 
brief dikaryophase.) 



16. Mendelian 517 

The cytological details of all nuclear divisions, from those occurring in 
the crosier (Fig. Id) to those in the nearly mature ascospores (Fig. lk), 
have been very well established by studies of McClintock (1945), Singleton 
(1953), and others, and have been reviewed by Olive (1965). Only those 
features which are important to an understanding of genetic mechanisms 
will be noted here. The haploid set consists of seven chromosomes, each of 
which can be recognized by morphological characteristics. Karyogamy 
occurs in the penultimate cell of the crosier (the ascus initial). Meiosis 
occurs in the first two divisions of the zygote nucleus formed at karyogamy 
-there are no diploid mitoses intervening. In the second meiotic division 
the two spindles are parallel to the long axis of the ascus, and well separated 
(Fig. li) so that the two nuclei arising from one first division daughter 
nucleus are in one half of the ascus, the two from the other daughter nu
cleus in the other half of the as,<us. A third division, a haploid mitosis, then 
occurs in which there is rarely any overlapping of the diagonally oriented 
spindles. As a consequence the lines of descent of the nuclei in each of the 
eight ascospores produced (shown by the dotted lines in Fig. 1, g-k) can 
be inferred with considerable accuracy from the positions of the spores in 
the linearly ordered ascus. 

----.-
-2:-Genetic Confirmation of Events in the Life Cycle 

Whereas, conditions being appropriate, cytological observations can be 
made at any step in the procession of events making up the life cycle, 
genetic observations of segregation and recombination are possible only 
after the completion of all steps in the life cycle upon which these phenom
ena are dependent. Nevertheless genetic observations can often produce 
more evidence about details of the life cycle than can be gained by other 
known means. Evaluation of the significance of genetic observations is prob
ably simplest if the steps in the life cycle are considered in reverse order, 
beginning with the stage actually examined and progressing to more and 
more remote phases. 

a. Haploidy of the Vegetative Phase. Chromosome counts have demon
strated that haploidy is established at the end of the second meiotic division 
in the ascus and persists in the vegetative phase. In N. crassa there are 
seven chromosomes, the haploid number, in the eight nuclei about which 
ascospores are cut out (McClintock, 1945; Singleton, 1953), and in nuclei 
of the vegetative mycelium (Somers et al., 1960). Genetic confirmation 
comes from the observation that all alleles which are segregating in crosses 
produce their full phenotypic expression at or shortly after ascospore ger
mination or, with favorable mutants, in the ascospore itself (Stadler, 
1956a,b). In the normal course of events there is no masking of the pheno
type of one allele by the presence of its dominant alternative, as would 
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occur in diploid cells. (Infrequently both alternative alleles are included in 
a single ascospore. as in the pseudo-wild segregants mentioned below in 
Section II, B, 2, d.) The haploid nature of the vegetative phase is further 
verified by observed segregation in subsequent crosses of all alleles pheno
typically expressed in the parents of such crosses, and of no alleles not so 
expressed. 

b. First and Second Division Segregation. Segregation is known to occur 
during meiosis in all organisms in whieh Mendelian inheritance regularly 
occurs. In linearly ordered asci (see Fig. 1) it is possible to teII whether 
a pair of alleles have segregated at the first or second meiotic division from 
the positions within the ascus of spores carrying a particular allele. 

(1) Segregation of alleles at one locus. The eight linearly ordered asco
spores in the ascus occur in three principal patterns, each of which consists 
of two secondary patterns which differ only in the particular allele occupy
ing particular positions. For example:·the patterns produced in the segrega
tion of the alternative alleles band + (at locus b / +) are: 

(1) r bbbb++++ 
1. ++++bbbb 

(II-all. ) J bb++bb++ 
1. ++bb++bb 

(II-sym.) r bb++++bb 
1. ++bbbb++ 

First division segregation patterns (l) carry a particular allele in the four 
spores whose nuclei were derived from one of the two nuclei arising from 
the first meiotic division, i.e., the four spores at one or the other end of 
the ascus (Fig. 1). Whenever segregation fails to take place during the 
first meiotic division the two resulting nuclei are still heterozygous. Segre
gation at the second division is recognized by the genetic difference between 
pairs of spores at each end of the ascus. The order in which alleles occur 
may be the same in both ends of an ascus, reSUlting in a pattern in which 
the two kinds of spore pairs occupy alternate positions (II-alt.), or the 
orders may be reversed, resulting in patterns in which the distribution 
of each allele is symmetrical (II -sym.). 

(2) Segregation of alleles at two loci. Ascospore patterns resulting from 
the segregation of alternative alleles at two heterozygous loci, b / + and 
c/ +, can be predicted from the first and second division patterns of each 
pair of alleles, as illustrated in Table I. Three different ascospore patterns, 
called tetrad types, are produced. Parental ditype tetrads have two spore
pairs of one parental genotype, two of the other. Nonparental ditype 
tetrads have two spore-pairs with one recombinant arrangement of parental 
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alleles, two with the reciprocally recombinant arrangement. Tetratype 
tetrads have one spore-pair with alleles at both loci derived from one 
parent, one spore-pair with both from the other parent, one spore-pair 
with one recombination of parental alleles, and one with the complementary 
recombination, 

Whenever the segregation patterns of both pairs of alleles are of the 
same sort, j,e" both I, both II-alt., or both II-sym., the resulting tetrad 
type is either parental ditype or nonparental ditype. Whenever the patterns 
are of different sorts, i,e., one I and one II, or one II-alt. and one II-sym., 
tetratype tetrads are produced, 

(3) Frequencies of regular segregations. I am here using the term 
regular segregation to designate a 4:4 segregation of a pair of alleles, that 
is, asci in which each alternative allele is present in two spore-pairs. Ir
regular segregations, then, are those in which one allele is present in more 
than four spores, its alternative in less than four, resulting in ratios such 
as 6:2 and 5:3. It should be noted that when irregular segregations 01 
this kind are observed (see discussion of nonreciprocal recombination, 
Section III) they involve segregation occurring at only one heterozygous 
locus in asci in which regular segregation occurs at other heterozygous 
loci. 

Observed frequencies of irregular segregations are low, as indicated by 
the data from three representative studies which are summarized in Table 
II. A difficulty in estimating the frequencies of regular and irregular segre
gations arises from the amount of ascospore inviability that seems inevitahly 

TABLE II 

OnSERVED FREQUENCIES OF ASCI WITH REGULAR SEGREGATIONS 

Bole~Gowda 

Data Perkins (1962) etal. (1962) Prakash (1964) 

Heterozygous loci 6 7 11 

Total asci dissected 1406 3264 1940 
Analyzable ascia 1310 93.2% 2945 90.2% 1835 94.6% 

Regular segregations 1262 96.3% 2909 98.8% 1813 98.8% 

r (1004 54,7% )b 
4 tetrad members ( ]017 77.6% ) 

1. (442 24,1%) 

3 tetrad members (245 18.7% ) (367 20.0%) 

IrregUlar segregations 11 0.8% "\ 36 1.2% 22 1.2% 
Technical errors 25 1.9% J 
Incomplete scoring 12 0.9% 

(J Analyzablc asci are expressed as percentage of total asci dissected; types of segre
gation observed are expressed as percentages of analyzable asci. 

I> Both sister spores of aU four tetrad members Were analyzed. 
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to occur in all studies involving large numbers of asci. If irregular segre
gations are disregarded it is possible to deduce the genetic constitution 
of one missing tetrad member (i.e., one missing spore-pair) in instances 
in which the genetic constitutions of the other three tetrad members are 
known. Further, inasmuch as the two members of each spore-pair usually 
are completely identical in genetic constitution, known constitutions of one 
member of each of three spore-pairs are sufficient for complete ascus 
analysis. For many purposes the common practice of using all analyzable 
asci is certainly justifiable, but irregular segregation at some one locus can 
be estimated accurately only from asci in which germination is complete. 
Estimates based on a selected group of asci in which all eight spores were 
viable are subject to bias only if irregular segregation itself is likely to 
result in ascospore inviability. Although there is no evidence suggesting 
that such a relationship exists between irregular segregation (of the kind 
in question) and ascospore viability, there is also no direct evidence that 
it does not. [Chromosomal nondisjunction during meiosis ordinarily results 
in ascospore abortion rather than in inviability of normal appearing asco
spores (McClintock, 1945; Perkins et al., 1962) hence is not pertinent 
:0 this discussion.] 
...-f~chnical errors <as noted in Table II) are difficult or impossible to 
!Void completely, even in the best-regulated experiments. Included here 
ue such happenings as sporadic contamination, errors in dissection, mix
Jps between groups of spores discharged from different asci <when that 
technique is used), errors in transcription, etc. Such things are annoying 
Decause one can be a1most certain that they do not represent occurrences 
belonging to the investigation at hand, but not sufficiently certain to omit 
them from the tabulation of results. 

(4) Frequencies of disordered second division patterns. Observed fre
quencies of first and second division segregations would fail to give an 
accurate estimate of second division segregation frequencies if there was an 
appreciable frequency of overlapping of spindles in anaphase of the second 
meiotic division (or the equivalent displacement of nuclei after the second 
division). As illustrated in Fig. 2, following such spindle overlapping, first 
division segregations would appear as second division segregations with 
the alternating pattern, and second division segregations which should 
lead to the alternating pattern would appear as first division segregations. 
Second division segregations which should lead to the symmetrical pattern 
are unaffected. 

Data on observed second division segregation frequencies can be sub
jected to an algebraic treatment which considers three variables: the 
frequency of actual second division segregation, the fraction of second 
divisions which should lead to alternating patterns, and the actual fre-
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frequency of second division spindle overlapping (S. Emerson, 1963). 
Data from N. crassa indicate, by this trcatment, that there are no spindle 
overlaps and that orientations that should lead to alternating and sym
metrical second division patterns occur equally often. Data from Bom
bardia lunata by the same treatment suggest that overlapping second 
division spindles occur in nearly half of the instances. Although the alge-

n-sym U-sym 

FIG. 2. Changes in spore patterns resulting from overlapping second division 
spindles. At the left in each diagram, the ascus pattern correctly reflecting the divi
sion at which segregation occurred and orientation of alleles on second division 
spindles; at the right, the patterns resulting from spindle overl<:tpping. 

brak approach is indirect, its results are in agreement with cytological 
observations which show little possibility of spindle overlapping in Neuro
spora (McClintock, 1945; Singleton, 1953) and the considerable occur
rence of overlapping in Bombardia (Zickler, 1952). 

A more direct test for overlapping spindles in the second meiotic division 
depends on the relationship between crossing over and second division 
segregation, to be discussed below (Section II, B, 2, c). Following such 
overlapping there would appear to be a crossover between the centromere 
and genes on either side of the centromere which are most closely linked 
to it; and this should occur in each chromosome carrying appropriate 
genetic markers. With genes close to the centromere in both chromosorne 
arms the appearance would be that of a two-strand double exchange im
mediately surrounding the centromere. Among 1813 ordered asci analyzed 
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by Prakash (1964) there was only one ascus which could be interpreted 
as resulting from overlapping second division spindles, and this one only 
if there had been true crossing over in one arm of each of two chromo
somes (of three which were followed) of a kind exactly canceling the 
expected effects of overlapping. In total, genetic data indicate that there 
is no, or very little, second division spindle overlapping. 

Spindle 

overlap 

n-sym. IT-alt. I Tetratype 

1035 966 7037 864 280 

28 63 (Undetected) 13 

oo~o-o (Undetected) o 160 8 

?~----? (Undetected) o 

<>O~o-o (Undetected) 
1 ___ 

5 
__ 7 

3 o 

~o-o (Undetected) (Undetected) 3 

~~ o (Undetected) 

D. R, Stadler (unpublished) Howe (\956) 

• Including three asci in which ascospore disarrangement was more complex> 

FIG. 3. Numbers of observed asci with spore patterns showing different irregu~ 
larities attributable to the kinds of third division spindle overlapping diagrammed 
in the leftmost column. 

(5) Frequency oj disordered third division patterns. Spindles of the 
third (mitotic) division of the ascus in N. crassa have an oblique orienta
tion in the ascus, and there is some movement of nuclei following that 
division and preceding the division of the cytoplasm about the nuclei to 
form the ascospores (Singleton, 1953). It would thus not be too surprising 
if some disordering of nuclei occurred at this time. Disordered ascus pat
terns which are observed in rather low frequency can be most simply 
interpreted on that basis. Two sets of data which give some idea of the 
frequencies of disarranged patterns, and of the nuclear displacements 
probably responsible for them, are summarized in Fig. 3. Segregation at 
a single locus was followed in Stadler's study, at several loci in one chromo
some and at one locus in another chromosome in Howe's study. It should 
be noted that tetratype tetrads are adapted to the detection of all such 
disarrangements of spores because of the ease with which members of each 
spore-pair can be identified. 

c. Linkage and Crossing Over. Tetrads of meiotic products are not 
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needed for the detection of linkage---on the contrary, as shown by Perkins 
(1953), linked inheritance is usually more efficiently detected among 
strictly random products of meiosis than among tetrads. Genes are ob
served to be linked when recombination between them is significantly 
less than 50%. (Genes belonging to the same linkage group may be suffi
ciently distant from each other to prevent detection of linkage in the absence 
of other genes lying between them.) The linear order of genes within a 
linkage group is also efficiently determined from random meiotic products 
in appropriate three-point tests (involving simultaneous segregations at 
three linked loci) because the frequency of double crossovers (recombi
nants) does not ordinarily exceed the product of the frequencies of single 
crossovers in the two intervals involved (Sturtevant, 1913); hence the re
combination class which occurs in the lowest frequency is the one made 
up of double crossovers. 

Seven linkage groups have. been established in N. crassa (Barratt et al., 
1954) in agreement with the ·haploid number of chromosomes. Genetic 
and cytological studies (McClintock, 1945; St. Lawrence, 1952; Barry, 
1961; Perkins et al., 1962) in combination have permitted the identification 
of particular linkage groups with particular chromosomes as recognized 
by their morphological characteristics. 

(1) Characteristics of crossing over. Many of the more important 
cbaracteristics of the crossing-over process are completely undetectable 
in studies of random products of meiosis. The most valuable information 
relating to the mechanism of crossing over depends upon the complete 
genotypic identification of all members of tetrads of meiotic products. 

Following crossing over at a single level in a chromosome, two members 
of the tetrad are observed to be reciprocal crossovers, the other two non
crossovers. The inescapable inference from this observation is that crossing 
over occurs at the four-straud stage: that is, when the two homologous 
chromosomes are both divided into two sister chromatids; and that crossing 
over involves an exchange between only two of the four chromatids (be
tween one sister chromatid of each of the two homologous chromosomes). 

Following such single exchanges, observed ascospore patterns show 
that segregation at heterozygous loci on one side of the exchange takes 
place at the first meiotic division, and at the second division at loci on the 
other side of the exchange. When many different loci in a single linkage 
group are followed, single crossing over invariably results in second divi
sion segregation for loci which are nearest one or the other of the two 
ends of the linkage map. By this method it is possible to identify one 
region (point) on the map of each linkage group at which segregation 
always occurs at the first division. This point is identified with the cyto-
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logically observed centromere, which does not divide until the end of the 
first division, and to which both sister chromatids are attached through 
anaphase of the first division. Because of this relationship the centromere 
can be used as a genetic marker in linearly ordered tetrads. 

Four different tetrad patterns are observed to result from double crossing 
over when each exchange takes place between two heterozygous loci, as 
one between dl+ and el+ and one between el+ and fl+, as in Fig. 4. 

d e f 

d + f 

+ e + 
+ + + 

-
d e f 

d + + 
+ e + 
+ + f 

. . ' 

d e 

d + 
2 

+ • 3 
+ +-

4 

d e 

d + 
2 

+ e 
3 

4 
+ + 

+ 
+ 
f 

+ 
f 

f 

+ 

FIG. 4. Genetic compositions of tetrads of chromatids following two-strand 
(upper left), four-strand (upper right), and two kinds of three-strand (lower left 
and right) double crossing over. Sister chromatids of one chromosome are shown 
in black, those of the other stippled. Each pair of sister strands is represented as 
attached to a still undivided centromere; from which an arrow indicates the pole 
to which the two chromatids will pass at anaphase of the first meiotic division. At 
both levels of crossing over the double~headed arrows indicate the two chromatids 
taking part in crossing over, 

One tetrad pattern has two members which are non-crossovers, one carry
ing alleles from one parent, d e j, the other alleles from the other parent, 
+ + +, and two members which are reciprocal double-crossovers, d + f 
and + e +. Double exchanges responsible for this tetrad pattern are known 
as two-strand doubles because only two of the four chromatids have been 
altered by crossing over. Three-strand double exchanges result in tetrads 
in which one member is a double crossover, one anon-crossover, and two 
are single crossovers, one a crossover in one region and one a crossover 
in the other region. Two different patterns arise from three-strand 
doubles: they differ in that the non-crossover member in one has alleles 
from one parent whereas the non-crossover member of the other has 
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alleles from the other parent. All four members of patterns derived lrom 
four-strand double exchanges are single crossovers, of which two are recip
rocal crossovers in one region, two reciprocal crossovers in the other. 

Some additional points should be noted in connection with double ex
changes: (1) Segregation at a locus distal to a double exchange (I I + in 
the diagrams) takes place at the first division followiug two-strand and 
four-strand doubles, but at the second division following three-strand 
doubles. (2) Tetrad types produced by alleles at the heterozygous loci 
between which both exchanges have occurred (loci dl+ and 11+ in the 
diagrams) are parental ditypes following two-strand doubles, nonparental 
ditypes following four-strand doubles, and tetratypes following three-strand 
doubles. (3) From the situations noted in (1) and (2) it is evident that 
when there is no heterozygous locus between two exchanges (when e/+ 
is replaced in the cross by either el e or +1+), two-strand doubles would 
yield tetrads identical with those produced when no exchanges had oc
curred. Tetrad patterns resulting from three-strand doubles would be in
distinguishable from those arising from single exchanges. Only four-strand 
double exchanges produce a unique pattern, a nonparental ditype, recog
nizable as being derived from a double or multiple exchange. Consequently 
double exchanges can be identified with confidence only when both inter
vals involved (as dl+ to el+ and el+ to fl+ in Fig. 4) are so short 
that the chance of double exchanges within either interval is negligible. 

(2) Crossing over between sister chromatids. Inasmuch as sister chro
matids are genetically identical, crossing over between them cannot be 
detected under any normal circumstances. Whether or not they occur at 
all, or at what frequencies if they do occur, is unknown. The above dis
cussion and diagrams (Fig. 4) imply that no sister-chromatid crossing 
over does occur. It should be noted, however, that the same observed 
tetrad patterns could result from situations also involving sister-strand 
exchanges-for example, the possibility exists that only two of the original 
chromatids are involved in exchanges between homologs, but that ex
changes also occur between sister chromatids so that the patterns charac
terized as following from three-strand and lour-strand doubles would also 
occur. 

(3) Quantitative aspects of crossing over. A number of quantitative 
relationships connected with crossing over have been studied by the methods 
of tetrad analysis. These involve such things as the extent to which an 
exchange in one interval influences the probability of a second exchange 
in a neighboring region (exchange interference or chiasma interference), 
and the extent to which the strands involved in crossing over at one level 
influence the choice of strands taking part in an adjacent eXChange 
(chromatid interference). Inasmuch as these subjects have recently been 
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reviewed in some detail (S. Emerson, 1963), they will not be discussed 
further here, except to point out that there is a great deal of heterogeneity 
among the data obtained in different experiments. 

d. The Possibility of Premeiotic Recombination. It is quite generally 
believed that nothing ordinarily happens during the brief dikaryophase of 
Neurospora which could alter the genetic constitutions of the gamete 
nuclei (which fuse in the ascus initial) from the constitutions originally 
possessed by the parental nuclei entering the cross during plasmogamy. 
This belief is supported by the very general observation that segregation 
of all genes introduced by the two parents regularly occurs in all asci. 
Some examples reported by Mitchell (1963), in which there is sporadic 
segregation of some phenotypes in only a fraction of the asci in certain 
crosses, seem to contradict the generally accepted interpretation. These 
interesting observations will be discu~sed later (Section V). 

In a recent general review of crossing over in its many aspects, Wester
gaard (1964) concluded that there is at present no evidence excluding 
somatic recombination during the dikaryophase of N. crassa as a rare or 
even common Occurrence. It seems to me that the kinds of somatic re
combination known to occur in other fungi (see Chapter 18) would have 
been detected in genetic studies of Neurospora if any of them do occur 
in appreciable frequencies. (1) Diploid recombinant nuclei are expected 
to be homozygous at loci distal to the mitotic exchange in about half of 
all instances (see Chapter 18). If such diploid nuclei underwent meiosis 
in the ascus, in place of the completely heterozygous zygote nucleus ex
pected, they would be detected by the complete failure of segregation of 
some genes in the asci concerned. (It is possible, of course, that such 
occurrences might be reported as "technical errors'~ in the sense used in 
Table II above.) (2) If one or both of the nuclei fusing at the karyo
gametic step in the ascus initial were diploid, the resulting zygote nucleus 
would be triploid or tetraploid, thus leading to polyploid segregation 
patterns which are easily identified in most instances (S. Emerson, 1956). 
(3) Somatic recombination resulting from haploidization of somatically 
diploidized nuclei results in haploid nuclei in which some chromosomes 
were derived from one parent, some from the other (see Chapter 18). 
The chance that two such haploidized nuclei of exactly complementary 
composition would unite at karyogamy is exceedingly remote. All other 
combinations would result in homozygosity which would again be identified 
through the failure of expected segregations. (4) Finally, there is no evi
dence that genetic recombination occurs between nuclei of a heterokaryon. 
It is true that most heterokaryons studied are homokaryotic for mating 
type, instead of heterokaryotic as in the dikaryophase. Observations of 
Coyle and Pittenger (1964) strongly suggest that somatic recombination 
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in N. crassa requires the presence within a single nucleus of the partici
pating elements. They found that recombination did occur in pseudo-wild 
segregants at a time when the nuclei were presumably still polysomic, but 
did not occur in reconstituted heterokaryons composed of nuclei derived 
from the pseudo-wilds. 

e. Nuclear and CytoplasmiC Contributions at Plasmogamy 

(1) ReCiprocal crosses. As nuclei from conidia of one mating type 
pass down through the trichogyne into the ascogonial coil on a mycelium 
of opposite mating type, the possibility exists that no cytoplasm accompa
nies the nuclei from the conidia. Genetic tests by Mitchell and Mitchell 
(1952) proved that this inference is true: whereas chromosomal genes 
are transmitted equally through conidia and ascogonia, extranuclearly de
termined characteristics (see Jinks, 1964, and Chapter 19 of this volume) 
are transmitted only through the ascogonium. Reciprocal crosses, in which 
first one and then the other strain serves as the ascogonial (or maternal) 
parent, thus readily distinguish between the two modes of inheritance. 

(2) Number of functioning nuclei in the ascogonium. Cells in the 
ascogonial coil (Fig. Ib) have been shown to be oligonucieate (M. P. 
Backus, 1939, for N. sitophi/a), but whether only one or several of these 
nuclei take part in the further development of ascogenous hyphae has not 
been established by cytological studies. Genetic observations, of a kind 
capable 01 giving only minimal estimates, show that at least two nuclei 
from the ascogonium do function in some instances. In crosses in which 
the protoperithecial parent was a heterokaryon with nuclei of two different 
genotypes, segregation for genes from both kinds of nuclei was observed 
in four out of eight perithecia examined (Sansome, 1947). ln crosses 
between two appropriately marked heterokaryons (but in which plas
mogamy may have occurred before protoperithecial formation) two kinds 
of nuclei from one parent functioned in 5 of 50 perithecia in one cross and 
none of 33 in another (Grant, 1945). In none of these tests was it possible 
to tell whether more than one nucleus of a single genotype functioned in 
this manner. 

(3) Number of conidia functioning in development of one perithecium. 
The cytologica! illustrations of M. P. Backus (1939) show that the 
hranches of a single trichogyne become attached to different conidia. 
Whether or not nuclei from more than one such conidium actually function 
in further development of ascogenous hyphae in a perithecium can be 
determined only by genetic tests. Grant (1945) conidia ted protoperithecia 
of one mating type with a mixture of equal numbers of conidia of five 
different genotypes, all complementary in mating type to the protoperi-
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thecia! parent. From her data, which are summarized in Table III, it can 
be concluded that nuclei from more than one conidium rarely function in 
the development of asci in a single perithecium-in her experiments this 
occurred only once in about 30 perithecia. This frequency is derived from 
the sum of the squares of the frequencies with which each conidial type 
functions, giving the frequency, 25.8%, with which two conidia would have 
identical genotypes; hence any two conidia should be of different types 
in 74.2% of all instances, or in about 59 of the 79 perithecia tested
if nuclei from more than two conidia functioned in a single perithecium, 
a still larger proportion should have been detected in this experiment. 

TABLE III 
NUM1'II:R'3 Or CON1DlA FUNC'D.ONlNC, EFF£CI\\lELY 1N 'tHE DEVELO?ME,N1: 

Conidial 
genotypes 

Aureseent 
Cheesy 
Lysine 
Pantothenic 
Adenine 

OF ASCI IN INDIVIDUAL PERITHECIAa 

PerithecHl- segregating 
for genotypes of 

One Two 
conidial conidial 

genotypes genotypes 

27 (I) 

22 (2) 
10 (I) 
14 0 
4 0 

77 2 

Functioning frequencies 
of conidial 

Totals Squares 

0.346 0.1197 
0.296 0.0876 
0.136 0.0185 
0.173 0.0299 
0.049 0.0024 

0.2581 

a Equal numbers of conidia were mixed before conidiating trichogynes of opposite 
mating type. An average of 40 ascospores per perithecium were tested. Data from 
Grant (1945). 

I. Summary. The above description of known cytological and genetic 
features of the life cycle of N. crassa shows that there are still some aspects 
needing further study and understanding. On the other hand, this life 
history and its genetic implications are as well established as that of any 
other fungus, and much better than those of most fungi. From the control 
of hybridization at plasmogamy to the analysis of the segregating progeny 
fol1awing meiosis, most possible sources of error are known, and their 
probable magnitudes have been estimated. 

It is not my intent to represent Neurospora as the best possible species 
for the study of all genetic phenomena-it is not suited to studies of so
matic recombination, or of polyploidy, for example. It is, however, as well 
adapted to the study of normal meiotic recombination as any species so 
far studied; and it has been studied more thoroughly than any other species 
with similar advantages. 
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able importance to the evaluation of relationships between reciprocal and 
nonreciprocal recombination. 

Third division segregation has been observed to occur in two members 
of the same tetrad (Kitani et al., 1962). Each of nine instances of apparent 
ascospore disarrangement (see Section II, Fig. 3), following 4+:4m seg
regation of an ascospore color mutant, actually proved to be the result 
of third division segregations, once members of spore-pairs were identified 
through the presence of segregatiug loci on either side of the spore-color 
locus, and closely linked to it. 

B. lntragenic Recombination 

Studies of genetic fine structure are based on recombination between 
different allelic sites within the loci of single genes. In a cross between 
two different anelic mutants with the same nutritional requirement, as 
ml + X + m2, wild-type recombinants, + +, can be selectively isolated 
by their nutritional independence, making studies of rare occurrences 
feasible. Analysis of tetrads of Neurospora crassa in which interallelic 
recombination has occurred has been limited, but in the data available, 
most wild-type recombinants have resulted from gene conversion at one 
or both sites rather than from reciprocal recombination between them. Of the 
132 wild-type spores summarized in Fig. 5, only eight occurred in asci with 
patterns typical of reciprocal recombination between allelic sites. 

The different genotypic constitutions present in segregants with mutant 
phenotypes are identified in test crosses to strains of each parental geno
type. Segregants in which a single mutant allele is responsible for the 
mutant phenotype (say ml +) produce wild-type recombinants only in 
crosses to tester strains of opposite genotype (+ m2); segregants which 
are double mutants (ml m2) fail to yield wild-type recombinants in 
crosses to either tester strain. 

In Ascobolus immersus extensive studies have been made of recombi
nation between alleles producing colorless ascospores (Lis souba, 1960; 
Rizet et aI., 1961; Lissouba et al., 1962). The infrequent asci with wild
type (pigmented) spores are identified visually. In this species relative 
frequencies of reciprocal and nonreciprocal interallelic recombination vary 
considerably, as shown in the data summarized in Table IV. 

1. Polarity 

Among tetrads in whicb wild-type segregants have arisen by nonrecip
rocal interallelic recombination it is often observed that conversion occurs 
at different rates at the two heterozygous allelic sites. More surprisingly, 
observed conversion rates frequently depend less upon the specific site 
undergoing conversion than upon the particular second heterozygous site 
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with which it is associated. The most striking examples of this sort have 
been found at loci affecting ascospore color in A. immersus, in which there 
exists a strongly polarized control of gene conversion (Rize! et ai., 1961; 
Lissouba and Rizet, 1960; Lissouba, 1960; Lissouba et ai., 1962; Rizet 
and Rossignol, 1963). 

6 +: 2m1 5 +: 3ml 4 +: 4ml 3 +: 5m1 2 +: 6m1 

2 m1 + 4 ",1 + 6 ml + 
6 +: 2m2 2 + m2 2 + m2 2 + rn2 

4 + + 2 + + 

1 a 28 a, b, d 3 c 

2 m1 + 
5 +: 3m2 3 + m2 1',. 

3 + + -
1 c 

2 m1 + 2 ml m2 
1 ml m2 2 ml m2 

4 +: 4m2 4 + m2 
2 ",1 + 4 m1 + 4 m1 + 

2 + + 2 + m2 
3 m2 2 + rn2 

2 + + + 

30 a, b, c, d 4 b, c 1 c 1 c 

2 rnl m2 

3 +: 5m2 3 m1 + 2 m1 + 
5 + m2 3 + m2 

1 + + 

1 c 1 c 

2 ml + 2 ml m2 
2 +: 6m2 

6 + m2 2 m1 + 
4 + m2 

5 b, c 1 c 

F£G. 5. Ascus patterns resulting from interallelic recombination, arranged in 
columns according to segregation ratios occurring at site mIl + and in rows accord
ing to segregation ratios at site m2/ +. The numbers of spores of each genotype 
are shown in the upper portion of each rectangle; and below, the numbers of such 
asci observed by (a) Mitchell (1955), (b) Case and Giles (1958b), (c) Case and 
Giles (1964), (d) Stadler and Towe (1963). 

Complete polarization may exist in a large section of a locus. Such a 
region is known as a polaron. In the locus designated as series 46 (Lissouba 
et al., 1962), six allelic sites (i.e., excluding m277) constitute such a 
polaron. The six sites can be mapped in linear order by the frequencies 
of recombination occurring between each pair of sites. Analyses of recom-
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bin ant asci have shown (I) that reciprocal recombination within the 
polaron is very infrequent; and (2) that in each nonreciprocally recom
binant ascus analyzed the 6+:2m segregation invariably occurred at the 
site located nearer the right end of the map, 4+:4m at the site nearer the 
left end, whichever pair of sites was involved (see Table IV). 

TABLE IV 
RELATIVE FREQUENCIES OF RECIPROCAL AND NONRECiPROCAL INTERALLELIC 

RECOMBINATION AT DIFFERENT LOCI IN Ascobolus immersuS'~ 

Reciprocal Nonreciprocal 

Locus 

Series 46 

ab 

b ~ 
S~[Jes--'1'5 

Series 19 
c b 

d 

2 ml +,2 + It}2, 
2 ml 1112, 2 + +, 

1 
6 

39 

o 
230 

a Data from Lissouba et al. (1962). 

4 ml +,2 + m2, 
2++ 

154 
30 

84 

89 
242 

Ii a, Not involving crosses with m277; b, crosses with m277. 
C c, Crosses within groups; d, crosses between groups. 

2 m1 +,4 + m2, 
2++ 

o 
18 

34 

1 
50 

A curious quantitative relationship exists in relation to three sites, m63, 
m46 and mW, mapping in that order near the center of the polaron just 
referred to. In separate crosses to wild type, the frequencies of 6+ :2m 
seg:'egations per 1000 asci were 4.8 ± 0.4 for m63, 1.9 ± 0.6 for m46, 
and 3.9 ± 0.8 for mW (Lissouba, 1960, Table IX). On the other hand, 
6+:2m segregation for m46 was 0.53 (confidence limits 0.27-1.14) per 
1000 asci in the cross m63 + X + m46, and for mW only 0.74 (0.39-
1.44) in the cross M46 X mW (Lissouba, 1960, Table II). Observed 
frequencies of conversion at both sites are reduced by the presence of the 
second heterozygous site, but differentially, that on the left apparently 
being completely suppressed. 

Recombination between allelic sites occupying positions in different 
polarons of a single locus arc frequently reciprocal, and polarities often 
reversed (series 46b, 75, and 19d, in Table IV). Suggestions of even 
more complex structure of a locus have been reported (Rizet and 
Rossignol, 1963). In Neurospora crassa there are indications of polarity 
in interallelic recombination between members of two groups of sites within 
a locus (Case and Giles, 1958a,b, 1964; Stadler and Towe, 1963), but 
to a much lesser degree than in Ascobolus. 
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2. Recornbination between Outside Markers 

In many studies of interallclic recombination, use has been made of 
outside markers-that is, of heterozygous loci closely linked to and on 
either side of the locus involved in intcrallelic recombination. ]n all such 
studies, whether the intcrallclic recombination is reciprocal or nonrecip
rocal, recombination between outside markers is much more frequent 
among asci in which intcrallelic recombination has also occurred than 
among the population of all asci. Recombination between outside markers 
accompanying interallelic recombination frequently approaches, but rarely 
exceeds, 50% (Mitchell, 1955; Freese, 1957a,b; Murray, 1963; and many 
others), even jn examples in which normal recombination between the 
loci used as outside markers is n.ot more than 1 or 2 %. In all reported 
instances, the recombination between outside markers is reciprocal and 
segregation is 4:4 at both loci irrespective of the kind of interallelic re
combination occurring. 

TABLE V 
DISTRIBUTION OF WILD-TYPE INTERALLEUC RECOMBINANTS RELATIVE 

TO ASSOCIATIONS WITH OUTSIDE MARKERS<l 

Parental types Recombinant types 

Cross b tryp + + pan tryp pan ++ 
tryp ml + + 643 1749 560 1201 
+ + 1112 pan 

Iryp + m2 + 
ml 

1691 504 1105 444 
+ + pan 

a Data from Murray (1963). 
{> nll and 1112 arc alleJes of me-2, from different groups of sites of which ml is from 

a group nearer tryp than is m2. 

Polarity with respect to the particular type of parental or crossover 
chromatid most commonly associated with wild-type interallelic recombi
nants has been observed in all, or nearly all, experiments. In a population 
of selected wild-type interallelic recombinants, one parental arrangement 
of outside markers is usually more frequent than the other, and one re
combinant type more frequent than its reciprocal. This situation is illus
trated in the data summarized in Table V. The data are totals from 53 
crosses between 18 alleles, all giving results consistent with respect to 
polarity, but differing somewhat in the relative frequencies of the different 
classes. 

C. Significance of 4:0 Tetrad Ratios 

The complete failure of expected segregation at a particular locus re
sulting in 4+:0m or O+:4m tetrad ratios was observed in Saccharomyces 
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cerevisiae by Lindegren (1953) in crosses in whieh 3+: 1 m and 1+: 3m 
ratios also occurred. Similar occurrences in Saccharomyces are also re
ported in the data of R. K. Mortimer (summarized by Roman, 1963). 
Lindcgren concluded that both 3:1 and 4:0 tetrad ratios resulted from 
gene conversion. Because the preponderance of available genetic evidence 
indicated that one of the two sister chromatids of each homologous chro
mosome takes no part in a recombination event (Section II, B, 2, c), and 
because premeiotic recombination was known to occur in Saccharomyces 
and to result in segregation failure, there has been reluctance to accept 
4:0 tetrad ratios as valid products of gene conversion (S. Emerson, 1956; 
Roman, 1963). There are now a few data in the published literature which 
lend some credence to the idea that more than two chromatids may be 
involved in nonreciprocal recombination. Three such examples known 
to me are summarized in Table VI. 

In the ascus listed from cross I in Table VI (the type 5 ascus of Case 
and Giles, 1958b) the failure of B5 to segregate can hardly be due to 

_.premeiotic recombination jnasrnuch as a distal site within the same locus 
and a still more distal locus did not also become homozygous (see Chapter 
18). Homozygosity at site B5 could, of course, have resulted from back
mutation-it could also have resulted from gene conversion by a DNA 
repair mechanism (Section IV, B, and Fig. 10d). In the ascus listed from 
cross 2 (the single such aberrant ascus among 1457 observed by Case 
and Giles, 1964) only one chromatid has failed to be involved in non
reciprocal recombination-the chromatid present in the distal spore-pair. 
It is difficult to think of any interpretation of this ascus other than that 
three chromatids have been involved in gene conversion within the locus 
of one gene (see Fig. lOb). Similarly, the ascus with 7+:lg segregation 
listed from cross 3 [the only such ascus observed in about 200,000 ex
amined for irregular segregations of a spore color mutant by KHani ef al. 
(1962)) strongly suggests that more than two chromatids were involved 
in gene conversion at a single allelic site (see Fig. 10c). If genotypic 
determinations of all eight members of this ascus were not made, the 
possibility of phenocopies, such as observed by Stadler (l956a) in Neuro
spora, and Lissouba (1960) in Ascobolus, cannot be disregarded. 

IV. HYPOTHETICAL MODELS OF RECOMBINATION 

An acceptable general hypothesis of genetic recombination must account 
satisfactorily for a large number of observed characteristics of crossing 
over, gene conversion, and related chromosome behavior. A number of 
these characteristics, especially as they relate to tetrad patterns in the 
fungi, have been referred to earlier (Sections II and II!). A more complete 
survey of factors important to interpretations of genetic recombination as 
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III. NONRECIPROCAL RECOMBINATION 

Tetrad ratios other than 2:2 in the segregation of alternative alleles al 
a heterozygous locus were postulated by Lindegren (1953) to result from 
gene conversion, a phenomenon of "directed mutation occurring at meiosis 
as a result of the effect of homologous alleles upon each other"-Lindegren 
(1955). Since then the same phenomenon has been identified in a number 
of fungal species; Lindegren's interpretation of the phenomenon has been 
confirmed; and knowledge of the characteristics associated with it have 
been considerably extended. The term "nonreciprocal recombination," now 
commonly applied to this phenomenon, derives from the finding (Mitch.!!, 
1955) that recombination between different pairs of heterozygous alleles 
of a single gene is frequently nonreciprocal: a wild-type recombinant is 
commonly produced unaccompanied by the expected complementary double 
mutant. (In the cross ml + X + m2, in which ml! + and m2! + are 
heterozygous allelic sites within the locus of one gene, nonreciprocal re
combination results in a tetrad such as ml +, ml +, + m2, + +, in which 
segregation is 2:2 at one allelic site, 3: 1 at the other, with no double mutant 
member, m! m2.) 

Charactaistics of nonreciprocal recombination vary somewhat from 
species to species, from one gene to another within a species, and even 
between allelic sites within a gene. On the other hand, the similarities 
between species, genes and alleles, are equally noteworthy and appear to 
become more numerous as studies of nonreciprocal recombination are 
extended. 

A. Conversion Ratios at One Allelic Site 

In nonreciprocal recombination, the most commonly observed tetrad 
ratios are 3+:1111 and 1+:3m in four-spored ascomycetes such as Sac
charomyces cerevisiae (Lindegren, 1953; Roman, 1963). The equivalent 
ratios, 6+:2m and 2+:6m, are similarly the most commonly occurring 
in eight-spored ascomycetes such as Ascobolus immersus (Rizet et al., 
1961; Lissouba et al" 1962), Neurospora crassa (Case and Giles, 1958a,b, 
1964; Stadler and Towe, 1963), and Sordaria fimicola (Kitani et aI., 
1962). 

The ratios 5+:3m and 3+:5m, which are detectable in eight-spored 
ascomycetes (Olive, 1959), have been observed to occur much less fre
quently than 6:2 or 2:6 at most allelic sites (Lissouba et al., 1962; Stadler 
and Towe, 1963; Case and Giles, 1964), and equally frequently at other 
sites (Kitani et al., 1962). These ratios (5:3 and 3:5) result from third 
division segregation in one spare-pair, an occurrence not in accord with 
the basic genetic mechanisms described in Section II-hence of consider-
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observed in all higher organisms has recently appeared in a publication by 
Westergaard (1964), to which the reader is referred for essential back
ground information and for references to the literature pertaining to it. 

Current hypotheses of recombination mechanisms attempt to account 
for crossing over and gene conversion on a molecular basis. Known 
characteristics of the structure and behavior of deoxyribonucleic acids 
(DNA) have been used in developing two different kinds of models of 
genetic recombination: the "switch" or "copy choice" models, and "repair" 
models. 

A. Copy Choice, or Switch, Models 

The copy choice, Of switch, 'Interpretations place recombination at a 
DNA replication occurring while homologous chromosomes are paired. 
The replicating base chains are postulated to switch from one template 
to another derived from the chromosome homologous to the first. Both 
reciprocal and ,nonreciprocal recombination could result from such 
switches. This interpretation has been used by most investigators to ac
count for observed patterns of nonreciprocal recombination (Lissouba 
et al., 1962; Kitani et al., 1962; Stadler and Towe, 1963; Case and Giles, 
1964). On the other hand it has been difficult by this hypothesis to ac
count for all the different kinds of segregation patterns that have been 
observed; and some details in the timing of DNA synthesis are difficult 
to reconcile with copy choice interpretations. For a summary of the diffi
culties and apparent inconsistencies that have been encountered in appli
cations of these models the reader is referred to the review of Westergaard 
just cited. 

B. Repair Models 

A repair mechanism, whereby mispaired bases in a DNA double helix 
undergo a replacement of one such base by that complementary to the 
other, has been suggested as the basis of gene conversion by Holliday 
(1962, 1964) and by Whitehouse (1963). In both proposed models 
crossing over and gene conversion arc interrelated. Of the two, Holliday's 
model is the more restrictive, hence better suited to quantitative predictions. 
The model to be described here is essentially the one he proposed, but 
with a few additional restrictive modifications to make comparisons of 
observed and expected recombination patterns somewhat easier. 

Knowledge of DNA repair mechanisms, while rapidly increasing, is 
still too incomplete to be very useful in the evaluation of recombination 
models. For a report on the current status of this subject the reader is 
referred to a review by Horowitz and Metzenberg (1966). It should be 
noted here, however, that the dark repair mechanism takes place in two 
steps. First there is an enzymatic reaction which removes a considerable 
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number of bases from one strand of a double helix, including the damaged 
bases (thymine dimers in the most studied cases). There follows a resyn
thesis (presumably enzymatic) of the excised region, making use of the 
intact strand of the double helix as a template. 

1. The Model 

Recombination is postulated to occur during the prophase of the first 
meiotic division at a time when each homologous chromosome consists 
of two sister chromatids and after premeiotic DNA synthesis has been 
completed. At this time each chromatid is assumed to consist of a linear 
sequence of DNA molecules joined end-to-end through "linkers" (lk in 
Fig. 6). It is further supposed that alleles capable of undergoing conversion 
differ from wild type by substitution of a single base pair. In the diagram, 
in Fig. 6 such a wild-type base pair is represented by A-B, and the mutanl 
allele at that site by X -Y. 

Hybrid DNA double helices arise in the following way: the two strands 
of a double helix sometimes become separated from one another by the 
dissociation of one end of one strand (here restricted to the end illustrated 
as an arrowhead in Fig. 6) from the linker, followed by uncoiling of the 
free end. Simultaneous separations at the same end of corresponding DNA 
molecules of two nonsister chromatids (Fig. 6, a or d) offers the oppor
tunity for the free ends to reassociate with the complementary strands 
of the homologous chromatids (Fig. 6, band e). The two chromatids in
volved in this switch have parental DNA helices at one end of a molecule 
and hybrid helices at the other. A half-chromatid chiasma is formed where 
the uniparental helices become biparental. 

The integrity of the chromatids is restored by breakage and reunion of 
two of the base chains involved in the half-chromatid chiasma. If this 
half-chromatid crossover occurs between the chains shown to cross in 
Fig. 6, band e, the restored chromatids are nonrecombinant for tbe outside 
markers mal + and col + (parental combinations are rna co and + +). 
If half-cbromatid crossing over involves tbe other two base chains, true 
crossing over results, with the production of the reciprocally recombinant 
chromatids rna + and + co (Fig. 6, c and f). Reciprocal recombination be
tween outside markers might well occur in half of all instances in which half
chromatid chiasmata occur. In the absence of a heterozygous site within 
the region of hybrid DNA such crossing over would be unaccompanied by 
gene conversion. 

Mispaired bases result whenever a heterozygous site is present in a 
region of hybrid DNA. Such a heterozygous site is shown in the diagrams 
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FIG. 6. Diagrams illustrating the origin of hybrid regions in DNA molecules. 
Chromatids are represented as double-stranded DNA in which base pairs are shown 
as black dots connected by crossbanding in two sister chromatids, and as open 
circles in the sister chromatids of the homologous chromosome. Polarity of base 
chains is indicated by the arrowheads at either end of a molecule. A linear series 
of such molecules is joined end-te-end by linkers, lk. X-Y, the base pair of mutant 
alle1e g, A-B, base pair at the same site in the Wild-type allele, +; ma, mutant allele 
at a linked locus on one side of g; co, mutant allele at a linked locus on the other 
side of g. 

a and d, separation of base chains of common polarity in two homologous chroma
tids at the linker at one end of the molecule in a, at the other end in d; band e, 
reassociation of separated base chains with complementary chains of their homo
logs to produce regions of hybrid DNA with mispaired bases A-Y and B-X at the 
included heterozygous site gl + - a half-chromatid chiasma is shown by the crossing 
of two base chains at the point where DNA molecules become hybrid; c, and f, 
recombination between the outside markers resulting from the resolution of the 
half-chromatid chiasma by breakage and reunion of the two outside base chains at 
points indicated by the small arrows in diagrams band e, to produce a true, or 
whole-chromatid, chiasma. Resolution of the half-chromatid chiasma by breakage and 
reunion of the two base chains shown to cross in diagrams band e produces no ex
change between outside markers-the resultant configuration is not illustrated but 
can be easily visualized from the diagrams by replacing the cros~ed lines with vertical 
lines connecting adjacent open and solid circles, 
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in Fig. 6, in which the wild-type allele is represented by the base pair 
A-B, the mutant allele of that site by X-Y. The hybrid sites in the hybrid 
regions of the two chromatids differ in base constitution, being A-Yin 
one and B-X in the other. Both hybrid base pairs must be noncomple
mentary. It should be noted that when the hybrid DNA is at one end of 
the molecule the relation of A-Y and B-X to outside marker alleles is 
just the reverse of that occurring when hybridity is at the other end of the 
molecule, except when crossing over has occurred between the outside 
markers. The different kinds of conversion patterns expected on this model 
will be illustrated in connection with specific examples. 

2. Conversion at a Single Allelic Site 

All possible segregation patterns which can be predicted from the DNA 
repair model just outlined have been observed in segregations of a spore 
color mutant (g, for gray spores) at Sordaria fimicola (Kitani et al., 1962). 
These patterns together with the kinds of DNA repair expected to pro
duce them are summarized in Table VII. 

The kind of repair occurring depends on which mispaired base at a 
heterozygous site is excised (whether A or Y at A-Y, B or X at B-X, in 
Fig. 6), as wel] as whether or not any excision occurs at a heterozygous 
site. Each such alternative has some probability of occurring. The fraction 
of instances in which there is no correction of mispairing at site A-Y can 
be represented by I-p, the fraction with repair to wild type (A-B) as pr, 
and to mutant (X-Y) as p(l-r); and at site B-X the uncorrected fraction 
as I-g. the fraction repaired to wild type as qs, and to mutant as q(l-s). 
Algebraic expressions for the probabilities of occurrences of combinations 
of alternatives expected to produce each specific segregation pattern are 
listed in Table VII under the heading "Expected fractions." 

From comparisons of observed frequencies of the various patterns with 
the hypothetical probability of each it can be shown that the two hetero
zygous sites actually do differ in frequencies of repair, and that they are 
even more different in the relative frequencies in which such repair results 
in a wild-type allele rather than a mutant allele. From the relative fre
quencies of asci with 5+:3g and 3+:5g segregations, 

p(l-q)r+(l-p)qs 108 

p(l - q)(I- r) + (1 - p)q(1 - s) 20 

q(32s - 27) 
p = --::-:---:-':---::-o.,---,---::c::----::-:

q(32r + 32s - 54) + 27 - 32r (I) 
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And from the relative frequencies of asci with 5+:3g and 6+:2g segre
gations, 

p(l-q)r+ (l-p)qs 108 

pqrs 98 

q(49s) 
p = ---;--:;:---:-::----:o-:--,----:c:-

q(49r + 49s + 54rs) - 49r 

By equating values for pin Eqs. (1) and (2), 

s~r 

q = s - r - 1.1 02rs + 1.306rs' 

" 

(2) 

(3) 

From the relative frequencies of asCkwith 6+ :2g and 2+ :6g segregations, 

pqrs 98 

pq(l-r)(I-s) 13 

98 - 98s 
r= 

98 - 85s 
(4) 

Hence, for any values of s, unique values are also obtained for r [from 
Eg. (4) 1, for q [by substituting s for r in Eq. (3)], and for p [by substi
tuting s for r and for q in either Eq. (I) or (2)]. A summary of the valid 
corresponding values for the four parameters is shown in the graphs in 
Fig. 7. 

No set of corresponding values for these parameters, however, predicts 
asci of the pattern ++ +g +g gg in as great a frequency as that observed. 
On the basis of a set of values predicting a maximum number of asci of 
that pattern, observed and expected numbers of all ascus patterns are 
compared in Table VIII. Inasmuch as the observed frequency of the di
vergent class is based on a somewhat different set of data from that used 
for frequencies of other classes, the discrepancy from expected can be 
considered to be unimportant (P = 0.35). 

The identification of the particular ascospores carrying the alleles which 
were altered by conversion depends to a considerable extent upon which 
mechanism of gene conversion is adopted. This difference with respect to 
6+:2g. and 5+:3g segregations is shown in Fig. 8, making use of asci 
in which reciprocal recombination has occurred between the outside 
markers mal+ and col+ (the cross being ma g co X + + +) as an aid 
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in identifying the nonrecombinant chromatids. Further, the exact posItIOn 
at which recombination between outside markers has occurred can ap
parently be determined on one interpretation but not on the other. The 
patterns presumed to exist if alleles had not been changed by conversion 

~O.8 

~ 
~ 

LI... 0.7 

0.6 

0.\ 0.2 
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0.3 
s 

0.4 0.5 0.6 

FIG. 7. Expected frequencies of repair at hybrid site A-Y (p), and of those re
paired the expected fraction becoming wild type (r); and the expected frequencies of 
t:~pai-l-at hybrid site B-X (q); all with respect to the fraction of repairs at B-X which 
become wild type (s). 

" 

TABLE VIll 
NUMBERS OF AsCI WITH DIFFERENT CONVERSION PATTERNS OBSERVED, 

t\_NO NUM.l\ERS. EXt>EC-r-Ell 

Ratio Pattern Observed4 Expectedb 

6+:2g ++ ++ ++ gg 98 98.3 
2+:6g ++ gg gg gg 13 13.0 
5+:3g ++ ++ +g gg 108 107.8 
3+:5g ++ +g gg gg 20 20.0 
4+:4g ++ +g +g gg 9 4.5 
4+:4g ++ ++ gg gg ? 156.0 

See Table VII. 
/) Number expected when repair occurs at site A-Y at a frequency of 93.5% (p;;;:; 

0.935) of which 92% are changed to wild-type alleles (r = 0.92), and repair at site 
B-X is 71% (q=0.71) of which 40% become with type (s=OA). 

show crossing over between g and co on a copy choice interpretation 
(right-hand column of Fig. 8), but equally probably between g and cO 

or between rna and g on the repair interpretation (left-hand column~ 
compare Fig. 6£ with 6c). 
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3. The Polaron 

In the earlier discussion of the polaron (Section III) it was noted that 
observed conversion frequencies at a heterozygous site were strongly in
fluenced by the presence of a second heterozygous site and that the extent 
of the influence was determined by the relative positions of the two sites. 
No conversion at all was observed at the site mapping to the left, and 

Presumptive Change due Observed Change due to Presumptive 
pattern to repair pattern copy choice pattern 

6+: 2g 

+ + + + + + + + + 
+ + + + + + + + + 
+ + co + + co + + co 
+ g co + + co + + co 

rna + + rna + + ma g + 
rna g + rna + + mo g + 

"-rna g co rna g co rna g co 
~ 

rna g co rna g co rna g co 

5 +: 3g 

+ + + / + + + + + + 
+ + + + + + + + + 
.;- + co + + co + + co 
+ g co + + co + + co 

ma + + rna + + rna g + 
ma g + rna g + rna g + 
ma g co rna g co rna g co 
ma g co ma g co rna g co 

Pm. 8. Identifications of spores carrying aUeles produced by conversion. Linearly 
ordered asci with 6:2 and 5:3 segregations at g/+ are shown in the center column 
as actually observed. The patterns presumed to show the genotypes existing if no 
allele had been altered by conversion ace represented in the outside columns-those 
to be altered by DNA repair on the left, those to be altered according to earlier inter
pretations on the right. 

(provided the sites were closely linked) was much less at the site mapping 
to the right than when it was the only heterozygous site present. 

This double relationship is predictable from the DNA repair model 
described. The Ascobolus crosses had the alleles in repulsion: ml + X + 
m2. InteraIIeIic recombination was detected by the production of pig
mented wild-type (+ +) spores. As pointed out by Holliday (1964), 
with base-chain separation starting at the right end of the polaron, sites 
close to the right end would be included in regions of hybrid DNA more 
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often than sites farther to the left. Hence the rightmost of two hetero
zygous sites could undergo repair without a site to the left being affected. 
For the site to the left to be included in a heterozygous region of DNA, 
the site to the right must also be included. With both sites included, the 
excision of a large number of bases from one chain would frequently re
move one base at each mispaired site, especially if they are closely linked. 
To leave one intact chain to serve as a template in resynthesis, excised 
bases at both sites must be from the same chain. Removal of the mutant 
base at the left site would then coincide with removal of the wild-type 
base at the right site so that the repaired double helix in becoming wild 
type at the left site would become mutant at the right, thus obscuring the 
conversion at the left site. It follows then that only sites to the right would 
appear as wild-type convertants, and a considerable fraction actually con
verted could be obscured by simultaneous conversion at the closely linked 
site on the left. 

4. Heterozygosis at Three Allelic Sites 

Case and Giles (1964) made complete genetic analyses of 1457 asci 
from crosses involving allelic sites in the pan-2 locus of Neurospora. They 
observed 13 asci in which interallelic recombination had occurred. Of 
these, 11 could be straightforwardly interpreted on a copy choice model. 
These 11 can also be simply interpreted on the repair model (Fig. 9). 
The two not fitting a simple interpretation of the copy choice model can 
also be accounted for by the repair model (Fig. 10, a and b). One of these 
(a) requires base-chain separation at both ends of the DNA molecule 
with at most only a relatively short central region of parental DNA re
maining between two hybrid regions. The second (b) requires involve
ment of three chromatids in one of which the base chains have again 
separated at each end of the molecule to become associated with a base 
chain from one homolog at one end, with one from the other homolog at 
the other end. 

Also included in Fig. 10 are diagrams of the other two asci cited earlier 
(Section III, C) in which more than two chromatids were involved in 
interallelic recombination. Both (Fig. 10, c and d) can be simply accounted 
for by the repair mechanism, but identical events must be assumed to have 
occurred, each involving two pairs of homologous chromatids. 

v. POSSIBILITY OF EPISOMIC INHERITANCE IN FUNGI 

Segregations occurring in tetrads of meiotic products are nearly always 
those that are expected from the known chromosomal behavior in the 
species studied (Section II). Exceptional patterns of segregation are most 
frequently those expected to result from gene conversion (Sections III and 
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FIG. 9. lnterallelic recombination patterns as interpreted on the DNA repair 
model. Regions of hybrid DNA originate as diagrammed in Fig. 6. Only the two 
chromatids actually involved are here represented (the two center chromatids in 
Fig. 6)-the other two retain their respective parental constitutions. Recombination 
and the failure of recombination between outside markers occur as described in 
the legend to Fig. 6. 

Both bases of a mutant allele are represented by the allelic designation, 23, 72, 
or 36; and both bases at corresponding sites iI1 wild type are designated by + -
the site concerned being evident from the position in the chromatid. Dotted rectangles 
enclose regions of single base chains which are excised. Excised bases are replaced 
by the bases characteristic of the alleles opposite them in hybrid DNA 

The patterns illustrated represent those reported by Case and Giles (1964): a, 
with recombination (between outside markers), asci 9S and 710; b, with recombina
tion, asci 153 and 545, without recombination, asci 497 and 1021; C, without re
combination, ascus 583; d. with recombination, aSCUS 78; e, with recombination, ascus 
565, without, ascus 581; f, with recombination, ascus 614. 
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IV). There remains, however, a relatively small residue of atypical segre
gations which occur sporadically in crosses in which only standard types of 
segregation are observed in other tetrads-even for othcr segregating 
characteristics in tetrads in which atypical segregations were noted. 
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FIG. 10. Complex interaUelic recombinations as interpreted by the DNA repair 
model. Conventions are the same as in Fig. 9 except that all four chromatids are here 
represented. Illustrated are: a, ascus 529 of Case and Giles (1964), segregation ratios 
are 6+:2m at site 23, 5+:3m at 72, and 3+:5m at 36-recombination between 
outside markers did occur in this ascus, but between the two homOlogous chromatids 
not involved in interallelic recombination; b, with no recombination between outside 
markers, ascus 43 from the same study, ratios 4+ :4m at 23, 3+ :5m at 72, at 36 
4+:4m, but with third division segregation-see cross 2 in Table VI; c, the ascus 
with 7+:1g segregation reported by Kitani et al. (1962)-see cross 3 in Table VI; 
d, the type 5 ascus of Case and Giles (l958b), ratios 8+:0m at 5, 4+:4m at 3-
see cross 1 in Table VI. 

Aberrant segregation patterns of this sort often place the investigator 
in an awkward position: there is frequently no way of knowing in par
ticular instances whether the observed discrepancy is real or was the re
sult of an experimental error of one kind or another. It is usually only 
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when similar aberrations recur in related crosses that he is persuaded that 
they must be real; and it is probably only in such circumstances that any 
experimental verification of their validity is possible. The atypical segre
gations reported by Mitchell (1963) constitute a case in point-possibly 
also those reported by Threlkeld (1962). Their observations show points 
of resemblance to examples of episomic inheritance sufficient to warrant 
consideration of that interpretation. 

Episomes (Jacob and Wollman, 1958) are hereditary determiners 
possessing two modes of inheritance, one in association with definite loci 
in the linkage map, the other as an extrachromosomal element. The exis
tence of episomes has been definitely established only in bacteria. Genetic 
and phenotypic properties of known and suspected episomes differ to a 
considerable extent from one example to another. For a discussion of the 
general and diverse natures and properties of episomes the reader is re
ferred to reviews by Jacob et af. (1960) and by Campbell (1962). 

Examples of possible episomic inheritance in Neurospora are too poorly 
established to warrant detailed description at this time. Instead, some of 
the characteristics exhibited by presumed examples will be noted. (l) 
An unexpected phenotype appears sporadically in the progenies of related 
crosses, usually in occasional asci from a few perithecia, and often in fewer 
than half uf the ascospores of an ascus. When carried through further 
generations of crossing, regular 4: 4 segregation occurs in all asci. (2) A 
characteristic which had previously segregated regularly appears with an 
altered phenotype in some segregants. When such segregants are carried 
through a further generation of crossing the characteristic is rapidly lost, 
failing to appcac at all among the progeny from some perithecia, and ap
pearing only in a few spores of a fraction of the asci in other perithecia. 
(3) A phenotypic characteristic which is transmitted vegetatively as a 
strictly nuclear element, as determined by the heterokaryon test, is re
covered among segregants from a cross in an unstable form, from which 
stable forms can sometimes be recovered by vegetative isolation. 

Because fungi have defined nuclei, which bacteria do not, some differ
ences in episomic inheritance may be expected. In Neurospora, divisions 
of vegetative nuclei differ in important respects from the divisions of nuclei 
in the ascus. fn the two meiotic divisions (also in the third, mitotic, divi
sion in the ascus?) the nuclear membrane breaks down and the nucleolus 
migrates into the cytoplasm, where it degenerates. In mitoses of vegetative 
nuclei as followed by phase contrast (S. Emerson, 1966) the nuclear mem
brane persists throughout division, stretching into a threadlike structure 
between the separating daughter nuclei before breaking, and the nucleolus 
divides by fission, half being retained in each daughter nucleus. The third 
characteristic attributed above to episome-like inheritance may be related 
to this difIerence in nuclear behavior. 
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VI. GENETIC CHARACTERISTICS OF SELECTED FUNGI 

A. Life Cycles 

1. Phases of the Life Cye/e 

549 

Not all fungi go through the same phases, or stages, in their life cycles. 
There is, however, a generalized sequence consisting of haplophase, plas
mogamy, dikaryophase, karyogamy, diplophase, meiosis, haplophasc, and 
so on. Many fungi do not have all these phases; but all phases that do 
occur invariably follow one another in that sequence (see Chapter 15). 
Each phase is of some importance to genetic studies. 

a. Haploplzase. All genes present in haploid forms are freely expressed 
without regard to dominance .which phenotypically masks the presence 
of recessives in diploid tissues or phases. Segregation of and recombination 
between genes are directly observable in the haploid phase of the gener
ation following crossing. If the haplophase were absent (as in higher plants 
and animals) a backcross of the first (hybrid) diploid generation to a 
multip1e-recessive tester stock would be necessary for obtaining equivalent 
information. Haploid cells are advantageous for obtaining and isolating 

~-mutations and for establishing genotypically pure lines. 
b. Plasmogamy. Plasmogamy brings together in a single cell the nuclei 

of the two parents of a cross. This is the step at which control of hybridiza
tion is accomplished. Whether or not reciprocal crosses, in which onc 
parent contributes only a nucleus, the other both nucleus and cytoplasm. 
can be made depends to a considerable extent on the nature of the cens 
which unite in plasmogamy. 

c. Dikaryophase, Karyogamy, and Diplophase. Tn the dikaryotic phase 
of a life cycle, nuclei descended from the two parental nuclei associated 
in plasmogamy (or from pairs of such parental nuclei) are carried along 
together until karyogamy. In dikaryotic hyphae in which each cell contains 
only two nuclei (as in most basidiomycetes) the cytologically observed 
conjugate divisions of nuclei at each cell division demonstrate that nuclei 
of both parental origins are in fact carried along together throughout 
this phase. In fungi with coenocytic hyphae or in those like Neurospora 
with several nuclei per cell, cytological observations alone fail to demon
strate that the pairs of nuclei fusing at karyogamy are actually of different 
parental origin, though the conjugate divisions in the crosiers support such 
an inference. 

In fungi lacking the diplophase, the dikaryotic phase (or even a hetero
karyotic state-Davis, 1966) can often substitute for it in tests for 
dominance, allelic complementation, etc., but does not necessarily do so. 
For example, in Ustilago may dis (Holliday, 1961b) the dikaryophase is 
obligately parasitic on maize and cannot be maintained on a synthetic 
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medium, whereas diploid mycelia (arising by fusion of pairs of dikaryotic 
nuclei and hence carrying exactly the same genes as the parental dikaryotic 
mycelia) do grow on the synthctic medium. 

d. Meiosis and the Products of Meiosis. Inasmuch as all major assort
ment of genes (segregation and recombination) takes place during the 
two meiotic divisions, meiosis is the most important and critical step upon 
which genetic analysis depends in the entire life cycle. Cytological studies 
have not yet placed the position of meiosis unambiguously in the life 
cycles of many fungi-to a considerable extent because of the small size 
of nuclei in many species (see Olive, 1965). In a vcry few species of fungi, 
in Allomyces arbuscula and Neurospora crassa for example, the cytological 
picture is clear: the position of the two meiotic divisions in the cycle is 
established; the haploid number of chromosomes has been shown to exist 
immediately before karyogamy and .ip1mediately following meiosis; and the 
diploid number of chromosomes has been found in diplophase, or in the 
zygote nucleus. 

The products of meiosis are ordinarily recovered in specialized reproduc
tive cells of various sorts: zoospores from resistant sporangia in the Blasto
cladiales, zoospores from gcrm-sporangia in Phytophthora, germ-sporangio
spores in the Nlucorales, ascospores in the Ascomycetes, and basidiospores 
in the Basidiomycetes. The term meiospore, implying some fairly direct 
relationship to a primary product of meiosis, has been used for such repro
ductive cells in Allomyces (R. Emerson, 1941, 1954), and could appro
priately be applied to the equivalent reproductive cells in all fungi. 

2. Other Important Characteristics of Fungi 

a. Heterothallism. The controlled production of hybrids is relatively 
simple in species in which haploid strains are sexually self-incompatible. 
In many heterothallic species self-incompatibility is governed by mating
type alleles at onc or two loci. Crosses between homothallic strains fre
quently produce mixtures of biparental and uniparental progeny, among 
which recombination between parental genes is a principal criterion of a 
hybrid origin. Strains of homothallic species have been made heterothallic 
by the introduction of mutations which result either in a failure to produce 
female gametangia (female sterility) or in meiotic failures in diploid cells 
which are homozygous for the mutant gene (EI-Ani and Olive, 1962). 

b. Hermaphroditism. A simple distinction can be made between gene 
control and extranuclear control (Jinks, 1964; see Chapter 19, this volume) 
of hereditary traits under circumstances in which one parent contributes 
only a nucleus, the other both nucleus and cytoplasm, to the hybrid zygote, 
provided each parent can serve in both capacities. 

c. Asexual Spores. The presence of separate uninucleate haploid cells 
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is of considerable help in the establishment of genetically pllre lines. in 
separating the components of a heterokaryon or dikaryon, in the isolation 
of mutant strains, etc., and in numeruus physiological and biochemical 
studies in which suspensions of living material arc needed. Such uninucleate 
unicellular stages constitute the haplophase in some species, such as Sac
charomyces cerevisiae and Ustilago maydis, whereas in most mycelial 
species the only single-celled structures are the spores (conidia, oidia, 
zoospores, etc.). For many purposes these asexual spores can substitute for 
cells of a unicellular vegetative phase. Uninucleate cells are also technically 
useful in some hybridization experiments. 

d. Meiospores. Origins of the meiospores are most readily determined 
when the four of common origin are maintained in a separate sac (the 
ascus in ascomycetes-see Section II, B) or budded off from a separate 
organ (the basidium in basidiomycetes). The· facility with which meiospores 
of common origin can be isolated and separately cultured depends to some 
extent on the fruiting structures which bear them~ and even more on the 
characteristics of the ascj and basidia and of the meiosporcs themselves. 
Many species have meiospores so small that their isolation, even with the 
aid of micromanipulators, is extremely difficult, and few have spores large 
enough to make freehand dissections rather easy. Size differences of meio
spores among selected species of fungi whieh have been studied genetically 
are illustrated in Fig. 11. 

For the study of rare meiotic events, large numbers of meiospores must 
be tested and, to secure the most meaningful information, large numbers of 
tetrads of meiospores must be examined. To this end, viable mutations 
whose phenotypes are directly expressed in the meiospores, without re
course to gcrmination and culture, are of an enormous advantage. Such 
mutations occur reasonably frequently in several species of ascomycetes, 
most commonly affecting pigmentation of the ascospores. 

e. Nutrition. Genetic experimentation is sometimes severely handi
capped by the nutritional requirements of the species studied-an extreme 
example is an obligate parasite whose host is not adapted to controlled cul
ture. A considerable advantage accompanies species which can be grown 
on relatively simple, chemically defined, media. In such species it is possible 
to induce a large variety of nutritionally deficient mutants. These in turn 
can be used in appropriate combinations and by the use of appropriate 
screening tcchniques for the selection of extremely rare genetic recom
binants (Section III). 

f. Reservoir of Genetic Information and of Mutant Stocks. Perhaps the 
greatest contributor to the successful interpretation of genetic experiments 
is the knowledge already gained from previous genetic studies; and the 
greatest aid to the planning and execution of a particular experiment is an 
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FIG. 11 . Relative sizes of meiospores of some ascomycetes and basi<iiomyceles 
which have been used in genetic studies: A. Ascobolus immersus; B, Ascoboilis mag
nilicus; C, Neurospora crassa; D, Venturia inaequalis; E, l30mbartlia lunata; F. 
Glomerella cil/gulafa; G, Aspergillus nidl/lans; H, Ophios/oma lI1ultiannulata; J, 
Saccharomyces cerevisiae; K, Schizosaccharomyces pombe; L, Podospora anserilla; 
M. Neurospora tetrasperma; N, Puccinia gl'omillis; P, Ustilago may dis; Q, Cytidia 
salicina; R, Copri/lus limetarills; S, Schizophyllum commune; T, Cyathus stercoreus. 

552 



16. Mendelian 553 

ample collection of well-mapped mutant stocks. These of course are not 
inherent properties of the organisms studied, but accomplishments of the 
investigators who studied them-to whom all colleagues are forever 
indebted. 

B. Characteristics of Selected Species of Fungi 

1. Chytridiomycetes 

Allomyces arbuscula (Blastocladiales, Blastocladiaceae). Haplophase a 
dichotomously branched coenocytic mycelium, asexual spores absent; 
monoeciolls, gametes motile, anisogamous, female gametes 6.0-11.5 ll, 
male gametes 5.8-8.5 fl. Karyogamy follows cytogamy, dikaryophase ab
sent. Diplophase morphologically similar to haplophase; asexual spores 
uninucleate, motile, 9-12 ~l. Meiosis at germination of oligonucleate resting 
sporangium; meiotic products randomly mixed. Meiospores motile, 7.5-
10.011. Nutrition auxotrophic, thiamine and arginine required. Reviews: 
R. Emerson (1941, 1954, 1958). Other references: R. Emerson and Wil
son (1954), Hatch (1935), Hatch and Jones (1938), Maehlis (1953), 
Machlis and Crasemann (1956), Sorgel (1937), Wilson (1952), and Yaw 
and Cutter (1951). 

Th" life cycle of this species is unusually well authenticated by excellent 
cytological studies. Genetic studies include inheritance of morphological 
characters in species crosses, crosses between members of a polyploid series 
(haploid chromosome numbers 8, 16, 32), recombination between nutri
tional mutants. Observed aberrations: female gametes sometimes develop 
parthenogenetically; presumptive meiospores occasionally develop into 
diplophase without fusion; occasionally asexual zoospores are produced on 
haplophase plants. 

2. Oomycetes 

Phytophthora infestans (Peronosporales, Pythiaceae). Haplophase a 
freely branching coenocytic mycelium; multinucleate sporangia, 27 XIS fl, 
functioning either as conidia with direct germination, or as sporangia which 
germinate indirectly with production of uninucleate motile asexual spores; 
heterothallic, one mating type locus, two alleles; hermaphroditic, antheridia 
and uninucleate oogonium produced on separated hyphal branches. Plas
mogamy by direct tubular connection between antheridium and oogonium 
through which male nucleus migrates. Karyogamy follows cytogamy result
ing in one zygote nucleus (based on genetic evidence); dikaryophase lack
ing. Meiosis occurs in zygote nucleus (genetic evidence only), diplophase 
lacking. Meiospores motile, many from a single meiotic product of a single 
zygote, the other three meiotic products apparently degenerate (based on 
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genetic evidence). Nutrition: completes life cycle on artificial media, com
plex media usually employed. References: Clinton (1911), Crosier (1933, 
1934), Galindo and Gallcgly (1960), Gallegly and Galindo (1958), 
Pethybridge and Murphy (1913), Reddick and Crosier (1933), Romero 
(1963), Rosenbaum (1917), Savage and Gallogly (1960), and Smoot 
et al. (1958). 

This species is an important pathogen, causing late blight of potatoes. 
Genetic studies were impossible until the discovery of the second mating 
type: all strains from Africa, Europe, and America north of Mexico arc 
of one mating type; both mating types occur in Mexico. Apparently only 
one genotype occurs in all meiospores produced from one zygote, e.g., all 
from one zygote were a complex ,ecombination between different host-range 
factors and also mating type (Savage and Gallcgly, 1960). 

3. Zygomycetes 

Phycomyces blakesleeanus (Mucorales, Mucoraceae). Haplophase a 
freely branched cocnocytic mycelium; asexual spores arc oligonuc}eate 
(averaging about 5 nuclei), sometimes heterokaryotic; heterothallic, one 
mating-type locus, two allcles; gametangia of one kind (isogametangeous), 
multinucleate. Plasmogamy by direct fusion of gametangia to form the 
zygospore. Karyogamy between pairs of nuclei in the zygospore, some 
haplOid nuclei remaining unfused; no true dikaryophase. Mitotic divisions 
of diploid nuclei uncertain. Meiosis occurs during germination of the zygo
spore at which time there may apparently be a mixture of nuclei of various 
origins (parental haploid, hybrid diploid, and haplOid following meiosis). 
Meiospores are oJigonuc1eate and are sometimes heterokaryotic. Some 
genetic evidence suggests that all meiospores may be descended from a 
single zygote nucleus; fairly frequently all are of one genotype, but four 
genotypes have been recovered from dihybrids. Nutrition auxotrophic, re
quiring thiamine as sole supplement. References: Burgeff (1912, 1915a, 
b, 1925, 1929), Cutter (1942), Robbins and Kavanaugh (1937), 
Schwartz (1927), Sjowall (1945, 1946), and Spalla (1963). 

There are a considerable number of characteristics of the life cycle of 
this species which need further elucidation. Genetic studies have been 
handicapped by difficulties in obtaining satisfactory zygospore germination. 

4. Hemiascomycetidae 

Saccharomyces cerevisiae (Endomycetales, Saccharomycetaceae). Haplo
phase unicellular and uninucleate; asexual spores absent; heterothaIlic, one 
mating type locus, two mutable alleles; sex organs absent, no specialized 
gametes. Plasmogamy between vegetative cells, even between meiospores. 
Karyogamy immediately following plasmogamy, dikaryophase absent. Dip-
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lophase morphologically similar to haplophase. Meiosis in vegetative cells 
which have been induced to sporulate by changes in nutritional conditions. 
Meiospores (ascospores) are the immediate products of meiosis; four
spored asci usually unordered. Nutrition auxotrophic, biotin and thiamine 
required; carbohydrate utilization is strain specific. Reviews: S. Emerson 
(1955,1956), Lindegren (1949), and Robinow and Bakerspigel (1965). 

The biochemistry of this species, which is important in brewing and 
baking, has been extensively studied. Genetic studies are also extensive, 
and linkage groups are fairly well established (Hawthorne and Mortimer, 
1960), though chromosome number is still not established. Genetic devel
opments of theoretical importance include studies of reciprocal and non
reciprocal somatic recombination (Roman, 1963), genic and extranuclear 
control of cytochromes (Ephrussi, )958), tetrad analyses of tetraploids 
and triploids. 

5. Euascomycetidae 

The eight-spored ascomycetes that have been studied in genetic experi
ments are so similar to each other, and to Neurospora crassa which has 
been dealt with rather extensively earlier (Section II), that only important 
differences between them will be noted. Haplophase is the predominant 
phase of the life cycles, dikaryophase is very limited, and diplophase usually 
absent-karyogamy and meiosis occur in the developing ascus. 

Aspergillus nidulans (Eurotiales, Eurotiaceae). Asexual spores of haplo
phase are uninucleate conidia. The species is homothalJic, but biparental 
cleistothecia are preferentially produced in many crosses. Ascospores are 
small, amI asc', unoroereo. Nutrition: no organic supplement Olner tnan a 
carbon source is required. Reviews: Pontecorvo (1953), and Pontecorvo 
and Kafer (1958). 

The life cycle of this species is well established by genetic tests but the 
cytology is still inadequate. The sporadic occurrence of diplOidy has led 
to the development of useful techniques for the analysis of linkage groups 
by somatic recombination. resulting either from mitotic crossing over or 
from haploidization of diploids (see Chapter 18), as contrasted with 
meiotic crossing over. 

Neurospora crassa (Sphaeriales, Sordariaceae). See description in Sec
tion II. Nutrition: auxotrophic, requiring biotin. Review: S. Emerson 
(1955). 

Sordaria fimicola (Sphaeriales, Sordariaceae). Homothal1ic, but diffi
culties in control of crossing have been overcome by use of mutants caus
ing female sterility and of recessive mutants for ascospore abortion (EI-Ani 
and Olive, 1962). Asci with linearly ordered ascospores. Ascospores nearly 
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as large as in Neurospora, 18-28 fl by 8-18 fl. Produces viable ascospore 
color mutants. Life cycle established by genetic and cytological observa
tions. References: Brc!zloff (1954), Carr and Olive (1958, 1959), El-Ani 
et al. (1961), Heslot (1958), Olive (1954, 1959), and Perkins ef al. 
(1963). 

Glomerella cingulata (Oiaporthales, Oiaporthaeeae). Haplophase with 
uninucleate cells; homothallic, but crossing preferentially; many strains 
female sterile; at least four loci involved in self-incompatibility of one sort 
or another; multiple alleles at two loci. Plasmogamy between trichogync 
and conidia. The dikaryophase in a single perithecium apparently arises 
from a single dikaryotic cell following plasmogamy. Asci unordered. Nutri
tion: normally a parasite on apple, but can be grown through its entire 
life cycle on artificial media. Refer~nces: Chilton et al. (1945), Edgerton 
(1914), Lucas (1946), Lucas et 11l. (1944), McGahen and Wheeler 
(1951), McGahen ef al. (1950), Stoneman (1898), Struble and Keitt 
(1950), Wheeler (1954a,b), Wheeler and McGahen (1952), and Wheeler 
etal. (1948). 

Ascobolus immersus (Pezizles, Pezizaceae). Haplophase heterothallic, 
one mating-type locus, two aneles; asexual spores absent. Asci unordered, 
few per apothecium; ascospores very large (see Fig. 11); ascospore color 
mutants abundant. Nutrition: auxotrophic, requiring biotin and thiamine. 
References: Ames (1930), BuBer (1909), Lissouba (1960), Lissouba 
et al. (1962), and Yu-Sun (1964a,b); further references to genetic studies 
in Sections I II and IV. Genetic interest in this species has related principally 
to nonreciprocal recombination. 

Venturia inaequalis (Pleosporales, Venturiaceae). Haplophase a myce
lium of uninucleate cells; asexual spores are uninucleate conidia; both 
antheridia and ascogonia produced; heterothaBic and hermaphroditic. Plas
mogamy by fusion between antheridium and ascogonial coiL Asci have 
ascospores in a single row (Fig. 11, D), but both genetic and cytological 
observations indicate that the order in which spores occur does not ac
curately reflect the division at which segregations have occurred. Nutrition: 
haplophase mycelium has been grown on an undefined artificial medium on 
which protoperithecia were produced, but crossing has been accomplished 
only in tissues of the host plant, the apple. Several months are required for 
completion of the life cycle. References: E. J. Backus and Keitt (1940), 
Keitt and Boone (1954), Keitt and Langford (1941), Keitt and Palmenter 
(1938), Keitt et al. (1943), Killian (1917), Shay and Keitt (1945), and 
Williams and Shay (1957). Genetic interest in this species has centered 
chiefly in host-pathogen interrelationships. 

Four-spored higher Ascomycetes, such as Podospora anserina and 
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Neurospora tetrasperma, have heterokaryotic ascospores. These large 
spores (Fig. 11, Land M) usually contain nuclei derived from two prod
ucts of meiosis. Genetic analyses are therefore somewhat complex, but 
interesting. 

Podospora (Pleurage) anserina (Sphaeriales, Sordariaceae). References: 
Ames (1932, 1934), Dowding (1931), Rizet (1941, 1952), and Rizet 
and Engelmann (1949). One of the first thorough mathematical treatments 
of tetrad analysis is presented in the last reference cited. Particular interest 
attaches to studies of the barrage phenomenon in this species. 

Neurospora tetrasperma (Sphaeriales, Sordariaceae). References: Colson 
(1934), Cutter (1946), Dodge (1927), Howe (1964), Sansome (1946), 
and Seaver (1937). ,,~ 

6. Heterobasidiomycetidae 

Puccinia graminis (Uredinales, Pucciniaceae). Haplophase a mycelium 
composed of uninucleate cells, parasitic on the barberry plant; heterothallic 
and hermaphroditic; male gametes are minute pycnia produced in the same 
organ in the host leaf as the female elements, the receptive hyphae. Plasmog
amy by unions between receptive hyphae and pycnia which are transported 
by insects. Dikaryophase begins in the barberry leaf where it produces 
dikaryotic asexual spores, aeciospores, which infect wheat plants; dikaryo
tic asexual spores, uredospores, produced on wheat reinfect that host; two
celled dikaryotic sexual spores, teliospores, are produced by the dikaryo
phase on wheat. Karyogamy by fusion of the two nuclei in cells of the 
teliospores. Meiosis at germination of teHospores to produce linear, four
celled basidia. Meiospores are basidiospores budded off each cell of the 
basidium, and into which the four haploid nuclei from meiosis migrate. 
Nutrition: obligately parasitic. Some other species of the Pucciniaceae have 
been successfully cultured in tissue cultures of the host plants (Cutter, 
1959, 1960). References: Buller (1950), Craigie (1927, 1928, 1959), 
Hiratsuka and Cummins (1963), Johnson (1954), and Loegering and 
Powers (1962). 

Ustilago maydis (Ustilaginales, Ustilaginaceae). Haplophase unicellular, 
uninucleate (in culture, probably brief or absent in nature); no specialized 
gametes or sex organs. Plasmogamy between haploid cells. Dikaryophase 
is the dominant phase, obligately parasitic on maize; hyphae of dikaryotic 
cells; asexual spores absent; sexual spores are unicellular brandspores or 
teleutospores. Karyogamy between the two nuclei in the brandspore. 
Meiosis in the zygote nucleus during germination of the brandspore to form 
a four-celled linear basidium. Meiospores are basidiospores developing 
from buds on basidial cells into which the nuclei migrate; haplOid mitoses 
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sometimes occur in nuclei produced at meiosis before buds are formed, and 
more than one basidiospore may be derived from a single cell of the basid
ium. Nutrition: the dikaryophase is obligately parasitic on the maize plant; 
haplophase and a diploid phase arising by nuclear fusion in dikaryophase 
can be cultured on defined media. References: Hanna (1929), Holliday 
(196Ia,b, 1962), Huttig (1932), Rowell (1954, 1955a,b), Sleumer 
(1932), Stakman and Christensen (1927), and Wolf (1953). Genetic 
analyses have been made both by tetrad analysis and by somatic recom
bination. Diploid lines produce brandspores in which meiosis occurs 
normally. 

7. Homobasidiomycetidae 

Aside from members of the Agaricaceae few higher basidiomycetes have 
been used in genetic studies. Many species of the Agaricaceae have been 
studied, but principally to det~rmine the inheritance of mating type, which 
is controlled by multiple alleles"at either one locus (bipolar sexuality) or 
two loci (tetrapolar sexuality). 

The life cycles of all agarics are very similar. Haplophase consists of a 
mycelium of uninucleate cells. Plasmogamy occurs by hyphal fusion fol
lowed by nuclear migration. Mycelium of the dikaryophase is similar to 
that of the haplophase except for dikaryotic cells in which the nuclei divide 
conjugately with the fairly regular production of clamp connections in many 
species. Karyogamy occurs by the union of the two nuclei in the young 
basidium. The zygote nucleus immediately enters meiosis. Meiospores aTe 
the basidiospores formed from buds on the basidium into which the four 
haploid nuclei produced in meiosis migrate. 

Coprinus fimetarius (Iagopus) (Agaricalcs, Agaricaceae). References: 
Bohn (1934), Brunswik (1926), Day (1963), Hanna (1925), Oart 
(1930), Quintanilha (1933, 1934, 1935a,b, 1937, 1938a,b, 1938/1939) 
and Quintanilha and Balle (1938, 1940). A considerable amount of tetrad 
analysis has been done with this species. Most of the characteristics and 
behavior of "illegitimate matings," and of apparent recombination of genes 
and increased mutation rates in heterocaryons were fir5t worked out in this 
species and later confirmed and extended by observations in Schizophyllum. 
The bipartite nature of the two mating type "loci," so well established in 
Schizophyllum has more recently been observed in Coprinus. 

Schizophyllum commune (Agaricales, Agaricaceae). References: Baker
spigel (1959), Ehrlich and McDonough (1949), Kniep (1928), Papazian 
(1950a,b, 1951), Raper (1953, and Chapter 15 of this volume), Raper 
and SanAntonio (1954), Raper et al. (1958a,b), and Schopfer and 
Blumer (1940). 
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Mechanisms of Inheritance 
2. Heterokaryosis 
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1. INTRODUCTION 

The generally accepted definition of heterokaryosis is the coexistence of 
genetically different nuclei in cytoplasmic continuity with one another. 
Heterokaryosis is potentially a fundamental aspect ot the biology of fila
mentous fungi, by virtue of their unique structure and mode of growth. 
The cells of an actively growing mycelium, whether multinucleate or uni
nucleate, are continuous with one another along hyphae through septal 
pores, and cytoplasmic streaming allows translocation of the products of 
nuclear activity, and in many cases, of the nuclei themselves. Therefore, 
many nuclei may come to take part in the determination of phenotype at 
a given point in the cytoplasm. In fact, the cell cannot be accepted without 
qualification as the unit of organization here. Instead, any mycelium must 
be viewed simultaneously as an integrated organism and as a population of 
nuclei in a morphologically patterned cytoplasmic environment. A large 
part of this review will be devoted to synthesizing these points of view. 

The genetic system of fungi, as a consequence of coenocytic organization, 
is a very plastic one. As in haploid unicellular organisms, the large nuclear 
populations available to species of haploid fungi allow mutation to play 
a Significant role in short-term adaptation. Genetic recombination mecha
nisms will, of course, increase variability over that available through 
mutation alone. However, the association of mutant and "normal" nuclei in 
a multinucleate cytoplasm makes dominant-recessive relations between 
genes possible. As a result, potentially valuable genetic variation is shielded 
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from adverse natural selection, much as it is in heterozygous diploid or
ganisms. The fact that fungi embody these attributes of haploid and diploid 
organisms is a major factor in the evolution of the group (d. J. R. Raper, 
1955) . 

The formation of heterokaryons may come about in several ways. One 
of the most common is through the occurrence of mutation. Since the 
nuclear population of any visible mycelium is large enough to assure mu
tation of at least one genetic locus of some nuclei, it is improbable that 
any fungal mycelium of this size is genetically homogeneous. Thus, mu
tation leads automatically to heterokaryosis, but the new nuclear types will, 
barring selection in their favor, be so low in frequency as to be undetectable 
on a gross level. 

Heterokaryosis may be brought about in nature and in the laboratory by 
the fusion of vegetative cells; this is a method commonly used in genetic 
analysis. Since fusion of cells within a single hyphaJ system is very common, 
it is not surprising that related strams, differing by only a few genetic mark, 
ers, will fuse aud give rise to a heterokaryotic mycelium. While heterokary
osis may be limited to mycelium derived from the zoue of fusion, there is 
much evidence (Dowding and Buller, 1940; Snider and Raper, 1958; 
Swiezynski and Day, 1960b) in various species that nuclear migration from 
the point of fusion throughout the original mycelia may take place. Since 
nuclei may divide in the course of migration, widesperad hetcrokaryotization 
may follow the fusion of a few hyphae. In nature, the most obvious hetero
karyon formation by fusion of cells is the development of the dikaryon of 
many basidiomycetes; here, the heterokaryon is made up of binucleate 
cells, the nuclei of which are of different mating type, and which ultimately 
yield diploid nuclei priOt to meiosis. 

Finally, heterokaryosis may be a natural consequence of spore formation 
in many fungi. This takes place by the inclusion of nonidentical nuclei in 
a single spore subsequent to the meiotic divisions (e.g., Neurospora tetra
sperma, Podospora anserina). In this way, heterokaryotic associations may 
be maintained for many sexual generations. In the asexual phase, this may 
be accomplished through the formation of multinucleate asexual spores. 

II. THE STUDY OF HETEROKARYONS 

A. Criteria for Heterokaryosis 

Experimental tests as criteria for heterokaryosis are required to answer 
two related questions. The first is whether two genetically different strains 
have established heterokaryotic association. The second is whether a my
celium of unknown genetic constitution is a heterokaryon. 

In both cases, the most rigorous test for heterokaryosis follows naturally 
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from the definition of the term. A mycelium may be judged to be a hetero
karyon if two (or more) distinct nuclear types can be shown to have co
existed in a single hypha or multinucleate conidium. This requires the 
isolation of the nuclear components in homokaryotic form from a culture 
derived from a single cytoplasmic unit; this is a test used in the original 
description of heterokaryosis by Burgeff (1912, 1914), followed by the 
studies of Hansen and Smith (1932). These authors went one step further: 
after resolving a natural1y occurring heterokaryon into its components, they 
were able to resynthesize the heterokaryon from them and show that its 
phenotype and potentialities resembled those of the original mycelium. 

If it is possible to isolate two homokaryotic components from single 
hyphal tips or single conidia, it excludes the possibility that a mycelium is 
in fact an intermingled pair of homokaryotic mycelia. If this test is negative, 
however, it is not necessarily significant, because (a) one nuclear type may 
be very rare; (b) the distribution of nuclei is such that they remain segre
gated despite the overlapping of phenotypic effects, or (c) one or both 
nuclear types may fail to survive in the homokaryotic condition [see par
ticularly Burgeff (1914), who even then was able to appreciate the oper
ation of a balanced-lethal system in heterokaryons]. In the latter case, a 
study of spore viability, or a series of matings to well-characterized homo-

Karyons may be necessary to establish genetic heterogeneity. 
Another difficulty which must be recognized is the segregation of cyto

plasmically inherited variability. The only way in which to distinguish this 
from nuclear segregation is to see that the difference does not behave in a 
Mendelian manner in matings, or that it does not segregate with known 
genetic differences in the resolution of a heterokaryon through asexual 
translers (Jinks, 1959). Many workers have overlooked this possibility 
when characterizing natural variation in fungi. 

As mentioned previously, a coenocytic organization allows two or more 
types of nuclei to cooperate in the genetic determination of a single cyto
plasm. Since dominance and recessiveness characterize such systems, a 
wild-type (normal) nucleus may mask the deficiencies of a mutant nucleus, 
and a heterokaryon will resemble the wild type. If two nuclei carrying non
allelic mutations are combined in a heterokaryon, the resulting phenotype 
will approach the wild-type condition. The latter behavior is designated 
"complementation." In fact, heterokaryons have been used widely in tests 
of allelism, as well as in the study of complex loci, alleles of which may 
complement to some extent through interaction of mutant proteins (see 
Catcheside, Volume I). The major initial work on complementation was 
that of Dodge (1942), with Neurospora tetrasperma, followed by that of 
Beadle and Coonradt (1944), with N. crassa. Dodge found that two slow
growing mutants were able to complement one another in heterokaryotic 
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association to yield a rapidly growing mycelium. His proof of heterokaryosis 
was the isolation of both original strains and the heterokaryon in cultures 
derived from single multinucleate conidia. He interpreted the more vigorous 
growth of the heterokaryon as parallel to hybrid vigor, and proposed that 
a mutual supplementation of growth factors occurred between the com
ponents. 

Beadle and Coonradt (1944) extended these findings to heterokaryons 
constituted of well-characterized nutritional mutants (e.g., pantothenate
and lysine-requiring strains) and came to the same conclusions. Comple
mentation of genetic deficiencies was seen to be a regular_ consequence of 
heterokaryotic association. The criterion that these workers used for the 
heterokaryotic condition was based upon the observation that hyphal tip 
cultures from the heterokaryon, when mated with normal homokaryotic 
strains, showed that the presumed heterokaryon had indeed contained two 
nuclear types. However, they, aoet-many workers since that time, have used 
the phenotypic consequences of heterokaryosis (complementation) as a 
good indication of nuclear association in a common cytoplasm. In order 
for complementation to be useful in this sense, it requires that the strains 
involved be different from each other and from the wild-type homokaryon; 
a combination of a wild-type and a recessive mutant strain, for instance, 
will not give phenotypic evidence of the latter's presence. 

There are cases where complementation is clearly observed between two 
nutritional mutants, but one of the nuclear types is perhaps so rare, or the 
tendency of the nuclei to remain segregated in different hyphal tips is so 
great, that heterokaryosis is difficult to prove directly (e.g., J. R. Raper and 
San Antonio, 1954). In such cases, complementation is often the only indi
cation of heterokaryosis, and the criterion is not reliable when applied to very 
restricted areas of the mycelium (Grindle, 1963; K. B. Raper and Fennell, 
1953) . 

B. Measurement of Nuclear Ratios 

In the study of heterokaryosis, an assessment of nuclear ratio is generally 
necessary. Because no method of recognizing genetically different nuclei 
by cytological means is available, the determination of frequencies is in 
most cases indirect, and involves certain assumptions. 

The most common method of nuclear ratio determination is through an 
analysis of asexual spore frequency. In species where conidia are uninucleate 
[e.g., Aspergillus nidulans, Penicillium notatum (Pontecorvo, 1946)] or 
where all of several nuclei in a conidium are derivatives of one original 
nucleus [e.g., A. oryzae (Pontecorvo, 1946), Fusarium oxysporum (Garber 
et al., 1961)], the application of this method is quite straightforward. All 
that is required is plating of spores on media which allow discrimination of 



17. Heterokaryosi3 571 

the significant genetic differences. However, several complications prevail. 
First, it must be assumed that nuclei of the mycelial population are not 
differentially incorporated into conidia (cf. Barron, 1963). Second, conidia, 
the formation of which in these species effects an absolute segregation of 
genetic differences, indicate nothing regarding the randomness of nuclear 
distribution in the mycelium. This is particularly serious in species of 
Aspergiflus and Penicillium, because heterokaryotic inocula have a tendency 
to sector into homokaryotic regions (Pontecorvo, 1946; and see below). 
A test of the degree to which a mycelium is a mosaic of homokaryotic 
regions may be made by sampling spore populations from various points 
on its surface; some idea of the randomness of nuclear distribution may be 
obtained by determining frequencics of homokaryotic and heterokaryotic 
conidial heads (Pontecorvo,1953; K. B. Raper and Fennell, 1953). 

In Neurospora crassa, which has been uscd widely in the study of 
heterokaryosis, the situation is rather different. Conidial ratios are used to 
measure nuclear ratios, as they are in Aspergillus and Penicillium, and the 
same assu~tions are made regarding the correspondence of nuclear ratios 
in mycelium and conidia. However, in most strains the macroconidial 
populations contain a large proportion of multinucleate units; the nuclear 
number varies from one to ten or more. The average number of nuclei per 
conidium in turn varies from approximately two to six, depending upon the 
conditions of growth (Huebschman, 1952), and may be dctermined cyto
logically. The multinucleate conidia allow a test of the randomness of 
nuclear associations, since, for any nuclear ratio, unique proportions of 
heterokaryotic and homokaryotic conidia may be predicted on the assump
tion of random nuclear distribution and compared to estimates of conidial 
frequencies found by plating teChniques. Such an analysis has been per
formed by several workers (Prout et al., 1953; Atwood and Mukai, 1955; 
Klein, 1958), and frequent small departures from random distribution, in 
the direction of excess homokaryotic conidia, were noted. These departures, 
however, were postulated to arise during conidial formation, and if this is 
accepted, a relatively random distribution of nuclei in the mycelium finds 
support in these experiments. This point is further substantiated by the 
work of Pittenger and Atwood (1956), who observed a remarkable stability 
of nuclear proportions during the growth of heterokaryons and concluded 
that nuclear mixing during growth is very efficient in this species. 

The determination of nuclear ratios from conidial ratios of Neurospora 
according to the assumptions of random distribution of nuclei may be 
found in the article by Prout et ai., (1953). Atwood and Mukai (1955) 
have derived a simpler formula for nuclear ratio estimation, however, 
which takes into account the departures from randomness mentioned above. 
Since it is applicable in more cases, it has been more widely used. 
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A more direct method for determining nuclear ratios has been developed 
by Snider (1963) for the basidiomyccte Schizophyllum commune. Because 
this species has no asexual spores, it was necessary to plate macerates of 
mycelia and to analyze the data as is done with conidial platings. The advan
tage of this method is that it circumvents the assumption that conidial and 
mycelial nuclear ratios are the same. Such a technique is probably appli
cable to other species in which the number of nuclei per cell, as in S. 
commune, is very low. 

III. DOMINANCE IN HETEROKARYONS 
The fact that the percentage of a nuclear type (or of any given allele) 

may vary continuously between 0 and 100% in heterokaryons makes fungi 
somewhat different from diploids, where only three ratios of two alleles 
(2:0,1 :1, and 0:2) may prevail. That the phenotype of a heterokaryon will 
vary with the ratio of the nuclear. components was postulated in the clas
sical investigations of Burgeff (1914) on varieties of Phycomyces, and of 
Hansen and Smith (1932) and Hansen (1938) on Botrytis cinerea. In hath 
cases, the range of variation found between the pure extreme types from 
which heterokaryons were constituted was presumed on good evidence to 
be a reflection of the nuclear ratios of mycelia. Beadle and Coonradt 
(1944) formalized these relationships in Neurospora cyassa and showed 
that wild-type growth rate of heterokaryons may be achieved with far less 
than 100% of nuclei carrying the wild-type allele of certain nutritional 
mutations. However, they indicate that the wild-type alleles of certain 
morphological mutations must be present in proportions greater than 50% 
for normal growth rates to be sustained. When two such mutants (nonal
lelic) were used to construct a heterokaryon, the heterOkaryon failed under 
all circumstances to grow at a wild-type rate-presumably because the wild
type alleles of the mutations used could not both be in excess of 50% 
simultaneously. 

While little has been done to study dominance quantitatively, several 
examples of the relationship hetween phenotype and nuclear ratio are avail
able. Pittenger and Atwood (1956) showed that the wild-type allele of the 
pan-I (pantothenate-requiring) gene of Neurospora need be present in only 
5% of the nuclei of a pan-I + + pan-l- heterokaryon to sustain normal 
growth rates. Furthermore, a direct relation was found between growth rate 
and nuclear ratio in the range 0-4% pan-l + nuclei. 

A similar analysis has been performed by the author (Davis, 1957) on 
two nonallelic albino mutations (al-l and al-2) in N. crassa. Here, the 
carotenoid content of the conidial mass is related to the ratio of al-I + al-2-
and al-I- al-2+ nuclei of the mycelium (Fig. I). The optimal carotenoid 
content, which occurs at approximately 0.4 al-I- al-2 + nudei, is similar 
to that of wild type strains. 
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In some species, such as Aspergillus nidulans, it is possible to study the 
colors of uninucleate conidia of heterokaryons constituted from spore-color 
mutants. In many cases, the spore color is determined by the genetic con
stitution of the nucleus the conidium contains, whereas with some rnuta~ 
tions, the dominance relations of the heterokaryon extend to the phenotype 
of the individual spores elaborated by it, even though they contain single, 
haploid nuclei (Pontccorvo, 1946, 1953). 
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FIG. 1. Relationship of carotenoid content to nuclear ratio in Neurospora hetero
karyons constituted of nuclei carrying nonallelic albino mutations, al-J- and al-2 - . 
AI-I- nuclei carry the wild-type allele of the other gene, and vice versa. Carotenoid 
content was measured as absorbance at 470 mIJ.. in arbitary units for extract~ of com
parable amounts of material for each heterokaryon. 

IV. GENETICS OF HETEROKARYON FORMATION 

In filamentous fungi, vegetative nuclear associations may be studied in 
many species without particular reference to the sexuality of the organism. 
Because sexuality almost invariably involves the formation of a diploid 
nucleus, however, a heterokaryotic stage intervenes between the fusion of 
mating cells and the fusion of their nuclei. This stage may be very transi
tory; it may be extended somewhat when the pairs of haploid nuclei in the 
female sexual structure divide a number of times before nuclear fusions 
occur; or it may be a major phase of vegetative propagation of the orga
nism. The last pattern is characteristic of most basidiomycetes, where sexual 
fusions of homokaryotic mycelia lead to the formation of a highly special
ized heterokaryon, the dikaryon. In the dikaryon, the nuclei remain asso
ciated in pairs and the mycelium is capable both of indefinite vegetative 
growth and the development of fruiting bodies and sexual spores. 

In heterothallic fungi, mating-type loci determine the possibility or out
come of sexual fusions. Usually, different alleles at one or more such loci 
are required if the mating is to culminate in the meiotic process. The 
selective advantage of such a system may be understood in its restriction 
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of inbreeding. Because these loci in many ascomycetes may have an effect 
"pon the fusion of gametes, it is not surprising that they may also have an 
effect upon the formation of vegetative heterokaryons. In the basidiomy
cetes, where sexual and vegetative activities overlap so much dllring the 
life cycle, the mating type loci exert profound effects upon the behavior 
of heterokaryons (cf. Chapter 15, pp. 491-493). 

In addition to mating type loci, a number of genes have he.en described 
in ascomycetes and basidiomycetes whose effects arc seen only in the 
formation or stability of vegetative heterokaryons. These, of course, may 
operate in any species, wbether homothallie or heterDthallic. 

A. Ascomycetes 

In Neuro'pora crassa, nuclei <If like mating type (sexually incompatible) 
will readily form vegetative heterokaryons, while those of opposite mating 
type (sexually compatible) will not (for review, sec Sansome, 1946; 
Whitehouse, 1949). In the latter case, if a heterokaryon is formed, com
plementation is poor because of highly disparate nuclear ratios (Gross, 
1952), and the heterokaryon dissociates quite regularly if selective condi
tions do not stringently enforce the maintenance of the heterokaryotic con~ 
dition. 1t is not surprising that heterokaryons with nuclei of like mating 
type are seen, since all nuclei of any homokaryon are of like mating type. 
That vegetative associations of sexually compatible nuclei do not occur 
with equal facility in this species, however, points to a special property of 
the female reproductive structure, where nuclei of opposite mating type 
necessarily coexist. 

1n N. tetrasperma, on the other hand, mating type heterokaryons arc 
formed readily, and this accounts for the "secondary homothallism" of 
this species. Following meiDsis, nuclei of opposite mating type are included 
in single spores (d. Sansome, 1946), and cultures derived from single 
ascospores are self-fertile. This behavior suggests that the ability of mating 
type loci to restrict vegetative associations in N. crassa may be separable 
from their role in dcterminiI1g sexua1 associations. Few other ascomycetes 
have been investigated extensively in regard to this problem, although both 
patterns seen in Neuro.lpora spp. are probably widespread. 

Aside from the influence of mating type genes, any discussion of the 
genetic contml of heterokaryosis in ascomycetes depends heavily upon 
what has been done with Neurospora cra5sa. The work done on this 
species, however, undoubtedly has relevance to all filamentous fungi. 

Studies by Gamjo!:>,! and her eo-worker, have revealed two pairs of 
alleles (elc and Did) in N. crassa which influence heterOkaryon forma
tiOll. Here, identity of the alleles at both loci is required for strains to 
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establish heterokaryotic association. A difference at either or both loci 
leads to poor or no complementation between auxotrophic strains (Garn
jobst. 1953, 1955). Microscopic examination revealed that the fusion of 
cells of heterokaryon-negative combinations was not prevented, but 
instead, that fusion led to the death of one or both cells involved (Garn
jobst and Wilson, 1956). In further studies (Wilson et aI., 1961), an active 
substance was isolated from CD mycelia which would cause the death of 
cells of unlike genotype (with respect to the C and D loci) when injected 
into them. The evidence strongly indicates that the substance is a protein, 
possibly one which acts as an antigen in cells of a different genetic con
stitution. These loci have no noticeable effect upon sexual compatibility. It 
should be noted that the fitl1_ess of these genes and proteins in nature may 
not be based primarily upon'their influence upon heterokaryon formation, 
but possibly upon other effects entirely. It is interesting that the same 
drastic response of cells which foUows the fusion of unlike genotypes with 
respect t<?_ C and D is also seen upon the fusion of vegetative cells which 
":l:.e of different mating type (Garnjobst and Wilson, 1956). 

Another study in N. crassa by Holloway (1955) has indicated the exist
ence of at least four pairs of alleles with effects on the behavior of hetero
karyons. The phenotypes of the various mixed cultures and heterokaryons 
were sufficiently different to allow a description of the genes' effects in 
regard to (1) heterokaryon formation, (2) the onset of heterokaryotic 
growth, (3) vigor of growth, and (4) maintenance of heterokaryosis. The 
relationship or identity of these genes and those described by Garnjobst 
is not known. 

An allelic pair, I Ii, has been described by Pittenger and Brawner 
( 1961 ), the effects of which resemble one of those described by Holloway. 
Heterokaryons constituted of I and i nuclei are stable in their nuclear 
ratio only when the former type is in a frequency of less than 30%. When 
the frequency of I nuclei is greater than 30%, there is regularly a nonadap
tive increase of I (with respect to nutritional deficiencies carried by it) 
leading to homokaryosis and a cessation of growth. No nutritional regime 
has been found to alter this pattern, nor have extracts of the I strain been 
found to inhibit the growth of i mycelia. Although this pattern has been 
denoted "heterokaryon incompatibility," it may be a symptom of com
petition for intracellular metabolites in the same fashion as that in pan + 
pan m heterokaryons (see Section V, B). 

It is quite clear to Neurospora geneticists that many genetic effects, aside 
from those described above, prevail in heterokaryotic associations; thus, 
it is regularly found that stocks of different genetic background rarely form 
heterokaryons which complement well. Such a situation is known to exist 
in other species. For example, in an extensive study of heterokaryon COffi-
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patibility among independent strains of the Aspergillus nidulans group 
Grindle (1963) found few pairs which were able to form heterokaryons 
If, in line with a suggestion made above, heterokaryon incompatibility Wen 
a pleiotropic effect of genes having other functions, evolutionary diversi 
fication of a fungal species would lead naturally to heterokaryon incom 
patibility. 

B. Basidiomycetes 

In basidiomycetes, specialized gametangia are reduced or absent entirely 
(particularly the female). The first step in the sexual process takes place, 
therefore, as the formation of a heterokaryon between cells which are
or are capable of becoming-strictly vegetative entities. As noted before, 
the heterokaryon thus formed is itself capable of indefinite vegetative 
propagation. , 

The mating type system of many basidiomycetes is highly developed, 
characteristically with one or two loci each of which have many alleles. 
The effects of these genes appear not to restrict cell fusions and the forma
tion of heterokaryons but to determine the phenotype of the heterokaryon 
so formed. In the case of species where there are two mating type loci, A 
and B (e.g., Schizophyllum commune, Coprinus lagopus), the remainder 
of the sexual process will be carried out normally only in the dikaryon, 
where there are different alleles at both loci. In a very general sense, this 
is equivalent to the heterokaryotic cells in the fertilized female sexual 
structure of heterothallic ascomycetes. Two properties of the dikaryon and 
its formation may be noted. First, upon the fusion of sexually compatible 
mycelia, nuclear migration from each mycelium into the other takes place, 
leading to widespread "dikaryotization" of the two mycelia. Second, the 
further growth of the mycelia is characterized hy conjugate nuclear division 
in binucleate cel1s, often with clamp connections, which ensures a strict 
equality of the two nuclear types in new cells. As might be expected, 
genetic complementation between the two nuclear types may be observed 
easily with the proper materials (cf. J. R. Raper, 1953). 

In confrontations of S. commune mycelia having common A factors and 
different B factors, nuclear migration takes place at a rate similar to that 
seen in the sexually compatible pairing (Snider and Raper, 1958). How
ever, the propagation of a "common-A" heterokaryon leads to a mycelium 
which is less vigorous than the homokaryon, and which has cells that are 
uninucleate, like those of the homokaryon, rather than binucleate. Few 
or no clamp connections are seen. The nuclear ratios vary widely from 
point to point in the common-A mycelium; perhaps as a consequence of 
the disparate ratios or the irregular distribution of nuclei, complementation 
between the nudei is P?or or nonexistent (J. R. Raper and San Antonio, 
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1954). In C. lagopus, the common-A heterokaryon dues show complemen
tation between nuclei, and is occasionally fertile (Swiezynski and Day, 
1960a). 

The heterokaryon formed by fusions of mycelia having common B 
factors and different A factors shows a very different behavior from the 
common~A heterokaryon. First, nuclear migration is very restricted, and, 
in order to propagate the heterokaryon, isolations must be made from the 
area of fusion of the two homokaryotic mycelia. This is true both of S. 
commune (Parag and Raper, 1960) and of C. lagopus (Swiezynski and 
Day, 1960a). When propagated, however, the common-B heterokaryon 
is relatively stable during growth (though sectoring may occur) and in both 
species mentioned, genetic complementation occurs. In addition, true or 
imperfect clamp connections form during the growth of these hetero
karyons, and for reasons ~ich may not be the same in different instances, 
fruiting is occasionally seen lParag and Raper, 1960; Swiezynski and Day, 
1960a). 

Heterokaryons formed between strains having common A and common 
B factors (common-AB) are, formally, the only ones comparable to those 
of beterothallic ascomycetes in which mating type genes are in common . 

.. Although complementation was seen between nuclei of like mating type 
in S. commune, there was originally difficulty in obtaining otber evidence 
that two nuclei were present in heterokaryotic association (J. R. Raper and 
San Antonio, 1954). Recently, Middleton (1964) has obtained better 
evidence of heterokaryosis between nuclei of like mating type, and similar 
results have been obtained by Swiezynski and Day (1960a) for C. lagopus. 
Common-AB heterokaryons are similar in morphology to the homo
karyon in S. commune. It appears that nuclear migration is very much 
restricted in common-AB heterokaryons, as in the common-B, and nuclear 
ratios are disparate and irregular, much as they are in the common-A. 
However, as noted above, the nuclei do show genetic complementation. 

It is clear that nuclear migration and complementation are not well cor
related in S. commune. This may be seen in a comparison of common-AB, 
common-B and common-A heterokaryons. In the first two, migration is 
restricted, but complementation is good; in the last, migration is extensive, 
but complementation is poor. Complementation may be more directly 
related to the ability of mycelia to translocate cytoplasmic constituents 
from cell to cell; if they are not able to do so, complementation will be 
poor unless the cells contain nuclei of both types (see Middleton, 1964). 
Further comparison indicates that different A factors are required for the 
initiation of clamp connections (as in the common-B or the dikaryon); 
different B factors are required for extensive nuclear migration (as in 
common-A or dikaryon confrontations) (Fincham and Day, 1963). 
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Few studies have been reported which deal with genes restricting hetero
karyon formation in basidiomycetes which can be understood apart from 
the sexual compatibility system. This would be expected, inasmuch as 
vegetative heterokaryosis is a necessary phase of the reproductive cycle, 
in contrast to many ascomycetes, where vegetative heterokaryosis may be 
primarily restricted to nuclei which arc sexually incompatible. However, 
in Rhizoctonia solani, a homothallic basidiomycete, Whitney and Parmeter 
(1963) have described patterns of heterokaryon formation among natural 
isolates. They found that two groups of strains could be distinguished 
between which heterokaryon formation took place, but within each of 
which recognizable heterokaryon formation did not take place. Hetero
karyons, when formed, were quite stable, but the relation of these results 
with sexuality in heterothallic basidiomycetes is not clear. The results are 
distinct from the ascomycete pattern, however, where a similarity, rather 
than a difference, between strainS-is required for stable heterokaryosis. 

V. NUCLEAR RATIOS AND GROWTH OF HETEROKARYONS 

A. General Remarks 

Heterokaryosis, because it allows a continuous variation of nuclear ratio 
and phenotype between various extremes, is well fitted to serve the require
ments of short- and long-term adaptation. A major point of interest is 
how significant changes of nuclear ratio take place during growth. Certain 
points relevant to any species will be mentioned here, and these will sub
sequently be used in the analysis of specific patterns known to occur in 
various fungi. 

The first thing to be recognized is the relationship possible between the 
genetic mosaicism of a heterokaryon (varying between the conditions of 
dikaryosis in basidiomycetes, through random distribution of nuclei, to 
obvious sectors) and the phenotypic mosaicism among regions or among 
cells. The dcgree of phenotypic heterogeneity of a heterokaryon may be 
different for different characters, since the various effects of a single 
nucleus in a mycelium are not necessarily coextensive. Any phenotypic 
heterogeneity among cells of a growing heterokaryon will be magnified 
by selective conditions which favor one or both homokaryons; competition 
between regions will lead to changes in nuclear ratios or distribution. Thus, 
what is termed nuclear selection, where it occurs, is probably in most 
cases selection in favor of cells of a certain range of nuclear ratio. How
ever, some workers have thought of nuclear selection as a matter of differ
ential division rates of nuclei within a single cell (Rees and Jinks, 1952). 

The features of mycelial growth that are relevant to an analysis of 
nuclear selection are as follows: 
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1. Hy phal Fusion 

The ability of a heterokaryon to retain a well-mixed nuclear population, 
and thus phenotypic uniformity, depends in part on fusions among hyphae 
near the frontier and the number of nuclei per cell. Any statistical tendency 
toward segregation of nuclear types during branching of hyphae will be 
reversed to a greater or lesser extent by fusions (Pontecorvo, 1946, 1953; 
Pittenger and Atwood, 1956; Kiritani, 1959). 

2. Cytoplasmic Streaming 

The growth of filamentous fungi is correlated with cytoplasmic stream
ing; this will tend to randomize the nuclear population if the nuclei move 
freely with the stream (Pittenger and Atwood, 1956). Even if nuclei are 
not carried easily with the cytoplasm, the movement of cytoplasm will 
facilitate phenotypic homogeneity over large regions. If this is so, selection 
on a "cellular" level will be dalIlJ?ened. 

In this connection, it has been demonstrated in cutting experiments 
(Ryan et al., 1943) that the growth of hyphae at the frontier of a culture 
of Neurospora crassa is dependent upon about 1 cm of the mycelium 
proximal to them. This indicates nonautonomy of the hyphal tips in their 
own growth. Moreover, the author (Davis, 1957) has made experiments 

. indicating that the dependence of hyphal tip growth upon proximal regions 
is less as the growth rate is reduced; that is, hyphal tips become more 
autonomous under these conditions. If this is accepted, variation of nuclear 
ratio among hyphal tips will lead, at lower growth rates, to greater selective 
differences among them. 

3. Nuclear Division 
Nuclear division is, of course, the ultimate focus of selection, and aside 

from differences among nuclei in division rate per se, changes in nuclear 
ratios must reflect differences in division rates among regions of different 
nuclear constitution. In many fungi, particularly ascomycetes, nuclear 
division takes place rapidly in hyphal tips and for a greater or lesser dis
tance behind them. In fact, division is reported to be simultaneous for the 
many nuclei in hyphal tips of Penicillium cyclopium (Rees and Jinks, 
1952), a finding which indicates that the timing of nuclear division is 
determined by the common cytoplasmic milieu. The effectiveness with 
which environmental conditions influence nuclear ratios may depend upon 
the spatial relation of the zone of division and the zone of the mycelium 
performing biosynthetic activities upon which division depends. The more 
these zones overlap, the more quickly the nuclear ratio would be expected 
to respond to selection. However, no critical experiments have been done 
on this point. 
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B. Nuclear Behavior in Neurospora Heterokaryons 

Beadle and Coonradt (1944), without critical evidence, proposed that 
N. crassa heterokaryons would automatically adjust nuclear ratios during 
growth to the optimal range for highest growth rate. They felt that the 
nuclear ratio of individual hyphae would vary considerably; that natural 
selection of those within the optimal range would take place, and that the 
nuclear ratio of the heterokaryon as a whole would thus be determined. 
Within the optimal range, the nuclear ratio would be free to vary, although 
some of their experiments are based upon the assumption that this varia
tion within a single culture is limited. This general construct has been 
designated the "hyphal selection" hypothesis; it entails the basic assump
tion that the growth rates of hyphae are determined by their own nuclear 
ratio. 

The hypha! selection hypothesis was subsequently tested by Pittenger 
and Atwood (1956). By methods allowing control of the initial nuclear 
ratio of nutritionally mutant types (Atwood and Pittenger, 1955; Pittenger 
et aL, 1955) within the suboptimal range, they were able to demonstrate 
stable, suboptimal growth rates of heterokaryons, where the growth rate 
was limited by the scarcity of one of the nuclear components. Within the 
optimal range, nuclear ratios were also stable. These findings indicate either 
that the nuclear ratios of all hyphae at the frontier are extremely similar 
(allowing no selection) or that the hyphae at the frontier are not auton
omous. Pittenger and Atwood supported the latter view by demonstrat
ing considerable variation among hyphal tips after isolation from the 
frontier, and concluded that, in the intact heterokaryon, growth rates of 
frontier hyphae are determined by the "proportions within a larger 
domain" proximal to them. They explain that cytoplasmic streaming could 
account for this relationship, and that all that is required beyond this is 
that the nuclear types have the same rate of division. With this material, 
then, the hyphal selection hypothesis was contraindicated, and the well
integrated nature (i.e., lack of phenotypic mosaicism) of these hetero
karyons of N. crassa was demonstrated. 

The generality of these conclusions for N. crassa heterokaryons depends 
upon how well the nuclear types used represent the species. In fact, Pitten
ger and Atwood found that nuclear ratios of nic-2 - + nic-2 + hetero
karyons could not be maintained in the suboptimal range of nic-2 + nUclei. 
Therefore, adaptive hypha! selection may operate in this case. 

It has become increasingly clear that another type of behavior (Ryan 
and Lederberg, 1946; Ryan, 1946; Davis, 1960b; Pittenger and Brawner, 
1961) is common, which can be understood neither in terms of hyphal 
selection nor in terms of stability. In these cases, a nonadaptive change 
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of nuclear ratio is seen, and one example of this behavior familiar to the 
author is summarized below. 

Two strains of N> crassa were used in this work) one the common pan 
(pantothenate-requiring) strain, the other a one-gene mutant derived from 
it, pan m. The difference between them is that pan m is able to grow 
normally on pantothenate concentrations on which pan cannot grow at 
all; pan m could be shown to take pantothenate from the medium at lower 
concentrations (Davis, 1960a). Therefore, on limited concentrations of 
pantothenate, pan m would be expected to have a selective advantage over 
pan. However, heterokaryons constituted of the two nuclei, when grown on 
limited pantothenate, regularly display a cyclic pattern of growth: rapid 
growth, correlated with a high proportion of pan m nuclei, alternates with 
slowing or cessation of growth in which there is a nonadaptive increase of 
the pan component (Davis, 1960b). This behavior is not seen, either in 
respect to growth rate or to nuclear ratio, if pantothenate concentration 
is unlimiting-under such conditions, both are constant for long distances. 
Also, both nuclear types maintain stable ratios with nuclear types carrying 
the wild-type allele of the pan mutation. 

It is clear from these data that the cyclic behavior is a manifestation of 
competition for intracellular pantothenate or its derivatives. Thus, pan 
nuclei are more efficient in utilizing intracellular pantothenate for growth, 

.-even though pan m nuclei are responsible for its uptake from the medium. 
This leads to overgrowths of the pan component during which intracellular 
pantothenate becomes depleted and the heterokaryon ceases growth. This 
is followed by the initiation of growth by a few hyphae (Davis, I 960b) 
with higher proportions of pan m nuclei. 

The renewed growth of the heterokaryon is best understood in terms of 
the hyphal selection hypothesis. It is precisely at a stationary frontier, where 
hyphal fusion and streaming of cytoplasm are much reduced, that pheno
typic mosaicism would be expected to develop, and selection to favor 
hyphae with advantageous nuclear ratios. However, an explanation of the 
overgrowth of the pan nucleus during the other phase must start with the 
premise that pantothenate concentration is, at best, uniform throughout 
the active part of the mycelium (but probably more concentrated in regions 
with more pan m nuclei). Under these conditions, either pan nuclei divide 
faster in all cells, or phenotypic mosaicism develops among regions only 
with respect to utilization of pantothenate (and not to its rate of uptake). 
While intracellular pantothenate lasts, therefore, pan nuclei, or cells with 
more pan nuclei, are at an advantage. 

Many such cases have been described (see above), the original one 
being that of Ryan and Lederberg (1946), who used heterokaryons of 
leucine-requiring and back-mutant (leucine-independent) strains. In all 
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these cases, the nuclei were closely related and showed, in heterokaryons, 
the opposite of the behavior expected on the basis of the homokaryotic 
phenotypes. 

In Neurospora, then, several varieties of behavior have been observed. 
Neurospora stands out in that purposeful selection in favor of one com
ponent of a heterokaryon during growth is not as easy a thing to achieve 
as it is in some other species (see below). This is probably a reflection 
of the fast growth of Neurospora, with its correlates: a relative homogeneity 
of the nuclear distribution and of the phenotypes of growing hyphae (Pit
tenger and Atwood, 1956). 

C. Nuclear Behavior in Heterokaryons of Other Species 

Many other species which have been studied in regard to nuclear selec
tion show behavior which is usually compatible with the hyphal selection 
hypothesis. 

The experience of those working with Aspergillus and Penicillium spp. 
has shown that the maintenance of the heterokaryotic condition usually 
requires that the heterOkaryon have a selective advantage over both homo
karyotic components (Pontecorvo, 1946, 1953; links, 1952a). If the 
homokaryotic components have an equal (or greater) selective advantage, 
pronounced sectoring appears very early in growth. This behavior is inter
preted to mean that the frQntier is composed of homo- and heterokaryotic 
hyphae; the latter are continually resolving into the homokaryotic com
ponents with hyphal branching. Because hyphal fusions do not occur fre
quently enough to compensate for the segregation of nuclear types, only 
selection in favor of the heterokaryon will maintain a mixed nuclear popu
lation (Pontecorvo, 1946, 1953). This conclusion entails the assumption 
that considerable phenotypic heterogeneity develops at the frontier in these 
species and that differential rates of nuclear division are a property of 
hyphae, not of the nuclei themselves. 

A more complex behavior was demonstrated by Jinks (t 952a), who was 
able, by continuous variation of the composition of the medium, to show 
regular adjustments in the nuclear ratio of Penicillium cyclopium hetem· 
karyons. The changes were those expected on the basis of the growth rates 
of the homakaryotic components. While this behavior is consistent with 
the hyphal selection hypothesis, Rees and links (1952) felt that the two 
nuclear types in a given cell would have different probabilities of division, 
and that nuclear selection was thus direct. Much the same pattern of 
nuclear ratio change in response to selection has been observed by Kiritani 
(1959) in Aspergillus aryzae, by Rizet and Engelmann (1949) in Pado
spara anserina, by Tuveson and Garber (1961) in Fusarium oxysporum 
f. pisi, and by Tuveson and Coy (1961) in Cephalosporium mycophilum. 
It is undoubtedly a common pattern throughout the fungi. 
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In C. mycophilum, certain heterokaryons constituted of nuclei carrying 
nonallelic nutritional deficiencies were found to be incapable of continued 
growth on unsupplemented medium (Tuveson and Coy, 1963). This 
indicates that segregation of nuclear types during growth is so pronounced 
that even selection in favor of the heterokaryon is ineffective. This is not 
the complete explanation, however, because there is also evidence of non
adaptive overgrowth of one nuclear type. While this overgrowth may he 
eliminated by the addition of nutrients required by the other nuclear type, 
the segregation of nuclei in hyphal tips is still seen. However, hetero
karyosis does prevail here, since rare heterokaryotic hyphal tips can be 
isolated. Moreover, diploid formation can be observed, and, in fact, 
diploids may be selected for on unsupplemented medium. 

Patterns of nuclear behavior in the basidiomycetes Schizophyllum com
mune and Coprinus lagopus have been described in Section IV, B in rela
tion to the phenotypic effects of mating type genes. Most of these patterns 
appear to be explainable in terms of the efficiency of nuclear mixing and of 
cytoplasmic streaming during growth. The most stable type of heterokaryon, 
as noted before, is the dikaryon. Nuclear selection may play a role in the 
behavior of the other types of heterokaryon, however, and where it occurs, 
it appears to be adaptive (Middleton, 1964; Swiezynski and Day, 1960a). 

D. NU.ckafBehavior and the Expression of Mutations 

Becaui;;--both the mechanics of growth and the nuclear types involved 
determine nuclear relationships in hetcrokaryons. no single rule can en
compass all behavior. It is instructive to consider, however, the patterns 
discussed above in regard to their effect upon the expression of mutations 
which occur in a growing mycelium. First, where hyphal selection prevails, 
mutations conferring a higher growth rate will tend to form sectors, and 
those which do not will become buried in the population of normal nuclei 
(see Pontecorvo, 1946). Second, where a stability of ratios is maintained 
despite environmental circumstances, recessive mutations will be masked 
in their expression, but will be maintained. They may be expected to 
accumulate at a rate proportional to the mutation rate. Finally, where 
potentially advantageous mutations are selected against, as in the case of 
pan m in Neurospora, the accumulation of mutations, and certainly their 
expression, will be counteracted (Davis, 1960a). If such behavior is at all 
common, it may explain the stability of many fungal species. An intimation 
of factors operating to this end is seen in Schizophyllum commune. Homo
karyons of this species are quite stable; few mutations gain expression in 
the normal course of growth. In the common-A heterokaryon, however, 
many morphological mutants may be observed in older regions of the 
mycelium (see particularly J. R. Raper et al., 1958). The mutants found 
arc recessive, and are rarely seen in other conditions. The appearance of 
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these mutants has been shown not to be the result of an elevated mutation 
rate (Dick and Raper, 1961). It must be concluded that the multiplication 
and phenotypic expression of the mutant nuclei is allowed in the com
mon-A heterokaryon, and correspondingly suppressed in mycelia homo
karyotic for mating type loci (common-AB). The reason for this difference 
is related, in part, to the fact that complementation (dominance relation
ships) between nuclei is very poor in the common-A heterokaryon, in 
contrast to the homokaryon (see p. 576). Thus the expression of these 
recessive mutants may be facilitated because of the interference with 
dominance relationships. Further, most of the mutants isolated from com
mon-A heterokaryons are unable to accept migrating nuclei from other 
mycelia, even, perhaps, from the cells nearby in the mycelium from which 
the mutants arose. Under the conditions of aged common-A mycelia, 
mutant expression would require only that certain mutant cells have the 
ability to grow more than the cells around them. Because the mutants may 
contribute nuclei to other celIs, however, a single mutational event may 
come to be represented by many secondary areas of mutant phenotype in 
a common-A heterokaryon, where migration is efficient. In the common
AB mycelium, migration is not as efficient and mutants would be restricted 
to an area near their point of origin. 

VI. HETEROKARYOSIS AS A MECHANISM OF 
NATURAL VARIATION 

While the demonstration of heterokaryosis may be credited to Burgeff 
(1912,1914; see Bistis, 1960), the significance of heterokaryosis in nature 
was first fully appreciated by Hansen and Smith (1932), working with 
isolates of Botrytis cinerea. Their paper and others following it (Hansen, 
1938; Hansen and Snyder, 1943) were important in showing that hetero
karyosis, and the dissociation of nuclear components upon conidial forma
tion, could substitute to a certain extent in imperfect fungi for syngamy 
and meiosis. Some of the early work of Hansen and his co-workers is open 
to question in that it did not eliminate the possibility that cytoplasmic, 
rather than nuclear, differences were operating. This possibility has been 
given some force by Jinks (1959), who showed in imperfect aspergilli, that 
heterokaryons and mycelia containing variable non-Mendelian elements 
are indistinguishable by the criteria used by Hansen and his co-workers. 
However, heterokaryosis must be assigned a major role in the variation 
of imperfect fungi and, by analogy, the significance is the same for all 
coenocytic fungi in their vegetative growth. While Hansen (1938) concen
trated upon pairs of common morphological variants of imperfect fungi 
found in heterokaryotic association (the "dual phenomenon"), it became 
increasingly clear, particularly with the work of Beadle and Coonradt 
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(1944), that many genetic differences may become associated in an adap
tive way. In terms of population genetics, this allows a system of balanced 
(or "adaptive") polymorphism to develop, in which heterokaryons become 
selectively more advantageous than homokaryons containing any single 
nuclear type available to the species. This pattern results from the accumu
lation of recessive mutations with time, together with complementation 
among pairs of nuclei. Selection will operate to shift the frequencies of 
l1uclear types in the species and within individual thalli (see Section V, C). 
Because the heterokaryotic condition is favored, however, neither com
ponent will be totally lost through continued selective pressure. In thinking 
of heterokaryosis as a substitute for sex, it should be noted (Jinks, 1952a; 
Buxton, 1956) that the variability of the natural population in the absence 
of sexual or parasexual recombination is limited by the nuclear types 
already available and the mutations derived from them. And, equally as 
important, heterokaryosis in nature will be further limited by any genes 
which arise to prevent it. The latter point appears to be very significant 
in light of the experiments of Grindle (1963) (see p. 576). Thus hetero
karyosis is more legitimately a substitute for heterozygosity in maintaining 
variability than for sex in creating it. 

For a system of this sort to be of great adaptive Significance, it requires 
the regular expression of variation. In the imperfect fungi, and in the 
asexual phase of perfect fungi, this is accomplished through the formation 
of asexual spores containing relatively few nuclei. It was clear to Hansen 
(1938) that the ease with which the components of a heterokaryon could 
be dissociated by single conidial isolations depended in part upon the 
number of nuclei per conidium. One extreme of this point is seen in 
Aspergillus nidulans, which has uninucleate conidia, and in which, conse
quently. no heterokaryotic spores are formed. As nuclear number increases, 
the probability decreases that a spore from a heterokaryon will contain 
all of one type of nucleus, although a large proportion of homo
karyotic spores are seen in most fungi studied. A balance is achieved in 
many species such that the heterokaryotic associations are maintained in 
asexual dissemination while the components are also expressed as homo
karyons. 

In fungi whose conidia are uninucleate, or the nuclei of which derive 
from a single nucleus by mitosis, any tendency for the spores to remain 
joined after abstriction will encourage the maintenance of heterokaryotic 
associations. Jinks (1952b) was able to demonstrate heterokaryosis in a 
culture of Penicillium eyclopium derived from an airborne inoculum, and 
concluded that a group or pair of uninucleate, genetically different spores 
was its probable origin. 

The dynamics of selection during serial mass conidial transfers were 
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studied by Davis (1959) in Neurospora crassa, a species with multinu
cleate conidia. The experiments showed that absolute selection against 
one homokaryotic conidial type would remove it from the population only 
slowly; ten to twenty transfers were required to rid the population of it 
entirely. This could happen, however, only if the heterokaryotic conidia 
had no selective advantage over the homokaryon being selected for. Alge
braic considerations and experimental tests showed that the slightest 
advantage of the heterokaryons would entail the permanence of the "non
adaptive" nuclear type. Since this "heterokaryotic vigor"-to a greater or 
lesser degree-may be expected to be the rule in nature, it will not be 
surprising to find heterokaryosis in most natural populations of fungi, and 
for much the same reasons that a large amount of heterozygosis is found 
in populations of sexually reproducing diploid organisms (Dobzhansky, 
1953; Davis, 1959). 

aEFERENCES 
"-

Atwood, K. C., and F. Mukai. (1955). Nuclear distribution in conidia of Neurospora 
heterokaryons. Genetics 40:438-443. 

Atwood, K. C, and T. H. Pittenger. (1955), The efficiency of nuclear mixing during 
heterokaryon formation in Neurospora crassa. Am. J. Botany 42:496-500. 

Barron, G. L. (1963). Distribution of nuclei in a heterocaryon of Penicillium expall
sum. Nature 200:282-283. 

Beadle, G. W., and V. L. Coonradt. (1944). Heterocaryosis in Neurospora crassa. 
Genetics 29:291-308. 

Bistis, G. N. (1960). The concept of heterokaryosis in the fungi: the historical record. 
Am. Naturalist 94:443-444. 

Burgeff, H. (1912). Dber Sexualitat, Variabilitat, und Vererbung bei Phycomyces 
niteflS. Ber. Delli. Botan. Ges. 30;679-685. 

Burgeff, H. (1914). Untersuchungen tiber Variabilitat, Sexual it at und Erblichkeit bei 
Phycomyces nitens Kunze. Flora (lena) 107:259-316. 

Buxton, E. W. (1956). Heterokaryosis and parasexual recombination in pathogenic 
strains of Fusarium oxysporum. J. Gen. Microbial. 15:133-139. 

Davis, R. H. (1957). Unpublished work. 
Davis, R. H. (1959). Asexual selection in Neurospora crassa. Genetics 46: 1291-1308. 
Davis, R. H. (1960a). Adaptation in pantothenate-requiring Neurospora. L A gene 

modifying pantothenate mutants. Am. J. BOlany 47:351-357. 
Davis, R. H. (1960b). Adaptation in pantothenate-requiring Neurospora. II. Nuclear 

competition during adaptation. Am. J. Botany 47:648-654. 
Dick, S., and J. R. Raper. (1961). Origin of expressed mutations in Schizophyllum 

commune. Nature 189:81-82. 
Dobzhansky, T. (1953). "Genetics and the Origin of Species," 364 pp. Columbia 

Univ. Press, New York. 
Dodge, B. O. (1942). Heterocaryotic vigor in Neurospora. Bull. Torrey Bolan. Club 

69:75-91. 

Dowding, E. S., and A. H. R. Buller. (1940). Nuclear migration in Gelasinospora. 
Mycologia 32:471-488. 



17. Heterokaryosis 587 

Fincham, J. R. S., and P. R. Day. (1963). "Fungal Genetics," 300 pp. F. A. Davis, 
Philadelphia, Pennsylvania. 

Garber, E. D., E. G. Wvttenbach, and T. S. Dhillon. (1961). Genetics of phyto
pathogenic fungi. V. H~terocaryons involving f Of mae of Fusarium oxysporunL Am. 
J, BOlallY 48:325-329. 

Garnjobst, L. (1953). Genetk control of heterocaryosis in Neurospora crusm. Am. 
J, Botany 40:607-614. 

Garnjobst, L. (1955), Further analysis of genetic control of heterocaryosis in Neuro
spora CT().5S0. Am. J. Botany 42:444-448. 

Garnjobst, L, and J. F. Wilson. (1956). Heterocaryosis and protoplasmic incom
patibility in Neurospora crusso. Proc Natl. Acad. Sci, U.S. 42:613-61R. 

Grindle, M. (1963). Heterokaryon incomp<ltibility of unrelated strains in the Asper~ 
gillJl_<; nidulOJls group. Heredity 18:191-204. 

Gross, S. R (1952). HeterOkaryosis between opposite mating types in Neurmpom 
cyf1.\'so. Am. J. Eo/any 3'9:574-577. 

Hansen, H. N. (193K). The duaJ phenomenon in the Fungi Imperfecti. Myc%gia 30: 
442·455. 

Hansen, H. N., and R. E. Smith. (1932). The mechanism of variation in the Fungi 
lmperfecti. Phytopathology 22:953-964. 

Hansen, H. N., and W. C. Snyder. (1943). The dual phenomenon and sex in Hy
pomyces solani f. cucurhitae. Am. 1. Botany 30:419-422. 

Holloway, B. W. (1955). Genetic control of heterocaryosis in Neurospora craSSQ. 
Gelletics 40:117-129. 

~~.uebschman, C. (1952). A method for varying the average number of nuclei in the 
.. - conidia of Neurospora crassa. Mycologia 44:599-604. 

Jinks, J. L. (1952a). Heterokaryosis: A system of adaptation in wild fungi. Proc. 
Roy. Soc. B140:83-99. 

Jinks, J. L. (1952b). Heterokaryosis in wild Penicillium. Heredit_v (>,:77-87. 
Jinks, 1. L. (1959). The genetiC basis of "duality" in imperfect fungi. Heredity 15: 

525-528. 
Kiritani, K. (1959). Selection of fitter type nuclei in hetcrocaryons of Aspergillus 

ofyzae. Z. Vererlmngslehre 90: 182-189. 
Klein, D. T. (1958). Randomness of nuclear distribution in conidia of Neurospora 

heterokaryons. Z. VererbuIIRslehre 89: 323-327. 
Middleton, R. B. (1964). Evidences of common-AS heterokaryosis in Schizophyllllm 

commllne. Am. 1. 80tallv 51:379-387. 
Parag, Y., and L R. Raper. (1960). Genetic recombination in a common-B cross of 

Schizophyllum commune. Nature 188:765~766. 
Pittenger, T. H., and K. C. Atwood. (1956). Stability of nuclear proportions dLlfing 

growth of New'ospora heterokaryons. Genctics. 41:227-241. 
Pittenger, T. H., and T. G. Brawner. (1961). Genetic control of nuclear selection in 

Neurospora heterokaryons. Genetics 46: 1645-1663. 
Pittenger, T, H., A W. Kimball, and K. C. Atwood. (1955). Control of nuclear 

ratios in Neurospora heterokaryons. Am. J. Botany 42:954-958. 
Pontecorvo, G. (1946). Genetic systems based on heterocaryosis. Cold Spring Harbor 

Symp. Quant. Bioi. 11: 193-201. 
Pontecorvo, G. (1953). The genetics of Aspergillus nidulalls. Advall. Genet. 5:141-

238. 
Prout, T., C. Huebschman, H. Levene, and F. J. Ryan. (1953). The proportions of 

nuclear types in Neurospora heterocaryons as determined by plating conidia. 
Genetics 38: 518-529. 



588 Rowland H. Davis 

Raper, J. R. (1953), Tetrapolar sexuality. Quart. Rev. Bioi. 28:233-259. 
Raper, J. R. (1955). Heterokaryosis and sexuality in fungi. Trans. N.Y. Acad. Sci. 

[2J 17:627-635. 
Raper, 1. R.o and J. P. San Antonio. (1954). Heterokaryotic mutagenesis in Hymeno~ 

mycetes. 1. Heterokaryosis in Schizophyllunl commune. Am. J. Botany 41:69-86. 
Raper, 1. R., J. P. San Antonio, and P. G. Miles. (1958). The expression of muta

tiono;:. in commot\-A heterokaryons of Schiwphyllu.m commune. Z. Vererbungslehre 
89:540-558. 

Raper, K. 8., and D. 1. Fennell. (1953). Heterokaryosis in Aspergillus. J. Elisha 
Mitchell Sci, Soc. 69: 1-29. 

Rees, H., and J. L. Jioks. (1952). The mechanism of variation in Penicillium hetero~ 
karyons. Proc. Roy. Soc. B140: 100-106. 

Rizet, G., and C. Engelmann. (1949). Contribution a l'etude genetique d'un Ascomy~ 
cete tetraspon!: podospora anserina (Ces.) Rehm. Rev. Cytol. BioI. Vegetales 11: 
201-304. 

Ryan, F. J. (1946). Back-mutation and adaptation of nutritional mutants. Cold 
Spring Harbor Symp. Quant. Bioi. 11:215-227. 

Ryan, F. J., and J. Lederberg. (1946). Reverse mutations and adaptation in leucine
less Neurospora. Proc. Natl. Acad. Sci. U.S. 32:163-173. 

Ryan, F. J., G. W. Beadle, and E. L.'Tatum. (1943). The tube method of measuring 
the growth rate of Neurospora. Am. !:-Botany 30:784~799. 

Sansome, E. R. (1946). Heterokaryosis, mating-type factors, and sexual reproduction 
in Neurospora. Bull. Torrey Botan. Club 73:397-409. 

Snider, V. 1. {19~3). B~t\roation of nudear ratio~ diIel.:-t\y from h-etemkaIyO\ic myce\ia 
in Schizophyllum. Am. J. Botany 50:255-262. 

Snider, P. J., 3.nd J. R. Raper. (1958). Nuclear migration in the Basidiomycete 
Schizophyllum commune. Am. J. Botany 45:538-546. 

Swiezynski, K. M., and P. R. Day. (1960a). Heterokaryon formation in Coprinus 
lagopus. Genet. Res. 1:114-128. 

Swiezynski, K. M., and P. R. Day. (l960b). Migration of nuclei in Coprinus lagopuJ. 
Genet. Res. 1'.119-13,9. 

Tuveson, R. W., and D. O. Coy. (1961). Heterocaryosis and somatic recombination 
in Cephalosporium mycophylum. Mycologia 53:244-253. 

Tuveson, R. W., and D. O. Coy. (1963). Hyphal tip isolation as a criterion for 
heterocaryosis in Cephalosporium mycophylum. Mycologia 55:402-414. 

Tuveson, R. W., and E. D. Garber. (1961). Genetics of phytopathogenic fungi. IY. 
Experimentally induced alterations in nuclear ratios of heterocaryons of Fusarium 
oxysporum f. pisi. Genetics 46:485-492. 

Whitehouse, H. L. K. (1949). Heterothallism and sex in the fur.gi. BioI. Rev. Canl
bridge Phil. Soc. 24:411-447. 

Whitney, H. S., and J. R. Parmeter. (1963). Synthesis of heterokaryons in Rhizoc
tonia solani KUhn. Can. J. Botany 41:879-886. 

Wilson, J. F., L. Ga(njobst, and E. L. Tatum. (1961). Heterokaryon incompatibility 
in Neurospora crassa-microinjection studies. Am. J. Botany 48:299-305. 



CHAPTER 18 

Mechanisms of Inheritance 

3. The Parasexual Cycle 
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Sheffield, England 

I. INTRODUCTION 

Less than twenty years ago the standard sexual cycle was the only 
known mechanism of genetic recombination. A possible exception to this 
statement had been provided by Griffith's (1928) work on transformation 
in pneumococci, but at that time transformation was a little understood 
phenomenon. Microbial species in which no sexual cycle was known were 
descnbed as asexual or, in the case of fungi, imperfect. Such species were 
not amenable to rigorous genetic analysis. In fact, in the absence of con
vincing cytological studies, there could be no absolute certainty that these 
species enjoyed the same fundamental mode of inheritance as higher 
organisms; however, this doubt was probably applied more to bacteria and 
viruses than to the asexual fungi. Lack of knowledge of recombination 
processes seriously restricted certain fields of study in the imperfect fungi; 
for instance, control of virulence in asexual phytopathogens, the planned 
breeding of improved industrial strains, the study of genetic diversity within 
related groups, and so on. Not only that, imperfect fungi posed a problem 
in neo-Darwinian terms. How did they meet the challenge of evolutionary 
forces? 

The fruitful union of genetics, microbiology, and biochemistry has had 
far-reaching consequences in biology as a whole. One of these conse
quences has been the discovery of what Haldane (1955) called "alterna
tives to sex." That is, the discovery of processes, other than the standard 
sexual cycle, which lead to genetic recombination. These "alternatives to 
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sex" have almost invariably been revealed by fl genetic approach using 
large numbers of cells, coupled with the powerful selective tools provided 
by nutritional mutants and selective, chemically defined media. In no 
instance has there been prior microscopic evidence to suggest that recom
bination might be found. 

Later, extensive analyses, largely genetic, have allowed a comparison 
between these newly discovered processes of recombination and the stand
ard sexual cycle. There is now an almost bewildering array of recombina
tion mechanisms known in microorganisms. Most of these processes are 
fairly well analyzed in formal genetic terms and, in some cases, the chromo
some mechanics are well understood. One of these novel processes of 
recombination, and one of the most thoroughly elucidated, was discovered 
in fungi and has been termed by Pontecorvo (1954) the parasex\lal cycle. 

II. THE PARASEXUAL CYCLE, AND ITS INDIVIDUAL STEPS, 
IN Aspergillus nidulans 

The parasexual cycle was discoy.ercd in the homothallic ascomycete 
Aspergillus nidulans, where it coexists with the standard sexual cycle. The 
existence of both cycles in one species has made it possible to confidently 
define the features of the parasexual cycle. 

The essential steps of the parasexual cycle are: (l) heterokaryosis, (2) 
fusion of unlike nuclei in the hyphae, (3) segregation and recombination 
at mitosis. For clarity, certain of these three essential steps require sub
division. 

A. Heterokaryosis 

An obvious prerequisite for recombination is fusion of haploid nuclei 
(or parts of nuclei). This normally requires, as a first step, inclusion of 
the genetically different nuclei in the same cytoplasm. This is achieved 
through heterokaryosis. 

Wild-type A. nidulans has green, haploid uninucleate conidia. It grows 
perfectly on a minimal medium of mineral salts with a sugar (for example, 
Czapek-Dox medium with 1 % glucose). Strains differing from wild type 
in nutritional requirement, conidial coloT, or resistance to inhibitory sub
stances arc readily prepared by the standard techniques of microbial 
genetics (sec, for example, Pontecorvo ef al., 1953a; Roper and Kafer, 
1957). All the mutant properties just mentioned are particularly valuable 
in the exploitation of the parasexual cycle. 

Any pair of strains selected for study will generally differ from wild type, 
and from each other, in onc or several nutritional requirements; one or 
both strains will differ from wild type in conidial color. A "balanccd" 
heterokaryon is most easily prepared by mixing 1 0 1

; or so conidia of each 
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of the two parent haploids in a few milliliters of liquid minimal medium 
supplemented with sufficient of the required nutrients to allow germina
tion, but not full growth, of the parent haploids. The mat of mycelium 
which results after 2-3 days is teased out on solid minimal medium. From 
certain points of the teased-out mycelium balanced heterokaryotic growth 
escapes on further incubation. Such growth is usually readily recognjzed 
by its mosaic of conidial heads of different color and often by its rather 
typical growth form. The conidial color markers of A. nidulans are auton
omous, each conidium having its color determined solely by the nucleus 
it carries. When the conidial colors are sufficiently contrasted, in a green + 
white or green + yellow heterokaryon, "mixed" heads produced by hetero
karyotic conidiophores arc often seen. The absence of mixed heads and/or 
an extreme infrequency of one conidial class does not necessarily indicate 
a low degree of effective heterokaryosis. From such heterokaryons it is 
often possible to obtain a high frequency of hybrid perithecia and a yield 
of vegetative diploids comparable to that from heterokaryons showing less 
disproportion of conidial types. 

Heterokaryons, at least in A. nidulans. have hyphae carrying widely 
differing frequencies of the two nuclear lypes (Clutterhuck and Roper, 
(966). Maintenance of the balanced heterokaryotic state, a form of intra
cellular symbiosis, is probably by interhyphal selection at the growing edge 
of the colony. At present it is not possible to profitably apply to a hetero
karyon the mathematical tools of popUlation genetics, despite the analogy 
between a heterokaryon and a polymorphic population in equilibrium (cf. 
Chapter 17, on heterokaryosis). 

B. Formation of Diploids; Recognition and Isolation 

Sansome (1946) described gigas forms of Penicillium nota tum resulting 
from camphor treatment of individual haploid strains. There was evidence 
(Sansome, 1949) that these gigas forms had diploid nuclei which, con
Sidering their origin, were necessarily entirely homozygous. While such 
diploids are valuable in various forms of analysis they are of relatively 
little use in genetic analysis. The original purpose, for which A. niduial1s 
diploids were synthesized, was to study problems of allelism (Roper, 
1953a) and these studies could be made only with heterozygous diploids. 

A successful search was therefore made (Roper, 1952) for heterozygous 
diploid nuclei which might arise by the vegetative fusion of pairs of unlike 
nuclei rather than by some mechanism, such as spindle failure, which 
would give totally homozygous diploids. There were no strong theoretical 
grounds for expecting such fusions though there was some earlier experi
mental evidence, in animals, that the search might prove successful (e.g., 
Pontecorvo, 1943). The technique adopted was to search for the conidial 
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products of the fusion of unlike nuclei in heterokaryons. The vast majority 
of the conidia produced by a balanced heterokaryon formed between 
different nutritional mutants would be of one or other parental type, and 
would be unable to grow on minimal medium. However, making the rea
sonable assumption that most mutant alleles would be recessive, conidia 
with heterozygous diploid nuclei would, like the heterokaryon, grow on 
minimal medium. This approach provided a powerful tool for the selection 
of heterozygous diploids, if they should arise, from the mass of parental 
mutant conidia. At the same time the approach was limited to a search for 
the required type, heterozygotes. 

Young, but established, subcultures of heterokaryons were treated with 
camphor vapor. A few crystals of d-camphor were placed in the inverted 
dish and the heterokaryons were incubated for 5 hours. The camphor was 
then removed and incubation was continued for several days. Conidia were 
then harvested and plated at high density on minimal medium. The conidial 
densities, usually between 106 and 3 X 107 per dish, were adjusted so 
that auxotrophs showed little or no germination which might have sup
pressed growth of the prototrophic heterozygotes (Roper, 1950; Grigg, 
1952). Under these conditions resynthesis of heterokaryons, in A. nidulans, 
is generally slight. In any case, hcterolruryons can usually be distinguished 
by their growth form and also by their mosaic of conidial colors. The 
selective platings yielded rare prototrophs which were wild type both in 
nutritional requirement and in conidial color. As a rarc event, the hetero
karyon showed a sector of diploid growth. These sectors are only con
spicuous when the phenotype of the heterozygous conidia is different from 
that of both parent haploids. 

In later experiments it was found that camphor treatment was unneces
sary and it is now almost never used. The distribution of diploid conidia, 
in the heterokaryon, is clonal. Thus the frequency of recovery of diploids 
does not necessarily reflect the frequency of nuclear fusion. Any approach 
to this important problem must generally use statistical analysis of the type 
devised by Luria and Delbriick (1943) and must take careful account of 
the selective or other forces exerted by environmental agents which are 
investigated. The evidence suggests (Pontecorvo and R.oper, 1953) that 
camphor increases the yield of diploids, but not necessarily the rate of 
nuclear fusion. Treated heterokaryons gave between 3 and 300 diploid 
colonies per 10" conidia plated, but an untreated control gave only 0.25 
per 10'. Barron (1962) found difficulty in isolating diploids of Penicillium 
expansum from untreated heterokaryons, hut not from heterokaryons which 
had received camphor treatment. Ishitani et al. (1956a) have exploited the 
multinucleate conidia of Aspergillus soiae and A. oryzae to study the in
fluence of factors affecting the frequency of recovery of diplOids. By this 
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approach they avoid certain of the difficulties discussed above. Conidia 
from heterokaryons received no treatment, camphor treatment, or treat
ment with ultraviolet light. The conidia were then plated and the resulting 
colonies were examined for the occurrence of diploids, either as whole 
colonies or as sectors. Camphor treatment increased the frequency of 
diploids, but not so dramatically as did UV. At UV doses giving a survival 
of 10-', the frequency of diploids rose from < 1 in 10' to > 1 in 102

. 

The mechanism of action of agents affecting recovery rate of diploids, or 
rate of nuclear fusion, is far from clear. If suitable experimental designs 
can be devised the field should yield important results. Clearly, such results 
have relevance to the question of the formation of diploids in nature. 

By the techniques outlined above it has proved a simple matter to prepare 
a heterozygote of any required genotype. The only limitation is that im
posed by the need, in the parent haploids, for suitable markers required 
to synthesize the balanced heterokaryons and select and identify the hetero
zygotes. While it would certainly be possible to synthesize a heterozygote 
from mutants which both differed from wild type, and each other, only in 
conidial color, it would be a laborious exercise. 

No strict record has been kept of success or failure to synthesize hetero
zygotes in A. nidulans; in the author's experience at least 95% of hetero
karyons yield diploid colonies from the plating of between 10' and 10' 
conidia. In no instance has a heterokaryon failed to eventually yield diploids . 

. -~ C. The Properties oj Heterozygous Diploids 

Proof of diploidy, in the first instances, rested on a number of criteria 
which can now be amplified by more recent findings. 

1. The Phenotype 

Green-spored prototrophic strains were derived from a heterokaryon 
whose components each carried several mutant alleles determining nutri
tional requirements and mutant conidial color. The phenotype of these 
postulated diploids was consistent with the initial view, generally supported 
by data from heterokaryons, that most mutant alleles would be recessive. 
The alternative explanation, that the green prototrophs derived from simul
taneous spontaneous mutation, at several loci in one strain, seemed too 
unlikely to be considered seriously. 

2. Deoxyribonucleic Acid Measurements in Haploids and Diploids 

Measurements of DNA per nucleus provide an estimate of the degree of 
ploidy, and with this in mind Heagy and Roper (1952) estimated the DNA 
in known haploid and putative diploid conidia. The necessary assumptions 
were that the conidia of both types should be in the same stage of the 
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mitotic cycle and that not only haploid but also diploid conidia should be 
uninucleate. This latter point has since been confirmed for the diploid 
conidia. 

The results given in Table I are entirely consistent, within the limits 
of experimental error, with a 1:2 ratio for the DNA of haploid and diploid 
conidia. 

TABLE I 
DEOXYRIBONUCLEIC ACID OF HAPLOLD AND DIPLOID CONIDIA Of Aspergillus nidulalls 

Strain 

Green haploid 
Green diploid 
White haploid 
White diploid 

DNA phosphorus 
(10-6 gm/lOU conidia)a 

4.04 
9.39 
4.22 
7.75 

a Results quoted from Heagy and Roper (1952), Wf're corrected for a typographical 
error of IOli. 

3. Conidial Size 

As the conidia of A. nidulans are spherical and occur in long chains, 
it is a simple mattcr to find the mean conidial diameter of a strain by 
measuring several chains. Roper (1952) found that the conidia of diploid 
strains are significantly larger than those of haploids. The ratio of the 
diameters is almost exactly 1.3: 1; the volumes have the ratio 2: 1. These 
results were extended by Pontecorvo ef al. (1954), who used conidial size 
as an unambiguous criterion of haploidy versus dip1oidy. 

Ishitani ef al. (1956b) showed that haploid and diploid conidia of A. 
sojae did not differ significantly in size. However, the mean number of nuclei 
pcr conidium in haploids was twice that in diploids. Thus the cell volume 
supported by one haploid nucleus is half that supported by one diploid 
nucleus. Conidia produced by heterokaryons of A. sojae were significantly 
larger than conidia of the component haploid mutant strains. However, the 
conidia from heterokaryons had a higher mean number of nuclei than did 
the component haploids and the ratio of cell volume to nuclear number 
was the same for both heterokaryon and pure strains. Clutterbuck and 
Roper (1966) have found similar results for the hyphal tip cells of A. 
nidulans. The mean cell volume per haploid nucleus is about half that per 
diploid nucleus. Preliminary evidence in triploids shows a roughly 3: 1 in
crease of cell volume per nucleus as compared with haploids. It would be 
of considerable interest to try to vary, by changes in media, the mean cell 
volume pef nucleus in a plastic system like fungal hyphae. This might 
provide one approach to the study of conditions which initiate and control 
mitosis. 
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4. The Perithecia of Diploids 

595 

Haploid strains produce 8-spored asci whose ascospores are usually of 
high viability. Diploid strains may produce abundant perithecia, but each 
perithecium contains few asci. Some of these asci have other than 8 spores, 
the most common exceptional class being 16-spored asci. 

Elliott (1960) has made a cytological study of meiosis in haploids and 
diploids. Eight bivalents are seen, both in haploids and diploids, at first 
meiotic metaphase. In immature perithecia of diploids true croziers are not 
seen; instead, there are coiled hyphae made up mainly of uninucleate cells. 
There was no evidence of tetraploid meiosis; each ascus of a diploid 
perithecium develops from a single diploid nucleus. Meiosis proceeds nor
mally up to first meiotic metaphase, but then frequently fails. As Elliott 
has pointed out, "the sterility of the diploids poses an intriguing problem. 
There is a striking difference in fertility between a diploid and the cross 
of its two parents. The diploid state of the mycelium itself must somehow 
be inimical to the proper functioning of the sexual processes." Elliott's 
analysis revealed nothing about the origin of 16-spored asci which are still 
an interesting problem. 

Genetic segregation at meiosis has been studied by Garber et al. (1961), 
who plated the ascospores of diploid perithecia and recovered diploids and, 
in much lower frequency, haploids. This is not in agreement with the present 
author's experience. In view of the extremely low yield and viability of 
ascospores from diploids a definitive analysis probably requires microma
nipulation of single ascospores so that contaminating conidia are entirely 
excluded. 

5. Mitotic Segregation 

In the earliest studies it was mitotic segregation which provided the 
unequivocal evidence of diploidy. This evidence distinguished between 
true diploidy and, for instance, a persistent heterokaryotic condition. 

Heterozygous diploids are relatively stable at mitosis and their colonies 
carry mainly diploid conidia of parental kind. However, the diploid colonies 
show occasional sectors, patches, or single conidial heads of genotype 
different from the heterozygous parent. These segregant sectors are detected 
by various means such as conidial color. Most are diploid, but some are 
haploid. They arise by "accidents" of mitosis which result in segregation. 
By analysis of the mitotic segregants it was possible to show that the sup
posed heterozygotes did, in fact, carryall the mutant alleles present in the 
original haploids. 

The processes of mitotic segregation are extremely important in the 
parasexual cycle and are given extended treatment below. 
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D. Mitotic Crossing-Over 

1. The Mechanism 01 Mitotic Crossing-Over 

To illustrate mitotic crossing-over a heterozygote of the genotype shown 
at the head of Table II will be used. This is heterozygous for seven reces
sive mutant alleles and is therefore phenotypically wild type. 

Conidial platings from this diploid yield green and very rare white or 
yellow colonies. Close inspection of the green colonies reveals the color 
segregants mentioned above. The segregants are isolated, purified and 
checked for ploidy by conidial size. Whole colonies of white or yellow are 
ignored as they represent segregation prior to plating. A maximum of one 
yellow and one white segregant per colony is picked so as to avoid clones. 
Most of these color segregants are diploid, and most of the diploids arise 
by mitotic crossing-over. Only diploid mitotic cross-overs are considered 
in this section; other classes of segregants are discussed in Section II, E. 

For the present purposes consideration of just the yellow segregants will 
be adequate. All the yellow diploids would require biotin (bi is distal to y). 
Some would require p-aminobenzoic acid (paba is proximal to y) as well 
as biotin. Some would require proline (pro is proximal to paba) as well as 
p-aminobenzoic acid and biotin. Except for extremely rare instances, the 
segregants would not require riboflavine or adenine. By haploidization 
(Section II, E) all these yellow segregants could be shown to be still 
heterozygous for those mutant alleles for which they had not become 
homozygous. 

Results such as these led to the view (Pontecorvo and Roper, 1953) 
that these segregants arose by mitotic crossing-over, a process elegantly 
analyzed by Stern (1936) in the insect Drosophila. The modalities of 
this process, both in Drosophila and A. nidulans, are as follows. Mitotic 
crossing-over is a rather rare event occurring at the 4-strand stage of mi
tosis. At anyone event, crossing-over is almost invariably confined to a 
single exchange in one chromosome arm out of the whole chromosome 
complement. The subsequent behavior of the centromeres is mitotic; that 
is, the centromeres divide and the chromatids of each homolog go to op
posite poles. If the segregation of chromatids is appropriate the resulting 
nuclei are homozygous for certain markers for which they were previously 
heterozygous. Specifically, the nuclei become homozygous for all allele. 
linked in coupling and distal to the point of exchange. Markers proximal 
to the exchange, and markers on other chromosome arms, remain hetero
zygous. Table II details the results of mitotic exchange at various points 
in the right arm of chromosome 1. 

This laborious and extensive tabulation has been given to emphasize 
several points including, first, the number of segregant nuclei which go 
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TABLE II 
THE CONSEQUENCES OF MITOTIC CROSSING-OVER 

Chromosome I Chromosome II 
ribo pro paba y hi + + 1 

• 2 • 
Diploid + D+e+B+A+ w ad 

3 

• • 4 

Region of 
cross-over, 
assumed 
between Segregation 

Class chromatids of 
2 and 3 chromatids Resulting segregant 

1. A 1+3 rtho pro paba y hi + + 
+ + + + hi w ad 

2. A 2+3 riho pro paba y + + + 
+ + + + hi w ad 

3. A 2+4 ribo pro paba y + + + 
+ + + + + w ad 

4. B 1+3 riho pro paba y hi + + 
+ + + y hi w ad 

5. B 2+3 riho pro paba + + + + _____ . 
+ + + y hi w ad 

.6.----- B 2+4 ribo pro paba + + + + 
.. ~-~------

ad + + + + + w 
7. e 1+3 rtho pro paba y hi + + 

+ + paba y hi w ad 
8. e 2+3 ribo pro + + + + + 

+ + paba y hi w ad 
9. e 2+4 riho pro + + + + + 

+ + + + + w ad 
10. D 1+3 rtho pro paba y hi + + 

+ pro paba y hi w ad 
II. D 2+3 riho + + + + + + 

+ pro paba y hi w ad 
12. D 2+4 rjho + + + + + + 

+ + + + + w ad 

NOTE: The diploid is shown at the 4-strand stage of mitosis and exchanges are assumed 
between chromatids 2 and 3. Linkage arrangements shown are based entirely on 
meiotic results (summarized by Kafer, 1958). Symbols: •• centromere; y, yellow 
conidia; W, white conidia; ribo, requirement for riboflavine; pro, proline; paba, 
p-amino benzoic acid; bi, biotin, ad, adenine. Only nuclei carrying at least one cross-
over chromatid are shown; when chromatids 1 and 4 segregate together, the geno-
type is entirely unchanged. 
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undetected. Classes 2, 5, 8, and 11 have the complementary products 
of crossing-over; except for the rare cases where position effect is involved 
(see below) these go undetected because they have the same phenotype 
and overall genotype as the parent diploid. Classes 3, 6, 9, and 12 have 
become homozygous for one or more dominant alleles, and these classes 
also normally go undetected because they are not phenotypically distin
guishable from the parent. Only classes 1,4,7, and 10 show mutant prop
erties, and class I is likely to go undetected without laborious testing. 
Classes 4, 7, and 10 are yellow segregants which are visually detected. 

A comparison can be made of classes 4,7, and 10 with the meiotically 
determined order of loci and centromere in the right arm of chromosome I. 
This comparison iBustrates how mitotic crossing-over can be used to 
determine the order of genes on a chromosome arm relative to each other 
and their centromere. For such analysis it is essential to have the recessive 
alleles in coupling (as in the present example) and to use a selective 
marker as distal as possible on the chromosome arm. Had there been two 
markers to the right of the y locus their order could not have been deter
mined as both would always have become homozygous when yellow segre
gants were selected. It could have been said only that both were distal 
to y. 

Mitotic crossing-over permits, then, the ordering of genes and their 
centromere on individual chromosome arms. 111 A. nidulans the results of 
such analysis have always been in absolute agreement with meiotically 
derived results. However, analysis by mitotic crossing-over has limitations. 
(t analyzes only chromosome arms and does not show how they are asso
ciated into whole linkage groups. This association can be shown through 
haploidization (Section II, E). A further limitation is the need for appro
priate recessive or semidominant mutant alleles, distally located, to provide 
the means for selection of mitotic cross-over classes. The final limitation is 
that analysis of the type shown in Table II does not afford an immediate 
measure of recombination frequencies such as are obtained through meiosis. 
This limitation can to some extent be circumvented in a way described later 
(Section II, F). 

2. The Reciprocity of Mitotic Crossing-Over 

Experiments such as those described above do not afford unequivocal 
evidence that mitotic crossing-over is reciprocal, since the postulated com
plementary products of a single mitotic cross-over are not recovered in the 
same nucleus (strands 2 + 3 in Table II). Sometimes "twin" spots are 
formed. These are neighboring tissues formed by daughter nuclei following 
a segregation of chromatids 1 + 3 and 2 + 4, where chromatids 2 and 3 
have exchanged segments. However, it is never possible to say that these 
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apparently complementary products must have arisen from one event of 
crossing-over. 

The proof of reciprocity was found by Roper and Pritchard (1955). 
By using a novel selection method it was possible to select cross-over 
classes which included those having the reciprocal products of one cross
over event in a single nucleus. The experimental design, shown in Fig. I, 

paba y + ad, + 

2 : A + + adl~X + bi 
3 

4 

segreg~ ~regation 
2 +3 2+4 

paba y + + hi paba "'- bi y + + 

B + + ad16 ad, C + + ad16 + bi 

FIG. 1. Recovery of the complementary products of mitotic crossing-over. 

is based on the fact that nonidentical, recessive, allelic mutations generally 
show a position effect. That is, ml +! + m2 is mutant and ml m2! ++ 
is normal. A diploid of genotype A was synthesized; it carried several 
linked markers and also the closely linked alleles ad16 and ad8 in trans 

-arrangement. The phenotypes of the various haploid and diploid arrange
ments of ad16 and ad8 are shown in Table III. These alleles, which deter
mine a rcquircment for adenine, are phenotypically distinguishable and, 
although very closely linked, can be separated by meiotic crossing-over 
(Pritchard, 1955). The aim was to try to obtain mitotic crossing-over 
between them. 

Conidia of diploid A were plated on a medium which had no adenine. 

TABLE III 
PHENOTYPES OF VARIOUS COMBINATIONS OF ad16 AND (ld8 ALLELES 

Strain Phenotype on minimal medium 

ad16 + Reduced growth 

+ ad8 No growth 

ad16 ad8 No growth 

ad16 + 
+ ad8 

Reduced growth 

ad16 ad8 

+ + 
Full growth 
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About 1 in 107 of the plated conidia gave a colony. The majority of these 
selected, adenine-independent types were shown, by recovery of haploids 
and out-crossing, to have either genotype B or C. These results support 
the mechanism of mitotic crossing-over and segregation as it has been out
lined above. This technique is of some value in itself; it allows analysis of 
half-tetrads and also leads to the recovery of nuclei carrying two mutant 
alleles in cis arrangement, an almost impossibly laborious task by conven
tional methods. 

3. The Frequency of Mitotic Crossing-Over 

There are substantial difficulties in the way of estimating the absolute 
frequency of mitotic crossing-over. Ideally it would be necessary to have 
distal markers on all chromosome arms, to make statistical allowances for 
the clonal distribution of segregants, to know the details of centromere 
segregation following crossing-over, and to know (or compensate for) 
possible differential viabilities of segrcgants and parent heterozygote. The 
nearest approach to this ideal comes from the painstaking work of Ponte
corvo and Kafer (1958) and Kater (1961), who suggest that mitotic 
crossing-over occurs at about 1 in every __ ~O mitotic divisions. 

E. Haploidization and Nondisjunction 

Among the segregants isolated from a diploid are three classes which do 
not arise by mitotic crossing-over. These are haploids, nondisjunctional 
diploids, and aneuploids. 

1. Haploids 

Haploid segregants were first detected by Pontecorvo and Roper (1953), 
but the analysis was inadequate to show details of their origin. Later analy
sis, Pontecorvo et al. (1954), showed that haploids arise by a process, 
independent of crossing-over, in which the members of each homOlogous 
pair of chromosomes assort independently of other pairs. Thus, recom
binants are obtained between, but not within, linkage groups. An example 
of haploidization is shown in Table IV. Haploids, derived from suitably 
marked diploids, provide a very easy means for the initial assigning of a 
gene to its linkage group since markers on the same linkage group stay 
completely linked and never recombine at haploidization. 

2. Nondisjunctional Diploids 

This class of segregants was considered in detail by Pontecorvo and 
Kafer (1958). They are segregants which have become homozygous for 
one, or very rarely two, whole chromosomes while remaining heterozygous 
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for all others. A typical nondisjunctional diploid derived from the hetero
zygote at the head of Table IV would have the genotype 

ribo pro paba y bi + + 
ribo pro paba y bi w ad 

In A. nidulans nondisjunctional diploids are found at considerably lower 
frequency than are diploid mitotic cross-over classes (Kafer, 1961). 

TABLE IV 
AN EXAMPLE OF THE RESULTS OF HAPLOIDIZATIQNIL 

ribo pro paba y hi + + Diploid --e -e-+ + + + + w ad 

Haploid classes Detection 

1. ribo pro paba y hi + + By color 
2. ribo pro paba y hi w ad By color 
3. + + + + + w ad By color 
4. + + + + + + + Usually undetected 

a Symbols as in Table II. 

These diploid segregants clearly arise by the failure of the two chromatids 
of one chromosome to separate at mitosis. Very rarely, two chromosomes 
become homozygous by this means. The probable detailed origin of non
disjunctional diploids, like that of the haploids, is explained through 
aneuploidy. 

-j. Aneuploids 

When conidia of a heterozygous diploid are plated at very low density, 
so that intercolony competition is minimized, a proportion of unstable 
types is found (Pontecorvo and Kafer, 1958). These unstable types are 
almost always aneuploid. Kafer (1961) has carried out a laborious and 
rewarding analysis of aneuploids derived from parent diploids heterozygous 
for up to 26 mutant alleles distributed on both homologues of all eight 
linkage groups. 

Two main classes of aneuploids were obtained. Hyperdiploids, mainly of 
2 n + 1 type but, more rarely, 2 n + 2, 2 n + 3, or 2 n + 4. Hyperhap
loids, mainly n + 1 but, again more rarely, n + 2, n + 3, and n + 4. 
Hyperdiploids had a total frequency, averaged for two diploids, of about 1 
in 150 colonies; hyperhaploids, similarly averaged, had a frequency of 
about 1 in 1000 colonies. 

All the analyzed aneuploids showed reduced growth rate and gave 
normal-growing sectors. The sectors differed in genotype from the central 
aneuploid part of the colony, as shown by a change in conidial color and/or 
nutritional requirement. The majority of hyperdiploids, the 2 n + 1 class, 
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differed from the heterozygote by the addition of anyone extra chromo
some. Each trisomic had a distinct phenotype. These hyperdiploids can be 
represented by the simplified genotype a/a/+; b/+; c/+; d/+; e/+; 
U+; g/+; h/+. The breakdown products were diploids, still heterozygous 
for the linkage groups bearing markers b to h. but either homozygous 
(a/a) or heterozygous (a/+) for the linkage group previously trisomic. 
Sectors of types a/a and a/ + were formed in a 1:2 ratio. The former class, 
a/a, is indistinguishable from a directly isolated nondisjunctional diploid. 

The hyperhaploids sector in similar fashion but to give, ultimately, hap
loids. The most frequently isolated hyperhaploid (as opposed, perhaps, 
to the most frequently occurring in the parent colony) is the n + I class, 
which may segregate, without crossing-over, to give two haploid classes. 
In the case of higher hyperhaploids a stepwise loss of single chromosomes 
could be detected; this was shown by the unmasking of recessive alleles as 
the homologs, carrying dominant alleles, were lost. Thus some haploids 
have been shown to arise from hyperhaploids by the stepwise loss 01 
chromosomes. 

These results have led Kafer to suggest that a single basic mechanism 
may explain the origin of both nondisjunctional diploids and most haploids. 
(It cannot be entirely excluded .that certain haploids arise by an alternative 
one-step process, but the indicatibns are that this process, if it occurs at 
all, is very infrequent.) The first postulated step is formation from a diploid 
nucleus, by infrequent nondisjunction, of daughter nuclei which are usually 
2 n + 1 and 2 n - 1. The hyperdiploid then reverts to a diploid, in one
third of the cases a homozygous nondisjunctional type. Hyperhaploids of 
type 2 " - 1 (= n + 7), n + 6, n + 5 have not been isolated; this could 
reflect the inability of such classes to produce conidia. However, they are 
postulated as intermediates in the stepwise loss of chromosomes from the 
hyperhaploids, until the stable haploid condition is reached. It is not yet 
clear whether the secondary steps, the loss of chromosomes from hyper
diploids and hyperhapioids, are more frequent than the first step, non
disjunction. The aneuploid, are at a great selective disadvantage and a high 
rate of sectoring of stable types may reflect this disadvantage rather than a 
high frequency of chromosome loss. 

On the basis of her analysis Kafer has estimated that nondisjunction 
occurs at about 1 in every 50 mitoses. 

F. A Comparison of the Parasexual Cycle and the Sexual Cycle 

1. A Comparison of the Processes 

Table V sets out a summarized comparison of the parasexual and sexual 
cycles. At first sight the parasexual cycle may appear far more laborious 
than the sexual cycle for laboratory use, since mitotic recombinants are 
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rare. However, the use of more recently devised techniques (Section II, G) 
makes mitotic analysis a very simple matter. 

For the assigning of a new marker to its linkage group, haploidization 
has overwhelming advantages, especially since Forbes (1959) has devised 
tester strains carrying markers on an chromosomes. Mitotic crossing-over 

TABLE V 
A SUMMARIZED COMPARISON OF THE PARASEXUAL AND 

Sr:.XUAL CYCLES IN A spcrgiflus Itidu/ans 

Sexual cycle Parasexual cycle 
~------------------------~-------

1. Heterokaryosis 1. Heterokaryosis 

2. Nuclear fusions in specialized 2. Rare nuclear fusion in vegetative 
structures to yield "selfed" and cells. Heterozygotes selected by 
"hybrid" zygotes color and/or nutrition. Homo

zygotes, if formed, are not de
tected 

3. Zygote persists one nuclear gen
eration only 

4. Recombination at meiosis: cross
ing-over, at 4-strand stage, in all 
chromosome pairs, random as
sortment of members of each 
chromosome pair, and reduction 
to haploid state 

5. Products of meiosis readily rec
ognized and isolated 

3. "Zygote" may persist through 
many mitotic divisions 

4. Recombination by rare "acci
dents" of mitosis: (a) mitotic 
crossing-over, at 4-strand stage, 
usually only one exchange in a 
single chromosome arm; (b) 
haploidiz.ation, probably usually 
via aneuploidy. Independent of 
crossing-over, random assortment 
of members of each chromosome 
pair 

5. Recombinants occur among veg
etative cells. Recognized by use 
of suitable markers 

is often simpler than ascus analysis for centromere location, provided 
suitable selective markers are available. The ordering of genes on a chromo
some arm by mitotic crossing-over may also be easier than through meiosis. 
Linked genes which freely recombine at meiosis may well have their order 
resolved through mitotic crossing-over. Subject to the differences discussed 
in Section II, F, the meiotic and mitotic linkage maps of A. nidulans are 
entirely consistent. 

2. A Comparison of Relative Frequencies of Crossing-Over from 
Meiotic and Mitotic Analysis 

From a very extensive analysis Pontecorvo and Kafer (1958) have com
pared the relative frequencies of meiotic and mitotic crossing-over for 
several regions of three chromosome arms. They used two diploids carrying 
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various coupling and repulsion arrangements of the mutant alleles to check 
for differential viability of the various scgregants, but significant viability 
differences were not found. Their approach was as follows. Consider the 
right arm of chromosome L Mitotic crossing-over anywhere between y and 
its centromere, followed by appropriate segregation of chromatids, pro
duces a yellow diploid segregant. The use of the markers pro and paba 
permitted Pontecorvo and Kafer to say in which region of the centromere 
to y interval the exchange had taken place. Recombinants for the whole 
interval may then be apportioned, as percentages, to the various regions. 
The meiotic results can be expressed similarly so that the whole interval 
centromere to y is expressed as 100%. The summarized resu1ts are given 
in Table VI. Pontecorvo and Kafer point out that the comparison shows 
"'a concentration of mitotic cross-overs within 28 (meiotic) units from the 
centromere. But the 'right' arm of linkage group I shows that the concen
tration is not in the immediate vicinity of the centromere, but in a sman 
region 20 units away." The significance of the different "linkages" derived 
meiotically and mitotically is not clear. Several fundamental problems as
sociated with crossing-over have still to be tackled, and one possible ap
proach to some of these problems may be through a comparison of meiotic 
and mitotic linkage data. 

"-
TABLE'VI 

A COMPARISON OF MEIOTIC AND MITOTIC LINKAGE DATAa 

Linkage group I. "left" arm (85 meiotic units total) 

Marker su ribol anI 

Interval 
Mitotic 
Meiotic 

I 
23 
45.8 

II 
7.4 

22.4 

Linkage group I, "right" arm (44 meiotic units) 

Marker pro1 

ad/4 

III TV 
6.2 63.4 
8.2 23.6 

paba1 

• 

y •. ---------------------------------------
Interval 
Mitotic 
Meiotic 

V 
5.5 

46.1 

VI 
72.0 
18.0 

Linkage group II, "left" arm (46 meiotic units) 

Marker Acrl w2 

VII 
22.5 
35.8 

-----------------------------. 
Interval 
Mitotic 
Meiotic 

VIII 
14.7 
54.3 

IX 
85.3 
45.7 

a Results are summarized from Pontecorvo and Kafer (1958). Meiotic data from 
various workers are summarized by Kafer (1958). 
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The analysis by Pontecorvo and Kater has provided valuable data on the 
frequency of multiple exchanges at mitotic crossing-over and on the co
incidence of crossing-over and nondisjunction or haploidization. 

When a segregant can be explained only as a "double event," it is usually 
impossible to determine whether it arose by two successive, independent 
events or by the coincidence of events. This leads to what is probably an 
overestimate of coincidence. With this qualificatjon, the summarized cases 
of coincidence were as follows: 

Two cross-overs in two different chromosomes 
Two cross-overs in two different arms of one chromosome 
Two cross-overs in one arm 
One cross-over and haploidization 
One cross-over and nondisjunction 

13 out of 
4 out of 
lout of 
2 out of 
3 out of 

G. Techniques for the Facilitation of Mitotic Analysis 

1332 
701 
422 
449 
701 

The synthesis of heterozygotes is a simple matter. The hard labor of 
analysis, from the early diploids, lay in the detection and isolation of the 
rare segregants. Initially, analysis via mitotic crossing-over was restricted 
to the chromosome arms bearing the conidial color markers wand y. This 
restriction docs not, of course, extend to haploidization since the members 
of all pairs of chromosomes reassort when haploids are formed. To facili
tate analysis two approaches are necessary: (1) to find markers permitting 
selection, on as many chromosome arms as possi'ble; (2) either to increase 
the ratc 6f segregation Of to create conditions in which segregants have a 
selective advantage. Both approaches have been made in A. nidulans; in 
certain instances the use of suitable mutant alleles has fulfilled both needs 
at once. A few of the most important methods in current use are summarized 
below. 

1. Visual Selection by Conidial Color 

This has already been discussed in detail. Greatest efficiency is achieved 
when the conidial color markers are autonomous. 

2. Automatic Selection by Suppressors 

An example extensively used by Pontecorvo and Kafer (1958) will 
illustrate this method. A mutant allele, ad20, determines a requirement 
for adenine for full growth. A recessive suppressor, su-J ad20, restores 
normal growth even in the absence of adenine (Pritchard, 1955). In the 
absence of adenine a diploid of constitution ad20 / ad20 su-1 ad20/ + shows 
reduced aconidial growth characteristic of the haplOid mutant ad20. The 
above diploid produces vigorous well-conidiating sectors which arc either 
ad20 su-l ad20 haploids or ad20/ad20 su-l ad20/su-l ad20 diploids. 
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By taking small inocula from the sectors it IS usually possible to isolate 
pure segregants. 

3. Automatic Selection for Resistance to Inhibitory Substances 

A spontaneous mutant allele, Acrl, confers resistance to acriflavine 
(Roper and Kafer. 1957). The allele is semidominant so that at certain 
concentrations of acriflavine the sensitive fails to grow while the hetero
zygote, Acrl/+, grows much less well than either the diploid Acrl/Acyl 
or the haploid Acrl. Diploid conidia are plated at low density. After 4-5 
days the center of the colony (Acr 1/ +) still shows stunted growth, but it 
has vigorous sectors which are Acrl / Acrl or Acrl types. Isolates from 
these sectors are almost invariably pure. 

In the case of a recessive allele for acriflavine resistance, acr2, a slightly 
different approach is used. Low density platings are made on "complete" 
medium without acriflavine and covered with a further thin layer of medium 
to prevent early conidiation. After incubation for 24 hours the colonies 
have not yet conidiated but most have produced acr2 / acr2 or acr2 seg
regants. A top layer of medium with acriftavine is poured on the colonies, 
and the segregants, but not the parent heterozygote, grow through this 
layer and form well-conidiating ~ectors. 

4. Selection by Position Effect 

This method is potentially very useful but is likely to have limited appli
cation in species whose formal enetics is poorly known. The method has 
been detailed in Section II, 0 and has been used by Kafer (1958). 

5. Selection for Single or Multiple Auxotrophs 

These techniques could prove extremely useful in the analysis of a 
species which, for example, has poor conidial markers. 

Forbes (1952) has described a technique which preferentially selects 
auxotrophs from prototrophs. It depends on the greater resistance of the 
former to SO" treatment. For example, conidia from a heterozygote ad/ + 
are treated with SO,. Among the survivors are greatly increased proportions 
of the relatively resistant adenine-requiring diploids and haploids. 

Macdonald and Pontecorvo (1953) showed that under "starvation" 
conditions, conidia of a biotin-requiring mutant die off more quickly than 
do most multiple auxotrophs requiring biotin and a second nutrient. Dip
loids of genotype, for example, bi/ bi ad/ + require only biotin for 
growth. If conidia of such diploids are plated on medium without biotin 
they die off relatively quickly, whereas a much higher proportion of seg
regants (bi/bi ad/ad and bi ad) survive. The segregants are recovered by 
adding appropriate nutrients to the plates after the starvation period. 
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6. "Increase" of Mitotic Segregation 

607 

A real or apparent, but in any case effective, increase of segregation 
can be achieved by treatment of diploids with a variety of agents, physical 
and chemical. These are reviewed by Kafer (1963) and by Holliday 
( 1961 ). Certain of these agents, particularly high-energy radiations, carry 
substantial risk of producing chromosomal aberrations (see, for example, 
Tector and Kafer, 1962). These agents are of importance in probing fun
damental problems of segregation (Fratello et af., 1960; Kafer, 1963; 
Morpurgo, 1963) but are generally better avoided for purposes of analysis 
unless they have been thoroughly checked for undesirable effects. 

At present the most effective agent, apparently entirely free of "side 
effects," is p-ftuorophenylalanine (Morpurgo, 1961; Lhoas, 1961). On ap
propriate levels of the inhibitor (usually about 1 in 10,000 w/v) diploid 
colonies grow very slowly. However, these stunted colonies produce vjgor~ 
ous sectors which are invariably haploid and are readily isolated in pure 
condition. 

III. THE PARASEXUAL CYCLE IN FUNGI OTHER THAN 
Aspergillus nidufans 

Since the discovery of the parasexual cycle a considerable number of 
fungal species) in several genera, have been studied in a search for all or 
part of the cycle. In a few instances the search has yielded negative results. 
In the majority of cases heterozygous diploids and mitotic segregation 
have been found. It is extremely difficult to assess and summarize the 

. overall results since the studies have been for different purposes (phyto
pathology, genetics, antibiotic yield, etc.) and of different depths. 

In Neurospora crassa intensive searches for vegetative heterozygotes 
have yielded negative results (Roper, 1953b). Weijer and Dowding (1960) 
have put forward evidence for vegetative recombination in Neurospora 
heterokaryons which could, if confirmed, suggest the formation 01 
unstable diploids. However, Case and Giles (1962), using a similar ex
perimental approach, have failed to find mitotic reassortment in Neurospora 
heterokaryons. In Collelotriclzum lagenarium Dutta and Garbe< (1960) 
failed to find heterozygous diploids from 10" spores of each of three hetero, 
karyons. Camphor treatment did not help. In Penicillium digitalum 
(Garber, 1963), diploids have not yet been found, but Garber reports 
considerable doubts about heterokaryosis in this species and the failure 
of heterokaryosis could explain the absence of diploids. 

Cases in which diploids and mitotic reassortment have been found in
clude Aspergillus niger (Pontecorvo, 1952; Pontecorvo et al. 1953b; Hutch
inson, 1958; Lhoas, 1961). A. rugulasus (Boam and Roper, 1965), A. 
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fumigutus (Berg and Garber. 1962; Str¢mnaes and Garber, 1963), A. 
sojae (Ishitani et al., 1956a), Penicillium chrysogenum (Pontecorvo and 
Sermonti. 1953, 1954; Sermonti, 1957), P. italicum (Garber, 1963), P. 
expanswn (Barron, 1962), UsNlago maydis (Holliday, 1961), Cephalo
sporium mycophilum (Tuveson and Coy, 1961), Emericellopsis salmosyn
nemata (Fantini, 1962), Verticillium alboatrum (Hastie, 1962). Fusarium 
oxysporum (Buxton, 1956, 1962; Tuveson and Garber, 1959), and Coch
liobolus sativus (Tinline, 1962). Not all of these will be discussed in detail. 

In Aspergillus niger and A. rugulosus the evidence strongly favors a 
parasexual cycle as shown in A. nidulans. The analysis in A. sojae is not 
extensive but is entirely compatible with a "normal" parasexual cycle. 
However, in A. fumigatus, Str¢mnaes and Garber have found it "impossible 
to produce a coherent picture of linkage and independent segregation." 
Some possible reasons for this difficulty, even with a "normal" cycle, are 
discussed below. 

In Penicillium chrysogenum and P. expansum the evidence again favors 
a "normal" cycle. However, Garber, using P. italicum, found difficulties 
in analysis of the same type as for A. fumigatus. 

In most of the other species mentioned above the evidence is entirely 
compatible with a "normal" parasexual cyCle- but is not yet sufficient for 
a definitive statement. 

The case of Ustilago should be mentioned in some detail. Holliday 
( 1961) has selected diploid solopathogenic strains both from unreduced 
zygotes and by nutritional selection (the haploid parents were auxotrophs) 
from gall tissue transplanted to selective media. Spontaneous mitotic re
combination was observed in only one of the two diploids studied but UV 
vastly increased segregation to give only diploid segregants. These segre
gants were compatible with mitotic crossing-over, and reciprocal products 
were frequently found. Haploid segregants were not detected, but one un
stable strain, giving stable diploids homozygous for one chromosome, was 
isolated. This unstable strain was tentatively interpreted as aneuploid. 

The failure to find the parasexual cycle, or the discovery of abnormal 
segregation, might be considered first. Failure to establish heterokaryons 
means failure of the first step in the cycle. However, when two strains 
derive from an immediate common ancestor, failure of heterokaryosis is 
interpreted cautiously. Pontecorvo and Sermonti (1954) have discussed 
the difficulties met by several workers in preparing heterokaryons of Peni
cillium; but, with further experience and new techniques, these difficulties 
have been entirely overcome. The failure to isolate heterozygous diploids 
of Neurospora crassa is now compelling though one can never exclude 
possible future success. In any case, in view of Tinline's success with 
Cochllobolus, there is no reason to suppose that heterothallic ascomycetes 
will necessarily give negative results. A further reason for caution about 
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Neurospora crassa stems from the work of Sansome (1956), who by 
camphor treatment, readily induced "gigas" forms of this species. There 
was strong evidence that these unstable forms were, in fact, diploid. It 
is extremely difficult to interpret apparent anomalies in segregation patterns 
such as have been found in Aspergillus fumigatus and Penicillium italicum. 
They could reflect a real difference in mitotic segregation mechanism, but 
in the absence of a sexual cycle a meiotic cross-check is impossible. As 
Stq;mnaes and Garber (1963) have said, "Linkage studies by the para
sexual cycle in imperfect fungi must be viewed with caution when relatively 
few data are available." Some causes of abnormal segregation are already 
known, and most prominent among these is chromosomal aberration 
(Kafer, 1962). The results of Arditti-Muchnik (1961) may also be highly 
relevant; diploids of Penicillium, combining aged multiple mutants, gave 
only parental haploid segregants, perhaps due to chromosomal aberrations. 
Diploids combining freshly isolated mutants gave normal segregation. Selec
tive advantage of certain segregants is also a recognized hazard. For in
stance, it is usually impossible to isolate morphologically abnormal seg
regants from heterozygotes with normal morphology (Bainbridge and 
Roper, 1963). However, no combination of these factors affecting segre
gation offers any ready explanation for the results obtained with Aspergillus 
fumigatus. 

No sweeping statements can yet be made about the occurrence or non
occurrence of the parasexual cycle in particular fungal groups. A. nidulans 

--has proved to be extremely favorable material for the study of this cycle 
in having spherical, uninucleate conidia, colonial growth, and autonomous 
conidial color markers. In addition, the perfect stage has allowed a cross
check of all mitotic analyses. But many fungal species pose technical prob
lems and, in any species, the initial steps in the search for a parasexual 
cycle are laborious. It will be some time before any general statements can 
be made; in this connection the extensive surveys being made by Garber 
and his associates are particularly welcomed. Nevertheless, we can now be 
confident that the parasexual cycle is not confined to A. nidulans. The 
author's view is that, while we may have to be prepared for certain differ
ences in the cycle from species to species, the cycle is likely to be widespread 
among the filamentous fungi. 

IV. APPLICATIONS AND IMPLICATIONS OF THE PARASEXUAL 
CYCLE 

A. Recombination Mechanisms in Microorganisms 
Apart from the standard sexual cycle, there are now five different and 

well-defined processes which \ead to recombination in microorganisms. 
The discovery of more obviously cannot be excluded. In bacteria trans
formation, transduction, and conjugation are known. A fourth mechanism 
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is responsible for recombination in viruses. The fifth is the fungal para
sexual cycle. 

The most conspicuous formal differences between the bacterial processes 
and the parasexual cycle lie in the nature and stability of the "zygote." 
Transformation and transduction give a zygote which carries the whole 
genome of one parent but only a small fraction of the genome of the other. 
Conjugation also usually gives an incompletely diploid zygote. [Far a review 
of bacterial and viral genetics see Hayes (1963).J The same may be true 
for the zygote phase of Streptomyces coelieolor (Hopwood and Sermonti, 
1962). In all these cases the zygote is usually very unstable. On the other 
hand, the heterozygous diploids of fungi are complete diploids. We cannot 
exclude the possibility that some primary aneuploids are formed; but, if 
this is so, they have escaped detection in cases where we could reasonably 
have hoped to find them. The diploids are also relatively stable at mitosis. 
The evidence points to a lower stability of diploids of imperfect species 
than of perfect species, but in both cases the stability is adequate for the 
diploids, as such, to be thoroughly studied. 

Two Aspergillus species, A. nidulans and A. rugulosus, have both a 
perfect stage and the parasexual cycle; Vstilago maydis has a perfect stage 
and vegetative diploids which show mitotic- crossing-over; Emericellopsis 
salmosynnemata and Cochliobolus sativus both have a perfect stage and 
yield diploids which show mitotic reassortment. This multiplicity of re
combination mechanisms (the same is true for certain bacteria) poses 
important questions relevant to the major problem of the evolution of 
genetic systems themselves. 

B. The Parasexual Cycle in Nature 

The imperfect fungi have posed a problem for the neo-Darwinian concept 
of evolution. In fact, this problem could extend to certain of the perfect 
fungi as the perfect stage may, for one or other reason, fail in nature. 

A fungal colony contains millions of nuclei which must always include 
a wide spectrum of spontaneous mutants. Heterokaryosis probably provides 
an ample means for the storage of hereditary variation, expressed or 
potential. Furthermore, heterokaryosis offers a plastic system which can 
quickly accommodate environmental changes by an overall change in nuclear 
ratio (Pontecorvo, 1946; Jinks, 1952). In the case of Aspergillus nidulans 
at least, this adaptive change is probably achieved through interhyphal 
rather than intrahyphal selection (C1utterbuck and Roper, 1966). How
ever, heterokaryosis has two serious deficiencies in the propagation and 
full exploitation of the available heritable variation. In species with uni
nucleate conidia it would be necessary to reestablish heterokaryosis in each 
single spore culture, either by mutation or by anastomosis with a neighbor-
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ing culture of different genotype. Even in species with multinucleate conidia, 
where there is the potential of perpetuating heterokaryosis via the conidia, 
it is often found that only a small proportion of the conidia produced by 
a heterokaryotic mycelium are themselves heterokaryotic (e.g., Tinline, 
1962). The second deficiency of heterokaryosis may be far more serious. 
Heterokaryosis, by itself, can never provide new genotypes which reassart 
the available hereditary variation. 

The parasexual cycle could provide the missing link for the imperfect 
fungi and could even offer a significant supplement for fungi with a perfect 
stage. But the outstanding questions, entirely unanswered, are: does the 
cycle operate in nature, and does it operate with adequate efficiency? 
Pontecorvo (1958) has made tentative calculations and suggests that re
combination occurring via the parasexual cycle in A. nidulans may be of 
the order of SOD-fold less than that occurring in the sexual cycle. However, 
in certain asexual species the yields of diploids and segregants, at least in 
the laboratory, are much higher than in A. nidulans. Further speculation 
is probably unprofitable; there may well be unknown environmental factors 
operating in nature which either enhance or reduce the efficiency of the 
parasexual cycle. There is a clear need for experimental evidence. Even a 
few experiments, using "unnatural" mutants under simulated natural con-
ditions, might be revealing. . 

The above discussion has centered around the possible formation of 
diploids and segregants from established heterokaryons and has hardly 

--considered the question of heterokaryon formation. Heterokaryons are 
formed by mutation and/or by anastomoses between strains carrying nuclei 
of different genotypes. Formation of heterokaryons by mutation is inevi
table, and, if the parasexual cycle operates at all in nature, such hetero
karyons might provide a significant contribution to variation. But such 
a closed system, operating only within a culture, might raise problems of 
isolation between the micropopulations. In Neurospora crassa there are a 
number of genes known which control ability versus inability of pairs of 
strains to form heterokaryons (Garnjobst, 1953; Holloway, 1955) though 
these genes provide no barrier to recombination via the sexual cycle. 
Grindle (1963) has made an extensive study of the ability of different iso
lates of the A. nidulans group to form heterokaryons, and he finds compati
bility groups. Pairs of isolates within a group readily form heterokaryons, 
as judged by the formation of Visibly heterokaryotic conidial heads between 
onc wild-type isolate and a conidial color mutant of the other. Pairs of 
isolates from different compatibility groups form few or no mixed heads. 
This criterion of heterokaryosis is not absolute but certainly reflects the 
relative ease of heterokaryon formation between pairs of natural isolates. 
This suggests possible barriers to parasexual recombination and gene flow 
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between some populations of the same group. Ultimately, the population 
genetics of microorganisms is likely to be at least as exciting as the popu
lation genetics of higher organisms, especially in view of the versatility of 
recombination processes in microorganisms. 

The time is not yet ripe to consider the further step, the possible natural 
formation of interspecific diploids. Uchida et al. (1958) have attempted to 
produce interspecific diploids between Aspergillus oryzae and A. sojae. 
The results are promising but not decisive. Both in the laboratory and in 
nature there are obv.ious possible barriers to interspecific parasexual re
combination at heterokaryosis, nuclear fusion or recombination. But any 
success along these lines would open immense possibilities for the study 
of homologies and natural relationships (Roper, 1962). 

C. The Parasexual Cycle in Genetic and Physiological Analysis 

The use of the parasexual cycle for formal genetic analysis, in perfect 
and imperfect species, has already been detailed. It remains only to mention 
certain special situations where the use of diploids and their segregants 
offers particular advantages. 

The most valuable area has so far been in the study, direct or indirect, 
of problems related to subcellular architecture and function. For example, 
Roberts (1963) has compared the etlkiency of interallelic complementa
tion in heterokaryons and diploids. Roper {1958) has used diploids to 
probe aspects of nucleocytoplasmic interactions; segregation in diploids 
occurs in what is presumably a cytoplasmic continuum, and the system 
allows investigation of genotypic change without the introduction of poten
tially different cytoplasm from another strain. 

Discovery of the parasexual cycle has focused attention on the possi
bilities of mitotic analysis in higher organisms in which comparable seg
regation processes, in tissue CUlture, could revolutionize genetic analysis 
(Pontecorvo, 1962). 

D. The Breeding of Improved Industrial Strains 

Most of the industrially important fungi are imperfect. Strain improve
ment has generally been achieved through repeated induced mutation 
coupled with modification of media. The success of this approach has been 
remarkable; it continues to pay dividends even in the very highly developed 
strains of Penicillium chrysogenum. 

The parasexual cycle has undoubted implications in this field. The 
combining of desirable genes from two strains is no longer impossible, 
and genetic studies should certainly help in the elucidation of biosynthetic 
pathways. Fantini (1962) has made preliminary studies of antibiotic yield 
of diploids and segregants of Ernerice//apsis, but the most thoroughly 
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studied species from this point of view is P. chrysogenum. Sermonti (1959, 
1961) has reviewed the extensive studies of himself and his colleagues. 
The general conclusion is that parasexual breeding may not yield immediate 
results; highly selected strains probably have a delicate balance of "good" 
genes and ideas based on readily recombining such genes from two strains 
may be naive. Sermonti (1959) has expressed the view that the use of 
diploids themselves, rather than segregants, might be valuable: "The 
heterozygous diploid lends stability to strains and hybrid-vigour lends 
productivity." Macdonald and colleagues (1963, 1964) have also under
taken extensive analyses of the genetics of penicillin production. Macdonald 
(1963) has summarized his experiences as follows: "In crosses between 
strains of high penicillin yield and divergent lineage recombination is re
stricted, possibly because of difference in chromosome morphology between 
the parents. However, there is reason to believe that, by using strains of 
closer relationship, practical advantages might be obtained. Strains have 
been produced which combine a suitable titre from one parent with addi
tional desirable properties from the other parent." 

The use of polyploids themselves, as Sennonti has pointed out, may have 
advantages in some systems. For instance Ikeda et al. (1957) have shown 
the superiority of diploid, triploid, and tetraploid strains of Aspergillus 
oryzae in protease production. 

E. Phytopathology and the Parasexual Cycle 

The implications of the parasexual cycle for asexual phytopathogens is 
obviously tied up with the occurrence, or otherwise, of the cycle in nature. 
For the present it is possible to speak only of laboratory results. Several 
of the species mentioned in Section III are either plant pathogens them
selves or are closely related to pathogens. 

The most revealing work in this field has been that of Buxton (1956, 
1962). By parasexual analysis Buxton has shown genetic control of patho
genicity and host range in Fusarium. Whatever the implications of this 
for natural variation of phytopathogens, it is now clear that fundamental 
laboratory studies are a possibility. 

V. CONCLUSIONS 

It is only fourteen years since the discovery of heterozygous diploids in 
filamentous fungi, a discovery which sparked a series of studies leading to 

the formulation and elucidation of the parasexual cycle. This cycle cer
tainly exists in a number of filamentous fungi and, in the author's view, 
it is likely to exist in many. 

The cycle has found considerable application in many fields-in formal 
genetic studies of perfect and imperfect species, in some specialized areas 
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of biochemical genetics, in phytopathology, and in programs aimed at the 
planned breeding of improved strains. In one area, that of natural variation, 
we still have no idea of the role, if any, of the cycle. That is one of the 
exciting possibilities awaiting development. 
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Mechanisms of Inheritance 
4. Extranuclear Inheritance 
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I. INTRODUCTION 

The fungi have become the fav.('rite group for the study of extranuclear 
or, more precisely, extrachromosomal,_ heredity. As a result, there is a 
greater number and variety of phenomena ascribable to extrachromosomal 
heredity in the fungi than in any other group. There are two reasons for 
this. First. the ,demonstration of extrachromosomal heredity requires the 
step by step elimination of all alternative explanations such as chromosomal 

·,heredity and nonheritable causation. The ease with which the growth and 
reproduction of fungi may be controlled in the laboratory and the variety 
of methods for propagating fungi provide many opportunities for distin
guishing between extrachromosomal heredity and the alternative explana
tions. Secondly, extrachromosomal variation appears to arise morc readily 
in fungi than in any other group so far examined. 

II. PROPERTIES OF EXTRACHROMOSOMAL V ARrANTS 

There is naturally a tendency to concentrate attention on the particular 
property of an extrachromosomal variant which is most diagnostic of it~ 

extrachromosomal basis. Such variants, however, have now been described 
in sufficient numbers fOT us to recognize some general characteristics. These 
will be our principal concern in this section. 

A. The Origin of Extrachromosomal Variants 

Extrachromosomal variants, 1ike their chromosomal counterparts, can 
arise spontaneously or in response to specific treatments. Examples 01 
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spontaneous extrachromosomal variants are the mi mutants of Neurospora 
crassa, each of which has been recovered once only, and the purple, alba, 
and nonsexual variants of Aspergillus nidulans which have been recovered 
repeatedly in one or more strains (Table I). Probably the most widespread 
in its occurrence is the petite mutant of the yeast Saccharomyces cerevisiae. 
This variant is present in most samples of bakers' yeast with a frequency 
of 1 or2%. 

No reliable estimates of spontaneous mutation rates are available for any 
extrachromosomal hereditary determinant. It is known, however, that some 
variants arc recovered considerably more frequently than others. But it is 
possible that some of these more frequently occurring variants, for exam
ple, nonsexual and vegetative death, arise from a variety of different changes 
in the extrachromosomal system. Hence until methods are available for 
distinguishing between similar phenotypic changes which are due to changes 
in the same extrachromosomal determinant and those due to changes in 
different determinants (see Section III, C, 2), we cannot estimate the 
mutability of a particular dctermina<Jt. 

A few extrachromosomal variants, for example those listed in Table 
II, have been induced by various treatments. These variants fall into two 
classes. The first class includes those whose induction occurs with the 

______ /- TABLE II 

INDUCED VARIANTS THAT SHOW EXTRACHROMOSOMAL INHERITANCE 

Species Variant Mutagenic treatment References 

Saccharomyces petite Euflavine, acrH'1avine Ephrussi and Hottinguer 
cerevisiae (1951 ) 

Tetrazolium chloride Laskowski (1954) 
Elevated temperature Yeas (1956) 
UV irradiation Pittman (1957), Rant and 

Simpson (1955), Wilkie 
(1963 ) 

Anaerobiosis Lindegren and Hina (1957) 
Harris (1956) 

5-Fluorouracil Moustacchi and Marcovich 
(1963) 

Aspergillus nidulans crim.wn 1 a Arlett (1957) 
fawn 

Acridine dyes 
Upshall (1966) 

mycelial 

f 
Crolt (1964, 1966a) 

minute Faulkner and Arlett (1964 ) 
red UV irradiation Arlett et al. (1962) 
mycelial Acriflavine Roper (1958) 
nonsexual Elevated temperature Arlett (1960) 
compact Elevated temperature Arlett (1%0) 

Aspergillus glaucus compart UV irradiation Jinks (1963) 
Neurospora crassa S.G. Acriflavine Srb (1958) 

a The other known properties of these mutants fit equally a chromosomal or an 
extrachromosomal interpretation. 
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low frequency characteristic of induced chromosomal gene mutation. The 
mutagenic agents which induce these variants are nonspecific in that they 
simultaneously increase the rate of mutation at a number of chromosomal 
and extrachromosomal sites. A characteristic example is the red variant 
of Aspergillus nidulans. It is induced by ultraviolet (UY) irradiation at 
a very low frequency (10- 3 ) along with other extrachromosomal mu
tants, c.g., compact, and a wide range of chromosomal gene mutations 
(Fig. 1 a,b, and c). 

The second class includes variants whose induction occurs with very 
high frequencies. The mutagenic agents which induce these variants are 
often specific in that under the conditions used they induce only one 
extrachromosomal variant. The classic example is the pelile mutant of 
yeast, which can be induced by growing normal cells in eullavine or acri
flavine at concentrations which do not kill. There is, therefore, no lethality 
among the treated cells and hence no selection. Under optimal conditions 
all the treated cells and the daughter cells they produce arc mutant. Other 
treatments such as growth in tetrazolium chloride and at 40'C are only 
slightly less effective in inducing the petite mutant. Even UY irradiation 
which kills most of the cells exposed to it yields the remarkably high rate 
of 23 % pelite mutants among the survivors .. 

Other mutants, for example, crimson, fawn, mycelial, and minute, have 
been specifically induced in Aspergillus nidulans with comparable high 
frequencies, by various acridine dyes. The evidence that these are extra~ 
chromosomal in orjgin, however, is equivocal since aneuplojdy can account 
for many of their properties' (Fig. I d). 

No other mutant has been induced with such high frequenCies. Never
theless the same treatments are implicated in the induction of two other 
extrachromosomal variants, namely, a different mycelial mutant of A. 
nidulal1s and the S.C. mutant of N. crassa (Table II). Elevated temper
atures also have a marked mutagenic effect in A. nidulans. In aU, four 
variants differing from wild type in density of perithecial production and 
compactness of growth have been repeatedly induced with frequencies 
around 2 % following growth at high temperatures. 

FIG. 1. (a-d) Colonies obtained by germinating samples of asexual spores pro
duced by persistently unstable extrachromosomal variants of Aspergillus spp. In each 
case a typical variant colony is indicated by an arrow. In each case the colonies with 
the alternative morphOlogy are wild type in appearance. The variants are: (a) the 
red variant of Aspergillus nidulans; (b) a compact variant of Aspergillus nidulans; 
(c) a compact variant of Aspergillus glaucus; Cd) the minute variant of Aspergillus 
nidulans. (e) A normal unaged colony of Aspergillus glaucus (lop) and an aged 
colony of the same strain showing vegetative death (bottom). (f) Ten colonies of a 
high selection (top) and ten colonies of a low selection (bottom) for perithecial den
sity in Aspergillus nidulallS. In the low selection, perithecial production is confined to 
the small sectors indicated by the arrows. 
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Although not mutagenic in the usual sense, certain methods of stock 
culture maintenance inevitably lead to a high frequency of particular 
variants. Aging, achieved by rigorously excluding all sexually produced 
spores from the inocula used to maintain a stock, results in the degenerate 
condition known as vegetative death in A. glaucus and as senescence in 
Podospora anserina (Table III). Strains of A. glaucus which are not al-

TABLE III 

A. PERCENTAGE FREQUENCY OF VEGETATIVE DEATH IN AGED AND NON-AGED CLONES 

OF THREE STRAINS OF Aspergillus glaucus (Jinks, 1956) 

Clone 

Aged 
Non-aged 

3.0 
0.0 

Strains 

3 

1.6 
0.0 

6 

53.1 
0.8 

B. PERCENTAGE FREQUENCY OF VEGETATIVE DEATH IN AN AGING CLONE OF STRAIN 

OF Aspergillus glaucus (Jinks, 1959) 

Age of clone 
(weeks) 

0-8 
10 
12 
14 
16 

Percentage of propagations 
showing vegetative death 

o 
o 
5 

10 
50 

Jowed to age, by being regularly propagated by sexual spores, rarely, if 
ever, show vegetative death. The variant usually appears after 4 months 
to 2 years of aging. Once it appears its frequency increases rapidly until 
half or more of all propagations made from apparently normal colonies 
produce the variant phenotype (Fig. Ie). 

Another variant of P. anserina, .Is, is also induced under unusual cir
cumstances. The strains of this species can be classified into two groups, 
Sand s, on the following basis. An S and an s strain when confronted 
always form a "barrage," but pairs of S or of s strains do not. Following 
crosses between Sand s strains the sexual progenies contain colonies with 
the S reaction but not with the s reaction. Instead colonies are recovered, 
called .Is, which form barrages with neither S nor with s strains. This novel 
behavior is subsequently inherited as an extrachromosomal variant (see 
Section II, C, 1). The induction of the modified barrage reaction is so far 
unique although it has a superficial resemblance to the phenomenon 
known as paramutation in maize. 

In summary, extrachromosomally inherited variants arise spontaneously 
and in response to a variety of treatments. Some of these treatments are 
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well-known chromosomal gene mutagens; others are unusual either in 
their nature or in the highly specific effect they produce. In the latter cases 
the mode of induction of the variants is often critical evidence for their 
extrachromosomal basis. 

B. Kinds of Extrachromosomal Variants 

Almost every morphological, physiological, and biochemical property 
of a fungus may be altered as a result of an extrachromosomal mutation. 
Indeed, where an exhaustive analysis of a single mutant has been made 
all these properties have been found to have changed. For example, the 
petite mutant is slow growing and sexually sterile and has a defective re
spiratory system. Because of the latter the growth of the mutant is not 
affected by anaerobic conditions nor by respiratory poisons, both of which 
reduce the growth of normal cells. The mitochondria of petite cells are 
structurally abnormal, and they do not show the staining reactions of the 
mitochondria of normal cells. Furthermore, they lack various substrates 
and enzymes which a(e-associated with the mitochondria in normal cells. 
All the missing substances are components of the respiratory system. 

The mi-l or poky mutant of N. crassa has been described in detail and 
shows remarkable similarities to petite. The differences between them can 
be explained by the fact that a viable mutant of N. crassa must be able to 
respire, while a viable mutant of yeast need not. The changes in the respi-

~ratory system of mi-l are, therefore, relatively less severe. Some of the 
enzymes missing in petite are present but in abnormally high or low 
amounts in mi-1, and they approach more normal concentrations as the 
mycelium ages. 

The phenotypes of the other extrachromosomal mutants are known 
only superficially. They all simultaneously affect a range of properties, 
such as rate of growth, pigmentation, sporulation, and sexual fertility, and 
it seems likely that further analysis would reveal complex biochemical 
and cytOlogical changes comparable with those found in petlle. 

Some of the variation which Ins been attributed to extrachromosomal 
changes is continuous, involving no major phenotypic changes (Fig. 2). 
Such variation can be demonstrated only by careful measurement of quanti
tative differences between colonies for rate of growth, density of sporulation 
and speed of spore germination. This kind of variation has been demon
strated within clones of A. nidulans, A. glaucus, and yeast. Although the 
variation is continuous the extreme phenotypes may differ in many im
portant properties and these differences persist in successive propagations. 
They may even be accentuated by selecting the most extreme phenotypes 
after each propagation (Figs. If, 2, and 3). 

Extrachromosomal variants vary enormously in their stability. Some, 
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e.g., petite and poky, are completely stable. Others, e.g., com
pact, are extremely unstable. This instability reveals itself in two ways. 
First, it results in persistent sectoring so that colonies of these variants 
are a mosaic of normal and mutant growth. Secondly, it leads to segrega
tion among colonies raised from the asexual spores or from the single 
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FIG. 2. The changes in perithecial density in four successive cycles of selection 
for high and low density in a homokaryotic clone of Aspergillus nidu{aHs. The arrows 
indicate the change in the mean density in successive cycles, the distributions shoW 
the variation in density within the initial clone and within the propagants from the 
selected colonies. All this variation is traceable back to a colony obtained from a 
single haploid asexual spore in the initial propagation. Based on results obtained by 
1. H. Croft, Department of Genetics, LJniver~ity of Birmingham. 

hyphae produced by single hornokaryolic colonies (see Section II, D). 
The instability of some variants is so marked that it is often diagnostiC 
of their extrachromosomal origin. 

c. Behavior at Sexual Reproduction 

The behavior of extrachromosomal differences at sexual reproduction 
is characteristically non-Mendelian. The deviations from Mendelian ex
pectations are of two kinds: (I) differences between the offspring of 
reciprocal crosses due to complete or almost complete maternal determina-
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tion of the phenotype of the offspring; (2) no segregation or irregular 
segregation following a cross between two contrasting phenotypes. 

1. Differences between Reciprocal Crosses 

The earliest and still one of the most reliable criteria of extrachromo
somal heredity is the occurrence of persistent differences between the 

3 

2.5 

2 

""'--_L 

1"IG. 3. The changes in growth rate that result from selection for high (H) and 
low (L) rates of growth in a homokaryotic clone of Aspergillus glaucus. This response 
to selection involves extrachromosomal changes only. From Jinks (1957). 

progeny of reciprocal crosses. This criterion may be applied wherever a 
cross between two contrasting strains can be made in two ways which are 
reversed for the source of the male and female gametes or for mating 
type. It is, therefore, readily applicable to some species of fungi where it 
has been used to establish the extrachromosomal basis of the variants 
listed in Table IV. 

In each case in Table IV the difference between the reciprocal crosses 
is due to maternal inheritance, the progeny being identical to the strain 
which was used as the "maternal" parent. To take an example, in N. crassa 
the colonies of both the A and the a mating types produce protoperithecia 
(the maternal reproductive structure) and microconidia (which can be 
used as the paternal gametes). Reciprocal crosses are, therefore, achieved 
by bringing microconidia of one mating type into contact with the proto
perithecia of the other (Fig. 4). With but very rare exceptions, all the 
progeny of reciprocal crosses between the mi and S.G. variants of N. crassa 
and wild-type strains of the opposite mating type have the phenotype of 
the protoperithecial parent: that is, they have the phenotype of the parent 
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which contributes the bulk of the extrachromosomal material and all the 
nutrition of the sexually produced spores. The different phenotypes of the 
reciprocal progenies are maintained through repeated crosses in which 
they are used as the protoperithecial parent and through indefinite periods 
of vegetative growth. These demonstrations of persistence are important 
since they virtually eliminate the possibility that the maternal determina-

TABLE IV 
VARIANTS THAT SHOW DIFFERENCES BETWEEN RECIPROCAL CROSSES WHEN CROSSED 

TO WILD-TYPE STRAINS OR TO A CONTRASTING PHENOTYPE 

Species 

Puccinia gramillis 
Puccinia anomala 

[Po hardei] 
Podospora anserina 

Neurospora crassa 

Coprinus lagopus 

Designation Of characteristic 
of variant 

Physiologic race 
Physiologic race 

Modified 
barrage reaction SS 

Senescent 
mi-l (poky) 
mi-3 
mi-4 
S.G. 
Abnormal 

tetrad form~n 

References 

Johnson (1946) 
d'O]iviera (1939) 

Rizet (1952) 

Riz.etetal. (1958) 
M. B. Mitchell and Mitchell (1952) 
M. B. Mitchell el al. (1953) 
Pittenger (1956) 
Srb (1958) 
Day (1959) 

tion of the progeny phenotype is due solely to the maternal nutrition of 
the developing sexual spores. 

To produce a persistent, heritable difference between the progeny of 
reciprocal crosses the parents of a cross must contribute unequally to the 
extrachromosomal complement of the progeny. In many cases the basis 
of this inequality is obvious in that one parent, the mother, contributes a 
much greater volume of extrachromosomal material to the zygote than 
the other parent, the father. In plants ranging from the algae to the gymno
sperms, however, there is a visible postzygotic elimination of extra
chromosomal material contributed by one of the two parents of a cross. In 
Chlamydomonas reinhardii this elimination leads to uniparental transmis
sion of some extrachromosomally inherited traits even though both parents 
contribute equally to the extrachromosomal material of the zygote (Sager, 
1954). Clearly, quality as well as quantity of extrachromosomal material 
is important in producing a difference between the progeny of reciprocal 
crosses. 

2. Non-Mendelian Segregation at Sexual Reproduction 

In most sexual fungi meiosis occurs just prior to sexual spore forma
tion. Hence any chromosomal gene differences between the pair of haploid 
nuclei which fuse to give the diploid zygotic nucleus segregate among the 
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sexual progeny (Figs. 4 and 5). And at each chromosomal locus at which 
the pair of haploid nuclei differ, half the sexual progeny will carry the 
allele contributed by one baploid nucleus and half the allele contributed 
by the other. The validity of this expectation has been repeatedly con
firmed with only rare exceptions. A regular failure of the expectation has, 
therefore, been used to indicate extrachromosomal heredity. 

_--

Normal 

• I \ 
o 
I \ 

ProtoperilheClo ConldlQ ConidIa Pro'ope,,'hecIQ 

\ ><-- , 

•
~ Ferli/Ilotion ~ (;::\ 

Zygote '" ~ 

MeIosis M~iosis • • 

_------

Ascospores Ascospores 

F IG. 4. Reciprocal crosses between a poky and a normal strain of Neurospora 
crassa using the female (protoperithecia) and male (conidia) gametes produced 
by colonies of each strain. Wben poky is used as the female parent, all the progeny 
are poky and in the reciprocal cross all the progeny are normal. In both cases segrega
tion is 1: 1 for any chromosomal gene difference (indicated by • and 0 nuclei) 
between the strains. Based on M. B. Mitchell and H. K. MitcheU (1952). 

The non-Mendelian segregation of extrachromosomally inherited differ
ences takes many forms. One of these is the failure to segregate in the 
sexual progeny of a cross. Such a failure occurs whenever a difference in 
phenotype shows strict maternal inheritance (see Section 11, C, 1) . For 
example, in N. crassa single gene-controlled differences segregate 1: 1 in 
the sexual progeny derived from every zygote irrespective of the direction 
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in which the cross is made. On the other hand, the mi mutant: normal or 
tbe S.G. :non-S.G. differences do not segregate in either reciprocal cross. 
All the sexual progeny are either mutant or normal according to which 
strain was the protoperithecial parent (Fig. 4). 

A failure to segregate at meiosis may occur also where there are no 
differences between reciprocal crosses or in species in which reciprOCal 

Neutral 
peti te 

Delayed 
sporulation 

Wild 
type 

Suppressive 
pettie 

Delayed 
sporulation 

F IG. 5. The inherilance of petite in a cross between petite and normal Slrains of 
Saccharomyces cerevisiae. Two forms of petite, neutral and suppressive, can be recog
nized on the outcome of such crosses. Neutral petite variants never appear in the 
progeny of crOsses to normal. Suppressive petite is the predominant phenotype in the 
progeny of crosses to normal if the zygotes are sporulated immediately, but if sporu
lation is delayed and the zygotes multiply vegetatively before sporulation, then all the 
progeny of zygotes still capable of sporulation a re normal. In aU cases segregation is 
1: I for any chromosomal gene difference (indicated by • and 0 nuclei ) between 
the stra ins. Based on Ephrussi et al. (1955 ) . 

crosses cannot be made. A typical example is the petite variant of yeast. 
In yeast the diploid zygote is produced by the copulation of two appar
ently identical haploid cells. The zygote is capable of mUltiplication by 
mitotic division, but prior to sexual spore production the nucleus of the 
zygote undergoes meiosis. Copulation between a wild-type cell and a cell 
of certain petite strains known as neutral petite produces a zygote whose 
phenotype is wild type. And the (our haploid sexual spores produced by 
each zygote are invariably wild type. If these wild-type progeny are 
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crossed once more with neutral petite the sexual offspring arc still exclu
sively wild type and repeating this procedure for a further two generations 
does not alter this result. 

A number of other variants listed in Table V including nonsexual 
variants of A. nidulans and low sexual variants of A. glaucus belong in 
the same category as neutral petite. In addition, however, the low sexual 

TABLE V 

V ARJANTS THAT Do NOT ApPEAR IN THEIR OWN SEXUAL PROGENY OR IN 

THE PROGENY OF QUTCROSSES TO WILD-TYPE STRAINS 

Species 

Saccharomyces cerevisiae 
Aspergillus nidulans 
Aspergillus glaucus 

Variants 

neUlmJ petite 
nonsexual 
low-sexual 

References 

Ephrussi (1953) 
links (1954) 
links (1956) 

variants possess an even mote remarkable proporty, namely, that they 
do not appear in the sexual progeny produced by selfing (see Section 
IV, A). It is possible that other extrachromosomal variants in this 
category would also fail to appear in their own selfed sexual prog
enies, but this expectation cannot be tested because they are self-sterile . 

. ' _The neutral petite and nonsexual variants (Table V), for example, can 
yield sexual progeny only when outcrossed to wild-type strains and all the 
progenies are wild type. 

A second kind of non-Mendelian behavior which has been encountered 
involves the segregation of the extrachromosomal variant in the sexual 
progeny of outcrosses to a contrasting phenotype, but with irregular and 
variable frequencies. The so-called suppressive petite variants provide a 
typical example. On crossing normal and suppressive petite strains the im
mediate phenotype of the zygotes is normal. If the zygotes sporulate at 
this stage the sexual progeny contains both normal and petite segregants, 
but in proportions which vary from the products of one zygote to another. 
If instead the zygotes undergo a period of vegetative multiplication, a 
progressively larger proportion develop a petite phenotype and hence be
come sexually sterile. The remaining fertile zygotes, however, now produce 
sexual progenies which arc predominantly or exclusively normal (Fig. 5). 

Three further instances of this kind of non-Mendelian behavior have 
been found in the fungi, all in Aspergiilus species (Table VI). In each of 
these examples the relative proportions of normal and mutant segregants 
varies widely among the sexual progeny from different perithecia. 

D. Behavior during Somatic Growth 

Petite and the mi mutants are indistinguishable from chromosomal gene 
mutants in their somatic properties. They arc stable, and their phenotypes 
survive repeated propagations by vegetative hyphae or asexually produced 
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spores unchanged. Other extrachromosomal1y inherited variants are re
markable for their extreme instability during somatic growth. This may 
be illustrated by reference to a particular example, the red variant (Fig. 6). 

I. Persistent Somatic Instability 

The red variant arose from a single ultraviolet irradiated spore which 

TABLE VI 
VARIANTS THAT SHOW IRREGULAR AND VARIABLE SEGREGATION RATlOS IN TIlE SEXUAL 

PROGENY OF OUTCROSSES TO WILD TYPE STRAINS 

Species 

Saccharomyces c('fevisiae 
Aspergiflus glaw.;us 
Aspergillus lIidul(lllS 

Variant 

suppressi)'£' petite 
conidial 
purple 
alba 

-----
References 

Ephrussi et al. (1955) 
Sharpe (1958) 
Grindle (1963) 
Mahoney and Wilkie (1962) 

in A. nidulans is uninucleate and haploid. The colony produced by this 
spore was a mixture of normal regions and mutant regions, the latter 
being characterized by red pigmentation, faster growth, and lower sporu
lation and perithecial density (Fig. li\).,.Single and mass hyphal transfers 
of this colony gave other colonies which were also mosaics although oc
casionally a single hyphaJ transfer gave a stable wild-type colony. Simi
larly, asexual spores, whether taken from the more normal or from the 
more mutant regions of the colony. gave rise to colonies with both normal 
and mutant phenotypes. In general the asexual spores from the more 
normal regions gave more normal colonies, those from the more mutant 
regions gave more colonies with the mutant phenotype. But almost all 
these colonies, whether initially normal or mutant in phenotype, proved to 
be mosaics with differing proportions of normal to mutant growth. Thus 
apart from the rare stable wild-type segregant all the colonies sectored 
and the asexual spores gave colonies which segregated and sectored in 
their turn (Fig. 6). 

In the red variant the ability to sector and segregate has survived seven 
years of propagation by mass hyphal transfers. Furthermore, this ability 
has been transmitted to the majority of colonies raised from single asexual 
spores produced by the red variant. 

Although basically similar to the red variant the other somatically un
stable variants listed in Table VII may differ from it in one of two ways, 
namely. in their persistence and in the continuity of their segregation. 

a. Persistence. In addition to red there are other variants, for exam
ple, purple, in which the somatic instability of the variant is transmitted 
to the majority of colonies obtained from hyphae and single asexual 
spores. But there are also variants, for example, compact (Table VII) 
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in which the somatic instability of the variant is lost in the majority 
of propagations, however made. Every compact colony sooner or later 
produces fast-growing sectors which are wild type in appearance. All 
propagations made from these sectors. whether by hyphae or by asexual 
spores, give pure-breeding, wild-type colonies. The mutant portions of 
the sectored colonies. on the other hand, give both mutant and wild-type 

Red 
/~ 

~7\' /Re\ 

NT/7\' Red Nocmo' /\ 
NT~---JTO' l\ 
Normal Normal Red Normal Red 

FIG. 6. The pedigree of a persistently segregating variant red of Aspergillus 
nidulans. Each propagation is made by a single, haploid, uninucleate asexual spore. 
This pattern of behavior has survived unchanged through continual propagations 
since 1956. Other persistently segregating variants behave similarly (Table VII). From 
Jinks (1964b). 

TABLE VII 
VARIANTS THAT SHOW PERS1STENT INSThBlLlTY DURING VEGETATIVE GROWTH 

Species 

Aspergillus nidulans 

Aspergillus glaucus 

Penicillium sr. 
Neetria stenospora 

AND AT ASEXUAL REPRODUCTION 

Designation or 
characteristic 

of variant 

red 
low sexual 
compact 
purple 
alba 
low sexual 
vegetative death 
compact 
conidial 
mycelial 
low sporulation 
tasscllated 

References 

Jinks (1958), Arlett et al. (1962) 
Jinks (1954, 1956) 
Grindle (1963) 
Gcindle (1963) 
Mahoney and Wilkie (1962) 
Jinks (1956, 1957) 
links (1956, 1959) 
Jinks (1963) 
Shacpe (1958) 
Jinks (I 960) 
Jinks (1960) 
Gibson and Griffin (1958) 

colonies when propagated by hyphae or by asexual spores. All the colonies 
with the mutant phenotype retain the ability to sector and their asexual 
spores repeat the segregation, but all the wild-type colonies are stable 
and pure breeding (Fig. I). 
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Since the wild-type sectors which are invariably produced by every 
colony of the compact variants rapidly outgrow the variants. the leading 
edge of the colonies become entirely wild type. Hence, only by transferring 
hyphae and spores from the mutant portions of the colonies and selecting 
those propagants with mutant phenotypes can these variants be retained. 
Nevertheless, a compact strain has been maintained in this way for many 
years. 

b. Continuity of the Segregation. The sectors and segregants which 
continually emerge from the red, purple, conidial, and compact variants 
differ discontinuously, and the colonies produced by their asexual spores 
can be unambiguously classified into two groups on colonial morphology. 
In other cases there is a persistent instability, but it is not accompanied 
by a discontinuous sectoring or segregation. Nevertheless a persistent, 
continuous segregation among propagants derived from a single colony 
by hyphal or asexual spore transfers can be demonstrated in a number of 
ways. First, if the variation among such propagants is measured for a 
metrical trait, for example rate of growth or perithecial density, it is sig
nificantly in excess of that which can be ascribed to error variation (Fig. 
2). Secondly the extreme phenotyes of the continuous distribution can 
be selected and propagated by 's'!,_mples of single hyphae or of single 
asexual spores. The variation within' the _ samples from the same extreme 
colony arc again in excess of that ascribable to error variation. Further
more, the samples from the Dpposite e.,treme colDnies differ significantly 
and to about the same extent as their selected parental colonies; that is, 
the difference between the selected colonies persists in their hyphal and 
asexual spore propagants. If this selection of extremes is continued for a 
number of successive propagations colonies are obtained from the oppOSf'le 
selections which differ discontinuously from one another in their colonial 
morphology (Figs. If and 2). 

For the purpose of discussion the unstable variants have been divided 
into two classes, those which lead to discontinuous, and those which lead 
to continuous, variation. In practice no such clear distinction exists. In 
many cases it is a matter of convenience only whether one classifies the 
variation into discontinuous groups on colonial morphology or measures 
some metrical trait and treats the data statistically. An account of the 
persistent instability of the red variant, for example, can be given in terms 
of the two morphological classes red and normal. On the other hand, it 
can also be described in terms of the continuous variation in rate of 
growth, sporulation, <'Ind perithecial density; the conclusions are the same. 
Similarly, while the variation in perithecial density shown by some strains 
of A. nidulans and A, glaucus can be readily analyzed as a continuously 
varying character, it can also be analyzed in terms of colonial morphol-
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ogy, although as many as five classes may be required to give an adequate 
description of the observed patterns of variation. Even where, as with the 
red variant, a simple, unambiguous morphological classification is possible,. 
within each class there is considerable variation. Thus the percentage of 
red segregants in the asexual progenies of colonies classified as normal 
varies from 0 to 15 % while those colonies classified as red produce asexual 
progenies containing 10-95% red segregants. The distribution of the per
centage of red segregants is continuous both within and between the 
morphological classes. And even if a discontinuous grouping of these 
percentages is attempted, between 5 and 7 classes are required. Thus the 
difference between the morphologically normal and red segregants of the 
red variant is that the normal colonies rarely give more than 10-15 % red 
segregants in their asexual progenies while the red colonies rarely give 
less. Between 10 and 15% there is a threshold: above it the morphology 
is distinctly mutant, below it the morphology is indistinguishable from 
normal. Although an underlying continuity has so far been demonstrated 
only for the discontinuous segregation of the red variant, the indications 
are that this is generally true for all the discontinuously segregating 
variants. 

2. Somatic Reassortment 

Homokaryotic strains of fungi differing in one or more chromosomal 
genes can _ often coexist in a heterokaryotic state and, apart from rare 
exceptions due to mitotic recombination, the homokaryotic strains may 
be reextracted from this association with their phenotypes and chromo
somal gene complements unchanged. If, however, the homokaryotic strains 
also differ in an extrachromosomally inherited trait the latter emergesIrom 
the heterokaryotic association in new combinations with the chromosomal 
gene complements. The kinds of new combinations vary with the nature 
of the extrachromosomally inherited difference. The simplest situation is 
typified by the extrachromosomally inherited nonsexual variants of A. 
nidulans (Table VIII). In A. nidulans the homokaryotic components of a 
heterokaryon can be reextracted by germinating the uninucleate asexual 
spores produced by the latter. The homokaryons extracted from a hetero
karyon between a sexual and a nonsexual strain are iden(ical with the 
original strains for the known chromosomally inherited traits by which 
they differ. All the colonies reextracted from the heterokaryon, however, 
are highly sexual irrespective of their chromosomal gene complements. 
Hence the nonsexual component of the heterokaryon has been converted 
to sexuality during the association. 

A different situation is found with heterokaryons between the mi and 
normal strains of N. crassa (Table VIII). For example, from a hetero-
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karyon between a lysine-requiring (lys-) mutant of the mi-4 variant and 
a non-lysine-requiring (lys+) normal strain, four kinds of stable homo
karyotic colonies could be extracted, namely, lys-mi-4, lys- normal, lyse 
mi-4, and lyse normal. For the lys- :lys+ and the other known genes by 
which the original strains differed, the reextracted homokaryons fell into 
only two classes. These were identical with the two strains which formed 

TABLE VIII 
VARIANTS THAT SHOW REASSORTMENT WITH KNOWN CHROMOSOMAL GENE MARKERS 

WHEN IN HETEROKARYOTIC ASSOCIATION WITH A NORMAL STRAIN 

Species 

Aspergillus nidulans 

Aspergillus glaucus 

Saccharomyces cerevisiae 
Neetria stenospora 
Neurospora crassa 
Penicillium sp. 

Designation or 
characteristic 

of variant 

nunsexual 
mycelial 
red 
purple 
alba 
low-sexual 
slow growth 
nonpigmented 
adaptabiltry- _to 
mercuric chloride 
vegetative death 
suppressive petite 
tassellated 
mi-variants 
myceliaL 
low sporulation 

References 

links (1954) 
Roper (1958) 
Arlett et aZ. (1962) 
Grindle (1963) 
Mahoney and Wilkie (1962) 
Jinks (1956, 1957) 
Jinks (1956, 1957) 
links (1957) 
Jinks (1958) 

Jinks (1959) 
Wright and Lederberg (1957) 
Gibson and Griffin (1958) 
Pittenger (1956) 
Jinks (1960) 
Jinks (1960) 

the heterokaryon. In contrast the mi-4 : normal extrachromosomal differ
ence had reassorted with the two chromosomal gene complements while 
associated in the heterokaryon. 

The petite:normal difference also reassorts in a heterokaryon. In yeast, 
heterokaryons can be made by employing strains in which the conjugation 
of haploid cells is not accompanied by nuclear fusion. During the vegeta
tive budding of the heterokaryon haploid cells are produced, and hence 
monokaryotic strains can be reextracted from the association. These are 
identical with the original haploid strains for all known chromosomal gene 
differences. If, however, one of the conjugating strains is petite and the 
other normal, the haploid strains which are recovered from the hetero· 
karyon are sometimes petite and sometimes normal irrespective of whether 
their chromosomal gene complements are derived from the original petite 
or the original normal strain. 

The somatically unstable variants, for example red and purple, behave 
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much tbe same as the mi and petite mutants when in heterokaryotic asso
ciation with a normal strain (Fig. 7). Heterokaryons between a green
spored (W) non-compact (CO) red variant and a non-red strain carry
ing the gene mutations white spores (w) and compact growth (co) pro
duce asexual progenies which fall into four classes, namely, weo red, 
weo non-red, wco red, and wco non-red. Thus the two chromosomal gene 
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FiG. 7. The heterokaryon test between an unstable, persistently segregating variant 
(for example tbe red variant of Aspergillus lIidulanJ') and a nonnal strain. The two 
strains are also distinguished by two or more chromosomal gene markers (indicated 
by • and 0 nUClei) . At asexual spore formation the variant produces normal and 
variant segregants while the normal strain produces only normal spores. The hetero
karyon produces asexual spores with the variant and with the normal constitution. 
But most inlportant it produces spores with the nucleus of the normal strain • and 
the unstable variant constitution. This class of spore can arise only if the detemtina
tion of the unstable variant is extranuclear. From links ( 1964b). 

differences W:w and eo:co are extracted in their original combinations, 
but the red : non-red difference shows reassortment. Because of the in
stability of the red variant, however, weo non-red colonies can arise 
from weo red colonies without reassortment. Hence, wco red is the only 
one of the four classes to emerge from the heterokaryon which could not 
have arisen without the reassortment of the extrachromosomal difference. 

The demonstration of the somatic reassortment of extrachromosomal 
differences in what is now known as the heterokaryon test can be extended 
to basidiomycetes by employing the dikaryotic stage of the life cycle. Thus 
two monokaryotic strains can be associated in the dikaryotic state and 
subsequently reextracted either through the production of uninucleate 
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asexual spores. e.g., oidia, or by micrurgery (see Harder, 1927; Papazian, 
1958). There have been a number of claims that monokaryons associated 
in a dikaryon reemerge with temporary or even permanently altered 
phenotypes (Harder, 1927; Aschan, 1952). This suggests that some of 
the initial differences between the monokaryons were extrachromosomal 
in origin. Unfortunately, none of these examples is conclusive, but they 
indicate the prospective usefulness of this test for detecting extrachromo
somal differences between monokaryotic strains of basidiomycetes. 

3. Invasion 

There are a few extrachromosomal variants which transmit their mutant 
phenotype to normal colonies with which they happen to be in contact. 
Among these variants are barrage and senescence in Podospora anserina 
and conidial and vegetative death in Aspergillus glaucus (Table IX). If 

_ TABLE IX 

EXAMPLES OF VARIANTS THAT ARE INVASIVE WHEN GROWN IN HYPHAL CONTACT 

WITH A NORMAL SlRAIN 

Species 

Coprinus ma.:rorhizus 
Aspprgiilus glaucus 

Podospora anserina 

Pestalolia anlllllata 

Variant 

fluffy 
conidial 
vegetative death 
barrage 
senescence 
growth rhythm 

References 

Dickson (1935) 
Sharpe (1958) 
Jinks (1959) 
Rizet et al. (1958) 
Marcou (1961) 
Chevaugeon and Lefort (1960) 

hyphae of a variant such as vegetative death are inoculated alongside a 
colony which is distinguished from it by a number of chromosomal gene 
differences and by growing normally, in about 70% of cases the latter 
shows all the characteristics of vegetative death within 5 days. The symp
toms of vegetative death appear first at the points of contact between the 
normal and variant hyphae and then spread to the remainder of the nor
mal colony. The asexual spores produced on the affected portions of the 
normal colony give rise to homokaryotic colonies possessing only the 
known chromosomal genes of the initially normal strain, but many of 
these colonies have all the characteristics of vegetative death. The absence 
of spores containing the nucleus of the variant in the affected portions 
suggests that there is no nuclear migration from the variant to the normal 
hyphae. The absence of nuclear migration during the invasive spread of 
the variant phenotype has also been demonstrated for conidial, senescence, 
and barrage. On the other hand, for vegetative death and senescence it 
has been shown that anastomosis between the variant and normal hyphae 
leading to a localized heterokaryon formation is the route by which the 
extrachromosomal agent responsible for the conversion from normal to 
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variant enters the normal colony. Thus the characteristics of vegetative 
death fail to spread to the normal colony unless heterokaryotic cells are 
produced at the point of contact between variant and normal hyphae. 
Furthermore, no agent has so far been extracted from the hyphae of 
vegetative death nor from the medium in which this variant has grown 
that will produce even a temporary effect On the hyphae of normal colonies. 

It would appear, therefore, that at the time of heterokaryon formation 
at the points of contact between normal and variant hyphae there is a 
mixing of the two extrachromosomal complements. The extrachromo
somal agent responsible for the variant phenotype then replaces its coun
terpart in every normal hypha to which it can gain access. That is, the 
agent is suppressive. 

Confirmation of this interpretation comes from observations on stable 
heterokaryons between a homokaryon showing vegetative death and a 
normal partner. The heterokaryons are initially normal, but they begin 
to show the phenotype of vegetative death after 5 days. In the asexual 
progeny of the heterokaryon the variant: normal difference showed reas
smtment with the known chromosomal gene differences which distin
guished the initially variant and normal homokaryons. The majority of 
colonies in the asexual progeny had the variant phenotype and this pro
portion increased with the age of the heterokaryon. Thus in the hetero-

-- laryon the extrachromosomal determinant of vegetative death gradually 
replaced its normal counterpart (Fig. Ie). 

E. Conclusions 

In this section we have described the properties of some variants which 
are extrachromosomally inherited. These properties are often sufficiently 
different from those of chromosomal gene mutants to be diagnostic of 
their extrachromosomal origin. Thus whether we examine the induction, 
inheritance, or somatic growth of the variants we find patterns of behavior 
that are difficult to explain without the assumption of extrachromosomal 
control. 

III. THE NATURE OF THE EXTRACHROMOSOMAL SYSTEM 

The determinants of extrachromosomal heredity must reside within the 
extrachromosomal material of the cell. Attempts to locate their sites 
within this material have been made by both cytological investigations and 
breeding experiments. The evidence produced is suggestive rather than 
conclusive and many determinants have been inferred from breeding ex
periments, for which there is still no known physical basis. Even in these 
cases, however, it is possible to deduce some of the properties of the 
determinants and their behavior at cell division and reproduction. 
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A. Location of Extrachromosomal Determinants 

Petite was the first fungal variant to implicate an extrachromosomal 
organelle, namely, the mitochondrion, in extrachromosomal heredity. This 
was confirmed by the mi mutants of Neurospora. Together they constitute 
a formidable case for the participation of extrachromosomal determinants 
in the control of the structure and function of mitochondria. They also 
raise the possibility that the detenninants which exercise this control may 
be borne on the mitochondria themselves (Ephrussi and Slonimski, 1955). 

To qualify as a bearer of hereditary determinants a structure must 
satisfy a number of criteria. The first of these is that the structure must 
always arise by the division of, or as the result of generation by, a similar 
structure. That is, it must not arise de novo. A direct proof that a structure 
satisfies this criterion requires the demonstration that a cell which has lost 
the structure cannot subsequently produce it Structures such as mito
chondria whose presence in the cell is apparently essential for survival 
cannot be subjected to this test We have to rely, therefore, on indirect 
evidence such as observations of the method of replication of mitochondria 
in normal cells. It is widely accertel,! on the basis of microscopical obser
vations that in somatic cells mitochondria replicate by fission. This con
clusion is supported by experiments in which the mitochondria of rapidly 
growing Neurospora cells were pulse-labeled with radioactive choline. 
When the mitochondria increased in number all were found to contain the 
label, a result which is compatible with the formation of new mitochondria 
by the growth and division of existing mitochondria (Luck, 1963). On 
the other hand, there are claims that during gametogenesis in higher plants 
mitochondria are generated from simpler, nonrnitochondrial material. It 
has been suggested, for example, that during gametogenesis the mem
branes of mitochondria develop from the general membranous system of 
the cell which includes the nuclear and outer cell membranes and the 
endoplasmic reticulum. 

If this interpretation of events during gametogenesis is correct, it sug
gests that the extrachromosomal determinants which control mitochondrial 
development might lie outside the mitochondrion and perhaps reside in 
the membrane system. During the generation of mitochondna at gameto
genesis, however, these determinants could become part of the mitochon
drial structure, thus conferring on the mitochondria a genetic continuity 
which extended throughout somatic life and ended only at gametogenesis. 

Irrespective of whether we accept this interpretation there can be no 
restriction on the genetic continuity of the detenninants themselves. To 
account for the persistence of the abnormal mitochondria of petite and 
poky from one generation to the next there must be a corresponding per-
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sistence of the extrachromosomal determinants which control mitochon
drial development. 

Recent demonstrations that mitochondria contain nucleic acids in the 
form of DNA as well as RNA lend additional support to the view that 
the mitochondria carry hereditary information. (Cbevremont, 1963; Luck 
and Reich, 1964; Gibor and Granick, 1964). In Neurospora, as in the 
other species examined, the DNA of the mitochondria appears to be 
double-stranded and possesses a unique buoyant density (Luck and 
Reich, 1964). The presence of nucleic acid, however, does not completely 
resolve the problem of the genetic continuity of the mitochondria. Its 
presence could be explained by assuming that extramitochondrial nucleic 
acids provide the information for the generation of mitochondria and in 
the process become incorporated into their structure. 

The presence of DNA in the mitochondria either as a permanent or as 
a semipermanent constituent accounts for all the properties of the extra
chromosomally inherited respiratory mutants of yeasts and Neurospora. 
It also explains the action spectrum for the UV induction of these mu
tants in yeast which has a maximum that coincides with the maximum 
absorption bands for DNA (Raut and Simpson, 1955; Wilkie, 1963). 

The fungi provide no evidence which implicates other extrachromo
somal structures in extrachromosomal heredity. The green plants and pro
tozoa, however, provide considerable evidence that structures such as 
plastids, kinetosomes, and kinetoplasts possess genetic continuity and are 
_themselves subject to the control of extrachromosomal determinants 

~-. (Jinks, 1964a). Furthermore, these structures also appear to contain a 
DNA of the kind found in mitochondria (see Gibor and Granick, 1964, 
for review). While this evidence makes an important contribution to our 
understanding of the physical basis of extrachromosomal heredity it has 
no direct relevance to any known extrachromosomal variant of fungi. 
However, it is clear that a consistent picture is emerging in which there 
is an association of extrachromosomal DNA with organelles which, from 
genetic studies, appear to be in part under extrachromosomal hereditary 
control and which have themselves long been suspected of being carriers 
of hereditary information. 

B. The Nature of Extrachromosomal Change 

To explain the origin, persistence, and segregation of extrachromo
somally inherited variants it is necessary to postulate a change in some 
extrachromosomally located cell component. There are a number of ways 
in which this change from a normal to a variant condition could occur: 
for example: (i) a change in the relative frequency or activity of the cell 
component (in practice this is indistinguishable from, and may be identical 
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with, so-called alternative "steady states"); (ii) the physical loss of 
the cell component; (iii) a change in the structure and function of the cell 
component; (iv) the introduction of an extrachromosomally located cell 
component from an extraneous source. 

If, of course, the presence of extrachromosomal DNA is responsible for 
the hereditary properties of cell components then these four categories 
of change clearly relate to the DNA borne by the cell component. 

These changes have their counterpart at the chromosomal level; for 
example, (ii) is a deletion, and (iii) a point mutation or structural re
arrangement. The last of them, (iv), is equivalent to the introduction of 
an alternative form of a chromosomal gene by reassortment, recombination, 
transduction, or transformation. 

All four kinds of change have been postulated at one time or another to 
explain particular examples of extrachromosomal variation. The first two 
[(i) and (iill were originally favored as explanations of the earlyobser
vations on neutral petite and variation in sexuality in Aspergillus. The 
stable nonsexual variants arise as extreme segregants in strains which 
show a continuous range of phenotypes differing in sexuality. Similarly, 
petite arises spontaneously as, a stable lower extreme of a continuous 
variation in colony size. Thus the intermediate segregants were explained 
by an irregular distribution of an extrachromosomal component '0 that 
some cells and spores contained more than others. The stable mutants, on 
this explanation, would then be the extreme products of this irregular 
distribution in that they would arise from cells and spores which received 
no representative of the component. 

On the basis of this explanation we can make two predictions: (l) 
Until the last representative of the extrachromosomal component has been 
lost from a cell lineage, no change in phenotype which has occurred in the 
extrachromosomal system should be irreversible; hence the intermediate 
phenotypes should be reversible. (2) Since the stable variants have lost 
all representatives of the component, their phenotypes should not revert 
to normal nor to an intermediate phenotype until this component has been 
reintroduced by conjugation or anastamosis with a normal cell. Both pre
dictions have been verified for neutral petite and nonsexual. While this 
suggests that an explanation based on (i) and (ii) gives an adequate 
account of the origin and breeding behavior of these variants, an explana
tion based on (iii) is also adequate if we assume that there is a change 
in function or structure of the extrachromosomal component which makes 
it inert. The segregation, of which the stable variants are the extreme 
products, could then be explained by assuming that the active and inert 
forms of the component are distributed unequally among cells and spores. 
The stable variants would then arise from cells or spores, which by 
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chance, receive only the inert form. Thus we cannot discriminate between 
the first three models of extrachromosomal change on the basis of variants 
such as neutral petite and nonsexual. The behavior of some suppressive 
variants, however, allows us to draw this distinction. 

A number of extrachromosomal variants including suppressive petite, 
poky, vegetative death, senescence, red, and mycelial are suppressive in 
that following conjugation between a normal cell and a cell of one of these 
variants the phenotype and breeding behavior of the resulting mixture is 
predominantly or exclusively like that of the variant. It is difficult to ex
plain this dominance in action and in replication of the extrachromosomal 
complement of the variant if the latter merely lacks a component which 
is present in normal cells. Rather we must postulate the presence of an 
extrachromosomal component in the variant cells with properties that are 
not found in any component of a normal cell. 

Among fungal variants there exist all degrees of suppressiveness as 
measured by the frequency and speed with which colonies initiated by the 
fusion of normal and variant cells take on the properties of the variant. 
In fact the many different forms of petite alone cover the whole range of 
degrees of suppressiveness as measured in this way. No sharp distinction 
can, therefore, be drawn between suppressive and nonsuppressive variants. 
Indeed the same extrachromosomal variant may be suppressive or sup
pressed according to the genotype it is associated with when brought into 
contact with a normal extrachromosomal complement (see Section III, 

.. _' D, 4). This continuity between suppressive and nonsuppressive mutants 
suggests a similarity in their underlying basis. If, therefore, suppressive 
and nonsuppressive variants arise from similar changes in the extra
chromosomal system we must accept that these changes are of the kind 
envisaged in model (iii). 

Category (iv) of extrachromosomal change covers a variety of phenom
ena. Under this heading can be induded, for example, the substitution of 
one form of an extrachromosomal component for another as a result of 
their heterokaryotic association or as a result of the invasive spread of one 
form into a mycelium containing an alternative form (Sections II, D, 2 
and 3). A further relevant example is the transformation of spheroblasts 
of a petite strain of yeast to a stable, respiratory normal form by the in
corporation of mitochondria extracted from a normal strain. The partic
ular importance of this example resides in the fact that it provides the 
most direct evidence so far that the difference between petite and normal 
cells resides exclusively in a permanent difference in their mitochondria 
since no other constituent of the normal cell is involved in the transforma
tion (Tuppy and Wildner, 1965). 

Another phenomenon that belongs here is exemplified by the "killer 
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trait" in Paramecium aurelia. Its extrachromosomal determinant, kappa, 
has a number of properties in common with viruses and Paramecium can 
be infected with kappa by being exposed to suspensions of the debris from 
animals which contain it. It seems likely at the present time that a number 
of "contagious diseases" of fungi, for example, the killer factor in yeast 
(Makower and Bevan, 1963) ami the agent of "die back" in the cultivated 
mushroom (Holling et aI., 1963) which are extrachromosomal com
ponents with a number of viral properties, also belong in this same 
category. 

There is a further class of extrachromosomal determinants, as yet un
known in fungi, which could produce the kind of change included in type 
(iv). These are the viral and nonviral episomes of bacteria. Episomes can 
alternate between a chromosomal and extrachromosomal site in the cell 
and can be transmitted as a chromosomal locus or as an extrachromo
somal body possessing genetic continuity. The existence of viral episomes 
which have in addition an extracellular phase has been demonstrated in 
the bacterium Escherichia coli. The evidence for nanviral episomes is 
more widespread but also more conjectura1. Episomes in their chromo
somal or extracellular phase are, therefore, a possible source of deter
minants in the kind of situation ",visaged in (iv), although there is no 
evidence that determinants from this &Qurce are involved in any instance 
of extrachromosomal inheritance in fungi. 

C. Properties of Extrachromosomal Determinants 

An adequate model of the extrachromosomal system must not only 
account for the origin of extrachromosomal variants (Section II, B), but 
also for their more important properties such as somatic segregation and 
suppression. 

1. Somatic Segregation 

Somatic segregation due to extrachromosomal causes is encountered in 
three situations (Fig. 8). It may occur (a) spontaneously, a homokaryotic 
clone giving rise to a continuous array of phenotypes the abnormal extreme 
of which is often a stable variant; (b) following the induction of an extra
chromosomal variant, when there may be an initial period of instability of 
varying duration during which both normal, variant, and intermediate 
phenotypes emerge as segregants; (c) following cell conjugation or anas
tomosis between strains which differ in an extrachromosomally inherited 
trait, when there is a segregation into the components of the mixture and 
the appearance of intermediate phenotypes. 

In each of these situations two contrasting phenotypes appear, among 
the segregants produced at mitotic cell divisions, which show extrachromo-
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somal inheritance. If, therefore, we accept that the difference between the 
contrasting phenotypes is of the type we have calJed (iii) (Section II, B), 
then the ceJls from which they segregate must contain two alternative forms 
of an extrachromosomal determinant, that is, they must be heterop]asmic. 
Hence on this interpretation beteroplasmons, like their chromosomal equiv
alent, beterozygotes, arise in two ways; by a spontaneous or induced 
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FIO.- 8. The two ways in which a beteroplasmon may arise: (1) By a spontaneous 
or an induced mutation in one or more, but not in all, of the representlltives of an 
ex.trachromosomal determinant present in a cell. (2) By the fusion of cells from 
homoplasmic strains which differ for an extrachromosomally inherited trait. The 
fusion may occur when (a) there is anastomosis between the vegetative cells of a 
fungus or (b) when haploid ceUs conjugate to give diploids, as for example in yeasts. 
lrrespective of the mode of origin the consequence is always the same, namely an 
unstable extrachromosomal complement which segregates at cell division, hyphal 
branching. and asexual spore formation. From Jinks (l964b) . 

mutation in one or more, but not in aU, of the homologs of a determinant 
present in a cell and by conjugation of cells containing alternative forms 
of a determinant. Thus the same mechanism will suffice to explain the 
"unstable state" that often accomparues the induction of extrachromosomal 
mutations and the similar instability of known heteroplasmons synthesized 
from two different homoplasmons (Section II, D, 2). By itself, however, 
it wilJ not explain why the unstabJe state initiated at the induction of a 
variant should persist indefinitely as it does, for example, in the red variant 
(Section II, D , 1) . We have already seen how the persistent segregation 
of the red variant produces a continuous range of phenotypes which vary 
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from homoplasmic normal to an extreme mutant phenotype but fall short 
of producing a pure-breeding homoplasmic mutant segregant (but see Sec
tion III, D, 4). While every other property of the red variant fits a hetero
plasmic model, this absence of the homoplasmic mutant component among 
the segregants is anomalous. It seems likely, therefore, that the homo
plasmic mutant is lethal and hence it can survive only in the heteroplasmic 
state. 

While the initiation of a heteroplasmic state appears to initiate somatic 
segregation it is not sufficient to cause the latter, as the followmg considera
tions will show. Let us consider the simplest heteroplasmic state, namely, 
a cell which contains one normal A and one mutant a homolog of a 
determinant. Let us assume that the replication and distribution of these 
homologs at cell division is regular, that is it follows the same rules as the 
chromosomes at a mitotic cell division. Thus prior to cell division each 
homolog will replicate, and one A and one a homolog will pass to each 
daughter cell (Fig. 9). Hence if the division is regular there is no segrega
tion. Let us now assume that division is irregular. Prior to division the 
heteroplasmic cell has the constitution AAaa. These four homologs could 
be distributed between daughter cells in a number of irregular ways. The 
distribution could be numerically unequal, one cell receiving 4 or 3 and the 
other 0 or 1 homologs, respectively, or it could be qualitatively unequal one 
cell receiving 2 A and the other 2 a homologs. But clearly irregularities of 
one or both kinds must be assumed to explain segregation of a hetero
plasmon at mitotic cell divisions. This conclusion holds irrespective of the 
complexity of the segregation pattern which results from assuming more 
than two homologs per cell and unequal rates of replication for the two 
forms of the determinant (Fig. 9). 

Attempts have been made to estimate the number of homologs of a 
determinant per asexual spore and distribution of mutant and normal 
homologs of a determinant at spore formation using the red variant. Iden
tically mai~tained colonies of this variant, each initiated by a single asexual 
spore produce asexual progenies whose compositions vary from 5 % nor
mal:95% red segregants to 100% normal segregants. These differences in 
the composition of asexual progenies are far in excess of anything which 
can be ascribed to extraneous causes. They must, therefore, be due to 
inherent differences between the spores which produce the parental colonies. 
It follows then that each parental colony whose asexual progeny contains 
a distinct proportion of normal:red segregants must have arisen from an 
asexual spore with a distinct composition in terms of the relative numbers 
of normal to mutant homo logs of the determinant it contains. Since we 
can recognize at least seven classes of asexual progenies which differ signifi
cantly in their proportions of normal:red segregants, we can infer that the 
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red variant can produce a corresponding number of classes of asexual 
spores. That is, flpores containing seven difierent proportions of mutant to 
normal homologs are produced. 

If we now make the further assumption that the total number of homo
logs per spore is constant, then six homologs of the red determinant must 
be present to lead to seven different proportions of mutant to normal homo-
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FIG. 9. The consequences of regulur and irregUlar distribution of normal (.) 
and mutant (0) homo logs of an extrachromosomal determinant at the division of a 
heteroplasrnic cell. The irregUlarity may be qualitative Of quantitative, but unless the 
Jistrihution i.s irregular there is no segregation for the extrachromosomal difference. 
From Jinks (l964b). 

logs, One possible asexual progeny which contains only pure-breeding red 
---- segregants, corresponding with a spore containing only mutant homologs. 

is never recovered. It is presumed to be lethal (Section Ill, C, 1). Never
theless it raises the number of spore constitutions which must be accounted 
for to eight, and hence the number of homologs pcr spore to seven. The 
frequencies of these eight spore constitutions in a random sample of asexual 
spores of the red variant are given in Table X. Included for comparison 
are the frequencies expected if the seven homologs that go into each spore 
were chosen at random from a large pool of mutant and normal homologs. 
The correspondence between the observed frequencies and those predicted 
in this way suggests that we can account for the somatic segregation of 
the red variant, and hence, presumably, of other variants, by a model in 
which (1) there is more than one homolog of each determinant per cell; 
(2) there is a heteroplasmic state in the cells which initiate the segrega
tion; and (3) there is an irregular Of, in this case~ a random distribution of 
normal and mutant homologs at mitotic cell divisions. 

2. Interaction between Extrachromosomal Determinants 
So far in this discussion of the heteroplasmic state we have avoided the 

complications which arise from the interactions between alternative forms 
of a determinant and between different determinants. These interactions 
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are of two kinds, suppression and synergism. Examples of both have been 
described in the fungi. 

a. Suppression. Suppression occurs in the majority of heteroplasmons 
whether initiated by mutation or by cell fusion. Where the heteroplasmon 
is composed of a mutant and normal homoplasmon it is usually the mutant 
component which is suppressive (Section III, B). There are two aspects 

TABLE X 
THE FREQUENCY WITH '''mCH THE EIGHT PROPOSED SPORE CONSTITUTIONS REQUIRED 

TO ACCOUNT FOR THE SEGREGATIONAL BEHAVIOR OF THE red VARIANT ARE RECOVERED 

IN A RANDOM SAMPLE OF ASEXUAL SPORES OF THIS VARIANTa (Jinks, 1964a) 

Spore constitution 
normal :mutant homo logs Observed frequency 

7:0 0 
6:1 1 
5:2 3 
4:3 10 
3:4 7 
2:5 2 
1:6 2 
0:7 0 '. 

Expected frequency 

0.20 
1.37 
4.10 
6.83 
6.83 
4.10 
1.37 
0.20 

a The frequencies expected on a binomial distribution are given for comparison. 

to the suppression of one form of a determinant by an alternative form, 
namely, a superiority in action that is akin to dominance and a superiority 
in rate of replication. In the case of the poky mutant the altered biochemical 
properties of the mutant determinant may be responsible for its suppressive
ness (H. K. Mitchell and Hertzenberg, 1955). The mitochondria of poky, 
in contrast to those from normal cells, possess a potent enzyme which 
destroys cytochromes. This enzyme destroys both poky and normal cyto
chromes when they are brought together in vitro. The suppression of the 
normal component in a heteropIasmon could, therefore, result from the 
destruction of the products of its activities. There are two observations 
which are opposed to this interpretation of suppression. First, the in vivo 
activity of the enzyme in poky is insutJjcient to prevent the accumulation 
of cytochromes in its own hyphae. Secondly, the suppressive action of petite 
is independent of the modified biochemical activities of petite cells (Sher
man and Ephrussi, 1962). For the present, therefore, we shall regard sup
pression as a superiority in the action and replication of one form of a 
determinant relative to an alternative form rather than as the ability to 
destroy the products of an alternative form. 

We have previously equated heteroplasmons and heterozygotes, but 
suppression in heteroplasmons has no counterpart in heterozygotes. Thus 
homologous chromosomes in a heterozygote do not compete in reproduc-
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tion; the mechanical properties of chromosome replication and division 
ensure that they keep in step. Greater similarity might, therefore, be ex
pected between hcteroplasmons and heterokaryons since in the latter the 
nuclei of the homokaryotic components are free to compete in action and 
reproduction. But even in heterokaryons, competition rarely, if ever, leads 
to a mutant component ousting its normal partner; on the contrary, the 
outcome is usually the reverse. It appears, therefore, that suppressive ness 
is a property which is largely confined to extrachromosomal mutants. 

Before accepting this conclusion, however, we should reconsider the 
origin of extrachromosomal mutants. Earlier we concluded that the im
mediate effect of a mutation is the initiation of a heteroplasm on. On this 
basis the recognition and isolation of such a mutant is more likely to be 
successful if the phenotype of the heteroplasmon is readily distinguishable 
from that of the wild-type homoplasmon. Hence the technical problems of 
recognition and isolation could impose an automatic selection for mutants 
which are suppressive in the heter9plasmic state. 

b. Synergism. A synergistic interaction in heterozygotic and hetero
karyotiC associations is critical evidence for the functional independence 
of chromosomal gene mutations. This is equally valid for extrachromosomal 
mutants in heteroplasmic association. Thus if two extrachromosomal mu
tants are defective in independent functions, each will contribute to a 
heteroplasmon the normal function which is lacking in its partner. There-

__ .fore, we would expect a heteroplasmon between two functionally inde___.-
pendent mutants to have a more normal phenotype than either of its homo-
plasmic components. 

Evidence of the functional independence of extrachromosomal mutants 
has been sought only among the mi variants of Neurospora. All possible 
heteroplasmons were made between these variants and one, that between 
poky (mi-l) and mi-4, had a near wild-type growth rate (Pittenger, 1956). 
After 1000 cm of growth, however, even this heteroplasmon reverted to 
the type of growth characteristic of its mutant components. And at all times 
the biochemical properties of the heteroplasmon were those of its mutant 
components. Nevertheless, the initial period of rapid growth leaves no 
doubt that in a heteroplasmon mi-l and mi-4 can partially compensate for 
one another's functional defects. 

Both mi-l and mi-4 are suppressive when in heteroplasmic association 
with wild-type strains. Hence the period of mutual compensation is short 
lived because of the mutual suppression of the normal functions contributed 
by each mutant by the defective function contributed by its partner. 

This investigation of the interactive properties of the mi variants is the 
first step in the analysis of the functional relationships within the extra
chromosomal system of a fungus. It is important because the results in-
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dieate that the techniques which are at present successfully elucidating the 
structure and function of the chromosomal system can be adapted to yield 
similar information at the extrachromosomal level. The best evidence that 
this is so, however, comes from the alga Chlamydomonas where the appli
cation of standard procedures for studying gene structure and function, that 
is, complementation tests and linkage studies, have been applied to the 
extrachromosomal system with remarkable success (Sager and Ramanis, 
1965). 

D. Interrelationships of the Chromosomal and 
Extrachromosomal Systems 

Evidence that the chromosomal and extrachromosomal systems are inter
dependent in action and reproduction has been obtained wherever an ade
quate investigation has been made. This evidence is of four kinds. 

J. Chromosomal-Extrachromosomal Mimics 

Chromosomal and extrachromosomal mutations often lead to similar 
phenotypic changes. For example, there are chromosomally inherited mu
tants whose phenotypes are identical with petite, the mi variants, vegetative 
death, and nonsexual. In the case of the petite and mi variants the similarity 
between the effects of the extrachromosomal and chromosomal mutations 
extends to the biochemical level. It is clear from such examples that the 
cooperation of both chromosomally and extrachromosomally inherited 
components is essential for the production of a normal phenotype, a muta
tion in either component being sufficient to disrupt the action of both com
ponents. 

2. Interdependence in Action 

Gene mutations are known which suppress the phenotypic effect of the 
extrachromosomally inherited poky mutant and the mycelial variants of A. 
niduians (M. B. Mitchell and Mitchell, 1956; Roper, 1958). In both cases 
a Single chromosomal gene mutation can restore the variant phenotype to 
wild type although some of the biochemical defects of the poky variant arc 
present in a much reduced form in the suppressed state. If, by appropriate 
breeding procedures, these mutant genes are replaced by their wild-type 
alleles the phenotypic effects of the mycelial and poky mutants are restored 
immediately. Hence the gene suppressors have no permanent effect on the 
extrachromosomal determinants. 

The suppressor of poky (I) is highly specific. It has no effect on any of 
the other mutants, either chromosomal or extrachromosomal, which affect 
the respiratory system of N. crassa. Thus while poky, mi-2, and mi-3 are 
sufficiently related functionally not to show a synergistic interaction when 



19. Extranuclear I nherUance 651 

in heteroplasmic association, they are sufficiently different to be distinguish
able on their reaction to f. 

The properties of various combinations of chromosomal genes with poky 
have been investigated by Silagi (1965). The combination with the genes 
fluffy. peach, and a gene for fatty acid requirement all grew more slowly 
than either poky or the mutant genes alone. A combination of poky with a 
gene which promotes fast growth, however, grew almost at the wild-type 
rate of growth, but the cytochrome system of the combination was still that 
typical of poky. 

Suppression of chromosomal gene action by the extrachromosomal com
plement is also found in Neurospora. Since all the known extrachromo· 
somally inherited differences in this species show strict maternal inheritance 
(Section II, C, 1) it is possible to transfer the chromosomal genes of one 
strain into the extrachromosomal complement of another by repeatedly 
back-crossing the former to the latter as the maternal parent. In this way the 
phenotypic effect of chromos9mal genes can be compared in their original 
and in a different extrachromosomal complement. Two such comparisons 
involving the gene mutations ac and s have been described (Srb, 1958). 
The mutant ac produces colonies which lack conidia in the extrachromo
somal complement of N. sitophila and wild-type colonies in the extra
chromosomal complement of N. crassa. Similarly, the mutant s gives large 
_colentes in the extrachromosomal complement of the common laboratory 
strain of N. crassa, but small colonies in that of a Philippine lslands strain 
of N. crassa. 

Yeast also provides examples, the most remarkable being the extra
chromosomally determined suppression of the chromosomal gene "super 
suppressor" (Cox, 1965). "Super suppressor" is itself a remarkable gene 
in that it simultaneously suppresses the action of auxotrophic mutants at 
a number of chromosomal loci. Breeding tests on stable reversions to auxo
trophy (an adenine requirement) in a super-suppressed adenine-requiring 
strain (adenine-independent) show that the revertants still possess the 
super-suppressor gene but that they also possess a mutant extrachromo
somal component that inactivates this gene. 

3. Chromosomal Control of Extrachromosomal Stability 

The frequency with which extrachromosomally inherited variants arise is 
subject to the control of chromosomal genes. For example, the incidence of 
such widely occurring variants as petite, nonsexual, and vegetative death 
differs by up to a hundredfold from one strain to another. The frequency 
of the spontaneous mutant alba also differs among strains of A. nidulans, 
the difference being under the control of different alleles at a single chromo
somal locus f (Mahoney and Wilkie, 1962). 
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4. Chromosomal Control of Extrachromosomal Reproduction 

The persistent segregation of the red variant can be explained by assum
ing that it is a vegetatively stable heteroplasmon between a 'ethal mutant 
and its wild-type homolog. The persistence of the segregation and hence the 
stability of the heteroplasmon is under chromosomal gene control. Thus 
nine gene mutations are known which bring about a cessation of the per
sistent segregation into normal and red phenotypes. They do so, however, 
in two distinct ways. Five of the mutants have the effect of making the red 
variants a pure-breeding mutant. Thus, following their introduction into the 
variant, subsequent vegetative propagations produce colonies with red 
phenotypes all of whose vegetative and asexual transfers are also uniformly 
red in phenotype. Thus these mutants suppress the lethality of the homo
plasmic red state. The other four mutants have the effect of making the red 
variant change to a pure-breeding, wild-type strain. It appears, therefore, 
that five of the mutant genes favor the action and replication of the mutant 
component of the heteroplasm on. On the other hand, in the presence of the 
wild-type alleles of these mutant genes the two components of the hetero
plasmon reach a vegetatively stable equilibrium (Arlett et al., 1962; 
Grindle, 1963). ... 

In conclusion, the analyses of chromosomal-extrachromosomal interac
tions in fungi show that the action, stability, and reproductiot: of extra
chromosomal components are ultimately subject to chromosomal gene con
trol. But equally, they show that the action of chromosomal genes are 
ultimately dependent on the cooperation of extrachromosomal factors. 
Hence there is interdependence between the two systems rather than the 
control of one by the other. 

IV. THE ROLE OF EXTRACHROMOSOMAL VARIATION 

The extrachromosomal system in cooperation with the chrom030mal sys
tem determines the phenotype. Hence, presumably it plays a role in col
laboration with chromosomal genes in development, variation. adaptation, 
speciation, and evolution. 

A. Development 

The participation of the extrachromosomal system in the development 
and differentiation of fungal colonies has been demonstrated in a number 
of ways. The most obvious demonstration is provided by extrachromosomal 
mutations which lead to the loss of particular developmental pathways. For 
example, the nonsexual, alba, conidial, and petite mutations block the 
development of their respective sexual stages, the red mutant in addition 
reduces conidiophore and conidial production while the most extreme myce
lial mutants block the development of all forms of sporulation, leaving only 
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sterile hyphae. These and the many similar examples leave no doubt that 
the cooperation of a normal extrachromosomal complement is essential for 
normal development. 

A similar conclusion can be drawn from the extensive investigations of 
the control of perithecial production in the sexual aspergilli (Jinks, 1954, 
1956,1958; Mather and Jinks, 1958; Sharpe, 1958; Mahoney and Wilkie, 
1962; Croft, 1964, 1966b). In these fungi there is considerable sponta
neous variation in perithecial production within clones and even between 
different regions of the same colony. And while the cause of the variation 
has been variously attributed to all the categories of extrachromosomal 
change which have been recognized (Section III, B), there is complete 
agreement that the differences between high and low perithecia-producing 
colonies belonging to the same clone are under the immediate control of 
the extrachromosomal system. Once they arise, colonies with high ancl 
low yields of perithecia usually remain unchanged in phenotype through 
vegetative growth and vegetative propagations. Where, however, propaga
tions by the asexual spores, sexual spores, and hUlIe cells from the same 
colony have been compared for their ability to form perithecia, the extra
chromosomal determinant of perithecial density is not distributed at randoJ1) 
among different kinds of cells or between the same kind of ceil taken fron1 
different regions of a colony (Jinks, 1956; Mather and Jinks, 1958; Croft, 

~1964, 1966b). For example, perithecial production by colonies obtained 
from sexual spores and hulle cells usually is uniformly hig" irrespective of 
whether inocula have been taken from colonies forming few or many 
perithecia. The asexual spores on the other hand give rise to colonies whose 
perithecial production varies from high to low with the average level de
pending on the immediate source of the spores. If the spores are taken fron1 
a colony forming many perithecia they usually give rise to colonies which 
are predominantly, but not exclusively, high yielding. If, on the other hand, 
they are taken from a colony forming few perithecia they give rise to pre
dominantly low-yielding colonies. However, if the asexual spores from a 
low-yielding colony are taken only from the immediate vicinity of a 
perithecium they give rise to colonies which are mainly high yielding. It 
appears, therefore, that the sexual frUiting bodies, that is, the perithecia 
and their surrounding hulle cells, are produced only by cell lineages that 
contain the extrachromosomal constituent which determines high perithecial 
production. Asexual spores and vegetative mycelium, on the other hand, 
can be produced whether this constituent is present or not. 

The progressive loss of developmental capacity which accompanies aging 
and senescence provides further evidence of the participation of the extra
chromosomal system in development. In A. glauclIs this loss usually follows 
the sequence, loss of sexual stage, then loss of asexual stage, and finally 
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cessation of growth. At all stages prior to the last this process is readily 
reversed by a transfusion of normal extrachromosomal material by hetero
karyotic association with a vigorous strain (Fig. 10). The final stage is the 
extrachromosomaJly inherited condition which we have called vegetative 
death. A comparable progressive loss of vigor in Podospora anserina also 
culminates in a similar extrachromosomaUy inherited condition known as 
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FIG. 10. The successive stages in the degeneration of an aging clone of Asper~ 
gi1lus. There is no loss of vigor no[ of deyelopmental potential in the clone maintained 
by regular propagation by sexual spores. The. aging clone maintained by asexual spores 
or vegetative cells loses both vigor and developmental potential :md in time dies. Until 
it loses the ability to produce sexual spores, however, it can be restored to full vigor 
by propagation with sexual spores. Once the latter are no longer produced this method 
of restoration is lost. After this stage is reached an aged clone can still be restored by 
a transfusion of the extrachromosomal complement of a vigorous clone by means of 
a heterokaryotic association (based on Jinks, 1954; Mather and Jinks, 1958; Jinks, 
1959~ Crafl, 19641. A similar sequence has been described for aging clones of Podo
spora anserina by Marcou (196{). 

senescence. Thus in these examples only changes in the extrachromosomal 
system are involved in the gradual restriction of developmental potential. 

The changes which occur in aging aspergilli can be prevented and even 
reversed by frequent recourse to propagations by sexually produced spores. 
Hence the extrachromosomal changes that have occurred in an aging 
clone that can still produce some viable sexual spores are not transmitted 
to its sexual progeny, that is, the sexual progeny show rejuvenation (Mather 
and Jinks, 1958) (Fig. 10). These changes can also be prevented and even 
reversed by keeping an aging clone as a number of independently growing 
colonies and choosing only the most vigorous to initiate the next batch of 
independent colonies at each transfer, using hyphae or asexual spores as 
inocula. The demonstration that rejuvenation can be achieved by sexual 
reproduction, selection, and the transfusion of normal extrachromosomal 
material has led to two alternative explanations of the processes involved. 
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The first explanation assumes that within an aging clone there is variation 
among hyphae for the ability to support the growth and development of the 
more complex structures such as conidiophores and sexual fruiting bodies. 
This variation is extrachromosomal. Since the most complex structures 
develop only on hyphae which retain the highest level of extrachromosomal 
organization, the cells and spores in these structures should have extra
chromosomal complements which are above average. Hence using these 
cclls and spores for propagation will produce colonies with better than 
average phenotypes. That is, rejuvenation by sexual reproduction results 
from a passive selection of those cells which retain the capacity to differen
tiate the sexual fruiting body. This explanation, of course, also follows 
directly from the earlier interpretation of the observation that sexual spore 
and hulle cells, whether taken from colonies forming many or few peri
thecia, always give colonies that are predominantly of the former phenotype 
(page 653). The second explanation assumes that during differentiation 
changes are actively brought about in the extrachromosomal complement. 
Those that occur in the germ line restore the developmental capacity of the 
sexml progeny (Mather and Jinks, 1958). 

Successive analyses of rejuvenation in aspergilli have not completely 
ruled out either explanation (Jinks, 1956; Faulkner, 1962; Croft, 1964, 
1966b). However, insofar as they have shown that rejuvenation is a prop
erty of all the kinds of cells and spores which are produced in the immediate 
vicinity of a sexual fruiting body, it would appear that either (l) any 
extrachromosomal change that occurs must precede sexual reproduction 
-and' must be shared by cell lineages which are associated with the sexual 
stage, but which are not in the direct line of descent of the sexual spores 
or, (2) the sexual stage develops only in those regions of the colony which 
by chance segregation of extrachromosomal material possess the appropriate 
extrachromosomal content. 

B. Variation and Adaptation 

The extrachromosomal variants that have been studied in the laboratory, 
like their chromosomal counterparts, usually have major defects and hence 
they are unlikely to play a significant role in the variation and adaptation 
of fungi in nature. Even those variants which arise in response to specific 
environmental treatments do not seem to be adapted to the conditions 
which produced them. Indeed petite does not appear to have an advantage 
over wild type under any of the many treatments which specifically induce 
this variant. Nevertheless polymorphisms which are extrachromosomal in 
origin occur among fungi in nature. 

For example: (1) The differences in the pathogenicity reactions of cer
tain races of Puccinia graminis and P. anamala IP. harden are extrachromo-
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somally inherited (Section II. C). (2) The chromosomal-extrachromosomal 
interaction which produces the modified barrage phenomenon SS in Podo
spora anserina shows that strains of this fungus which are recovered from 
nature differ in their extrachromosomal complements. A similar conclusion 
can be reached for the interaction involving the common and Philippine 
Islands strains of N. crass-a. (3) The "dual phenomenon" is the most widely 
distributed system of variation found in fungi (Hansen, 1938). Because 
of its similarity to artificial heterokaryons synthesized in the laboratory, the 
dual phenomenon has been attributed to naturally occurring heterokaryosis. 
However, the overall similarity between heterokaryons and heteroplasmons 
in their modes of origin, segregation upon asexual spore production, and 
their sectoring during vegetative growth, makes it difficult to distinguish 
between them without recourse to the refined tests described in Section II, 
e. It is not surprising, therefore, that when such tests are applied to newly 
isolated strains of Penicillium and Aspergillus species exhibiting the dual 
phenomenon, they are found to be heteroplasmons as often as hetero
karyons (Jinks, 1960). If this finding applies generally, then heteroplasmons 
may occur as frequently as heterokaryons in nature. And if this is so it must 
imply that heteroplasmons have a role in variation and adaptation of the 
kind which has been envisaged for heterokaryons. 

C. Speciation and .... Evolution 

From the results of intensive investigations of various plant and animal 
genera it has been concluded that the extrachromosomal system plays an 
important role in producing barriers to outcrossing and hence in the emer
gence of species and higher taxonomic units (Caspari, 1948). This conclu
sion is based primarily on the nature of race and species differences in 
Epilobium, Sireptocarpus, Oenothera, Funaria, and Culex. The hybrids be
tween certain races and species of these genera are lethal, stunted, or 
sterile and these abnormalities have been traced to deleterious interactions 
between the chromosomal genes of one parent and the extrachromosomal 
complement of the other. 

No comparable investigations of race and species relationships have been 
carried out using fungal material although the extensive analyses of the 
inheritance of pathogenicity in rust fungi have shown that dIfferences be
tween physiological races can have an extrachromosomal basis (Section 
II, C, I). There are also clear cases of extrachromosomal-chromosomal in
teractions between strains and species of Neurospora. But these extra
chromosomal differences in Puccinia and Neurospora do not present a 
barrier to successful outcrossing. Hence there is as yet no direct demonstra
tion that the extrachromosomal system has played a role in the speciation 
and evolution of the fungi. 
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v. GENERAL REMARKS 

The possibility of extrachromosomal, as opposed to chromosomal, deter
mination deserves serious consideration whenever a variant phenotype is 
encountered either from nature or the laboratory. The mode of origin of a 
variant, if it arises under controlled laboratory conditions, can itself be a 
valuable guide in distinguishing between extrachromosomal and chromo
somal causation, as may also its degree of stability during somatic growth 
and at asexual reproduction. But any doubt may be unambiguously resolved 
by a variety of tests which are currently being used with fungal material to 
distinguish between extrachromosomal and chromosomal inheritance. 

The extent to which some of the variation traceable to the extrachromo
somal system is heritable is a matter of definition. Variation which occurs 
between somatic cells of a clone but does not segregate in the sexual prog
eny of the same clone is not heritable in the strict sense. But a strict 
definition of heredity is even more out of place in the fungi than elsewhere, 
for not only are nonsexual methods of reproduction and multiplication both 
important and highly evolved in this group, but many of the most successful 
fungal species have no alternative to these methods of reproduction. Hence 
among such imperfect fungi persistence of a variant phenotype through 
somatic cell division is the only form of heredity which is known. 

While fungi have been used for the systematic study of extrachromo
somal heredity for a relatively short time, they have already made signifi
cant Gontributions to our understanding of the specific induction of muta-

.._---------tions; the biochemical consequences of mutations, somatic segregation of 
heteroplasmons, and extrachromosomal changes during development, 
senescence, and sexual reproduction. A beginning has been made in the 
study of extrachromosomal variation in wild fungi and its role in adaptation 
and spedation. Preliminary results suggest that it has a role, and future 
investigations will determine its extent. 
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CHAPTER 20 

Incompatibility 

KARL ESSER' 

lnstitut fur Allgemeine 130ianik 
Ruhr-U niversita[ Bochum, Germany 

I. DEFINITIONS 

Since most terms in this branch of biology are often used in different 
senses and various phenomena are characterized by different terms, we 
begin with definitions of the basic phenomena according to the usage 
employed in this chapter. 

The intrinsic value of sexual reproduction consists in the sequence of 
~. karyogamy and meiosis. The male and female nUclei need not come from 

--- morphologically different structures, as in most Euascomycetes. In the 
simplest case, therc may be only physiological differences such as migrating 
abilities; Le., the male nucleus migrates into the cell containing the resting 
female nucleus (Holobasidiomycetes). 

Inbreeding, in general, involves sexual propagation between individuals 
that are more closely related than those of a random sample of a naturally 
occurring population. The most extreme case of inbreeding is the self
fertilization of an hermaphroditic organism. 

Outbreeding occurs when sexual propagation takes place between indi
viduals which are less closely related than those taken at random from a 
naturally occurring population. 

Monoecism and dioecism are not defined on the basis of morphology 
since the essential criterion of sexuality is, as indicated above, merely 
karyogamy and meiosis. They are defined on a physiological basis accord
ing to whether an organism contributes one or two nuclei to the sexual 
process. On the basis of this assumption a monoecious individual can 

1 Supported by a grant from the Deutsche Forschungsgemeinschaft, Bad Godes~ 
berg, Germany. 
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act as a donor of nuclei (male) as weII as a receptor of nuclei (female) for 
karyogamy. An individual which possesses only one or the other potency 
is termed dioecious. 

Incompatibility (formerly self-sterility) characterizes every genotypicaJ1y 
determined inhibition of karyogamy within a sexuaIIy reproducing system 
of monoecious individuals, with the exception of those due to defects of 
the gametes or gametic nuclei (e.g., sterility due to chromosomal aberra
tions). When the restriction of mating competence between male and 
female nuclei is due to like alleles of one or more loci, we speak of 
homogenic incompatibility. When the inhibition of zygote formation be
tween incompatible partners is due to heterogeneity of all incompatibility 
loci, we speak of heterogenic incompatibility. 

II. INTRODUCTION 

For half a century the phenomenon of incompatibility has been of 
great interest to geneticists. Although the first research on incompatibility 
was done mostly on higher plants, within the last few years the interest 
of biologists has shifted more and more to the fungi, since these organisms 
can be more easily and rapidly analyzed. The work done with fungi espe
cially has led to a deeper insight intp the genetics of incompatibility and 
its general meaning in evolution, as it is now known that incompatibility 
as a Whole is the product of two alternative genetic systems which act 
antagonistically in evolution. Before we discuss this problem we must 
familiarize ourselves with the main facts of sexual incompatibility. 

Within the limits of this chapter we can treat incompatibility only very 
briefly and generally. Reviews which cover this field very comprehensively 
and include references to original publications not mentioned here include 
those by Whitehouse (l949a,b, 1951a,b), J. R. Raper (1954, 1960, 
1963), Lewis (1954, 1956), Burnett (1956), Papazian (1958), Esser 
(1962, 1966), J. R. Raper and Esser (1964), and Esser and Kuenen 
(1965). 

III. INCOMPATIBILITY SYSTEMS 

Among fungi, incompatibility is found only in the Ascomycetes (ap
proximately 50 species) and in the Basidiomycetes (approximately 370 
species). The occurrence of sexual incompatibility within the Myxomycetes 
and Phycomycete, ha, not neen estanli,hed with certainty. 

Lists of the distribution of compatible and incompatible species in 
Eumycetes have been published in the past: Whitehouse (1949a, Euascales; 
1949b, Holobasidiomycetes; 1951b, Ustilaginales); Quintanilha and Pinto
Lopes (1950, Holobasidiomycetes); Craigie (1942, Uredinales); Nobles 
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et 01. (1957, Holobasidiomycetes); Esser (1966, Euascales, Holo- and 
Phragmobasidiomycetes). A summary is given in Table I. 

Two incompatibility systems, for which we have introduced the terms 
homogenic and heterogenic incompatibility (Esser 1959b), exist in the 
fungi. 

A. Homogenic Incompatibility 

Homogenic incompatibility was discovered independently by Bensaude 
(1918) in Coprinus fimetarius, Kniep (1918, 1920) in Schizophyllum 
commune, and Dodge (1920) in Ascobolus stercorarius. The overwhelm
ing majority of incompatibility phenomena described up to the present 
belong to this system (see Table I). Homogenic incompatibility may be 
controlled by either one or two factors. In the first case, there are at least 
two mating types, and in the second case at least four. Hence one usually 
distinguishes between the bipolar and tetrapolar mechanism. 

1. The Bipolar Mechanism 

In the simplest case, there are only two alleles of the mating type locus 
which determine sexual behaY.\or. They are generally designated as + and 
- or A and a (Neurospora) or' a and u. (yeasts). According to the defini
tion of homogenic incompatibility, all mycelia with the same mating type 
are self- and cross-incompatible (+ X +; - X -). Fertilization occurs 
only between different mating types (+ X -). Since each mating type 
can act as donor and receptor of nuclei, there are two reciprocal crosses 

--between + and - mycelia possible. 
Homogenic incompatibility in the Euascomycetes and Vredinales is 

exclusively determined by the bipolar mechanism. Within the Basidiomy
cetes the bipolar mechanism is relatively frequent in the Vstilaginales (see 
Table I). In some basidiomycetes multiple alleles of the incompatibility 
factors have been found. Therefore in these species more than two mating 
types exist. Their mating behavior obeys the same rule: genetically like 
mating types are incompatible, genetically unlike mating types are com
patible. 

2. The Telrapolar Mechanism 

Tetrapolar incompatibility occurs mainly in Holobasidiomycetes and 
in some Uredinales (d. Table 1). This mechanism is determined by 
factors, usually unlinked, called A and B. The alleles of these loci are 
designated by subscripts. In the simplest case there are four mating types: 
A,B

" 
A,B" A,B" and A,B,. The sexual behavior among these types is 

determined by the Kniep rule (Kniep, 1920): Neither pair of factors can 
undergo karyogamy in the homozygous state. However in a great number 
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of species multiple alleles of the mating type factors exist. In Schizophyl
lurn. for example, J. R. Raper et al. (l958b) found 96 alleles of the A 
factor and 56 for the B factor. 

a. Holobasidiornycetes. The ten possible combinations between the 
four mating types can be placed in four different groups, according to 
their mating reactions (J. R. Raper, 1961). 

(1) Compatible: AlB, X A,B, and AlB, X A,B,. Mycelia with differ
ent A and B factors undergo plasmogamy and exchange nuclei. In the zone 
of contact they form a dikaryon, which possesses clamp connections. After 
plasmogamy the nuclei of each partner migrate part way into the hyphae 
of the other. Clamp connections may therefore be formed at some distance 
from the mating zone. Under suitable cultural conditions fruiting bodies 
occur on the dikaryon. 

(2) Hemicompatible A: A,B, X A,B2 and A,B, XA,B,. Mycelia with 
common A and noncommon B factors show plasmogamy, exchange of nu
clei, and nuclear migration. However, no clamp connections are formed. In 
general, such heterokaryons with sparse growth do not form fruiting bodies. 

(3) Hemicompatible B: A,B, X A,B, and AlB, X A 2B,. An exchange 
of nuclei but no nuclear migdtion occurs between mycelia with common B 
and noncommon A factors. The heterokaryon exists only in the mating 
zone, where both partners form defective clamp connections. In general, 
fruiting bodies are not formed. 

(4) Incompatible: AlB, X A,B" A,B2 X A,B2 , AlB, X A,B2 , A,B, X 
AiB,. Between mycelia with common A and common B factors, plasmog
amy and exchange of nuclei takes place only to a very small extent and 
in the zone of contact. Nuclear migration and clamp connections do not 
occur and fruiting bodies are not formed. 

From these genetic results and from ontogenetic observations, one 
assumes that the A factors are instrumental in the formation of clamp 
connections and that the B factors are responsible for nuclear migration. 

The action of the A and B factors can be modified in two ways: (a) 
C. A. Raper and Raper (1964) found several genes which suppress the 
action of the incompatibility factors. The genes inhibit the formation 
of fruiting bodies in dikaryons. (b) As a result of disomy or of mutation 
at the incompatibility loci homokaryons may behave like heterokaryons or 
dikaryons (Prud'Homme and Gans, 1958; J. R. Raper and Oettinger, 
1962). 

b. Ustilaginales. The existence of tetrapolar incompatibility in ustilagi
nales has been disputed for some time (see Table I). The experiments 
of Rowen (1955), however, have fully confirmed the older claims of 
Bauch (1930, 1931, 1932, 1934). The reaction of the four mating types 
is somewhat different from that in HOlobasidiomycetes. Hemicompatibility 
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exists only in common B crosses. Common A crosses are incompatible 
as are common A common 8 crosses. Only the dikaryons originating from 
noncommon A-B crosses are compatible and able to infect host plants. 

3. Genetic Structure of the Incompatibility Factors 

Because of the work of Papazian (1951) and of Raper and his col
laborators (J. R. Raper, 1953, 1961; Vakili, 1953; I. R. Raper and Miles, 
1958; I. R. Raper et al., 1958a, 1960), we know that the A and 8 fac
tors in Schizophyllum commune consist of at least two subunits, which 
have been named. a and ~. Up to 26 different a and 11 have been found 
in each factor. Other authors have confirmed these findings for addi
tional basidiomycetes (Table II). The a and ~ subunits are closely linked 
but can be separated by crossing over. The distance between the subunits 
of one factor varies between 0.068 and 19.4 Morgan units in different 
organisms (Table II). 

TABLE II 
LIST OF EXPERIMENTAL RESULTS CONCERNING THE COMPLEX STRUCTURE 

OF A- AND B-FACTORS OF TETRAPOLAR INCOMPATIBLE 

BASIDIOMYCETESa, b 

Organism 

Collybia velu/ipes 
Coprinus lagopus 
Coprinus sp. 
Lentinus edodes 
Pleurotus spodoleucus 
Pleurotus ostreatus 
Schizophyllum commune 
Schizophyllum commlme 

a From Esser and Kuenen (1965). 

Frequency of 
'-". recombination 

A 

0.5-1.3 
0.068-0.88 

_c 

0.9-22.8 
18.3 

within factor 
(% ) 

B 

19.4 

7.4 
7.5 
8.3 

2.0 
1.9 

b On the basis of data so far reported, there are at least two subunits for each 
factor between which reciprocal recombination is possible. 

tl Dash indicates that distance has not been determined. 

The physiological specificity of the A and 8 factors is determined by 
a specific combination of the subunits. A factors and 8 factors exhibit 
the same physiological reaction jf they possess like subunits. The physio
logical specificity of A or B factors is different when they have different 
subunits. For example, Aal PI is different from Aa2 pt. Two mating types 
are incompatible only when their A and 8 factors consist of identical sub-
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units. Compatibility between two strains is determined when a single sub
unit difference exists in each factor, e.g., Aal f3'2 Ba~ 133 X Au:: {3:.! Ba2 f3!j. 

From these findings we assume that the A and B factors are complex 
genetic units consisting of two closely linked genes. Both genes ((1 and ~) 
have similar functions. They contribute the genetic information for the 
functioning of a specific incompatibility factor, e.g., A ,. Raper has called 
A and B "physiological units." The demonstration that A and Bare 
physiological units lies in the fact that an alteration in only one of the 
subunits (i.e., in " or 1') changes the factor specificity. Therefore, we are 
still able to term this incompatibility mechanism "tetrapolar" since the 
determinants of the mechanism are the two physiological units A and B, 
whose action is determined respectively by two closely linked genes. 

4. Pseudocompatibility 

There are some monoecious higher fungi in which fruiting body produc
tion originating on monos porous mycelia is not due to self-compatibility. 
The phenomenon of pseudocompatibility (called also "secondary homo
thallism," Dodge, 1927) directs the mating competence in some four
spored Euascomycetes (e.g., Podvspora anserina, Neurospora tetrasperma, 
Gelasinospora tetrasperma) and in some bispored holobasidiomycetes (e.g., 
Agaricus bispora). 
~ The most detailed information on pseudocompatibility is obtained from 

the genetic analysis of Podospora anserina (Rizet and Engelmann, 1949; 
Franke, 1957, 1962). As seen in Fig. la, each of the four linearly arranged 
ascospores contain two of the four products of meiosis. The + /- aUeles 
show a postreduction frequency of 97 %; the asci must therefore contain 
heterokaryotic spores, which form heterokaryotic mycelia. These produce 
male and female sex organs (spermatia and ascogonia) with + and -
nuclei which fertilize each other according to the mechanism of bipolar in
compatibility. The remaining 3% of the asci, in which the +/- genes are 
prereduced, form spores which germinate to form self-incompatible + or 
- mycelia. The high postreduction frequency of the mating-type alleles 
along with the cytological peculiarities of nuclear distribution, when taken 
together, mimic compatibility. 

At first glance P. anserina seems not well suited for genetic analysis. This 
difficulty can be overcome, however, since in 1-2 % of all asci there 
occur one or more pairs of small, uninucleate spores instead of a single 
binucleate spore (see Fig. lb, c). This brings the total number of spores 
in an ascus to 5, 6, 7, or even 8. The uninucleate small spores can be 
distinguished easily from the normal binucleate spores. Since the small 
spores contain either a + or a - nucleus the resulting mycelia are self-
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incompatible and react exactly like other bipolar ascomycetes. The situa
tion in other pseudocompatible ascomycetes is similar (Dodge, 1927, 
1928; Dowding, 1933; Dowding and Bakerspigel, 1956). 

Pseudocompatibility in the Holobasidiomycetes may be due to the hetero
karyotic constitution of the basidiospores which contain two products of 
meiosis, either by chance or by positive affinity between unlike nuclei 

FIG. 1. Schematic representation of the distribution of the fOUf products of 
meiosis in the a1ici of Podospora {lflserifl(l. ::(he meiotic products are designated by 
figures drawn in the nuclei of the spores. For-details, see text. From Esser (1959a). 

(Sass, 1929; Oikawa, 1939; Skolko, 1944). Pseudocompatibility occurs 
mostly in bipolar species, but it is possible also within tetrapolar species 
(Lamoure, 1957). 

5. Physiology 

There are no clear explanations of the action of the incompatibility 
factors responsible for the mechanism of the homogenic system. Only 
more or less speculative models are under discussion. Nor is there a single 
explanation for homogenic incompatibility in the Ascomycetes and Basid
iomycetes. because homogenic incompatibility blocks fertilization at 
different stages in the two systems. In ascomycetes and uredinales the 
sexual reaction takes place between well differentiated sex organs and 
blocks occur before plasmogamy. In the Holobasidiomycetes and Ustilagi
nales there are only undifferentiated hyphae or single cells involved in the 
sexual reaction, and the block may occur before as well as after plasmog
amy. In general, the two groups are discussed separately, but with respect 
to gene physiology it is not necessary to distinguish between bipolar and 
tetrapolar sexuality. 

In higher plants (see Lewis, 1954) there are two alternative models: 
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the complementary stimulant and the oppositional inhibitor, both of which 
are based on the incompatibility of like genes. To explain the two mecha
nisms, the following assumptions are made: The complementary mecha
nism acts only in compatible combinations, whereby the formation of a 
zygote is stimulated by the complementary action of the gene products of 
the genetically different partners. In the incompatible combination, both 
partners form like gene products, which are not able to complement. The 
oppositional mechanism, however, is effective only in the incompatible 
combinations and depends on an inhibition of zygote production due to a 
reaction of like gene products. This inhibition does not occur in the com
patible crosses where unlike gene prodUcts are formed. 

In Euascomycetes, where only bipOlar incompatibility is known, the 
physiological action of the + and - genes is usually explained by the 
complementary mechanism. None of the results obtained by different 
authors on various organisms contradicts such a mechanism (e.g., Bom
bardia lunata, Zickler, 1952; Neurospora crassa, Kuwana, 1954, 1955, 
1956, 1958; Ito, 1956; Ascobolus stercorarius, Bistis, 1956, 1957; Bistis 
and Raper, 1963). One 'might therefore suggest that the + and - mating 
types form complementary gene products which act according to the "key
lock system." The results of [to also support this mechanism, for he found 
that protoperithecia of one mating type may be induced by a culture filtrate 
of the other mating type to form perithecia which are sterile because of 
the absence of the male nucleus. 

More complex and difficult to explain is the bipolar and tetrapolar 
mechanism in holobasidiomycetes. The one fungus which has been analyzed 
comprehensively in this respect is the tetrapolar basidiomycete Schizo
phyllum commune. (For literature concerning this work, mostly by Raper 
and his group, see the reviews of Papazian and Raper cited above.) While 
earlier results seemed to support an oppositional mechanism, later work 
contradicts both mechanisms. 

Most experimental work which has heen done to reveal the physiological 
action of the incompatibility genes has been genetically or morphologically 
oriented. In order to escape from this dead end, one must attack the 
problem anew with biochemical experiments devised to detect the products 
of gene activity and to characterize their action. A first step in this direction 
was made with immunological experiments with Schizophyllum commune 
(J. R. Raper and Esser, 1961); these experiments have shown that a 
dikaryon and its monokaryotic components possess different protein spec
tra. Since the strains used in these experiments were isogenie, the protein 
differences may have resulted from the action of incompatibility genes. 

There are no reliable experiments dealing with the action of incom
patibility genes in heterobasidiomycetes. 
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B. Heterogenic Incompatibility 

Heterogenic incompatibility occurs only between different races of one 
species. As Table I shows. only few cases are known and only one case 
(Podospora anserina) has been subjected to thorough genetic analysis. 
That heterogenic incompatibility has been seldom described may be 
because the geneticist tries to work with inbred lines of the highest degree 
of isogeneity. When heterogenic incompatibility was first described and 
analyzed in P. anserina (see Esser, 1962), it was possible to explain some 
previously unexplained cases of cross-sterility in this way. More detailed 
analyses of interracial crosses in different fungi might provide more 
examples of this incompatibility system. Heterogenic incompatibility occurs 
in self-fertile, compatible species as well as in species whose mating compe
tence is primarily determined by homogenic incompatibility. 

1. Compatible Species 

Heterogenic incompatibility seems to determine the mating relations in 
two species of Sordaria for which Olive (1956) analyzed crosses between 
different races of S. fimicola. Through the use of different spore colors 
as markers, he was able to show that noLal! races of the self-fertile species 
can be crossed, e.g., the races AJ and C1. However, both races were 
fertile with a third race (C,). One can thus assume that the lack of peri
thecial formation in the cross between A, and C, is due not to cross
sterility (caused by chromosomal divergences, etc.), but to heterogenic 
incompatibility. Since the monos porous mycelia of each race are fully 
fertile the interrace incompatibility must be due to genic differences between 
the two races. Heterogenic incompatibility has also been found between 
races of S. rnacrospora (Esser, unpublished). The genetic mechanism for 
neither case is not known yet. 

2. Incompatible Species 

When heterogenic incompatibility is linked with homogenic incom
patibility, the former controls sexual reproduction in interracial, and the 
latter in intraracial, crosses. The mode of action of the genes responsible for 
heterogeniC incompatibility may be illustrated in Podospora anserina. 

Each geographical race of this fungus contains two mating types, + and 
-, and reacts according to the bipolar mechanism of homogenic incom
patibility. Since P. anserina is pseudocompatible this reaction is sometimes 
masked, as we have seen above. Each mycelium originating from a homo
karyotic spore (due to prereduction of the + / - genes, or to the formation 
of small, uninucleate spores) forms male and female sex organs. Since 
zygote formation can occur only in the + X - combination, one may 
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observe in the zone of contact between a + and - strain a line of peri
thecia which are a mixture of the reciprocal crossings: <} + X 6 - and 
9 - X 0 + (Fig. 2, left half). 

In crosses between cJjtrerent races, however, one usually observes the 
following deviations from the reciprocal incompatibility between + and -
strains: (1) A nonreciprocal incompatibility, which has been called semi-

___ ---
FlO. 2. The operation of heterogenic incompatibility in Podospor(J anserill(J. 

From Esser (1956). 

incompatibility. The female sex organs of one partner cannot be fertilized 
by the male gametes of the other. The reciprocal cross, however, is com
patible (see Fig. 2, upper and lower halves). (2) A reciprocal incompati
bility between + and - strains (cf. Fig. 2, right half) . Zygote formation 
is blocked in both reciprocal crosses. 

An essential tool for the identification of semi-incompatibility is the 
so-called "barrage" formation. This phenomenon, which occurs regularly 
in interracial crosses, consists of a pigment-free zone in the line of contact 
between different strains of the two races. In the barrage zone the hypha] 
tips do not form the black melanin pigments. Barrage formation, which 
was first observed by Rizet (1952), ~ never occurs between strains of the 

:! In Rizet's first work on barrage, he found that the phenomenon was inherited 
through genes and extracbromosomal factors. This case is exceptional, however, 
as all barrages found in connection with heterogenic incompatibility are inherited 
strictly chromosomally. 
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same race. Furthermore, the formation of a barrage is independent of 
mating type and occurs between + as well as between - strains. Since 
no fruiting bodies are formed in the barrage zone, two lines of perithecia 
are formed in compatible crosses, each originating from the ascogonia of 
one of the partners. In a semi-incompatible cross there is only one line of 
perithecia, as may be seen in Fig. 2. 

Figure 2 also shows the genetic mechanism of heterogenic incompati
bility. Semi-incompatibility is due to a digenic difference, e.g., (ab X 
a,b, or cv X c, v,J. Reciprocal incompatibility is provoked in the cross 
abc, v, X a, b, cv by an overlapping of the two mechanisms of semi
incompatibility: ab X a,b, blocks the fertilization of the a, b, cv female seX 
organs while cv X c, v, blocks the fertilization of the abc, v, ascogonia. 
All four genes are unlinked, and multiple alleles have not been found. 

The action of the genes responsible for heterogenic incompatibility 
affects both the sexual and the vegetative phases. By a specific combination 
of the abc v alleles the viability of nuclei is affected in both homokaryons 
and heterokaryons. (1) Homokaryotic mycelia of the genotype a, b or c, v 
which occur as recombination types among the F, of semi-incompatible 
crosses exhibit very sparse growth. Most of the nuclei degenerate and the 
mycelia die alter a few days. (2) The combination of genes a, and b or c, 
and v are also incompatible in heterokaryons when both genes are located 
in different nuclei, e.g., ab + a,b,. These heterokaryons do not show 
anomalous growth. However, the division rate of the nuclei which carry 
the gene a, decreases rapidly and after a few days the heterokaryon becomes 
an ab homokaryon. The same occurs in the heterokaryon cv + c, v" 
where the homokaryon cv is formed because of the c, v incompatibility. 

These results suggest that heterogenic incompatibility must be attributed 
to incompatibility between two genes at different loci (a,_b and c,<->v). 
Furthermore, this incompatibility between two genes is due to the effect of 
bon a1 (or of v on c,), since the nuclei carrying the genes a, and c, show 
a reduced viability when b or v is present in the same genome or in a com
mon cytoplasm. 

These facts permit us also to explain the asymmetrical formation of 
fruiting bodies in semi-incompatible crosses in the following way: semi
incompatibility (e.g., in the cross ab X a,b" see Fig. 2) consists of an 
inhibition of plasmogamy in the cross a,b, X abo Microscopic observations 
have shown that the trichogynes are quite normally attracted by the 
male sex organs, but there is no fusion between the trichogyne tip and the 
male gametes. (The trichogyne branches are further attracted by spermo
gonia in the vicinity, and so on.) Fertilization is normal in the reciprocal 
combination. After plasmogamy between the trichogyne tip and male 
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gamete, the nucleus of the latter migrates through the trichogyne, whose 
own nuclei degenerate rapidly, and initiates the dikaryotic phase in the 
ascogonium. One may now assume that the inhibition of plasmogamy is the 
effect of a product of gene b. The gene b can manifest itself only when 
localized in the male gamete (in the cross ~ a, b, X 6 ab). In the 
reciprocal cross, where b is localized in the nuclei of the trichogyne, it 
cannot be expressed since these nuclei begin to degenerate once contact 
with the male gamete is formed. Semi-incompatibility of the cross ev X 
e,v, may similarly be explained by the action of gene v blocking plasmog
amy in the cross ~ e,v, X 6 ev. 

Genes band v are both active in reciprocal incompatibility in the cross 
abclvl X alhlcv because each blocks the fertilization process in one direc
tion. 

As for the biochemical characterization of the band v genes, it is known 
that their gene products do not diffuse into the medium and that they can 
lct only within the cytoplasm (see action in the vegetative phase, above) 
or when hyphal elements are in close contact. In mixed cultures of semi
incompatible strains, there is an inhibition of protein synthesis, which 
expresses itself as an immunological alteration of protein specificity (Esser, 
1959b). 

Bernet (1963a,b), who studied heterogenic incompatibility in two other 
races of Podos[Jora anserina, was able recently to confirm our results. 
He found three pairs of alleles which behaved in certain combinations 
like the abe v genes, producing semi-incompatibility and complete incom
patibility, as well as influencing viability in the vegetative phase. The 
single difference between the findings of Bernet and our own observations 
is that gene D, which acts comparably to our genes band v, can act only 
at a temperature of 20 c e. It is not known yet whether the genes found by 
Bernet are allelic to ours or whether more loci are responsible for the 
same phenomenon. 

We can say in summary, that heterogenic incompatibility in P. anserina 
consists of an incompatibility of two nonallelic genes and, because of the 
ontogenetic peculiarities of the fertilization procedure, this incompatibility 
manifests itself only in one of two reciprocal crosses. These genes also act 
in the vegetative phase and reduce the viability of nuclei. 

As mentioned above (page 670), there are described in the literature 
several other cases which may be related to heterogenic incompatibility. 
A survey of these cases is given by Esser and Kuenen (1965). Unfortu
nately, no genetic analysis has been made which can provide clues to the 
underlying genetic mechanism. 
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IV, INCOMPATIBILITY AND EVOLUTION 

Through evolution the characteristics of all living organisms are con
tinuously changed, The essential factors of evolution arc mutability re
combination, and selection. Spontaneously occurring mutations can be 
distributed and fixed within a population only if they lead to a selective 
advantage, This process naturally depends on environmental conditions, 
The basis for the distribution of changes in the genetic material is provided 
above all by sexual reproduction, Through the continuous sequence of 
karyogamy and meiosis, the genetic information is continuously recom
bined, (This function can also be provided for, to a limited degree, by 
mitotic recombination,) Nuclei are obtained by these processes which are 
better adapted to environmental conditions, 

The efficiency of sexual reproduction as a means of genetic recombina
tion is enhanced when fertilization between genetically like nuclei is dimi
nished or made impossible, The prevention of inbreeding in most animals 
is achieved by dioecism, Among higher plants and fungi, however, this 
breeding system may be rare, Dioecism is replaced by homogenic incom
patibility in many monoecious species, The different mechanisms of homo
genic incompatibility in higher plants and fungi have one feature in com
mon in spite of genetic and physiological differences: the incompatibility 
of like gametic nuclei, Inbreeding is diminished by this phenomenon, and 
outbreeding enhanced, The wild strains of homogenic incompatible species 
are therefore largely heterogenic (haploids) or heterozygous (diploids), 
This is not true in species which are pseudocompatible where, because 
of the self-fertility of most of the monosporic cultures, the outbreeding 
effcct of homogenic incompatibility is canceled, This explains the fact 
that races of Podospora anserina isolated from nature are highly homo
geneous, with the exception of the mating-type genes (Esser, 1959a), 

The mechanism of heterogenic incompatibility stands in opposition to 
that of homogenic incompatibility, Heterogenic incompatibility restricts 
outbreeding and promotes inbreeding since, in this case, genetically differ
ent gametic nuclei are incompatibile, The exchange of genetic material 
between races is therefore diminished. The effect of heterogenic incompati
bility is enhanced when this breeding system is linked with pseudocompati
bility as in p, anserina, where both heterogenic incompatibility and pseu
docompatibility act in the same direction. 

We can state in conclusion: Within species whose sexual behavior is 
determined by homogenic incompatibi1ity or dioecism there is a con
tinuous recombination of the genetic material because of the restriction 
of inbreeding, Spontaneously occurring mutations will be distributed with 
relative rapidity within the whole species, which takes part as a whole in 
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evolution. The outbreeding effect can be suspended by pseudocompatibility 
as well as by heterogenic incompatibility, or by both acting together. In the 
latter cases, mutations are transferred from one race to another only to a 
very limited extent, and thus the races become isolated. The race, instead 
of the species, becomes the smallest unit of evolution. 
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Spore Release' 
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1. INTRODUCTION 
Fungi are typically land organisms and this account of spore liberation 

will be concerned solely with terrestrial forms. Dispersal in the relatively 
small number of aquatic species will not be considered. 

-.,~ In the main, fungi are dispersed by spores, although other types of pro
pagule, including unspecialized mycelial fragments, may also be involved. 
In the overall dispersal story of spores three fairly distinct episodes can 
usually be recognized; liberation, transport, and deposition. In this chapter 
only the first of these claims our attention. 

It is convenient to distinguish between those fungi in which spores are 
violently or actively discharged by forces operating internally, those in 
which the momentum of falling rain drops, blown sand, driving mist, or 
just wind is canalized to effect the take-off, and those in which some animal, 
insect or mammal, picks up the spores and carries them away. 

Although this chapter is concerned only with the liberation of spores, it 
is impossible to consider this in isolation. It will be necessary from time 
to time to discuss how the mechanism of spore liberation in particular fungi 
is related to further dispersal. 

II. ACTIVE DISCHARGE 
Spores may be violently discharged from the parent body by the burst

ing of spore-containing cells, by sudden changes in shape of turgid spores 

1 I contributed a chapter on a closely similar subject to Volume III of "Plant 
Pathology-An Advanced Treatise" published by Academic Press in 1960. I have 
tried to make the present contribution distinctly different; in particular, none of the 
figures chosen to illustrate this chapter is the same. 
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or of turgid structures associated with the spores, by rapid twisting move
ments produced as the result of drying in filamentous sporophores, and by 
the sudden breaking of tensile water in spores or conidiophores, distorted 
on drying, which are thereby permitted to return to their original form. 

In any consideration of spore discharge the distance of projection is of 
special interest. This depends on the initial velocity of the projectile and on 
its size, shape, and density. For small objects of the dimensions of fungal 
spores, air resistance is a master factor in determining distance (d). It can 
be shown for spherical projectiles of the same density that d = Kr', 
where r is the radius of the projectile and K is a constant (Ingold, 1960). 
In violently discharged fungal spores and spore masses there is a general 
positive correlation between size and distance of shooting. 

A. Liberation Due to Bursting of Turgid Cells 
It is among the higher ascomycetes that the water-squirting type of dis

charge is most widely developed. The mature ascus consists of a single cell 
lined by an almost equally thin layer of enucleate cytoplasm. Within this, 
occupying most of the volume, is an ,elongated vacuole of sap in which the 
ascospores are suspended near the apex of the ascus. Finally it bursts in a 
regular manner by the hinging backward of a lid, the separation of a cap, 
or the development of an apical pore, and the spores are squirted out ap
parently simultaneously or in obvious succession. The distance of discharge 
varies considerably in different species. It is rarely less than 0.2 cm and is 
commonly of the order of 1.0-2.0 cm. In the coprophilous species Dasyo
bvlus immersus and Podospora fimicola distances as great as 30 cm have 
been recorded (Bulier, 1909; Ingold, 1933). With objects the size of fungal 
spores there is no significant difference between the distance of horizontal 
and vertical discharge, since air resistance is the overriding factor limiting 
the range of the ascus gun (Ingold, ]960). 

In most ascomycetes the asci are organized in hymenia either more or 
less exposed at maturity in apothecia or concealed within perithecia or 
biologically similar pseudothecia. 

Among the larger members of Pezizales and Helotiales the apothecium 
often takes the form of a cup or vase a centimeter or more across and 
either sessile or stalked. The hymenium lines the interior and is thus ex
posed to rain, but a temporary wetting does not adversely affect 'he layer 
of asci. In an apothecium of this kind the elongated asci, forming a close 
palisade with the intervening paraphyses, are at right angles to the general 
hymenial surface. With such a structure it might be expected that cross 
fire would lead to a considerable wastage by discharge of spores onto 
opposite hymenial surfaces. Buller (1934) has shown, however, that this 
does not occur because of the positive phototropism of the asci, as a result 
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of which they point toward the overhead illumination. The phototropic 
curvature of the aSCllS may occur at a considerable distance from its free 
end, or may be limited to its extreme apex so that response to light i5 in
dicated merely by the slight displacement of the lid (e.g., in Dasyscyphus 
protractus) to the more strongly lighted side of the apex. However, even 
curvature to this slight degree is apparently enough to deflect the issuing 
ascus jet in the general direction of the light. In some stalked apothecia 
(e.g., Aleuria repanda) the whole structure, as well as the individual ascus, 
is positively phototropic (Bayliss-Elliott, 1927). Although phototropism 
of asci seems to be a very general phenomenon in ascomycetes, there are 
species in which no such response is evident (e.g., Bulgara inquinans) , In
deed, apart from Buller's observations, covering only a few genera, there 
is very little precise information. 

The same general arguments relating to the escape of spores from cup
like apothecia apply equally to \,he individual pits in the complex apothecium 
of Morchella, which can, perhaps, be regarded as a polypore among as
comycetes. It has been pointed out that the differences between Morchella 
and a hymenomycete polypore are essentially related to the fundamental 
contrasts between the ascus and the basidium as spore guns. 

Phototropism is also a feature of species in which asci are so freely ex-
_1K'sed that there is no possibility of the kind of cross-fire wastage that might 

obtain in a cuplike apothecium. This is so for the minute apothecia of 
coprophilous discomycetes belonging to such genera as Ascobolus, Dasyo
bolus, and Saccobolus. Curvature toward light is particularly obvious in 
Dasyobolus immersus because the asci are so large and, when ripe, project 
so far beyond the general level of the hymenium. Biologically, however, the 
phototropism of asci in coprophilous fungi of this kind mal' be of real 
significance for liberation. On such an irregular surface as dung, with small 
depressions and minute caves, phototropism of the asci may allow spores 
to be shot toward light and thus into open spaces away from the substratum. 

In the extensive exposed hymenium of an apothecium a number of asci 
can discharge their spores at the same time. Probably most apothecia are 
capable of "puffing," a phenomenon figured by Micheli as early is 1729. 
During a prolonged still period a very large number of asci may reach a 
condition when they are so turgid as to be unstable. If the apothecium is 
then touched, subjected to a blast of relatively dry air, or strongly lit by a 
shaft of light, these asci explode simultaneously, and audibly if the fungus 
is close enough to the ear, shooting into the air thousands of spores and 
droplets of ascus sap which form a visible cloud like smoke. With a vase
like apothecium as in Sarcoscypha protracta the spores are puffed out in a 
cylindrical beam (Fig. 1), because of the phototropism of the asci, much 
as the parabolic mirror of a searChlight sends a parallel shaft of light into 
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FIG. 1. Sarcoscypha protracta. Apolhecium, attached to buried wood, puffing. 
Na tu ral size. After Buller (1934). 

the night sky. However, in the fraction of a second the initial velocity of 
the discharged ascospores is reduced to zero and they diffuse smokewise in 
the eddy system of the turbulent air. Buller (1934) has pointed out that a 
beam of puffed spores travels farther than the distance to which an in
dividual ascus can shoot its spores. because when very many asci burst 
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simultaneously they sct the whole body of air above the apothecium in 
motion. 

The biological importance of puffing is difficult to ~ssess. It is important 
to realize that under normal conditions there exists in contact with the 
ground a layer, usual1y a few millimeters to a few centimeters deep, of 
non turbulent air which is either quite still or in laminar flow. Above this 
layer the air is commonly turbulent and spores which reach this air have 
a reasonable chance of effective dispersal. Under calm conditions, partic
ularly at night, the nonturbulent layer may become much deeper. A puffing 
apothecium may have an advantage in throwing its spores higher with a 
greater chance of encountering turbulent air. Also the conditions which 
bring about puffing in nature tend to be associated with turbulence, me
chanical or thermal, so that a puffing apothecium usually liberates its 
spores when conditions for their dispersal are generally favorable. 

Not all apothecia are capable.\)f puffing. Falck (1948) has divided dis
comycetes into two biological groups: the tactiosensitive species which puff 
readily, and radiosensitive ones in which spore discharge is greatly stimu
lated by strang illumination, but in which puffing does nat occur. It ~ems 
doubtful, however, that such a sharp distinction can really be drawn. 

In pyrenomycetes the asci occur in a flask-shaped structure communicat-
__ .ing to the outside by a narrow opening (ostiole). Developmental morphol

ogy has shown that there are two quite distinct types of structure: the 
perithecium and the pseudothecium. Biologically these two are essentially 
similar, and indeed, their mature structure is so alike that unless develop
lent is closely followed it is difficult to tell one from the other. Luckily for 

the taxonomist the pseudothecium seems always to be associated with the 
bitunicate nature of the ascus, a character easy to determine. 

The mode of action of a typical perithecium may be illustrated by Sor
daria fimicola (Ingold and Hadland, 1959). Within, and attached to a 
basal cushion, are many asci in all stages of development. In some py
renomycetes paraphyses are present, but in S. fimicola these have largely 
disappeared at maturity. Asci occupy the interior almost completely, but 
any interstices are filled with mucilage. This is a general feature of these 
fungi. No gas phase is present in an active perithecium. Communication 
with the outside is by a narrow neck canal, lined with recurved periphyses. 
Up this canal a single ascus elongates until its tip protrudes beyond the 
ostiole. It then bursts, shooting its spores to a distance of up to 10 cm; the 
empty envelope, still attached to the basal cushion, retracts into the peri
thecium where it soon gelatinizes. Another ascus then elongates, and so the 
process goes on. In most pyrenomycetes there is roorn for only one ascus 
at a time in the neck canal. Puffing, so striking in discomycetes, is im
possible in pyrenomycetes. In contrast to the great raIlge in size of apothe-
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cia, perithecia (or pseudothecia) are always small, being rarely more, and 
never much morc, than 1 mm diameter. The difference in range of size 
between apothecia and perithecia is clearly related to how the two mech
anisms work. 

A variant of the behavior described for Sordaria is the detached-ascus 
type which has been reported for a small number of ascomycetes. In this 
the asci become detached from the basal cushion of the perithecium and 
are squeezed out in single file through the neck canal. On reaching the 
ostiole discharge occurs, but the empty ascus is squeezed out by the one 
following it. Discharge of this kind is found in a number of long-necked 
species such as Ceratostomella ampullacea (Ingold, 1933) and Endothia 
parasitiea (Rankin, 1914). This type permits very rapid shooting. In C. 
ampullacea only a second or two separates the discharge of successive asci. 
Such rapid shooting would be impossible if a single ascus had to elongate 
up the relatively long neck and discharge its spores before the next one 
could get under way. 

Although spore discharge is in general characteristic of the higher as
comycetes, it is not infrequently replaced by passive, or at least nonviolent, 
liberation. For instance, in Dqf:dinia coneentrica spores are usually shot to 
a distance of about 1.5 cm, but ~ometimes a spore tendril is produced 
instead. In the production of this it seems that the ascus reaches the ostiole 
but its contents merely ooze out there. The next ascus piles its spores 
behind the first lot, and as this process is repeated a spore tendril is grad
ua]1y formed. Sometimes, however, tendrils of spores are developed in a 
somewhat different manner. In species of the large genus Chaetomium the 
asci break down while still within the perithecium and there is produced an 
increasing mass of spores and mucilage which, in some species, oozes out 
in the form of a tendril like paste squeezed from a tube. A number of 
pycnidial fungi also liberate their spores as long tendrils (e.g., Diatrype 
stigma, imperfect state). However, in pyrenomycetes, where the asci break 
down within the perithecium, a spore tendril is not always formed. In 
Ceratoeystis species the exuding mass of ascospores mixed with slimy fluid 
accumulates as a droplet held in place by a rosette of specialized radiating 
hyphae. 

Among other ascomycetes violent spore discharge also occurs in Taphri
nales, Myriangiales, and Erysiphales. In the last order one or several asci 
occur in a minute completely closed cleistothecium, the wall of which must 
first be broken open before the ascus can project its spores. In Sphaerotheca 
mors-uvae, for example, in spring following the winter's rest, the single 
swelling ascus breaks through the cleistothecium wall and protrudes con
siderably. It then bursts apically, shooting its spores into the air. In Podo
sphaera leucotricha, however, the cleistothecium wall is somewhat elastic 
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and, as the ascus protrudes, this wall tends to pinch inward. At a certain 
stage the jaws of the opened c1eistothecium suddenly snap together project
ing the whole ascus into the air to a distance of a few centimeters. The 
ascus itself then bursts, scattering its spores. Thus there are two violent 
steps in the process of spore liberation in this fungus (Woodward, 1927). 

Having considered the different types of ascocarp in relation to spore 
liberation, we may pass to a more detailed consideration of spore discharge 
from the ascus. In many species the spores, particularly if spherical or 
ovoid, appear to be discharged simultaneously as, for example, in the larger 
discomycetes. However, even in these, although the interval between the 
first and last leaving the ascus may be a minute fraction of a second, the 
spores are actually shot away in succession. This almost inevitably follows 
from the fact that their diameter exceeds that of the apical opening through 
which they escape. This successive escape does not necessarily involve the 
separation of each spore from .jts neighbor, particularly if it is surrounded 
by a mucHageuous sheath. In some species the spores are so firmly stuck 
together that, although the spore mass may be drawn out at the moment 
of leaving the ascus, it soon rounds off in the air as a single spherical drop
let. An example of this is Dasyobolus immersus, in which each spore has 
its own mucilage sheath and all eight spores stick tightly together. In Sac
f;obolus spp. the spores are even more firmly cemented by a common en
velope of mucilage. In some, probably many, ascomycetes all possible types 
of projectile from I-spored to 8-spored are formed. This question has been 
studied particularly in Sordaria fimicola (Ingold and Hadland, 1959). It 
will be seen later that the tendency of spores to stick together is of impor
tance in relation to the distance of discharge. 

Many asci discharge their spores in obvious succession. This is especially 
true where the spores are very elongated. In discomycetes this kind of 
successive discharge has been reported in Geoglossum spp. and among Py
renomycetes in a number of species (e.g., Cordyceps militaris, Erichlae 
tvphina, Leptosphaeria acuta, and Pleospora scirpicola). In Geo/ilossum, 
for example, the ascus at maturity develops a minute apical oore into 
which an elongated spore is pushed, temporarily stoppering it. This then 
gathers speed and is shot away in a flash. Immediately, and before its hydro
static pressure is lost, the ascus is plugged by the next spore and so on 
until all eight have been discharged (Ingold, 1939). 

It has been suggested that the shape of ascospores may sometimes be 
specially related to their discharge through an apical pore. In very many 
species a transverse cut half way between the apex and the base of the 
spore divides it into two equal halves (bipolar symmetrical type). How
ever. in quite a large number of species, scattered widely taxonomically, a 
cut at the midway position would divide the spore into an upper larger part 
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and a lower small one (bipolar asymmetrical). Such an ascospore is rela
tivcly blunt at the apex and pointed at its base. The reverse type with the 
relatively sharp end at the apex is almost unknown among ascomycetes. It 
seems probable that the bipolar asymmetrical spore with relatively blunt 
apex is of special value in discharge and tends to be shot farther than one 
which is bipolar symmetrical (Ingold, 1954). 

Most ascomycetes have wind-dispersed spores, and the distance, or 
rather the height, to which they are shot is important in getting through the 
laminar layer of air close to the ground. This distance of discharge, com
monly a centimeter or two, has a profound effect on the construction of the 
ascocarp, particularly in discomycetes. The upward-facing hymenium is 
advantageous; the downward-facing one is ruled out. Further the closely 
opposed hymenial surfaces which are such a feature of hymenomycetes are 
clearly impossible. 

For the distinctive coprophilous fungi, the first step in dispersal involves 
reaching the grass around the dung. The grass with its load of spores may 
then be eaten by a herbivore. Some of the more specialized coprophilous 
species manage the initial step by vlalent discharge alone, the necessary 
distance of throw being achieved by using relatively large projectiles. In 
extreme cases not only are the spores exceptionally big, but they are also 
bound together by mucilage to form a single projectile. The discomycete 
Dasyobolus immersus and the pyrenomycete Podospora fimicola arc out
standing examples which shoot their spores to a distance of 30 cm. This 
distance of discharge is related mainly to the size of the spore masses. 

The relationship between size of projectile and distance of discharge is 
clearly shown by Sordaria fimicola, a common coprophilous species. Al
though many of the spores stick together in eights on discharge, projectiles 
with fewer spores are also formed. Spores escape from the ascus in single 
file through a relatively narrow apical pore, although, because of their 
mucilaginous sheaths, they tend to stick together. However, as they emerge 
at high speed a break may occur at any or all of the seven mucilaginous 
links between adjacent spores. The actual arrangement of spores in the 
ascus jets has been studied by catching them near the edge of a horizontal 
transparent Perspex disk rotating very rapidly a few millimeters above dis
charging perithccia (Ingold and Hadland, 1959). The jets are thereby 
spread out horizontally on the underside of the disk and can subsequently 
be examined microscopically. The average distance of horizontal discharge 
of the eight types of projectile, each containing a different number of 
spores, has been determined. This distance increases with the number of 
spores, but not quite to the extent suggested by the formula d = Kr'. This 
is probably because the projectiles with the larger numbers of spores arc 
not spherical during most of their flight, but elongated, although by the 
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time their horizontal velocity is reduced to zero they have no doubt become 
roughly spherical under the influence of the surface tension of associated 
ascus sap. Certainly projectiles appear as rounded masses when, having lost 
their horizontal velocity, they settle onto a glass slide. 

Apart from ascomycetes, violent spore discharge associated with bursting 
turgid cells occurs only as a few scattered instances. In Mucorales there 
is a single but very striking example: Pi/abo/us, species of which are 
morphologically and physiologically highly specialized in relation to the 
coprophilous habitat. The strongly phototropic sporangiophore, delimited 
from the parent mycelium by cross walls, is a turgid cell. There is a basal 
trophocyst with a cylindrical hypha Icading from it to a crystal-clear sub
sporangial bulb. The sporangium, with the upper part of its wall blackened, 
is separated from the sporangiophore by a substantial columella. At 
maturity the sporangiophore ruptures along a line of weakness just below 
the columella and immediately the subsporangial bulb contracts, squirting 
a jet of sap together with the sporangium and its columella at a mean 
initial velocity of 10.8 mlsec (Page and Kennedy, 1964) to a distance of 
up to 200 cm. The upper part of the sporangial wall is unwettable, whereas 
the lower part is freely wettable, with the result that the upper part projects 
from the drop of sap when it comes to rest on an object such as a blade 
of grass. When the drop dries, the sporangium becomes firmly cemented 

.·to the object with the black part of the wall effectively covering and pre
sumably protecting the spores. Recently, by a most ingenious procedure, 
Page (1964) has succeeded in photographing the issuing jet of sap bearing 
the sporangium at almost the very instant of discharge before it has trav
elled more than 2-3 mm. 

In Entomophthorales there are two well-known examples of discharge 
by a water-squirting mechanism. In Entomophthora muscae, immediately 
following the death of the parasitized fly, tufts of conidiophores project in 
the thousands between the segments of the abdomen. Each conidiophore 
is a turgid cell which bursts to discharge its conidium just as in Pi/abo/us. 
In late summer flies killed by the fungus are often found stuck to window 
panes, each fly surrounded by a white halo of discharged spores about 4 cm 
in diameter. 

In Basidiobolus ranarum, which grows on the excrement of frogs and 
toads, and which has a dispersal story subsequent to spore discharge in 
which insects and amphibians play successive roles, the conidiophore 
closely resembles the sporangiophore of Pi/abo/us. It is positively photo
tropic and there is a well-developed subconidial bulb. This finally bursts 
along a line of weakness which, however, is near the base of the bulb. Im
mediately as rupture occurs the wall of this bulb contracts, squirting sap 
backward and flying off on the recoil rocketwise with its spore. In flight 
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the contracted subconidial bulb usually separates from the conidium. 
Conidia are usually thrown to a distance of 2-3 em and the subconidial 
bulb to about half that distance (Ingold, 1934). 

Another isolated example of what is probably a sap-squirting mechanism 
has been reported in the imperfect fungus Nigrospora (Fig. 2). The penul-

••••• • •••• 20/J-
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FLO. 2. Nigrospora sp/zaerica. Above: disc barged spores showing attached drop of 
cytoplasm. Be/ow: conidiophores: below the black conidium is a small "supporting 
celJ" and below this the "ampulliform cell," which appears to supply the liquid jet for 
discharge. After Webster (1952). 

tiroate cell of the short conidiophore, extended apically into a narrow pro
jection which presses through the ultimate "supporting" cell and impinges 
on the base of the spore, bursts to supply a liquid jet which carries the 
single black conidium to a distance of several centimeters (Webster, 1952). 

B. Liberation Due to Rounding Off of Turgid Cells 

Spore discharge associated with the sudden rounding off of turgid cells 
in an unstable form occurs in a number of fungi. It happens in several 
members of Entomophthorales. For example, in Entomophthora coronata 
a single and relatively large conidium is borne at the end of a straight 
conidiophore the tip of which projects into the conidium as a distinct 
columella. Strains are set up and the conidium tends to round off. As this 
happens, the reentrant part bulges outward and, as a result, the conidium 
bounces off to a distance of 2-3 cm (Martin, 1925). 

A similar mechanism has been described for the downy mildew Sclero
spora philippinensis (Weston, 1923). Here the area of contact between the 
spore and its sterigma is relatively small and the tip of the latter does not 
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project into the spore; there is merely a flat contact. It is rounding off in 
this region that seems to bring about discharge, but the spores are shot to 
a distance of only a millimeter or so. 

In most rusts (Uredinales) the aeciospores are violently discharged. 
Within the aecium the spores are polyhedral because of mutual pressure. 
There is a tendency for them to round off if conditions are sufficiently 
damp. This happens suddenly and spores bounce out either singly or in 
groups to a distance of several millimeters. Accompanying the spores there 
are often minute germ-pore plugs. It has been suggested that these also may 
have a significance for discharge in producing reentrant regions in the 
spores which may suddenly bulge outward (Dodge, 1924). 

The claim has been made (Hammarlund, 1925) that in Erysiphales 
conidia are actively discharged by rounding off where they are in contact 
in the unbranched row. Critical reexamination of this question is needed. 

A spectacular example of sudden release of tension among turgid cells 
bringing about spore discharge is found in the gasteromycete Sphaerobolus. 
In this, by the instantaneous eversion of a cup of turgid tissue under stress, 
a spore mass is shot to a distance of up to 400 em (Buller, 1933). 

C. Ballistospore Discharge 

In most basidiomycetes, particularly hymenomycetes, the gelatinous 
fungi (Dacrymycetales, Tremellales, and Auriculariales), and rusts (Ure
dinales), basidiospores are discharged by a mechanism which still remains 
a mystery. Each basidiospore is poised asymmetrically on a sterigma. Very 
near the point of attachment to the sterigma, the spore has a minute projec
tion (hilum). Just before discharge a drop of fluid appears at the hilum, 
grows to a certain and definite size but considerably less than that of the 
spore. The basidiospore is then shot away to a distance of 0.01-0.02 cm, 
carrying the drop with it and leaving behind a still erect and apparently 
closed sterigma from which no fluid exudes. This type of spore, in which 
discharge is associated with this series of events, is referred to as a ballisto
spore (Derx, 1948). Ballistospores are also produced by the very common 
"mirror yeasts" (Sporobolomycetaceae). The secondary sporidia of cer
tain smuts (especially Tilletia) are also ballistospores. 

It has been suggested that ballistospore discharge occurs by a rounding
off process at a lIat junction between the basidiospore and its sterigma just 
as in Sclerospora, but this does not explain the asymmetrical placing of the 
spore nor the phenomenon of drop secretion. Another idea is that a water
squirting mechanism is involved. A difficulty here is that the four spores of 
the typical unicellular hymenomycete basidium are shot away in strict suc
cession with several seconds elapsing between discharge of sister spores. If 
a water-squirting mechanism is to function the basidium must be quickly 
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sealed off after each spore is liberated and, indeed, the sterigma does 
appear to be closed at its apex immediately after the spore has left it. On 
the basis of a cine film of ballistospore discharge in Sporobolomyces, it has 
been claimed that the drop is formed actually at the junction with the 
sterigma and that this drop is shot away carrying the spore with it. In the 
film one series of frames shows, as an unusual occurrence, the sudden dis
appearance of the drop leaving the spore behind on the sterigma (Muller, 
1954). Presumably the drop has been shot away. Another theory is based 
on the suggestion that the surface energy of the drop might he mobilized 
to bring about discharge, but it is not at all clear how, precisely, this could 
happen (Ingold, 1939). 

In a recent contribution to this problem Olive (1964) claims that what 
appears at the hilum is not a drop but a gas-filled bubble formed between 
the inner and outer layers of the spore wall in the hilar region. 1t is sug
gested that the spore is dislodged by bursting of this bubble. 

Earlier in this chapter the point has been made that the ascus discharges 
its spores to a distance of 0.2 cm up to 30 cm. The basidium is a spore gun 
of much shorter range, normally only 0.01-0.02 cm. The greatest distance 
of ballistospore throw recorded is 0.1 em for the secondary conidium of 
Tilletia (Buller, 1933). " 

In hymenomycetes the basidia are u)ually grouped together in extensive 
hymenia arranged on complex sporophores. Because the basidium is such 
a short-range gun, it cannot shoot its spores through the boundary layer 
into the turbulent air above. Hence the upward-facing hymenium is largely 
ruled out in hymenomycetes. Further, unlike a hymenium of asci, one com
posed of basidia is adversely affected by wetting. These two factors 
seem to have conditioned the gross architecture of most hymenomycete 
sporophores. 

The construction of hymenomycete fruit bodies in relation to spore liber
ation has been closely studied by Buller (1909, 1922, 1924, 1931). Here 
only a brief account to illustrate the basic principles can be given, and this 
will be based mainly on the agaric Oudemansiella radicata as a concrete 
example (Fig. 3). 

The gills are covered by basidia in various stages of development. Some 
mycologists recognize both basidia and paraphyses in the hymenium, but 
in many hymenomycetes it seems that what were considered paraphyses 
are really young basidia. In some agarics, however, notably in Coprinus, 
paraphyses are clearly differentiated elements of the hymenium. Some 
species also have larger and more widely scattered cells of a distinctive 
appearance in the hymenium. These are cystidia. In some species of 
Coprinus, (especially C. atramentarius and C. lagopus) they are relatively 
enormous and clearly are of importance in propping apart the closely 
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packed gills during development. In others (e.g., Oudemansiella radicata) , 
although they are striking structures, their functional significance is far 
from obvious. 

In an agaric the hymenial surfaces are for the most part nearly vertical 
and the spores discharged from their basidia are shot horizontally. In O. 
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F IG. 3. Oudemallsiella radicafo. (A) Longitudinal section of sporophore showing 
attachmenl of pseudorbiza to buried wood. ( B) Gill pattern of a sector seen from 
below, the cut-off stalk being indicated by a black blob. (C) Tangential vertical sec
tion of pileus; tbe hyrnenium js indicated by thick black line; trajectories of liberated 
spores a re shown by thin lines ending in arrowheads. (D) Part of hymenium, hjghly 
magnified. 

radicata the distance is 0.02-0.03 cm. The spores are sticky, and if they 
come to rest on a surface they are likely to be permanently stuck. Clearly 
the distance between opposing gills must be greater than the distance of dis
charge. Usually it is considerably greater, a certain margin of safety being 
allowed. If the gills of a toadstool were all of the the same length, they 
would be much closer nearer the stipe than at the circumference of the cap. 
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If it is assumed that near the stipe the gills are the minimum distance apart 
for successful spore liberation, then on passing outward a position will be 
reached when the distance is twice this. From this point outward it would 
be theoretically possible to introduce another shorter gill, neglecting its 
thickness for the sake of the present argument. Again still nearer the cir
cumference even shorter gills could be introduced when the space between 
the original long gills had increased to four times the presumed minimum 
distance. A pattern very much of this type is found in many agarics. 

It is clear that if successful spore liberation is to occur the gills must be 
quite vertical, for if a significant tilting occurred many discharged spores, 
falling under the influence of gravity, would either come to rest on the 
same gill lower down or fall onto the opposite gill surface. 

Verticality of gills is secured in the following manner: the stout stipe is 
normally negatively geotropic, giving a roughly vertical orientation to the 
gills which hang down from the pileus. However, this is only a coarse ad
justment. In addition there is a fine one. Each individual gill is positively 
geotropic and if it is displaced slightly out of the vertical, growth move
ments occur, presumably of the cell-inflation type, in the region where it 
joins the cap until it is again essentially vertical. 

In agariCS generally spOl;e discharge occurs fairly uniformly over the 
whole gill surface. However, ill most species of Coprinus a unique condi
tion obtains. The hymenium ripens progressively from the free edge of the 
gill outward and upward toward the cap tissue. The spores are responsible 
for color on the gill. During maturation they pass from white through pink 
to nearly black. As a consequence in a specimen which has just begun to 
shed spores, the part near the free edge of the gill is black shading off 
through pink to white next to the cap. In each region of the hymenium, 
after all the spores are discharged the spent tissue is removed by a process 
of autodigestion. The result of this is that spores never have far to faU 
between opposing hymenial surfaces before escaping into the free air below 
the gills. Correlated with this, the gills are not geotropic. Coprinus spp. are 
referred to as ink caps because under damp conditions the black fluid 
formed during autodigestion runs down the free edges of the gills and ac
cumulates around the circumference of the pileus. This fluid always con
tains some spores, but the vast majority fan freely into the air below the 
pileus. 

The principles underlying the polypore type of fruit body are essentially 
the same as those in the agariC. Generally speaking among agarics sporo
phares with central stipes are commoner and bracket fruit bodies with 
lateral attachment are rarer, whereas among polyporcs the reverse is true. 

We may consider such a typical bracket polypore as Polyporus betulinus, 
common on dead birch (Betula) trees. At an early stage the sporophore 
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primordium is almost spherical and then expands more or less horizontally 
as the result of a diageotropic response. Later pores form on the underside 
and by positively geotropic growth elongate downward, spores being dis
charged while the pores are still growing, a process which may continue 
for a month or more in the late summer and early autumn. The tubes are 
ahout 0.02-0.04 em in diameter and may be 1-2 em long. Spores are dis
charged horizontally from the hymenium lining the pores, fall vertically, 
and on emerging below the pileus are carried away by air currents. As with 
the gills of an agaric the vertical orientation of the tubes must be precise 
if effective spore liberation is to occur. It has been shown experimentally 
(Taggart, 1961) that if the tubes of P. betulinus are tilted very slightly out 
of the vertical, the decrease in spore liberation is exactly what would be 
expected on purely geometrical grounds. 

The polypore reaches its extreme expression in the large perennial shelf
fungi such as Ganoderma ul'planatum and Fames fomentarius. The great 
majority of fungus sporophores are short-lived: fleshy agarics and bolete~ 
are active for only a few days, and the corky, leathery, and gelatinous 
Basidiomycetes for only a few weeks or months and rarely survive into ~ 
second season. In G. app/anatum, however, the sporophore is perennial ano 
the vertical pores continue to grow downward for a number of years. Fur
ther, the hymenium remains active in these tubes for two or three years, by 
which time they may be 4-5 em long but only 0.01-0.02 cm in diameter. 
Spores are disCharged horizontally to a distance of 0.005-0.010 cm, 
roughly into the middle of the tubes. These spores may have to fall a con
siderable distance down these tubes of extremely small bore. The margin 
of safety, to which reference has already been made in connection with 
the agaric sporophore, is reduced to prac6ca11y nothing. Neverthe1ess, very 
few discharged spores appear to get stranded on the hymenial surfaces 
lining the tubes. Some have thought that a system of this kind could not 
operate in practice and have wondered if static electric forces might be 
involved in maintaining spores in midstream as they fall down the tubes. 
Indeed, it has been shown (Gregory, 1957) that the spores of Garwderma 
normally carry a negative charge, although the existence of a constant 
repelling Charge of the same sign on the hymenium has not been demon
strated. However, work on Polyporus betulinus (Taggart, 1961) and 
Merulius /acrymans (Serpula lacrimansl (Swinbank et al., 1964) suggeslS 
that the charge on basidiospores is of such magnitude that it can have nO 
measurable effect on their fall down the hymenial tubes, and this is prob
ably equally true for Ganoderma. The fact that the sporophore of Gano
derma can operate effectively with such narroW and long pores is almost 
certainly associated with the extreme rigidity of its tissues and its firm and 
br')ad attachment to such a rigid structure as a tree trunk. In fact the effeC-
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tiveness of the Ganoderma bracket as a spore-liberating mechanism is un
doubted. From a fair-sized specimen of G. applanatum spores rain down 
at the rate of several millions a minute and this may be maintained, day 
and night, for the full 6 months of the annual spore-fall period. 

Modern mycological taxonomists no longer recognize the Friesian 
families Agaricaceae and Polyporaceae as natural. Indeed, by concentrat
ing on microscopic features unlikely to have survival velue, a number of 
"natural" series has been recognized in each of which there are agaric and 
polyporoid members. Although a series of this kind might be read in either 
direction, it is easier to think of an agaric giving rise to a polypore than the 
reverse. The polypore may thus be regarded as an advanced type of spore
liberating mechanism providing in its cul-de-sac hymenial tubes conditions 
of high humidity and complete stillness necessary for the discharge and 
subsequent escape of the spores. 

Among hymenomycetes there are other ways in which the hymenium 
can be disposed: covering downward-projecting positively geotropic teeth 
in hydnoid types (e.g., Hydnum), as a relatively smooth downward-facing 
hymenium as in tbe Thelephoraceae (e.g., Stereum), covering positively 
geotropic vertical axes in brall.ched c1avarioid fungi, or a simple erect club 
in unbranched types (e.g., Clavariadelphus pistil/aris). In the clavarioid 
types the hymenium covers most of the surface except for the more basal 
regions of the sporophore. Unlike all other hymenomycete fruit bodies, the 
hymenium is given no protection from rain. 

Before leaving hymenomycetes it is worth emphasizing that generally the 
spore-producing surfaces are arranged at some distance above the ground 
either elevated by stipes in fungi of the toadstool type, or borne on brackets 
attached to sticks or branches usually significantly above ground level. Thus 
discharged spores have a reasonable chance of being dropped into turbulent 
air with its potentiality for dispersal. 

So far as other ballistospores are concerned little need be said. The 
teliospores of Uredinales germinate to produce curved, septate basidia with 
the basidiospores on the convex side. Tbus the spores tend to be thrown 
outward and, since teliospores are often attached to dead sterns and leaves, 
discharged spores are often liberated above general ground level with con
sequent advantage for subsequent dispersal. 

It is pertinent to enquire how the ballistospores of mirror yeasts (Sporo
bolomycetaceae) get into the air. It seems that these fungi are essentially 
epiphyllous on higher plants generally. They are, therefore, well placed to 
liberate spores into the normally turbulent layers of the air in spite of the 
short distance of ballistospore discharge. Indeed, it has been shown that the 
"mirror yeasts" (Sporobolomyces and Tilletiopsis) contribute massively to 
the air spora in country districts in the humid hours after midnight and 
before dawn. 
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D. Liberation Due to Hygroscopic Mechanisms 

Hygroscopic movements are occasionally responsible for violent spore 
discharge. An example is Peronospora tabacina, and no doubt some other 
members of Peronsporales behave in the same manner. The branched co
nidiophore or sporangiophore bears many finely poised spores at its apices. 
With sudden change from high to low humidity the main axis of the 
conidiophore dries and as it does so twists violently, shaking off its spores 
(Pinckard, 1942). 

In Botrytis cinerea Jarvis (1962) considers that, although actual spore 
discharge due to hygroscopic movements of the conidiophore may only 
rarely occur, the conidia are released by these movements from organic 
connection and come to lie in loose masses associated with the terminal 
branches of the conidiophores. They are then in a condition to be blown 
away. 

In some Mycetozoa, particularly in Trichia spp., spirally thickened 
elaters in the dehisced sporangium undergo hygroscopic movements on 
drying which violently eject some of the associated spores (Ingold, 1939). 

E. Discharge Due to Rupture of Tensile Water 

Among green land cryptogams, mechanisms occur in which the release 
of strains by the breaking of tensile water produces sudden energetic move
ments which scatter the spores (Ingold, 1939). In pteridophytes the annulus 

~of the fern sporangium, and in bryophytes the e1aters associated with the 
spores in the capsules of leafy liverworts, are familiar examples of mecha
nisms of this kind. It has been shown recently that, in a number of dema
tiaceous fungi, conidia are set free in an essentially similar manner. 

In Deightoniella torulosa (Meredith, 1961) the end cell of the conidio
phore, which bears a single conidium, has a thickened wall. Because the 
thickening is uneven, evaporation leads to a temporary distortion so that 
the upper region of the end cell is drawn downward. However, this cell, 
because of the rigidity of its wall, is tending all the time to return to its 
original form, and the fluid contents are under increasing tension as evap
oration proceeds. Finally a break occurs either because the cohesion be
tween the water molecules or their adhesion to the cell wall is overcome. 
When this happens a minute gas bubble makes its appearance and instan
taneously enlarges as the distorted cell returns to its original shape with a 
sudden jerk which throws off the attached conidium to a distance of several 
centimeters (Fig. 4). 

In Zygosporium oscheoides (Meredith, 1962) much the same thing 
happens (Fig. 4). In this fungus two spores are poised, each on a thin
walled sporogenous cell, at the end of a specialized curved cell. In this the 
wall on the convex side is heavily thickened while on the concave side it 
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remains relatively thin. Evaporation leads to reduction in volume which 
results in increased curvature of the cell. The water inside is under tension 
and when the inevitable break occurs and a gas phase makes its appear
ance, the cell suddenly returns to its former shape, slinging off the two 
conidia in the process. 

A 

B 

FIG. 4. (A) Deightoniella torulosa. Successive changes in form, associated with 
sroce discharge, in the terminal cell of the conidiophore. Interval between final and 
penultimate stages is a tiny fraction of a second. Gas bubbles are shown stippled. 
After Meredith (1961). (B) Zygosporium oscheoides. Changes in form associated 
with spore discharge. The time interval between the second and third stages js a 
minute fraction of a second. The gas vacuole in the dark curved cell is shown white. 
After Meredith (1962). 

In Cordana musae (Meredith, 1962) a group of terminal conidia is ap
parently discharged in the same manner as in Deightoniella, although there 
is some reason to believe that occasionally the separation of a gas phase 
within the conidium itself may be effective in discharge. 

It now seems that this type of mechanism is of fairly common occurrence 
(Meredith, 1965). 

F. External Conditions and Violent Spore Discharge 

The principal external conditions affecting violent spore diSCharge are 
temperature, light, water supply, and the humidity of the air. In consider-



21. Spore Release 697 

ing any of these it is, however, difficult to discriminate between the effect 
on spore liberation itself and on spore maturation. 

Probably, in general and within the limits of normal fluctuation, increase 
of temperature produces increased spore liberation. For example, in Schizo
phyllum commune (Zoberi, 1962) temperature affects spore discharge in 
much the same manner as it docs growth, the optimum for basidiospore 
discharge being, however, somewhat lower than for vegetative growth. 
Further at 30°C, although growth is still vigorous, spore liberation ceases 
completely. 

Most of the evidence suggests that in Hymenomycetes light has no in
fluence on spore discharge, although in Carticium filamentasa (Carpenter, 
1949) discharge appears to be inhibited by light and is, therefore, 
nocturnal. 

In many Ascomycetes, however, light has a pronounced effect. This has 
been studied particularly in Sardaria fimicala (Ingold and Dring, 1957; 
Ingold, 1958). Spore discharge does occur in darkness, but the rate is 
greatly increased in light. However, only light of wavelengths below 520 mft 
is effective. When the fungus is subjected to a regimen of 12 hours' light 
and 12 hours' darkness in each day period, there is a marked diurnal 
periodicity. Further when a sporulating culture, conditioned for a day or 
so to darkness, is given a brief treatment with bright light (e.g., 10,000 lux 
for 50 seconds) there is a considerable but temporary increase in the rate 

--Of discharge 2-3 hours later. In Sardaria verruculasa the same thing 
happens, but the effect is not so striking and the interval between stimulus 
and response is much longer, ca. 9-12 hours (Ingold and Marshall, 1963). 
In another pyrenomycete, Hypaxylan fuscum, however, the position is quite 
different. This species is nocturnal due to the fact that light directly inhibits 
spore discharge. Neither in S. fimicola nor in H. fuscum is there an inherent 
rhythm. However, in Daldinia concentrica, taxonomically very close to 
Hypaxylon, discharge is also essentially nocturnal, but there is a pro
nounced endogenous rhythm (Ingold and Cox, 1955). Periodic discharge 
with a nighttime peak goes on for a week or more when a perithecial 
stroma is placed in continuous darkness and, for a shorter time, in con
tinuous light. 

Rhythms of spore discharge conditioned by light are also a feature of 
some other fungi. Thus under a regime of 12 hours' light and 12 hours' of 
darkness each day both Pi/abalus and Sphaerabalus diSCharge their spore 
masses during the light periods. In some species of Pi/abolus at least, and 
particularly in P. sphaerosparus, the rhythm continues for a few days after 
the periodic conditions have ceased to operate. In Pi/abo/us, a daily alter
nation of high and low temperature, like a daily alternation of light and 
darkness, can also induce rhythmic discharge which again persists for a 
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day or two under conditions of stable temperature (Schmidle, 1951; Uebel
messer, 1954). 

In water-squirting mechanisms of spore liberation and in those involving 
the rounding off of cells, turgidity is essential. Further, whatever may be 
the precise mechanism of basidiospore discharge, it seems certain that it 
too is dependent on turgor of the basidia. It is not surprising, therefore, 
that, for most fungi which actively discharge their spores, water supply is 
a vital factor. Further, since in the majority of fungi, in contrast to vascular 
plants, there is little provision for translocation of water, spore liberation is 
usually very dependent on an immediately available supply of external 
water. In practice this means a dependence on rain or heavy dew. The 
fleshy Hymenomycetes with short-lived sporophores are produced mainly 
in early autumn when conditions afe generally damp, but before significant 
frost occurs. Leathery and gelatinous forms dry under conditions of low 
humidity and spore discharge ceases, to be renewed almost immediately 
when they are again soaked by rain. Many ascomycetes, particularly py
renomycetes, are also of this drought-enduring type liberating spores only 
for short periods after being wetted by rain. A very few fungi can, however, 
continue to discharge sJXlres even during prolonged dry periods. Daldinia 
is an outstanding example (Ingold, 1946). In this, relying on a water re
serve in the stroma, spores can be liberated for weeks without any extrane
ous water. The same is true of the large perennial bracket fungi Ganoderma 
applanalum and Fomes jomentarius. In both of these the sporophore, if 
still attached to its tree trunk, can go on liberating spores during long 
periods of drought (Buchwald, 1938). Another special case is Epichloe 
typhina, in which the perithecial stroma is closely associated with the living 
tissues of the parasitized grass stem immediately above a node. Water for 
spore discharge is derived from the host's transpiration stream. If this is 
interrupted, however, discharge quickly comes to an end (Ingold, 1948). 
Gelatinous ascomycetes such as Bulgaria inquinans store water which can 
be used for spore discharge in jelly. An apothecium of B. inquinans, when 
isolated from its substratum and hung in relatively dry air, sheds spores for 
several days and only when it has shriveled to about a quarter of its original 
size does discharge cease (Ingold, 1959). 

Although to some extent connected with the factor of water supply, it 
is, perhaps justifiable to consider the humidity of the ambient air as a 
separate factor since it may have a more direct and immediate effect on dis
charge. In an experimental study of discharge in Sordaria fimicola it has 
been shown that the substitution of a very dry (35% relative humidity) 
for a saturated (100% RH) air stream leads to a temporary acceleration 
of ascospore discharge (Ingold and Marshall, 1962). It is difficult to en
visage how reduced humidity can operate in promoting ascus discharge, 
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and in the work referred to it should he emphasized that the actual supply 
of water to the fruiting structure was completely adequate. Any significant 
drying of an apothecium or a perithecium would inevitably lead to the ces
sation of discharge. 

In hymenomycetes lowering the humidity of the ambient air in contact 
with the hymenium adversely affects spore liberation. In Schizoplzyllum 
(Zoberi, 1962) reduced humidity temporarily reduces tbe rate of spore 
discharge. If, however. the air stream is not too dry and does not operate 
for too long. a return to humid conditions reverses the inhibition. The same 
is true for Polyporus brumalis and for the release of ballistospores from a 
culture of the "mirror yeast," Sporobolomyces roseus. 

In such genera as Deightoniella and Zygosporium. where water rupture 
on drying is involved in spore discharge, and in species of Peronospora, 
where a hygroscopic twirling of the conidiophore scatters the spores, 
humidity of the air is the major factor in discharge. In these fungi spore 
release in nature occurs in the morning with the normal decrease in atmos
pheric humidity. 

Ingold and Marshall (1964) have reported that the substitution of an 
air stream containing 0.2-2.5 % carbon dioxide for air freed from this gas 
circulating over the perithecia of Sordaria fimicola always led to a marked 
increase in the rate of spore discharge. 

III. PASSIVE SPORE LIBERATION 

A. Blow-Off of Spores 

Many fungi have dry spores which, although not violently discharged, 
are fairly easily set free by sufficiently strong air currents. Numerous co
nidial fungi are of this nature, for example species of Cladosporium, 
Penicillium, Aspergillus, and Trichothecium. The conidia tend to be raised 
above the substratum on erect conidiophores, and this, no doubt, g:ves 
some advantage in the take-off. There are also many dry-spore types among 
the fungi which attack field crops. The conidia (zoosporangia) of Plzytoph
thora and of Peronosporales, the conidia (oidia) of Erysiphales, the ure
dospores of rusts and the chlamydospores of loose smuts (Ustilago spp.) 
are all readily detachable dry spores. In these plant pathogens the spores, 
being borne on stems and leaves, are normally well above ground level 
and once detached are suitably placed for aerial dispersal. Also leaf flutter 
and stem vibration are, no doubt, effective in promoting spore liberation 
if the spores are not too firmly attached. Among the larger fungi dry-spore 
species are common in Gasteromycetes such as Podaxis, Calvatia, and 
Battarrea. Another interesting case is to be seen in the hymenomycete 
Asterophora lycoperdoides in which basidiospore production is suppressed, 
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but the whole upper part of the pileus becomes a dry powdery mass of 
stellate chlamydospores. In Ascomycetes a familiar example is Xylaria 
hypoxylon with its erect white branches covered with conidia freely ex
posed and easily blown away. 

There has been little experimental study of spore liberation where no 
violent diSCharge is involved. However, the take-off of spores from some 
molds has been investigated using horizontal tube cultures through which 
air of known humidity could be passed at controlled speeds (Zoberi, 1961). 
With Trichothecium roseum the stronger the air currents, in the range 
1.7-10.0 meters/second, the greater the number of spores liberated. At 
the higher wind speeds, e.g., 5 meters/second, the number of spores blown 
off fell very rapidly with time. Again the humidity of the air stream 
had a very significant effect, many more spores being .set free into a dry 
as compared with a damp air stream of the same velocity. This seems to be 
a fairly general feature of dry-spore molds. 

B. Spore Liberation by Falling Drops 

Falling water drops may' play an important part in spore liberation. 
Among conidial fungi there are dry-spore and slime-spore types. The 
spores of slime-spore fungi cannot be blown off their conidiophores by 
winds of normal velocity and, in nature, splash liberation or insect dis
persal of these fungi seems to be the rule. 

Although rain splash has been recognized for a long time as a mecha
nism of spore liberation, it is only quite recently that the process has 
received systematic study (Gregory et al., 1959). Water drops of known 
size were allowed to fall from a given height onto an aqueous spore sus
pension forming a film on a glass slide. It was found that a drop 5 mm in 
diameter, falling from a height of 7.4 m onto a film 0.1 mm thick of a rich 
suspension of the spores of Fusarium solan; produced over 5000 reflected 
droplets ranging from 5 Il to 2400 il across and the larger of these were 
scattered horizontally over a considerable area. In splash dispersal the 
bigger droplets fall back rapidly onto the substratum, but the smaller ones 
may contribute spores to the air spora. A study was also made, using 
ultra high speed cinematography, of splash liberation of slime spores from 
the conidial stromata of Nectria cinnabarina on a twig. Under these more 
natural conditions the general picture of splash dispersal was essentially 
similar. In many slime-spore fungi rain splaSh is probably the nonnal 
means of spore liberation, but also for certain dry-spore fungi rain splash 
may play an essential part. Work on the coffee leaf-rust (Hernileia vas
tatrix) suggests that winds have little significance in the Iiheration of ure
dospores from the leaves, but that rain splash scatters them in quantity 
(Nutman et al., 1960; Bock, 1962). 
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Even in fungi where spores are readily blown off by wind or thrown off 
by hygroscopic twirling, falling rain may play a subsidiary part in spore 
liberation. Quite apart from the direct action of the falling drop itself, 
the shock waves ahead of it may be effective in liberating dry spores, 
for example from a forest of Botrytis conidiophores (Jarvis, 1962). 

There are also some rather specialized examples of the action of rain 
drops in spore liberation. The vaselike sporophores of Cyathus and 
Crucibllillm appear to be splash cups, like the gemmae cups of the liver
wort Marchantia, from which the hard seedlike peridiola (essentially 
resistant packets of spores) are splashed to a distance of several feet by 
large raindrops (Brodie, 195Ia). A very similar system operates in con
nection with the liberation of slimy oidia in Polyporus conchifer (Brodie, 
1951b). Again in species of Lycoperdon and Geastrum the mature fruit 
body has a capsule containing a springy capillitium system saturated with 
dry spores. The capsule has a papery unwettable wall and opens by an 
apical ostiole. A large drop of water falling on the capsule wall momen
tarily depresses it, and in consequence a visible puff of spore-bearing air 
is blown out through the ostiole (Gregory, 1949). In a heavy thunder
shower with large rain drops falling, the operation of the puff-ball mecha
nism is most spectacular. 

~ The myxomycete Lycogala epidendrum behaves in just the same manner 
as Lycoperdon, but there is at first no definite ostiole. However, a direct 
hit by a large enough drop bursts open the sporangium, producing an 
apical rupture through which spores are puffed by successive bombard
ment (Dixon, 1963). 

It has recently been shown that the perithecia of Chaetomium spp. 
can be splash-dispersed (Dixon, 1961). Large drops of water falling on 
a fruiting culture are broken up and reflected from the surface carrying 
perithecia, which are very loosely attached to the parent mycelium and 
hardly at all to the substratum, to a distance of several feet. Perhaps the 
extraordinary structure of the perithecia in this genus may in some manner 
be related to splash dispersal. It must, however, be borne in mind that 
the effectivenes of splash liberation from a richly fruiting culture in the 
laboratory and from a natural stand of perithecia in the field may be 
rather different. 

C. Mist Pick-up 

Another mecbanism of spore liberation involving very small air-borne 
water droplets, such as migbt be present in a driving mist, has been sug
gested. When an aqueous mist is blown over sporulating molds some of 
the mist droplets are impacted on the fungal structure; others, however, 
may just touch the sporulating apparatus, pick up a few spores, and drive 
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on (Fig. 5). In this type of passive liberation, dry-spore rather than slime
spore types may be involved. There is at present little to indicate how 
effective this mechanism may be in nature. It seems to operate in relation 
to Cercosporella herpotrichoides, causing eye-spot of wheat (Glynne, 
1953), and possibly also, as a subsidiary method of spore liberation, in 
Cladosporium (Gregory, 1961). 

---';> 

FIG. 5. Mist pick-up. D~_agram of how a mist droplet might pick up a spore of 
Cladosporium. ______ 

IV. LIBERATION OF SPORES BY ANIMALS 

A. Insect and Spore Liberation 

Insects are quite often responsible for the liberation of spores and also 
for their dispersal, although, in general, fungi are anemophilous and there 
are relatively few examples of definite entomophily. The whole subject of 
insect dispersal of fungal spores has been rather fully discussed (Leach, 
1940), and here only a brief outline will be given. 

In one group of the larger fungi, the Phallales, structure is obviously 
related to insect dispersal. In these fungi (e.g., Phallus impudicus) the 
minute spores, embedded in a sugary slime with a strong and unpleasant 
smell, are displayed at maturity usually on top of a conspicuous stipe. 
Insects, mostly various kinds of fly, are attracted and eat the slime. Spores 
are carried away on the legs of the insect and also pass, apparently un
injured, through the alimentary canal. Unfortunately in Phallales no one 
has succeeded in germinating the spores. Aseroe rubra is an especially 
interesting species. Around a disk of spore slime at the summit of the thick 
stipe is a whorl of red sterile bifurcate rays. The whole structure is bio
logically like an entomophilous flower with a central fertile region sur
rounded by "petals." 
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Other fungi in which minute, insect-dispersed spores are intermixed with 
nectar are the rusts (pycnial stage) and ergot (Claviceps purpurea, conidial 
stage). Again in Ceratoeyst;s aim; (the fungus of Dutch elm disease) the 
conidial (Graphium) stage is produced on the walls of the brood chambers 
of bark beetles at the interface of wood and bark in killed elm trees. On 
hatching, emerging beetles are already contaminated and may fly off to 
infect living trees. The association with beetles in connection with "blue 
stain" of felled conifers caused by Ceratoeystis ips is rather similar, but 
here the perithecial stage is produced in the brood channels, not the co
nidial. Superficially both stages are remarkably alike. In each a slimy drop 
of spores is formed at the end of a hairlike stalk which in the Graphium 
stage is a sheaf of fungal hyphae constituting a compound conidiophore, 
whereas in the Ceratocystis stage it is the long narrow neck of a peri
thecium. Indeed, the stalked spore drop (Ingold, 1961) is a very distinctive 
spore-presentation mechanism, probably in the main associated with insect 
dispersal, which has been evolved independently in very diverse fungi 
(Fig. 6). 

Another type of insect dispersal is found in the anther smuts, e.g., Usti
lago violaeea on Lyehnis alba. In an infected pistillate plant the staminal 
rudiments in the flower are stimulated to develop into stamens which, when 
their anthers dehisce, liberate minute, sticky, dark purple chlamydospores 

.<If the fungus. Like the much larger pollen grains of normal staminate 
flowers, they are picked up and distributed by night-flying moths. A totally 
different fungus, Botrytis anthophila, which attacks clover, also sporulates 
only on the anthers and this too is dispersed by pollinating insects, in this 
case bees. 

There are many examples of fungal spores rather casually dispersed by 
insects. Thus the conidial stage of Sclerotinia jructigena, causing a "brown 
rot" of apples, pears, and plums, is fairly regularly spread by wasps which 
casually pick up spores from rotting fruit and introduce them into healthy 
specimens. 

B. Mammals and Spore Liberation 

In the coprophilous fungi, although animals are intimately concerned 
in the dispersal story, they are not involved in actual spore liberation. In 
the hypogeal fungi, however, rodents are concerned in the whole process. 
These fungi have macroscopic sporophores below ground, particularly 
in woods. The mature fruit bodies frequently become strong-smelling at 
maturity. Rodents are attracted, grub up and eat the sporophores, the 
spores passing through the alimentary canal. Hypogeal types occur in the 
three major groups of fungi; for example, Efldogone in Phycomycetes, 
Tuber and Elaphomyees in Ascomycetes, and Hymenogaster and Rhizo-
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FIG. 6. Sta.lked spore drop in various fungi. (A) Sorocarp of Dictyosleliul1I dis
coideum. (8) ConidiophQre with conidia in GliocLadium roseum. (C ) Compound 
conidiophore with conidja in Graphium cUJJeiferllm. (D) Sporangial drop and 
sporangiophore of Mucor ramallniallus. (E) Dehisced ascus of Dipodascus ullinu
clea/us. (F) Ascophore with mass of ascospores of Cephaloascus jragNlIls. (G) Peri
thecium of CeratocystiS adipo.m with escaped mass of ascospores. Spore-bearing 
apparatus shown in longitudinal optical section except in Ceratocystis. 
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pagan in Basidiomycetes. Very little is known about the details of the 
dispersal of these fungi. However, it has been found that the characteristic 
chlamydospores of Endogone are frequently to be found in the gut of 
smaller rodents in North America. (Dowding, 1955; Bakerspigel, 1956). 
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CHAPTER 22 

Dispersal 

P. H. GREGORY 

Rothamsted Experimental Station 
Harpenden, Herts., England 

A fungus is a nucleated cytoplasmic mass which undergoes displacement in 
a centrifugal direction, either free or inside tubes which it constructs as it 
advances peripherally. While these tubes are elongating under cytoplasmic 
pressure, the fungus gradually quits the central part of the thallus whose ele
ments become progressively vacuolated and finally empty and dead. As a result 
a fungal thallus, whatever its shape, always comprises a peripheral living zone 
which continues to grow, and a central skeletal zone formed of empty dead 
tubes. Growth of the thallus is limited only by exhaustion of the cytoplasmiC 
mass, which eventually passes completely into the propagative or reproductive 
spores. 

-Translation from M. Langeron. "Precis de Mycologie, " 
p. 32. Masson, Paris, 1945. 

1. INTRODUCTION 

The role of dispersal in fungal economy should be viewed in light of the 
dynamic concept of Buller (1933) summarized in the above quotation. 
Activity is normal to fungi. Resting spores serve for survival, but most 
fungi also release spores whose dispersal continues the activity of the nu
cleated cytoplasmic mass which is the essential fungus. 

Dispersal is here treated broadly to include effective dispersal processes, 
as well as ineffective dispersal which continues after the spore is dead. 

Dispersal has two obvious functions in fungus economy: (1) it serves 
to start new mycelia (Hcolonies") on fresh substrates, either near or at a 
distance from the parent mycelium; (2) it transmits genetic material be
tween established mycelia. Genetic transfer is familiar in rust fungi, where 
spermatization leads to diploidization. The possibility that a dispersed 
spore might function in establishing heterokaryosis by fusing directly with 
an existing mycelium is less familiar, but Jinks (1952) found hetero
karyons in wild Penicillium, and genetic transmisison between established 

709 
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mycelia may be commoner than we now think. Often we know that a 
spore form is dispersed but do not know which of these functions it serves. 
We do not know, for example, whether the spores of the giant puffball 
Calvatia [Lycoperdon] gigantea are more significant in starting new puff
ball mycelia or in communicating between existing mycelia. Many kinds 
of spores germinate with difficulty (cf. Sussman, Chapter 23), or for other 
reasons seem ineffective in starting new mycelia, and the observation of 
Ferguson (1902) that mushroom basidiospores germinated more readily 
when in contact with living hyphae of the same species may be significant 
in this context. We have scarcely any idea of the conditions necessary for 
starting new mycelia of many larger fungi, and there is little information 
on how heterokaryosis is established, if it occurs in nature at all. An exist
ing mycelium might even be the seat of a changing population of nuclei 
(Gregory, 1952). 

Spore dispersal is closely tied to spore-liberation mechanisms. Energy 
is needed to move a fungus spore over tlie surface of the earth, and dis
persal is most commonly effected by those energy sources, such as rain 
splash, insects, or wind, to which the fungus has become highly adapted. 
Incidental mechanisms must often transport spores, but they do this less 
often than the specialized mechanisms, a fact illustrated very clearly in 
recent work on how the fungus spore content of the air changes with 
changing weather and at different times of day, and especially by the 
remarkable predominance of basidiospores (including Sporobolomyce
taceae) resulting from the efficiency of the ballistospore discharge mecha
nism (Section III, B). The problem of the relative importance of adapted 
and incidental transfer should become clearer in what follows. 

Dispersal produces changes measured by three characteristics: (I) a 
gradient in space usually showing as a decrease in number of mycelia 
established (or spores arriving) at increasing distances from the source of 
liberation (Gregory, 1945; Wolfenbarger, 1946, 1959); (2) a logistic 
increase in mycelia established (or spores arriving) at a given distance 
with passage of time (Fracker, 1936; van der Plank, 1963); (3) an in
crease in the area occupied by the products of a given source with passage 
of time. This last characteristic has been little studied, and some tentative 
values, based on necessarily incomplete historical records, are suggested 
below for the rate of increase in geographical range of fungi dispersed 
by different methods. 

II. MODES OF DISPERSAL 

A. Growth of Mycelium 
The spread by radial growth of mycelium needs no comment beyond 

indicating that "fairy rings" progress steadily, colonizing pastures like a 
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culture on a petri dish. Spatial extension by radial growth of natural 
mycelium can be measured in tens of centimeters per year. Rings of Agari
cus tabularis averaged 30 em per year (Shantz and Piemiesel, 1917), but 
basidiomycetes which form rhizomorphs or strands, such as Serpula lacri
mans, progress much faster. Garrett (1953) found that rhizomorphs of 
Armillaria mel/ea grew away from a food base at 2.5 cm per week, a 
growth rate 5 or 6 times faster than that of unorganized mycelium. 

B. Movement in Water 

Dispersal by self-motility of zoospores of the lower fungi in water films 
on leaf surfaces and in soil is measured in millimeters Of at most centi
meters pe, generation. Dispersal of Synchytrium endobioticum by zoo
spores is a phenomenon of soil microbiology rather than geography, but 
progress can be faster in flowing water and in rain-splash droplets (Chap
ter 21 ). Behavior of tetraradiate spores of aquatic hyphomycetes in flowing 
water suggests that analogies will be found in flowing water with the 
impaction phenomena (Section II, F, 5, c) observed in wind-dispersed 
spores (Webster, 1959). 

C. Ballistic Trajectories 

The ballistic trajectories of ascospores and basidiospores have lengths 
limited to centimeters and fractions of a millimeter, respectively, but these 
trajectories, whieh normally serve merely to liberate spores from the parent 
body into the air where they can be dispersed by wind (Chapter 21), must 
not be confused with ultimate dispersal distance, as has sometimes been 
done. 

The trajectories of large propagules produced by such fungi as Pilobolus, 
Sphaerobolus, and Nidulariaceae are little affected by air movement, and 
their range is restricted. However, after alighting on herbage they have a 
phase of secondary dispersal (in the sense of Dobbs, 1942) while in the 
gut of grazing animals before being deposited in feces. 

D. Animal Vectors 

Animals, especially man and insects, are important vectors of fungi, 
sometimes accidentally (Talbot, 1952), but often as a result of complex 
adaptation. The topic has been reviewed by Brues (1946), Steinhaus 
(1946), and IngOld (1953). The role of insects as vectors of fungi causing 
plant disease is reviewed by Leach (1940), Gilumann (1950), Austwick 
(1958), and Carter (1962). 

Nematodes can transport adhesive spores, both of fungi that prey on 
them and the appendaged pycnospores of Dilophospora alopecuri which 
produces "twist" of grasses. 
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Dispersal by insect vectors has many advantages for the fungus, not 
least that in feeding or gathering nectar and pollen the insect may effec
tively inoculate the fungus into a site favorable for growth. The range of 
dispersal depends on the behavior of the insect. Specialized insect-dispersed 
fungi may be recognized by some or all of the following characters. Like 
the entomophilous pollens, their spores are usually small and sticky, and 
they form one biological group of the "slime-spored fungi" (Mason, 
1937), the other group being the rain-splashed fungi referred to below 
(Section II, E). They are typically produced in small drops of mucilage 
which may be held in position by setae as in the pycnia of the rusts, and 
with both pycnospores and ascospores of Ceratoeystis ulmi. The droplets 
may be raised on stalks, and may be sugary or strongly scented. 

Insects may act as vectors incidentally while gathering nectar or pollen. 
Sturgis (1898) considered that PhytophtllOra phaseoli is disseminated to 
ovaries of lima beans mainly by foraging bees. Candida reukaufii is a 
peculiar yeast (formerly classified as Anthomyees or Nectaromyees) living 
in the nectaries of many flowers and hibernating in the stomachs of bumble 
bees (Bombus spp.) whose foraging flights effect dispersal to nectaries in 
spring (Lodder and Kreger-van Rij, 1952). Other nectar feeders spread 
Botrytis anthophila to anthers of red clover (Trifolium), Ustilago species 
to flowers of the Caryophyllaceae, and Fusarium moniliforme f. sp. fiei to 
fruits of the fig. Feeding activities of insects can diploidize basidiomycetes 
(Craigie, 1931; Brodie, 1931). 

Many fungi attract insects to their spore masses by scent, e.g., Endo
phyllum euphorbiae-sylvaticae, Puccinia obtegens [Po punctiformis], Phallus 
impudicus, Clathrus ruber, and the species of Sclerotinia on Ericaceae. 

Oak wilt, caused by Ceratocystis fagi, is spread mainly by beetles (see 
Stakman and Harrar, 1957) which are attracted to fragrant stromata under 
cracking bark and become contaminated with ascospores and conidia. 
Local spread goes on slowly by root grafts, and details of the part played 
by beetles in bringing about new infections are obscure, but it is clear that 
haploid mycelia of this heterothallic fungus are diploidized by insects. 
Information given by Fowler (1952) makes it possible to estimate that the 
rate of spread from the oldest infections in the United States cannot have 
averaged much more than about 50 km per year. 

Nutman et al. (1960) showed that uredospores of Hemileia vastatrix 
are not so readily airborne as those of the cereal rusts, and in coffee planta
tions they are usually dispersed locally by rain splash. Crowe (1963) 
added that the rust is carried to more remote plantations by hymenopterous 
parasites (Leptacis and Synopeas) which burrow into uredosori in search 
of mycophagous cecidiomyid larvae (a four-member food chain involved 
in dispersal). 
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Insect dispersal is more highly developed in symbiotic relationships 
where the insect actively inoculates a vegetable substrate and provides food 
for itself. Wood wasps (Sirex spp.) have sacs, opening to the ovipositor, 
containing oidia of Stereum sanguinolenlum which are extruded on the 
eggs as they are laid; thus the fungus is introduced into sound wood during 
oviposition, and the larva is probably partly mycophagous (Parkin, 1942). 

Female ambrosia beetles (e.g., Xyleborus, Scolylinae) make beds of 
wood chips which they inoculate with specific microfungi, including species 
of Leptographium, Ceratocystis, and Oedocephalum, carried somehow by 
the adult beetles (Steinhaus, 1946; Bakshi, 1950), and the resulting 
mycelium spreads to the wooden walls surrounding the larval galleries 
where it is regularly grazed. 

Leaf-cutting ants (Myrmicineae) of tropical America cultivate species 
of Pholiota and X ylaria in fungus gardens consisting of beds of leaf frag
ments. Before a queen !'eaves the nest for the mating flight she takes a 
pellet of inoculum in her infrabuccal pouch; then after mating she burrows 
into the ground and starts a new fungus culture (see Steinhaus, 1946). 
Characteristic fungi (Termitomyces) occur also in termite nests, but they 
may be mere commensals, not actively transported by the termites (Heim, 

---1942). 
Blue-stain fungi of conifers have a symbiotic relationship with bark 

beetles (e.g., Ips spp.), whose galleries are lined with the Graphium state, 
or with perithecia of the Ceratoeyslis state. Both conidia and ascospores 
are extruded in sticky masses raised on stalks to contaminate insects pass
ing through the galleries. Although the fungus is apparently not eaten, the 
relationship is regarded as symbiotic, with the fungus making the environ
ment more suitable for brood development. 

The relation between Ceratoeystis ulmi, the cause of elm disease, and 
bark beetles (Seolylus) appears similar. Zentmeyer et al. (1944) studied 
the infection gradient of the fungus after local dispersal by beetles and 
demonstrated a linear relation between the logarithm of the distance and 
percentage infection (as probits); spread was also affected by wind direc
tion at the time the beetles emerged. When discovered in France in 1918, 
the fungus was apparently already widespread and so its progress in 
Europe cannot be recorded, but its spread through North America is better 
documented (Clinton and McCormick, 1936; Holmes, 1958). Evidently 
there were several introductions on logs from Europe around 1930, and 
its range in 1937 suggests an upper limit of about 50 km per year for the 
rate of extension of the disease by beetles into new areas. Powered transport 
enabled the fungus to cross ocean barriers, together with its vectors, which 
then dispersed it more slowly across the continent. 

Fungi that parasitize insects (Laboulbeniales, Basidiobolus) are dis-



714 P. H. Gregory 

persed by the wanderings of the host. The activity of the hosts of some 
Entomophthoraceae is not checked until shortly before death. and the last 
act of the fungus-riddled insect may be to climb to the end of a twig 
where conidia are easily liberated into the wind. 

Birds, although able to carry enormous spore loads, have been in
criminated in dispersal of fungus spores less often than insects. However, 
woodpeckers and creepers shot in infected chestnut plantations often 
carried pycnospores (but not ascospores) of Endothia parasifica, and over 
half a million pycnospores were found on a single woodpecker (Heald and 
Studhalter, 1914). 

The most striking example of a plant pathogen being spread by birds 
was provided by the observation of Kouyeas and Anastassiadis (1962) 
that magpies (Pica pica) made nests in citrus trees with twigs infected with 
Deuterophoma tracheiphila and set up intense foci of infection within a 
healthy grove. 

Man has introduced a new dimension into fungus dispersal by harness
ing powerful sources of energy for transport at ever increasing speed. 
Because so much of transport is concerned with moving raw or manufac
tured plant materials, man must be considered, from a mOld's-eye point 
of view, as one of the most significant of the accidental vectors. Plant 
pathologists may even sometimes be concerned with fungi which have 
become specifically adapted to man-a condition perhaps exemplified in 
the proliferation of species of Botrytis on Allium and other monocotyl
edonous bulbs, which we dig, transport, and subject to various cultural 
regimes. 

The work of man as a vector is seen in its most spectacular form when 
a readily dispersed fungus is carried to a new area which it had been 
unable to reach by its normal dispersal processes. Examples of this are 
given below (Section III, D), but much of the activity of man in transport
ing organisms within their existing range goes on inconspicuously, as it 
did in the relatively slow spread of Synchytrium endobioticum in Europe 
and America. 

E. Raindrop Splash 

Many fungi produce sticky spores embedded in mucilage and not easily 
removed by wind (Stepanov, 1935). The first rain swells the mucilage 
and allows the spores to fioat free in films of water (Nisikado et al., 1955). 
In experiments on splash dispersal of conidia of Fusarium solani, Gregory 
et al. (1959) found that most spores were carried in the larger splash 
droplets with a median diameter of 140 fl and with median horizontal and 
vertical travel of approximately 20 cm. Few droplets traveled beyond 70 cm 
in still air, but clearly wind must greatly extend this range, though the 
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subject has been little studied. Faulwetter (l917a,b) suggested that bac
terial crop pathogens might be dispersed by windblown rain, and fungi 
were splashed in rain experimentally by Weston and Taylor (1948). 

The smallest splash droplets must evaporate rapidly, leaving their con
tained solids suspended in air as droplet nuclei, and the few spores so 
carried must be regarded as truly airborne. Apart from the dispersal of 
droplet nuclei, splash dispersal seems most efficient in bringing about a 
very local vertical and horizontal spread within a tree, bush, or crop. Drip 
from leaves can produce large drops (often falling at less than their 
terminal velocity) from fine rain or mist consisting of drops which are too 
small themselves to splash efficiently. One feature of splash dispersal is 
that a spore can be splashed and resplashed, whereas in dispersal by dry 
air a spore once deposited is usually out of range of further eddies. 

Recent studies show tha\. raindrops falling on a dry surface can put 
many spores into the air by a quite different mechanism (Hirst, 1961; 
Hirst and Stedman, 1962). The rapid puff of air, moving ahead of the 
radially spreading splash of a raindrop during the millisecond after collision 
with a dry surface, probably accounts for the great increase in the dry
spore types sometimes found in the atmosphere after start of rain. 

F. Wind Transport 

Many fungi exploit the properties of moving air for dispersal, a habit 
they share with seeds and pollen of many flowering plants, with pterido
phytes, bryophytes, myxomycetes, and with the Streptomycetaceae (Acti
nomycetes). Wind dispersal seems particularly favorable for colonization 
and perhaps for transfer of genetic material, but more often diploidization 
seems to be by insects (which home more accurately on the target) or by 
rain splash. 

1. Physical Requirements 

Basically wind dispersal depends on air movement caused by pressure 
and temperature differences in different parts of the atmosphere. Properties 
making the atmosphere suitable for dispersal include: movement of wind, 
turbulence, viscosity, layering, and convection. As subsidiary factors we 
must consider the wind gradient near the ground, the pattern of atmos
pheric circulation, and solar radiation. 

It can be assumed that the properties of spores have arisen as adapta
tions toward liberation, dispersal, and deposition. Properties of dry air
borne spores affecting dispersal are: their shape, size, surface roughness, 
density, pigmentation, and possibly electrostatic charge. 

Wind speed varies with position. Movement may be slight in shelter 
among vegetation, and the speed usually increases with increasing height 
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above ground. Friction with obstacles on the ground slows the wind and 
generales mechanical turbulence. Heating of the ground by solar radiation 
produces thermal turbulence and convection. Air is viscous, and in still 
air spores fall under gravity at constant terminal velocities (Gregory, 
1961) depending on surface drag through the viscous air (Table 1). With-

TABLE I 
REPRESENTATIVI; TERMINAL VELOClTlLS DETERMINED EXPERIMENTAI.LV AND 

C .. LCULA TED TRAJE.CTORY TO GROUND ASSUMING NONTURBULENl" 

WIND MOVING AT I M SEC 

Estimated trajectory 

Observed 
Approx. tenninal Assumed 

spore size velocity liberation Distance 
Fungus (IL) (em/sec) beight (m) 

Helminthosporium 
sa/i)-'um 75 X 20 2.0 1m 50 

Puccinia recondita 
(uredospores) 25 X 20 1.26 1m 80 

Agaricus campeslris 8 X ... ~ 0.!3 5cm 40 

Lycoperdon pyri/orme 4 0.05 5 em 100 

out atmospheric turbulence the dispersal distance would be restricted to 
spore trajectories resultant from wind speed and terminal velocity (exam
ples in Table 1), whereas it is an observed fact that many spores occur 
in the atmosphere much higher than the point of liberation. 

For a model of dispersal we turn to the familiar smoke plume from 
a chimney, widening as it is diluted with smoke-free eddies while it travels 
downwind. Variations in the vertical temperature gradient and stability of 
the atmosphere can greatly modify the amount of vertical diffusion possible 
to such a plume. With industrial effluent from chimney stacks, live types 
of plume are recognized (U.S. Weather Bureau, 1955) which, on a smaller 
scale, are relevant to spore dispersal in wind. (I) Looping: in sttong lapse 
conditions (i.e., when the ground is heated by solar radiation, and tem
perature decreases rapidly with incteasing height) the plume shows loops 
as parts of it are carried up in ascending thermal eddies, and other parts 
carried down to ground by compensatory air movements. (2) Coning: 
under weak lapse conditions, common in overcast weather, the plume is 
shaped like a cone with a horizontal axis. (3) Fanning: with temperature 
inversion (e.g., air cooled by ground radiation to a clear night sky), the 
plume may fan out in the horizontal plane but fail to diffuse vertically. (4) 
La/ling: when the plume forms a cone in air with a normal temperature 
lapse above a temperature inversion, such as may develop at ground level 
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at sunset, particles may be unable to penetrate down into the inversion, 
at the top of which a large concentration may accumulate. (5) Fumigation: 
with a temperature inversion aloft, a large concentration may accumulate 
as the cone forms in a layer of air near the ground which is beginning 
to warm under solar radiation at sunrise. 

Under lofting conditions bubbles of heated air may rise intermittently 
from areas of vegetation where the ground layer is being heated by the 
sun. These bubbles may rise more or less vertically to considerable heights, 
carrying their spore load to the level at which cumulus clouds are being 
formed. Meanwhile cooler air is drawn horizontally to replace the bubble, 
and the usual eddy-diffusion processes continue until the next bubble 
forms. Buoyancy thus forms an additional mechanism by which spores can 
be carried upward, supplementing the normal upward diffusion due to the 
turbulence created by friction where wind flows over rough ground. 

Conditions for fanning are comparatively unusual out of doors. Because 
wind is usually turbulent some spores will reach the ground nearer and 
some much farther than their trajectories in streamline wind (Table 1) 
indicate. Streamline air may occur over smooth surfaces, or within a few 
centimeters of the ground, though here surface irregularities may set up 
stationary eddies. This streamline or laminar layer of flowing air is thicker 
at slower than at greater wind speeds, and it gets thinner as the wind 
speed increases. Spore liberation mechanisms serve to take spores across 
tbis-nonturbulent layer of air (in which they would sink under gravity) 
iuto the turbulent circulation of the atmosphere where there is opportunity 
for distant dispersal, both vertically to the top of the convective layer of 
the atmosphere and horizontally to an indefinite distance until the spores 
are removed from suspension by being deposited on surfaces or washed 
out of the air by rain. Before this happens, however, a spore may be 
damaged by desiccation or radiation and be unable to infect or even to 
germinate. Pigmented spores seem more resistant than hyaline ones to 
ultraviolet and visible radiation (Ward, 1893; Weston, 1931; English and 
Gerhardt, 1946). It is unlikely that loss of viability of spores in air 
modifies local dispersal processes, but dryness and radiation may well set 
a limit to long-distance dispersal, and although little is yet known about 
viability in air, fungi probably differ widely in their tolerance of these 
factors. 

2. Diffusion Theories 

Theoretical studies on the limits of wind dispersal began with Schmidt 
(1918) on the basis of his theory of turbulent diffusion in the atmosphere. 
Following this lead, Sehrodter (1954, 1960) estimated the "probable flight 
range," defined as the distance from the source at which 50% of the 
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particles liberated will have been deposited. Schrodter put the flight range 
for medium-sized spores (14 X 6 ~) at 800 km in a moderately turbulent 
wind of 2 m/sec. 

Meanwhile Sutton (1932, 1953) had put forward a different theory of 
eddy diffusion to predict the concentration of suspended matter at points 
in a diffusing c10ud as it trave1s downwind from the source. Sutton's equa
tions were modified by Gregory (1945) to allow for the fact that a cloud 
of fungus spores, emitted at ground level, is depleted by deposition on the 
ground over which it travels, and it was evident that a rapid decrease in 
concentration is to be expected within short distances of the source. For 
example when large spores are liberated at ground level over 90% should 
be deposited within 100 m of the source [not 99.9% as I stated in error 
(Gregory, 1952, 1958)]. This formula was modified by Chamberlain 
(1956; and see U.S. Weather Bureau, 1955) to allow for liberation at 
different heights above ground level. Later work, largely unpublished (see 
Gregory, 1962) using Chamberlain's modification of our 1945 formula, 
gives much shorter distances for the probable flight range than those 
predicted by Schrodter. 

Other formulations of atmospheric diffusion now being developed (Pas
quill, 1961; F. B. Smith, 1962) may prove valuable for predicting dispersal 
over longer distances, but meanwhile the modifications of Sutton's theory 
have proved satisfactory for distance of tens of meters (Gregory et al., 
1961; Sreeramulu and Rama1ingam, 1961). Such theories apply best to 
conditions favorable for coning of the plume, they apply only in simple 
conditions of dispersal over ground with uniform topography, and at best 
can be expected to hold for travel of only a few kilometers. Little is yet 
known about deviations introduced by topographical features and meteoro
logical incidents, and the justification for computing expected values for 
greater distances will lie mainly in detecting causes of deviation from 
expectation. 

3. Diffusion Experiments 

The problem of flight range can also be studied experimentally by liberat
ing spores artificially and trapping them at various points downwind. 
Spores of the club moss Lycopodium clavatum are often used for this 
purpose, and they have dimensions comparable with uredospores of rusts. 
The few experiments reported yield some rather surprising results. 
Sreeramulu and Ramalingam (1961) liberated known numbers of spores 
over level ground in India at a height of 0.5 m and trapped them on sticky 
slides placed horizontally on the ground along various radii from the mean 
wind direction and up to 30-40 m downwind of the source. Figure 1 shows 
the numbers of spores trapped per square centimeter at each sampling 
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point in one daytime experiment in which they liberated 9.39 X 108 

spores. By making the assumption that numbers trapped change linearly 
between sampling points the total number deposited within the sampling 
area can be estimated. In this experiment with wind averaging 4.3 m/sec, 
it seems that 8.1 % of spores liberated were deposited within 30 m. In 
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FIG. 1. P1an 01 samp}ing area in experimental E'oeration 01 Lycopodium spores 
(SreeramuJu and Ramalingam, 1961), showing numbers of spores trapped (and 
standard deviations) at various positions downwind from a point source, Abbreviation: 
a.g,/. = above ground level; Qo = number of particles liberated; QJ: ::::: total number 
of particles remaining in cloud after it has moved a distance x; c = coefficient of 
diffusion. 

another experiment under less turbulent conditions at night, 91.6% were 
deposited within the sampling area. The smaller spores of Podaxis used 
in a few tests gave a smaller percentage recovery. Table II summarizes the 
results from all similar published experiments known to me from which 
percentage recovery can be calculated. 

Figure 1 also exemplifies the rapid decrease in the numbers of spores 
deposited at distances of tens of meters from the source. Incidence of plant 
disease in the field also shows this effect when spread is from a point 
source. Spores of Peronospora tabacina from tobacco blue mold lesions, 
for example, produce leaf spots on plants for several meters downwind, 
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but beyond this lesions are few (Waggoner and Taylor, 1955). Informa
tion on this point is necessarily incomplete, however, as the total number 
of lesions produced from a source cannot be estimated, so the percentage 
beyond the area surveyed, possibly at great distances, cannot be estimated 
either. Results from experiments on percentage recovery (Table II) in-

TABLE II 
PERCENTAGE RECOVERY OF EXPERIMENTALLY LIBERATED 

SPORES WITHIN THE SAMPLING AREA 

Maximum 
Liberation distance 

height sampled 
Experiment (m) (m) 

Stepanov (1935) 1.0-1.5 40 
TilLetia caries spores 
(diameter 17!t) 

Gregory et al. (1961) 0.25-0.5 10 
Lycopodium spores 
(diameter 32 J..t) 

Sreeramulu and 0.5 day: 30 
Ramalingam (1961) night: 40 
Lycopodium spores " 

(diameter 32 ~) " 
Podaxis pistillaris spores 0.5 day: 35 
(diameter 14 X 11 J.t) night: 35 

Recovery 
in 

sector 
% 

8.6-11.2 

13.5-24.4 

5.4-12.1 
9.5-91.6 

0.23-0.48 
1.6 

dicate, as do theoretical considerations, that Schrodter's estimates of 
probable flight distance may be too large, but more experiments of this 
kind are needed. 

4. Dispersal Gradients 

The decrease in numbers of spores deposited (or in suspension) with 
increase in distance from the sonrce is called the dispersal gradient. There 
is always a spore-deposition gradient, but there may not always be a 
resulting infection gradient. Infection gradients are common in agriculture 
where large areas of susceptible tissue are exposed to infection. But in 
natural vegetation, approximating to equilibrium conditions, there may be 
countless spore-deposition gradients over ground where all available sites 
for fungal growth are already fully occupied, and a fresh mycelium will 
be established only occasionally when a new site arises (we know nothing 
yet about possible gene gradients in such communities). Spore-concentra
tion gradients can be measured in relation to a Ganoderma fruit body in a 
woodland, but this does not evoke a corresponding gradient of new 
Ganoderma pilei; neither do new agarics arise in a gradient around a "fairy-
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ring." The territory is ecologically closed to neW mycelia until some 
unspecified event happens. 

Published records of gradients have been compiled by Gregory (1945) 
and Wolfenbarger (1946, 1959). 

5. Termination of Dispersal 

a. Sedimentation. Wind dispersal of a spore can terminate in one of 
several ways. In still air or at very low wind speeds the spore may sediment 
under gravity-an effect seen under the pilei of agarics in closed vegeta
tion. Normally outdoor air is too mobile for such effects to be noticed, and 
in wind tunnel tests the effect of sedimentation was slight at wind speeds 
of 2 m/sec and upward. 

b. Boundary-Layer Exchange. This is a process which replenishes the 
laminar layer and thus allows even minute spores to sediment. The demar
cation between the laminar surface layer and the turbulent wind stream 
is not constant. From time to time spore-bearing eddies break into the 
laminar layer, remove spore-free air and leave in exchange small volumes 
of air laden with spores. These spores will sediment under gravity and pass 
out of the range of further eddies (see Chamberlain, 1962). Turbulence 
is more efficient than sedimentation in bringing down spores to the bound
ary layer where this exchange can occur. 

c. Impaction. When a small surface like a leaf or twig projects into the 
wind spores may be deposited by impaction on the windward side. The 
oncoming air stream has to flow around the obstruction but airborne spores 
will be carried toward the surface by their own momentum before they 
can in turn be deflected by the laterally deflected wind flowing around the 
obstacle (Gregory, 1951; Gregory and Stedman, 1953). Deposition by 
impaction is inefficient when small spores are blown slowly toward large 
obstructions; conversely it is more efficient when large spores are blown 
fast toward small objects. So it seems that large spores, in addition to 
carrying a bigger food reserve, have the advantage of being a favorable 
size for impaction on surfaces. Dry-spored, air-dispersed leaf pathogens 
usually have comparatively large spores (Phytophthora, Helminthosporium, 
uredospores, aeciospores, etc.). 

In contrast, dry-spored soil inhabitants are characterized by small 
spores, unsuitable for impaction (Penicillium, Aspergillus). Among vegeta
tion where the wind speed normally reaches an upper limit of about 
2 m/sec, spores of Lycoperdon perlatum (4-5 fl diameter) would not be 
impacted at all, even on objects as narrow as 1 mm in diameter. Evidently 
we must look to processes other than impaction to deposit the minute 
spores of puffballs, earths tars, and the common molds. The loose smuts 
of cereals (Ustilago spp.) with spores in the 8-9 f' range, would not be 
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impacted efficiently on leaves and sterns, but on surfaces as narrow as the 
glumes and stigmas of a grass impaction might reach an efficiency of 
50-75%. Agaricus campestris spores (7 X 61-') should be near the lower 
limit for impaction on grass leaves and stems at 2 m/sec. Uredospores of 
Puccinia graminis and conidia of Erysiphe graminis would impact on a 
wheat leaf with efficiencies near 40-60%. Eatrytis polyblastis, with spores 
up to 90 I-' in diameter, would also be relatively efficiently impacted on 
Narcissus leaves. 

Although a high impaction efficiency may be necessary to fungi attack
ing leaves and stems, it may be disadvantageous for spores produced 
among dense vegetation. Johnstone et al. (1949) point out that the ability 
of a particle to penetrate among close vegetation is the inverse of its 
impaction efficiency. In close vegetation a high impaction efficiency would 
lessen the chance of a spore getting very far from its point of liberation. 
The large-spored leaf and stern fungi appear as specialized impactors, 
whereas the minute-spored puffballs and molds are specialized penelrators, 
perhaps normally deposited by processes other than impaction. 

d. Turbulent Deposition. Spore-laden air flowing over horizontal sur
faces will deposit spores much faster than expected for sedimentation under 
gravity. In wind-tunnel tests, turbti1ent deposition increases with wind 
speed, and at 5-9 m/sec deposition may be as great on the under side of 
a horizontal surface as it is on the upper, an effect clearly not due either 
to impaction or sedimentation under gravity. 

e. Rain Wash. This process appears effective with small spores, which 
are deposited only inefficiently by other processes. In nature rain is prob
ably the most important factor in removing from the air the remnant of 
a spore cloud which has escaped deposition near the source (May, 1958; 
McDonald, 1962). 

Natural raindrops range in size up to about 5 mm in diameter (larger 
drops become unstable and break up into smaller drops during their fall); 
they have terminal velocities of 2-9 m/sec. The pick-up of small spheres 
in the path of falling raindrops has been studied theoretically. To judge 
from published data (see Gregory, 1961) the minute spores of Lycoperdon 
and the soil-inhabiting penicillia would fail to be collected at all by drops 
smaller than I mm in diameter, but efficiency of collection would rise to 
a maximum of about 15% with drops 2 mm in diameter, decreasing again 
with still larger drops. Basidiospores of Agaricus campeslris should begin 
to be collected by raindrops over 0.2 mm in diameter, reach a maximum 
of 30% efficiency with 2.0 mm, and decrease slightly with larger diameters. 
Collection of Til/etia caries spores, of Puccinia uredospores and of conidia 
of Erysiphe graminis would occur with any possible raindrop, reaching a 
maximum of about 80% efficiency with drops 2.8 mm in diameter. 
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The spores of Ustilago are not easily wetted, but are nevertheless readily 
collected by rain. In one test, 2 mm of rain falling during 2 honrs brought 
down 200 times as many spores as were deposited during the whole day 
on a similar area exposed to wind but screened from rain (Hirst, 1959). 
The transport of Ustilago in falling raindrops may indeed playa role in 
infecting the developing ear of a cereal plant (Malik and Batts, 1960). 
Little is known of the pick-up by raindrops of anisometric spores, and h()w 
properties other than terminal velocity affect pick-up. Davies (1961) 
showed that wettable spores of Cephalosporium, Fusarium, Verticilliwn, 
and Pullularia (A ureobasidium) are carried within raindrops, but the 
"nonwettable" spores of Aspergillus, Cladosporium, and Penicillium adhere 
to the surface of the drop. He also observed that when the drop rolls 
over a nonwettable leaf snrface, nonwettable spores will tend to be 
deposited in the rear of the drop, but wettable spores will be carried 
onward with the drop until it comes to rest. 

III. RESULTS OF WIND-DISPERSAL PROCESSES 

A. Vertical Distribution 

As a result of the spore-liberation mechanisms, wind, atmospheric 
turbulence, and convection, the atmosphere is populated with fungus spores 
(Stakman et al., 1923). In general over land the concentration decreaSes 
logarithmically with increasing height above ground level, but many devia
tions from the ideal pattern have been recorded (Gregory, 1961, p. 134). 

~- ~ Below rain clouds, the air may be washed free from spores; concentrations 
may be greater below a temperature inversion; convection may bring 
bubbles of spore-laden air among relatively spore-free air. 

1. Over Land 

Records of Puccinia graminis uredospores trapped by aircraft fiying over 
southern Manitoba in 1930-1931 are particularly instructive (Craigie, 
1945). A selection of these is shown in Fig. 2, where curves A and D 
during rust outbreaks approach the ideal pattern of a logarithmic decrease 
with height. Here the spores were presumably of local origin, carried up 
from below by thermal and frictional turbulence. On the other hand curve 
B is interpreted as exemplifying the vertical distribution pattern when 
rust spores are being transported from a distant source to an area which 
itself is not producing spores, but which instead is acting as a "sink," 
removing spores from the lower part of the air mass. In this case the lower 
part of the spore cloud was depleted by various processes (ground deposi
tion, rain wash), and the uredospore concentration, although small, was 
four times as large at 14,000 feet as it was at 1000-5000 feet. Pattern C, 
during the height of a moderate rust outbreak in 1931, shows very uniform 
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concentration from 1000 to 5000 feet, but very few spores at 7000 feet 
and over. In Fig. 2, assuming an ajr speed for the plane of about 150 mph 
and a sampling efficiency of 100% for the apparatus used, the concentra
tion at 1000 feet would be approximately 1000 spores/ ms for A , and 0.1 
spores/ma for B. 

5 

A 

4 
C 
D 

-:;: 
c 3 0> 
E 

'" '" (; 
a. 
'" 0 
"0 2 
~ 

::J 

B----- ....... 

3 5 7 10 14 
All. feet (.1000) 

FIG. 2. Numbers of uredospores of Pucciflia gramiflis (plotted as: loglO II + 1) 
trapped per square centimeter of sticky sllde per 10 minutes of flight at various 
altitudes over southern Manitoba during rust epidemics (Craigie, 1945) . A . August 
5, 1930; B. June 22, 193 1; C. July 27,1931 ; D. August 5,193 1. 

2. Over Oceans 

Trapping from aircraft reveals a by no means negligible spore concentra
tion over oceans; for example at 9000 feet over the North Atlantic, Pady 
and Kelly (1954) recorded up to 137 fungus spores/ ms in an air mass 
of polar origin and 530/ m3 in a tropical air mass. Newman (1948) also 
found considerable numbers of fungi at 4000 feet over the Tasman Sea. 
Records suggest that in mid-ocean there are fewer spores near the surface 
of the sea than at greater altitudes; perhaps spores are removed from the 
wind near the surface during travel over water by various processes includ
ing rain and spray wash. However the sampUng methods used in aircraft 
and shjps have not been comparable, so that the reality of the inverted 
concentration gradient over the ocean is still unconfirmed. 
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B. The Air Spora near the Ground 

Air near the ground contains a constantly changing population of spores 
of fungi, as well as of other organisms and pollen. This constitutes the air 
spore flora or "air spora," and a great impetus was given to its study 
when Hirst (1952) developed the automatic volumetric spore trap. 
Changes in composition of the air spora with season in a temperate climate 
are illustrated by Gregory and Hirst (1957) and Lacey (1962). In tem
perate countries, as would be expected, different components of the air 
spara reach their maximum concentration at different seasons. A dry 
summer day has a characteristic air spora, usually dominated by Clado
sporium spp., smuts, rusts, etc. This spara is soon removed by rain (often 
after a transient increase at the onset of the rain) and replaced by a damp
air spora (Hirst, 1953), which is characterized by ascospores and by many 
hyaline undistinguished-looking spores. At night the spora again changes, 
the daytime Cladosporium cloud disappears and is replaced by basidio
spores of Sporobolomyces, polYl1ores, boleti, and agarics, and by asco
spores. 

Most of the fungi of the air spora are saprophytes, but a substantial 
percentage are plant pathogens, a few are pathogens of animals (among 
which spores of Entomophthoraceae probably predominate), and some 
are potentially allergens. In certain localities such human pathogens as 

___ Histoplasma capsulatum and Coccidioides immitis evidently occur in the 
air (Furcolow, 1961; C. E. Smith et al., 1961). 

The air spara varies according to weather, locality. season, and time 
of day. A study by Lacey (1962) illustrating its main variations is based 
on visual identification of the catch in Hirst spore traps. At 0.5 m above 
ground level near a small stream in southern England, air was sampled 
continuously from May 14 to September 25, 1958. The mean concentra
tion of fungus spores in the air over this period was nearly 30,000 
spores/m'. Of these 57% were classified as spores 01 basidiomycetes (in
cluding 35% of Sporobolomycetaceae). Another 14% were classified as 
ascospores, and 17% as fungi imperfecti (including 15% Cladosporium). 
Spores not classifiable in any of the groups cited totaled 11.8%, while 
phycomycetes (mainly Peronospora type) and mycelial fragments each 
made up 0.1 %. The combination of visual (microscopic) with cultural 
trapping methods has given comparable but more precise results in studies 
of the aeromycology of Kansas (e.g., Pady and Kramer, 1960). 

C. Spread over Long Distances 

Controversy has raged over the significance of wind dispersal; some con
sider that its effectiveness is extremely local, pointing out for example that 
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although Endothia parasitica discharges ascospores freely into the air it 
has spread relatively slowly on chestnuts in the United States, and was 
arrested for 10 years by a tract 30-40 miles wide free of chestnut trees. 
Parker-Rhodes (1950) suggests that 2 miles of open water may be suffi
cient for the genetical isolation of a population of Panaeo/us papilionaceus. 
In contrast, Stover (1962) considers that ascospores of Mycosphaerella 
musicola must have been carried at high altitudes by winds from eastern 
Australia to the Caribbean in 1933. The rapid decrease in number of 
lesions of plant pathogens within quite short distances of a source of infec
tion, which on extrapolation rapidly approaches zero, is sometimes quoted 
as evidence of poor distribution of spores in air, but this is fallacious 
because the total number of lesions outside the area surveyed is unknown. 
Others point to the records of spores trapped at high altitudes over land, 
and on flights over oceans and polar regions (Section III, B, 2). There 
is good evidence on both sides of the controversy, and clearly a dilemma 
has to be resolved. 

Meanwhile the phenomenon of long-distance spread has been demon
strated for the cereal rusts by the concerted efforts of a generation of 
scientists in laboratories scattere.~ over North America (for summaries see 
Craigie, 1940, 1945; Stakman and Harrar, 1957). To simplify a complex 
story, Puccinia graminis and P. recondita for various reasons do not survive 
the cold winters of the northern part of that continent or the hot dry 
summers of the southern part. Spring-sown wheat in the northern United 
States and Canada receives spore showers of these fungi annually from 
rusted autumn-sown wheat in Mexico and Texas. In some years it moves 
by a succession of short jumps with intervening pauses for local multiplica
tion, but in other years spores travel for hundreds of miles when atmos
pheric pressure distribution produces southerly winds. Similarly, winter 
wheat in the south becomes infected during the autumn by spore showers 
from the north. Long-distance transport of cereal rusts occurs also in 
India (Mehta, 1952), in the U.S.S.R. (see Chester, 1946), and in Western 
Europe (Ogilvie and Thorpe, 1961). There is no reason to suppose that 
these cereal rusts are peculiar in the way they behave-they are simpler 
to study because their migration is obligate, but many other fungi which 
are less well studied may also migrate long distances annually. Much of 
this long distance migration probably goes on undetected, and although 
quantitatively less successful than local transport, it must be accepted as 
normal in airborne fungi, except for the most fragile organisms. 

Eddy diffusion theory and spore liberation experiments agree in principle 
that a substantial proportion of spores liberated near ground level are 
deposited close to the source. But a proportion still escape deposition near 
the source and are likely to be carried high into the atmosphere where 
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they can be widely dispersed. Such may be the explanation of the dilemma 
outlined earlier. 

D. Extension of Geographical Range 

There is no theoretical reason why windborne spores should not be 
carried in small quantities between any two parts of the globe. The fact 
that some fungi are more limited in distribution than their growth require
ments indicate, suggests that their viability limits their distribution, and 
that they may be unable to cross oceans and deserts on the winds. Exten
sion of geographical range then has to wait on transport by some other 
route, commonly human activity. Far-reaching results may ensure when 
a plant pathogen is introduced into an area previously uninfested (Wood
ham-Smith, 1962). 

Puccinia polysora is one of the rust fungi attacking maize (Zea mays). 
There is evidence that it has been in the southeastern United States at least 
since 1879; probably for longer, because American host varieties sustain 
little damage, as though a balance had been established by selection. In 
1949 the fungus suddenly appeared causing a severe disease of maize in 
Sierra Leone where, unlike American maize varieties, the African ones 
were highly susceptible and the attack was crippling. Once established in 
Sierra Leone it spread, evidently by wind, reaching all other parts of West 
Africa by 1951, Congo and East Africa by 1952, Rhodesia and Madagas
car by 1953, and the remote islands of the Indian Ocean by 1955 (Fig. 3). 
Simultaneously another focus was developing, apparently starting in the 
Philippines in 1948, and spreading successively to Malaya and Siam, 
reaching Queensland in 1959 and Fiji in 1961. 

Cammack (1959) has considered possible modes of immigration of 
P. polysora into Africa and rejected the possibility of wind transport in 
favor of introduction by aircraft with seed corn or corn-on-the-cob. Evi
dently until about 1949 the fungus lived inconspicuously in America on 
tolerant varieties, separated from vast areas of highly susceptible maize by 
the Atlantic Ocean which formed an impassable barrier to natural spread 
by wind. Once established in Africa natural barriers were insufficient to 
prevent its spread by wind east and south over the rest of the continent, 
doubtless in a series of hops, at the average rate of about 750 miles per 
year. 

The spread of tobacco blue mold (Peronospora tabacina) is also well 
documented. This fungus was first described in Australia in 1890. It did 
not succeed in crossing the drier areas of that continent to reach Western 
Australia until 1950. It appeared in North America in 1921 and in South 
America in 1938. Its invasion of Europe has been spectacular. It first 
occurred in England and Holland in 1958, probably introduced by aircraft 
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(Klinkowskj, 1962) . By the following year it was well-established in Ger
many, and by 1960 it had invaded nearly all Europe including Eastern 
Russia; France, Belgium, and Germany lost 60-65% of their tobacco 
crop. By 1961 it had reached Tunisia, Algeria, and Greece; and in 1962 
it reached Turkey, Morocco, Syria, Lebanon, and Persia, averaging ap
proximately 700 miles per year since its first discovery in Europe. 

FIG. 3. Occurrence of Puccinia poly.~ora in America, and spread from new foci in 
West Africa and the Philippine Islands (with acknowledgments to R. H. Cammack). 

IV. CONCLUSIONS 

Assuming that it is advantageous to a species to occupy the maximum 
amount of habitat, and to distribute and store material for genetic varia
tion, we can now contrast the effectiveness of various dispersal methods. 
Autonomous dispersal (including mycelial extension) is extremely limited 
in range. Splash clispersal is Jess restricted and occurs in weather often 
favorable for spore germination. Dispersal by insect vectors has a precision 
other n1ethods lack, and can cover long distances, although comparatively 
slowly. Wind transport can cover long distances rapidly, but landing is 
hazardous and must often occur under conditions unfavorable for further 
growth; for success spores must be produced in vast numbers. The most 
spectacular extensions of geographical range occur when an efficiently 
wind-dispersed fungus is carried across its natural barriers by man's power
driven transport. 
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I. INTRODUCTION 

Spores are both the end and the beginning of the development of fungi. 
. As the climax of the life history they are found frequently to have a 

specialized and complex morphology, which differs from that of vegetative 
cells. Moreover, spores may be associated with sexual reproduction and 
the morphological and metabolic controls with which this process is asso
ciated. At the same time, spores arc embryonic in function to the extent 
that they retain the capacity for rapid and sustained growth and mitotic 
activity. Therefore, th_ey are embryonic in function and resemble the 
totipotent cells of higher organisms in this respect. Such developmental 
versatility, and the important role that spores play in nature, make them 
a favored object of research in basic and applied biology. 

The classic book by de Bary (1887) summarizes the knowledge of spore 
germination up to that time and defines many of the problems in this field. 
Reviews of work performed at the beginning of this century and before in
clude those of Duggar (1901), Ferguson (1902), Dodge (1912), and 
Doran (1922). Germination has been reviewed for the slime molds (Smart, 
1937), phycomycetes (R. Emerson, 1950), yeasts (Tites, 1926), smuts 
(Davis, 1924; Fischer, 1951), rusts (Arthur, 1929), and other basidio
mycetes (Fries, 1943; Kneebone, 1950) and Aspergillus niger (Yanagita, 
1964). Recent general reviews include those of Wolf and Wolf (1947), 
Hawker (1950), Gottlieb (1950), Lilly and Barnett (1951), V. W. Coch
rane (1958), and Sussman (1965a). 

1 The author would like to acknowledge the financial support provided by the 
National Science Foundation during the writing of this paper. 
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II. TERMINOLOGY OF DORMANCY AND GERMINATION 
A variety of states, based upon metabolic intensity, have been described 

for organisms. These range from the active, or vegetative, condition of 
most organisms, to the cryptohiotic state which is imposed by temperatures 
low enough to vitrify the contents of cells. The latter state also has been 
referred to as ametabolism, anabiosis, abiosis, anhydrobiosis. and latent 
life (Keilin, 1959). Dormant metabolism lies somewhere between these 
extremes. 

"Internal" and "external" factors influencing dormancy were identified 
by Doran (1922). He included among the internal ones the maturity of 
the spore, its longevity and "animation," and "a poorly understood factor 
which may be called vitality .... " On the other hand, temperature, light, 
water, oxygen, nutrients, and toxic substances are included among the exter
nal factors. Such a dichotomy also was recognized by Mandels and Norton 
(1948) and is discusseCl·by Sussman (1965a), from which the following 
definitions are taken: 

Dormancy-any rest period or reversible interruption of the phenotypiC 
development of an organism. 

Constitutional dormancy-a condition wherein development is delayed 
due to an innate property of the dormant stage such as a barrier to the 
penetration of nutrients, a metabolic block or the production of a self
inhibitor. 
Exogenous dormancy-a condition wherein development is delayed be
cause of unfavorable chemical or physical conditions of the environment. 
Maturation-the complex of changes associated with the development of 
the resting stage of dormant organisms or of the germinable stage in those 
without a dormant period. 
A ctivation-the application of environmental stimuli which induce ger
mination. 
Afterripening-the treatments undergone in nature which lead to germi
nation; activation under natural circumstances. 
Germination-a process which leads to the first irreversible stage which 
is recognizably different from the dormant organism, as judged by physi
ological or morphological criteria. 

The distinction between these terms may become clearer by using the 
example of the oospores of Phytophthora caetorum (Blackwell, 1943) 
that require a 3- to 4-week delay or "maturation" period until nuclear 
fusion is accomplished. An "afterripening" period of 6-7 months follows 
which can be reduced by freezing the spores. Thus, "maturation" precedes 
"afterripening," which, in turn, can be abbreviated through Hactivation" 
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by low temperatures. In contrast to oospores of P. cactorum, maturation 
occurs before the spores are shed in the case of many other spores. Fur
thermore, the afterripening period may be very short, or extended over 
several years, as in Peronospora schleideniana [Po destructor) (McKay, 
1935, 1939). 

A prerequisite for dormant cells is the ability to survive environmental 
upsets that would be lethal to the organism at other stages of its develop
ment. Moreover, a corollary of these definitions is that constitutional 
dormancy will not exist in ephemeral organisms, for selection favors, among 
organisms lacking resistance, those which germinate rapidly (Garrett, 1956; 
Sussman, 1965b). 

Resistance is not restricted to spores, for the vegetative mycelium of 
fungi can often survive drastic environmental conditions (Zimmerman, 
1925; Hawker, 1957). Survivability of the vegetative organism may be 
effected without changes "in, its structure, or morphological alterations may 
occur in response to environmental pressures (Hawker, 1957). Usually, 
however, fungi persist through the formation of special resistant stages 
such as modifications of the mycelium like "dauerzellen" of yeasts, or the 
chlamydospores of other fungi. Aggregates of hyphae, including sclerotia, 
rhizomorphs, and parts of fruiting bodies also may serve to perpetuate 
tlie fungi. However, spores usually are the most resistant of the stages in 
the fungus life history (Sussman, 1965b; cf. chapter by Sussman in 
Volume III of this treatise). 

III. MEANS OF ACTIVATION 

Return to the conditions which permit vegetative deve10pment breaks 
environmentally induced dormancy. On the other hand, according to the 
definition given previously, constitutive dormacy can be overcome only 
by a treatment that is not required by the organism during vegetative 
development. Thus, organisms which are constitutively dormant will fail 
to develop even when provided conditions under which vegetative develop
ment will proceed, unless an activation treatment (trigger) is applied. 

Various physical and chemical factors serve as activators including 
temperature, light, moisture, and various chemicals (Sussman, 1965a). 
Frequently, a combination of treatments is required whereby more than 
one environmental variable must be manipulated before activation is ac
complished. In any case, it is often possible to relate the treatment required 
to the distribution of the organism in nature, thereby defining the selective 
advantage which accrues to a particular trigger. However, this is not 
invariably the case and the biological role of some activators remains 
undefined. 
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A. Temperature Extremes 
The requirement for a heat shock appears to be most characteristic of 

ascomycetes although spores of Phyeomyces blakesleeanus require treat
ment at 50'C to germinate (Sommer and Halbsguth, 1957). Many of 
these are coprophilous, and it is possible that the requirement for heat is 
associated with their passage through the digestive tracts of animals and 
subsequent incubation in an environment in which high temperatures are 
generated by microbial action. 

Dodge (1912) appears to have been the first to have used temperatures 
in excess of body temperature when he treated spores of Aseobolus carbo
narius at 70'C. Previously, however, Welsford (1907) had shown that 
37°C would activate spores of A. furfuraeeus. Temperatures in the range 
of 40°C also have been reported to activate spores of Reticularia sp. (Jahn, 
1905) and Ustilago strii/ormis (Kreitlow, 1943), and conidia of Neuro
spora sitophila (Ishii and Miyamoto, 1954). 

"-
Wide differences exist in the time needed to break dormancy at low 

temperatures. There is a range of 3 hours in the case of aeciospores of 
Puccinia graminis to 5 or 6 months in the resting spores of Physoderma 
and spores of Tilletia caries. However, factors like maturity and the source 
of the spores influence the duration of the treatment, as in the case of T. 
caries, which can germinate in 16 days at 3°C (Gassner and Niemann, 
1954) but are said by C. S. Holton (1943) to require 5 months at 4°C. 

Often a distinction has to be made bewecn the temperature that is 
optimal for afterripening and that for germination. Thus, frequently it is 
necessary to transfer the organism from the low temperature at which 
it is afterripened to its optimum for germination, which is usually between 
15° and 30°C. The basidiomycetes listed by Kneebone (1950), as well 
as several others noted in the review by Sussman (1965a), fan in this 
category. 

An interesting correlation exists in that those fungi for which high 
temperature serves as an activator are mainly saprophytes. By contrast, 
the large majority of fungi which respond to cold-treatment are pathogens 
or mycorrhizal fungi, including a large number of basidiomycetes. 

B. Light 

As in the case of the organisms which respond to cold-treatment, those 
that are activated by light are mostly parasites and, of these, the basidio
mycetes are in the majority. This generalization holds except for a few 
saprophytic phycomycetes which appear in the list assembled by Sussman 
(l965a). It is reasonable to suppose that, as might be the case for the 
cold temperature requirement, light is a means through which an environ
mental signal helps to synchronize the activities of the host and pathogen. 
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Different spore types of a single organism may respond differently to 
light. For example, whereas the teliospores of puccinia graminis germinate 
better in light (Sibilia, 1930), its uredospores do not require light to 
germinate. 

A variable that must be considered is the age of the spore, for Hahne 
(1925) mentions that only older spores of Til/etia tritid [T. caries] and 
T. levis [T. foetida] require light whereas those that are younger than 
two years old germinate in the dark. Furthermore, Meiners and Waldher 
(1959) note that two collections of T. cerebrina were inhibited by light 
but the germination of a third was stimulated. 

Interaction between light and temperature is demonstrated in the work 
of Gassner and Niemann (1954) which shows that the proper combination 
of these factors is required for the germination of several rusts. 

Unfortunately, little detailed information is available as to the action 
spectra and exact quantities of 'light needed to break dormancy in fungus 
spores. Hebert and Kelman (1958) have shown that as little as 0.1-0.2 
foot-candles of illumination for 8 hours daily effected significant increases in 
the germination of resting sporangia of Physoderma maydis. Blue light 
was most effective, as in the case of conidia of Oidium monilioides (Sempio 
and ~lIstori, 1950) and the other fungi studied. 

C. Chemicals 

Various complex media have been used to activate fungus spores in
cluding extracts from seedlings, oils, leaf distillates and wood products, 
diffusates from yeasts and other microorganisms, self-activators, paraffins, 
and soil extracts. 

A variety of substances has been found to serve as triggers within the 
different groups of fungi, except for the Myxomycetes, for which Elliott 
(1949) has found sodium glycocholate and sodium taurocholate to be 
effective with spores of over 50 species. Solvents like alcohols and acetone, 
which also function as wetting agents, activate ascospores of Neurospora 
tetrasperma (Sussman et al., 1959), uredospores of Puccinia graminis f. sp. 
tritici (French et aI., 1957), spores of Urocystis tritici [U. agropyri) (Noble, 
1924), and conidia of Penicillium frequentans (Dobbs and Hinson, 1953). 
Other solvents, like chloroform and ethyl ether, have similar effects, as does 
furfural, which activates ascospores of several pyrenomycetes (Sussman, 
1965a) and the several aldehydes used by French et al. (1957) with 
uredospores of Puccinia graminis f. sp. trifid. 

Many naturally occurring compounds induce germination including 
esters (Brown, 1922), indoleacetic acid (Van Sumere et al., 1957), lac
tones (Allen, 1955; French, 1961), organic acids (Duggar, 1901), amino 
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acids (Yanagita, 1955), and vitamins (von Giittenberg and Strutz, 1952). 
Inorganic materials and drugs of several types also have been used. 

However, the role of some of these substances must be interpreted with 
caution because it is not clear whether they are required as activators, Or 

for subsequent development. Moreover, many of the older experiments 
were performed without adequate control of pH so that the specificity of 
the data can be questioned along with the purity of the chemicals (VOn 
Guttenberg and Strutz, 1952). 

Endogenous stimulators of germination have been found in spores ()f 
myxomycetes (Smart, 1937), uredospores of Puccinia graminis f. sp. tritid 
(Ezekiel, 1930; French et al., 1957), and a factor from Agaricus caff/
pestris, which may be 2,3-dimethyl-l-pentene (McTeague et 01., 1959), 
enhances the germination of its own basidiospores. Considerable effort has 
gone into identifying the stimulator from wheat rust uredospores, and 
French and Weintraub (1957) have suggested that it might be n-nonanal 
(pelargonaldehyde). But there is reason to believe that the natural fact()r 
is very labile so that this conclusion may be questioned. 

D. Miscellaneous Activators 
'-

Alternate wetting and drying has been suggested to be the equivalent ()! 
freezing (Arthur, 1929), and is especially effective with rust spores (Mane
val, 1922). High and low temperature fluctuations also may serve to dis
rupt dormancy in spores, including teliospores of Puccinia glumarum [Po 
striiformisl (Raeder and Bever, 1931) and resistant sporangia 01 Blasto
cladia pringsheimii (Blackwell, 1940). This kind of fluctuating environ
ment, along with wetting and drying, may describe the "overwintering" 
treatment received by many spores in nature. 

Floating or soaking of spores have been described as effecting the ger
mination of rusts (Arthur, 1929) and Noble (1924), C. S. Holton (1943), 
and Lowther (1948) specify that smut spores must be presoaked belote 
maximal germination is possible. The self-inhibitors of rusts (Allen, 1955) 
and of Erysiplze graminis (Domsch, 1954) probably are dissipated by 
this means. 

The transfer of spores to distilled water, or to a dilute medium, is some
times a means of activation as in the case of Blastocladiella (Cantin1), 
1951). In this case the "cracking" of the pitted wall of the resting sporall
gium is inhibited by even trace amounts of anions like NO;; and CO; 
so that the old medium must be replaced by one containing low levels ()f 

these substances. 
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IV. MECHANISMS OF DORMANCY 

A. Constitutive Dormancy 

739 

Innate properties of the cell determine this type of dormancy. Therefore, 
all restraints upon development which originate within the spores them, 
selves are included in this category. These restraints include permeability, 
anhydrobiosis, and self-inhibitors and will be discussed below. 

1. Permeability 

A classic explanation of dormancy has been that a permeability barrier 
must be breached before germination can be induced. Some of the ob, 
servations that lent credence to this suggestion established that dormant 
periods were markedly curtailed when resting stages were formed under 
conditions that resulted in the formation of abnormally thin cell walls 
(Brierley, 1917; Gwynne-Vaughan and Williamson, 1933; Stuben, 1939). 
Moreover, Blackwell (1935) and McKay (1939) have drawn attention to 
the fact that the oospores of Peronospora destructor seem to germinate 
only after much of the thi,k outer wall has been autodigested, and others 
have shown that cracking of the outer wall of sporangia of A llomyces, 
(Machlis and Ossia, 1953) and Blastocladiella (Cantino, 1951) must 
precede germination. But in none of these cases has permeability been 
studied. so the correlation is incomplete. 

_------ This question was studied in some detail in ascospores of Neurospora 
tetrasperma which can germinate in conductivity-grade water (Sussman, 
1954), so it is unlikely that changes in permeability to dissolved substances 
is involved in their dormancy. Nevertheless, experiments did indicate that 
distinct changes do occur at about 150 minutes after activation. Permeability 
to water has been tested by suspending ascospore, in concentrated glycerol. 
Under these conditions, even dormant cells quickly become shrunken and 
an air bubble appears suggesting that water can leave the cell freely (un
published observations of the author). Dehydrated cells regain their turgor 
in water and retain their viability as well so that ingress of water is not 
blocked either. 

Conidiospores of Phycomyces blakesleeanus which have been activated 
by acetate have been shown by Borchert (1962) to undergo a drastic 
Change in permeability to heavy metals. However, heat-activated ones 
change only after an hour after treatment so that the relation of permea
bility to dormancy in this case is not clear. Enzymatic treatments which 
may affect the wall appear to enhance germinability (Brierley, 1917) and 
the response to activating chemicals (Lowry et al., 1956). However, as in 
the cases discussed above, no definitive evidence exists to link the breaking 
of dormancy to a change in permeability. 
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2. Anhydrobiosis 

Although this mechanism frequently has been invoked to explain bac
terial spore dormancy (Lewis el al., 1960), it has not been applied very 
often to fungus spores. The data which reveal ascospores of Neurospora 
to be permeable to water would tend to rule out anhydrobiosis as a mecha
nism in this case. Moreover, hydration may prevent germination in the 
powdery mildews (Brodie and Neufeld, 1942), instead of inducing de
velopment. Therefore, there is little evidence to support the concept that 
anhydrobiosis is a determinant of dormancy in the fungi. 

3 . Self-Inhibitors 

The fact that high concentrations of certain spores germinate less well 
than lower ones has led to the suggestion that self-inhibitors are present in 
these organisms. For example, Boyd (1952) has shown with Fusarium 
caeruleum that when a concentration of 2000 conidia per field is used, 
only 1 % germinate. Self-inhibitors may be present in a variety of orga
nisms, including conidia of Glomerella cingulata (B. T. Lingappa, 1963), 
Erysiphe graminis (Domsch, 1954), and Peronospora rnanshurica (Dun
leavy and Snyder, 1963), uredospores of Puccinia grarninis f. sp. Iritici 
(Allen, 1955), and uredospores'·and aedospores of P. sorghi and P. pur
pureurn (Le Roux and Dickson, 1957). 

Another source of self-inhibitors may be those sporangia in which 
germination does not occur. For example, von Stosch (1935) showed that 
spores of Didymium did not germinate within the sporangia, even under 
high humidities. Therefore, control is probably exerted this way in other 
cases, although instances are known where spores do germinate within 
sporangia (Chamberlain and Allison, 1945; Schnathorst, 1959; Benjamin, 
1963 ). 

Allen (1955) was the first to study the properties of the inhibitory 
materials aud he was able to demonstrate that the germination of ure
dospores of P. graminis f. sp. tritici was inhibited across an air gap by 
emanations from actively metabolizing spores. Carbon dioxide was ruled 
out in this case but must be considered a possibility in other instances 
where this gas in low concentrations prevents germination (Stock, 1931; 
Magie, 1935). 

The chemical nature of the inhibitor from uredospores of P. graminis 
f. sp. trilici was investigated by Forsyth (1955) who found a parallel be
tween the inhibitory activity of trimethylethylene and that of the natural 
inhibitor, and similar means of counteracting their inhibitory effects were 
noted. Similar absorption spectra in acetone were found thereby strength
ening the possibility that trimethylethylene is the inhibitor. Trimethylamine 
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has been isolated from spores of Tilletia caries and shown to inhibit germi
nation in low concentrations (Ettel and Halbsguth, 1963), and these 
workers suggest that this substance is the endogenous inhibitor of smut 
spores. 

Nonvolatile inhibitors that are isolable from uredospores of P. graminis 
f. sp. tritici have been described by Van Sumere et af. (1957). Of these, 
only ferulic acid inhibited at all concentrations down to 1 [tg/ml so that it 
may have a physiological role of significance in vivo. Glutamic and aspartic 
acids were reported to be self-inhibitors of germination of uredospores of 
Uromyces phaseoli [U. appendiculatus] (Wilson, 1958), but this has been 
disputed by Bell (1960). 

4. Metabolic 

The striking increases in_,respiratory rates that ensue upon the activation 
of many types of dormant cells suggests that important metabolic changes 
occur at this time. This is borne out by the fact that different physiological 
stages are distinguishable during germination even though no morphological 
changes are discernible. Furthermore, abundant instances have been pre
sented by Sussman (1965a) to illustrate the fact that the optimum tem-

__.perature for growth often differs from that for germination. Therefore, 
__ - it is reasonable to expect that the induction of dormancy in some cases 

is associated with a metabolic block or with a nutritional deficiency that 
must be removed before germination can occur. As a matter of fact, 
Fries (1948) has provided experimental evidence to suggest that there 
might be some selective advantages in heterotrophy, under certain con
ditions, inasmuch as mutant conidia of Ophiostoma multiannulatum sur
vive longer than do those of the wild type. 

An instance where a nutritional requirement is unique for spores, as 
compared with vegetative mycelium, has been studied by Schopfer (1942) 
with RhizopliS suinus. In this case, meso-inositol is required only for 
zygospore germination, not for the subsequent development of the hyphae. 
Although other spores have been shown to germinate in response (0 niacin
amide (von Giittenberg and Strutz, 1952), thiamine (Hawker, 1950), and 
I-alanine (Yanagita, 1955), it is not clear whether mycelial growth is en
hanced by these substances as well. If this were the case, then the meta
bolic block inducing dormancy is probably not associated with these 
requirements. 

The discussion above underlines the fact that nutritional data can only 
be suggestive of the basic mechanisms underlying dormancy and that 
definitive evidence must come from studies of the enzyme systems which 
are present in the organism during its separate stages. The difficulties 
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involved in this approach are many, for not only must large quantities of 
spores be obtained for such experiments but one is always confronted with 
the question of the nature of the primary reaction that triggers germination. 
It is to be expected in a process involving several enzymatic steps that the 
activity of many enzymes may change during germination. Which step, 
then, is the one that is affected by the activating treatment, thereby setting 
in motion the biochemical and physiological changes that are described 
later? Moreover, the above analysis has assumed that a single key reaction 
in a catenary sequence is responsible for the activation process, but it 
is also possible that models based upon multiple loci would also furnish 
a satisfactory explanation of this process. 

The first attempt to analyze the effect of metabolic triggers upon acti
vation was that of Goddard and Smith (1938) who showed that the 
anaerobic CO2 production of ascospores of Neurospora tetrasperma in
creased in proportion to the number of germinating cells. The presence 
of the enzyme pyruvic carboxylase was inferred from experiments wherein 
pyruvic acid reversed the toxicity of fluoride for anaerobic carbon dioxide 
production. On the other hand, dormant cells were considered to lack this 
enzyme because exogenously add",d pyruvate failed to stimulate the fer
mentative release of carbon dioxide. On this basis it was suggested that 
the metabolic block that imposed dormancy upon these ascospores was 
due to the lack of pyruvic carboxylase whose presence in activated cells 
permitted germination to proceed. This suggestion was examined by Suss
man et al. (1956) who determined the pyruvic carboxylase activity of 
dormant, activated, and germinating spores and showed that extracts 
prepared from all these sources contained the enzyme. Although the ac
tivity of the dormant cell extracts was lower than those in the other cases, 
it was sufficient to account for observed rates of carbon dioxide evolution 
in activated spores. In addition, it was shown that the coenzyme, diphos
phothiamine, was present in almost equivalent amounts in dormant as well 
as germinating spores. 

Therefore, another mechanism has been proposed, based upon the 
observation that trehalose occurs in large amounts in dormant ascospores 
of Neurospora (B. T. Lingappa and Sussman, 1959; Sussman and Lin
gappa, 1959) but is used only after activation is accomplished (Fig. 1). 
On the basis of the latest work on this subject (Hill and Sussman, 1964), 
"de novo" synthesis of trehalase is ruled out and one of the following 
mechanisms of activation is suggested: (a) An inhibitor of an enzyme 
responsible for trehalose degradation (trehalase ?) is destroyed. (b) A 
precursor is converted into the enzyme by activation in a manner anala
gous to the trypsinogen-trypsin transformation. (c) The enzyme and its 
substrate are separated spatially inside the cell and activation brings them 
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together. (d) A series of interlocking enzyme reactions are shifted from 
one steady-state level to another, as suggested by Delbruck (1949). This 
approach needs to b~ extended to other organisms before its generality 
can be assessed. 
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FIG. 1. Effect of activation upon the amount of lipids and carbohydrates in 
as.cospores of Neurospora tetrasperma. From B. T. Lingappa and Sussman (1959). 

B. Exogenous Dormancy 
/ 

_--Unfavorable physical or chemical conditions of the environment can 
delay the development of organisms in a seasonal, as well as irregular, 
manner. An example of seasonal dormancy is the response of higher 
plants to temperature variations in temperate regions. However, non
seasonal fiuc'tuations i.n numiulty, inhibitory principle'S, ana other eU\llron
mental variables also may affect development. This form of dormancy 
often is called "quiescence" and occurs in many organisms. It is most 
important for spores and vegetative stages that are not constitutively dor
mant. Moreover, even spores that have an endogenously imposed dormant 
period may have dormancy reimposed by environmental factors under 
certain conditions (Goddard, 1939; Sun and Sussman, 1960; Doguet, 
1959; Bromfield, 1964). 

1. Inhibitors 

a. Soil Fungistasis. That fungistatic principles exist in soils has been 
abundantly confirmed. Many of these data are reviewed by Garrett (1956) 
and in the proceedings of a recent symposium (Baker and Snyder, 1965). 
Very different types of soils, of wide geographical distribution, have in
hibitory effects upon spores. However, Dobbs et al. (1960) have found 
that soils fluctuate in their ability to inhibit, and B. T. Lingappa and Lock-
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wood (1963) suggtst that the techniques used often influence the results 
of such studies. 

As Garrett (1956) pointed out, the ecological significance of the 
"widespread fungistasis" may be in the survival value that accrues to an 
organism if it is restrained from germinating until substrate is available. 
In fnct, it has bern shown by Dobbs and Hinson (1953) and others that 
a substrate itself (glucose) may serve to overcome the inhibition in un
sterilized soil. Other means of reversal include, heat-treatment (autoclav
ing), or prolonged drying, extraction with organic solvents, treatment with 
citrate-phosphate blIfIer, addition of nutrients to soil, growth in the vicinity 
of roots, and additi()ll of charcoal to soil (Dobbs and Hinson, 1953; Brian, 
1960; Jackson, 1960; B. T. Lingappa and Lockwood, 1961). 

The nature of the fungistatic principle is not clear for it has proved 
difficult to distinguish between the lack of an essential metabolite(s) and 
the presence of an inhibitor (Brian, 1960). Although the latter possibility 
generally is favored, preexisting inhibitory materials have not been unam
biguously demonstrated. Accordingly, B. T. Lingappa and Lockwood 
(1961) have proposed that fungus spores provide nutrients to soil in their 
immediate vicinity, thereby permitting the growth of other microbes which 
liberate antibiotics. However, the data are not conclusive and the question 
remains. 

b. Inhibitors in Marine Environments. The existence of fungistatic 
principles in estuarine sediments has been reported by Borut and Johnson 
(1962). Thus, SpOtes of Aspergillus wentii, Penicillium janthinelium, and 
Zygorhynchus moelleri germinated to an insignificant extent in untreated 
or filtered sea water, as compared to that in a 3.5% NaCl solution. More
over, vegetative stages are able to grow in the sea waters in which spores 
failed to germinatQ. All the fungi whose spores germinated in distilled 
water showed such a response, and small amounts of nutrients helped to 
overcome the toxic effect. Almost nothing is known of the chemical identity 
or source of the inhibitors in sea water, and it is to be hoped that such 
data will soon he availahle. 

c. Plant Inhibitors. Inhibitory principles that contribute to the resist
ance of plants to pathogens are reviewed by Gtiumann (1950) and may 
be found in soil (Melin, 1946; Winter, 1955). Phenols, mustard oils, and 
at/ler plant products serve in tbis way. 

2. Environmental Factors 

Often the cardinill temperatures for the development of spores is narrow. 
This fact is especially relevant to the role of temperature as an inducer 
of exogenous dormancy in the lower ranges. Thus, even vegetative stages 
of fungi survive very well at cold temperatures (ef. Volume III) so that 
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the cessation of development in the cold usually is reversible. Therefore, 
dormancy is induced in a manner analagous to that by which many higher 
plants and some animals become quiescent in winter. Such dormancy is 
less likely to be induced at temperatures above the maximum for growth 
because of limited survival, except under dry conditions, or with highly 
resistant stages. 

Relative humidity probably can determine whether or not germination 
will occur. High humidities usually are required for the development of 
most fungns spores (Sussman, 19653) so, if spores can withstand desicca
tion, low humidities can be a means of enforcing a quiescent period. A 
mechanism whereby such resistance can be engendered is suggested by 
the data of Terui and Mochizuki (1955) which disclose that the Qo, of 
conidia of Aspergillus niger is greater than 5 at 100% relative humidity 
but falls to 1 at 60%. The exhaustion of endogenous reserves is thereby 
delayed, and the chances for )he survival of this organism are correspond
ingly improved under conditions of low humidity. 

Altered levels of CO2 and 0, might be expected to occur in soils that 
undergo seasonal changes in water level, certain strata of aquatic environ~ 
ments, etc., so that reversible restraints upon the development of certain 
organisms could occur in these environments. 

v. CRITERIA OF GERMINATION 

The usual method for following the germination of fungus spores is the 
protrusion of the germ tube, but other markers have been used as well. 
Thus, changes in the diameter, weight, and volume of germinating spores 
of Aspergiilus niger have been used by Yanagita (1957). The swelling of 
certain spores during germination, such as conidia of A. oryzae, has been 
followed by the decrease in the transmittance of light (Terui and 
Mochizuki, 1955), and Mandels and Darby (1953) have used this tech
nique with conidia of Myrothecium verrucaria, Curvularia brachyspora, 
and others. 

As will be shown later, metabolic changes Occur during germination and 
some of these have been used to follow this process. One example is that 
of dormant spores of M. verrucaria, which have little or no ability to 
metabolize glucose (Mandels et ai., 1956). Respiratory increases during 
germination have been observed for a number of other fungus spores as 
well (Sussman, 1965a). Other metabolic parameters have been followed 
during germination including total nitrogen, protein nitrogen and nucleic 
acid synthesis (Yanagita, 1957). Early stages in the germination process 
may be followed in certain spores by loss of heat resistance (Y. Lingappa 
and Sussman, 1959), 
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VI. CHANGES DURING GERMINATION 

A. Morphological and Cytological 

There is one nucleus per ascospore in Saccharomyces cerevisiae, and its 
structure is similar to those in the vegetative cells (Hashimoto ef al., 
1958). During germination the ascospores swell and vacuoles form near 
the nucleus. No alteration in the structure of the nucleus occurs during 
germination, and the nuclear membrane appears to persist throughout the 
process. As swelling progresses the outer spore coat breaks, usually at 
more than one point, but the inner one remains intact and forms the new 
vegetative cell wall. No mitochondria were found in resting ascospores 
although small granules of varying size can be found scattered through the 
periphery of the ascospore. Mitochondria appear as soon as swelling 
begins and they seem to be functionally and structurally similar to those 
of other organisms. However, iUs likely that these spores were poorly fixed 
before germination so that the mitochondria were destroyed (Hawker and 
Abbott, 1963). Therefore, the "de novo" origin of mitochondria in this 
system cannot be accepted at this time. 

The germination of sporangiospores of Rhizopus (Hawker and Abbott, 
1963) and of conidia of Botrytis cinerea (Hawker and Hendy, 1963) has 
been studied and, although mitochondria are present in the ungerminated 
spores, these organelles increase greatly in number during germination. 
Moreover, the endoplasmic reticulum is reported to be sparse before 
germination but to increase during this process. A difference between the 
above spores involves the wall which forms the germ tube. In the case of 
Rhizopus, a new elastic inner wall forms as one of the first stages of 
germination and becomes the wall of the germ tube. By contrast, the inner 
wall of the conidium of Botrytis surrounds the emergent germ tube. 

Detailed studies of the germination of ascospores of Neurospora fefra
sperma (Lowry and Sussman, 1965) and of basidiospores of Schizophyl
lurn commune (Voelz and Niederpreum, 1964) reveal that the endoplasmic 
reticulum is sparse in dormant spores and increases greatly during germina
tion. Furthermore, there seems to be a change in the size and shape of 
the mitochondria of both spores during the germination process. Moreover, 
the wall of the germ tube in both these cases is continuous with the inner 
wall of the spore, thereby resembling conidia of Botrytis in this respect. 

The impermeability of certain spores, and the destructive effects of 
certain fixatives used in electron microscopy, have led to difficulties that 
have restricted studies of the ultrastructure of germinating spores. Although 
there is too little work on this subject to warrant many generalizations, it 
appears that the endoplasmic reticulum is sparse in several of the unger
minated cells that have been examined. Furthermore, changes in the form, 
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size, and numbers of mitochondria have been recorded so that these 
organelles may be intimately concerned in the transition from the dormant 
to the vegetative condition. 

B. Biochemical Events 

1. Respiratory Changes 

Fungus spores usually show a marked increase in respiratory activity 
during germination. Such data were first reported for the fungi by Goddard 
(1935) and Goddard and Smith (1938) with ascospores of Neurospora 

TABLE I 
RESPIRATORY CHANGES IN GERMINATING FUNGAL SPORES 

Organism 

Phycomyces blakesleeanus 
incubated 100 minutes 
(Rudolph, 1961) 

Neurospora tetrasperma, 
ascospores, incubated 4 hours 
(R. W. Holton, 1960) 

Puccinia graminis f. sp. tritiei, 
___ u£edospores, incubated 72 houts 

(Shu et al., 1954) 

Aspergillus oryzae, conidia, incubated 
3 hours (Terui and 
Mochizuki, 1955) 

A. niger, conidia, incubated 
6 hours (Yanagita, 1957) 

Myrothecium verrucaria, conidia, 
incubated 2 hours 
(Mandels, 1%3) 

a Q02 = mmS O:/hr mg dry wt. 
o QC02 = mm,'j C021hr rug dry wt. 

Resting 

Q02aQco2b 

1.9 

0.4 

1.6 1.0 

1.26 

0.4 

1.0 

Germinating 

RQ. Qo:t QC02" RQ. 

1.0 11.4 1.0 

0.6 15-25 0.65 

0.65 1.4 1.0 0.70 

1.4--2.2 2.17 - 0.6-1,0 

1.8 

75 

tetrasperma. These cells remain dormant unless a heat shock, or chemical 
treatment, is applied, after which they will germinate, utilizing endogenous 
substrates for energy (Sussman, 1961). Almost immediately upon being 
activated by heat, ascospores of this organism respire at an increased rate 
that may be 20-30 times that of the dormant organism, as the data in 
Tables I and II reveal. Such increases in respiratory rate also have been 
reported when chemicals like furfural are used to break the dormancy of 
ascospores of N. tetrasperma (Sussman, 1953) and N. crassa (M. R. 
Emerson, 1954). Moreover, as the data in Table II reveal, there are 
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changes in the fermentative capacity of these cells as expressed in terms 
of the carbon dioxide released under anaerobic conditions. 

Interesting parallels to these events are to be found during the germina
tion of spores of Phycomyces blakesleeanus, as demonstrated in the work 
of Halbsguth and Rudolph (1959) and Rudolph (1960, 1961). Thus, a 

TABLE II 
COMPARISON OF RESPIRATORY RATES OF DORMANT, ACTIVATED, AND GERMINATING 

ASCOSPORES OF Neurospora tetrosperma AT 26°C 

Parameter 

Q
02 

a (mmS 0zlhr mg dry wt.) 

QC02b (mm3 COzlhr mg dry wt.) 

R.Q.-

Na 
Anaerobic CO2 as QC02 

a Data of R. W. Holton (1960) . 
• Data of Goddard (1935). 

Dormant 

0.21-0.59 

0.13-0.36 

0.57 

0.03 

Respiratory rates 

Activated, 1-2 Germinating. 
hours after 3-5 hours 
activation 

4.5-10.9 

5.0-10.9 

after activation 

16.4-24.2 

10.0-13.8 

0.59 

1.0-2.0 

heat activation is required in order to ensure maximum germination of 
these spores, and both increased oxygen uptake and carbon dioxide pro
duction result. 

Similar respiratory changes have been described for the germination of 
conidia of Myrothecium verrucaria (Mandels and Norton, 1948; Mandels 
and Darby, 1953), Aspergillus oryzae (Terui and Mochizuki, 1955), and 
A. niger (Yanagita, 1957). In these spores, as with those of Phycomyces, 
exogenous substrates are required, in contrast to the ascospores of N euro
spora which germinate even in distilled water. Moreover, the kinetics of 
oxygen uptake during germination were similar enough in several of these 
cases to permit a mathematical description in the form of y = b + (k (2 ) /2, 
which can be fitted to parabolic curves (Mandels et al., 1956). 

Uredospores of Puccinia graminis f. sp. tritici have appeared to be an 
exception to the rule that respiratory increases are expected during ger
mination (Table I). In this case, Shu et al. (1954) observed that both 
the amount of respiratory activity, and the respiratory quotient (R.Q.) 
of ungerminated and germinating spores were equivalent. Inasmuch as the 
respiration of the germinating spores was measured 3 days after incubation 
was begun, transitory increases in rate may have been missed. As a matter 
of fact, recent data suggest that when these spores are activated with 
pelargonaldehyde, there is a rapid increase in respiratory metabolism which 
is succeeded by a period during which the rate diminishes to approximately 
that of the resting spore (Allen, 1963). 
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A second exception occurs in the case of macroconidia of Fusarium 
solani f. phaseoli (V. W. Cochrane et al., 1963c). Dormant spores of this 
organism oxidize acetate, malonate, and ethanol by way of the tricarboxylic 
acid and glycollic acid cycles. During germination, the respiratory rate 
of cells provided ethanol (V. W. Cochrane ef al., 1963c) or mannose 
(V. W. Cochrane ef al., 1963b) is not increased, whereas that of cells 
given glucose rises more than twofold. Slight increases are obtained when 
cells afe germinated on fructose or trehalose (V. W. Cochrane ef al., 
1963b). 

These differences in the response to substrates during germination may 
relate to the role that spores play .in nature. Thus, the thick wall, relative 
impermeability, and great longevity of Neurospora ascospores (Sussman, 
J 961) suggest that it functions as a resting spore. As such, there is obvious 
selective advantage in the low rate of metabolism of the dormant spore, 
and in its reliance upon endogenous substrates. This is to be contrasted 
to the macroconidia of Fusarium, which do not need to be activated, 
depend upon external substrates, and respire at a relatively rapid rate soon 
after harvest (V. W. Cochrane et aI., 1963a). 

2. Substrates for Germination 

The [act that spores of many fungi contain fatlike droplets which appear 
--1(, coalesce when germination occurs suggested to Kordes (1923) that 

lipids serve as an important storage material during germination. However, 
the qualitative nature of these observations, and recent data to be discussed 
below, suggest that this question must be reexamined. 

First of all, it is necessary to distinguish between those spores that 
require an exogenous source of energy before germination can proceed, 
and those that do not. Among the former are conidia of Fusarium which, 
despite containiug 20% lipid, still require a carbohydrate before they will 
germinate (1. C. Cochrane et al., 1963). Similarly, conidia of Myrafhecium 
verrucaria, which have sufficient endogenous reserves to germinate (about 
20% of their dry weight), still require eJ<0genous substrates (Mandels, 
1963). The R.Q. of conidia of Aspergillus aryzae during germination was 
markedly affected by the substrate in which the spores were germinated. 
Similarly, starved conidia of Cochliobolus miyabeanus utilize a variety of 
exogenously added sugars during germination, along with an endogenous 
glucan (Oku, 1960). 

Spores that do not require exogenous substrates for germination include 
uredospores of rusts. For example, Shu ef al. (1954) showed that only 
endogenous fats and proteins furnish the substrates for germiuating 
uredospores of Puccinia graminis f. sp. tritici. In fact, sugars and sugar 
alcohols accumulate in these spores at this time (Reisener et al., 1962) 
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although it is not yet certain that some of these are not used during ger
mination. Flax-rust uredospores (Melampsora lini) also metabolize fats 
during germination but a shift in the R.Q. suggests that a carbohydrate 
also may be used as a substrate (Frear, 1960). When conidia of Cochlio
bolus miyabeanus germinate in distilled water, carbohydrate reserves are 
the primary substrate for germination (Oku, 1960). These results may be 
explicable in terms of the data obtained with ascospores of Neurospora 
tetrasperma by B. T. Lingappa and Sussman (1959). In these spores, lipids 
are utilized by dormant cells but trehalose is the major substrate of ger
minating ones. However, lipids continue to be used, even while the sugar 
is still present, and become the sale source of energy when trehalose is 
exhausted (Fig. 1). Therefore, it may be that many, if not most, spores 
require tbe simultaneous utilization of lipids and carbohydrates for ger
mination to proceed. 

3. Respiratory Enzymes 

Quantitative and qualitative differeuces exist in the enzyme complements 
of resting spores and other stages, and the data in Tables III and IV reveal 
that enzymes may be enriched in spores, as well as reduced in activity. 

TABLE III 
RESPIRI\TORY ENZYMES IN WHICH ACTIVITY IS ENHANCED IN SPORES 

Organism and stage 

Neurospora tetrasperma 
Ascospores, resting 
Mycelium, 43 huur 
Mycelium, 68 hour 
Mycelium, 89 hour 

Neurospora crassa 
Macroconidia, resting 
Macroconidia, germinating, 

10 hour 
Mycelium, 3 day 
Mycelium, 16 day 
Mycelium, 27 day 

Glomerelfa cingulata 
Conidia, resting 
Mycelium, 2 day 
Mycelium, 4 day 
Mycelium, 9 day 

Enzyme 
(relative activity, %) 

Cytochrome oxidase 
100 
20 
39 
31 

Trehalase 
100 

14 

3.7 
70 
94 

Cytochrome oxidase 
tOO 
53 
48 
50 

Reference 

R. W, Holton 
(1960) 

Hill and Sussman 
(1964) 

Sussman and Markert 
(1953) 

That the rate at which cytochrome c is reduced may limit the respiration 
of ureqospores of Puccinia graminis f. sp. tritici was suggested by White 
and Ledingham (1961). Also, R. W. Holton (1960) has shown that, 
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although cell-free extracts of dormant ascospores of Neurospora tetra
sperma required the addition of exogenous cytochrome c for cytochrome 
oxidase activity to be manifested, extracts of other stages possessed an 
endogenous supply of this enzyme. However, cytochrome oxidase itself 
is not limiting the metabolism of ascospores of Neurospora (Cheng, 1954; 
R. W. Holton, 1960), conidia of Glomerella cingulata (Sussman and 
Markert, 1953), uredospores of Puccinia graminis f. sp. tritid (White and 
Ledingham, 1961), or basidiospores of Schizophyllum commune (Nieder
pruem, 1964). 

Glycolytic enzymes vary markedly in titer when resting spores and 
vegetative stages are compared (Table IV). For example, Kornfeld and 
Knight (1962) found that xylose reductase could not be induced in dor
mant spores of Penicillium chrysogenum whereas abundant enzyme was 
formed by germinating ones. Moreover, Zalokar (1959) has shown that 
aldolase activity is low in conidia compared to the mycelium of Neurospora 
crassa. Also, ~-galactosidase activity is lower iifthese conidia than in 
mycelium that is 96 hours old, but young mycelium has even less enzyme 
than the spores. In Ustilago maydis, germination of te!iospores is charac
terized by the appearance of key enzymes of both the hexose monophos
phate shunt and the tricarboxylic acid cycle (Gottlieb and Caltrider, 
1963) . 

As noted previously, the respiration of germinating ascospores of Neuro
"P0ra tetrasperma increases steeply and the R.Q. rises from 0.6 to about 

'1.0 (Sussman, 1961). During the first 2 /lours after activation, evidence 
for a fermentative type of metabolism is found in the release of acetalde
hyde, ethanol, lactate, and pyruvate (Sussman et aI., 1956). However, 
after this time, these fermentation products no longer accumulate in such 
large amounts and the R.O. decreases to about 0.6 again, signalizing a 
changeover to lipid metabolism again, unless an exogenous source of sugar 
is provided. Concomitantly, the full complement of tricarboxylic acid 
cycle products appears, suggesting that a strongly oxidative type of metab
olism is evolved, in contrast to the fermentative system of the newly 
activated spore. Some of the metabolic steps involved in the transformation 
of ascospores from primarily fermentative organisms to strongly aerobic 
ones are outlined in Fig. 2. As Rudolph (1961) points out, it is still not 
certain whether enzymatic changes, or merely a change in substrates, 
explain these observations. 

Striking parallels exist between the metabolic events described above 
for Neurospora ascospores and those reported for sporangiospores of 
Pltycomyces blakesleeanus by Halbsguth and Rudolph (1959) and 
Rudolph (1960, 1961). Thus, after a heat shock of a few minutes at 
54°C, carbon dioxide evolution is increased markedly over that of resting 
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cells. In addition, oxygen uptake is enhanced, but less so than in the case 
of carbon dioxide. Data obtained through the use of inhibitors, and the 
accumulation of metabolic products like acetaldehyde and pyruvate, sug
gest a transition from a fermentative type of metabolism to terminal oxida
tions based upon oxygen, as in the case of Neurospora. Another instance 

Ac',~aled ____ Germ,notlng 

~ 
Lipid Lipid + Trehalose Lipid 

Substrate , 
0 

~ .~ FermentatIOn O~;dO'IOI1 
~ 
oc ~ 

RQ.-O.57 RQ_-104 RQ-059 

"- 2 3 
HO!Jrs after activahon 

FIG. 2. Summary outline of metabolic events during the germination of asc:ospores 
of Neurospora. From Sussman (1961). 

where a glycolytic metabolism is followed by a more aerobic type may 
be that of germinating spores of Fusarium solani (V. W. Cochrane et al., 
1963 b) so that there may be some generality in this mechanism. 

It has been claimed by Newburgh and Cheldelin (1958) that spores of 
the smut Tilletia caries differ from the vegetative mycelium in the way 
that glucose-I-CH and glucose-3,4-CH are metabolized. On the other 
hand, Turcl and Ledingham (1959) could show no such difference with 
uredospores of Melampsora lini. However, labeling patterns alone lead to 
difficulties of interpretation (Blumenthal, 1965) so that these data must 
still be considered to be tentative. 

Changes in the contribution of the hexose monophosphate shunt and 
the Embden-Meyerhof-Parnas pathways have been described for germinat
ing conidia of Aspergillus niger (Yanagita, 1964). 

4. Synthesis of Macromolecules 

Germinating uredospores of Pucdnia graminis f. sp. tritid have been 
shown to synthesize chitin (Shu et al., 1954), trehalose and other sugars 
and sugar alcohols (Reisener et ai., 1962), and amino acids (Kastings 
et al., 1959). Although such spores can incorporate amino acids into 
proteins, they cannot effect a net synthesis of proteins (Shu et al., 1954). 
Other uredospore, for which no net synthesis of proteins could be found 
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include those of Puccinia helianthi, P. sorghi, and Uromyces appendiculatus 
(Staples et al., 1962). 

On the other hand, spores of saprophytes, including conidia of Glome
rella cingulata, Aspergillus niger, and Neurospora sitophila have been 
shown to incorporate C14-1abeled acetate into amino acids and proteins 
(Staples et al., 1962). Moreover, experiments with S'" have revealed that 
germinating spores of A. niger form sulfur-containing amino acids from 
choline sulfate (Takebe and Yanagita, 1959; Takebe, 1960). According 
to Yanagita (1957, 1964) synthesis begins about 3 hours after the start 
of the incubation of conidia of Aspergillus niger, whereas DNA and protein 
synthesis begin somewhat later. These activities are accompanied by con
siderable uptake of inorganic phosphate and by increases in dry weight, 
volume, and total nitrogen. These data have been corroborated by Nishi 
(1961) who found, in addition, that although the turnover of RNA in
creases during the germination of these spores, that of DNA remains 
unchanged, even though it duplicated a few hours after incubation was 
begun. Takebe (1960) has found that choline sulfate accumulates in sizable 
amounts in conidia of A. niger and is one of the sources of sulfur in the 
synthesis of proteins during germination. Most of the newly synthesized 
protein is soluble (Hoshino, 1961) although the wall of dormant spores 
has the highest incorporating activity for amino acids in cell-free systems. 

Whether mRNA synthesis occurs initially upon the germination of 
spores of A. niger is not yet clear. That such might occur is suggested 
by the fact that during germination the nucleotide ratio of RNA changes: 
the purine/pyrimidine ratio drops from 1.2 to nearly 1.0 (Table V). 

In Aspergillus nidulans Shepherd (1957) found that protein nitrogen 
rose from 26% in the conidium to 36% in the mycelium. Early in the 
germination period the RNA content of the conidia actually fell and that 
of DNA and lipid nitrogen did not change. However, immediately before 
the protrusion of the germ pore, a slow increase in RNA and protein 
occurred. Rapid synthesis of nucleic acids and protein did not occur until 
the vegetative phase of growth began. 

There is evidence that mRNA is not stored in ascospores of Neurospora 
crassa. Growing hyphae, resting conidia, and dormant ascospores contain 
the same population of ribosomes (Henney and Storck, 1963a) and of 
total ribosomal and soluble RNA (Henney and Storck, 1963b). However, 
dormant spores do not contain polyribosomes, which appear first in the 
early stages of germination (Henney and Storck, 1964). Presumably, ger
mination is accompanied by mRNA synthesis and SUbsequent banding 
of ribosomes (polysomes). 

The nuclear cap of zoospores of aquatic fungi has been found by Lovett 
(1963) to be a "package" of ribosomes. Inasmuch as the cap breaks 
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down very soon after the start of germination it is tempting to assign it 
a role. Thus, the cap might serve as a reservoir of RNA and protein or, 
alternatively, as a preformed source of programmed ribosomes that could 
initiate protein synthesis soon after germination begins. However, these 
possibilities have not been tested and further work is needed. 

5. Isozymes in Spores and Vegetative Cells 

Are the enzymes of similar function in spores and vegetative cells iden
tical in structure, that is, are they determined by the same cistron? Some 
scattered observations suggest that there are cases where isozymes, or 
enzymes of similar function but different properties otherwise, exist in 
spores and vegetative cel1s. This is the case for ascorbic acid oxidase in 
Myrothecium verrucaria wherein conidia have a different form of the 
enzyme than do hyphae (White and Smith, 1961). More recently, Solomon 
et al. (1964) have studied the acid and alkaline phosphatases and non
specific esterases of Dictyostelium discoideum. Only three different acid 
phosphatases and esterases were found in the spores compared with 5 and 
7-10, respectively, that appeared from the migrating pseudoplasmodia and 
culminating stages. As for alkaline phosphatase, two bands appeared in 
spores, mjgr.ating pseudoplasmodja, nnd culminating stages, but on]y one 
wider band was formed by extracts of myxamoebae. It is important to note 
the possibility that cases may be found where qualitative differences be
tween enzymes of similar function may be found to exist in spores and 
vegetative stages in the absence of significant quantitative ones. The 
relevance of such changes to dormancy and germination remains to be 
assessed. 

VII. STAGES TN THE GERMINATION PROCESS 

A summary of the stages that ensue between the activation and germina
tion of Neurospora ascospores is provided in Table VI. Alterations in 
each of four physiological markers are used as a means of defining these 
stages. It will be noted that, counting the dormant stage, at least five 
recognizably different stages exist. Undoubtedly, overlap between these 
exists in that certain biochemical processes are common to several stages. 
Nevertheless, these serve to define the minimum number of steps in the 
germination process whose origin and basis must be understood. 

The definition of stages is possible in the germination of spores of other 
fungi as well. In the case of conidia of Aspergillus niger, Yanagita (1957) 
and Yanagita et al. (1962) distingnished between the stages of "endo
genous" and "exogenous" swelling on the basis that carbon dioxide was 
necessary for the latter but not for the former. Furthermore, the "exogen
ous" phase was temperature-sensitive, whereas the "endogenous" was not. 
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A similar suggestion was made for spores of Mucor rouxii and M. 
Memalis by Wood-Baker (1955), except that oxygen was required for the 
second phase but not for the first. Differing metabolic requirements served 
to distinguish the early stages in the germination of conidia of Myrothecium 
verrucaria which could swell in yeast extract alone, but needed further 
supplements in order to progress further (Mandels and Darby, 1953). 

TABLE VI 
SUMMARY OF THE STAGES BETWEEN ACTIVATION AND GERMINATION AND THE 

PHYSIOLOGICAL MARKERS WHICH CH,.\RACTERIZE THl:M IN 

Neurospora {ctrasperma rl 

Condition 
of spores 

Dormant 

Activated 
Stage 1 

Stage 2 

Stage 3-n 

Germjnating 

Minutes 
after 

activation 

o-~o 

30-60 

60-150 

150 

a Datd from Sussman (1961). 

Qo :! 

0.3 
, 
0:3'>4 

4-10 

15-30 

30 

Physiological marker 

Thermal 
R.Q. resistance 

0.6 + 

1.2 + 
~~ 

1.0 

1.0 

0.6 

VIII. ROLE OF SPORES IN NATURE 

Deactiv-
ability 
at 4°C 

or in N::! 

+ 
+ 

Three roles have been ascribed to spores in nature including the en
hancement of survivability and disseminability, and timing of growth to 
ensure that active growth occurs when conditions arc most favorable 
(Sussman and Halvorson, 1966). 

A. Enhancement of Survivability 

This subject will be reviewed in detail by Sussman in Volume III so 
only a brief summary of the subject will be provided here. Evidence for 
the survival of microbes has been conflicting as far as the relative numbers 
of spore-formers and non-spare-formers to be found in soil (Wareup, 
1960; Durbin, 1961). Therefore, these difficulties must be considered in 
evaluating the data. 

The data suggest that fungus spores are more resistant to extremes of 
temperature and deleterious radiations and chemicals than are their vegeta
tive counterparts. However, vegetative stages of some organisms also may 
be very resistant and enjoy great longevity (Warcup, 1957; Barton, 1965). 
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B. Enhancement of Disseminability 

Stoke's Law has been used by Lamanna (1952) and Gregory (1961) 
to calculate the terminal velocity of bacterial and fungus spores. Although, 
theoretically, vegetative cells can be airborne as readily as spores, in some 
cases the probability of their survival is less because of radiation, desicca
tion, etc. (Sussman and Halvorson, 1966). 

The fact of the spread of fungus spores Over long distances is well 
established. For example, Stakman and Hamilton (1939) have shown 
that uredospores of wheat rust can travel at least 600 miles in a viable 
condition. Other studies, such as those of Kramer et al. (1959) and 
Sreeramulu (1958), establish that fungus spores predominate over vegeta
tive cells as components of the atmospheric flora. This conclusion is 
strengthened by data from different parts of the world which reveal the 
presence of hyphae in only small amounts in air samples (Gregory, 1961). 
Yeasts are distributed widely.in the atmosphere, frequently as vegetative 
cells, but are usually only a small proportion of the fiora. By reason of 
the varied mechanisms for making large numbers of them airborne, and 
their ability to float and to survive in air, spores are the most effective 
means ()_f dispersal available to fungi by this means. 

~ C. Spores as Timing Devices 

This type of adaptation confers selective advantage upon organisms 
whose environments undergo fluctuations in moisture) temperature, light 
and in other factors which affect sunrhrabWtr. Lees (2961) has pro~'ea 
that diapause serves such a function in some insects and an analogous one 
may be played by spore dormancy. In the latter, timing can be considered 
to occur at two stages of development, including spore formation and 
germination. 

1. Timing in Sporulation 

Reduction in the supply of certain nutrients often induces sporulation, 
whereas the provision of glucose and related hexoses suppresses this 
process. Thus, the sporulation of yeasts (Miller, 1959) and other fungi 
(Hawker, 1957) is favored by dilution of the medium, or deprivation of 
nutrients, after growth has ceased. Even media upon which depauperate 
growth has been made from the start will enhance the fertility of interallelic 
crosses in Neurospora (Ishikawa, 1962). 

Therefore, it is possible that there has been selection for strains of 
fungi which respond to unfavorable environmental situations by the pro
duction of spores. To the extent that this generalization holds, the induc
tion of spore formation represents a timing device which introduces a 
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phase of the life cycle which usually is suited to tide the organism over 
the unfavorable period. 

2. Timing and Germination 

It can be considered that dormant spores represent a simple timing 
system in which an arresting device must be overcome by an activator. 
Arrest may be accomplished by the types of dormant mechanisms described 
before. A few instances in nature where spores appear to abet survival 
by acting as timing devices will be mentioned below. 

The prevention of the germination of spores at the place of their produc
tion (self-inhibitors) assures their dissemination to new environments and 
subsequent mixing of gene pools by the formation of heterokaryons and 
sexual reproduction. The work of Macfarlane (1952) suggests that any 
of several means of suppressing the germination of resting spores of 
Plasmodiophora brassicae, including the presence of exogenous inhibitors, 
enhanced their survival. / ',-~ 

A possible advantage of the need for extreme temperatures for activa
tion is that they may serve as cues which antiCipate seasonal changes in 
weather. Thus, basidiospores of Flammula alnicola, a fungus causing decay 
of conifers in Canada, are activated by a temperature that occurs in that 
latitude coincidentally with the start of growth of the host (Denyer, 1960). 

Chemical activators of spores of plant pathogens often are produced 
by host plants, according to Garrett (1956). Other aspects of the function 
of spores as timing devices are covered by Sussman and Halvorson (1966). 
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Intragenic recombination, 531~534 cellular slime molds, 235~281 
Iron salts as test reagent for basidiomy~ myxomycetes, 211~233 

cetes, 161 Mycelium 
Isozymes in spores, 757 filamentous, 83 
Isthmospores, 126 membranous, 83 

L 
Laminarin in fungal cell wall, 7, g 
Lamprocystidia, 173, 176 
Leptocystidia, 172, 175 
Life cycles in fungi, 474~480, 549-558 
Light affecting 

basidiomycete caerophore development, 
393, 394, 396, 397, 398, 400, 401, 
403, 405 

perithecial development, 353 
reproduction, 457 

of yeasts, 64* 
strands of, 388 

MycoscIerids, 156*, 158, 174, 176 
Myxamoebae of myxomycetes, 213~216, 

234 
N 

Nitrogen nutrition 
affecting reproduction, 440 
of aquatic phycomycetes, 291 ~293 

Nonreciprocal recombination, 530~535 
Nuclear ratios in heterokaryons, 578~584 
Nystatin, 38, 47, 48 
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Oidia, 345 
Oxygen 

o 

consumption by Dictyostelium, 261-262 
requirements for reproduction, 454 

p 

Paramutation, 624 
Parasexual cycle, 477, 589-617 

applications of, 609 
compared to sexual cycle, 603 
in Aspergillus nidulans, 590-607 
in nature, 610-612 
in other fungi, 607-609 
phytopathology and, 613 

Pellicles, types of yeast, 70 
Perithecial development in ascomycetes, 

367 
Petite mutants, 75, 78, 625, 630-632, 636,"-

640, 642, 643, 650 
Phaneroplasmodium,219 
Phase contca'3.t mi.c;coscopy of 

protoplasts, 29 
sporophores, 120 

Phialospore, 113, 115*, 116, 121-124 
Phototropism of basidiomycete fruit bod-

ies, 401, 403, 405 
Pileocystidia, 170, 175 
Pimacrin, 48 
Plectenchyma, 108 
Pleurocystidia, 170, 175 
Pleuroradulaspore, 116, 119 
Polaron, 532, 544 
Polyphialide, 122 
Porospore, 116, 124 
Potassium hydroxide, as a test reagent for 

hyphal walls, 160, 173 
Prosenchyma, 108 
Protoperithecia, 360 
Protoplasmodium, 219 
Protoplasts of fungi, 3~62 

composition of, 39-43 
conjugation between, 49 
definition of, 3 
fixation of, 32 
morphology of, 20-33 
number per cell, 28-29 
osmotic sensitivity of, 37-39 
permeability of, 46 
physiology of, 43-49 

preparation of, 15-20 
properties of, 36-39 
respiration of, 46 
reversion of, 50-57 

Pseudocompatibility,667-668 
Pseudomycelium, 64"', 67 
Pseudoparaphyses, 141 
Pseudoparenchyma, 108 
Pseudoplasmodium formation in Acra-

siaIes, 242-254 
Pseudorhizae, 108 
Pycnidium, 127* 
Pycnosclerotia, 108 

R 
Radiation affecting reproduction, 456 

see also Light; UV radiation 
Radula spore, 113, ]18, 122 

types of, 119 
Rain, spore dissemination by, 700, 711 
Recombination models, 535-545 
Reproduction, envh:onme.nta1 inft\!.e:oces 

on, 435-469 
Respiratory enzymes in spores, 750 
Rhizomorphs, 95, 389 
RNA, 184, 254, 264-265, 267, 306-307, 

310-312, 316, 323, 326, 327, 342, 
451,755-756 

RNA:DNA ratio, in hyphal tips, 464 

S 
Sclerotia, 83, 101-108, 221-222, 345-346 
Serology of Dictyostelium, 256-259, 269-

271 
Setae, 127 
Sex hormones, 415-433 
Sexuality 

anomalies in, 493-496 
mechanisms of, 496-501 
patterns of, 480-493 

Shaffer reaction, 161 
Sirenin, 426 
Skeletal hyphae, 155, 156*, 158 
Sodium dodecyl sulfate, disrupting proto-

plasts, 38 
'Soil, lysis of fungal cells by, 13-15 
Soil fungistasis, 743-744 
Somatic segregation, 644-647 
Sonic vibration affecting fungal proto

piasts, 39 
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Sorocarp, 236, 237*, 238* 
Speciation. 656 
Spore groups, Saccardo's, 114 
Sp,ores 

dormancy of, 734-745 
mechanisms, 739 
terminology, 734 

formation of, by protoplasts, 45 
germination of, 745-758 

activators for, 738 
terminology. 734 

isozymes in. 757 
lysis of, 33 
morphogenesis of, sexual, 352 
protoplasts from. 33-36 
release of, by 

active discharge, 679-699 
animals. 102-705 
passive methods, 699-702 

role of, 758-760 ..... 
Sporodochium, 127 
Sporogenous ceUs, 126 
Sporophore, 113, 126 
Staling, 88, 93, 455 
Strands, mycelial, 83, 84, 94-101 
Strepzyme, 8, 11, 13, 26, 27 

___ Subhymenium in basidiomycetes, 163 
---- Sulfhydryl compounds affecting dimor-

phism, 67-68, 187-189 
Sulfovanillin test for Russula, 161 
Sulfur nutrition of aquatic phycomycetes, 

291-293 
Swarm cens of myxomycetes, 213-216 
Sympodioconidia, 119 
Syngen,296 
Synnemata, 94, 96, 126. 346 

T 
TeHurite media affecting dimorphism, 61 
Temperature affecting 

basidiomycete stipe development, 395, 
405 

dimorphism, 182-188 
reproduction, 449-453 
spore germil1ation, 736 

Terminoradulaspore, 116, 119 
Terminus spore, 1 13 
Tetrad ratios, 534 
Tetrapolar incompatibility, 663 
Thallospore, 113, 1 15* 
Thiamine requirements, 443 

of basidiomycetes, 396, 398 
for perithecial development, 444 

Treberine and yeast flocculence, 74 
Trehalase in spol'es, 750-751 
Tuckahoe, 107 

u 
vv radiation affecting 

cytoplasmic membnlne, 39 
perithecial development, 368 
protoplasts of Candida utilis_. 43 

v 
Viridin,48 
Vitamins affecting 

ascospore formation, 366 
reproduction, 442 

w 
Water, see Humidity 
Wounding affecting conidial production, 

461 
y 

Yeasts 
aggregation of cells of, 63-82 
asexual conjugation in, 66 
bottom, 71 
cell waIJ of 

digestion, vitamins affecting, 9 
lysis by Cytophaga, 8, 11 

flocculence in, 71-76 
giant colonies of, 77*. 79* 
petite forms of, 75 
sexual aggregation in, 65 
top, 71 

Z 
Zygophores, chemotropism of, 420-426 
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Ahsidia, 86*, 87 
Acanthocystis, 173 

A 

Achlya, 289, 292, 298, 299, 416-419, 430, 
443,461,480,483 

Achlya ambisexualis, 299, 417, 418, 488, 
489 

Achlya bisexualis, 299, 4l7, 418, 489 
Achlya colorala, 453 
Acrasiales 

organization and synthesis in,~5-2S 1 
metabolism of, 260-270 

A crasis rosea, 243 
Acrospermum compressum, 148 
Actinomyces 

lytic enzymes from, 9 
_ Actinomycetes 

lytic enzymes from, 9 
Acyrostelium leptosomum, 242, 252, 265 
Agaricus, 16.0, 161, 162 
Agaricus arvensis, 99* 
Agaricus augustus, 171 * 
Agaricus bisporus, 96, 389, 393, 394, 667 
Agaricus campestris, 96, 100, 389, 393*, 

398, 405, 407, 408, 716, 722, 738 
Agaricus tabularis, 711 
Akanthomyces, 116 
Aleuria repanda, 681 
A llescheriella, 120 
Allomyces 

gamete differentiation in, 464 
hyphal branching in, 85 
life cycle of, 479, 483, 495, 499, 500, 

502 
meiospore of, 550 
morphogenesis of, 287, 296, 301*-310 
sex hormones of, 426, 430 
sporangium germination in, 739 

AUomyces arbuscu{a, !\.9S*, 550, 55?, 

Allomyces macrogynus, 288 
Alternaria, 17, 124, 349, 351, 461 
Alternaria dianthi, 351 
Ahernnriu so{nni, 3{)S 
Amanita, 154 
Amauroascus aureus, 136 
Anguillospora, 121 
Annellophora, 120 
Anthasthoopa, 126 
Anthomyces, 712 
Anthostoma, 145 
Anthostomella, 145 
Aphanomyces, 289, 292, 299, 416 
Apodachlya, 300 
Apostemidium guernisaci, 148 
Arachniotus /lavoluleus, 136 
Arcyria cinerea, 221 *, 228, 229* 
Armillaria mellea, 89, 94, 95*, 97, 98, 

99*, 100, 101, 398, 711 
Arnaudiella, 142 
Arthrinium, 125 
Arthrobotrys, 115, 119 
Ascobolus 

apothecial development of, 454 
dormancy in, 343 
heterothallism in, 490, 493, 501 
phenocopies in, 535 
phototrophism in, 681 
sex hormones, 428, 430 
sexuality in, 502 

AscobolliS carbonarius, 428, 736 
Ascoboills furfllraceus, 736 
Ascobolus immersus, 85, 368, 369, 530, 

533,552*, 556 
Ascobolus magnificus, 355, 552* 
Ascobolus stercorarius, 147, 356, 363, 

365, 429, 483, 663, 669 
Ascochyta pisi, 459 
Ascocy6e grovesii, 479 

793 
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Ascomycetes 
embryogenesis in, 364 
fertilization in, 363 
heterokaryosis in, 574-576 
incompatibility in, 662 
perithecial development in, 367 
sex hormones in, 427 

Ascophaera, 487 
Ascophanus granuliformis, 147 
Aseroe rubra, 702 
Aspergillus, 438, 452, 642, 654, 656, 699, 

721, 723 
Aspergillus alliaceus, 103, 107 
Aspergillus amstelodami, 351, 353 
Aspergillus echinulatus, 351 
Aspergillus flavus, 7, 348 
Aspergillus furnigatus, 18, 608 
A.~pergillus glarlCus, 353, 354, 635, 638 

extrachromosomal inheritance in, 620, 
621, 622*, 624, 625 

variants of, 631-633, 636, 638 
Aspergillus japonicus, 368 
Aspergillus manginii, 353 
Aspergillwi nidulans 

conidia of, 555, 572, 585, 755 
extrachromosomal inheritance in, 620, 

f521, 622*, 625 
heterokaryons of. 576, 611 
lysis of, 13 
meiospore of, 552*, 555 
nonsexual variant of. 631 
nuclear ratios in, 570 
parasexual cycle in, 590-607 
perithecial density in, 626, 634 
protoplasts of, 17 
relative homothallism in, 494 
variants of, 632,633,635-637,650,651 

Aspergillus niger 
cell wall of, 6 
colony of, 89, 92 
dormancy in, 341, 342 
parasexual cycle in, 607 
spore germination in, 733, 745, 747, 

748,752,754-757 
sporulating structure of, 117, 124 
sporulation in, 348-352, 442 

Aspergillus oryzae 
diploids of, 592,612 
lysis of, 8, 10, 12, 13 
nuclear ratios in, 570, 582 

protease production by, 613 
spore germination in, 745, 747-749 

Aspergillus repens, 351 
Aspergillus rugulosus 

parasexual cycle in, 607 
Aspergillus sojae, 592, 594, 608 
Aspergillus wentii, 744 
Asterodon, 174 
Asterophlyctis, 300 
Asterophora lycoperdoides, 699 
A tichia glomerulosa, 140 
Aureobasidium, 116,723 
Aureobasidium pullulans, 119 
Auricularia, 446, 460 

B 
Bactridium, 115, 120, 121 
Badhamia utriculosa, 446 
Bagnisiella mirabilis, 140 

, &husakala olivacea-nigra, 125 
Balladyna, 140 
Basidiobolus, 713 
Basidiobolus ranarum, 687 
Basidiomycetes 

basidiocarp structure of, 151-177 
heterokaryosis in, 576-578 
incompatibility in, 662 
morphogenesis in, 387-412 

Battarraea, 699 
Beauveria, 116, 119 
Bispora, 116 
Bisporomyces lignicola, 122 
Bitunicatae, 137, 138~142 
Blastocladia, 308, 309, 310, 455 
Blastocladia pringsheimii, 454, 738 
Blastocladiales, 285, 290, 291, 302 

sex hormones in, 426 
Blastodadiella, 487, 500, 502 

morphogenesis in, 302*-310 
spore germination in, 738-739 

Blastocladiellll- britannica, 327, 328 
Blastocladiella emersonii 

morphogenesis in, 288, 303-305, 307, 
311-313*, 315*, 317, 318, 321*, 
324, 327*-329, 464 

Blastomyces dermatitidis, 182*, 184,202 
Boletus, 166 
Boletus caloptls, 159 
Boletus rubellus, 160 
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Bombardia, 145, 355, 363, 428, 490, 522, 

552',669 
Bot'ytis, 104, 108, 115, 119,456,701,714 
Botrytis aIlii, 102, 103* 
Botrytis anthophila. 703, 712 
Botrylis cinerea, 102, 105, 106*,346,441, 

457,572,584,695,746 
Botrylis polyblastis, 722, see also Slroma-

tinfa narcissi 
Bremia lactueae, 445 
Buellia disci/armis, 140 
Bulgaria inquinans, 366, 681, 698 
Bulleria, 63 

c 
Cacumisporiurn tenebrosum, 122 
Caliciopsis pinea, 143 
Calonectria, 145 -, 
Calvatia, 699 
Calvatia gigantea, 710 
Campylospora chaetocladia, 121 
Candida, 64*,78,181 
Candida albicans 

chlamydospores of, 345, 464 
dimorphism in, 188, 192, 195, 200-205 
divisionless strains of, 193 
petite colonies of, 79 
pseudomycelium of, 67 

Candida pulcherrima, 78 
Candida reukaufii, 712 
Candida utilis, 4 

protopJasts of, 12, 15, 18, 20, 22, 25, 
26*, 28, 30, 33, 37, 39, 41*-43, 
47,52* 

Cantharellus fioccosus, 156* 
Catenaria, 289 
Catenularia, 116 
Catenularia cuneiform is, 122 
Cephaloascus jragrans, 704 
Cephalosporium, 723 
Cephalosporium mycophilum, 582-583, 

608 
Cephalotheea, 136 
Cephalotheea savory;, 137* 
Ceratiomyxa /ruticu/osa, 211, 215, 226, 

227 
Ceratobasidium, 168 
Ceratoeystis, 684, 704, 713 
Ceratocystis adiposa, 361,441, 704 
Ceratoeystis fa¥i, 712, 

Ceratoeystis ips, 703 
Ceratoeystis moniliformis, 361 
Ceratoeystis picea, 361 

'Ceratoeystis ulm;, 361, 703, 712 
Ceratostomella adiposa, see Ceratoeystis 

adiposa 
Ceratostomelia ampullaeea, 684 
Ceratostomella fimbriata, 361, 452, 495 
Ceratostomella pluriannulata, 361 
Ceratostomella variospora, 361 
Cereospora musae, see Myeosphaerella 

musae 
Cercospora personata, see Myeosphaerella 

berkleyii 
Cereosporella herpotriehoides, 702 
Chaetomella atra, J 27 
Chaetomidium, 144 
Chaetomium, 142, 143, 144, 684, 701 
Chaetomium brasiliense, 143, 354 
Chaetomium coehlioides, 354, 441 
Chaetomium convolutum, 354, 366 
Chaetomium timeti, 144 
Chaetomium glohosum, 87, 88, 92, 143, 

354, 366, 441, 448 
Chaetosphaeria innumera, 144* 
Chalara, 122 
Cheilymenia stercorea, 147 
Chlorociboria aeruginaseens, 147 
Choanephora cucurbitarum, 445, 452, 

455, 457, 458, 462 
Chromocrea spinuiosa, 366, 495 
ChroogompJrus, 159, 166 
Chroogomphus vinieolor, 171 * 
Chry:wsporium, 120 
Chytidiomycetes, 285 
Chytridiales, 285, 290, 291, 300 

sex hormones in, 420 
Chytriomyces, 291 
Cladochytridium, 289, 290, 300, 301 
Cladosarum olivaceum, 117 
Cladosporium, 17, 116, 117,699, 702*, 

723, 725 
Cladosporium herbarum, 117, 118* 
Cladosporium mansonii, 203 
Cladosporium sphaerospermum, 117 
Clathrosphaerina, 454 
Clathrus ruber, 712 
Clavariadelphus pistillaris, 152, 694 
Claviceps, 102, 105, 107, 108, 345, 346, 

703 
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ClaViceps purpurea, las, 107,346,703 
Coccidjoide.~ immitis, 28, 725 
Coccomyces hiemalis, 355 
Cochlio/Joius, 493 
Coch/{obolus miyabeanl/s, 749, 750 
Cochliobolus sativus, 608, 610 
ColJetoJrjehum olrnmentarium, 345 
Colletotrichum iagenarium, 607 
Collybia fusipes, 108 
Collybia setuiosa, 171 * 
Collybia veiutipes, 392, 397, 398, 400, 

405, 448, 456, 457, 666 
Comatricha, 215, 225 
Comatricha taxa, 214, 215, 226 
Coma/richa noduli/era, 219 
Comatricha typhoides, 213 
COllocybe tenera, 171 * 

Ctenomyees reflexa, 136 
Culicidosp'ora, 121 
Cunninghamella elegans, 87 
Curvuiaria, 124 
Curvularia brachyspora, 745 
Cystoderma, 156*, 163 
Cytidia salicina, 552* 
Cytosporina, 441 
eyathus, 701 
Cyathus stercoreus, 403, 552* 

Dacrymyces, 168 
Daetuliophora, 102 
Daldinia, 145 

D 

Daldinia concentrjca, 446, 684, 697, 698 
Dasyoboills immerslIs, 680, 681, 685, 686 

Coprinus, 168, 169,457,460,692 
Coprinus atramentarius, 690 
Coprinus ('inereus, 396 

'"' Dasyscyphus, 365 

Coprinus comatus, 405, 407 
Coprinus congregatus, 396 
Coprinus dhseminatus, 86*.388 
Coprinus ephemerus, 447 
Coprinus fimetarius, 552*, 558, 663 
Coprinus heptemerus, 396 
Coprinus {agopus, 86, 394, 406, 576, 577, 

628,666,690 
Coprinus macrorhizus, 638 
Coprinus sassii, 396 
Coprinus stercorarius, 102·108 
Coprinus sterquilinus, 404, 405,459 
Coprotrichllm purpuraseens, 125 
Cordana musae, 696 
Cordyceps, 105, 145,438 
Cordyceps miUtaris. 367, 685 
Coremiella ulmariae, 125 
Coronophorales, 143 
Corticium fi/amenta.m, 697 
Corticium solani, 8, 103·106*, 108, 578 
Cortinarius, 160, 161, 166 
Cortinarius orichalceus, 161 
Cortinarius sanguineus, 161 
Cortinarius semisanguineus, 161 
Coryneliales, 143 
Costantiella, 119 
Crinipellis zonata, 171 * 
Crucibulum, 701 
Cryptococcus, 78 
Cryptospora longispora, 146 

'fJasyscyphus protractus, 681 
De'baryomyces, 452 
Debaryomyces kloeckeri, 80 
Deiglitofliella, 121,699 
Deightoniella indica, 126 
Deightoniella torulosa, 695, 696* 
Dendriphiopsis, 124 
Dendrophoma obscurans, 127* 
Dendrosplwera eberhardtii, 137 
Dendryphion, 124 
Deuteromycetes, sporulating structures of, 

113-131 
Dellterophoma tl'acheiphila, 714 
Diaporthe, 441 
Diatrype, 146 
Dintl'ype stigma, 684 
Dictyoarthriniurn, 125 
Dictyomorpha dioiea, 486 
Dictyostelium discoideum, 236·245, 247, 

248, 251, 253" 254, 256-270, 704, 
757 

Dictylostelium rnucoroides, 241, 244, 245, 
247,249'-251,263-266,270 

Dictyostelium purpureum, 236, 243, 268 
Dictyuchus, 416 
Dictyuchus monosporu.r, 488 
Didymium, 215, 740 
Didymium difforme, 214 
Didymium iridis, 212, 213, 214, 216, 225, 

227,228' 
Didymium nigripes, 213, 216, 225, 227 
Dilophospora aiopecuri, 711 
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Diplocladium, 17 
Diplodia zeae, 127* 
Diplopho:''P'wra, 126 
Dipodascus uninucleatus. 704 
Discomycetes, 133, 134, 146-149 

Inoperculatae, 148 
Operculatae, 149 

Discosia, 115 
Dothidea, 140 
Dothidea sambuci, 139*, 140 
Dothideales,138-140 
Dothiora, 140 
Dwayabeeja sundra, 126 

E 
Echinostelium minutum, 219 
Eidamiella deflexa, 136 
Elaphomyces, 461, 703 
Ellisiodothis inquinans, 141 
Emericellopsis salmosynnemata, 608, 610 
Endochytrium, 300 
Endogone, 462, 703, 705 
Endomyces, 63 
Endophyllu'; euphorbiae-sylvaticae, 712 

__ Endophragmia, 121 
Endosporostilbe, 122 
Endothia parasitica, 127,684,714,726 
Englerula macarangae, 140 
Entomophthora coronala, 688 
Entomophthora muscae, 687 
Epichloe typhina, 685, 698 
Eremascus, 502 
Eremascus fertiUs, 446 
Eremothecium ashbyii, 195 
Erysiphales, 143 
Erysiphe, 116, 125, 143 
Erysiphe graminis, 722, 738, 740 
Euascomycetes, 134 
Eurotiales, 136-137 
Eurotium herbariorum, 351, 366, 448 
Eurotium repens, 450 
Eurotium rugulosum, 448 
Exosporium, 124 

F 
Fenestella, 142 
Flammula alnicola, 760 
Fornes fomentarius, 693, 698 
Fornes vegetus, 408 
Fuligo septica, 211, 212, 222 

Fungi, 
dissemination of, 677-764 
life cycles in, 474-480, 501 
morphogenesis in, 179-412 
physiology of reproduction in, 4 I 3-469 
reproduction and inheritance in, 471-

676 
sexual mechanisms in, 496-503 
sexual patterns in, 480-496 
sporulating structures of, 113-177 
vegetative structures of, 413-512 

Fungi Imperfecti, see Deuteromycetes 
FusarieIIa, 123 
Fusarium, 8, 88, 441, 453, 455, 457, 461, 

723 
Fusarium caeruleum, 740 
Fusarium culmorum 

protoplast, 5, 13, 16, 17,21,23*,25*, 
27-29, 34*, 35*, 39-41, 45, 46, 
53*-55* 

Fusarium moniliforme, 341 
see also Gibberella fujikuroi 

Fusarium moniliforme f.sp. fici, 712 
Fusarium oxysporum, 7, 14,93,346,351, 

570, 608 
Fusarium oxysporum f.sp. cuhense, 350 
Fusarium oxysporum f.sp. gladioli, 345 
Fusarium oxysporum f. sp. pisi, 582 
Fusarium solani, 8, 12,345,700,714,754 
Fusarium solani f. sp. phaseoU, 749 

G 

Galerina, 166, 173 
Galerina allospora, 157 
Galerina thujina, 171 * 
Calerina umhrinipes, 171 * 
Galerina vittaeformis var. albescens f. 

tetraspora, 171 * 
Ganoderma, 720 
Ganoderma applanatum, 447, 693, 694, 

698 
Ganoderma iucidum, 402 
Geastrum, 701 
Gelasinospora, 145 
Gelasinospora calospora, 355 
Gelasinospora tetrasperma, 667 
Geoglossum, 147,460,685 
Ceotrichum, 116 
Geotrichum candidum, 124 
Gibberella, 145 
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Gibberella fujikuroi, 93, 348 
see also Fusarium moniliforme 

Gliodadium roseum, 17, 704 
Gloeotinia lemu/en/a, 148 
Glome,ella, 340, 355, 364, 365, 428 
Glomerella cingulata, 361-363, 494, 495, 

556, 740, 750, 753, 755 
meiospore of, 552* 

Gnomonia erythrostoma, 438 
Gnomonia intermedia, 450 
Gnotnonia rulgari.f, 367, 450 
Gonatobotryum, 115 
Gonytrichum, 122 
Graphium. 346 
Graphium cunei/eram, 704 
Graphium uimi, 347 
Gymnascales, 135-136 
Gymnoascus, 135* 
Gymnoascus ree.fii, 136 
Gymnopilus spectahilis, 156* 
Gyromitra esculenta, 147 

H 
Hansenula wingei, 49, 65, 363, 369 
Hansfordiella, 121 
Haplaria, 119 
Helicobasidium plIrpureum, 94, 96, 98 
Helic(ldcndron, 454 
Helminthosporium, 17, 116, 124.721 
Helminthosporium grumineum, 459 
Helminthosporium oryzae, 351 
Helminthosporium sativum, 342, 716 
Helvella, 148,460 
Helvella crispa, 147, 149 
Hemiascomycetes, 134 
Hemileia vastatrix, 33, 700, 712 
Heterosporium, 115, 119 
Hirsutella, 116 
Hirsutella gigamea, 96, 347 
Histoplasma capsulatum, 185, 188, 205, 

725 
Histoplasma tarciminosum, 
Hormodendrum, 1]6 
Hydnum, 460, 694 
Hygrophorus, 154 
Hymenogaster, 703 
Hymenogaster tener, 100 
Hyphofoma fasciculare, 94 
Hypochytridiotnycetes, 285 
Hypocopra, 145 

185, 206 

Hypocrea, 145 
Hypocrella, 145 
Hypomyces, 368 
Hypomyces solani, 354 
Hypomyces solani t. sp. cucurbitae, 487 
Hyponeclria, 145 
Hypoxylon, 145 
Hypoxylon cohaerens, 146 
Hypoxylon fuscum, 697 
Hypoxylon multitorme, 146 
Hypoxylon J'erpens, 146 
Hysterium, 125 

[saria cretacea, 94, 97, 346, 347, 399 
[soachlyo, 292 

K 
Koorchalomella, 126 
Kumnobotrys bambusae, 140 

l 
Lacellina, 126 
Lt.lcelLinop,\'is, 121, 126 
Loctarius, 164 
Lactarius vellereus, 171 * 
Lagenjdales, 285, 292 
Lambertella copticola, 105 
Lamproderma, 225, 226 
Lasiobolrys ionicerae, 142 
Leccinum, 156, 163 
Lembosia, 140 
Lentinus, 107 
Lentinus edodes, 666 
Lentinus lepideus, 391, 392*, 398, 405 
Lentinus tuber-regiurn, 398 
Lenzites trahea, 402 
Lepiota, 163 
Leptographium, 120, 713 
Leptomitaies, 285, 291, 292, 300 
Leptosphaeria acuta, 142, 685 
Leptosphaeria doliolum, 142 
Leptosphaeria rmci, 367 
Licea bitoris, 220 
Lipomyces lipoter, 42 
Lomachashaska, 126 
Lopadostoma, 146 
Lophophacidium, 146 
Lophotrichus, 143 
Lycogala epidendrum, 701 
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Lycoperdon, 701 
Lycoperdon gemmatum, 100 
Lycoperdon gigantea, see Calvatfa gigan-

tea 
Lycoperdon perlatum, 721 
Lycoperdon pyrijorme, 716 
Lycophyllum paiustre, 151 

M 
Marasmius, 446 
Marasmius androsaceus, 97, 100, 101 
Marasmius cohaerans, 173 
Margariflomyces heteromorpha, 119 
Mortierella, 160, 164 
Melampsora lini, 750, 754 
Melanontma, 142 
Melanomma pulvis-pyrius, 141 
Melanos£,ora destruens, see Sordaria de-

struens 
Melanospora zamiae, 441, 444 
Merulius. 101 
Merulius lacrymans, see Serpul.a lacri-

mans 
Microascus, 144 
Micromonospora AS, 8, 9, 18 
Micromonospora challea, 11, 12, 16 
Microsphaera alphitaides, 453 
Mirrosphaera quercina, see M. alphitoides 
Microsporum, 121 
Microsporum audouinii, 203 
Monilia, 351, 458 
Monilia fructigena, 458 
Monoblepharidales, 285, 291, 300 
Monoblepharis. 502 
Morchella, 148,460,681 
Morchella escuienta, 149 
Mucor, 430, 501, 502 
Mucor hiemalis, 421, 446, 758 
Mucor mucedo, 420, 421, 422, 423, 425, 

455 
Mucor rUcemosus, 345, 450, 455 
Mucor ramannianus, 704 
Mucor rOllxiana, see M. rouxii 
Mucor rouxii, 196, 197, 198*, 199,200, 

201, 758 
Mucor sphaerosporus, 17 
Mucor subtilissimus, 196, 197, 199 
Mucorales, sex hormones of, 420 
Mycena, 151, 158, 159, 165, 169, 172 
Mycena borealis, 171 

Mycena corticola, 171 * 
Mycena gypsea, 171 * 
Mycena iodiolens, 156* 
Mycena latifolia, 171 * 
Mycena peiianthina, 171 * 
Mycena pura, 171 * 
Mycena rosella, 171 * 
Mycena subcaerulea, 151 
Mycoievis, 160 
Myco.~phaerella berkeleyii, 350 
Mycosphaerella musae, 354 
Mycosphaerella muskola, 726 
Mycosphaerella pinodes, 448 
Mycosphaerella tulipiferae, 355 
Myiocopron smilacis, 141 
Myriangiales, 138 
Myriangium duriaei, 138 
Myriostigmella quatteriae, 140 
Myrothecium verrucaria, 17, 342, 745, 

747,749,757,758 
Myxomycetes 

capillitium in, 225 
morphogenesis in, 211-233 
myxamoebae of, 213-216, 234 
plasmodium of, 217-222 

types of, 219* 
spore germination in, 211 ~213 
sporulation of, 222-229 

N 
Naematoloma, 171* 
Nectaromyces,712 
Nectrja cinnabarina, 700 
Nectria mammoidea, 145 
Nectria stenospora, 633, 636 
Nematogonium, 115 
Neottiospora carinum, 126 
Neuronectria peziza, 145 
Neurospora 

cell membrane of, 42 
dormancy in, 740, 742 
extrachromosomal inheritance, 640, 

641,649,651,656 
incompatibility in, 663 
mendelian inheritance in, 535, 545, 548 
morphogenesis of, 340, 341, 342, 352, 

354, 355 
mutant pan of, 583 
mutant poly of, 360 
nuclear ratios of, 573 
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perithecial development in, 428 
protoplasts of, 36 
sexua\ mechanism in, 4.1"1, 4%9, 5{}{}, 

502 
spore germination in, 749, 754 

lVeurospora crassa 
cell wall degradation of, 12 
colony, 88 
copulation in, 498* 
dormancy, 343 
extrachromosomal inheritance, 620, 

621, 622, 656 
female sterility in, 369 
heterokaryosis in, 569, 570, 572, 574, 

575,580,581, 586, 611 
hyphal tips of, 579 
incompatibility in, 669 
lysis resistance in, 8 
mating type locus of, 490 
meiospore of, 552* 
mendelian inheritance in, 515-529, 555 
microconidia of, 627 
mutant mi of, 635, 636, 640 
mutant os of, 19 
mutant poky of, 625, 628, 

651 
osmotic mutant M16 of, 19 

629, 650, 

parasexual cycle not detected in, 607, 
608 

perithecial development in, 4S 1 
protoperithecia of, 627 
protoplasts of, 5, 21, 28, 33, 34, 42, 43, 

47 
spore germination in, 747, 750, 751, 

753, 755 
sporulation in, 356-361, 364-366 

Neurospora sitophila 
ascogonium of, 528 
fertilization in, 428 
perithecial development in, 454, 455 
sclerotia of, 108 
sex organs of, 490 
spore dormancy in, 736 
spore germination in. 755 
sporulation in, 356, 357, 358, 359, 363, 

367 
suppression of chromosomal gene ac

tion in, 651 
Neurospora te/rasperma 

heterokaryosis in, 568, 569, 574 

meiospore of, 552* 
mendelian inheritance in, 557 
morphDgenesis in, 343, 344, 356, 351, 

365, 366 
pseudocompatibility in, 667 
sex organs of, 490 
spore germination in, 737, 739, 742, 

743,746-748, 750, 751, 753 
Nigrospora, 120 
Nigrospora sphaerica, 688* 
Nocardia 

lysozyme lysis resistant, 8 
Nowokowskiella, 291 

o 
Oedocephalum, 713 
Oidiodendron, 125 
Oidium monilioides, 737 
Oncopodium, 121 
Onygena equina, 136, 148, 343 
Oomycetes, 285, 286 
Oospora suareolens, 21, 22*, 27, 30 
Ophiobolus, 142 
Ophiostoma, 340, 357 
Ophiostoma adiposllm, see Ceratocystis 

adiposa 
Ophiostorna {imbriatum, see Ceratosto

mella fimbriata 
Ophiostoma mliitiannuiatllm, 350, 351, 

552*,741 
Orbilia cllrvatispora, 147 
Orbilia iUleorube/la, 147 
Ostropa barhara, 148 
Ot/hia spireae, 141 * 
Oudemansiella radicata, 690, 691 * 

Pachyma, 107 
Paecilomyces, 94 

p 

Panaeo{lls papiUonacew;, 726 
Panus strigosus, 156 
Papnlaria, 125 
Papulospora, 103, 105 
Paracoccidioides brasiliensis, 184 
Palellaria a/rata, 140 
Penicillium, 89, 438, 446, 450, 454, 633, 

636, 656, 699, 709, 721, 723 
Penicillium brefeldianum, 353 
Penicillium chrysogennm, 7,91,351,608, 

612,613,753 
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Penicillium clavi/orme, 347 
Penicillium cyclopium, 352, 579, 582, 585 
Penicillium digitatum, 124, 607 
Penicillium egyptiacum, 136 
Penicillium expansum, 592, 608 

diploids of, 592 
Penicillium frequentans, 737 
Penicillium glaucum, 24, 352 
Penicillium griseo/ulvum, 15, 342, 348, 

349,351,352 
Penicillium isarli/orme, 94 
Penicillium itaifeum, 17,608 
Penicillium janthinellum, 744 
Penicillium javanicum, 36.6, 
Penicillium lilaceuln, 18 
Penicillium [uleum, 136, 352 
Penicillium notalum, 93, 349, 441, 477, 

570, 591 
Penicillium ochrochloron, 18 
Penicillium roque/orlii, 348, 350 
Penicilli'1m spiculisporum, 136 
Penicillium spinulosum, 352 
Penicillium urticae, 89 
Penicillium vermiculatum, 353 -...__ 
Penicillium wortmanii, 136, 353 
Peroneutypa, 146 
Peron~spora, 416, 699 
Peronospora destructor, 445, 735, 7:39 
Peronospora manshurica, 740 
Peronospora parasitica, 452 
Peronospora schleideniana, see P. de, 

structor 
Peronospora tabacina, 695, 719, 721 
Peronosporales, 285, 291, 292 
Pestalotia, 115,342,437 
Pestalotia annulata 

variant, 638 
Peziza, 147 
Phallus impudicus. 95*, 97,100,101, 702, 

712 
Phialophora, 116, 122 
Phlyctochytrium, 290 
Pholiota, 713 
Pholiota lubrica, 156* 
Phomopsis, 441 
Phycomyces, 457, 572 
Phycomyces hlakesleeanus, 421, 423, 446, 

449, 453, 498', 554', 736, 739, 
747-748, 753 

Phycomyces nirens, 421 

Phylloporus, 161 
Phyllosticta, 458 
Phymatotriehum omnivorum, 94, 96, 100, 

101,103,104,108 
Physarales, 224 
Physarella oblonga, 213 
Physarum f/avicomum, 213,214,216 
Physarum gyrosum, 212, 214, 215, 217, 

219* 
Physarum nudum, 223 
Physarum polyeephalum, 214, 215, 219, 

220-224, 251, 258 
Physarum pusillum, 214, 216 
Physoderma, 736 
Physoderma maydis, 737 
Phytophthora, 10, 18,416,445,446,550, 

699, 721 
Phytophthora cactorum, 446, 480, 734 
Phytophthora infestans, 445, 553 
Phytophthora phaseoU, 712 
Pichia, 64, 70, 78 
Pilobolus, 457, 687, 711 
Pilobolus erystallinus, 421 
Pilobolus microsporus, 450 
Pilobolus sphaerosporlls, 697 
Pityrosporum, 63 
Plasmodiophora brassicae, 760 
Plasmodiophoromycetes, 285, 286 
Plectascales, 137 
Plectomycetes, 133, 134, 135-137 
PlenodomliS fllscomacuians, 454, 459 
Pleosphaeria, 142 
Pleospora, 142 
Pleospora brami, 354 
PLeospora gaeumanU, 354 
Pleospora herb arum, 459 
Pleospora scirpicola, 685 
Pleosporales, 141 
Pleurotus ostreatlls, 398, 666 
P[eurotus spodoleueus, 666 
Pluteus, 166 
Pluteus cervinus, 156* 
P!uteus salicin liS, t 73 
Podaxis, 699, 719 
Podaxis pistillaris, 720 
Podosphaeria, 143 
Podosphaeria feucotrieha, 684 
Podospora, 340, 441, 493, 502 
Podospora anserina 

ascospores of, 365 
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barrage reaction in, 557, 628, 638, 656, 
671* 

extrachromosomal inheritance in, 620, 
624 

heterokaryosis in, 568 
mating type lows of, 490 
rneiospore of, 552*, 556, 557 
mutants of, 355 
nuclear ratio in, 582 
pseudocompatibility in, 667, 668*, 670, 

671*,673,674 
tetrad analysis in, 557 
variants of, 638, 654 

Podospora firnicola 
spore discharge, 680, 686 

Podospora mi»uta, 355 
Polychy/rium, 300 
Polyozellus multiplex, 161 
Polyphagus, 300 
Polyporus belulinus, 692, 693 
Polyporus brumalis, 94, 97,397,398,400, 

405, 447, 454, 459, 462, 699 
Polyporus conchifer, 701 
Polyporus glomeratus, 156 
Poiypor"lS mylittae, 107 
Poiyporlls rhinoceros, 107 
Po/yporus saeer, 107 
Polyporus squamosus, 105 
Polyporus romentosus var. cireinatus, 

171 * 
Polyporus tuberaster, 105, 107 
Polyporus umbellatus, 105 
Polyporus versicolor, 402 
Polysphondylium pallidum, 238, 241, 270 
Polyspondylium violaceum, 238"', 240, 

241, 243, 256, 257 
Polystictus versicolor protoplasts, 4, 5, 

17, 21, 23*, 24*, 27*, 31*, 32, 
44*,45,49,54*,56* 

Polystigma, 145 
Poria ambigua, 402 
Poria cocos, 107 
Preussia, 139, 140 
Pringsheimia, 140 
Psathyrella, 160, 173 
Psathyrella camptopoda, 171 * 
Psathyrella disseminata, 99 
Psathyrella subatrata, 173 
Pseudeurotium, 136, 144 
PseudopeZiza ribis, 356, 452 

'" 

Pseudotorula heterospora, 126 
Psilocybe mexicana, 394 
Puccinia, 656 
Puccinia anornala, see P. hordei 
Puccinia antirrhini, 453 
Puccinia glumarum, see P. striiformis 
Puccinia grarninis 

appressorium of, 390 
dispersal of, 722·724, 726 
dormancy in, 736 
life cycle of, 557 
meiospore of, 552* 
physiologic races of, 628, 655 
seasonal sporulation in, 438 
spore germination in, 737 

Puccinia graminis I.sp. tritici. 737, 738, 
740, 747·749, 750, 752, 753, 754 

Puccinia helianthi, 755 
Puccinia hordei, 628, 655 
Puccinia obtegens. see P. punctiform is 
PUccinia polysora. 727, 728 
PucCinia punctijormis, 712 
Puccinia purpureum, 740 
Puccinia recondita, 716, 726 
Puccinia sorghi, 740, 755 
Puccinia striijorrnis, 738 
Pyrenomycetes, 133, 134, 137-146 
Pyricularia oryzae, 455 
Pyridularia musae, 119 
Pyronerna, 356, 501, 502 
Pyronema confluens, see P. omphalodes 
Pyronerna domestic urn, 102, 104, 105, 

107, 146, 147 
Pyronema omphalodes, 354, 355, 368, 

441,457,458 
Pythium 10, 18,416,445 
Pythium debaryanum, 480 

Q 

Quaternaria, 146 

R 
Ramularia, 101, lIS, 119 
Ramularia alospora, 119 
Ramularia urticae. 119 
Ramularia vallisumbrosae, 446 
Rehmiodothis, 146 
Resupinatus, 158 
Reticularia, 2i5. 736 
Rhinocladiella, 119 
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Rhizidiomyces, 301 
Rhizoctonia solani, see Corticium solani 
Rhizophlyctis, 301 
Rhizophydium, 290, 291,300,301 
Rhizopogon, 157, 159-166, 168, 703 
Rhizopogon pseudoaUinis, 152, 153 
Rhizopus, 196, 437, 487, 501, 746 
Rhizopus arrhizus, 18 
Rhizopus microsporus, 17 
Rhizopus nigricans, see R. stolaniler 
Rhizopus sexualis, 446,449, 450, 452~454, 

456, 464 
Rhizopus stolonifer, 420, 421, 480 
Rhizopus suinus, 741 
Rhodotorula, 78 
Roes/eria paliida, 148 
Russula, 161.164,407 
Russula aeruginosa, 156* 
Russula citrina, 408 

5 
Saccharomyces, 63, 64*, 78, 196, 369, 

502 
Saccharomyces carlsbergensis, 45, 46, 48, 

50, 57, 78 
Saccharomyces cerevisiae 

ascospore of, 746 
budding-in, 194 

_cell wall of, 
-- composition, 20D 

digestion, 12 
conjugation in, 364, 427 
extrachromosomal inheritance in, 620, 

621 
flocculence in, 71 
genetics of, 530, 534, 551, 552*, 554 
giant colonies of, 77*, 78 
microcolonies of, 65, 69*, 80 
petite strains of, 78, 630, 631, 632, 636 
protoplasts of, 15-17, 19,37,42,46-48, 

50 
sporulation in, 367, 450 

Saccharomyces fragilis, 37 
Saccharomycodes, 63, 502 
Saccobolus, 681, 685 
Sadasivania girisa, 125 
Sakireeta, 126 
Samukuta, 126 
Saproltgnia, 289, 292, 299, 416 

Saprolegnia hypogyna, 416 
SaproJegnia mixta, 450 
Saprolegniales, 285, 291, 297, 415 
Sapromyces reinschii, 416 
Sarcoscypha, 147 
Sarcoscypha protracta, 108, 681, 682* 
Savulescua, 144 
SchifJnerula pulchra, 140 
Schizophyllum commune 

fruit body development in, 392, 405, 
446 

genetics of, 558 
heterokaryosis in, 572, 576, 583 
meiospore of, 552* 
sexual mechanism of, 492-494, 498*, 

663, 666, 669 
spore germination in, 746, 753 
spore liberation, 697, 699 

Schizosaccharomyces, 63, 64* 
Schizosaccharomyces pombe, 27*, 28, 46, 

491, 552' 
Schizothyrium perexiguum, 140 
Schizoxylon berkelyanum, 148 
Scleroplea, 142 
Sclerospora phillipinensis, 688 
Sclerotinia, to2, 105, 107, 345, 445, 712 
Sclerotinia fructicola, 341, 349. 459 
Sclerotinia fructigena, 459, 703 
Sclerotinia gladioli, 103 *, 355 
Sclerotinia lihertiana, 10 
Sclerotinia sclerotiorum, 104, 105, 368 
Sclerotinia trifoliorum, 355 
Sclerotinia tuberosa, 147 
Sclerotium, 102, 108 
Sclerotium cepivorum, 102,108 
Sclerotium rol/sii, 103, 104, 105,346 
Scopulariopsis, 116, 120 
Scopulariopsis hrevicaulis, 348 
Septonema, 116 
Serpula lacrimans, 95*, 96, 98, 99*, 100, 

tol, 389, 402, 693, 711 
SipllOnaria, 500, 502 
Siridium, 115 
Sirodesmium, 125 
Sistotrema, 156* 
Solenia anomala, 487 
Sordaria, 145, 340, 355, 437 
Sordaria de.~tru(!ns, 349,361 
Sordaria fimicola 

genetics of, 495, 530, 540, 555, 670 
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hyphal branching in, 86*. 87 
morphogenesis in, 344, 362, 365-367 
perithecial development in, 438, 440-

444, 447, 448, 453, 457, 462 
spores discharge in, 683, 685, 686, 697-

699 
Sordaria macrospora, 361, 364, 365, 366, 

495 
Sordaria verruculosa, 697 
Sparassis, 460 
Spegazzinia, 125 
Sphacelotheca sorghi, 33 
Sphaerobolus, 391, 689, 697, 711 
Sphaerobolus stellatus, 390 
Sphaerocybe concentrica, 347 
Sphaerospora minuta, 119 
Sphaerotheca, 143 
Sphaerotheca mors-uvae, 684 
Sphaerostilbe repens, 89, 94, 97, 100 
Spondylocladium, 124 
Sporidesmium, 120 
Sporoholomyces, 63, 690, 694 
Sporoholomyces roseus, 699 
Sporoschima, 122 
Sporothrix schenckii, 185,206 
Sporotrichum, 119 
Sfarke),omyces, 126 
Stemonitales, 224 
Stemonitis, 226 
Stemonitis fusca, 215, 225, 226 
Stemoniti.~ nigrescens, 213 
Stemphylium, 124 
Stereurn, 460, 694 
Stereum sanguinolentum, 713 
Stictis stellata, 148 
Stomiopeltis, 142 
Streptomyces~ 18 

lysozyme lysis of, 8 
lytic activity of, 9 

Streptomyces albido!lavus, 10, 16,46 
Streptomyces coelicoIor, 610 
Streptomyces GM, 10, 16 
Streptomyces RA, 17,21 
Stromatinia narcissi, 487 

see also Botryris polyblastis 
Stysanus, 120, 346 
Sui/lu." 166, 170, 172 
Synchytrium, 420, 502 
Synchytrium endobioticum, 420, 711, 714 

Synehytrium lulgens, 420 
Syzgitus megalocarpa, 446, 450, 452 

T 

Taphrina, 202 
Teichospora, 142 
Termitomyees, 713 
Tetraehaetum, 121 
Thamnidium elegans, 452,457 
Thieiavia, 136 
Thieiaviopsis basieola, 122 
Thyridaria, 142 
Tille/ia, 689, 690 
Tilletia caries, 720, 722, 736, 737, 741, 

754 
Tilletia cerebrina, 737 
Tilletia loetida, 737 
Til/etia levis, see T. loetida 
Tilletiopsis, 694 
Torula herharum, 126 
Tremella, 446 
Tricellula inaequalis, 117 
Trichia, 695 
Tri?:hocladium, 120 
Trichoderma viride, 10, 18,457 
Triehodothis, 142 
Trichophyton mentagrophytes. 347, 350 
Trichophyton rubrum. 203 
Triclwsporium. 121 
Trichosporon, 63, 64* 
Trichothecium. 699 
Trichothecium roseum, 13, 17, 18, 116, 

121, 700 
Tripospermum myrti, 121 
Tuber, 437, 703 
Tuberales, 135, 149 
Typlrula, 102, 104, 105, 107, 108 
Typhu[a gyrans, 106* 
Typhuia intermedia. 106* 
Typhula phacorrhiza, 106* 

u 
Uncinula necator, 341 
Unitunicata-e, 142-146 
Urocystis agropyri, 737 
Urocystis trifiei, see U. agropyri 
Uromyces appendicuiatlls, 741, 755 
Uromyces phaseoUt see U, appendiculatus 
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Ustilaginales 
incompatibility in, 665 

Ustilago, 699_. 721, 723 
USti/ago maydis. 33. ":52,549,551,552*, 

610,752,753 
Ustilogo sphaerogena. 390 
Ustilago strji/ormis. 736 
Vstilago violacea. 703 
Us/ilago zeae$ see U. maydis 

v 
Venturia, 340 
Ventl4ria itwequalis, 354, 552. 556 
Venturia pyrina, 445 
Verpll conica, 141 
Verlicillium, 17,33,369,723 
Verticillium alboatrum. 106, 108, 346. 

365-367,608 
Verlicillium dahliae, 103 

VerticilliLfm hemileiae, 10 
Vibrissea truncorum, 148 
Vo/ucrispora, 117, 118 
VoJvarieJla, 154 

w 
Wettsteinina gigaspora, 141 

X 

Xylaria, 145,446.713 
Xylaria hypoxylon, 9..\, 700 
Xylosphaera, see Xylaria 

Z 
Zygorhynchus moelleri, 744 . 
Zygosaccharomyces, 502 
Zygosporium, 122. 699 
Zygosporium oscheoides, 695 
Zythia !ragariae, 127* 
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