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Preface 
Fungi are ubiquitous organisms which play an essential part in the 
onomy of nature and pmfmmd\y affect human afta'''' TraditiQlydly 
ssified as plants, fungi usually receive scant mention, ~mong lower 
ptograrns, in the average botanical textbook, and in academic texts there 

a tendency to give merely a detailed taxonomic account of the group in
rspersed with phylogenetic speculation. While there are satisfactory texts 

the physiology of fungi, on fungi as pathogens of plants, animals, and 
an, and on other aspects of pure and applied mycology, there is no satis
ctory modern general treatment, a deficiency which this volume, and its 
o companions, attempt to correct. 
So much has been written about fungi that it is now impossible for a 

ngle author to give an acceptable comprehensive and balanced account of 
em in depth. Recourse must be made to a range of specialists and this, 

owever eminent the specialists, introduces difficulties regarding variation 
treatment and integration. 
The object of this work is not to supply a series of articles on "recent 

dvances" on diverse aspects of fungi or to review the major rli'Vl.'~ions of 
pplied mycology but rather to summarize what is known about fungi as 
ngi, with the major exception that in the third volume taxonomic prin-

iples only will be treated. This work, as the subtitle implies, is also in
nded as a reference book, and doubtless many users will select such 

hapters or sections as are relevant to a present need. The work has, how
ver, been planned as a whole and by reading the chapters consecutively 
he three volumes will, it is hoped, give a logically developed account of 
ungi as living organisms. 

This first volume deals with events at the cellular level; in the two suc
eeding volumes the fungus organism and fungal populations will be treated. 

number of topics therefore recur at the different levels of organization, 
nd these may be traced via the subject indexes and the indexes to Fungi, 
ichens, and Actinomycetes which appear in the volumes. 
Those who delve into any topic in any of the volumes and who feel a 

eed to refresh their memories on generalities regarding fungi and fungal 
tructure should first read Chapter 2 of this volume. 

The editors are most grateful to the many authors whose labors have 
ade this joint effort possible, and hope that the readers will feel the 

venture to have been worthwhile. 

G. C. AINSWORTH 

Commonwealth Mycological Institute, Kew, Surrey, England 

A. S. SUSSMAN 

University of Michigan, Ann Arbor, Michigan 
April, 1965 
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CHAPTEH 1 

Historical Introduction to .Mycology 

G. C. AINSWORTH 

Commonwealth Mycological institute 
Kew, Surrey, England 

Why. it may be asked, should an attempt to survey current knowledge of 
the fungi begin with a backward glance? Scientists build on foundations 
laid by their predecessors and, as Aldous Huxley noted when discussing 
the literary stylc of his grandfather, they show great reluctance to inspect 
these foundations. One aspect of the study of history is to elucidate the 
prc~,cnt, and-owing, at least in'part, to the major effects of science through
out the world today-the historian of science is becoming an increasingly 
fashionable figure. Although at a first reading histories of science may in
duce complacency in the bench-working scientist who is struck by the 
failure to accept the obvious and the lack of imagination shown by many 
of his predecessors, imaginative reflection on the climate of opinion and on 
the technical limitations under which pioneers work is likely to induce a 
morc humble reaction and the certainty that many research workers today 
will appcar to posterity to have been equally obtuse. If this makes for a 
greater suspicion of authority and less conformity to prevailing fashions, 
and if it leads to the doubts and uncertaintics that frequently are the first 
steps to new knowledge-all to the good. 

As the history of science cannot be divorced from social and economic 
studies, so the development of mycology has not been an isolated phenome
non within science. Deeper understanding of fungi has frequently depended 
on advances in physics or chemistry, and mycology has always been greatly 
influenced by botany, of which traditionally it has been considered a 
branch. The history of mycology cannot here be treated comprehensively; 
at the risk of oversimplification, only a few main themes are traced. 

3 



4 C. C. Ainsworth 

1. FUNGI AND THE CLASSICS 

Fungi arc of ancient lineage and have a fossil record that extends back 
to the Devonian and Pre-Cambrian eras. They must, along with plants and 
animals, have been noticed by primitive man, but during historical times 
there seems to have heen little change in human natufC. Man has always 
been impressed by calamity, and the earliest written records of fungi are 
not of the fungi themselves, but of their depredations. There are records 
of plant diseases in the Vedas [1200 B.C.] and of blasting and mildew in 
the Bible [e.g., Amos, 4, 19] which also [Lev., 14, 34-48] gives detailed, 
practical instructions to the priest for the treatment of "leprosy in a house" 
(probably dry rot). From earliest times man must, presumably, have made 
use of fungi as food; but, again, what is possibly the lirst written reference 
to a fungus is the death from fungus poisoning at Icarus on one day of a 
mother, daughter, and two full-grown sons, an event which Euripides 
[450-456 B.C.] commemorated by an epigram. 

Many references to fungi in the Greek and Roman classics have been 
conveniently summarized by Buller (19l5a). Fungus diseases of plants 
feature prominently, and the Romans held a spring festival, the Robigalia, 
to ward off the "rubigo" or rust, "the greatest pest of the crops," according 
to Pliny [ca. 23-79 A.D.]. There is also mention of the fungi as medica
ments-including the greatly esteemed universal remedy "agarieum" (the 
fruit body of Fornes officinalis); but it is to fungi as food to which reference 
is most frequently made. The Romans considered fungi to be great deli
cacies and they distinguished a number of diflcrcnt sorts, including "boleti" 
(Amanita caesarea) , which were cooked in special vessels or "b'lctaria," 
"fungi suilli" (Bo/ellis edlllis), and trutlles (Tliber spp.), as well as the 
common field mushroom (Agaricus campestris). They also distinguished 
edible from poisonous sorts by tests of no greater reliability than those ad
vocated in current folklore. 

The Romans are also credited with the first illustration of a fungus. At 
Pompeii, buried by the eruption of Vesuvius in 79 A.D., excavations have 
revealed fungi (thought to be Laclarills de/iciosus) illustrated in some of 
the frescoes. Like the potato, mushrooms have been the inspiration for 
pottery and sculpture. A series of ancient stone sculptures based on agaric 
sporophores, collected by the Wassons (1957) in Guatemala and other 
Central American countries (where ceremonial usc has been, and still is, 
made of hallucinogenic mushrooms), have heen dated 1000 B.C. to 200 
A.n. Harshberger (1929) noted a second century A.n. Roman representa
tion of an agaric, probably a species of Amanita, as part of an architectural 
ornament at Timgrad, Algeria. And recently Eichhorn (1962) has identi-
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fied as Amanita ovoidea certain ancient Egyptian alabaster models of 
agarics of uncertain provenance now in the Vienna Museum. 

II. THE HERBALISTS 

The thousand years of the Middle Ages added little to the knowledge of 
fungi. The advent of printing in the fifteenth century led to the heyday of 
the printed herbal (Arber, 1938) during 1470-1670, the two centuries 
that preceded the modern era. The herbalists tended, at least at first, to 
look back. They were anxious to record in print the classical accounts of 
plants, particularly of materia medica, for many herbalists were physicians. 
They did, however, and with increasing frequency, show caution if not 
scepticism in accepting ancient tenets and at the same time added original 
observations and attempted fresh schemes of classification. 

Many of the well known herbals mention, and not infrequently illustrate, 
a few fungi, such as the common mushroom, various truffles and "agari
cum," but their inclusion is incidental and the treatment slight. In the 
words of "The Grete Herbal," 1526, "Fungi ben mussherons. They be 
colde and moyst in the thyrde degre and that is shewed by theyr vyolent 
moysture. There be two maners of them, one maner is dcedly and sleeth 
them that eateth of them and be called tode stooles, and the other dooth 
not." Attention was paid also to such curiosities as the 'fungus stone" 
(Polyporlls tllberaster) (Ramsbottom, 1932). Ergot of rye was noted 
by Lonieer as early as 1582, but its connection with ergotism-the St. 
Anthony's fire of the Middle Ages-was not established until the seven
teenth century (Barger, 1931). 

A. Clusius 

The herbalist of greatest mycological importance is the versatile and 
mueh traveled Charles de I'Eseluse (Clusius) [1526-1609], who was born 
at Arras and introduced to botany at the University of Montpellier. Sub
sequently he made an expedition to Spain and Portugal, lived for about 
fourteen years in Vienna, and finally became a professor at Leyden, from 
where he issued in 1601 a reedited and augmented version of earlier writ
ings as "Rariorium Plant arum Historia," a fine folio, well printed by the 
Plantin Press at Antwerp. This book has a 28-page appendix on "Fungorum 
in Pannoniis Observatorum Brevis Historia" in which Clusius gives an ac
count of the fungi found during his stay in Vienna in the Roman province 
of Pannonia, now parts of Austria, Hungary, and Yugoslavia. This first 
monograph on fungi has thirty-two woodcuts (mostly original) and in
cludes many larger fungi recognizable today. To aid him in his mycological 
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studies Clusius had a series of watercolor drawings of fungi prepared, and 
these~the Code de I'Esciuse, now preserved at Leyden~were published 
by Istvanffi (1900) together with a facsimile of the fungal section of the 
"Rariorum Plantarum Historia." 

B. Van Sterbeeck 

What may be considered to be the climax on this line of mycological 
advance, the first book devoted to fungi, was the "Theatrum Fungorum oft 
het Tooneel der Campernoelien," 1675, by Johannes Franciscus Van Ster
beeck [1630-1693]. Van Sterbeeck, whose family was of noble extraction, 
was born in Antwerp. In 1655 he was ordained priest, and for the next 
eight years he suffered from a chronic illness that enforced repose. He thus 
belonged to a profession which over the centuries has harbored many 
eminent mycologists, and he was also subject to a pcriod of isolation, which 
so frequently has seemed to be essential for the maturation of an inquiring 
mind or a man of genius. During his illness Van Sterbeeck deepened his 
botanical knowledge and subsequently visited Dutch botanists; in 1663 he 
was himself visited by John Ray [1627-1705], who admired the rare plants 
in Van Sterbeeck's garden. From the beginning of his studies Van Sterbeeck 
paid special attention to fungi, and when in 1672 the Antwerp pharmacist 
and botanist Adriaan David showed him the celebrated Code de l'Escluse 
(then the property of Dr. Sijen, professor of botany at Leyden), he copied 
the designs and uscd many of them as a basis for the copperplate illustra
tion of his "Theatrum Fungorum," a fact forgotten for some 200 years. Van 
Sterbeeck's objective in giving an account of the fungi was largely prac
tical. He was anxious that "edible" fungi should be correctly identified and 
distinguished from the poisonous, and so the "Thcatrum Fungorurn" was 
written in Dutch. 

III. THE MICROSCOPISTS 

The introduction of the microscope, following improvements in lens 
making by Christiaan Huygens [1629-1695] and others, was a fundamental 
step in microbiology. The most familiar name in the development of micro
biology is that of Antony Van Leeuwenhoek [1632-1723], a minor official 
of Delft, who himself constructed the microscopes and lenses with which 
he made the many original observations on microorganisms that he com
municated in a series of letters to the Royal Society in London. These dis
coveries have been given wider currency during recent years by Dobell 
(1932). Van Leeuwenhoek was the first to see bacteria~in scrapings from 
the human mouth~and he also observed yeast cells. For the first iIIustra-
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tions of microfungi, however, one must turn to Robert Hooke's [1635-
1703] "Micrographia." 1665-"the most ingenious book I ever read in my 
life" according to Samuel Pepys 11633-1703]. and one which kept the 
diarist out of bed until two in the morning. There, one well-known plate 
(Schem :xii) shows the sporangia of Mucor and the teliosporcs of rose 
rust (Phragmidium mucrona/um). A few years later, Marcello Malpighi 
[1628-1694] devoted the greater part of a plate of this folio "Anatome 
Plantarum," 1679, to delineating molds now referable to Rhi;,0P"S, Mucor, 
Penicillium, and HaIry/is. The next step, the exploitation of combined ma
croscopic and microscopic observations on fungi, was left to the Italian 
P. A. Micheli, who made observations that underlie several major sub
divisions of mycology today. 

IV. MICHELl 

Pietro Antonio Micheli [1679-17371. according to the Latin descrip
tion on his memorial in the church of Sante Croce, Florence, "lived 57 
years and 22 days, happy though in moderate circumstances, an expert in 
natural history, a leading botanist of Tuscany, well known everywhere for 
his researches and writings. and much loved by all the worthy men of his 
age on account of his sweetness of disposition, and modesty." He came of 
poor parents, was self-taught, and was appointed by Cosima lII, the Grand 
Duke of Tuscany, as botanist in charge of the public gardens in Florence, 
his catalogue for which was published posthumously in 1748. 

Micheli's most famous work, and the publication on which his reputation 
as an outstanding mycologist rests, is the "'Nova Genera Plantarum," a 
quarto with 108 copperplates, published in J 729. Writlcn in Latin, this 
volume, in which the genera are arranged after the method of J. P. Tourne
fort 11656-1708], was envisaged as the first part of a larger work. never 
completed. There are, however. sets of the copperplates illustrating marine 
algae, etc., for the second volume, in the British Museum and elsewhere) 
and much unpublished manuscript material is still available in Florence. 
Of the 1900 plants (1400 observed for the first time) enumerated in the 
"Nova Genera Plantarum," 900 were fungi; here space allows only some 
of the more important of Micheli's mycological contributions to be listed. 

Among the new genera which he described and named, and illustrated 
most beautifully. were Mucor, Aspergillus, Botrytis, Polyporus, Clathrus, 
and Geastrum. He observed seeds (spores) in all groups of fungi, noted 
the quaternary arrangement of basidiospores on the gill surface of various 
dark-spored agarics (Tab. 73; fig. IH), and was the first to describe asci 
and aseospores (in lichens) (Tab. 51; 56; fig. 1 A-D), and trumes (Tab. 
102). He illustrated the mycelial cords attached to the fruit bodies of 
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agarics (Tab. 75) and was the first to describe cystidia, on the gill edge 
(Tab. 73; fig. IB, C) (which he interpreted as being apetalous flowers), and 
to recognize that the function of the cystidia projecting from the gill surface 
of Coprinus (Tab. 73; fig. I, I, K, L) was to keep the gills apart and allow 
spore dispersal. In a series of "observations" (translated by Buller, 1915b) 
Micheli descrihed experiments in culturing fungi from spores. In June, 1718, 
he collected examples of many species of fungi which he had never seen 
coming up in the woods of the Boholi gardens in Florence, allowed spores 
from these collections to be deposited separately on the leaves of oak, ash, 
etc., and then kept the inoculated leaves under observation in various places 
in the Boboli gardens considered to be suitable for the production of fungi. 
Toward the end of October, the appropriate sporophores developed from 
several of these cultures. Such experiments he repeated with similar results, 
and in addition he sowed spores of Mucor, Aspergillus, and Botrytis on 
pieces of melon and noted the development of the characteristic sporula
tions. Finally he cut triangular pyramids of melon, and truncated pyramids 
of quince and pear with pentagonal and hexagonal bases (Tab. 95), and 
inoculated the faces of these with three, five, and six kinds of spores, re
spectivcly, which in due course produced "seeds" of their kind. He also 
recognized the contamination of his cultures by spores fallen on the pieces 
of melon by chance. These examples are sufficient to show that Micheli 
was much ahead of his time. Many of his observations were overlooked and 
had to be made anew up to a century or more later. 

V. THE TAXONOMIC APPROACH 

Taxonomy is fundamental to all branches of biology that arc epitomized 
by sound "natural" classifications. Such classifications are dependent on an 
appreciation of the nature of the organisms to be classified and on detailed 
knowledge of their morphology, physiology, life histories, and ecology; 
Classifications therefore evolve toward greater stability and become more 
informative as knowledge of any particular group of organisms deepens. 

A. The Nature of Fungi 

The origin of fungi was mysterious to the Greeks and Romans (Buller, 
1915a). To the physician and poet Nicander [ca. 185 B.C.], fungi were 
"the evil ferment of the earth;" poisonous kinds originating from thc breath 
of vipers, a traditional association later indicated by P. Mattioli [I 501-
1577], who included a serpent in the woodcut of toadstools in his "Com
mentarii," 1560; while trullles, which as Pliny marveled can live without 
roots, were commonly attributed to the action of lightning. The widespread 
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classical view that fungi were without seeds and were derived from organic 
matter had a long currency. Although G. della Porta [ca. 1535-1615] in his 
"Phytognomonica .. • 1588, was the first to observe "seeds" (spores) in 
agarics and truffles, Hooke in 1665 still believed that the rose rust origi
nated from leaf tissue, and L. F. Marsigli [1658-1730] in "Dissertatio de 
Generatio Fungorum," 1714, expounded and illustrated the view that 
different types of plant tissue on decomposition became transformed into 
different sorts of fungi. In spite of f\.1icheli's observations, such views, by 
becoming involved with the notion of spontaneous generation, persisted 
for another 150 years. The story, ably summarized by l3ulloch (1938, 
Chapter 4) of the elegant experiments at Pavia with Rhio.ol'us and other 
microorganisms by the Italian Lazzaro Spallanzani [1729-1799], which 
demonstrated that the origin of every plant must be from some other part 
of another plant, a conclusion unacceptable to less critical workers until 
they were finally silenced in the 1870's by John Tyndall [1820-1893] and 
Louis Pasteur [1822-1895], need not be detailed here. Mention should, 
however. be made of a final phase when-as one result of the recognition of 
the pleomorphism in fungi by brothers L. R. and C. Tulasne [1815-1885; 
1816-1884], as set out in the three magnificent volumes of their "Selecta 
Fungorum Carpologia," 1861-1865-workers who overlooked the necessity 
of ensuring the purity of experimental cultures involved many different 
species in one life cycle. The climax was the f.ntasies of Ernst Hallier 
[1831-1904] (sec Bulloch, 1938; Ramsbottom. 1941), an aspect of my
cological error that can be exemplified by the diagram in W. Tilbury Fox's 
[1836-1879] "Skin Diseases of Parasitic Origin," 1863, showing the sup
posed relationship of a range of molds to "one essential fungus," Torula 
(yeasts such as Torulopsis and Saccharomyces), a point of view which in 
the light of current experimental studies on mycelial-yeast transformations 
may yet include a grain of truth. 

B. The Structure of Fungi 

Hooke in his "Micrographia" (p. 138) observed that the flesh of mush
rooms and of other basidiomycete sporophores consisted of "an infinite 
company of small filaments," and Micheli saw ascospores within asci, but 
more critical and convincing elucidation of fungal structures was not made 
until the turn of the eighteenth century. It was J. Hedwig [1730-1799] 
in "Descriptio et Adumbratio Microscopico-Analytica Muscorum Fron
dosorum," 1787-1797, who unequivocally established the existence of asci 
and ascospores by describing and illustrating these organs for the twenty 
diseomyeetes included in his genus Oc/osporus. He designated the struc
lure enclosing the spores a "theca"-the term "ascus" was not introduced 
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until 1817, by C. G. Nees von Esenbeck [1776-1858]-and shortly after
ward coined the term "spore." 

Elllcidation of basidial strllcture proved marc trollblesome. Basidia were 
interpreted as asci, and for a quarter of a century after H. F. Link [1767-
1851] in 1809 endorsed this view, everyone, including Ness von Esenbeck, 
A. C. J. Corda [1809-1849], and R. K. Greville [1794-18661, who ex
amined the hymcnium of agarics described and illustrated the spores in 
asci. Then suddenly F. M. Ascherson [1798-?] in Germany in 1836. 
J. H. Leveille [1796-18701 in France and Corda in Prague in 1837, and 
finally M. J. Berkeley [1803-1889] in England and J. F. Klatsch [1805-
1860J and P. Phoebus [1804-1880] in Germany in 1838, by describing 
what they saw rather than what they expected to sec, independently eluci
dated the structure of the basidium. Leveille's paper (Leveille, 1837) is 
the best known, for in it he coined the terms "basidium" and "cystidium," 
but both Berkeley (1838) and Phoebus gave good and critical accounts. 
h is of interest that Berkeley in "English Fungi" (p. 76) had in 1836 un
consciously correctly noted basidial structure when he wrote of Agaricus 
[Clitopilu.I'J l'runulu.l', "Gills . .. covered with very minute conical papil-
1ae, ending in four spiculac. Spofules ... often seated upon the spiculac." 
The phenomenon of seeing in specimens what is expected from textbook 
or authority is well known to every teacher, and the simultaneous an
nouncement of the same new discovery is a commonplace in the history of 
science. Improvements in the compound microscope may be a partial ex
planation of the recognition of basidial structure, but Berkeley worked with 
doublets until 1868 when he was given a compound microscope by J. D. 
Hooker, Director of the Royal Botanic Gardens, Kew. 

Earlier C. G. Ehrenberg [1795-18761 in 1828 had described zygospore 
production in the mucoraceous Syzgites megalocarpus, and many new 
genera of molds had been proposed. Hyphomycetes was introduced by 
K. F, P. von Martius [1794-1868] in 1817. Additional facts, particularly 
about larger fungi, were supplied by a series of fiOely produced works, 
aimed at the wealthy amateur naturalist, such as P. Bulliard's [1752-1793J 
"Histoire des Champignons de la France," 1791-1792, and James Sower
by's [1757-1822] 3-volume "Coloured Figures of English Fungi or Mush
rooms," 1797-1815, with their beautiful hand-colored plates whieh have 
never been surpassed artistically. Data for the delimitation of the main 
classes of fungi were thus available. 
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C. The Classification of Fungi 

I. First Attempts 

Although some groups have always been approached with a certain 
,mbivalencc by both botanists and zoologists (e.g., the slime fungi, or 
Myxomycetes, which have frequently found a place in the animal kingdom 
os Mycetozoa, fungus animals), fungi have traditionally been considered 
plants, if for no other reason than it was even more unacceptable to classify 
them as animals. The early botanists tended to follow the binary system of 
"The Grete Herbal" already quoted and to classify fungi into those that 
arc "deedly and sleeth" and those which "dooth not." Clusius grouped 21 
of his genera as "Fungi csculenti," the other 26 as "Fungi noxii ct pcrni
ciasi." Simibrly, Van Stcrbecck devoted the first two parts of his book to 
edible and poisonous fungi (the third on "Aerd-buylen," earth bladders, 
included truffles along with potatoes and other tubers). Although this 
pragmatic division is still popular, edible and poisonous fungi have no 
regular taxonomic distribution. Toxicity to man had thus to give place to 
more fundamental taxonomic criteria. 

The most useful of these criteria is morphology, and it was soon found 
that for fungi as for the flowering plants the sexual organs and types of 
fructification were of major taxonomic significance. J. D. Gleditsch [1714-
1786] in "Mcthodus Fungorum exhibcns genera, species et varictates," 
1753, divided the eleven genera that he recognized into two groups accord
ing to whether the sporulating surface was exposed or enclosed; if Clm'aria, 
Boletus, and Agaricus fell into one group, the association of Mucor, Stem
anitis, and Lycoperdon in the other and the separation of Elvefa (Helvella] 
from Pe:.:iza were less successful, but the emergence of a sound classif1ca
tion of fungi was dependent on a detailed knowledge of their microscopical 
structure. 

2. Linnaeus 

Eighteenth century taxonomy of both plants and animals was dominated 
by Carl von Linne (Linnaeus) [1707-1778], a Swede, whose influence 
stilt persists. Although Linnaeus was a versatile taxonomist of genius, he 
had certain weaknesses. One was his treatment of fungi, the ordering of 
which he found "a scandal to art, no botanist knowing what is a Species and 
what a Variety" (which, alas, has been a perennial dilemma); finally a 
residue of the few fungi which he compiled were classified among the 
Vermes (worms) in his genus Chaos. He also used classical terms in new 
senses for some of his generic nilmcs for fungi (c.g., Agariclis and Bole/liS, 
ef. Section I), but mycology like other branches of biology benefited 



12 G. C. Ainsworth 

greatly from his introduction of binomial nomenclature. For example, the 
fungus designated "Fungus -ramOSllS niger comprcssus parvus, apicibus 
albidis" by the pre-Linnaean John Ray became "Xylaria hypoxylon" for the 
post-Linnaean Greville. 

3. Persoon and Fries 

One recognition of the debt of biologists to Linnaeus is that the starting 
points for the nomenclature of both animals and plants under the Inter
national Codes are two of his major publications. The nomenclature of 
lichens also starts from Linnacus. but for fungi two later works were 
chosen, the "Synopsis Methodica Fungorum," 1 80 I, by C. H. Persoon 
[1761-IR36] and the "Systema Mycologicum," 1821-1832, by E. M. 
Fries [1794-IR78]. Whether the selection of these two works was in the 
best interests of mycology is a matter of argument, but mycologists are 
unanimous in recognizing the outstanding contributions made by Persoon 
and Fries to the systematics of fungi. 

Pnsoon, of German and Dutch parents, was born at the Cape of Good 
Hope, educated in Germany, and from 1803 lived in Paris. He was some
what eccentric, held no official appointments, and in 1825, owing to pov
erty, made over to the Dutch government, his herbarium (now in the 
Rijksherbarium, Leyden) in return for a pension (Ainsworth, 1962). Fries 
held academic posts and, like his fellow countryman Linnaeus before him, 
became professor of botany at the University of Uppsala. Fries specialized 
mainly on agarics. Persoon, although he made little use of the microscope, 
accurately described many microscopic fungi, both saprophytes and para
sites. Between them they laid a firm foundation on which others could 
build. Their classifications, though archaic today, brought together many 
related forms, and their writings did much to systematize and encourage 
the study of fungi. 

4. De Bary 

Following the publication of the "Origin of Species" in 1859, evolution 
became accepted as a fact and systems of c1assilications of both plants and 
animals were given a phylogenetic slant. It was the German Heinrich Anton 
Dc Bary [1831-1888J, professor of botany at Halle and later at Strasbourg 
and noted for his many and diverse important publications on fungi, who in 
his well-known textbook "Morphologie und Biologie der Pilze, Flechten, 
und Myxomyceten," 1866 (2nd ed., 1884; English translation, 1887), 
recast the broad classification of fungi in what approaches the modern 
pattern, and in doing so was the first to delimit and designate the Phyco
mycetes. 
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5. Since De Bary 

During the rest of the nineteenth century and since, the papers, mono
graphs, and books on the taxonomy of fungi have steadily increased in 
number, diversity, and quality. A selection from this large output could in 
the present context only be arbitary, hut three outstanding compilations 
must be mentioned. First, here is the "Sylloge Fungorum Omnium hucusque 
cognitorum," 1882-1925, by P. A. Saccardo [1845-1920], professor of 
botany at Padua, who systematically compiled all the hitherto described 
genera and species of fungi, giving for each one he accepted a short Latin 
description. This involved many taxonomic decisions, resolving questions 
of synonymy, and the proposal of many new names and taxa, a task for 
which he had to enlist collaborators. One of Saccardo's best-known inno
vations was his system of "spore groups," a code for the classification and 
retrieval of many ascomycetes and fungi imperfecti. 

The twenty-five volumes of the "Sylloge," still invaluable for systematists, 
are frequently supplemented by two other works, C. J. Oudeman's [1825-
IY06] posthumous "Enumeratio Systematica Fungorum," 5 volumes, 
1919-1924, and G. Lindau [1866-1923] and P. Sydow'S [1851-1925] 
"Thesaurus Litteraturae Mycologicae et Lichenologicae," 5 volumes, 
1908-1918. The first is an elaborate plant host index of parasitic (and 
many saprophytic) fungi which supplements the host-parasite indexes of 
the "Sylloge"; the second is a virtually complete list of the taxonomic 
literature of mycology up to' about 1910, arranged under authors and 
variously indexed. 

VI. THE IMPACT OF PATHOGENICITY 

Although advances in scientific knowledge may in part be attributed to 
man's curiosity and desire for explanation, more practical ends and eco
nomic drives have also given impetus to the advance of knowledge in most 
branches of science. What navigation was to horology and cartography, 
disease in man, animals, and, particularly, plants has been to mycology. 
As already noted (Section I), there have been references to fungal diseases 
of crop plants since very early times. Ringworm (favus) in man was known 
to Celsus [ca. 30A.D.]. In spite of this, understanding of infectious disease 
was a late development. Less than a century ago it was still possible for 
some diehards to doubt whether the microorganisms associated with certain 
diseases were the cause rather than results of the disorders, but by then 
the majority had been convinced of the reality of pathogenicity. 
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A. Fungal Diseases of Plants 

One of two lines which convcrged in the fourth and fifth decades of the 
nineteenth century concerned fungal discases of plants. This development 
began in 1775 with the experimental proof by Mathieu Tillet [1714-1791] 
Director of the Mint at Troyes, France, that bunt of wheat (caused by the 
smut fungus later named in his honor Tilletia caries) was contagious. He 
also showed that it can be controlled at least in part, by seed treatment, a 
fact known to lethro Tull r 1674-1741], an English farmer, who in the 
third cdition of his "Horse-Hoeing Husbandry," 1751, wrote of smuttincss 
of wheat: "Whatever the Cause be, there are but Two Remedies proposed; 
and these are Brining and Change of Seed." 

In 1767 Felice Fontana [1730-1 RU5] amI Giovanni Targioni-Tozzctti 
[1712-1 n3] in Italy independently concluded that cereal rust diseases are 
caused hy microscopic parasitic plants, but proof of this proposition had 
to await the conclusive experimental findings of 1. B. Prcvost [1755-1819] 
in his classical monograph "Mcmoirc sur la cause immediate de la carie 
OU charbon des bIes, et de plusiers au tIes maladies des pI antes, et sur les 
prcservatifs de la carie," J 807, in whkh he describes experimental smut 
infections, the germination of smut spores (which he clearly illustrated), 
and the control by steeping seed in copper sulfate solution. His conclusions 
proved unacceptable to his contemporaries, and it needed the devastations 
of potato blight which led to the Irish famine in the 1840's to refocus atten
tion on plant disease. This time, after much wild etiological speculation it 
was left to an English country clergyman, the Reverend Miles Joseph 
Berkeley, to conclude in his paper "Observations botanical and physio
logical on the potato murrain," 1846, that the fungus BotrYlis (now Phy
l0l'hthora) infeslans was the cause, not the result, of the disease. The con
clusion paralleled the then recently established view that fungi were able 
to cause disease in animals and in man, a second )inc of advance going 
back to the mid-eighteenth century. 

B. Mycoses of Animals and Man 

In 1748 what was clearly a fatal Sal'rolegnia infection in a roach was 
described in the Transactions of the Royal Sociely. Avian aspergillosis was 
also early observed, and in 1832 the zoologist Richard Owcn [1804-1892] 
after linding a green mold in the lungs of a flamingo concluded that there 
were "Entophyta" as wen as "Entozoa." It was, however, Agostino Bassi 
r 1773-18561 of Lodi ncar Milan (Ainsworth, 1956) who by prolonged 
and careful experimentation was able to prove to the satisfaction of him-
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,If and others (he finally performed key experiments before a Commission 
[ Professors appointed by the University of Pavia) that the muscardine 
isease of silkworms which for many years had ravaged the silkworm in
ustry of France and Northern Italy was caused by the fungus subsequently 
.med Beauveria bassiana. He made public the results of his investigations 
1 two monographs published in 1837' and 1839. Bassi's findings were 
onfirmed by others and accepted by some, and they must have influenced 
he views both of those investigating diseases 01 plants and of those study
ng diseases of man. Mycotic disease in man was firmly established by 
)avid Gruby [1810-1898], a Hungarian Jew working in Paris, who in a 
)filliant series of short papers published during 1841-1844 (Zakon and 
3enedek, 1944) described the fungi associated with four of the common 
ypes of ringworm in man. Also in the same year, F. T. Berg [1806-1887] 
)f Stockholm independently recognized the fungus (Candida albicans) 
;ausing thrush. Studies On fungi pathogenic for man and animals and for 
)Iants then sharply diverged. After a brief and rather overenthusiastic 
reception, fungi were overshadowed first by bacteria and then by viruses as 
pathogens of man, and medical mycology was almost completely neglected 
until the last decade of the century when R. Sabouraud [1864-1938] had 
to rediscover and confirm findings made by Gruby fifty years earlier. 
Medical men interested in mycology had few contacts with nonmedical 
mycologists, who in their turn made rare excursions into the medical field. 
Medical mycology became very confused. 

In contrast, students of plant disease, having usually had a botanical 
training, tended to concentrate on the mycology of fungal infections of 
plants, and in doing so they made many important contributions to syste
matics and to the life histories of fungi. Identification of plant pathogenic 
fungi became very accurate but tended to be an end in itself. Only in recent 
years, with the development of national plant pathological services, has it 
been generally realized that recognition of the pathogen is only the first step 
toward controlling a plant disease. On the other hand, as a consequence of 
following the example of the United States in employing mycologists to 
collaborate with medical men, there has been a worldwide increased in
terest in mycoses of man and the realization that the correct identification 
of the fungus involved is frequently the first step to rational therapy. 

1 English translations of Bassi's first monograph, Berkeley's potato blight paper, the 
monograph by Prevost and the papers by Fontana, Targioni-Tozzetti, and Tjllet have 
been publi~hed by the American Phytopathological Society as "Phytopathological 
Classics," Nos. 10, 8, 2, 9, 5, respectively. 
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VII. BIOCHEMICAL ASPECTS 

Another aspect of fungal activity which has given impetus to studies on 
fungi is the biochemical. From time immemorial man has consoled himself 
with diverse alcoholic beverages and practiced the leavening of bread. The 
nature of the fermentation underlying such ameliorating procedures was 
not, however, elucidated until the ninCkcnth century. 

A. Fermentation 

As already mentioned, Leeuwenhoek (sec Bulloch. 1938, Chapter 3) 
observed the cellular nature of yeast which he described as being composed 
of aggregates of "globules,"' but he was mystified by fermentation. A more 
precise description of yeast cells was given by J. B. H. J. Dcsmazieres 
[1767-1862] of Lille in 1826, when he distinguished live species of Myco
derma including M. cerevisiae (beer yeast), but no relationship of yeast to 
fermentation was claimed. Then, within a couple of years the nature of 
yeast associated with alcoholic fermentation was independently announced 
by the French physicist C. Cagniard de la Tour [1777-1859] in 1836 and 
by the physiologist Theodor Schwann [1810-1882] and the algologist F. T. 
Kutzing [1807-1893], both Germans, in 1837. Cagniard de la Tour be-
1icvcd that fermentation of sugar was due to the vital activity of the yeast; 
Schwann recognized the fungal nature of yeast (it is from his name "Zuck
erpilz" that the generic name Saccharomyce., was derived); and if Kiitzing's 
views on fermentation were more muddled, he did suggest that different 
fermentations were caused by physiologically different organisms. These 
findings were received with scepticism by many and were never accepted 
by the influential German chemist J. von Liebig [1803-1873] in spite of 
the conclusive confirmation of the vital theory by the experimentation of 
Pasteur in the 1860's and 1870's. Another critical stage was reached in 
1897 when the chemist E. Buchner 11860-1907] of Tiibigen, demon
strated the action of "zymase" in cell-free yeast extracts on sugar, while 
the development of pure culture techniques brought many empirical brew
ing and wine-making operations under control. 

• 
B. Fungi as Chemical Tools 

Another aspect of the biochemical deployment of fungi can be traced to 
the carly experiments of Pasteur in which in addition to differentiating the 
two optically active forms of tarlaric acid he demonstrated the dilTerential 
utilization of the two forms by "Penicillium glaucum," by the action of 
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vhich an optically inactive racemic mixture became levorotatory. The use 
)f fungi in chemical analysis is now a commonplace. Aspergillus niger is 
lsed to determine traces of iron and copper in soils, and vitamin B can be 
.ssayed by means of Ashbya gossypii. 

Fungi are also widely used for the synthesis of complex compounds from 
,impler material. One familiar example is the production of citric acid 
~rom sugar by strains of Aspergillus niger, a conversion which underlies an 
ndustry which has outmoded the production of citric acid from the juice 
.)f citrus fruit, at one time its only commercial SOUTce. Similarly gluconic 
~lCid and, in times of emergency such as war, fats and glycerol can be 
,ynthesized by fungi, on a commercial scalc, from simple carbohydrates. 
But it is the production of antibiotics by fungi which attracts most atten
lion in this field today. 

C. Antihiotics 

The recent recognition of "antibiotics" is now a familiar story (~ec Raper, 
1952). It began with the discovery of penicillin by AlexanJer Fleming 
[1881-1955) in 1928, a discovery which biochemists and clinicians failcd 
to exploit until 1940 whcn the work of Chain. Florey, and Heatley at the 
University of Oxford made the large-scale production and the use of peni
cillin a matter of urgency. This development, which, owing to the pressures 
and exigencies of war, was rapidly undertaken, mainly in the United 
States, gave rise in postwar yC~lfs to a new major branch of the pharma
ceutical industry. 

The greatest novelty in the concept of antibiotics was perhaps in the 
name: antibiotic \\I'-IS first used as a name in the current scnse by Waksman 
in 1942 (sec Waksman, 1947). There were many chemotherapeutants be
fore penicillin, and antagonism bet\vcen fungi and bctween fungi and other 
microorganisms was a familiar phenomenon with a large literature. One 
early attempt to utilize an antibiotic for practical ends resulted from 
Weindling's studies in the 1920\ on antagonism between soil fungi when 
trials were made to control soil-inhabiting plant pathogenic fungi ~uch as 
Corlicium solani by the usc of gliotoxin produced by Glioe/adium ,irens. 
But the history of antagonism extends far back, and even Fleming's obser
vation of the antagonistic cllcct of Penicillium on bacteria had been made 
before. Tyndall in 1876 is frequently credited with having been the first to 
observe the action of penicillin, but even earlier William Roberts [1830-
1899), a Manchester physician, in studies in 1872-1873 on spontaneous 
generation observed interactions between Penicillium glallcum and bacteria 
and between bacteria; these he interpreted in Darwinian language as a 
struggle for existence and a survival (u the tlttest, and he was the {lrst to 
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use "antagonism" in this connection (Roberts, 1874). These early observa
tions were of course unknown to Fleming, who appears neither to have 
been inllucnccd by nor to have currently influenced students of antagonism 
between microorganisms. As with other notable discoveries, an acute, 
suitably experienced observer made an observation and saw its relevance 
and potentialities at a time when there was a need for its application and 
there were the techniques available for its exploitation. As a side efieet, 
interest in fungi was further intensified. 

VIII. RECENT ADVANCES 

The present is too close at hand for "recent advances" to be seen in 
perspective. Current fashions can so easily be given too great a significance. 
One point that is quite clear is that today more fungi arc being described 
more competently than ever before. Another is that there are still many 
fungi awaiting description. The advent of the electron microscopc is, by re
vealing fine structure, having an effect c.:omparablc to that which followed 
the perfection of the light microscope in the seventeenth century, while 
refined biochemical techniques are giving much new information about the 
bricks from which fungi arc built and methods of their assembly. Geneticists 
have taken advantage of the short life cycle of fungi to use Neurospora and 
Saccharomyces, as they have used the fruit fly Drosophila, to elucidate 
problems of formal genetics, and in doing so have disc.:overed such novelties 
as the parasexual cycle. Ecologists arc elucidating the role of fungi in 
diverse habitats and communities. These arc hut some of the growing points 
of mycological research: the chapters that follow lill in much detail. 
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CHAPTER 2 

Fungal Structure and Organization 

C. 1. HICKMAN' 

Departmellt of BotallY 
Ullireni!\' of Western Oil/aria 

Londo;" Ontario, COl/ada 

I. INTRODUCTION. RELATIONSHIP WITH 
OTHER ORGANISMS 

The fungi comprisc a large, heterogeneous, and ubiquitous group of 
heterotrophic organisms living as saprophytes or parasites, or associating 
with other organisms as symbionts. They are characterized by a distinctive, 
filamentous, multinucleate vegetative structure known as the mycelium. It 
consists of a branching system of walled tubes, the hyphae, which contain 
protoplasm and continually extend by apical growth and lateral branching. 
Food material is absorbed over the whole surface of the mycelium, and it 
lO1ms a highly e\lcetive system lor exploiting the resources 01 the sub
stratum. After a period of growth reproduction occurs with the formation 
of spores, uni- or multicellular bodies that become detached from the 
parent and give rise to new individuals (see p. 33). 

In the traditional division of living organisms into the Plant and Animal 
Kingdoms, a division based on the differences between higher plants and 
higher animals, fungi have been classified as plants. This means no more 
than that they have been regarded as being more like plants than like 
animals. Though they difTer fundamentally from plants in being non
photosynthetic, fungi have been grouped with them because of their, largely, 
nonmotile habit, the presence of cell walls, and absorption of food ma
terials in solution; and because of the theory, no longer generally held, that 
they have evolved from algae. 

The problcm of relationship with traditional groups is One that exists not 

I No illustrations are provided in this review because of limitations of space. There
fore, the reader is referred to books by Alexopoulos (1962) and G~iumann and 
Dodge (1928), in which the morphology and anatomy of fungi are illustrated. 
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only for fungi but for microorganisms in general, and during the last 
century various solutions, involving the estab'ishment of one or more new 
kingdoms (Whittaker, 1959), have been offered for the problem of how to 
classify organisms lacking the characteristics of higher plants and animals. 
The best known of these schemes, that of Haeckel (1866), grouped simple 
organisms, Jacking tissues, in a third k;ngdom~ the Protista. Neither 
Haecke!'s proposal, as first put forward or as later modified (1878, 1894), 
nor those of his contemporaries were generally adopted. In recent years 
renewed interest has been shown in this problem. It is now widely accepted 
that the two-kingdom system allows no place for organisms of simple 
structure which are neither "plant" nor "animal," or which possess char
acters of both. The case for primary division on the basis of levels of 
biological organization has been cogently presented by Stanier et al. (1963), 
and schemes of classification removing from the plant and animal kingdoms 
organisms with rdatively simple organization, unicellular, cocnocytic, or 
multicellular without tissue differentiation, have been put forward by these 
and other authors recently (c.g., Weisz, 1961; Weisz and Fuller, 1962). 

At the cellular level a most important contribution to present-day con
ceptions of interrelationships betwee,n organisms has resulted from electron 
microscope studies of the finc details of cell structure. Recent observations 
have established the existence of two fundamentally differcnt types of cells. 
prokaryotic and eukaryotic, representing different levels of cell evolution, 
simple and advanced, respectively. 

The main features distinguishing the prokaryotic from the eukaryotic 
cell (Stanier and van Niel, 1962; Stankr ef a!., 1963) arc absence of a 
nuclear membrane, absence of chloroplasts (in the photosynthetic forms), 
absence of mitochondria,· nuclear division other than by mitosis, presence 
of a specific mucopeptide as the strengthening clement of the cell wall, and, 
lastly, relativcly simple structure of locomotor organelles where these occur. 
Those of prokaryotic cells consist of a single fibril (eubacteria) or of an 
axial filament, equivalent to a bundle of fibrils (spirochetes). Those of 
eukaryotic cells conform to a common pattern consisting of a regularly 
arranged group of cleven fibrils, a central pair surrounded by the other nine, 
the whole being enclosed by a membrane continuous with that of the cell 
itself (Sleigh, 1962). 

Within the simply organized eukaryotic forms, the algae are distinguished 
physiologically by possession of chlorophyll whereas the protozoa are 
basically unicellular, motile organisms without cell walls. The fungi arc 
functionally coenocytic and nonmotile. The essential character of the 
coenocytic condition is that during growth nuclear division occurs without 
formation of new cells leading to the development of a large mass of 
cytoplasm containing many nuclei. Fungal coenocytes arc spatially limited 
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in their extension by the wall material of their hyphae. Contrasted with this 
is the coenocytic condition as seen in slime molds, a fourth group of simple 
eukaryotic organisms that in certain characteristics resemble the fungi 
(Martin, 1960). Here the coenocyte is not bounded by a cell wall and 
flows over the substratum in an amoeboid fashion as a sheet of protoplasm, 
the plasmodium (sec p. 39). 

II. THE FUNGUS THALLUS 

A. Nonmycelial Fungi 

Though the hypha is the characteristic unit of structure in fungi, it does 
not occur in all members of the group. In the most simple fungi (certain 
phycomycetes) the vegetative body, the thallus, is a single microscopic cell, 
spherical, ellipsoidal, tubular, or irregular in shape, ranging from a few to 
a few hundred microns in largest dimension (Sparrow, 1960). At maturity 
it becomes wholly transformed either into a single reproductive organ 
(Olpidiaceae, Anisolpidiaceae, Olpidiopsidaceae) or into several (Syn
chytriaceac, Achlyogetonaceae, Sirolpidiaceae, Lagenidiaceae, Ectrogella
ceae). This type of thallus is described as holocarpic. In contrast, the 
thallus of most other fungi is differentiated into vegetative and reproductive 
portions. It is eucarpic. This differentiation is seen at different levels within 
the Phycomycetes. In the Phlyetidiaceae, Rhizidiaecae, and Chytridiaceae 
the mature thallus consists of a reproductive organ and a system of vegeta
tive branches known as rhizoids. These are very narrow, delicate, rootlike 
structures, tapering toward the tip. Depending on the species, they are un
branched or shol\' repeated dichotomous branching and form a wel1-dcvcl
oped absorbing system. Exceptionally rhizoids are not formed and the 
vegetative system is bulbous or coralloid l or consists of single Of branched, 
blunt cylindrical elements, or is distinctly hypha-like. This type of thallus, 
with one center of reproduction, is described as monocentric. More com
plex is the polycentric thallus of the Cladochytriaeeae and Megachytriaceae, 
composed of a richly branched, very extensive system of rhizoidal filaments 
bearing a number of reproductive organs. 

More highly differentiated thalli, larger and visible to the naked eye, 
though still relatively limited in extent, occur in the Blastoc1adiales, Mono
blcpharidales, and Leptomitales. In Blastocladia and Rhipidium, for ex
ample, the thallus is characteristically arborescent. A large, trunk-like basal 
cell is anchored to the substratum by a series of strongly tapering, branched, 
chytrid-like rhizoids which provide, in addition, an effective absorbing 
system. At its distal end it bears a number of reproductive organs. In 
Allomyces and Leptomitus, on the other hand, the rhizoidal system bears a 
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relatively slender basal cell which gives rise distally to branched hyphae of 
seemingly unlimited extent while in the Monoblcpharidales a well-developed 
mycelium of hyphae arises directly from the anchoring rhizoids. 

B. The Mycelium 

The thallus of most fungi consists of a mycelium of hyphae. As already 
mentioned, hyphae are cylindrical tubes whose walls enclose multinucleate 
protoplasm that continuously lays down new wall material at the tips. 

1. Aseptate Hyphae 

In the widely spreading mycelia found in the Saprolegniales, Pythiaeeae, 
and Mucoraceae of the Phycomycetes. as seen in agar culture, hyphae of 
the younger parts of the colony arc characteristically aseptate, i.e., without 
cross walls. As the hyphae grow in length, branches arise behind the tip, 
and the protoplasm continuously moves forward to occupy the young, 
actively extending regions, leaving the other parts in the rear empty. These 
empty lengths are cut off by septa that arise as ingrowths of the hyphal wall. 
Delimitation of successively emptied lengths of hyphae in this way results in 
the occurrence of a series of septa in the hyphae of old colonies. Septa are 
also formed in Phycomycetes to delimit reproductive organs and to cut off 
the damaged ends of broken hyphae. A striking demonstration of the 
capacity of aseptate mycelium to heal itself in this way was provided by 
Davies (1959), who found homogenized mycelium of PhytophtllOra 
jragariae (and of related fungi) very satisfactory as inoculum for liquid 
cultures. The minimum volume of protoplasm that will form a viable unit 
after such fragmentation is indicated by his unpublished observation that 
lengths of hypha less than approximately 100 I' would not survive. 

Although septa occur there is little dilliculty in recognizing the aseptate, 
uninterrupted nature of the active mycelium in the phycomycetes referred 
to above. However, in other phycomycetes the hyphae arc regularly in
terrupted along their length by septa. True septa occur very frequently in 
members of the Entomophthorales, e.g., in Basitiiobo/lls (Robinow, 1963), 
and there is a tendency in the majority of forms in this order for the hyphae 
to fragment into their constilUent celis. the~e being termed hyphal bo(/;es. 
In other groups pseudosepta arc formed. In Allomyces irregularly perfo
rated, sieve-like pseudosepta occur at intervals along the hyphae. J n 
Gonapodya and in members of the Leptomitaccac, c.g., Leptomitu,\', 
A podachlya, the hyphae arc conspicuously constricted at regular intervals 
and at these points become sometimes plugged with granules giving the 
appearance of septa. 
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2. SepUite Hyphae 

The hyphae in Ascomycetes, Basidiomycetes, and Fungi Imperfecti are 
regularly septate. In some species septa occur very near together, in others 
widely separated. Scpta arc not formed close to the tip of the hypha, and 
the apical segment is thus much longer than those behind it (Smith, 1923; 
Plomley, 1959). Branches may develop close behind the growing apex or 
farthcr back, behind this apical segment, and in some species they are 
associated with septum formation. In contrast to those of Phycomycetes 
the septa of these other groups arc incomplete, having a minute central 
pore through which protoplasmic continuity is maintained throughout the 
length of the hypha. Thus the hyphae arc not dividcd into a series of inde
pendent cells, but arc coenocytic with incomplete septa. 

Recent electron microscope studies of the septum in fungi indicate that 
in the ascomycetes examined (Shatkin and Tatum, 1059; Moore and 
McAlear, 1962) and Uredinales (Ehrlich and Ehrlich, 1963) it is a simple 
poroid disk whereas in other basidiomycetes there is an annular thickening 
of the septum around the edge of the pore, producing what Moore and 
McAlear have termed the dolipare seplllm (cf. Chapter 5). In their studies 
with A (lriClilaria auricula, Dacrymyces spp., Merlllius tremellosus, and 
PO/Y[Jorlis betulin liS, using material from fruit bodies and "presumed, there
fore, to be dikaryotic," they observed a dome-shaped structure, consisting 
of a double membrane similar to the endoplasmic reticulum, on each side of 
the pore. They suggested that .thcse structures, which they named paren
rhesomes, would prevent nuclear migration while allowing cytoplasmic con
tinuity through the septum, and they put forward the hypothesis that in this 
way these highly advanced fungi have achieved functional diploidism. Later 
studies by Bracker and Butler (1963) with Rhizoclonia [Corticill1nj sa/alli 
confirmed the general structure of the dolipore septum but clearly showed 
that the dome-shaped structure, which they called the septal pore cap, is 
porous in the area of the septal pore and, therefore, unlikely to prohibit the 
passage of nuclei through it. It would be dilliwlt to explain on any other 
basis the passage of nuclei through a basidiomycete mycelium as described 
by Buller (1933). 

As in phycomycetes, old or damaged parts of a septate hypha are cut off 
from living parts, and this is accomplished hy the formation of a plug which 
blocks the pore in the septum separating the two regions. 

a. Dimorphism. In yeasts true hyphae are never found. These fungi occur 
as uninucleate single cells that multiply by budding or by lission. In a 
budding yeast, such as Saccharomyces, the parent cell develops a small 
projection which enlarges with growth until it is approximately the same 
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size as the parent. Nuclear division tak-cs place, and the new cell becomes 
separated by a constriction at its point of origin. A single cell may give rise 
to one or several buds. In Schizosuccharomyces, a fission yeast, growth and 
nuclear division is followed by formation of a transverse septum dividing 
the parent into two, approximately equal-sized, daughter cells. In actively 
growing yeast colonies the cells remain loosely attached to one another, 
forming a sprout mycelium or pseudomycelium. 

When members of the closely related Endomycetaceae arc grown in con
centratcd sugar solutions, the hyphae readily break up into their con
stituent cells and become yeast-like. After transfer back to an ordinary agar 
medium the mycelial habit is regained. A similar reversible transformation 
from a mycelial to a unicellular growth form occurs among several fungi 
pathogenic to man (Ainsworth, 1952). In infected tissues they occur as 
single, yeast-like cells that multiply by budding, but their saprophytic 
growth in culture is mycelial. This dimorphism appears to be an inherent 
characteristic of a number of fungi. In addition to those already mentioned 
it is seen in members of the Taphrinales and Ustilagina1cs, which are 
mycelial in their plant hosts but yeast-like in artificial culture. It also occurs 
among species of Mucor, e.g., M. rouxii (Nickerson, 1959). 

With regard to the mechanism of the yeast-mycelial interconversion, 
work with bacteria and yeasts during the past few years indicates that 
growth and cell division are not always interdependent processes. Cell 
division, by which the unicellular condition is maintained, can be prevented 
without affecting growth, and this results in the filamentous or mycelial 
condition. 

Factors that favor the nonmycelial phase are listed by Cochrane (1958), 
and the mechanism of the reversible transformation of the yeast phase to 
the mycelium is discussed in Volume II. 

3. Modifications of Hyphci[ Structure 

The hyphae of most fungi measure 5-10 p. acrOss. In culture there is 
little variation in diameter "long thc length of hyphae, but in their plant 
hosts hyphae of parasitic species tend to be somewhat irregular as they con
form to the variation in size of the intercellular spaces. Over the group as a 
whole, hyphal diameter varies from as little as 1-2 /', almost as narrow as 
many bacterial cells (some of which, e.g., Streptomyces, arc arranged in 
hyphalike filaments), to 25 I' or more. In a few groups the hyphae taper 
toward the tip, notably in the Saprolegniaceae. Some of these, e.g., Achlya 
conspicua, possess gigantic hyphae measuring between 160 and 170 I' 
across at the base (Coker, 1923; Johnson, 1956). 

a. Chlamydospores. Irregularly swollen hyphae are not uncommon in cer
tain fungi, e.g., in species of Phytophthora; they may bear hyphal swellings 
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of various shapes anu sizes as in P. dnnamomi (Blackwell, 1949), where 
they are so characteristic as to aid identification. Groups of hyphal swellings 
may aJso occur vn vtnelwise fairly reguJar hyphae as jn P. cryplogrfJ. Jt i" 
not known whether the swellings have any special function in this species, 
but in P. cinnamomi they become thick walled and arc cut ofT from the 
hyphae as resistant vegetative cells or chlamydospores. Chlamydospores 
develop in the older hyphae of many fungi. In aseptate hyphae a portion of 
the protoplasm accumulates food reserves and secretes a thick wall cutting 
it off completely from the hypha on each side. In septatc mycelia "cells" 
of the hyphae and, in some species, of the spores also, e.g., in Fusarium, 
become walled off in the same way, to remain as viable vegetative units 
when the rest of the mycelium dies. Among mycorrhizal fungi sac-likc 
swellings occur along the length, or at the tip, of thc hyphae of the 
phycomycetous vesicular-arbuscular cndophytes (Masse, 1963), and sim
ilar storage and reproductive functions have been ascribed to them. 

b. Strands and rhi';.omorphs. In many root-invading or wood-destroying 
fungi hyphae are aggregated longitudinally in varying degrees of complexity 
to form organs of mycelial migration and food transport. Some authors 
(Townsend, 1954) dcscribe as rhizomorphs all levels of aggregation, from 
the simple bundle of interweaving hyphac to the vcry complex, root-like 
organ. Garrett (1956, 1963), on the other hand, distinguishes between the 
simply organized mycelial strand, described by Butler (1957) as "a loose 
federation of individual hyphae," and the rhizomorph proper, a complex, 
internally differentiated and highly coordinated, autonomous organ con
sisting of thousands of hyphac and elongating from an apical meristem like 
a root. Between these two extremes, represented by Hymenogaster [uteus 
and A rmi/laria mel/ea, respectively, are intermediate forms. Garrett has 
concluded that compared with individual hyphae, the Significance of 
mycelial aggregation lies in the pooling of the resources of many hyphac. 
This is biologically advantageous in that it provides a greater inoculum 
potential whether this is used for the colonization of a substrate, as in 
lignin- and cellulose-decomposing saprophytes, or for infection of a host, as 
in parasites such as A. me/lea. 

c. Sclerotia. Among fungi possessing septate mycelium are species in 
which thc hyphae become aggregated to form bodies known as sclerotia. 
These consist typically of a ·rind composcd of rclatively small, thick-walled, 
and usually darkly pigmented cells that surround a mass of thinner-walled, 
closely interwoven hyphae. Sclerotia originate as 1oca1ized areas of in
creased branching and septation of vegetative hyphae. Three distinct types 
of development have been recognized (Townsend and Willetts, 1954). In 
RhizoclOnia [Corticium] solani there is no definite pattern of organization 
of the hyphae, and the mature sclerotium is very loosely constructcd, with-
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out well-defined zones or a thickened rind. In Botrytis cinerea, B. alii;, and 
Sclerotium cel'ivorum the sclerotium develops terminally by repeated 
dichotomous hranching of a hyphal tip followed hy septation and differenti
ation to form three layers: rind, cortex of pseudoparenchyma, and medulla 
of loosely arranged, filamentous hyphae. In the strand type of development 
which occurs in Sclerorinia gladioli, Sclerotium rolfsii, and Phymatotrichllm 
offlnivorlllll, sclerotia originate in the production of numerous side branches 
along one or mOre main hyphae or a strand of hyphae, followed by dif
ferentiation as in the terminal type. 

Sclerotia vary in size from less than a millimeter as in 5'. ceph'orutn to 
approximately a foot across in Polyporus mylittae. Many are irregular, e.g., 
those of B. cinerea and Phymlllotrichum omnivorum,' and some arc spheri
cal, e.g., S. rolfsi;. Some are composed partly of hyphae and partly of host 
tissue, and they resemble in shape the structure that is replaced, e.g" the 
ergots of C[aviceps purpllrea. 

Sclerotia arc formed by a number of plant-parasitic fungi. They are very 
resistant to unfavorable conditions and ensure survival for long periods in 
the absence of host plants (Garrett, 1956). In general it appears that the 
sclerotium population declines with time through spontaneolls germination, 
but, in contrast, germination of the sclerotia of S. cepivorum in soil is 
dependent entirely on stimulation from roots of the host (Coley Smith 
and Hickman, 1957; Coley Smith, 1960). 

tl. A ppressoria. Further modifications of hyphal structure and organiza
tion arc found in relation to special functions. Thus the hyphae of many 
plant parasites develop attachment organs known as appressoria. These arc 
localized swellings of the tips of germ tubes or of older hyphae that develop 
in response to contact with the host. They are enveloped in a mucilaginous 
secretion and adhere firmly to the host surface over a relatively wide area, 
furnishing a broad base of attachment for the thrust of the extremely fine, 
needle-like infection hypha that forces its way through the cuticle. 

e. Haustoria. Most obligate, and some facultative (Blackwell, 1953), 
parasites of plants possess haustoria, lateral outgrowths of jntcrccllular 
hyphae (or superfical hyphae in the powdery mildews) specially modified 
for absorption of nutrients. They enter the cells as fine hyphae, resemhling 
the infection hyphae arising from appressoria, and are variously shaped: 
minute, knob-shaped in A {bugo candida; large and irregularly swollen, 
almost filling the host cell in Perollosl'0ra parasitica; branched, hypha-like, 
in Pucciniu menthae. Haustoria provide intimate contact between fungus 
and host, and particular interest attaches to the physical relationships that 
they establish with their host cells which, despite invasion and some re
direction of metabolism (Allen, 1959), continue to live for long periods. 
sometimes as long as the plant itself. 
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Observations with the light microscope indicate that though thcre is very 
close contact between haustorium and host protoplast, the plasma mem
brane of the host ccII is not penetrated by the haustorium, but mcrcly 
invaginatcd by it. This observation has been confirmed by plasmolysis ex
periments (Fraymouth, 1956) in which host protoplasts contracted away 
from haustoria, leaving them free within the ccII cavities. There is general 
reference, also, to the secretion by the host protoplasm, from an early stage, 
of a layer of material continuous with the host ccII wall that shcaths the 
haustorium. 

From studies of the fine structure of the haustoria of Puccinia graminis 
f. sp. tritici, Ehrlich and Ehrlich ( 1963) concluded that thc actual interface 
between host and pathogen is not plasma membrane and haustorium wall, 
but a sheath of ma[crial (an "encapsulation zone") similar to the cytoplasm 
of the haustorium and continuous with it through pores in the haustorium 
wall. No such discontinuity of the haustorium wall was observed by Peyton 
and Bowen (1963) in Peronospora manshurica and though they recog
nized a distinct layer, a "zone of apposition," between host and haustorium, 
this was not comparable with the encapsulation zone. Evidl:nCl; that a 
specific secretory process is induced in parasitized cclls was drawn from the 
existence in the host cytoplasm near haustoria of spherical "secretory 
bodies" and their apparcnt discharge through the host plasma membrane 
into the zone of apposition. 

f. Traps. Highly effcclive modifications for thc capturc of their prey are 
possessed by the predaCious fungi (Drechsler, 1941; Duddington, 1962), a 
taxonomically mixed group of fungi that capture small animals, protozoa, 
rotifers, and, mainly, nematodes. Some of these fungi are phycomycetes 
(Zoopagales), but most are fungi imperfecti. 

Two types of predacious activity are recognized, capture by adhesion and 
by mechanical traps. Among the fungi of the first group arc those which 
posscss no special modification of structure, but rely on the production of a 
sticky substance by which the victims arc held on contact. These include 
Styl0l'age grandis, in which the mycelium as a whole is sticky, and also fungi 
that possess sticky spores, c.g., species of Harposporium, Meriu, and 
Nematoc(onlls. Some species of the latter genus, e.g., N. concurrens, bear, 
in addition, adhesivc branchcs along their hyphae. Lateral adhesive 
branches are found in other genera including Dactylella and, among 
aquatic fungi, in Sommers/oUia spinosa and Zoophagus insidians, which 
capture rotifers (Prowsc, 1954). The most common trap among cclworm
catChing hyphomycetes is the adhesive nctwork found in A rthrobotrys 
oligospora. This ariscs by the formation of short lateral branches that curve 
round and anastomose with the parent hyphae or with neighboring 
branches, forming complex three-dimensional networks in which eel worms 
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become entangled and held by a sticky secretion produced by the cells of 
the loops. Evidence of a toxin which paralyzes and kills the nematodes 
after capture by this fungus has been obtained by Olthof and Estey (1963). 

The mechanical traps consist of a ring of three celIs borne on a lateral 
branch. In the nonconstricting ring, seen in the well-known Dactylari" 
candida, eclworms attempting to thrust their way through become firmly 
wedged. Most remarkable of all is the constricting ring system seen, e.g., in 
D. gracilis. Here the three celIs of the ring swell up very rapidly to about 
three times their original volume after stimulation of the inner surfaces of 
their walls, with the result that the space within the ring is occluded. Any 
eel worm that has entered the ring and has triggered off this mechanism is 
thus held in an unbreakable, strangling grip. The mechanism of ring 
constriction has been discussed recently by Muller (1958). 

4. Internal Structure and Coordination 

The young parts of hyphae contain dense, homogeneous protoplasm with 
many nuclei and mitochondria while older parts become conspicuously 
vacuolated. Cytochemical tests (Zalokar, 1959) show in addition marked 
biochemical differentiation along hyphae, associated in particular with the 
growing tip region. Zalokar has compared the morphological changes be
tween young and older hyphae with those taking place in the differentiation 
of a newly formed parenchyma ceIl. Interesting though this analogy is in 
principle, it is doubtful if it can be pursued in detail, for Robertson's ob
servations on the origin and nature of fungus vacuoles (1961) suggest that 
they may be quite unrelated to those in parenchyma cells. 

Although the cytoplasm of fungal hyphae resembles that of other 
cukaryotic cells in the occurrence of such characteristic organelles as 
mitochondria and endoplasmic reticulum, it appears to be unique in the 
occurrence, associated with the plasma membrane, of bodies of unknown 
function named lomasomes (Moore and McAlear, 1961). These were 
noticed first by Girbardt (1958, 1961) and more recently by Peyton and 
Bowen (1963), who interpreted their structure as an elaboration of the 
plasma membrane in the form of a "system of unit membrane tubules and 
vesicles." These bodies have not been reported in any cells but those of 
fungi and certain algae (see p. Ill), though they are apparently not present 
in all fungi (Hawker and MeV. Abbott, 1963). 

In aseptate hyphae, nuclei occur throughout the cytoplasm. In septate 
hyphae, the segments contain, in different species, one, two or a number of 
nuclei, up to approximately 100 in Neurospora crassa (Fincham and Day, 
1963). It is generally accepted (Olive, 1953; Ward and Ciurysek, 1962) 
that somatic nuclei divide by mitosis although this is not always of the con
ventional form (Rohinow, 1962; see Chapter 6, this volume). 
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In discussing fungus structure and organization it is important to con
sider the hypha not merely as an individual clement, but as one of many 
similar and functionally interrelated clements which comprise the mycelium. 

Structurally, hyphae of many fungi, especially higher fungi, become in
terconnected from an early stage by the formation of numerous anasto
moses which permit functional interrelationship through the passage of 
cytoplasm, nuclei, and food materials from one part of the mycelium to 
another. Functional interrelationship within the mycelium is also shown 
by the regularity of growth of hyphae in a colony, a very characteristic 
feature of fungi in culture, especially on solid media, In Neurospora, Ryan 
et ai, (1943) showed that individual hyphae branch profosely and that 
the branches <Jre oriented more or less at random, whereas assodated jn a 
colony the hyphae of the growing edge have relatively fcw branches and 
their growth is mainly parallel with the parent hyphae. At a certain density 
of hyphae, branching is suppressed and, bearing in mind the inhibition of 
conidium germination by hyphae of this fungus (Backus, 1939), the 
conclusion is drawn that branching within a colony is controlled in a 
similar manner. In C april1l1s disseminatlls Butler (1961) has described a 
regular hierarchy of hyphae, consisting of main, primary, and secondary 
branches, which is maintained by differences in extension rates in the 
proportions, respectively, of 100: 66: 18. Considering main and branch 
hyphae separately, extension rate was correlated with hyphal diameter; but 
compared with main hyphae of equal width, primary branch hyphae had 
a significantly lower extension rate. Whether this was an elfect of an inter
nal or an external factor has not becn determined. 

One of the most obvious and long-recognized features of actively grow
ing hyphae, aseptate and septate alike, is streaming of cytoplasm toward 
the growing regions. Buller (1933) made the interesting observation that 
the rate of streaming, as measured by the rate of movement of vacuoles, 
is similar in both types of hyphae, indicating that the perforate septum 
offers little resistance to the flow of protoplasm through septate hyphae. 
Though the direction of streaming is generally toward the apex from older 
parts that have ceased to grow, sirnultuneous currents, moving 1n opposite 
directions, have been reported in members of the Mucoraceae, a forward 
movement in the center of the hypha and a return flow in a thin peripheral 
layer (Schrotcr, 1905; confirmed by Buller). Some light has been thrown 
on this phenomenon by Hawker and MeV. Abbott (1963), whose studies 
of tine structure of Rhizopus hyphae revealed in the apical regions a "cor
tical membranc·' separating an outer zone, containing numerous mito
chondria, from an inner zone that contained nuclei and a few mitochondria. 
These authors concluded that food materials and nuclei move up the 
center of the young hyphae and that mitochondria accumulate at the tip 



32 C. 1. Hickman 

and then move slowly back in the peripheral layer, where they may con
tribute to the biochemical reactions involved in wall formation. 

Working with species of Rhizopus, Aspergillus, and Penicillium, Schutte 
(1956) confirmed earlier conclusions relating streaming to food transloca
tion. He demonstrated rapid accumulation of nutrients at the tips of hyphae 
at a distance from the source in fungi exhibiting streaming, but not in 
those where streaming was absent. The presence among the latter group 
of "vigorous and rapidly growing spccies" underlines the need for further 
work on streaming and transport in fungi, as does the observation by 
Robertson (1961) that severance of the leading hyphae in a young culture 
of Fusarium oxysl'0rum has no effect on their growth rate (cf. Chapter 26 
of this volume). 

With the aid of dyes, SchUtte demonstrated translocation zones defined 
physiologically but not morphologically, in mature agaric fructifIcations. 
Movement of dye was increased by conditions favoring loss of water from 
the fructification, but both translocation and loss of water occurred at 
appreciable and similar rates under conditions of complete saturation in
dicating the operation of some protoplasmic mechanism in translocation 
through the fructification. Mycelium in the suil was found to transJocate 
in the same manner. Evidence of a similar "vital" component of transloca
tion was found by Plunkett (1958) in the fructifications of Poivporus 
brllmalis although the movement there was due mainly to evaporation. 

Ill. REPRODUCTlVE STRUCTURES 

A. Life Cycles 

Like other sexually reproJucing organisms many fungi show an alterna
tion between haploid and diploid phases in their life cycles, the former 
beginning with the completion of meiosis, the latter with fusion of nuclei 
in sexual reproduction. In many fungi, particularly basidiomycetes, a third 
phase is interposed between haploid and diploid phases. The nuclei that 
arc brought together in the preliminaries to sexual reproduction do not 
immediately fuse. Instead they associate in pairs known as dikaryons (cf. 
Volume II) which persist for a short or long period through conjugate 
division of the component nuclei and separation of the products, one 
nucleus of each sort, into each of the new cells. The dikaryon is thus 
a delayed step in the process of sexual reproduction. Biologically it serves 
to increase the number of sexual fusions that eventually take place and 
subsequent genetic recombin;)tions. Although dikaryons composed of ge
netically unlike nuclei arc often included as a form of heterokaryon, bio
logically they arc quite distinct, as links (1952) has pointed out. 
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-Ieterokaryosis is association in somatic cells of nuclei of unlike genetic 
stitution. Heterokaryons can ori!!inate bY mutation in a /wI110ka1"\'UIl 

by the migration vi·a hyphal an~;stomos~S of nuclei of one mycelium 
) another. They arc eharacteried by variability in the proportions of 
two sets of nuclei that exist siue by side anu provide a unitjllc s)'\tem 
omatic variation. 
\lith respect to the mating sy~lem which brings together the nuclei in 
ual reproduction, fungi can be divided into two groups, /rolllo!/wllic 

heterof/wllic. In fungi of the former ?roup, sexual reproduction is 
omplishcd by union of nuclei from one al1d the same thallus, a process 
~ leads to inbreeding. In the: heterothalBc group, se:xual reproduction 
:!s \1lacc between nuclei. (com thalli. of dille:rent mating, t~l?es. Hetero
!ism is an outbreeding device (Mather, 1942) preventing fusion of 
letes from onc individual. (For a discussion of inbn:eding and out
~ding, see Volume II.) Two forms of l1etcrothallism occur, isolation 
gametes in different individuals and operation of incompatibility 
~s that allow mating only between nuclei carrying unlike alleiu
,phs. These have been distinguished by Whitehouse (I ~4~ as morpho
cal and physiological heterothallism, respectively. The interacting thalli 
norphologically hetcrothallic forms bear either male or fe:male reprn
tive organs, while those of physiOlogically heterothallic forms differ only 
nating type. At one extreme, some of these latter lack sex organs com
ely, at the other, both strains possess both male and female organs. 
fe cycles and basic patterns of sexuality arc reviewed in Volume 11.) 
\s a group, fungi display a number of different life cycles (Raper, 1954) 
tcring around sexual reproduction. Ditfc(ing from sexual reproduction 
'arasexllality. demonstrated by Pontecon/O (I (156) in members of the 
Igi Imperfecti and since found also in other groups (Bradley, 1962). 
: parasexual cycle involves fusion of haploid nuclei in a hetcro
yon, mitotic crossing over, and haploidization. Qualitatively it is equiva-

to the sexual cycle but differs in the absence of a precise time 
uence for its stages. For heterokaryotic organisms, with their capacity 
rapid adjustment to changing conditions through alteration in the 

lI1ce of the diflerent types of nuclei in tl1c heterokaryon, parasexuality 
viJes in addition the advantages of tnJe: sexual reproduction-gene 
)mbination. 

B. Spores 

tcproduction in fungi rcsults in the formJtion of enormous numbers of 
res, uni- or multicellular. microscopic propaguks containing one or 
T\:: Tl\)C\'e), Wn1l.:n an:: \1DLT<:l\C-t\ hom 'Lnc- F~''i'~'I',t, \l;y~,l,l, .... ,-:; 'P".S-:;\'~\:l,'j ',-Vi h'j 
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active discharge (Ingold, 1953). Most are dispersed by wind, often fo 
very long distances (Gregory, 1961), or by water, insects, and other ani 
rnals. Spores are extremely efficient as age,TIts of dispersal and are encoun· 
tered, in a viable condition, in every conceivable habitat. 

Typically both asexual and sexual spores are formed, and the carre· 
sponding stages of the life cycle are often described as imperfect ane 
perfect, respectively. Asexual reproduction occurs usually when conditiom 
are favorable to growth, and several generations may foHow one another 
in one season. Asexual spores are capablc of immediate germination and 
bring about rapid increase in numbers and spread of the organism under 
favorable conditions. Many types of spore formed as the products of sexual 
reproduction, on the other hand, are thick-walled, resistant structures and 
serve for survival. 

1. Asexual Spores 

({. Spor{/ngiospores. Asexual spores are of two main types, sporangio
spores formed within sporangia, and conidia formed externally on hyphae 
usually morphOlogically differentiated as (·onidiophores. Sporangia are 
characteristic of phycomycetes. In holocarpic forms the mature thallus be
comes a sporangium. In mycelial forms sporangia may be indistinguishable 
from hyphae as in Aphanomyces and some species of Pythillm; or, 
typically, develop as swellings, usually at the tips of hyphae, quite distinct 
both in shape (spherical, pyriform, irregular) and in size. They are essen
tially multinucleate segments of the thallus delimited by septa whose con
tents form spores. 1n the most advanced members of the group the hyphae 
bearing sporangia are morphologically distinguishable as sporangiophores. 

In aquatic phycomycetes and their relatives, the protoplasm of the 
sporangia differentlates at maturity to form zoospores, which are naked, 
motile spores containing usually one nucleus and possessing one or two 
11agella by which they are propelled. The zoospores emerge through one 
or more exit pores and, after a period of motility, encyst. The flagella 
are lost, and each spore develops a cell wall. After a short time, in favor
able conditions, the cysts germinate with the formation of germ tubes that 
develop into hyphae. 

Several types of zoospore, distinguished by number and structure of 
flagella and by internal structure, have been recognized among aquatiC 
phycomycetes, reflecting origins from distinct ancestral lines. Other char
acters have been found to correlate with divisions based on zoospore 
morphology and it has become accepted as the basis for primary classifica
tion within this group (Sparrow, 1958; Sparrow, 1960; Waterhouse, 
1962). 

Studies of soil-borne phycomycete plant pathogens of the genus Phy-
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tophthora show that zoospores carried by moving water, draining through 
soil after heavy rain, or fOllowing irrigation, are effective dispersal units 
(Hickman, 1958). In species that attack aerial parts, however, the major 
role in dissemination is played by the sporangium itself, which, becoming 
detached, is borne aloft as part of the air spora. This biological adaptation 
to an aerial environment has evolved further in the most advanced group 
of the zoosporic series, the Peronosporaceae. In this family sporangia are 
without exception caducous and wind borne. In most genera germination 
in moist conditions is by zoospores, but in drier surroundings the spo
rangium puts out a germ tube, i.e., it functions as a spore. In Peronospora 
germination is exclusively by germ tube and the sporangium is indistin
guishable from a conidium. 

Nonmotile spores (apianaspares) are characteristic of zygomycetes, a 
group of largely soil-inhabiting phycomycetes. The contents of the terminal 
sporangia differentiate into walled spores containing several nuclei, and these 
arc released by breakdown of the sporangium wall or by discharge of the 
sporangium as a whole (Ingold, 1953). As in the Peronosporales, evolu
tion to the conidial condition has taken place and species can be arranged 
in a series supporting the theory that this may have occurred by reduction 
in size of the sporangium to a monosporus condition, the walls of spore 
and sporangium becoming fused together. 

b. Conidia. Asexual reproduction by conidia is highly developed in 
ascomycetes and occurs in a few basidiomycetes and exclusively in fungi 
imperfecti. Conidia arc borne on conidiophores which (1) are grouped in 
a saucer-shaped fructification known as an acervulus, or (2) are enclosed 
within a pycnidium, a globose or flask-shaped structure from which the 
spores emerge through a pore, the ostiole, in a mucilaginous tendril, or (3) 
arise directly from the mycelium. These differences in conidiophore arrange
ment form the basis of the first and only complete scheme of classification 
of the Fungi Imperfecti (Saccardo, 1880, 1884, 1886). In passing it 
should be emphasized that this classification is not equivalent to that in 
the other classes of the fungi, which is based on the perfect state, and 
does not imply close relationship between the forms that are grouped 
together. Fungi imperfecti are continually being linked up with sexually re
producing species, most of them ascomycetes. It is known that one ascomy
cete genus may include species with widely different imperfect fructifications 
and, conversely, the conidial forms of species belonging to quHe distinct 
genera may be similar. Saccardo's classification is thus artificial, its main 
purpose being to facilitate identification. 

With regard to the conidia themselves, which exist in an immense 
variety of form and size, Vuillemin's (1910, 1912) system of classifica
tion of imperfect fungi drew attention to the widely different developmen-
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tal origin of the spores described as conidia. He recognized two main 
types, thallospores and conidiospores, each including several distinct forms. 
The former arise by transformation of preexisting elements of the thallus, 
i.e., of vegetative hyphae, and are not readily detachable whereas conidio
spores are formed as new structures on the thallus and are caducous. 
Our understanding of conidiophore structure, and of the formation and 
type of conidium, has been broadened further by the contributions of 
Mason (1933,1937,1941), Hughes (1953), and Tubaki (IY58). Em
phasizing ecology rather than morphology, Mason (1937) pointed out 
that these fungi can be divided into two biOlogically natural groups, one 
with moist or slime spores and the other with dry spores, these being 
dispersed by water and by wind, respectively. This distinction, adopted 
by some authors, e.g., Wakefield and Bisby (1941), has been criticized 
by Hughes on two grounds: one, that it is imprecise; the other, that it is 
uncorrelated with methods of conidial development. 

2. Sexual Spores 

Fungi show many variations in the pattern of their sexual cycles, in the 
degree of differentiation of sex organs, and in the type of spores formed 
as a result of sexual reproduction. Three types of spores are formed, 
thick-walled resting spores, ascospores, and basidiospores. The character
istics of the sexual spore stage, together with the nature of the mycelium, 
provide the basis for recognition of the classes Phycomycetes, Ascomycetes, 
and Basidiomycetes. 

a. Resting spores. The resting spore of phycomycetes contains one or 
more diploid nuclei. Apart from Allomyces, which is unique in possessing 
distinct haploid and diploid generations, and, possibly, the Plasmodio
phorales, in which a diploid plasmodium is believed to arise by growth 
and nuclear division of a zygote, the resting spore has been regarded until 
recently as the only diploid structure in these fungi (Olive, 1953). This 
opinion has now been challenged by Sansome (1963), who claims that 
oomycetes are "most probably diploid throughout their life history, meiosis 
occurring immediately before karyogamy." 

Among phycomycetes sexual reproduction is accomplished in several 
ways: (1) fusion of motile gametes, isogamous (e.g., Olpidium) or ani
sogamous (Allomyces), the zygote being motile for a time by means of 
the persistent flagella; (2) copulation of thalli (RhizophydiumJ or parts 
of thalli (Polyphagus); (3) fertilization of an oosphere, a large, nonmotile 
female gamete, enclosed within an oogonium, by a motile male gamete 
which enters through a pore in the oogonial wall (Monoblepharis) to give 
an oospore; (4) fertilization of an oosphere by the contents of an anthe-
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ridium which enter the oogonium through a fertilization tube (Pythium); 
(5) copulation of g:lmctangia (Mucor) to give a typical zygospore. 

With few exceptions (AUomyces, Pla,modiophora\c,) lOad' zygote give, 
rise to a single spore. It may be freed from the thallus and/or host tissue 
by decay or may germinate in situ. Though field ob,ervations (Garrett, 
1956) suggest that the resting spores of many phycomycete £llant parasites 
remain dormant fOf long periods, they are not unique atrlong fungi in 
this respect (Gottlieb, 1950), nor do they all remain donnant for long 
periods. Germinatiofl of resting spores of Rhizophydium has been reported 
within 2-5 days of their formation (Couch, 1935; Karling, 1939), and 
of Phytophthora oospores (Legge, 1953) from a week to a year after 
burial in soil. The significance of such physiological heterogeneity in rela
tion to survival has been discussed by Garrett. 

h. Ascospores. Irt ascomycetes fusion of nuclei in sexual reproduction 
occurs in a cell known as the ascus mother cell and, with the exception 
of some yeasts, is followed immediately by meiosis and mitosis with the 
formation of eight baploid nuclei around each of which an ascospore is 
formed. Meanwhile the ascus mother cell has enlarged to form the ascus 
from which the as cos pores are liberated by active discharge or by break
down of the ascus wall (Ingold, 1953). 

Sexual reproduction takes place (1) by copulation of simple gametangia. 
These may be alike (e.g., Eremascus) or show slight morphological differ
entiation (Dipodascus); (2) by means of well-defined male and female 
sex organs, ascogonia and antheridia, passage of male nuclei taking place 
via a pore at the point of contact between the walls or through an append
age of the ascogonium, the tricilOgyne (Pyronema); (3) in other species 
antheridia are not formed and fertilization is accomplished via minute, 
uninucleate cells, either spermatia, formed within pycnidil)rn-like struc
tures known as spermogonia {Mycosphaerella), or microconidia (Scle
ratinfa, Neurospora); and, in Neurospora by the conidia themselves. 
Association of nuclei may also be brought about in such fungi as Neu
rospora by hyphal anastomosis, or, as in Ascobolus stercorarius, by means 
of oidia, minute spores formed by fragmentation of short aerial hyphae, 
which fuse with hy£lhae, or give rise to hyphae that anastomose. In such 
cases the introduced nucleus travels through the hypha to the developing 
ascogonium. In some species no sex organs whatever are formed, and 
nuclei are brought together (Taphrina, Saccharomyces) by fusion of cells 
arising from ascospores by budding, or by fusion of the ascOspores them
selves. 

A feature of many ascomycetes is the association in pairs of sexually 
differentiated nuclei and their multiplication by mitosis in a dikaryon 
phase. In such species as Pyronema this takes place in ascogenous hyphae 
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which grow out from the wall of the ascogonium. Ultimately these give 
rise to a number of binucleate cells, the ascus mother cells. This process 
thus leads to multiplication of the number of zygote nuclei that arise from 
one ascogonium. Species of Taphrina are dikaryotic throughout their vege
tative phase following association of nuclei soon after ascospore formation. 
Here ascus formation is initiated by fusion of pairs of nuclei in differ
entiated ascage-nous cells, each of which gives rise to onc ascus. 

In ascomycetes that possess ascogenous hyphae, vegetative hyphae en
velop the developing sex organs to form fructifications known as ascocarps. 
These may be (1) cieistocarps, completely closed structures from which 
the ascospores are liberated by decay or rupture of the wall; (2) perithecia, 
globose or flask-shaped ascocarps, with an apical opening, the ostiale, 
through which the spores are discharged; (3) apothecia, cup- or saucer
shaped ascocarps. Many modifications of these basic ascocarp types occur, 
and in many species the ascocarps are formed in groups within a stroma, 
a pseudoparenchymatous tissue of hyphae having some resemblance to a 
sclerotium. Other members of the group, ascostromatic ascomycetes, form 
their asci directly within cavities, lacules, in stromata. 

c, Basidiospores. Sexual reproduction in basidiomycetes culminates in 
the fusion of a pair of haploid nuclei in a cell known as the basidium. 
The diploid, zygote nucleus undergoes meiosis and four haploid nuclei 
pass one into each of four thin-walled basidiospore" which are borne 
externally on the basidium and in the majority of species forcibly dis
charged (Ingold, 1953) from it. The basidium is essentially the terminal 
cell of a long series of dikaryon cells, for a large part of the life cycle in 
this group is spent in the dikaryon condition. No sex organs are formed. 
Dikaryons may be established directly after meiosis, within the basidium 
itself, or by copulation of basidiospores, as in some of the Ustilaginales, 
or later, in the haploid mycelium arising on germination of the basidiospores. 
In these hyphae, dikaryons are initiated by anastomosis or through the 
agency of oidia or spermatia. 

In the Uredinales a succession of dikaryon spores, aecidiospores, 
uredospores and teleutosporesJ * provides for increase and spread of the 
species, and the final, or teleutospore stage, also serves for survival. 10 
the Ustilaginales the brand spore also serves for spread and survival. In 
both of these groups these thick-walled, resistant spores give rise to the 
basidia. In the other members of the class the basidia are associated in 
large numbers in highly organized, often structurally complex, fruit bodies 
-the mushrooms, bracket fungi, puff balls, stinkhorns, bird's-ncst fungi, 
etc. 

* aeciospores, urediospores, and teliospores in Arthur's terminology 
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IV. VEGETATIVE AND REPRODUCTIVE STRUCTURES 
IN MYXOMYCOTA 

39 

The limitations of a system of classification that recognizes only plants 
md animals are nowhere more clearly exposed than by consideration of 
he slime molds, for they exhibit characteristics of both kingdoms. The 
legetative phase of these organisms. which is a naked. creeping mass of 
Jrotoplasm that takes in food particles by ingestion. is definitely animal
ike. On the other hand. their reproduction by spores resembles that in 
·ungi. Originally described as fungi by Persoon (1801). slime molds have 
;ince been included by botanists in that group. as Myxomycetes. and by 
wologists in the Protozoa, as Mycetozoa. Discussing the systematic posi
tion of these organisms. Martin (1960) has suggested recently that they 
oon best be regarded as an offshoot from the main line of evolution of fungi 
from colorless flagellates. a view that has received support from another 
prominent student of slime molds (Alexopoulos, 1962). 

Several other groups have been associated with the Myxomycetes. In 
possessing a plasmodium-like thallus and in the character of the zoospores, 
the Plasmodia ph or ales resemble the Myxomycetes and have often been 
classified with them. Mainly on account of the recognition of phycomy
cetous, thin-walled sporangia, this group is now included in the Phyco
mycetes. Two olher groups, the Acrasiales and the Labyrinthulales, in 
which vegetative cells aggregate, giving a superficial resemblance to 
plasmodia, have also been classified alongside the Myxomycetes. These, 
however, are basically unicellular, uninucleate, amoeboid organisms, and 
they are now believed to be more closely related to the Protozoa than to 
other forms. Discussing these four groups, Bonner (1959) concludes that 
they comprise primitive colonial organisms with both fungal and animal 
characters, but with probably little interrelationship. 

A: Myxomycetes 

Myxomycetes are common saprophytes of damp woodlands, growing on 
decaying logs, leaves, and other organic matter. The vegetative structure is 
a plasmodium, which is a multinucleate mass of protoplasm not bounded 
by a cell wall. Its nuclei are diploid. Often brightly colored, the plasmodium 
flows over the substratum as a sheet of protoplasm, up to a square foot or 
more in area in very large specimens, continually changing shape and en
gulfing particles of organic matter from the substratum. In forms such as 
the well-known Physarum polycephalum, the actively moving plasmodium 
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is roughly fan-shaped, with a continuous mass of protoplasm in front con
nected with a reticulum of protoplasmic strands at the rear. Protoplasmic 
streaming is a characteristic feature of plasmodia, as of the hyphae of many 
fungi, and occurs along differentiated cytoplasmic channels known as 
veins. Under unfavorable conditions the plasmodium contracts to form an 
immobile, hard, irregular resting body, or sclerotium, inside which groups 
of nuclei and surrounding cytoplasm are e.nc1osed by membranes to form 
macrocysts. With the return of favorable conditions, the sclerotium softens 
and a new plasmodium emerges. 

As long as conditions are favorable the plasmodium continues to grow 
and its nuclei increase in number by repeated mitotic division. At a partic
ular stage in development it is converted into one or more fruiting bodies. 
With the exception of the genus Ceratiomyxa, in which the spores arc 
borne externally on a sporophore, the spores are formed within sporangia. 
These are of several types: (I) individual, stalked or sessile sporangia; (2) 
an aethalium, representing a group of fused sporangia; (3) a plasmodio
carp, a sessile, sporangium-like, branched structure formed around some of 
the veins of the plasmodium. Within the sporangia of many species capil
!itial threads are formed, and lime granules are frequently deposited on 
these and on the sporangial wall. 

Immediately before spore formation the nuclei of the sporangium un
dergo meiosis, and haploid, uninucleate, thick-walled spores are formed. 
These may retain their viability for long periods. On germination, from 
one to four microscopic, uninucleate, haploid naked cells are released from 
each spore. These may be amoeboid myxamoebae, or swarm cells, motile 
by means of one or, usually, two unequal flagella attached at the anterior 
end. Myxamoebae may also develop flagella, becoming swarm cells, soon 
after release; the two forms appear to be readily interconvertible, depending 
on the conditions. Myxamoebae and swarm cells feed in a typically amoe
boid manner, ingcsting particles of food. In this respect the swarm cells 
differ conspicuously from the zoospores of fungi. Under favorable condi
tions myxamoebae divide repeatedly to give large populations of haploid 
cells. After a period of feeding and multiplication, fusion occurs between 
pairs of swarm cells or myxamoebae. Thc zygotes thus formed grow, with 
successive mitotic division of their diploid nuclei, to form naked, amoeboid 
plasmodia. In some species, in addition, plasmodia arise by coalescing of 
many zygotes. 

B. Acrasiales 

The members of this group are abundant and widespread in soils, where 
they feed on bacteria. In the vegetative stage they exist as microscopic, 
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lninucleate, haploid, naked amoebae which multiply by fission and are in
listinguishable from amoeboid protozoa. No flagellated cells arc formed. 
~heir distinguishing feature is the aggregation of amoebae to form a 
,seudopiasmodillm (Bonner, 1959) in which the amoebae do not coalesce 
)ilt remain as individuals, hence the name cellular, or communal slime 
ooIds. 

Aggregation of amoebae is a prelude to sporulation. It is followed by 
lifferentiation of the cells of the pseudoplasmodium into two types. Those 
.t the anterior end begin to form a stalk. It increases in height by movement 
)f cells up to the apex. There they are converted into large, pithlike stalk 
ells which become enclosed within a cylinder of cellulose that is deposited 
iTound them. The posterior, sporogenous ceJls rise to the top of the stalk, 
vhere each bccomes surrounded by a ceJlulose waJl. A mass of spores is 
hus formed, held together by slime but not enclosed within a common 
nembrane. Present evidence regarding sexuality in the group is conflicting. 
rhe existence of seven chromosomes during vegetative division suggests 
hat the amoebae are haploid. 

C. Lahyrinthulales 

The LabyrinthulaIcs comprise a small group of marine and freshwater 
Jarasites of algae and higher plants. The unit of vegetative structure is 
19ain a naked, uninucleate cell. It is spindle shaped and secretes from each 
,nd a long, slimy filament. These link up with those of other cells, forming 
a network over which the cells glide. The network increases in size by 
secretion of new filaments by groups of cells at the margin, and the cells 
themselves multiply by division. At a certain stage in the development of 
some species, many cells mass together; they become surrounded by a 
membrane, and each cell forms a wall. These spores arc eventually lib
erated and elongate to form vegetative cells. In one species, Labyrinthula 
1Ilgeriensis, cells aggregate within the slime filaments. Each then enlarges, 
surrounds itself with a mucilaginous envelope, and gives rise to several 
hctcrokont~ biflagcl1ate zoospores which initiate new colonies. Sexual re
production has not been observed among these organisms. 
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I. HISTORICAL RESUME 

Early in the nineteenth century, Braconnot (1811) published the results 
If his chemical analysis of several mushroom species. In all he noted a 
narkcdly resistant component which remained following protracted treat
nent of the material with strong alkali. Believing that he had uncovered 
1 unique fungal characteristic, Braconnot named the alkali-resistant sub
.tanee "fungine." This investigator, displaying considerable ability with 
,he techniques of analytical chemistry that were then available, was able 
:0 determine that funginc was a nitrogenous substance and pointed out 
:hat its nitrogen content was less than that of protein. 

In studies of the nature of the integuments of insects Odier (1823) also 
jiscovered a component that resisted the action of alkali. For this sub
stance he proposed the name "chitin." Odier and others failed to recognize 
Braconnot's elucidation of the properties of fungine, and consequently the 
term chitin gained general acceptance. The latter term, therefore, applies to 
the resistant nitrogenous material that is found in the walls of most (but 
not all) fungi and which is of widespread occurrence in the cuticular struc
tures of invertebrates. The term chitin (Or. chiton) signifies a mantle or 
tunic and is, therefore, applied appropriately to fungi and invertebrates 
alike. 

The widespread occurrence of chitin in the cell walls of fungi came to 
light in the classical investigations of van Wisselingh (1898). This worker 
devised a cytochemical test (see Section IV, B, 1, b) involving the alka-

1. Partial support for the preparation of this section was derived from resear..:h 
grant GM~07531 from the Public Health Service. 

2 Present address: Department of Botany, University of California, Berkeley, Cali
fornia. 
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line conversion of chitin to chitosan (see Section IV, B, 2). The test was 
applied to more than one hundred genera of fungi with generally positive 
results, but the reliability of this cytochemical method has been challenged 
in numerous instances. This fundamental difference between the cell walls 
of many fungi and the cellulosic walls of green plants has been of some 
concern to many mycologists. Consequently, over the years the van Wis
selingh test has been utilized repeatedly as an adjunct to morphological 
studies of the fungi. 

II. MICROSCOPIC STRUCTURE OF CELL WALLS 

It is noteworthy that the gross morphology of fungi is, to a great degree, 
dependent upon the conformation of their cell walls. The walls of fungi, 
possessing considerable rigidity, lend stability to the shapes of vegetative 
hyphae and various reproductive structures. The foregoing statement is 
substantiated in numerous textbooks of mycology (c. g., Alexopoulos, 
1962), where illustrations show discharged sporangia of phycomycetes or 
spent asci, to cite but two examples. Emerson (1958) has provided illus
trations demonstrating this principle with the sporangia of aquatic phy
comycetes. Also, the characteristic pseudoseptations of phycomycetes are 
partial intrusions of the hyphal walls into the hyphal interior and may be 
seen to persist after chemical removal of the cytoplasm (Aronson and 
Machlis, 1959). Finally we may note a multitude of cell wall ornamenta
tions which characterize resistant sporangia, zygospores, and ascospores. 

The preceding remarks indicate that striking features of cell wall form in 
the fungi are to be seen in the walls of structures that are markedly dif
ferentiated and have distinct functional attributes. However, most of the 
total wall substance of filamentous fungi is part of an extensive hyphal wall 
continuum, which, when viewed by conventional light microscopy, shows 
little, if any, differentiation from onc wall segment to the next. Little is 
known of ontogenetic changes within the vegetative hyphal walls of fungi, 
or whether they occur generally. However, functional differentiation in the 
cytoplasm of Neurospora hyphae has been reported by Zalokar (1959), 
and it is conceivable that this may be accompanied by ontogenetic changes 
in the fine structure of the cell wall. This matter is carried further in Section 
III. 

III. PHYSICAL CONFORMATION OF CELL WALLS 

A. General Remarks 

By means of polarization optics, X-ray difTraction, electron microscopy, 
and biochemical analysis, it is possible to gain some insight into the organi-



3. The Cell Wall 51 

ition of cell walls at a level not revealed by light microscopy (Frey
{yssllng, 1953; Preston, 1952). In the past, these techniques have been 
mployed infrequently in studies of fungal walls. A notable exception is the 
~II wall of the Phycom)'ces sporangiophore, which has attracted several 
Ivcstigators and which, at times, has been offered as a prototype of fungal 
'all structure. However, it is open to question whether or not the Phy
omyces sporangiophore wall is representative of the walls of fungi in 
eneral, and, for the present, it should be regarded as a special case. 

B. Fibrous Structure 

Recent studies of the structure of ceU walls of plants have brought about 
lC evolution of a concept in which ceIL walls arc regarded as a two-phase 
ystem- one phase consisting of the microfibrils which are embedded 
lithin the other phase, referred to as the amorphous matrix (Figs. 1 and 

FIG. I. Electron microgra ph of a ponion of a hyphal wa ll of AllolII)'ces macrogy-
1IIS, showing fibrous lexture and masking o f fibrils by malrL'{ substances. Magnifica
tion: X 21,000. Reproduced from Aronson and Preston (1960a ). 



52 Jerome M. Aronson 

FIG. 2. Eleclron micrograph of the cell wall of Rlri'l.Op/ry(litltrl sp/I(I/!r()//reca. Mag
nificalion: X 1 J,520. (Aronson llnd Preston. previously unpublished photograph.) 

2). The literature on this topie is vast and has been the subject of several 
reviews (e.g., Setterfield and Bayley, 1961). The fibrous texture of fungal 
walls was observed for the first time by Frey-Wyssling and Mi.ihlethaler 
(1950) in the sporangiophore of Phycomyces. The existence of such fibrous 
structures, however, had been deduced much earlier through the applica
tion of polarization optics (Oort and Roelofsen, 1932) and X-ray dif
fraction (van Herson et al., 1936). Indeed prior to pioneering electron 
microscopy of plant cell walls (e.g., Frey-Wyssling el al., 1948; Preston 
et ai., 1948). it was commonplace for investigators to make reference to 
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chains and their orientation in the cell walls of fungi (e.g., Castle, 
. The principles involved in the application of the techniques referred 
ve have been treated in sufficient detail by Preston (1952). 
owing the initial observations of the fibrillar structure in the Phy
~s wall, the presence of a fibrous structure received confirmation 
h the work of Roelolsen (1951) and Middlebrook and Preston 
I. The scope of observations in this area has since been widened to 
, many other fungi. Houwink and Kreger (1953) demonstrated a 

texture in the chemically treated walls of yeasts, and recently, 
I of the aquatic phycomycetes have been investigated by Aronson 
eston (I9<\Oa), leading to the demonstration of a fibrous wall struc
all cases. 

C. Lamellae 

:ral electron microscopic analyses have shown that the cell wall is 
lminate, as in the Ph)'comyce.l' sporangiophore (e.g., Frey-Wyssling 
iihlethaier, 1950), where the primary wall of the growth zone has 
esolved into two lamellae that differ in their microfibrillar orienta
As the growth potential diminishes below the apical 2 mm of the 
giophorc, an inner lamella, designated as the secondary wall, is 
:d to these outer layers of fibrils. A considerable amount of discus
I the literature has attempted to reconcile fibril textures with the oc
ce of spiral growth in the sporangiophore (Castle, 1942; Roelofsen, 
Middlebrook and Preston, 1952). That the cell wall is, in some 

" implicated in spiral growth in Phycomyce.l' most workers would 
but the mechanism involved remains to be elucidated. A recent series 
estigations (e.g., Probine, 1963) has attempted to explain spiral 
I and reversal of spiraling in Nitella. The basis for the proposed 
growth theory lies in the observed mechanical anisotropy of the cell 
and it was pointed out that the same explanation might be applied to 
,wth of the Phycomyces sporangiophore. 
:inct lamellae have been observed also in the hyphal walls of A /
" (Aronson and Preston, 1960b). In Fig. 3 a bilaminate condition 
,trated. The oriented fibrils of the inner layer arc aligned parallel to 
ljor axis of the hypha. In this respect the wall texture of Allum)'ces 
similarity to the secondary wall of Phycomyces. Evidence of lamina
las not been limited to these observations of fibrou<.; texture. Agar and 
as (1955) prepared ultrathin sections of cells of Saccharomyces 
revealed a multilaminate wall structure when viewed in the electron 

;eope. The laminations appeared especially prominent in the bud scar 
s. Studies by Mundkur (1960) and Vitals ct (/[. (1961), both deal-
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F IG. 3. Electron micrograph of a porlion of a hypha I wall of Allo(l/Yces IIIacr o
gyllIlS, showing contrasti ng fibrous textures in inner and Olller lamellae. Magnifica
tion : X 18, 135. Reproduced from Aronson and Preston ( 1960b). 

ing with Saccharomyces, have demonstrated in the walls a stratification that 
indicates diffe rences in chemical constitution. Mundkur's work provides 
evidence for a thin a liter layer of mannan which merges with a relatively 
thick inner layer of glucan (see Section IV, C, l.). It is noteworthy that 
the stratification of yeast cell wall components observed in the electron 
microscope has been deduced from biochemical analyses by Eddy ( 1958 ). 
This investigator indicated that a phosphomannan, in part, constitutes the 
outer and inner stratum of the yeast cell wall. Evidence in support of this 
view was derived from studies of the act ion of papain which brings about a 
simultaneous release of mannan associated with nondia lyzable phosphorus 
and a loss of electrophoretic mobility (attributable to negative charges). 

D . Septations 

Virtually nothing is known of the fine structure of the pseudoseplations 
of phycomycetes. H owever, using o rdina ry light microscopy, it has been 
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observed (Coker, 1930) that the pseudo septa of A lIom}"ces consist of 
,trands of wall material resembling the spokes of a wheel. These spokes 
converge forming a hublike structure. Electron microscopy should be most 
revealing if applied to a study of these structures. The septations of selected 
ascomycetes and basidiomycetes have been investigated by Moore and 
McAlear (1962), who, using electron microscopy of ultrathin sections, 
noted rather simple septa, with single perforations in the ascomycetous 
forms. In basidiomycetes, on the other hand, they have demonstrated cross 
walls of complex fabrication. The septa are traversed by pores, the pore 
diameters tapering toward the apertures on both ends; the pore apertures 
are further associated with hemispherical, membranous structures ("paren
thesomes"), the function of which is unknown at the present time. 

E. Crystalline Components 

In the fungi, as in green plants, the cell walls are composed of poly
saccharides to a great extent. In this multitude of polysaccharides attention 
must be focused on the most ubiquitous of all biologically elaborated sub
stances-cellulase-which has been the most thoroughly studied of all the 
cell wall carbohydratcs (see Section IV, C, 1). Through the use of X-ray 
diffraction and polarization optical analyses it has been shown that in cellu
lose there is a tendency for the long chainlike molecules to assume a paral
lel arrangement (at least ovcr portions of their total lengths) with regular 
spacing between the adjacent chains. These well-ordered aggregations 
(crystallites) of cellulose molecules constitute what have been generally re
ferrcd to as micelles. Several workers have written at length on the crystal
line properties of cellulose (e.g., Preston, 1952), with reference primarily 
to green plants. Nevertheless, these remarks serve to describe fungal cellu
lose which occurs, for the most part, in thc biflagellate phycomycetes (see 
Section IV, C, 1). In most fungi, however, the role of cellulose (i.e., to 
provide a skeletal framework for the cell wall) is assumed by chitin (see 
Section IV, B, I). For purposes of the present discussion it will sufficc to 
state that, in a general way, .chitin may be regarded as being similar to 
cellulose insofar as chitin consists of long molecules that aggregate into 
crystallites. 

The crystalline properties of chitin and cellulose can be exploited for the 
purpose of determining molecular orientations, but, in addition, X-ray dif
fraction, employing the so-called powder method, can be utilized as a means 
for their detection (Fig. 4). The use of the X-ray powder method affords 
simplicity and rclative ease of interpretation and has been used repeatcdly 
for the detection of chitin, cellulose, and other crystalline substances (c.g., 
Frey, 1950; Blank, 1954; Kreger, 1954; Aronson and Preston, 1960a). 
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FIG. 4. X-ray powder diagrams of A /Iom)'ces chilin (left) and crustacell n chilin 
(right). 

IV. CH EMlCAL COMPOSITION OF CELL WALLS 

A. General Considerations 

Since the early investigations of van Wisselingh ( 1898) a number of 
workers have taken up the study of the chemical constitution of fungal 
walls. Up to the most recent times, however, progress has been slow; this 
has been due in part to a lack of analytical methods that fall within the 
sphere of mycology, and also to a concentration of interest on the occur
rence of chitin and cellulose in various taxa. Indeed, the distribution of 
chitin and cellulose has led to sevcral attempts to deduce taxonomic and 
phylogenetic relationshjps among the fungi and between the fungi and the 
algae. Wettstein ( 192l) wns thc first investigator to uti lize cell wall com
position as a criterion for assessing relationships among major taxa. Wett
stein's views were most signi ficant with respect to the phycomycetes, for 
which he supported a concept of polyphyletic origin. In his studies, Wett
stein employed cytochemical methods of analysis some of which now ap
pear to have been in error, particularly with regard to the Monoblephari
dales. This taxon, which Wettstein reported as having cellulosic walls, is 
clearly a chitinous wall assemblage (Aronson and Preston, 1960a ; Aron
son, 1962). Interest in ccli wall constitution as a means of determining 
relationships was revived by Nabel ( \ 939), who reported positive cyto
chemical tests for both chitin and cellulose in the cell walls of Rhizidio
myces bivellattls, which was described as a new species ot the Chytridiales. 
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'label proposed that, in the possession of both polysaccharides, Rhizidio
nyces established phylogenetic continuity between the chitinous Chytri-
1iales and Blastocladiales on the one hand, and the cellulosic Oomycetes 
)n the other. Fuller and Barshad (1960) and Fuller (1960) have carried 
)ut X-ray and cytochemical analyses that confirm the simultaneous pres
mce of chitin and cellulose in the walls of Rhizidiomyces. These investiga
tors reaffirmed the basic ideas of Wettstein, but pointed out that, whereas 
Weltstein recognized but two groups of aquatic phycomycetes (cellulosic or 
;;hitinous), these organisms may now be separated into three categories, 
,ach of which is distinguished by wall composition (cellulose, chitin, or 
ooth) and mode of flagellation. This latter work does not attempt to estab
lish cell wall composition as a criterion for judging phylogenetic relation
;hips. Rather, it is merely pointed out that cell wall composition in the 
aquatic phycomycetes correlates well with accepted taxonomic groups. To 
limit the significance of cell wall composition in this way seems entirely 
justifiable. 

Another traditional point of convergence between wall composition and 
systematics is seen in the use of the amyloid reaction. The reaction of 12-KI 
with cell wall and cytoplasmic constituents has been employed as a tech
nique for the classification of higher fungi (e.g., Singer, 1962). A positive 
reaction with I2-KI [or Melzer's reagent: h-Kl + chloral hydrate (Melzer, 
1924) 1 would generally be considered to be indicative of starch, glycogen, 
or related substances (e.g., dextrins). Other polysaccharides from lower 
plants are known to react with I,-Kl (e.g., A. B. Foster and Stacey, 1958) 
and some inorganic complexes are also known (Percival, 1950). As Singer 
(1962) indicates, a spectrum of hues and intensities is encountered in the 
application of this technique. The identity of substances (some of which 
appear to reside in cell walls) reactive to the iodine reagent can be known 
only when the fungi in question arc subjected to satisfactory techniques of 
biochemical analysis. It should be noted that the glycogen of yeast cells, 
at one time thought to be a cell wall constituent, was not found to be a 
part of the cell walls when methods for wall isolation and analysis were 
employed (Northcote and Horne, 1952). 

In addition to considerations of the cell wall as a criterion for establish
ing systematic relationships, the question of the simultaneous occurrence of 
chitin and cellulose has been raised repeatedly. The contending views have 
recently been summarized by Fuller and Barshad (1960), who have, as 
indicated above, solved this problem with one fungus, Rhizidiomyces. 
Other claims of the occurrence of both substances include those of Thomas 
(1928, 1942, 1943) for Fusarium, Pythium, and Phytophthora species and 
of Hopkins (1929) for Mucor rouxii. Thomas's conclusions, based pri
marily upon cytochemical and solubility tests, do not appear to be well 



58 Jerome M. Aronson 

founded and arc not in accord with the X-ray investigations of Frey (1950) 
and the biochemical studies of Crook and Johnston (1962). Similarly, the 
conclusions of Hopkins (! 929) must be discarded in favor of those of 
Frey (1950) and Bartnicki-Garcia and Nickerson (1962). In the light of 
present information, therefore, Rhizidiomyces appears to be unique. 

The occurrence of chitin and cel'u!ose and the relation between these 
substances and systematics has been for most mycologists the most in
triguing "'pect of fungal wall composition. These considerations, however, 
tended to obscure the complexity of fungal walls. Until comparatively 
recent times, the few investigations purporting to deal with wall constituents 
other than chitin and cellulose suffered from serious technical defects. 
Taking the investigations of Thomas (1928, 1930, 1942, 1943) as ex
amples, surface mycelial mats were extracted with various reagents and the 
extracts were analyzed. Many of the extracts gave indications of being 
known cell wall constituents, but it is impossible to rule out the possibility 
that the extracted material originated from the cytoplasm. On the other 
hand, many investigations have employed chemically prepared walls using 
procedures that generally involved alkaline digestion of the cytoplasm (e.g .. 
Norman and Peterson. 1932; Aronson and Machlis, 1959; Blank, 1953). 
It is clear that chemical methods of cell wall preparation may remove cer· 
tain wall constituents (Kreger, 1954). Recent years have seen the develop. 
ment of mechanical methods for isolating cell walls from microorganisms 

TABLE I 

TilE CHEMiCAL COMPOSITIO:-l OF THE WALLS OF SELECTED FUNGI" 

Constituent 

Nitrogen 
Phosphate 
Lipid 
Protein 
Chitin 
Chitosan 
Glucan 
Mannan 
Other carbohydrates 
Ash 

References 

Saccharomyces 
cerevhiae 

(bakers' yeast) 

2.1 
0.31 
8.5 

13.0 
ca. 1.0 

28.8 
31.0 

Nortl1cote and 
Horne (1952) 

Allomyces 
macrogYllllS 

5.5 

10 
58 

16 

8 

Aronson and 
Machlis (1959) 

a Values slaled as percentage, dry weight, of walls. 
b Total ash exclUding phosphate. 

Alllcor rollxi; 

(filamentous form 

23.3 
7.8 
6.3 
9.4 

32.7 

3.8 
9.5 

ca. 2.01> 

After Bartnicki-
Garcia and 

Nickerson (19fi~ 
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rhese techniques have met with marked success in studies of the cell walls 
,f bacteria (Salton, 1961), and are also applicable to cell wall studies in 
ungi (Kreger, 1954; Aronson and Machlis, 1959; Crook and Johnston, 
: 962). Largely through the use of these newer methods, a marked degree 
,f complexity and diversity in fungal wall structure has become evident, 
oven though but a few species have been analyzed in detail. Table I brings 
ogether some of the analytical data obtained in studies of selected fungi. 
\ systematic survey of wall constituents appears in the sections immediately 
ollowing. 

B. Aminopolysaccharides 

'. Chitin 

a. Structure and Properties. A most satisfactory compilation of the 
:hemical and physical properties of chitin has been set forth by A. B. 
"oster and Webber (1960), and but a few salient features are mentioned 
lere. Chitin is a linear molecule, constituted entirely of fJ-l,4 linked N
lcetylglucosamine residues (I) . 

,pCH'OH O~ 
~H H 0 

HO H 

H NHCOCH, H NHCOCH, 

(I) 

[he long chains of N-acetylglucosamine units may achieve a molecular 
.veight of the same order of magnitude as the molecular weight of cellulose 
(see Section IV, C, 1). Crystalline chitin forms a unit cell that is orthor
hombic, having the dimensions, a = 4.76 A, b = 10.28 A, and c = 18.85 A 
(Carlstrom, 1957) and containing four acetylglucosamine residues. The 
resistance of chitin to acidic hydrolysis is explained by A. B. Foster and 
Stacey (1952) as being due to the hydrolysis of the amide bonds in the 
acetylamino side chains, which leaves exposed cationic amino groups. 
These groups electrostatically repel hydronium ions. 

b. Methods 01 Detection. A number of procedures have been used in 
the detection of chitin. The microchemical test of van Wisselingh (1898) 
has been used most extensively. This test involves the partial alkaline 
deacetylation of chitin, giving chitosan, which is actually detected. The 
reliability of the van Wisselingh test has been questioned by several investi
gators (e.g., Frey, 1950; A. B. Foster and Webber, 1960), and the work 
of Hopkins (1929) indicates that the test may lead to erratic results, dif
fering from one day to the next on material from the same culture. 
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The usc of X-ray powder diagrams to detect chitin has become a popular 
technique and, in most instances, can be regarded as the most reliable of 
methods. Such studies have been carried out on the walls of filamentous 
fungi (e.g., Frey, 1950; Aronson and Preston, 1960a), yeasts (Kreger, 
1954; Houwink and Kreger, 1953), and a number of pathogenic fungi 
(Blank, 1953, 1954; Blank and Burke, 1954). Figure 4 shows a typical 
X-ray powder diagram obtained from fungi as compared with a diagram 
of crustacean chitin. The intcrplanar spacings corresponding to the morc 
intense chitin reflections arc listed in Table II along with characteristic 

TABLE II 

TNTERPLANAR SPACINGS (A) COMMONLY ENCOUNTERED IN X-RAY POWDER ANALYSES 

Chitin 
(Carlstrom, 1957) 

9.54 
6.96 
4.65 
3.38 

Chitosan 
(Bartnicki-Garcia 
and Nickerson, 

1962) 

4.41 

a Mercerized cel!ulose. 

Cellulose I 
(Gezeiius, 1959) 

6.0 
5,2 
4.3 
3.9 

. 2.5 

Cellu!ose lIa 
(Fuller and 

Barshad, 1960) 

7.48 
4.57 
4.13 

spacings of other substances that have been detected in fungal walls by the 
X-ray method. 

More comprehensive ~rcatmcnts of the techniques of chitin detection may 
be found by consulting Tracey (1955) and A. B. Foster and Webber 
(1960). 

c. Occurrence. The occurrence of chitin in the cell walls of fungi has 
intrigued mycologists for a great many years, and in its detection all meth· 
ods, at one time or another, have been employed. It would be presump
tuous to state that OUf knowledge of the occurrence of chitin in fungi is 
complete, but there is sufficient information available so that we may hold 
to the belief that chitin occurs in most taxa. It is of interest to note that 
chitin is a prominent constituent of the cuticular structures of invertebrates 
and is believed to occur also in certain green algae (Tracey, 1955). 

Table III lists those fungi for which the presence of chitin is fairly well 
established. This tabulation, admittedly, .reflects the author's bias which for 
the most part favors the X-ray method of chitin detection. However, other 
methods have been accepted wherever significant methodological refine
ments have been noted or where the results compare favorably with those 
for closely allied fungi. 
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TABLE III 

61 

THE OCCURRENCE OF CHITIN IN FUNGAL WALLS 

Classification" Method References 

Chytridiales 
Clrylridium X-ray Aronson and Preston (19608) 
Rhizophydium X-ray Aronson and Preston (1960a) 

Blastocladiales 
Allomyces X-ray Frey (1950) 
Blus/ocladiella X-ray Frey (1950) 

Monoblepharidales 
Monoh/ep/wris X-ray Aronson (1962) 
MOllobfeplwrella X-ray Aronson and Preston (1960a) 

Hyphochytriales 
Rhizidiomyces X-ray Fuller and Barshad (1960) 

Mucorales 
Mucor X-ray Frey (1950) 
Rhizopus X-ray Frey (1950) 
Phycomyces X-ray van Herson et (Ii. (1936) 
Absidia Macrochemical Schmidt (1936) 
CW1IIillglwmeilu Macrochemical Schmidt (1936) 
Mortieref/a Macrochemical Schmidt (1936) 

Entomophthorales 
Entomophthora X-ray Frey (1950) 
Basidiohofus X-ray Frey (1950) 

Protomycetales 
Coccidioides X-ray Blank and Burke (1954) 

Endomycetales 
Endomyces X-ray Frey (1950) 
Eremascw,' Macrochemical Schmidt (1936) 
Elldomycopsis Macrochemical Schmidt (1936) 
Debaryomyc(!s Microchemical Roelofsen and Hoette (1951) 
Hansemtfa Microchemical Roelofsen and Hoette (1951) 
Pichia Microchemical Roelofsen and Hoette (l951) 
Zygosacclwrom_vces Microchemical Roclofsen and Hoette (1951) 
Sacc!wromyces Microchemical Roelofsen and HaeHe (l951) 
COI/dida Microchemical Roelofsen and Hoette (1951) 
Nadsonia X-ray Kregcr (1954) 

Eurotiales 
Aspergillus Macrochemical Beh, (1930) 
Ctenomyces X-ray Blank (1953) 
Epidermophytol1 X-ray Blank (1953) 
Penicillium X-ray Kreger (1954) 
Microsporum X-ray Blank (1953) 
Trichophyton X-ray Blank (1953) 

Hypocreales 
Fusarillm X-ray Fcey (1950) 
Nectria X-ray Frey (1950) 
Trichoderma X-ray Frey (1950) 
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TABLE III (Continued) 

CJassification" Method References 

Helotiales 
Sc/emtinia X-ray Frey (1950) 

Moniliales 
Rlwdoloru/a Microchemical Roe!ofscn and Hoctte (1951) 
Schi::oblastosporoll Microchemical Roclofsen and Hoctte (\95l) 
Torulopsis Microchemical Roclofsen and Hoette (1951) 
Trichosporon Microchemical Roclofsen and Heetle (1951) 
TrigoJlopsis Microchemical Roelofsen amI Hoctte (1951) 
Hi.~foplasma X-ray Blank (1954) 
Blasromyces X-ray Blank (1954) 
Puracoccidioides X-ray Blank (1954) 
Sporotrichum X-ray Blank (1954) 

Tremellales 
Sporoholomyces X-ray Frcy (1950) 

Ustilaginales 
Ustilago (basidia) Microchemical Nabel (19J9) 
USfilago (sporidia) X-ray Aronson (1961) 

Polyporaies 
Camhal'elll1s X-ray Goocll (1926) 
Fornes Macrochcmical Schmidt (1936) 
Polys/ictus Macrochemical Schmidt (1936) 
Po/yporlls Macrochemical Proskuriakow (t 926) 

Agaricales 
Boletus Macrochemical Scholl (1908) 
Lactarills Macrochemical Proskuriakow (1926) 
AKaric((s Macrochcrnical Proskuriakow (1926) 
Armillaria Macrochemical Proskuriakow (1926) 
Coprinus X·ray Frey (1950) 
Hypholoma X-ray Frey (1950) 

"After Alexopoulos (1962); imperfect genera associated with ascomycetes arc included 
under the appropriate ascomycetous orders. 

2. Chi/osan 

Chitosan may be regarded as a deacetylated form of chitin. Its properties 
have been studied in investigations of the alkaline degradation of chitin, 
and, as pointed out by A. B. Foster and Webber (1960), its acetyl con
tent varies from relatively high values to almost nil. Chitosan can be de
tected by dilute acid extraction, followed by the chitosan sulfate test 
(Roelofsen and Hoette, 1951) or by X-ray diffraction (Kreger, 1954; 
Bartnicki-Garcia and Nickerson, 1962). Its powder diagram yields an X-ray 
reflection corresponding to an interplanar spacing of 4.41 A. Thus far, this 
substance has been found in the walls of Phycomyces blakesleeanus (Kreger, 
1954) and is the major component of the walls of Mucor rouxii (Bartnicki
Garcia and Nickerson, 1962). In the investigation of Mucor cell walls, it 
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s found that the ehitosan contained little, if any, N-acetylation. Whether 
not this holds for Phycomyces chitosan is unknown. Since the natural 
:uuence of chitosan is known only in the Mucorales, it would be of 
crest to determine whether it occurs throughout this order. Outside of 
s group) its occurrence is purely a matter of conjecture, but as its recog
ion is a recent development it could easily have gone unnoticed in 
~lier investigations. 

Other Aminopolysaccharides 

Evidence for other types of nitrogenous polysaccharides has come to 
ht in recent investigations. Harold (1962) has isolated from walls of 
,urospora crassa a polymer of galactosamine which is capable of binding 
lyphosphate. Since the binding of polyphosphate anions would depend 
on the cationic nature of a polygalactosamine, the substance must have 
ntaincd free amino groups. It is unlikely that this type of polysaccharide 
unique since Crook and Johnston (1962) have found galactosamine in 
id hydrolyzates of mechanically isolated cell walls from N. sitophila, 
Ipergillus niger, and Botrytis cinerea. 
The occurrence of glucosamine in forms distinct from chitin and chitosan 

IS been demonstrated in isolated cell walls of bakers' yeast (Korn and 
arthcote, 1960). The amino sugar occurs in association with mannan and 
utein or mannan, glucan, and protein. The structures of these glycopro
ins are unknown, but it has been suggested that glucosamine provides a 
eans for linking protein and polysaccharide (Korn and Northcote, 1960). 
he possibility of ester linkages between protein and polysaccharide has 
so been suggested. This view is based upon the high percentage of acidic 
nino acids in cell wall protein fractions and evidence of ester bond cleav
;c during chemical and enzymatic fractionation of wall components 
'Iickerson, 1963). 

C. Nonaminopolysaccharides 
. Cellulose 

a. Structure and Properties. Cellulose is a linear polysaccharide, COffi

'osed of fl-l,4 linked glucose residues (II). The acid hydrolysis of the 

~o~ 
H~H ° 

H OH 

(II) 

CH,OH 

H OH 
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glycosidic linkages (in contrast to chitin) proceeds with comparativc easc. 
According to Hirst (1962), the cellulose molecule may achieve chain 
lengths of up to 4000 glucose residues, corresponding to a molecular weight 
of about 6S0,OOO. Others have placed much higher values on the molecular 
weight (e.g., Northcote, j 958). 

Thc unit ccII of crystalline cellulosc is monoclinic, composed of four 
glucose residues, and has the dimensions a = 8.34 A, b = 10.3 A, and 
c = 7.9 A (Preston, 1952). Thcse arc the unit cell dimensions for cellulose 
I which can be converted to cellulose II (also termed mercerized cellulose 
or cellulose hydrate), by swelling in alkali. Cellulose II differs somewhat 
from cellulose I in its crystalline properties. A voluminous literature on 
cellulose exists and many aspects of the properties of this substance lie 
outside the scope of this discussion. A start in that direction, however, may 
be made by consulting Preston (1952). 

h. Methods of Detection. As is the case with chitin, there are numerous 
methods of cellulose detection. Many of these arc inconclusive when ap
plied singly but, when employed in various combinations, can yield satis
factory results. 

The cytochemical method employing 1,-KI-70% H,SO, has been used 
widely and usually (but not always) leads to a blue color in cellulosic 
walls. In certain instances other wall constituents may mask the cellulose 
that is prescnt (Preston. 1952). Another test considered to be indicative 01 

cellulose is solubility in cuprammonium hydroxide (Schweitzer's reagent) 
The dissolved material may be regenerated as cellulose II, upon addition 
of dilute acid. 

Thc cytochemical and SOlubility tests have been employed in numerom 
instances, but these procedures suffer from a lack of specificity, which i' 
indicated, for example, in the work of Thomas (1943) on Phytal'hthor" 

The detection of cellulose by X-ray diffraction has been accomplishe( 
successfully in several instances employing the powder method. Both eellu 
lose I and cellulose II have bcen detected in the Acrasiales (Gezelius am 
Riinby, 1957; Gezelius, 1959), although, taking the cellulosic fungi as ; 
whole, cellulose I is the most commonly occurring form. Interplanar spac 
ings indicative of these two forms of cellulosc appear in Table II. 

c. Occurrence. The billagellate phycomycetes appear to be an assem 
blage characterized by cellulosic cell walls. In other groups (Acrasiale' 
Hyphochytriales) the number of genera that arc known to produce ccllu 
lose arc too few to allow any far-ranging conclusions to be drawn (Tabl 
IV). In addition to its occurrence in green plants, cellulose is known t· 
occur in the bacterium Acetobacter xylinum (e.g., Hassid, 1962), in amoc 
bac (Tomlinson and Jones, 1962), in tunicatcs (Whistler and SOlar 
1953), and in mammals, including man (Hall and Saxl, 1961). 
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TABLE IV 

65 

THE OCCURRENCE OF CELLULOSE IN FUNGAL WALLS 

Classification" Method 

.. crasiales 
Acytostelium h X~ray 

Dictyostelium f
, X~ray 

fyphochytriales 
RlJi=idiomyces X~ray 

.agenidiales 
Lagenidium X-ray 

aprolegnialcs 
Sapro/e!(lIia X~ray 

Achy/a X~ray 

,cptomitaies 
Apodachlya Microchemical 
5apromyces Microchemical 

)eronosporales 
Pythium Microchemical 
Phytophtlwra X-ray 

U After Alexopoulos (1962). 
I, Cellulose detected in exoccllular sheaths. 

I. Glucans 

References 

Gezelius (1959) 
Gezelius and RAnby (1957) 

Fuller and Barshau (1960) 

Frey (1950) 

Frey (1950) 
Frey (1950) 

Nabel (1939) 
Nabcl (1939) 

Nabel (1939) 
Frey (1950) 

Polysaccharides distinct from cellulose but composed of glucose residues 
,re of common occurrence in fungal walls. The most thoroughly studied is 
'east glue an, some properties of which have been reviewed by Nickerson 
'I (1/. (1961). Yeast glucan is weakly crystalline, but its crystallinity is 
nhanced by treatment with dilute acid (Houwink and Kreger, 1953). Ac
'ording to Houwink and Kreger (1953), the dilute acid conversion of 
:lucan to what they term "hydroglucan" is accompanied by the formation 
)1' aggregates of microfibrils. It is significant that yeast gluean may be com
lie xed with protein (see Section IV, D) in the native cell walls (e.g., 
'-lickcrson, et ai. J 196 I). This polysaccharide is known to occur in a variety 
)f yeasts (Houwink and Kreger, 1953; Kreger, 1954) and has also been 
letected in the walls of Penicillium nalalum (Kreger, 1954). X-ray data 
ndicate that the derivative, hydroglucan. is similar to, if not identical with, 
)aramylon, the storage glucan found in Euglena (Kreger and Meeuse, 
1952) . 

Another glue an that has received considerable attention as a fungal wall 
;onstituent is callose, which occurs widely throughout the plant kingdom, 
Jut is especially prominent in the phloem of vascular plants. In a number 
of studies, Mangin drew attention to this polysaccharide which is soluble 
in dilute alkali and has an affinity for basic dycs (e.g., Mangin, 1890; see 
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also references in J. W. Foster, 1949, and Cochrane, 1958). In addition 
to the aforementioned properties, it is known that the glucosc residues in 
callose are P-I,3 linked. The presence of glucose moieties alone does not 
explain the basis for the acidic character of this polysaccharide, and, there
fore, it is of interest to consider the findings of Thomas (1930), This in
vestigator isolated an alkali-soluble glucan from Scleratinia. The properties 
of callose were exhibited by the pOlysaccharide, which yielded glucose and 
no other sugar upon acid hydrolysis. In addition, the substance contained 
an appreciable quantity of nondialyzable phosphate, which led Thomas to 
propose that the bound phosphate was responsible for the amnity of callose 
for basic dyes. This explanation has considerable merit, but at the same 
time it raises a question of the specificity of basic dye staining. It appears 
that any polysaccharide-phosphate complex would have the potential for 
fixing basic dyes. 

Other glucans have been detected in some fungi, but they have not been 
characterized to any extent. Such is the case, for example, with Aspergillus 
fischeri (Norman and Peterson, 1932), Allamyces macrogynus (Aronson 
and Machlis, 1959), and Neurospora crassa (de Terra and Tatum, 1961). 

With respect to the uncharacterized polysaccharides just mentioned, it 
should not be inferred that these are homopolymeric substances necessarily 
Since information has been derived largely from analysis of the products oj 
cell wall hydrolysis, it must be recognized that in the intact wall two OJ 

more types of monosaccharide constituents may participate in the forma· 
tion of a heteropolysaccharide. It must be further noted that this qualifica. 
tion may apply also in other instances (see Sections IV, C, 3 and 4). 

3. Mannans 

The occurrence of polymers of mannose has been noted primarily iI 
yeast cell walls (e.g., Kreger, 1954) although there is little doubt that the: 
arc of widespread distribution in the walls of fungi. While mannans (a 
intact polysaccharides) have not been isolated from the walls of filamentou 
fungi, mannose has been found in acid hydrolyzates of isolated walls (Bart 
nicki-Garcia and Nickerson, 1962; Hamilton and Knight, 1962; Croo' 
and Johnston, 1962). 

4. Other Neutral Polysaccharides 

Based upon the detection of certain monosaccharides in acid hydre 
Iyzates of isolated cell walls, the presence of other types of wall polysa, 
charides may be assumed. Galactose has been found to be a cell wall cor 
stituent in all major classes of fungi (e.g., Crook and Johnston, 1962: 
Similarly, the occurrence of 6-deoxyhexoses (methylpentoses) has com 
to light quite recently. Of all the 6-deoxyhexoses, fucose appears to be til 
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ost common. It is especially prominent in the Mucorales (Bartnicki
arcia and Nickerson, 1962; Crook and Johnston, 1962). Hamilton and 
night (1962) have found another 6-deoxyhexose, rhamnose, in the walls 
Penicillium chrysogenum. Pentoses are of unusual occurrence in cell 

III hydrolyzates, but xylose has been found in the course of wall studies 
Penicillium chrysogenum (Hamilton and Knight, 1962) and Po/ysliclus 

nguineus (Crook and Johnston, 1962). 
The OCCurrence of these constituents and those previously mentioned 
test to a complexity of structure in fungal walls that heretofore has been 
,recognized. 

Polyuronides 

An unexpected fact of fungal wall chemistry is that uronic acids have 
'vcr been conclusively demonstrated. For many years it has been assumed 
at fungal walls contain pectic substances. The basis for this assumption 
e results obtained primarily with ruthenium red staining, solubility tests, 
Id qualitative tests on extracts (e.g., Graham, 1960; Thomas, 1928, 1942, 
143). Once again the evidence indicates that there is danger in placing 
a much reliance upon this kind of analysis. While the demonstration of 
onic acids is attended by technical difficulties, it should be possible to 
teet them chromatographically in cell wall hydrolyzates; but this has not 
len accomplished. In species of Phytophthora, for example, Thomas 
943) reported the presence of pectic substances detccted by cytochemical 
,d solubility tests whereas Crook and Johnston (1962), working with 
rmic acid hydrolyzates of isolated walls, found no trace of any uronic 
id. 

D. Proteins 

The presence of proteins as an integral part of the cell wall has rarely 
len established. However, some earlier studies (e.g., Thomas, 1928), 
nploying cytochemical and solubility tests, led to the conclusion that 
·otcins were present. Again the results of early investigations arc quite 
nbiguous since workers utilized intact mycelia and it is difficult to see how 
latively small quantities of cell wall protein (if present) could be dis-
19uished from the bulk of the cellular protein located in the cytoplasm. 
l several recent investigations, in which cell walls have been isolated 
echanically, protein has been detected (e.g., Aronson and Machlis, 1959; 
artnicki-Garcia and Nickerson, 1962; Crook and Johnston, 1962). How
'er, even when working with mechanically isolated walls, there is always 
e possibility that contaminating cytoplasm is present. 
In studies with yeasts, on the other hand, the results have been much 

lorc definitive. Nickerson and his co-workers (e.g., Nickerson et al., 1961) 
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have demonstrated that it is possible to extract polysaccharide-protein 
complexes from isolated cell walls of Candida a/bicans. Working with sev
eral species of Saccharomyces, Eddy (1958) has determined thOlt a man
nan-protein complex is released from isolated walls by the action of papain. 
Similarly, Korn and Northcote (1960), employing anhydrous ethylene 
diaminc have isolated three polysaccharide-protein complexes from the 
walls of bakers yeast. In all these yeasts, the polysaccharidc moieties arc 
known to be integral parts of the walls. Furthermore, it is likely that the 
polysaccharide and protein components of the complexes are covalently 
linked. The conclusion, therefore, that protein is indeed a cell wall com
ponent in yeasts is inescapable. It is unlikely that yeasts arc unique in this 
respect, but the conclusive demonstration of protein, if prescnt, in the walls 
of filamentous fungi will require considerable technological improvements. 

E. Other Constituents 

1. Lignin 

The literature contains contesting views on whether or not lignin occurs 
in fungal walls. J. W. Foster (1949) has summarized much of the literature 
dealing \vith fungal substances of an aromatic nature which are resistant to 
acid hydrolysis. Since there can be no single definition for the term lignin 
(Northcote, 1958), certain fungal constituents may be described as "lignin
like" substances (Bu'Lock and Smith, 1961; Siegel, 1962). 

2. Lipids 

The presence of lipoidal material in isolated walls is variable depending 
upon the fungus investigated. Aronson and Machlis (1959) could not 
detect lipids in isolated walls of A llomyces macrogynus. However, Nort~
cote and Horne (1952) reported over 3 % lipid in yeast cell walls, and 
Bartnicki-Garcia and Nickerson (1962) have discriminated between easily 
extractable and bound lipids in walls isolated from Mucor rouxii. It is not 
known to what extc:.:nt, if at all, these lipoidal substances are integrated into 
the cell wall fabric. In the sporangiophore wall of Phycomyces, lipoidal 
material accounts for better than 25% of the dry weight (Kreger, 1954). 
In this instance the material is mostly cuticular in nature. Nickerson (1963) 
in calling attention to the general tendency to overlook the importance of 
lipid materials, has cited evidence for a possible role for lipids in the ar
chitecture of the yeast cell wall. 

3. Inorganic Constituents 

Very little is known of the nature and amounts of inorganic wa1l com
ponents, but it is likely that some arc present in the walls of all fungi. In 
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:ertain instances the presence of inorganic substances may be fortuitous, 
fue to sparingly soluble salt depositions from the culture media. In some 
:ases, on the other hand, the presence of inorganic components is clearly 
dated to the chemical nature of the wall, which exhibits a binding capacity 
'or ions. This is the case with Neurospora ascospore walls (c.g., Sussman 
,1 al., 1957), where as much as 11 % of the spores' total cations may be 
)ound to the wall. A similar example is found in the binding of polyphos
Jhate ions to polygalactosamine and protein in the walls of Neurospora 
: Harold, 1962). Chitosan may be involved in the binding of phosphate 
n the walls of Mucor rouxii (Bartnicki-Garcia and Nickerson, 1962). In
leed, in this latter case, the cell walls may be composed of rather large 
lmounts of the salt chitosan phosphate. In addition, it has been noted that 
)hosphate is associated with several glycoprotein fractions from isolated 
least cell walls (Korn and Northcote, 1960). 

1. Nucleic Acid Derivatives 

Most investigations of mechanically isolated walls have not looked into 
lUc1eic acid components. Since ribose is rarely present in wall preparations, 
:l.NA could not be present in any great amount, if at all. However, UV ab
;orption of extracts of walls of A llomyces macrogynus indicated that RNA 
Jossibly was present (Aronson and Machlis, 1959), but definitive studies 
Nere not made. Bartnicki-Garcia and Nickerson (1962) detected significant 
iuantities of adenine, guanine, cytosine, and uracil in both yeast phase and 
l!amentous phase walls of Mucor rauxii. As ribose was detected only in cell 
Nall hydrolyzates of the yeast phase, the presence of the purine and pyrimi
line bases is not easily interpreted, although the lability of ribose to acid 
could possibly explain its absence in the filamentous phase walls, assuming 
it was present initially in relatively small amounts. These workers expressed 
the view that the nucleic acid derivatives in Mucor walls were not derived 
from cytoplasmic contamination. 

5. Melanins 

The presence of melanin-type pigments in cell walls is probable although 
definitive diagnostic studies have not been made. Bessey (1950) has re
ferred to certain pigments as melanin and stresses that in many instances 
the pigment resides in the cell wall. Emerson and Fox (1940) have indi
cated that the brown pigment of the outer walls of resistant sporangia of 
Allomyces is probably a melanin-like substance. Also, Lowry and Sussman 
(1958) referred to a melanized layer, the epispore, in ascospore walls of 
Neurospora tetrasperma. 
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F. Biosynthesis of Polysaccharides 

Recent years have seen the development of a concept that assigns 
significant role to nucleoside diphosphate sugars in polysaccharide synth( 
sis (e.g., Hassid, 1962). Sugar nucleotides are considered to be precursOJ 
of several types of polysaccharides. Of particular interest is the work ( 
Glaser and Brown (1957), who found that an enzyme preparation fro( 
Neurospora crassa wou1d catalyze the jncorporatjon of uridine diphosphatl 
N-acetyl-D-glucosamine into an insoluble aminopolysaccharide. The produ 
was undoubtedly a 1'-1,4 linked polymer of N-acetylglucosamine and w 
sensitive to chitinase. In this case, the position and stereochemistry of tl 
glycosidic linkages are the principal critetia for assessing the nature of tl 
synthesized product. At the very least, however, chitin synthesis probab 
occurs in two stages. The first of these, involving the formation of polys a 
charide chains, would seem to be similar to, jf not identical with, the 
vitro synthesis just referred to. The second stage, involving the fabricatil 
of chitin fibrils with their concomitant deposition, remains to be elucidat, 

Until very recently the synthesis of cellulose from uridint diphosph' 
D-glucose (UDPG) had been suspected, but a definitive demonstration 
this synthesis had not been accomplished (Hassid, 1962). The inabil 
to demonstrate UDPG participation in cellulose synthesis in grecn pial 
now seems to have been explained by the work of Elbein et al. (196, 
In this work, employing extracts of mung bean seedlings, it was shown tl 
guanosine diphosphate D-glucosc serves as the glucosyl donor in the 
vitro synthesis of a 1'-1,4 glucan. The product was indistinguishable fr' 
.cellulose using various chemical criteria. UDPG is inactive in this systt 
but the incorporation of D-glucose into pOlysaccharide is markedly 
hanced by the presence of guanosine diphosphate mannose (Hassid, 196 

Work carried out on the cellulose-forming bacterium Acetoba< 
xylinum does not indicate that the above mechanism of glucose activat 
is operative in this organism (e.g .. Colvin, 1964). Obviously. the in; 
phase of cellulose formation in the cellulosic fungi can be known v 
certainty only when enzymological studies arc carried out with this gre 
Whatever the course of glucose activation, the mechanism of fabricatior 
the physical entities (viz .• microfibrils) must also be illuminated, as 
indicated also in connection with chitin formation. Colvin (1964) has ( 
sidered the latter problem in more detail than can be presented here. 
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V. FUNCTIONAL ATTRIBUTES OF FUNGAL WALLS 

The ultimate goal in elucidating the propcrties of cell wdlls is to determine 
to what extent the cell wall is active in thc physiological and biochemical 
activities of the ccli. Sussman (1957) has drawn attention to the cell sur
face in fungi, pointing out that it is not an inert secretion, but rather a 
region of manifold activities. Such activity is manifested in the surface locali
zation of certain enzymes (see Sussman, 1957, for specific references), It 
is not known precisely to what extent surface enzymes arc physically in
tegrated into the cell wall, but such a locus would apparently be appro
priate for enzymes involved in the synthesis of wall components and extra
cellular polysaccharides. In addition, the cell wall may function as a 
reservoir for various ions (e.g., Harold, 1962; Sussman et al., 1957; 
Lowry and Sussman, 1958). Work by Lingappa and Sussman (1959) indi
cates that heat resistance of ascospores of Neurospora is related to the 
presence of the exospore, one of the spore wall laycrs. 

The relationship between cell wall properties and growth of cells has 
been the subject of considerable research and discussion. In higher plants 
the cell wall occupies a central position in the growth process (e.g., Setter
field and Bayley, 1961). The general view regarding fungi is that growth 
occurs as a prolongation of the hypha I tips (e.g., Smith, 1923; Zalokar, 
1959), and it implies that hyphal wall extension occurs through the apical 
deposition of newly synthesized wall material without the occurrence of 
any plastic extension of preexisting wall material. This may well be the case, 
although strictly apical extension of hyphal walls has not been elearly dem
onstrated. However, processes occur during growth of fungi that indicate 
that the tip growth concept requires qualification. The subapical growth of 
the Phycomyces sporangiophore is a well-known example and one in which 
the properties of the cell wall have been implicated (sec Section Ill, C). In 
addition we should note the formation of trophocysts and subsporangial 
swellings in Pi/obo/us and the phototropic curvatures of asci in fungi such 
as Ascoboilis (e.g., Ingold, 1961). The latter examples indicate that plastic 
extension of cell wall material may be occurring. Clearly, the relationship 
between wall structure and growth in fungi requires careful scrutiny and, 
hopefully, further investigation. 

Nickerson and his collaborators (e.g., Nickerson et al., 1961) have sug
gested that glycoproteins in the walls of Candida albicans arc functional in 
cell division. It has been suggested that a "protein disulfide reductase" brings 
about the reductive cleavage of disulfide bonds in glucomannan protein, 
which in turn brings about a localized weakness in the cell wall. The action 
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of turgor pressure at this site would cause the wall to "blowout," giving 
rise to a bud initial. 

In addition tht:rc is evidence to suggest that the cell wall is involved in 
morphogenetic processes. Working with Neurospora crassa, de Terra and 
Tatum (1961 ) found that morphological alterations induced by sorbose are 
accompanied by an alteration of the ratio of glucosamine to glucose in the 
cell walls. AI~:o, in Mucor rauxi;, the yeast phase cell walls contain five 
times more mannan than the walls of the filamentous phase (Bartnicki
Garcia and Nickerson, 1962). 

Finally, there is evidence to suggest that cell wall composition is involved 
in the mating of heterothallic yeasts. Work on Hansenula winge; indicates 
that cell wall protein from one strain interacts with cell wall polysaccharide 
of the opposite mating type (e.g., Brock, 1959). It is believed that this 
type of molecular interaction at the cell surfaces is responsible for the 
agglutination properties of these yeasts. Obviously, this could also provide 
a means for the initial phase of sexual union in this organism. 

Thus it can be stated with assurance that there are ample grounds for 
viewing the cell walls of fungi as functional entities. The continued inves
tigation of their chemical and physical properties holds inherent interest, 
and it is likely that further attempts to gain knowledge of cell walls will 
contribute markedly to the elucidation of many ·activities of the fungi. 
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NOTE ADDED IN PROOF 

Recently new investigations have h;:en reported that have considerable significance 
with respect to certain subjects considered in this ch:l.ptcr. M. A. Rosinski and R. 1. 
Campana [Chemical analysis of the cell wall of Ceralocysli.5 ull1li. Mycu/ogill 56:73~-
744 (1964)]. have provided good evidence for the simultaneous presence of chitin 
and cellulose in Caatocy.\"tis ulmi which now shares this unusual feature with 
Rhizidiolllvces (see Section IV, A). Abo, the presence of melanin (see Section IV, 
E, 5) has been demonstrated clearly in spore walls of Mucor rOllxii [So Barlnicki
Garcia and E. Reyes, Chemistry of spore wall ditTercn~iation in Mucor TOllXii. Arch. 
Biochem. Biophys. 108: 125-133 (1964)J. 
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l. INTRODUCTION 

In fungi the flagellum is the organ of locomotion for zoospores and mo
tile gametes (planogametesJ which arc found in certain lower fungi (Myxo
mycetes and Phycomycetes except the Zygomycetes and the more advanced 
members of the Peronosporaeeae). Two types of planogametes occur
isogamous planogametes) which arc morphologically similar and alike in 
size, and anisogamous planogamctcs (as in Allomycl's), which arc of two 
sizes. In the Monoblepharidales the male gamete only is motile while the 
nonmotile female gamete is enclosed in a special organ, the oogonium. The 
distinction between zdospores and motile gametes is not always clear be
cause in some fungi the motile cclls may act either as asexual spores or as 
gametes. 

The term "cilium" has been used frequently for flagellum, and both 
terms arc still used interchangeably. A clear distinction cannot always be 
made between the two types of appendages, but in fungi it is preferable to 
use "flagellum" on account of the relative length, the occurrence as a 
single unit, and the independent beat of the organ. 

II. GENERAL CHARACTERISTICS 

Although a staining method for the microscopical examination of flagella 
was described by Loeffler (1889), as compared with other fields of re
search it has taken a long time to elucidate the structure of flagella in 
fungi. Loeffier described two types of flagella, viz. in a flagellate the presence 
of lateral hairs on the flagellum and in a ciliate the presence of a thin end
piece to the flagellum. Fischer (1894) introduced the name "Flimmer-

77 



78 A. P. Kole 

geissel" for the first type and "Pcitschengeissel"' for the second ("tinsel
type" and "whiplash-type" flagellum, respectively): Vlk (1938) demon
strated the presence of a whiplash-type flagellum in a myxomycete, and 
later it was shown that under certain conditions many species of Myxomy
cetes produce two flagella, which are usually designated as being of this 
type (c!. Alexopoulos, 1963). The next year Vlk (1939) publishcd data 
on some of the Saprolegniaceac, from which it appeared that both the 
primary and the secondary zoospores have one flagellum of each typc; the 
structure and action of the flagella in some aquatic Phycomycetes was de
scribed by Couch (1938, 1941). Couch demonstrated that the single, pos
terior flagellum of the Chytridiales, Blastocladiales, and Monoblepharidales 
is of the whiplash type. In the Hyphochytridiomycetes a single, anterior 
flagellum of the tinsel type was found. In members of the Oomycetes Couch 
found a posterior whiplash-type flagellum, as occurs in the chytrids, and an 
anterior flagellum of the tinsel type. After the work by Vlk and Couch, 
data on the structure of flagella were still lacking for the Plasmodiophoro
mycetes. Although from Ledingham (1934, 1935) and from several later 
publications (ef. Miller, 1958) it appears that the motile cells of the 
Plasmodiophoromycctes possess two apically attached flagella of different 
length, these flagella were first described by Miller as whiplash-type flagella. 

On thc basis of these data two types of flagella can be distinguished in 
fungi, viz. thc whiplash and the tinsel type, and four types of motile cells 
(Fig. 1): (1) uniflagellate cells with a posterior whiplash-type flagellum 
(Chytridiales, Blastocladiales, Monoblepharidales); (2) uniflagellate cells 

2 

/ 
FIG.!. Zoospore types according to flagellation (for explanation see text). Num

ber 2 was redrawn from Couch (1941); the others are original freehand drawings. 
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with an anterior tinsel-type flagellum (Hyphochytridiomycetcs); (3) bi
flagellate cells with one nagellum of each type (Oomycetes); (4) biflagel
late cells with two whiplash-type flagella (Myxomycetes, Plasmodiophoro
mycetcs) . 

Directly related to the flagellum is the way in which it is inserted in the 
body of the motile cell. Cytological examinations of motile cells reveal 
that there is a kernel-like body at the point of insertion. In line with the 
name used for such a body in llagcllatcs, the designation "blepharoplast" is 
used here. The blepharoplast is often connected to the nucleus by means of 
a strand, the rhizoplast. 

III. FINE STRUCTURE OF FLAGELLA 

The application of the electron microscope and the phase contrast micro
scope has provided new possibilities for the investigation of flagella. The 
shortcoming of the electron microscope that no living motile cells can be 
examined with it, is partly compensated by the phase contrast microscope, 
which is an exccllcnt instrument for obtaining contrasting images of living 
motile cells. In recent years many new data have been obtained on flagella 
and cilia. The main result is the great uniformity in the internal structure 
of these appendages, whether of plants or animals. Through this uniformity 
the diflerence between flagella and cilia also appears to be smaller than 
was expected. An excellent survey of what is known about flagella and 
cilia in general is given by Fawcett (1961). 

A. Internal Organization of the Shaft 

In the nineteenth>, century indications were obtained that sperm tails 
arc composed of fine threads. Although this conclusion was at first un
acceptable, it was supported by several investigations, including some on 
plant material, in the first part of this century. The results obtained with 
the electron microscope have confirmed the correctness of the concept of 
a fibrillar structure of the flagella (Fig. 2). 

In addition, great uniformity was found in the number of fibers com
posing flagella and cilia. This number appeared to be always eleven, 
whereby two fibers arc distinguished from the remaining nine in that they 
are thinner, different in length, and have a tendency to remain attached to 
each other. At first the investigations were restricted to disintegrated na
gella so that no exact data could be obtained about the spatial arrangement 
of the tibers in the intact flagellum. In spite of this Manton and Clarke 
(1952) succeeded in designing a diagrammatic reconstruction of the posi
tion uf the fibers within the flagellum. This concept was later confirmed 
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F IG. 2. Flagellum of P)'fhilllll (lp //(/llidemlflfllll1, showing disintegration into eleven 
fibers. 

by eX.l:Imination of cross sections. According to this·theory the two differ
ent fibers would take a central p osition, surrounded by the nine others. Be
cause they found a groove over the Jength of the fibers Manton and Clarke 
came to the conclusion that the separate fibers would consist of two com
ponents. Koch (1956) was the fi rst to make observations on this feature 
in disintegrated fungal flagella, he found in chytrids that there were prob
ably two subfibers in each of the centra l pair of fibers and more than two 
subfibers, perhaps three, in each of the nine peripheral fibers. Kole ( 1957) 
working with Synchytrium el1dobioticum, found two subfibers in the pe
ripheral fibers, thus confirming Ma nton and Clarke's opinion. The first e"lec
tron microscope examination by Ma nton et al. (195 1 ) of motile ceIJs of 
fungi did not provide data on disintegration of flagell a in fibers; it did give 
indication that in Sapl'olegnia ferax, the posterior flagellum of the secondary 
zoospores is flattened into a fin. When the investigations were extended to 
include ALLomyces and Olpidium (Manton el al., 1952), a ll fl agell a showed 
eleven fibers, generally differe ntiated into nine separate fibers and a central 
pair. As in S. ferax a wide translucent sheath was found in the zoospore 
of A . arbuscula. Furthermore, data on the disintegralion of flagella into 
eleven fibers have become known for Phytophthora il1festans (Kole and 
Horstra, ]959 ) and Spongospora subterranea (Kole and Gielink, 1961b) . 
Also in Pythium aphanidermatum (Kole and Gielink, 1962a) eleven com
ponents were found. 

To confirm M anton and Cla rke's concept of the spalial arrangement of 
the fibers it would be llecessary to make electron microscope observations 
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of cross sections. Little is known on this a peet of the motile cells of fungi, 
but Blondel and Turian (1960) published illu trations of cross sections of 
flagella of A llom)'ces macrogynlls showing that these flagella have nine 
peripheral fibers and two axia l fibers and that each of the peripheral fibers 
is double. 

However, in the meantime many data have become available on cross 
sections of cilia, ciliated epithelia, and flagella jn zoological material (cc. 
Fawcett, 196 1) . The uniformity in internal structure appears to be so great 
that it seems justified to assume a similar structure in motile cells of fungi. 
A diagrammatic recoo truction of a Cross section of a flagellu m has been 
given by Gibbons and Grimstone ( 1960) on the basis of their research 
on the fl agellar structure of some flagellates (Fig. 3). 

Subfiber 

. 
: . 

I 

Secondory 
fiber 

Centrol 
sheo1h 

Subfiber , 
" 

F IG. 3. Diagrammatic transverse section of a proto7011 n flagellum. From Gibbons 
and Grimstonc ( 1960). 

In this diagram the flagellum is cylindrical. T he nine outer and two 
central fibers are clearly indicated. There are indications thot betwecn the 
outer and inner fibers thinner secondary fibers are present. The two central 
fibers are approximately circular in cross section and are situated separately. 
They have a dense annular region and a less dense COre. Lo ngitudina l 
sections suggested that the central fibers consist, a t least in part, of coiled 
filaments forming a helix. Gibbons and Grimstonc obtained indications that 
some form of central shcath envelops tile two central fibers. Tn transverse 
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section this appeared as a moderately dense line running out from one of 
the fibers and curving round to join the other. The central sheath may 
consist of one or morc filaments coiled around the pair of central fibers. 
Each of the nine outer tibers is composed of two subflbers. The longitudinal 
axis of the two subfibers is inclined slightly inward, positioning one subfiber 
slightly closer to the center of tl)e flagellum than the other. Like the central 
fibers, the two subfibers of the doublet structure have a dense periphery and 
a less dense core. Indications have been found of some form of helical 
substructure in the outer fibers. One of the sub fibers of each outer fiber 
bears short projections, designated "arms." In transverse sections two arms 
afC usually visible on each outer liber. Looking along the flagellum from 
base to tip, the arms always point in a clockwise direction. In longitudinal 
sections the arms appear not as continuous i1angcs, but as approximately 
rectangular structures. There is no certainty about the structures indicated 
as secondary fibers in the diagrammatic transverse section of Gibbons and 
Grimstone; they may be a set of radial connections between the central 
and the outer fibers. 

It is amazing how accurately Manton and Clarke's diagrammatic recon
struction of the flagellum, based exc1usively on the examination of dis
integrated flagella, resembles that which has been found with transverse 
sections. Contrary to what is indicated by Manton and Clarke, the central 
fibers appear to be not double, but single. There is no certainty so far 
about the exact structure of the central sheath. The "arms," which arc 
lacking in Manton and Clarke's diagram, are described by them as "battle
ments," but they arc wrongly interpreted as being spiral or circular bands 
forming an inner tubular lining. 

B. The Whiplash-Type Flagellum 

Characteristic of the whiplash-type flagellum arc the thin end piece and 
the absence of lateral hairs (Fig. 4). 

Examination by the electron microscope has shown that there is a fair 
amount of variation in the form of the cndpiece. Manton et al. (195 f ) 
established that in the primary zoospores of Sapra/egnia {crax the thickness 
of the sheath is gradually reduced toward the apex, but the axis remains of 
almost constant width until it narrows abruptly to form a short cndpicce; 
this narrow endpiece is considerably longer in the posterior flagellum of 
the secondary zoospores. The whiplash-type flagellum of A lIom)'ces ar
buscllla, according to the electron micrographs of Manton et (II. (1952), 
has a gradually tapering end piece, but in Oll'iilillm brassime, in which the 
motile cells are smaller and the tlagclla shorter, the transition to the thin 
cndpiece is more abrupt. In O. brassicae a slight tcrminal swelling on the 
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fiG. 4. Whiplash cndpiece of the nag.cllum of SYllcltyrrium cmlobioriclllll. 

end of the whiplash is generally encountered ; it is considered to be char
acteristic. Koch (1956) also found this swelling occa iooally in chytrids; ac
cording to Kole (1957) . a s light terminal swelli ng on the end of the whip
lash fl agellum of Sy"chylrium elldobiolictll1l sporangial zoospores is some
times found. In better micrographs of later work this bulbous tip is lacking, 
however, so that the first observation may be an artifact or abnormality. 
These S),lIchylrilim zoospores have a gradua lly tapering endpiece. Acco rd
ing to K ole and Horstra ( 1959) the whiplash flagellum of Phylopillhora 
injestans is rather abruptly tapering. Electron micrographs of zoosporangial 
zoospores of Plasl1lodiophora brassicoe and Spongo.\'pora sublerranea have 
been published by Kole and Gielinls-;( 196 1 b ) . In S. subterranea both fla
gella are of the whiplash type, the long flagellum h aving a gradually tapering 
endpiece while the cndpiece of the short l1agcll um narrows abruptly and is 
very short. However, in P. brassicae the long flagcllum is o C the typical 
whiplash type and the short flagellum has an obtuse e nd piece. The thin 
endpiece of the short flagellum may have been lost in making the prepara
tions because in some of the S. sllbferranea micrographs it was missing as 
well. In apparently well-preserved zoospores from the resting spores of 
P. brassicae (Kole and Gielink, 1962b) , the long flagellum showed a very 
dbtinct whiplash, while the short flagellum again had an obtuse point. 1n 
the various micrographs made by Kole (1963) of both unjnagellate and bi
flagellate motile cells of myxomycetes a whiplash flagellum was seldom 
found ; most of the l1agella had an obtuse point and when a whiplash was 
encountered it was not typical and suggested the beginning of disintegra
tion. 
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Opinions of the internal structure of the whiplash differ considerably. 
According to Manton er "I. (1952) the whiplash in O. brassicae is com
posed of the same cleven strands as the rest of the flagellum. but in a much 
more destructible condition. However, both Koch (1956) and Kole 
(1957), on examining motile chytrid cells came to the conclusion that the 
central pair of fibers extend to the tip while the nine peripheral fibers arc 
shorter and are of different lengths. 

Certainty about the internal structure of the whiplash can be reached 
only on the basis of serial cross sections. Because there arc no data as yet 
for flagella of fungi, we must refer again to Gibbons and Grimstonc 
(1960). From their micrographs of serial cross sections toward the tip it 
appea" that the arms anu the secondary fibers both disappear and the outer 
fibers converge toward the tip. At about the same level the central fibers 
tend to lose their central position and the symmetrical arrangement, and 
the even spacing of the outer fibers is partly lost. The double fibers became 
single as a result of the abrupt termination of one subfiber. The flagella 
continue to decrease in diameter and the outer fibers, having become single, 
eventually end. The change from doublet to singlet and the ending of the 
singlets occurs at different levels in different fibers, so that transverse ~ec
tions show variable numbers of mixed doublets and singlets. The central 
fibers arc not easily identified after they lose their central position, but 
they seem to end in the same manner as the outer fibers. 

C. The Tinsel-Type Flagellum 

The tinsel flagellum, the lateral hairs of which can be observed with the 
conventional microscope only after staining, and even then not always 
clearly, can be better studied with an electron microscope (Fig. 5). 

In Sal'rolegnia ferax Manton el al. (1951, 1952) found that the hairs, 
extending almost to the tip of the nagellum, are borne singly in two rows 
down the sides of the axis. Each hair ends in a very delicate apical hair. 
From partly decomposed flagella it was apparent that the hairs originate 
from the axis. However, to ascertain in exactly which way this happens 
it will be necessary to prepare cross sections. The observations by Manton 
er al. are confirmed by Kole and Horstra (1959) for PhylophillOra in
iestans and by Nagai and Takahashi (1962) for S. diclina. In PhVlophlhora 
there is an abrupt transition from the basal three-fourths of the hair to the 
thin hair-like apex. In Sal'rolegl1ia and PhylophrllOra the lateral hairs arc 
readily found, even in micrographs of decomposed flagella. In Pvlhium 
(Kale and Gielink, 1962a) the situation is different. One flagellum, having 
a very distinct eodpieee, always is of the whiplash type, but in P. al'hanider-
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Flc. 5. Tinsel-Iype flagellum of PIIYI()p/II/wra ill/eSlalls. 

marl/m lateral hair!> a re never found on the othe r nagellum; in P. torulosum 
they are sometimes presen t, sometimes not. When la teral hairs a re en
countered, they are extremely fine. The absence o[ lateral hairs in these fungi 
therefore rna) be due to their early dis integration. T hese observations con
firm Couch's ( l94 1) statement that the tinsels on the anterior flagellum of 
Pylhium sp. arc very ind istinct when seen with the light microscope. 

D. Motile-Cell Inclusions Connected with the Flagellum 

Compared with material o f zooJogical origin Jittle is known about the 
insertion of the fungus flagellum in the body of the motile cell. In contra
distinction to the great uniformity in the internal structure of flagella and 
cilia there is remarkable variation in the structures connected with the in
sertion of the!.e appendages. There is lillie point therefore in relating the 
comprehensive literature on this subject Ccf. Fawcett, 1961) to the flagella 
of fungi . 

Knowledge of the b lepharoplast and rhizoplast of fungi is largely based 
on what has been found with the light microscope. 1n an extensive investiga
tion of motile cells of a number of oom yeetes, Cotner C 1930) came to 
the conclusi.on that the zoospores of the species studied aU have a definite 
basal granUle (blepharoplast) at the insertion of each fl agelfum. This 
blepharoplast is connected with the nucleus by a definite strand (rhizo
plast). According to Cotner the basal apparatus is always of nuclear origin 
and seems to be composed of several chromatic bodies, one of which 
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forms the blepharoplast proper. The remaining granules of the basal ap
paratus arc normally retained by, or drawn back into, the nucleus and 
usually form the tip or beaklike part of that organ during zoospore ac
tivity. 

In their examination of disintegrated flagella of Allam)'ces and Oll'idillm, 
Manton et al. (1952) found that the fibers at the end of the connection to 
the cell body arc assembled in a characteristic bulbous base, which is pre
sumably internal in the living cell. Koch (1956) in his electron microscope 
observations of the motile cells of chytrids found that the blepharoplast 
is also fibrillar and the flagellar fibers and subfibers extend all the way into 
the functional blepharoplast, double back, and end in a skirt of bulbous 
tips. A second, nonfunctional or vestigial blepharoplast is found lateral to 
the functional blepharoplast; it too is composed of fibers and subfibers. 
The rhizoplast comes out at an angle from the functional blepharoplast and 
in Chytridium ends in a disk-shaped structure which is gridded. The in
ternal structure of motile cells of chytrids has been further investigated 
by Koch (l95H) with light microscopy. The presence of a nonfunctional 
blepharoplast as well as a functional blepharoplast .was confirmed. In 
several chytrids the rhizoplast comes off of the blepharoplast at an angle. 
This angled rhizoplast is directed toward a conspicuous lipoidal body and 
bears an expanded tip. This bulbous tip is probably equivalent to the disk
shaped structure described in Koch's previous paper (1956). Indications 
were obtained that this enlarged tip may be in contact with the lipoidal 
body. According to Koch, the lipoidal body may playa direct role in the 
action of the flagellum. 

Ellison (1945) investigating myxomycetes found that two blepharo
plasts are always present in both the uniflagellate and biflagellate motile 
cells. In the biflagellate cells each blepharoplast produces a flagellum. How
ever, in the uniflagellate, as well as in the billagcllatc zoospores, only one 
of the blepharoplasts had a rhizoplast connecting it to the nucleus. 

In the myxomycete Didymium nigril'es, Kerr (1960) found that each 
flagellum arises from a small granule in the saclike blepharoplast. The 
blepharoplast is connected to the nucleus by a rhizoplast, which appears 
as a clear area of cytoplasm looking very dark under phase contrast. The 
nucleus always remains closely associated with the flagellar apparatus, even 
when the ceU loses its rigid shape to become an amoeboid-flagellate cell. 
This was also shown by electron micrographs of disintegrated zoos po
rangial zoospores of Sl'ongospara subterranea (Kale and Gielink, 1961 b) 
wherein the two rhizoplasts, each bearing a blepharoplast and a tlagellum, 
emerge from one point on the nucleus and upon further disintegration 
remain attached to each other. 
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E. Flagellar Formation 

Little is known of the origin of flagella. According to Cotner (1930), 
the flagella develop as outgrowths from the region of a blepharoplast 
which has reached a position near the plasma membrane as a result of 
nuclear activity. From a review of the literature, Cotner concluded that 
f1agella formation in the spores of unillagellate and biflagellate fungi takes 
place under entirely difTerent internal conditions. In the uniflagellate group 
the initiation of flagella formation takes place during very early stages of 
spore formation. In a number of species in this group, formation of 
flagella accompanies or follows closely nuclear and cell division when a 
single flagellum is initiated or formed at each pole of the mother nucleus, 
which results in a single flagellum for each of the daughter cells. In the 
biflagellate group this process does not accompany or follow closely nu
clear or cell division, but is delayed until later when greater nuclear activity 
develops. This activity is sufficient to bring about formation of flagella, but 
not further cell division. 

Ritchie (1947) concluded for two reasons that in Allomyces arbusculus 
the flagellum originates late in the development of the zoospores. First, 
because the nucleolus, which is held in an eccentric position in the mature 
spore by an intranuclear extension of the rhizoplast, could be seen to be 
ccntrally located just before the spores matured; second, premature rupture 
of the sporangium failed to release any isolated flagella or portions of 
flagella. In sectioned material, the flagella were not visible until the spores 
were formed. On the other hand, Blondel and Turian (1960), in electron 
micrographs o[ A. macrogY"lIs, found flagella to be formed before the 
cytoplasm of the gametangia begins to differentiate and before the cyto
plasmic membranes delimiting the future gametes are fonned. 

The development of the lIagella in Myxomycetes was investigated by 
Kerr (I 960) . Upon germination of the spore, nonflagellated myxamoebae 
are released which move by means of pseudopodia and protoplasmic 
streaming. Then the amoebae became rounded, and after a series of vig
orous eruptions, a flagellum appears. Whereas newly flagellated cells pos
sess a single flagellum, cells which have been flagellated for several hours 
show two flagella. The lIagella cnntinue to lengthen after they first form. 
Before the formation of the flagellum, the nucleus becomes associated with 
a specific region of cytoplasm in which the blepharoplast later appears. The 
flagella, which at first closely resemble pseudopodia, appear quite suddenly. 
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F. Disappearance of Flagella 

The two obvious explanations of the disappearance of the flagella at the 
end of the motile phase are that they are cast off or that they are resorbed. 
Disintegration of flagella is not considered here because presumably this is 
not a natural process. Curtis (1921) investigating in ,-~)nchytrillm endo
bioticum the fate of the Ilagella on entry into the host of zoospores and at 
zygote formation found that the flagella contract and tinally are reduced to 
a knob. Whether this knob is finally thrown off. or withdrawn into the zoo· 
spore, could not be determined. According to B. T. Lingappa (1958) in 
Synchytrillm brownii the Ilagella of the zoospores, gametes, and zygotes arc 
gradually absorbed and are not dmpped off. After becoming crooked, 
beaded, or looped, and swollen terminally, the flagellum remains as a short 
stump and eventually disappears. In Physoderma pulposum, according to 
Y. Lingappa (1959), the whiplash has a bulbous tip as do other chytrids. 
Electron micrographs indicated that the flagella arc absorbed from the tip 
backward. During absorption the whiplash becomes shorter and the ter
minal bulb larger. The process of flagellum withdrawal prior to encystment 
has been further investigated in nine chytrids by Koch (1959, 1961). The 
flagellum becomes wrapped around the body of the spore, after which it 
moves coiled up directly through the outer membrane of the spore body. 
Alternatively a loop or vesicle forms in the Ilagellum, and this vesicle 
gradually resorbs the flagellum and finally fuses with the spore body. The 
coiled, resorbed flagellum, which might show some activity for a while, was 
clearly seen within stained zoospores. 

Data about the fate of the flagella in biflagellate motile cells have also 
become available. Examination of living zoospores of Phytophthora capsici 
with the phase contrast microscope (Katsura el al., 1956) reveal that a 
spherical body appears on the middle part of the tlagella. Then, flagella 
suddenly fold in two at this point and seem to wither completely or remain 
bent back on themselves. The zoospores stop their movement and the fla
gella, being either spherical or elongated, become detached and float away. 
Also in some other phycomycetous zoospores (McKeen, J 962), hyaline 
vesicles, beads, or paddles appear to form at the base of the flagella and 
glide part or all the way down the flagella before becoming detached. After 
detachment the ends of the flagella are wrapped around the bead. In one 
of the fungi the flagellum was withdrawn by being flipped back on the 
body of the zoospore. According to McKeen, the formation of vesicles or 
beads occurs just prior to the release of the flagella. Working with Phytoph
thora infeslans, Ferris (1954) was of the opinion that the flagella roll 
up, become detached and float away. Kale and Horstra (1959) found that 
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zcospores of P. iniestans suddenly produce a swelling which moves to the 
end of the flagellum. Generally this first swelling is followed by a second 
and sometimes even by a third. In the meantime the short flagellum also 
develops a swelling. Sometimes it can be observed that in flagel1a with a 
swelling in the middle the endpiece turns over and settles down on the rest 
of the flagellum. Ultimately all the swellings arc concentrated in a paddle
like structure at the tip of the flagellum. Presently the flagellum disappears 
by settling against the body of the zoospore. Sometimes a flagellum be
comes detached from the zoospore at one of the described stages at the 
place of its insertion and then floats away. Kale and Horstra explained the 
paddle-like structures as being protrusions of the sheath. associated with 
the beginning of the disintegration of the flagclla. 

Whereas in the motile cells described so far the disappearance of the 
flagellum means the end of the motile phase, in myxomycetes the unique 
feature is that motile cells change into myxamocbae by withdrawing their 
flagella and myxamoebae, in turn, become flagellated under certain con
ditions (Alexopoulos, 1963). 

IV. FLAGELLAR ACTION 

The mode of swimming of the motile cells and the action of flagella 
were examined by Couch (1941) with dark-field microscopy and strobo
scopic illumination. According to him the posteriorly uniflagellate motile 
cells are propelled by the transmission of wavcs through the flagellum in 
Olle plane and in one direclion in respccl 10 Ihe spore. The spore may swim 
in a wide circular orbit or in a straight line not rotating on its axis; or it 
may swim in a straight line rotating on its axis; or it may swim in a spiral 
path rotating on its axis. When the spore rotates on its axis, the flagellum 
presents an alternating single and double image, the single image being 
formed when the flagellum is undulating in a plane vertical to the observer 
and the double image when the flagellum is undulating in a plane horizontal 
or diagonal to the observer. In addition to movement in a straight line and 
in a spiral path, the chytrid sporc also hops and darts about. 

Koch (\959, 1961) using dark-field microscopy combined with cinc
photomicrography reported that a motile cell usually oscillates while the 
flagellum undulates and. the spore swims forward. The erratic type of 
swimming is attributed by Koch to frequent changes in direction and fre
quent starting and stopping. When a swimming cell stops abruptly, it 
twitches or jerks its flagellum. and this results either in a pivoting of the 
body or in a pivoting accompanied by a slight change of position or jerk
ing movement. Varying brightness of different parts of the undulating 
flagellum in a good dark field indicated that flagellar action may be slightly 
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three-dimensional rather than just two-dimensional. The anteriorly uni
flagellate motile cells in Hyphochytridiomycetes have been found by Couch 
to be pulled forward by undulations which are propagated just back of the 
tip, traveling toward the body of the zoospore. 

Couch's studies have shown that the billagellate motile cells of the 
Oomycetes have a common pattern of action. Both flagella are active in the 
propulsion of the zoospore, each flagellum undulating in a single and dif· 
ferent plane. As Couch stated, this is an entirely novel concept, since until 
then the generally accepted opinion had been that the anterior flagellum 
propelled the spore while the posterior was dragged along behind as a 
more or less passive rudder. McKeen (1962) however, is of the opinion 
that the posterior flagellum propels the zoospore and that the anterior fla· 
gellum serves as a rudder. Little is known about the action of the flagella in 
the fungi having two flagella of the whiplash type. According to Kole 
(1954, 1955) the zoasporangial zoospores in two plasmodiophoromycetes 
swim with the short flagellum in front and the long flagellum trailing be· 
hind. Additional unpublished observations (Kole and Gielink, 1961a) 
have revealed that the zoospore moves in a straight line with sudden 
changes of direction, frequently by tumbling downward or sideward. The 
front flagellum moves slowly and the hind one undulates irregularly. Miller 
(1958) observed in another plasmodiophoromycete that before encyst
ment the posterior flagellum is dragged along behind as the anterior fla
gellum lashes slowly back and forth. McKeen (1962) found that detached 
flagella frequently continue to move for a short time. According to Mc
Keen, this might provide evidence for active endogenous movement of the 
flagellum under normal swimming conditions and further indicates that 
contractions originating within the cell below the flageUar attachment may 
not be necessary for flagellar action. Little is known as yet about the 
mechanism on which the movements of the flagella are based, nor of the 
biochemical processes playing a role. For a survey of present knowledge 
and current hypotheses we refer to Fawcett (1961). 

V. FLAGELLATION AND PHYLOGENY 

The number and structure of flagella have contributed greatly to de
tecting relationships among lower fungi. As Sparrow (1958) states: " ... 
the structure par excellence which lies at the very base of any natural sys
tem of the lower, aquatic Phycomycetes is the zoospore." Mainly because 
of the type of flagellation the Chytridiales, Blastocladiales, and Monobleph
aridalcs arc considered as a closely related group (Chytridiomycetes 
according to Sparrow, 1958). The same holds for the Saprolegniales, Lep
tomitales, Lagenidiales, and Peronosporales (Oomycetes). The Hypho-
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chytridiomycctcs with its anteriorly uniflagellate motile cells is agam 
distinct. as arc the Myxomycetes and the Plasmodiophoromycetes. 

The phylogeny of the lower fungi is a difficult problem. Bessey (1942) 
assumed that unicellular hetcrocont algae, by losing chlorophyll and the 
anterior flagellum, would have produced the Chytridiomycctes, By their 
losing the posterior flagellum the Hyphochytridiomycetes would have re
sulted, and by retention of both the Oomycetes would have evolved. 
Sparrow (1958), however, is of the opinion that the Phycomycetes is not 
a homogeneous monophyletic group, but rather an artificial category of 
cocnocytic zoosporic fungi, consisting of four groups which may have 
come from radically dilTcrent progenitors. Bessey's concept of the evolution 
of the lower fungi has become of current interest through Koch's (1956) 
discovery of the presence of what he calls a second, nonfunctional, vestigial 
blepharoplast in the chytrid motile cell, suggesting a billagellate ancestry. 
This supposition is supported by conclusions from observations on the 
movement of chytrid zoospores (Koch, 1959, 1961). Koch observed, that 
the double image of the flagellum formed when the tlagellum is undulating 
in a plane horizontal to the observer, may be asymmetrical, with one side 
more "humped" than the other. He suggests that this asymmetrical double 
image originates phylogenctically in a motile cell in which the posteriorly 
directed llageilum is lateraily inserted on thc body, so that the primitive or 
a"cestral condition i, not the posteriorly attached whiplash flagellum, but 
rather the laterally attached whiplash flagellum. This, and the second, 
nonfunctional blepharoplast suggest that the chytrids, and perhaps all pos
teriorly uniflagellated fungi, have evolved either from biflagellated organ
isms or from organisms with bitlagellatcd swimming cells. Much has been 
written about the phylogeny of the Plasmodiophoromycetes and the Myxo
mycetes, but only little has been stat cd with certainty. Instead of citing 
speculative assumptions here, we would rather refcr to the literature con~ 
eerned (Karling, 1942; Martin, 1960). 
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The Ultrastructure of Fungal Cells 
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I. INTRODUCTION 

Much of fungal morphology lies beyond the limits of resolution of the 
ight microscope. Recently, however, the techniques of electron microscopy 
lave permitted its accurate visualization. The intention of this section is to 
>ring the various observations of fungal ultrastructure together in an jn~ 

erpretation believed compatible with previously known fungal cytology. 
neluded is a review of certain aspects of the fine structure of cell and nu

:1ear division, sporogenies, interaction of fungi with plant hosts, and of cer
:ain organelles and wall elements. 

II. CELL DIVISION 

A. Forms of Division 

In both the Schizomycota amI the Eumycota there Occurs a common 
basic pattern of protoplast division. In outline this is as follows: a peripheral 
ring or band in the plasma membrane becomes activated and initiates 
centripetal growth; as the membnmc invaginatcs, new wall material js 
produced on its infolded opposing faces; cytokinesis is completed by the 
narrowing aperture closing upon itself to produce two opposing membranes 
from the single originally infolded one; karyokinesis most frequently is by 
an apparently nonmitotic process. [This sequence is in contrast to the com
parable process in plant and animal cells where cytokinesis is effected by a 
plane of fusing vesicles, a plasma membrane that is either passive (plants) 
or invaginates only slightly to form a cleavage furrow (animals), and a 
mitotieallv dividing nncleus (d. Odnr and Renninger, 1960; Buek and 

95 
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Tisdale, 1962; Porler and Machado. 1960; Whaley and Mollenhauer, 
J 963).J The levels of complexity in this type of cclI formation progress 
from complete eell division and separalion seen in representative bacleria 
and rllsls and in some types of spore formation, to complete cell division 
without separation as seen in the mycelia of actinomycetes and phycomy
cetes, (0 the incomplete ceJl division observed in carpomycete hyphae. 
These patterns are diagrammed in Fig. I. 
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Flo. I. Interpreted patterns of somatic eell division in the myeota: A. that repre
sented by cenain bacteria and Pilcrilli(l podophylli aecia; B, that represented by 
Streptomyces vio/(l("l!omher and Coccidioides immilis; C. that represented by asCOnl)· 

cele hyphae. Explanation in text. 

B. Complete Cell Division 

In assimilative eells of Bacillus (Chapman and Hillier, 1953), of an 
unidentified bacterium (Chapman, 1959), of Streptomyces (Moore and 
Chapman, 1959; Glauert and Hopwood, ] 961), of the phycomycetes A 1-
lomyces (Moore, 1964d), Coccidioides immitis (O'Hern and Henry, 1956; 
Breslau et al., 1961), MOlloblepharis (Moore, 1964d), and of the rllst 
Puccinia podophylli (Moorc, 1963b) , as well as in the cruciate basidia 
of Exidia (Moore, 1964d; Wells, 1964b), plasma membrane invagination 
appears to be initiated by a narrow medial ring and consequently the in
growing sides are approximately parallel and closely appressedj new wall 
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material is produced over the whole protoplast surface. i.e .. along both sides 
of the newly ingrown membrane across the whole diameter and also upon 
the pre-existing plasma membrane (Fig. I, A, B). 

In the bacteria mentioned, matrix material between the new end walls is 
either absent or reaJily dissolved, lor the walls appear to be noncohcrcnt 
and upon completion become separated as the daughter cells round up 
(Fig. 1, A4-6). A similar progression has been observed in the aeeial 
primordium of Pliccinia podophylli (Moore, 1963b). Here also the sides of 
the centripetally invaginating membrane appear nearly parallel, both cyto
kinesis and cross wall formation go to completion, and the new wnll is of 
constant thickness. As the transverse waH muturcs it becomes centripetally 
split. Consequently, the primordial pseudoparenchyma is nonhyphal and 
composed of a closely packed aggregate of discrete cells. 

A homologous sequence of development occurs during spore formation in 
Streptomyces and Coccidioides immitis except that the outer hyphal wall 
maintains its integrity across the zone of invagination. In Streptomyces 
evidence has been presented by Vernon (1955) that for a number of 
species the spore catenulum is produced within a sheath, and by Glauert 
and Hopwood (1961) that for S. violaceoruher the aerial hyphal "wall 
thickens and acquires the extra dense layer prior to sporulation." These 
observations suggest that concomitant with the activation of an invagina
tion ring the whole protoplast surface commences production of new wall 
material (Fig. I, B4). This would further serve to explain the triangUlar 
space, in section, noted by Moore and Chapman (1959) and Glauen and 
Hopwood (1961) at the intersection of the cross and longitudinal walls; 
the associated centripetal splitting observed in both these reports would, 
then, be not the cleaving of a unitary wall, but the progressive separation of 
two walls already marked out (Fig. I, B5). Thus, after the transverse walls 
have become completed and split, a process similar to endospore formation 
in Coccidioides (Breslau et af., /961), the eatenulum is still held together 
by the continuity of the longitudinal wall (Fig. I, B5). The spores break 
apart mechanically, and each has a single wall across its end and a double 
wall along its length (Fig. I, B6). This interpretation is complementary to 
that of Hagedorn (1960) in which the outermost spore wall is regarded as 
being derived from the parent hypha. On either end of a spore there ap
pears a small collar (Glauert and Hopwood, 1961) that is the broken end 
of the "supernumerary" outer wall (Fig. I, Bf». 

A similar process during endospore formation in Coccidioides immitis is 
indicated by Breslau et af. (1961). Their Fig. 9 shows a triangUlar space 
nearly identical to that mentioned above. Its two internal sides arc formed 
by the inroundcd walls of a pair of nearly mature cndospores. and its third 
side is that of the original spherule wall. Further, the walls of the two 
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endospores where still adjacent show a clear separation line but, at the 
same time, there is no evidence of separation between the walls of the 
sporangium and the endospores where these are contiguous. The resultant 
configuration is virtually the same as that diagrammed in Fig. I, B5. Dis
charged endospores have not been shown by either Breslau et al. (I 961) or 
O'Hern and Henry (1956), and so one may only surmise that such spores 
probably have double walls over their original outer surfaces and single 
walls across their formerly juxtaposed inner faces. 

Septation is produced when the mature transverse walls develop inter
stitial coherency so that they neither split nor separate at the point of 
juncture with the outer wall. Glauert and Hopwood (1961) present evi
dence for an interstitial wall material in the transverse walls of the hyphae 
of Streptomyces violaceoruber; similar material is also evident in the phy
comycetes mentioned above as well as in Allomyces macrogynus (Blondel 
and Turian, 1960), and Dickson (1963) shows it in septa of Pithomyces 
chartarum (Deuteromycetes), and Bracker and ButIer (1963) present simi
lar micrographs for the septa of Rhizoctonia solani (Mycelia Sterilia) 
[Corticium solani]. 

C. Incomplete Cell l)ivision 

Hyphae of carpomyeetes (Ascomycetes and Basidiomycetes) are regu
larly partitioned by septa that have a single central pore. All available 
observations show these septa to be tapered toward the center of the cell 
(e.g., Bracker and Butler, 1963; Dickson, 1963; Girbardt, 1961; Moore, 

Wall 

FIG. 2. Interpretation of the ascomycete septum. Explanation in text. Redrawn from 
Moore and McAlear (1962b). . 
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963a; Moore and McAlear, 1962b; Shatkin and Tatum, 1959; Taplin and 
Han k, 1961) (Figs. 2-7). If the final form of the septum is a reflection of 
he mode of invagination, then the septum in this group of fungi would 
'ppear to be initiated by a band rather than a ring in the protoplasm mem
,rane (Fig. I, C2). It would seem that as invagination progresses the thick
less of the invagination lip decreases, and consequently the opposing 
nembrane faces are not parallel but slightly angled (Fig. I, C3). 

In ascomycetes it is proposed that when the intersurface distance be
:omes a critical minimum wall formation ccases (Fig. 1, C4). Here, as in 
he aforementioned examples, invagination and cytokinesis go to comple
tion, but the cessation of the production of wall material leaves a "pore 
Jiaphragm" (Moore, 1963a) stretched across a circular gap (Fig. I, C4); 
this "blows out" (Fig. I, C5), the edges reheal, and longitudinal con
tinuity of the plasma membrane around and through the pore is reestab
lished (Fig. I, C6). Inclusions and organelles, including nuclei, arc capable 
of migrating through the pore (Moore, 1963a; Shatkin and Tatum, 1959). 
Thus, the mycelium of ascomycetes is functionally coenocytic. The septa in 
the ascogenous hyphae, a limited dikaryon, are also of this same general 
type (Moore and McAlear, 1962b), but, at least in Dasyscyphus and 
Mollisia (Fig. 3), a plug of electron-dense material that probably blocks 
nuclear migration has been frequently observed. 

In section the ascomycete septum usually appears homogeneous, but 
evidence of lamination has been shown in the septa of Ascodesmis (Moore, 
1963a), Neurospora (Kawakami and Nehira, 1958; Shatkin and Tatum, 
1959), Pithomyces (Dickson, 1963), and Pseudoplea gaeumannii (Moore, 
1964d). 

The micromorphology of the basidiomyccte septum, though only recently 
elucidated, appears to equal or even exceed the basidium in characterizing 
this class of fungi. A septum of this type has been intensively studied by 
Bracker and Butler (1963, 1964) in an imperfect strain of Corticium 
solani. In marked contrast to the examples discussed above the centripetally 
Closing lip as it nears the center of the cell becomes suddenly inflated as 
though further ingrowth had been impeded but membrane increase had 
continued hriefly. This establishes the outline of the dolipore (Moore and 
McAlear, 1962b). Consequently, it appears that, unlike all previously 
mentioned examples, cytokinesis is incomplete and that the cell-to-ce11 
continuity of the cytoplasm and the plasma membrane arc not interrupted, 
even briefly. As in Streptomyces (Glauort and Hopwood, 1961) and 
Exidia (Wells, 1964a) the wall material deposited between the opposing 
membrane faces appears as a series of Jayers. Bracker and Butler present 
evidence that in their material the substance composing the dolipore differs 
physically and chemically from the walls (see Fig. 4) and that it is ap-
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cently not rigid and, even in old hyphae, will disperse if the confining 
.sma membrane is ruptured. 
Both sides of the dolipore in C. .wlani are invested by a membraneous 
)tal pore eap--the parcnthesomc (Moore and McAlear, 1962b )-that is 
nfluent with portions of the endoplasmic rcticulum that lie next to the 
lin portion of the septum (Figs. 4 and 6). The parenthesomes observed 
C. solani are perforated (Fig. 6) [as are those in Polvstic/lis (Girbardt, 
'61) 1 and offer "little, if any, impedance to protoplasmic streaming"; 
clear migration was not reported. Similar discontinuous parenthesomes 
,ve been observed in association with the doli pore septa of the non
karyotic hyphae of Armillaria mellea rhizmorphs (Fig. 4). 
In a number of dikaryons, however, the parenthesome-dolipore system 

'esents a differcnt aspect. Observations of the mycelia of a number of 
uiting bodies (Moore and McAlear, 1962b) suggest a dOlipore composed 
. wall material and capped by more or less isolated parenthesomes that 
:nerally lack pores (Figs. 5 and 7) and in Exidia sp. (Moore, 1964d) 
:sides the definitely discrete and entire parenthesomes there is clear 
lidence of a plug of electron-dense material blocking both openings of the 
"Iipore; such plugs afe also evident in Polystictlls (Girbardt, 1961). 
The critical difference in these apparently conflicting sets of observations 

. the karyotic state of the hyphae. Bracker and Butler's imperfect strain of 
'. solani is nondikaryotic and "has not yet been connected with a Basidio
lycete sexual stage." The material examined by Moore and McAlear was 
lken from basidiocarps and may be presumed, therefore, to be dikaryotic. 
'rom the extensive studies of Snidcr and Raper (J 958) it is known that 
JUcId can migrate reailily in the monokaryon of ._\'chi;.ophyllum commune. 
n response to Moore and McAlear's contention (1962b) that according to 
heir interpretation the "basidiomycete septum ... would appear to pro
libit nuclear passage while maintaining humoural continuity," Snider 

FIG. 3. A.~comycetc septum from ascogenous hyphae in Mollisia sp. Note the plug 
)f electron dense material in the pore. Magnification: X 100.000. 

FIGS. 4 and 5. Basidiomyccte septa. Magnifkation X 100,000. Fig. 4. Armil/(Iria 
mcffeu homokaryotic rhizomorph cells. From Roskin and McAlear (1964). Fig. 5. 
Dacrymycc.\· dcUquescclI.\· var. minor dikaryotic h'L~idiocarp cells: from Moore and 
McAlear (1962b). The parenthe~omcs (1') are perforate in Fig. 4 and show evidence 
of continuity with the endoplasmic reticulum (er); they arc entire in Fig. 5, the 
endoplasmic reticulum (arrows) being represented by small vesicular elements. The 
dolipore in Fig, 4. unlike the rest of the septum, is composed ot an electron-dense 
material whereas in Fig. 5 it has the same appearance as the walls (w). The inter
parenthcsome region has a different appearance than the extraparenthesome cyto
plasm: In Fig. 4 there is an electron-light materi,11 (/-1). the other dark (2-2), and 
a third of intermediate appearance (3'-3), within the porco Finally. it is interesting to 
nole Ihat in both these figures there is a central zone in the middle of the pore be
tween (2-2) anJ (3-3), respectively. 
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ER l 

/ 
FIG. 6. Interpretation of the septum of CorlicilllJl sult",i (RltizC)ctull;CI ~latc). Similar 

septa have been observed in A rmilJaria mel/a rhizomorph~, PO/pllctll$ " crsic(J/llr 
hyphae, in early mycelial development in CCliI'ol ia gigalllea and Sdli: ophyl/ltfll com
IIIl1l1e basidiocarp~. From Hrac'_er and Outler ( 1963). ER, endoplasmic reticulum; AL 
and L, wall e lements; E-plasma membrane; C and CD, pore cap clemcnts; L, S. and 
SP, septum elements. 

( J 963) set up a comparabJe series of exhaustive experiments designed to 
test the pos::. ibiliLY of nuclear migration in S . commune dikaryons; hi <; resulb 
were negative. Further, Giesy and Day ( J 965) have studied septal pores or 
Coprinus lagoplls heterokaryons in which nuclear migration was thought 
LO be occurring. Their elec tron micrographs show Lhe apparent conversion 
of complex dOlipore septa to simple septa. They believe that the B mat ing 
locus plays a key role in this conversion and that these reduced pores may 
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FIG. 7. Interpretation of the ba~idiomycete septum. SepIa of this form have been rc
ported from basidiocarps of Auriclllaria, Calmtia, D(/crymyc£'s, Exidia, Mcrulius, 
and Poiypofl{s and are suggested in mature Calvalia gigwilea mycelium. Redrawn 
from Moore and McAlear (1962b). 

facilitate the rapid movement of migrating nuclei. Their micrographs show 
nuclei and other cytoplasmic components in such pores. Taken together the 
evidence of these studies would seem to support the hypothesis that there 
has evolved in the Basidiomycetes a dominant hyphal type, the dikaryon, 
which is functionally diploid: that the septum in the primary mycelium 
while of the same general morphology is unstable and subject to being re
duced to a form that mimics the ascomycete septum and which readily per
mits nuclear migration and that the pairing of contrasting nuclei causes the 
formation of stable doli pore septa in the secondary and tertiary mycelia. 
This hypothesis proposes that the evolutionary significance of the doli pore
parenthesome septal complex is to maintain functional diploidy, particu
larly as the dikaryon is frequently uniquely characterized by clamp con
nections \vhosc purported purpose is to ensure the perpetuation of the 
dikaryotic condition. The strict limitation of clamp connections to dikary
otic hyphae provides clear phenotypic evidence that the pairing of nuclei, 
which mayor may not be of opposite mating types, can clTect in these 
basidiomycetes a profound morphological change such as in unknown for 
the haploid homokaryon. It seems eminently reasonable, therefore, to sup-
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pose that microanatomical changes might also occur in these hyphae 
promote and sustain the dikaryotic condition. Such potential differences [] 
clearly evident from a comparison 01 Figs. 4 and 5 and also from Bene 
( 1963). 

The above observations on basidiomycctc septa concern ~pccies of t 

Tremella!es (sensu Martin, 1952) and the Holobasidiomycetes. T 
doHpore-parenthesomc septum, ho\vever, is still unreported from either t 

Ustilaginales or the Uredinales (Ehrlich and Ehrlich, 1963; Moore, 196: 
Moore and McAlear, 196Ib). 

D. Somatic Division of the Nucleus 

The nuclei of fungi lie ncar the limits of resolution of the light micToscC; 
and their behavior during somatic division has engendered consideral 
discussion as to whether ~ is classically mitotic. Wh~ther using time-I a! 
or regular microscopy it is consistantly described that, with the cxccpti 
of Basidiobolus (Robinow, 1963), the nuclei behave amorphously and, 
parently separate like pulled tafTy (sec Robinow and Bakerspigel, Chap 
6) . 

In the electron microscope mitosis is characterized by the dissociation 
the nuclear envelope, the condensation of the chromosomes, and the atta' 
ment of spindle fibers to kinetochores (sec Harris and Mazia. 1962). Th, 
attributes have not yet been reported for somatically dividing nuclei 
fungi. Rather, the nuclear envelope is persist ant and the electron mic 
graphs of Saccharomyces (Hashimoto et al., 1958, 1959), Schizos, 
charomyces (Conti and Naylor, 1%0), and Rhodatartlla (Thyagara 
et al., 1962) show the nuclei to become dumbbell-shaped as the nuel< 
envelope is drawn out between the separating daughter nuclei (the c 
relative light micrographs in these reports arc quite comparab]c to simi 
studies of somatic nuclear division in other fungi). Relating these and otl 
studies with ohservations of Con(vceps mili/aris, Moore (1964a) propn 
a model for what he terms karyochorisis (nuclear sundrancc). The elect, 
micrographs of Cordyceps nuclei suggest that separation is initiated by 
invagination of the inner nuclear membrane (Fig. 8d) to partition the I 

c1eoplasm into subunits termeo karyomes. These may number two or ill' 

and are bounded by the outer clement of the nuclear envelope (Fig. 8 
Subsequently, the outer nuclear membrane invaginatcs to separate 
karyomcs into daughter nuclei (Fig. 8f). This same sequence of evcnt~ 
believed to part the nexus between separating yeast nuclei (Fig. Hg). 

A similar sequence has been reported by Gantt and Arnott (1963) 
initial stages of chloroplast division in the fern MatfeliCcia, and it may n 
occur in fungal mitochondria (Moore 1964a). On the basis of these obs 



5. The Ultrastructure of Flingal Cells 105 

tions Moore (1964a) suggests that karyochorisis "may represcnt only 
~pccial example of a general phenomenon of division of double membrane 
ganclles in primitive cells [and that] if further similar examples of division 
these organelles can be established they may provide, in lieu of fossil 

'idcnce, an insight into early cellular evolution in the protistian cell." 

III. SPOROGENESIS 

A. Motile Cells 

In Allom)"ces macrogynus (B1ondel and Turian, 1960) prior to initiation 
f gamete maturation (the "lipid-crown" stage of light microscopy) the 
uTIctangial cytoplasm contains many scattered small vesicles and cisternae, 
uclei that arc surrounded by unbounded lipid inclusions, and an abundance 
f somewhat irregularly distributed ribosomes. During the first half-hour of 
"mete maturation (initiated by immersing the gametangia in a hypertonic 
)lution) the size and number of vesicles increases, the areas of low 
bosome density become membrane limited, and within the areas of high 
bosome density there appear large vesicles. In the next quarter hour 
lcre develops a concentration of lipid inclusions, mitochondria, ribosomes, 
nd small vesicles in the vicinity of each nucleus. Separating these devcl
ping cytoplasmic islands are relatively clear areas of protoplasm bounded 
y plasma membranes that probably arise from vesicle fusion. By maturity 
he ribosomes have become aggregated into the nuclear cap-a crcsccnt
haped mass, in section, partially hooding the nucleus and bounded on its 
Ibnuclear side by a double membrane of undetermined origin. Outside of 
his complex are mitochondda, vesicles, and Jipid bodies. Sections of JbgcJJa 
xe most frequently observed in the spaces between gametes; their ontogeny 
, unreported. 

A similar sequence of events has been observed during zoospore forma
ion in A. javanicus (Moore, 1964e). Cleavage is initiated by the appear
Lnce of small aggregates of vesicles of an electron density markedly greater 
han that of the general endomembranes. The source of these vesicles is 
)fesently unknown although the complete absence of a Golgi dictyosomc in 
his fungus eliminates the vesic1cs of this organelle as one pOSSibility. rThe 
3lastocladiales, unlike other orders of aquatic phycomycetes, show no cvi
lence of a Golgi dictyosome, a deficiency shared by the aplanatae (Moore, 
1964d).] These vesicles fuse into planes that in micrographs appear as thick, 
:Icctron-dcnse channels filled with some sort of gel and which in their 
~rowth progressively segment the cytoplasm. Their continued fusing with 
.me another and eventually with the plasma membrane finally divides the 
,ytoplasm into a number of uninucleate cells. During the tinal stages of this 
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ccllulation the nuclear cap is formed. Three components go into its synthe
sis: (1) ER (endoplasmic reticulum) elements at one terminus of which 
are attached (2) electron-dcnse filled vesicles, and (3) mitochondria. It 
appears that the ER clements and the attached vesicles assume a peri
nuclear orientation, that the ER elements then fuse and the contents of the 
attached vesicles become the cap matrix. The mitochondria lose their ran
dom distribution and become embedded in the cap mcmbrane. This last 
at maturity is composed of a continuous double membrane, albeit con
volutcd from the mitochondrial pockets, that is attached at a few circum
ferential points to the outer membrane of the nuclear envelope. This limited 
attachment leaves most of the inflated hem of the cap free and conse
quently the cap contents arc contiguous with the general cytoplasm. The 
function of the mitochondria in this development may be to supply the 
energy necessary for cap formation. Final zoospore rounding-up is effected 
by the separation of the membrane sheets between the developing spores, 
probably by dissolution of the intercellular gel. Flagella formation has not 
been observed. Unlike during ascospore formation all the sporangial cyto
plasm and plasma membrane become incorporated into zoospores, leaving 
no residuum of particulate material. 

Renaud and Swift (1964) have studied the formation of basal bodies and 
flagelia in the gametes of A. arbuscula. Though A llomyces is uniflagellate 
they found that at the time the hyphal tip started its differentiation into a 
gametangium, centrioles were found to exist in pairs. One of these main
tains its size while the other elongates distally to more than three times its 
original length to become the ba"l body of the future gamete. (These 
basal bodies are not believed to arise de novo as a "small pre-existing cen
triole," approximately 160 m~ long, was found in an inpocketing of the 
nuclear membrane in the somatic hyphae. ) Transferring cultures in this 
stage of development to distilled water caused the initiation of gameto
genesis and flagella formation. One of the first changes observed was the 
blebbing of numerous small vesicles from the plasma membrane of the 
gametangium which apparently migrate intn contact with the basal body and 
there fuse to form a large primary vesicle. They report that the flagellum 
initiates growth by invaginating into this vesicle and that as the flagellum 
grows the primary vesicle enlarges by fusing with secondary vesicles until 
at maturity it becomes the flagellar sheath. 

The zoospore of R/asloc[adiella emersoni; (Cantina el al., 1963) is 
similar in the structure and relation of the nucleus, nucleolus, and nuclear 
cap but differs in possessing a single large cccentric mitochondrion sur
rounding the base of the flagellum, the presence of small cytoplasmic 
"gamma" organelles, and a banded apparatus in association with the basaJ 
portion of the flagellum. Cantina and co-workers interpret the double 
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brane bounding the nuclear-cap as being nonporous and continuous 
the outer membrane of the nuclear envelope. In contrast, the micro

hs of this membrane in the gametes of A. macrogynus (Turian and 
:nberger, 1956; Blondel and Turian, 1960) and A. javanicus (Moore, 
·b) suggest only partial confluency with the nuclear envelope. 

B. Ascospores 

1e sequence of events in ascospore formation may be partially recon
ted from a collation of several studies of Euascomycctc ultrastructure. 
whole ontogeny, initiated by karyogamy. occurs within a single cell, 
ISCUS. The diploid nucleoplasm may appear either homogeneous, as in 
'desmis (Moore, 1963a) or, like the somatic nuclei, composed of light 
dark regions, as in Dasyscyphus (Moore and McAlear, 1962a); the 
:ctivc ascal cytoplasms of these species display either a number of 
les, endoplasmic reticulum, and mitochondria, or appear homogeneous; 
'y, in Ascodesmis there occur endoplasmic continuities with the nucleus, 
lot in Dasyscyphus. [Similar continuities have been reported for somatic 
,i in Mollisia (Moore and McAlear, 1961c), Neobulgaria (Moore and 
Jear, 1963a), and Stilbul1l (McAlear and Edwards, 1959) and sug
d for mitochondria in As('odesrnis (Moore, 1963a) and Uromyces 
ore and McAlear, 1%3b).] Quite possibly the fusion-nucleus ascus 
'n in Ascodesmis represents an earlier stage than the one shown for 
>scyphus. Meiosis and a somatic nuclear division immediately follow 
n. During the division phase as seen in DasyscYl'hus the nuclear en
le dissociates and very little fine structure is evident, after which nuclear 
lopes, cmloplasmic reticulum, amI electron-dense inclusions reappear. 
re-emergent nuclei have light and dark regions, and before separation 
)sing pores in the respective uaughtcr nudear envelopes are evident. 
8-nucleate phase representing the end of free nuclear division has been 
in Ascodesmis. 

1e development of the ascosporc wall is £)oorly understood. In Cordy
miJitaris the configuration of the cndopl<lsmic reticulum suggests that 

ay play a role. If endoplasmic reticular elements were to form the 
ix membranes (mm, Fig. 8a-c) between whose surfaces wall material 
odueed (similar to the opposing membrane faces during scptum forma
I, it would explain the origin of both the £)lasma membrane and the in
ng membrane (irn, Fig. 8d) (and seen also in Ascodesmis) of the 
:rializing ascospore. The devcloping spore walls (wi, Fig. 8d, c) rapidly 
cen, apparently as a series of smooth shells, for, again like the septa. 
appear layered in scction (w, Fig. 80; six such layers have been 
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3 4 5 

KoryochoriSls 

FIG. 8g( I-5 ). Karyocborisis- interpretation of fungal somatic nuclear division. 
1. Isthmus between separating daughter nuclei. P rior to th is time or during it the 
chromatin matel i.iI (shaded) has replicated and separated and the nucleus is briefly 
in a genetically II + " slate. 2. Initiation o f invagin(l (ion of the inner nuclea r mem
brane. 3. Completion of inner nuclear membrane invagination pa rtitions the nucleo
plasm into I. aryomes lhat arc genelicaly I l but still contuined within Ihc common 
houndry of the oUler nuclear membrane. 4. lnvnginnlion of Ihe oUler nuelc,)r mem
hlane iniliutes karyome separation. 5. Completion of outer nuclear membrane in
vagin:lIion separates the karyomes info da ughter nuclei. (From Moore, 1964a.) 

counted in ASl'odesmis. 1n Ascodesmis a secondary, electron-opaque, sculp
tured wall is produced. The material compo ing this outer spore coat passes 
out through the primary wa ll and accumulates in a reticular pattern 0 1) the 
surface beneath the investing membrane. T he avai lable evidence suggests 

FIG. 8. Ascosporogenesis and karyochorisis in Cordyceps lIIifi/oris. In (a-c) a 
membrane matrix (mill) forms the outline of the new ascospores; in (d and e) wall 
initials (lI'i) have appeared and in (d) the investing membrane (jill) is evident; in 
(f) the nelV wall (w) is prominent and a t this stage is composed of two layers. 
Nuclear di,bion is initiated (d) by an invagination of the inner membrane of the 
nuclear envelope (arroll') which proceeds (e) to divide the nucleoplasm into 
1.aryomes r ,,', IJ'); finally (f) Ihe oUler membrane invaginalcs 10 compJelc karyo
cborisis and produce the daughter nuclei (II, /I ). Figs . 8d and e arc from Moore 
( 196-1a) . Magnifications: a, X 75,000; b, X 60,000: c. X 40.000; d. X 90,000; e, 
X 90.000; f , X 60,000. 
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hat the surface pattern may be a reflection of an endoplasmic reticular net 
)rcssed against the underlying plasma membrane. 

The epiplasm, which is the enucleated ascal cytoplasm left after the 
.scospore nuclei and other organelles arc encapsulated, breaks down as 
he spores mature. In Ascodesmjs it appears to contain only a suspcnsjon of 
'ibosomes by the time the spores arc ready to be discharged. 

C. Aeciospores 

In basidiomycetes we have some information on acciosporc formation in 
Puccinia podophylli (Moore, 1963b). The aecinspores arc produced in the 
outer region of the acrium in a manner similar to cell division in the 
primordium (Section II, B) but unlike the primordial cells they display no 
evidence of Golgi membranes (Moore, 1963c), However the spore walls arc 
much thicker than the primordial cell walls and are composed of an elec
tron-light, apparently microfibrillar, material within which are embedded 
protruding pegs that also are electron-light but homogeneous. Between the 
pegs there is an electron-dense material that appears similar to some of the 
intercellular material observed in the primordium. Similar ohservations 
have been made in UrOmYCel' (Moore and McAlear, 1961 b). The disjunc
tors, like the spores, arc binucleate, probably disk-shaped, and appear to 
be cut out of developing spore cells secondarily, The reason for their even
tual breakdown is unknown. Also, within the aeciosporcs there is a much 
greater quantity of electron-dense storage material than within the primor
dial celis, 

IV. LOMASOMES 

Lomasomes (Figs. 9-13) occur between the cell wall and plasma mem
brane and may be found on any part of the hypha! wall including septa 
(e.g., Bracker and Butler, 1963). They were first observed by Girbardt 

FIGS. 9-13. Lomasomes. 
FIG. 9. Lomasome initiation in Armi/laricl IIIcllea: (a) the plasma membrane has 

fragmented and shows variolls degrees of inroHing; (b) a somewhat later stage in 
which (left) the plasma membrane hHS re-formed, isolating particles oubide the 
protoplast Ma~nificatjon: X 108.000. From Raskin and McAlear (1964). 

FIG. 10. PlIccillia podophylli. Magnification: X 50,000. 
FIG. 11. Malllills trcmell(J.\'lI.1". From Moore and McAlear (1961 a). Magnification: 

X tOo,OOO. 
FIG. 12. Nco/Julgllfirl {,lint. From Moore and McAlear (1963a). Magnification: 

X 40,000. 
FIG. 13. Schizophyllllm ('f))}}})}/I}]l'. From Moore ilnu McAlear (1961a). Magnifica

tion: X 50,000. 
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(1961) in the basidiomycete Polystictus versicolor; the term, meaning 
"border body," Was coined by Moore and McAlear (196Ia) fOllowing ob
servations of their occurrence in all classes of the true fungi. Subsequent re
ports have considerably enlarged their range of distribution in the Eumyeota 
(Heneke, 1963; Berlin and Bowen, 1964; Bracker and Butler, 1963; 
Hawker and Abbott. 1963; Peyton a~d Bowen. 1963) (Figs. 9-13). In 
addition Bouck (1962) illustrates "various pockets and spheres" at inter
vals along the walls of the red alga Lomemaria and Manocha and Shaw 
(1964) report lomasomes in mesophyll cells of rust resistant "Khapli" 
wheat. 

Lomasomes appear to be composed of a matrix of electron-light ma
terial, similar in appearance to that of the wall, within which appear vesicles 
(Moore and McAlear, 1961a; Girbardt, 1961) or tubules (Peyton and 
Bowen, 1963) of electron-dense material. In yeasts their three dimensional 
appearance is that of regular ingots scattered over the inner wall surface 
Moor and Muhlctholer (1963). The mechanism of lomasome formation 
is not known, nor is it known whether all structures that appear lomasomc
like arc homologous. Moore and McAlear (1961 a) proposed a secretion 
process of lomasome formation whereby vesicles move out of the cyto
plasm and fuse with the plasma membrane and Manocha and Shaw 
(1964) conjecture "Whether or not the rapidity and efficiency with which 
foreign substances can be excreted from mcsophyll cells via vesicles have 
any connexion with rust resistance .... " Girbardt (1961) believes that 
their function is to increase surface arca. Recent micrographs by Cun
ningham (1963) of Co/lybia "ellilipes and by Roskin and McAlear (1964) 
of ArmiJlaria mel/eo show portjons of the plasma membrane becomjng 
segmented and partially inrolled (Fig. 9a,b). McAlear (1964) postulates 
that the segments curl up and close on themselves and that subsequently 
the plasma membrane re-forms beneath the so-formed vesicles, eft'eetively 
isolating them to the outside of the protoplast. This latter interpretation 
would agree with Peyton and Bowen's (1963) belief that lomasomes are 
elaborations of the plasma membrane. 

From the available evidence of a limited but widely representative sample 
it appears that lomasomcs arc characteristic of fungal cells. Our present 
ignorance of their function, composition, or mode of formation forbids 
more than speculation as to their phy10genetic significance. 

V. INTERACTION WITH HOST PLANTS 

The union of fungal and plant cells, whether parasitic or saprobie, 
is achieved most commonly by penetration of the host cell wall by hyphae. 
Perollospora mallshllrica (Peyton and Bowen, 1963), the downy mildew of 
soybeans, forms a ramifying, branched, coenocytic intercellular hyphal 
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system in the host leaf tissue. Haustoria develop at the points of contact 
with the host cells. These penetrate the cell wall but do not rupture the 
plasma membrane even though they ramify extensively. The inviolability of 
the plasma membrane has also been observed in the host/parasite relation
ship of Uromyces c{/[adii/ Arisaema triphyltllnt (Moore and McAlear, 
1961 b) and Puccinia podophylli/Podophyllum pel/a tum (Moore, 1964d); 
it is also suggested in P. graminis/Triticum vars. (Ehrlich and Ehrlich, 
1963), Plasmodiophora brassicae/ Brassica chinen sis (Yukawa, 1957), and 
the lichen Cladonia cristatella (Moore and McAlear, 1960). The haustorium 
wall is generally continuous (Fig. 14), but an apparent exception is noted 
in A [bugo (Fig. 15). At the point of entry of the haustorium a sheath de
velops that is apparently an ingrowth of the host cell wall (Figs. 14 and 15). 
Enveloping the whole haustorium is a relatively dense layer that becomes 
thicker in the reg'on between the haustorial wall and sheath and which 
Peyton and Bowen term the "zone of apposition." A comparable investing 
),'lyer js evident around the haustoria of Uromyces ca/lldii (Moore imd 
McAlear, 1961 b) and Albugo candida (Fig. 15). Similar to these relation
ships are those suggested in micrographs of Puccinia graminh) haustoria in 
Triticum cells (Ehrlich and Ehrlich, 1963) and of the mycobiont-phy
cobiont interaction in certain lichens (Moore and McAlear, 1960). 

In both Peronospora and Puccinia, vesicles have been observed in the 
region of the host plasma mcmbrane that bounds the haustorium and some 
have been noted to be continuous with it. Peyton and Bowen (1963) in
terpret these as derived from the host cytoplasm and fusing with the plasma 
membrane to release material into the zone of apposition, the same inter
pretation being applied to Albugo (Figs. 14,15). Ehrlich and Ehrlich 
(1963), however, believe that they arc pinched oit the plasma membrane 
and carry material from the "encapsulation" (= zone of apposition) into 
the host cytoplasm. No choice between thcse hypotheses can bc made as yct. 

The effect of Peronosporu on its host is to cause a progressive reduction 
in chloroplast size and in number of photosynthetic lamellae. ]n advance 
stages of infection the chlorop1asts appear necrotic and disorganized and 
contain a quantity of lipid inclusions. In late infection of A risuema (Moore 
and McAlear, 1961 b) the ground cytoplasm virtually disappears, probably 
through lysis, and the mitochondria and Golgi complex appear disrupted 
even though the cytoplasm an'd organelles of the Uromyces haustoria ap
pear normal. Further, the quantity of ribosomes and amount of smooth 
endoplasmic reticulum is higher in infected cells (Peyton and Bowen, 
1964). In cOlltrast to these changes is the elTect on algal cells by the fungus 
partner in lichens (Moore and McAlear, 1960) in which the "invading" 
haustoria do not adversely affect the host cytoplasm. The small micro
morphological diftcrencc between the modes of parasitic and symbiotic 
interaction strengthens the idca that the latter has evolved as a result of a 



114 Ro\'al/ T. M oore 

F/(:;Ii. j 4 and 15. Diagrams of ho~l-parasitc interface in ha ustoria l region: Fig. 
14, PerOiIOSI,ora manS/lllrica infection oC Glycll/e /II(lX; Fig: 15, A Ibllgo candida in
fection of Rap/willis l(l{;I' IIS. lntercellular hyphae are on the right and host rncsnphyll 
cells on the left. Fungal cytoplasm (FC) is bounded hy the fungal plasma memhrane 
(FP ) and loma~omes (1.0). The fungal cell wall (FW) is continuous in PerollflSrora 
but is in terrupted in A Ihllgo. The relative pO 'itions of the host cell vacuole (V), host 
CylOplll~m (H e), and host plasma membrane (HP ) arc indicated. The hosl cell wall 
(llW) terminates in II sheath (S). The zone of appo ition (Z) separates the 
haustorium from the host plasma membrane. Invaginations of the host pla~ma 
membrane and vesicular host cytoplasm are considered evidence for host secretory 
acti vity ( .\ ('c). Figure 14 is from Peyton and Bowen ( 1963); Fig. 15 is from Berlin and 
Bowen ( 1964). 

balance being reached between susceptibility and resistance in a parnsitic 
rela tionship. 

VI. REsUME 

Some aspects of cell anu nuclear division , lomasomes, sporogenesis 
organelles and the interaction with plants have been examined . The fore· 
going summary has serve.d to point out that in the fungi, within the bound! 
of our present knowledge, cell division, including cross-wall formation , i: 
a product of plasma membrane activity. As one progresses from phyco 
mycetes to carpomycctcs there is a shifl from sparse septation. which i 
primarily abscissiona!. to regular septation wi th central pores, and in th' 
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ran sit ion from ascomycetes to basidiomycetes the septa become highly 
laboratcd and the shift is from functional cnenocytes to functional di
'laids. Further, the plasma membrane appears to play an active role in the 
ormation of lomasomes-structurcs presently limited, with two exceptions, 
a the true fungi and perhaps of phylogenetic significance. Moreover, the 
'lectron microscopy of dividing nuclei otTers support to the hypothesis that 
ungal nuclei Can divide by a nonmitotic process, a process described by the 
crm karyochorisis. OUf information on the fine structure of sporogenesis 
s very sketchy, but even the little available evidence suggests develop
nental changes unknown in other major groups. Finally, the few studies of 
)arasitism and saprobism intimate that these processes differ not so much 
n rnicrohistology as in the degree of adaptive re~i'jtance of the plant partner. 
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I. INTRODUCTION 

Resting nuclei of fungi are bounded by a membranous envelope of the 
usual kind. which is more distinct in electron micrographs than it is during 
life or in optimally preserved and stained specimens. After fixation the 
chromatin of resting nuclei appears finely or coarsely granular or fila
mentous. In most, but not all, instances it is not organized in the form 
of identifiable chromosomes. Resting fungal nuclei commonly, though 
again not invariably, contain a single relatively large nucleolus. 

It is generally taken for granted that mitosis in fungi follows the same 
course as in higher organisms, but cytologically acceptable evidence for 
this belief is hard to fmd. The majority of fungal cytologists have to this 
day been mainly interested in the details of meiosis, though lately work is 
beginning to be done on mitosis as well. Thus. Klifer (1961) says, "No 
analysis of mitosis in Aspergillus nidI/fans has been carrico out so far," anti 
a recent book observes, "The details of nuclear division in vegetative hy
phae [of Neurospora] are rather hard to make out" (Fincham and Day, 
1963). Recent work has already taught us that fungal mitoses arc of sev
eral different kinds and have peculiarities that set them olT from the better 
known ordinary forms of nuclear division. Phase-contrast microscopy now 
makes fungal nuclei readily visible in living hyphae. Before the advent of 
this method of examination nuclei were rarely seen, or at least not re
corded, in illustrations accompanying studies of living mycelia. It is inter-

1 The original photomicrographs in this article were supplied hy C. F. Rohinow. 
119 
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esting to find that the general recognition of the presence of nudei in 
cells of plants and animals preceded recognition of their universal presence 
in fungi by nearly forty years, despite the fact that since J 858 hematoxylin 
had been available to help in the search, and even then some materials, 
such as vegetative cells of ascomycetes, proved refractory (Schmitz, 1879). 
It took even longer for the mode of division of fungal nuclei to be under
stood. In some instances that problem continues to resist even phase-con
trast microscopy, as for example in Thanalophorus cucumeris (Flentje 
el ai., 1963) and Penicillium (Robinow, 1963a), were the nuclei fade 
from view as they enter division. 

What follows is conceived as. an introduction to several current prob
lems of the cytology of the somatic (vegetative) nuclei of fungi. We arc 
awarc that it is premature to attempt a "review" of a subject which is only 
now beginning to acquire a basis of useful morphological work. 

Today it appears to us that fungal cytology faces three principal prob
lems: (I) the basis of the commonly encountered low affinity of somatic 
fungal chromosomes for ordinary stains jf these arc used in ordinary ways; 
(2) the meaning of the peculiar associations which the chromosomes of 
some species form at metaphase; (3) the nature of the forces or devices 
which separate sister chromosomes at anaphase. In other words, the fre
quent absence of a demonstrable spindle apparatus. 

II. CYTOCHEMISTRY 

Little definite information can be given at present under this heading. 
The small amount of useful literature on mitosis in fungi is sufficient proof 
that fungal somatic chromosomes arc not easily studied. It has become 
common practice to treat fungal specimens with hydrochloric acid (IN at 
60°C) before trying to stain somatic chromosomes with acetoorcein. They 
stain poorly with hematoxylin, as suggested in a recent paper on cytologi
cal studies of Penicillilllll nolatlllll (Pauli, 1956), which is silent about mi
totic figures and essentially illustrates only nucleoli. I3romophenol blue
mercuric chloride (Mazia el a/., 1953), which stains ordinary chromosomes 
distinctly, is not helpful in dcmonstrating them in fungi, and the method 
of Alfcrt and Geschwind (1953) for the detection of basic proteins has 
also given negative results. In all instances it is only, or principally, the 
nucleoli that accept the stains. 

It is clearly desirable that fungal nuclei be isolated so that their chem
istry can be properly investigated. It is said that the nuclei of the septa
less phycomycetes are easily obtainable by breaking their hyphae in a 
Waring blendor (Foster, 1956). 
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III. BEHAVIOR OF CHROMOSOMES AT MITOSIS 

A. Chromosome Association 

The search for evidence of spindle devices in mitosis, which has given 
rise to a number of contentious papers, will presumably soon be brought 
to an end with the hclp of the electron microscope. But there remains 
another aspect of mitosis in fungi that has so far received little attention. 
In many instances metaphase chromosomes ~eem to enter relationships 
not easily accounted for in terms of ordinary mitotic behavior. The ob
served irregularity is most simply expressed by saying that where n is the 
number of chromosomes in a resting nucleus, only that number of seem
ingly single chromosomes is found at late metaphase, instead of 211. Thus 
16 chromosomes ought to be visible at late metapha,e of mitosis in Asper
gillus nidulans, but we are not aware that this number has, so far, been 
seen. Our experience with other aspergilli and several Penicillium species 
suggests that a smaller number of separately visible clemnts will eventually 
be found. Three examples will be given. In Neurospora (Bakerspigel, 
1959b,c) rosettes or asterisks arc found at metaphase which are composed 
of 6 or 7 arms instead of the expected 12 or 14. In Pel1icillium, where 
many micrographs have been collected (by Robinow, unpublished), rings 
arc formed early in metaphase. Each ring consists of a pair of concave 
chromatids facing each other. Later, contact is lost at one end, the two 
chromatids open out and stretch while remaining in touch at the other end. 
A filament results which at first glance suggests a single long chromatid. 
At anaphase the thread breaks at the point where end-to-end contact be
tween the members of the original pair had until now been retained. This 
accounts for the puzzling fact that late in metaphase four seemingly single 
chromatids are found although that is the number received by each daugh
ter nucleus at telophase (for a tentative diagram of this process sec Robi
now, 1963a). In Lipomyces (Robinow, 1961), there is a similar decline 
of the number of separately visible chromatids during mitosis. Ten to 
twelve may be counted at early metaphase. By late metaphase these have 
been "reduced" to 5 or 6, presumably again by temporary associations of 
sister chromatids which are broken only in latc anaphase. Discussion of 
the implications of these findings must be deferred until they have been 
more completely documented. 

There is a further reason why the behavior of the chromosomes at meta
phase deserves close attention. In several species, including Saccharomyces 
(McClary et al., 1957), Allomyces (Wilson, 1952), Aspergillas nidlilans 
(Elliott, 1960), and most recently Pythium deharyanllfll (Sansome, 1963), 
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nClOtlc configurations have been described in conventional terminology, 
ilthough the behavior of the chromosomcs of the same species at mitosis 
las not (or had not then) been described. Where information on both 
)hases is available. as in Allomyces, a surprising similarity between them 
s apparent (Fig. lA-D). This is not to suggest that there is no meiosis in 
41lomyces at the point of the life cycle where it is now believed to take 
Jlace (Wilson, 1952), but it opens the possibility that the process of 
neiosis in A llomyces may not be an entirely conventional one. On the 
norphological plane this still appears to be so in bakers' yeast, which is 
jealt with in Section VII of this chapter. 

B. Chromosome Movements 
(See also Notes Added in Proof on p. 139) 

Behind the tentative, dotted, stippled rays that converge on metaphase 
chromosomes in many illustrations lies uncertainty about the true nature of 
the mitotic apparatus. The present situation is poignantly foresbadowed 
in two papers by Olive (1906, 1907), concerned with mitosis in Empusa 
and Basidiobolus. Both studies were carried out by the best methods cur
rent at the time (Flemming fixation, paraffin sections, triple staining), but 
they gave different results. No mitotic configurations, and no spindle ap
paratus, could be detected in dividing nuclei of Empusa, whereas spindles 
and metaphase plates of conventional distinctness were easily seen in 
Basidiobolus. The Care with which this work was done compels us to 
take its failures and its successes equally seriously. Today we arc facing 
the same dilemma. The mitotic nucleus of Empusa is still reported to be 
without a spindle (Robinow, 1963b). None has been found in dividing 
hyphal nuclei of Mucor (Robinow, 1957), Saprolegnia (Bakerspigel, 1960; 
Smith, 1923), Conidiobolus (Robinow, 1963b), Neurospora (Bakerspigel, 
1959a; Somers et al., 1960; Ward and Ciurysck, 1962), Aspergillus (Rob
inow, 1964), Penicillium (Rohinow, 1964), Lipomyces (Robinow, 1961), 
or Helminthosporium (Robinow, 1964) (where spindles are well de
veloped during ascospore formation) (Knox-Davies and Dickson, 1960). 

Autonomous chromosome movements arc not unknown to cytologists. 
They have been reported in the radiolarian Aulacantha (Grell, 1953) and, 
many times, in Euglena (Leedale, 1958). However, those who fccl that the 
unequivocal demonstration of centromeres (by genetic means) logically 
demands the presence of spindle fibers, will welcome the fact that clear 
morphological evidence of spindle devices has now been found (or re
discovered) in somatic mitoses of certain fungi and that techniques of 
electron microscopy arc now available that may settle before long the ques
tion of the mechanics of mitosis also in species which at present seem to 
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,ck spindles. Three examples of spindles have recently been described: 
I. In Polystictus, a basidiomycete, Girbardt's (1962) meticulous inves

igations have established the emergence of a thin Feulgen-negative cord 
"Zentralstrang") by the side of the clumped Feulgen-positive metaphase 
hromosomes. The chromosomes appear to become adsorbed to the cord 
Inti to invest it completely at anaphase. A Feulgcn-positive cord results in 
vhieh chromosomes can no longer be separately recognized. This stretches 
It anaphase and is broken into two pieces in the manner recently described 
n Schizol'hyllum (Bakerspigel, 1959a). Numerous illustrations in the 
iterature content themselves with a rendering of this breaking cord as the 
,ole token of mitosis, but true cytology asks for completeness. An electron 
nicrograpl! of a section of the "Zentralstrang," kindly sent to the writers by 
Jr. M. Girbardt, shows this organelle to be fibrous. To our knowledge this is 
he first time that a fibrous mitotic motor device in a fungus has been seen 
n the e)cctron microscope. Recently Robinow discovered essentially the 
iame kind of motor cord in the fission yeast Schizosaccharomyces versalilis 
(Fig. 2). First seen in a living, dividing nucleus with phase-contrast 
microscopy, the cord was later demonstrated also in nuclei of that yeast 

FIG. 2. Time-lapse photomicrographs of mitosis and cell division in Schizosac
dIQ70lllyces ~'e7.\'(lfilis. Numbers indicate minutes since 1he 1irst picture was taken. 
Phase contrast microscopy of a slide culture in 21 % gelatin containing 0.5% yeast 
extract and 2,0% glucose. Magnification: X 1870. 

Note that the cell has grown during the interval between the first and the second 
picture. At minute 27 the nucleus is larger than it was at the start and a straight fiber 
is ~een by the side of the nucleolus. In the nex.t two pictures the fiber becomes 
longer and appears to push the pol$!s of the nllc1eus apart from the inside, The disin
tegrating nucleolus cannot follow this movement as rapidly as the rest of the nuclear 
contents. This accounts for the spindle shape of the expanding nucleus, However, 
the inertia of the nucleolar material is soon largely overcome. Observations on mi
merous other dividing nuclei, including both living and stained ones, have shown that 
for a brief moment after the stage of minute 32 + the nucleus, induding most of 
the nucleolar material, is pulled out into a long narrow shape with two masses of 
nucleolar material at each end and one immovable remainder in the middle (Fig. 3). 
Immediately after this transformation, and with elongation continuing, the nucleus 
snaps in two. The images of the daughter nUclei at minute 33 are blurred because of 
the speed with which the nuclei were moving apart at this moment. The four pic
tures covering the time from minute 27 to minute 33 were taken as quickly as was 
compatible with refocusing and changing of negatives by hand after each exposure. 
The intervals between the inner members of this series are therefore not known with 
precision. Note that the many dark granules in the cell have Changed their relative 
positions but little during the interval between the last two pictures of this sequence 
although their constellations in any other two pictures are widely dissimilar. This 
is either because the interval between these pictures was especially short or that the 
cytoplasm had become stiffer, as it does at metaphase in the fungus B{uidioholus 
(Robinow,1963b). 

• 
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A B c D 
FIG. 3. Schizosaccharom)'ces verSlllilis. (A-C) The behavior of the nucleolus 

during mitosis. (D and E) The emergence of the daughter nuclei and tbe beginning 
of cell division. Helly, acetocarmine. The technique used here is unsuitable for the 
demonstration of the spindle fiber in dividing nuclei of lhis yeast. 

with thc help of the bromophenol blue-mercuric chloride stain. It closely 
resembles the spindle of meiosis in S. octosporLis that was well illustrated 
by Guilliermond (1917). S. versatilis resembles S. pambe, and it is likcly 
that a recent, otherwise accurate, account (Schopfer et at., 1963) which re-

A B c D E 
F IG. 4. Scilizosacclwromyccs versa/ilis. Disengaging chromosomes at metaphase and 

anaphase of mitosis. Helly, He l, Giemsa. Magnification : X 3600. 
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ports no spindJe in the former species, will have to be amended. S. versatilis, 
like S. pombe, has distinct chromosomes (or a chain of them) (Fig. 4). but 
their relationship to the spindle fiber has not yet been established. 

2. Since the work or Raciborski (1896), Fairchild (1897), and Olive 
(1907), Basidiobolus has been known to be remarkable in several ways, 
not only because of the large size of its nuclei and their visibility in the 
living cell by ordinary microscopy. but because it has a large barrel
shaped spindle at mitosis (Figs. 5 and 6). Robinow (1963a,b) has rein-

/ 
FIG. 6. A. B. RasidiobCl/i(\ rCl/l((rUIU (isolated in Brisbane, Australia). Spindles of 

anaphase. Helly bromophenol blue, mercuric chloride. Magnification: X 1800. 

vestigated mitosis in this fungus and has confirmed the old descriptions 
and presented evidence that the spindle is derived from some of the ma
terial of the former nucleolus. Electron microscopy of thin sections (Rob
inow and Marak, 1963) has confirmed tbis impression. AU spindle fibers 
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seen were well within the region lilled with finely granular nucleolar ma
terial and none were seen outside the nucleus. The apparent absence of 
centrioles in Basidiobu/us is puzzling. 

3. An intranuclear spindle, diverging from extranuclear centrioles at 
opposite poles of dividing nuclei, has recently been seen in electron micro
graphs of Allomyces (Robinow and Marak, 1963). This work was stimu
lated by the earlier demonstration (Renaud and Swift, 1964) of the ex
istence of typical centrioles in mitosporangia of Allomyces, examined at 
various phases of the process of differentiation of zoospores (Fig. 7a). 
The history of mitosis in Allomyces is checkered. Kniep (1930) complained 
that Allomyces is not a favorable object for the study of mitosis, and this 
was borne out by much subsequent work. Hatch (1938) depicted intranu
clear spindles in nuclei of the first postzygotic divisions. Turian (1959), 
on the other hand, ascribed to the nuclei of A. macrogynus the direct mode 
of division by constriction which had by that time been rediscovered for 
Mucor (Robinow, 1957), and other phycomycetes. 

Robinow (1962) could not confirm either Hatch's or Turian's findings. 
He found neither spindles, nor division by elongation and constriction. 
According to him the nucleolus breaks down at the height of division and 
new ones are formed by the daughter nuclei. It now appears (1963) that 
there is truth in all three descriptions. There is an intranuclear spind!e. 
Phase-contrast microscopy has revealed that early in mitosis the nucleolus 
is stretched out and develops a narrow waist. It has also been shown that 
the nucleolus later contracts again and thereafter quickly disappears from 
view. Electron microscopy has now revealed the mitotic spindle of Allo
myces (Fig. 7b). 

The somatic chromosomes of A. arbuscula were probably first seen by 
Geerts and Stumm (1960), who regarded their behavior as conventional. 
In Robinow's (1962) Feulgen preparations of the same species, the chro
mosomes are also distinct, but no metaphase plates were fopnd, and the 
rncchanjsm of mito.s.b wns not elucidated. More conventional patterns have 
since been found in A. macrogynlls (Fig. lA-D). Indirect evidence of the 
participation of a spindle in mitosis was provided by Sost (1955), who 
achieved several levels of polyploidization with colchicine. 

The technical basis of the many unpublished observations referred to 
in this chapter cannot be discussed here, but one useful point may be 
made. The centriole and intranuclear spindle of A llomyces were discovered 
with the help of a procedure for which one of the writers (C.F.R.) and 
Mr. John Marak are indebted to their colleagues Professor Robert C. 
Buck and Dr. N. Krishan. The fungus was grown on the surface of cover
slips. Dividing nuclei were first identified (either in life or after fixation, 
unstained) with the light microscope and photographed at low power and 
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FIG. 7a. Section of hypha of A lIomyces arb'JSClll" showing nucleus (N) and cen
triole (C) . This print. which appears in Renaud and Swift (1964), was furnished 
through the kindnes~ of these authors. MagnificlItion : Approximately X 70,000. 
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FlO. 7b. Part of a dividing nucleus in a growing sporophyte gcrmlmg 01 A /lOIII )'CCS 

mucrogY" lIs. The centrio le (arrow) lies in a de pre sion of the nuclear envelope. 
Spindle tubules run the le ngth of Ihe piclUre. At lower left is parl of the nucleolus. 
Robinow and Ma rak ( 1963) unpu blished. Magnificu tion X 79,500. 

marked in such a manner that their position in the hypha, and the precise 
localization of the hypha on the glass slip, remained known throughout 
the procedure of preparation for electron microscopy. and after the em
bedded specimen had been detached from the glass slip. The face presented 
LO the knire was a minute rectangle with the selected hypha at the cen ter. A 
procedure of this kind ought, in principle, to be able to resolve many of 
the remaining questions of fungal karyology. 
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Still under study is a fourth example of a spindle recently detected by 
Bakerspigel (1965) in Trichophyton mentagrophytes. Although none of 
the dividing vegetative nuclei in this dermatophyte has as yet been ex
amined in the electron microscope, stained preparations strongly suggest 
the existence of a spindle apparatus. This spindle is not barrel-shaped nor 
does it appear to be connected with the nucleolus (Robinow, 1963b). It 
does appear to be strandlike (whether it is composed of one or more 
strands is not yet clear), resembling the "Zentralstrang" described by Gir
bardt (1962) in Polystictus and the solitary spindle fiber of S. versatilis 
(Fig. 2). During metaphase the chromosomes align themselves on this 
spindle and appear to cover it. Thus, in Feulgen-stained preparations a 
Fculgen-positive complex may be found. However, as the chromosomes 
separate the spindle emerges as a delicate, strand like structure which even
tually separates at Of ncar its midregion. 

IV. BEHAVIOR OF THE NUCLEOLUS AT MITOSIS 

In many fungi the nucleolus plays an important role during mitosis, 
whereas in others it takes no part in that process. In the first class arc 
species of Mucor (Robinow, 1957), Phycomyces (Robinow, 1957), Sapro
legnia (Bakerspigel, 1960; Smith, 1923), Blastocladiella (Turian "'ld 
Cantino, 1960), Empusa (Robinow, 1963b), Conidiobolus (Robinow, 
1963b, Gelasinospora (Bakerspigel, 1959c), Schizosaccharomyces venati/is 
(Fig. 3), and, standing by itself, Basidiobo/us (Robinow, 1963b). In all 
but the last two of these the nucleolus becomes longer during division and 
is divided between the daughter nuclei. The process has been followed dur
ing life and is undoubtedly part of the normal, regular mode of division 
of the nuclei of many phycomycetes. The mechaniom of this form of mito
sis is still obscure. It will be remembered that no spindle apparatus has yet 
been found in these directly dividing nuclei. Some light is tbrown on this 
mattcr by observations on S. versatilis and Bashliobolus. In the former, as 
illustrated in Fig. 3, the originally round nucleolus becomes adsorbed some
how during mitosis onto the solitary intranuclear spindle fiber described 
above, is stretched out by it, and partly passed on to the daughter nuclei. 
The inert middle third of it remains for a while in the center of the cell 
and is later dissolved. To one unaware of the participation of an elongating 
fiber, mitosis in S. versatilis resembles the direct division of Mucor nuclei. 
This is one reason for suspecting that in Mucor nuclei, and others of the 
same type, the elongating nucleolus may harbor an internal elongating 
fibrous axis. Electron microscopy, which can now solve this problem, has 
not yet been done on suitably fixed material. The popular KMnO, is not 
belpful here but bas helped to show that in Mucor the nuclear membrane 
remains intact during division (Robinow, 1963). 
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Basidiobolu,\> provides further reasons for suspecting that fibrous struc
tures may be at work in the elongating Mucor-type nucleolus, because in 
Basidiobolus the nucleolus is largely transformed at mitosis into a barrel
shaped mass of spindle fibers (Robinow, 1963b), Those portions of it 
which are not so transformed pass to the daughter nuclei which apparently 
make their new nucleolus partly from old material (as has been described 
for Sl'irogyra (references in Robinow, 1963b), 

Among phycomycetes with nucleoli suspected of being partly fibrous is 
Sorosplwera (Miller, 1958) (a~d doubtless many other members of the 
Plasmodiophorales). Its "cruciform" divisions appear to be accomplished 
solely by the lengthening of the nucleolus. But they are followed by other 
divisions in which the nucleoli disappear during mitosis and distinct fibrous 
spindles arc seen in their place. 

In many species the nucleolus is "cast out" altogether from the division 
figure during mitosis and soon disappears in the cytoplasm, as in Schizo
phyllum (Bakerspigel, 1959a), Penicillium (Robinow, 1963), Trichophy
ton (Bakerspigel, 1965), Lipomyces (Robinow, 1961), and Allomyces 
(Robinow, 1962). In the latter fungus the nucleolus is first stretched by 
the intranuclear spindle but later slips off, collapses again, and disintegrates 
(Robinow, 1963), 

V. THE NUCLEAR MEMBRANE 

A nuclear membrane has been demonstrated surrounding vegetative 
nuclei in several fungi (Agar and Douglas, 1957; Breslau et ai., 1961; 
Edwards and Edwards, 1960; O'Hern and Henry, 1956; Tsuda, 1956). 
Other recent examples were those shown in Saccharomyces cerevisiae 
(Koehler, J 962; Vitols et ai., 1961) and in blastospores of Candida a/bi
cans (Bakerspigcl, 1964), These envelopes appear to be composed of at 
least two, closely apposed unit membranes pierced by a number of pores, 
During division the membrane remains intact until the chromosomes have 
contracted and become deeply stainable (llakcrspigd, 1962), 

VI. NUCLEAR MIGRATION AND MOTILITY 

It was Buller (1931) and Dowding and Buller (1940) who clearly 
demonstrated that nuclei migrate in ascomycetes and basidiomycetes. They 
showed that nuclear migration occurred relatively rapidly and in most in
stances the migrating nucleus of onc genotype could colonize the mycelium 
of another genotype. Observations made on several fungi have also re
vealed that for a given fungal species the migration rate is several times 
Ihe maximal linear growth o[ the mycelium, In their report on Schizo-
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phyllum commune, Snider and Raper (1958) described the eflects of in
compatibility and temperature upon the fate of nuclear migration and 
showed that the migratory ratc for S. commune at 27°C, in radiate residents, 
was at least IO times faster than hyphal tip growth, which was only 0.13 
mm per hour. In addition, they argued that the high Q JO of 6.0 for migration 
indicates that the rate is limited by an unknown chemical, rather than a 
physical process. 

In a more recent report, Swiezynski (1961) summarized the basic facts 
concerning migration of nuclei in tetrapolar basidiomycetes. He proposed 
a model based mainly on genetic evidence since cytological and biochemical 
evidence is still scare. Swiezynski based his hypothesis on two assumptions: 
(1) that nuclei will migrate only if a force attracting them is present and 
(2) that the attraction is directed; i.e., if one nucleus is attracted l

ather the reverse may not be true. Obviously this kind of model c. 
proved only if the factor responsible for the attraction of nuclei is den. 
strable and if it will function in a predicted manner. Thus, even thou!, 
there is ample genetic evidence for nuclear migration within several fungal 
species, there is still no cytological evidence which demonstrates the 
mechanics responsible for these migrations. 

During their investigations of nuclear migration in several species of 
fungi, Dowding and Bakerspigel (1954, 1956) had suggested that nuclei in 
Gelasinospora tetrasperma arc not necessarily carried by the cytoplasm as it 
streams through the mycelium but that they may remain anchored to the 
cell wall. These nuclei could migrate through the mycelium while in an 
expanded, contracted, or serpentine form. When mitochondria surrounded 
a nucleus they took on a spherical form; and when in the nuclear vacuole, 
they stretched into beaded filaments. Such filaments appeared to coalesce 
into a single lashing whip which joined the nucleus, and together the two 
formed a violently moving "ophioplast" which, when extended, reached a 
length about one-third that of the cell. When nuclei of G. tetrasperma be
came freed from the cell wall to which they appeared to be attached, they 
might be capable of independent motility. In a later report on nuclear 
streaming in Gelasinospora, Dowding (1958) described nuclei carried by 
the streaming cytoplasm at speeds as high as 40 mm per hour. On the basis 
of thf'sC observations eight nuclear migrations were envisaged. These might 
now be descrihed as follows: 

1. Migration of one or more Iluctei from a conidiophore into an at
tached conidium. This occurs either following a nuclear division in the 
conidiophore or by the migration of a mature, interdivisional nucleus from 
the conidiophore into the conidium. 

2. Migration of a nucleus out of a germinating conidium into the neck 
of the germ tube in preparation for division in that region. 
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3. Migration of a sister nucleus back into a conidium following the first 
division in the neck of the germ tube. The other sister nucleus may remain 
stationary or migrate farther down the tube. Following this a septum may 
be laid down separating the nuclei in the conidial remnant from those in the 
growing germ tube. 

4. Migration of one or more nuclei within a growing, unicellular hypha. 
This migration may be toward the tip or in a reverse direction. 

5. Migration of nuclei from onc cell to another through septal pores in 
multicellular hyphae. 

6. Migration of one or more nuclei from a unicellular or multicellular 
primary hypha into lateral branches. These nuclei may be interdivisional 
or the product of a recent division. 

7. Migration of nuclei in hyphae of the same species that have fused 
with each other. A good example of this can be found during the formation 
of fruiting heterokaryons obtained by mating plus and minus strains of 
G. tetrasperma. 

X. Migration within a hypha appears to be sporadic. Only one of several 
nuclei may migrate while the others remain stationary. 

There is probably no doubt that fungal nuclei arc carried by streaming 
cytoplasm. Whether these nuclei do indeed have independent motility has 
not yet been definitely demonstrated. It is, however, interesting to note that 
during migration of nuclei from one cell to another the chromatin migrates 
ahead of the nucleolus suggesting that the nucleolus might play some role 
in the mechanics of migration. Furthermore, it is also known that mito
chondria attach themselves to nuclear membranes and that such nuclei 
appear to migrate with lashing motion, from one region in a hypha to 
another. 

VII. KARYOLOGY OF YEAST 
(See also Notes Added in Proof on p. 139) 

After many years of controversy, the literature on the karyology of 
bakers' yeast (Saccharomyces cerevishle) is beginning to converge (Gane
san, 1959; McClary et a/., 1957; Nagel, 1946; Pontefract and Miller, 
1962; Ramirez and Miller, 1962; Robinow. 1961), although much re
mains to be done. The essentials of the situation seem to be these: 

I. The nucleus of cells in the growing, budding phase divides directly 
by elongation and "ctranglcmcnt." This is the inevitable conclusion from 
the phase-contrast microscopy of living cells (Fig. 8), from stained prepa
rations (since the days of Guillicrmond's early work, 1910) (Fig. 9) and 
from the electron microscopy of sections (Hashimoto et a/., 1959). 

2. What happens inside the dividing nucleus? There is no doubt that it 



136 C. F. Robillow and A. Bakerspigel 

Flo. 8. Successive stages of the division of the nucleus of a livi ng yeast cell 
(Saccharomyces cere~·i~iae). Slide culture in 20% gelatin containing I % yeast cx
tract and 1 % gJucose. Numbers gjve mjnutes since tbe laking of the first photograph. 
Al 0 the nucleus, an angular body of low density is at the base of the bud of the 
cell on the right. 1n the pictures that follow the nucleus is stretched into a ribbon 
which later thins in Ibe middle and breaks into two daughtcr nuclei. Phase contrast 
microscopy. Magnification: approximately X 3000. 

contains chromosomes ill some form , but it is equally certain lhat their 
cycle of duplication and separation does not resemble the events o[ an 
ordinary mitosis. Beads and granules have often been described and per
haps they represent chromosomes (Ramirez and Miller, 1962) . But they 
are very small and their movements are not yet suffiCiently understood to 
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permit description in terms of a mitotic process. According to Moor and 
Miihlethaler ( 1963) the nucleus of the living yeast cell contains no ele
ments that arc larger than 100 A except in one direction. An interesting ex
ception is provided by the yeast Lipomyces /ipoJer, a member of the 
Saccharomycetaceae, in which chromosomes arc distinct and countable 
even in nuclei of the vegetative, budding phase (Robioow, 196 1) . 

3. Distinct and more or less countable chromosomes do appear in yeast 
cells about to form ascosporcs. First clearly shown by McClary et al. 
( 1957), their emergence bas been confirmed by Pontefract and Miller 

FIG. 10. Same strain of yca t as in Fig. 9. Emergence of chromosomes during 
preparation for the fir t sporogenous division. Fixed with Helly or half-~trength 
Schaudinn. He !. Giemsa. Magnification: X 4500. Similar pictures have been ob
tained by McClary ct al. (1957 ) and Pontetract and Miller ( 196:!). 
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(1962) and one of the writers (C. F. R.) (Fig. 10). It is important to 
realize that during sporogenesis the chromosomes are rendered visible by 
the same methods that fail to show them distinctly in budding cells. A real 
change in the physical and chemical nature of the chromosomes appears to 
be involved. 

4. Separation of the chromosomes is not yet good enough to make reli
able counts possible, but it is our impression that the number of chromo
somes demonstrable at the anaphase of the first sporogenous division is 
smaller than that demanded by the results of the analysis of recombinants 
(Hawthorne and Mortimer, 1960). 

NOTES ADDED IN PROOF 

Knowledge of spindles in somatic mitoses has been extended by demon
strations given at the 10th International Congress of Botany at Edinburgh, 
August 3-13, 1964. Electron micrographs of dividing nuclei in hyphae of 
two species of Albugo, shown by C. C. Bowen and his associates at Iowa 
University, have revealed clear-cut centrioles and intranuclear spindles re
sembling those found simultaneously in A liomyces by Robinow and Marak 
(Fig. 7B of the present article). [See also J. D. Berlin and C. C. Bowen, 
Am. I. Botany 51, 650 (1964).J 

Girbardt has extended his work on PolysticlUS to include different spe
cies of Basidiomycetes. A "Zentralstrang" has been found in dividing nu
clei of all of them. Electron micrographs of glutaraldehyde-fixed material 
reveal the existence of bundles of spindle tubules not only among the 
chromosomes between a pair of highly modified centrioles but also radi
ating backwards from each of the centrioles far out into the cytoplasm. 

A spindle fiber composed of a small number of parallel microtubules 
with diameters around 150 A stretched out between disklike centrioles at
tached to the intact nuclear envelope has recently been discovered in di
viding nuclei of Saccharomyces cerevisiae (Robinow and Marak, 1965). 
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Nuclear Behavior during Meiosis 

LINDSAY S. OLIVE 
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New York, New York 

I. INTRODUCTION 

With relatively few exceptions, the only diploid cell in the life cycle of 
a fungus is the zygote. It is in the zygote that nuclear fusion occurs, and 
when the diploid fusion nucleus divides, it docs so meiotically. Thus, there 
is no equational division of a diploid nucleus in the life cycle. There are 
some exceptional fungi, such as certain species of A llomyces and yeasts, 
that have an alternation of haploid and diploid generations or even the 
predominance of a diploid vegetative phase. 

The fungi have developed a great variety of methods for bringing to
gether the pairs of nuclei that fuse in the zygotes. Such divergent proccsses 
as gametic union, the fusion of sex organs, and the fusion of vegetative 
cells all occur, but regardless of what type of plasmogamy is involved the 
criteria for a complete sexual cycle must include both nuclear fusion and 
meiosis. The meiotic prophase nucleus is the largest nucleus in the life 
cycle, and it is from studies of this nucleus in the process of division that 
the most detailed information on fungal cytology has been derived. 

Probably the greatest impetus to carlier investigations of meiosis in the 
fungi came from Harper's publications on the powdery mildews (1897, 
1905). Harper's descriptions and illustrations of the meiotic process still 
stand as a model of clarity and accuracy. Most of the earlier studies were 
made on sectioned material stained with Heidenhain's hematoxylin, gentian 
violet, or Flemming's triple stain. In recent years the stimulus to a renewed 
interest in fungal cytology is clearly traceable to McClintock's remarkably 
successful application of the orcein squash technique to the asci of Neuro
spora (1945). The great advantage of this technique is that it permits the 
observation of whole stained nuclei and the more accurate study of chromo
some morphology during meiosis. 
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In this chap ter a synthesis of some of the more lucid reports on meiosis 
will be attempted. For a more general treatment of meiosis in the fungi, the 
reader is referred to the reviews of Tischler ( 1951) and Olive ( 1953) . 

II. A GENERALIZED DESCRIPTION OF MEIOSIS IN FUNGI 

The true fungi show consi tent similaritie ' in certain ba ie features of the 
meiotic process. Two successive nuclear divisio ns are involved, and in all 
species lhat have received adequate genetic study. separation of homologous 
kinetochores has been found to occur in the lirst meiotic division, with 

._,_. ~ • • , ... • • 
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FIG. I. Asci of Sordllri(l /imicO/(I hCic rozygotls for a spore color marker. showing 

fil's t and second division segregation. Magnificalion : X 435. 
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segregation of genetic markers occurring in either of the two divisions, de
pending upon whether crossing over has occurred (Fig. 1). In fact, there 
appears to be no essential diJference between the fungi and most other 
organisms in the basic cytological features and genetic implications of the 
meiotic process. Some of the cytological differences of possibly secondary 
importance include the intranuclear origin of the spindle and the relatively 
small size of the sp'iodle and chromosomes. Polar centrosomes, with or 
without astral rays, have been reported in a number of fungi.l The single 
nucleolus degenerates nCar the end of prophase or sometimes later. The 
nuclear membrane usually degenerates also by the end of prophase. At 
metaphase the chromosomes may appear irregularly distributed on the 
spindle or, less often, in a distinct equatorial plate arrangement, and dis
junction at anaphase is typically asynchronous. Interphase stages arc of 
short duration, and uncoiling of chromosomes is incomplete. Cytologically, 
the second division figures resemble the first, but the spindles are smaller, 
as the components of the dyads separate to opposite poles. 

Haploid chromosome counts in the fungi range mostly from 3 to 28 (up 
to 90 in the myxomycetes), with numbers of 8 or Jess predominating. Most 
earlier reports of 2 appear to have resulted from misinterpretation of telo
phase figures in sectioned material. 

III. MEIOSIS IN THE MAJOR GROUPS OF FUNGI 

A. Lower Fungi 
Because of the small size of the nuclei and the general lack of genetic 

information, there are few reliable data on meiosis in the lower fungi. Often 
it has not been possible to cstablish convincingly just where in the life 
cycle meiosis occurs, although it has generally been thought to occur at 
germination of the zygote. In certain myxomycetes, which can hardly be 
considered true fungi, Wilson and Ross (1955), using aceto-orcein tD 
stain whole nuclei, obtained preparations indicating the occurrence of 
meiosis in the last two divisions prior to spore formation in the sporangia 
(but in the sporoid bodies in Ceratiomyxa). Recent genetic studies (Collins, 
1961) have supported this interpretation. Haploid chromosome numbers 
are reported to range from 8 in C. fruticulosa to about 90 in Hemitrichia 
vesparium (Figs. 2 and 3). The latter number is much higher than any 
reported for the true fungi. 

11. D. Berlin and C. C. Bowen [Am. J. BotallY 51:650-652 (1964 )], with electron 
microscopy, have demonstrated for the first time in fungi that paired extra-nuclear 
centrioles typical in structure are present in Albugo candida. In the zoospores they 
give rise to the flagella. 



146 Lindsay S. Olive 
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FIGs. 2-4. Meiosis in lower fungi. Fig. 2. Metaphase II in /lelllitrichill " (,1/1(";11111 . 
Fig. 3. Late anaphase ] in same species, showing chromosome bridge. Fig. 4. 
Prometaphase ] in A /Iomyces j(l\'CllliCliS var. jlll'CllliCIiS ( X 3600). Figs. 2 nnd 3 from 
Wilson and Ross ( 1955); F ig. 4 from Wi lson ( 1952). 

In the Plasmodiophorales, which somc consiJc r to be para'iitic relatives 
of the myxomycetes, the position of karyogamy and meiosis in the lik 
cycle is sti ll so uncertai n as to discourage furth er discussion here. 

Probably the la rgest nucleus reported for any of the fungi is that found 
in the mature thallus of Synchylriu17l, where it reaches a diametcr as great 
as 80 p. (Olive, 1953). Kusano (1930) described the division of this 
nucleus in the resting sporangia of S. {ulgens as being meiotic. During 
vegetative growth of the thalJus and latcr during propha_ e of nuclear di
vision. thcre is a copious discharge of chromatic material into the cyto
plasm from thc large nuclcolu and possibly other parts of the nucleus. 
One is tempted to suggest that thi is actually the passage of abundant 
amounts of ribonucleic acid from nucleus to c)'topla m in a sociation with 
the high rate o( metabolism of a rapidly enlarging thallus desti ned for the 
formation of a large number of zoospores. As the primary nucleus enters 
metaphase, its spindle and chromosomes are seen to be quite small. 

A /Iomyces is one of the few phycomycetous genera in which both 
cytological and genctic information has clcar{y establishcd the position of 
meiosis. With the aid of aceto-orcein, C. M. Wilson ( 1952) was able to 
recognize m~iotic stages in the germinati ng resting sporangia (Fig. 4) and 
to establish the basic chromosome numbers (n = 14, 16, 28) for thrce 
species. Polyploidy was found in two species. These observations are sup
poned 0)' the genetic findings of Emcrson and Wilson ( 1954). The haploid 
zoospores from the resting sporangia, produced on diploid individuals. give 
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rise to the gametophytic phase, and fusing gametes form zygotes that repro
duce the diplophase. 

It has generally been thought that meiosis in oomycctcs occurs at germi
nation of the zygote (oospore), but Sansome and Harris (1962), in recent 
cytological studies of species of Achlya. Pythium. and Phyt0l'hthora. have 
revived an earlier concept that it occurs in the sex organs, which would 
also mean that the vegetative thallus is diploid. But these cytological studies 
arc not convincing. The earlier studies of Couch (1926) on DictYlIchlis 
mOl1osporliS indicate that genetic recombination and, therefore, meiosis 
occur in the germinating oospore. Neither the limited amount of genetic 
data nor the inconclusive cytological observations on these small nuclei can 
provide a final answer to this question. Most urgently needed at the mo
ment arc further genetic studies. 

Among zygomycetes, cytological and genetic studies have established 
in several species the occurrcnce of both karyogamy. typically involving 
several pairs of nuclei, and meiosis in the zygospores (Fig. 5). The studies 
of Burgeff (19 I 5, 1929) on Phycomyces nitens and P. blakesieeanlls 
strongly indicate that, although many nuclear pairs fuse in the zygospore 
while others fail to do so, only onc diploid nucleus survives to divide 
meiotically and produce all the haploid nuclei for the spores of the meio
sporangium. With the aid of several genetic markers, it was shown that the 
meiosporangia might contain progeny of from onc to four of the four pos
sible genotypes that could be expected. This was concluded to be the result 
of varying degrees of survival among the members of the tetrad of nuclei 
resulting from meiosis. 

Kohler (1935) germinated zygospores of Mucor mueedo heterozygous 
for two loci and showed that only one of the four possible genotypes ap
peared in the progeny of anyone meiosporangium, though all four types of 
meiosporangia could be found. These discoveries, in conjunction with the 
cytological observations of Sjowa11 (1946) on Rhico{JlIs stoloni!er [R. 
n;gricans] , have shown that, in these two species, only one diploid nucleus 
among many in the zygospore survives, and only one member of the tetrad 
resulting from meiosis survives to proJuec, by successive mitoses, the hap
loid nuclei for all the spores of a single mciosporangium (Fig. 5).:! This 
would, of course, prohibit inbreeding among the progeny of the same 
meiosporangium. 

B. Ascomycetes 

The most detailed and accurate accounts of meiosis in the fungi have 
come from studies of pyrenomycetes and dbcomycctcs, especially the 

2W. L. Gauger [Am. 1. Butllll)' 48:427-429 (1961)1 found that some meiosporangin 
of this species contain spores of both mating types. 
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former. McClintock's introduction (1945) of the orcein and carmj ne ~mear 

techniques to fungal cytology made it possible for the first time to study 
chromosome morphology in considerable detail and to make accurate 
chromosome counts . Singleton ( 1953), after studying with McClintock, 
published for Neurospora crassa the most detailed and best illustrated ac
count of meiosi. that ha~ yet appeared for any fu ngus, in which McClin
tock's earlier findings were confirmed (Figs. 7-18). Singleton 'S paper will , 
therefore, furnish the main basis for the step-by-step descriplion of meiosis 
in this chapter. The publications of othcr investigators, es pecially those of 
H arper (1 905) on powdery mi ldews (Figs. 20-25), will be referred to 
whenever they can further elucidate any aspect of the process. Unfortu
nately, space docs not permit discussion of all of the excellent papers on 
this subject. Stages in the cytology of ascus development arc diagrammed 
in F ig. 6. 
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FIG. 6. Diagrammatic representation of nscus development in n higher ascomycete: 
(A) and (B) crozier develOpment; (C) karyogamy; (D) syna psis; (E) diplotene; 
(F) annphase I ; (0) anaphase U; (H ) anaphase lll ; (J) ascospore delimitalion; 
(J) 8-spored ascus. 

Singleton observed that the conjugate premeiotic nuclear divisions in the 
croziers (Fig. 7) arc mitotic, with a set of chromosomes (7 in Neurospora) 
passing to each spindle pole. Both be and H arper (Fig. 20) noted that the 
prophase chromosomes of the prefusion and early Ell ion nuclei are gathered 
together at a common deeply staining spot on the nuclea r membrane. 
Harper called this spot the "central body," recognizing that it had some of 
the characteristics of a centdole . Singleton considered it an a rea in which 
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the chromosomes are held together by the aggregation of the heterochro
matic regions of the chromosomes, the orientation of the chromosomes 
from this point representing a "reHc anaphase orientation" from the pre
vious division. He found this to be a common chromosomal arrangement at 
all interphase stages in the ascus, while Harper found it to persist in reor
ganizing nuclei at all stages in the life cycle of powdery mildews. 

In Neurospora, karyogamy occurs in the binucleate penultimate cell of 
the crozier, the chromosomes being at this time somewhat diffuse. Very 
soon after nuclear fusion the two nucleoli merge into a single larger one, 
while the chromosomes, persisting for a time in two groups of 7 each, 
undergo contraction (Fig. 8). Prior to the beginning of synapsis, they reach 
a state of contraction equal to or greater than that of the previous meta
phase in the crozier. This surprising development, which thus far appears 
to be unique to the fungi, has been repeatedly observed in various pyreno
mycetes and is probably a characteristic feature of these fungi. Harper 
(1905) seems to have been the first to report this stage, of which he states: 
"It is clear that this contracted stage of the chromatin elements is identical 
with the synapsis stage in the spore mother cells of the higher plants." 
Harper believed, probably mistakenly, that contraction occurred after 
synapsis had begun. He considered the moving together of the two "central 
bodies" as being responsible for bringing the two sets of chromosomes into 
contact (Fig. 21). 

In Neurospora synapsis commences as the contracted chromosomes be
gin to elongate, pairing usually starting at the ends. Now the ascus and 
nucleus enlarge greatly, while the chromosomes continue to elongate until 
they reach what is generally recognized in the fungi as pachytene. The 
nucleus now reaches its maximum size (about 10 X 20 JJ.. in N. crassa). In 
good preparations at this stage it is possible to see clearly the two strands 

FIGS. 7-19. Meiosis in pyrenomycetes. Figs. 7-18. Neurospora crassa. Fig. 7. Con
jugate mitoses in crozier. Fig. 8. Condensed presynaptic chromosomes (14) in early 
fusion nucleus. Fig. 9. Pachytene bivalents, showing chromomere pattern. Fig. 10. 
Pachytene. showing chromosome 2 attached to nucleolus (black spot on nucleolus 
due to a defect in negative). Fig. II. Diagram of pachytene chromosome'i identified 
by number. Fig. 12. The 7 bivalents at diakinesis. Fig. 13. Anaphase I. Fig. 14. Late 
anaphase I, showing 7 dyads near each end of dividing nucleus. Fig. 15. Early telo
phase II. Fig. 16. Nucleus at interphase II. Fig. 17. Prometaphase III, showing 7 
univalents. Fig. 18. Prometaphase IV in ascospore. Fig. 19. Sore/aria {illlico/(/. Pro
metaphase lIT, showing the 7 morphologically distinct chromosomes, the nucleolus 
organizing satellite C\·) of chromosome 2, and the centrosomes (d. (All photographs 
X 2400, except Fig. 13, X 1350; Fig. 15, X 2000; Fig. 19, X 4150.) Figs. 7, 8, 10-18, 
from Singleton (1953); Fig. 9, courtesy of Dr. Edward Barry; Fig. 19, from Carr 
and Olive (1958). 
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of each bivalent, with many small chromomeres in series (Figs. 9' and 10). 
In Neurospora each chromosome also shmvs one or more large chromo
meres, while an achromatic gap near the largest chromomere in each of 
several chromosomes indicates the location of the centromere. At this time 
the chromosomes may be identified by length and major chromomcrc 
pattern (Fig. 11). The largest chromosome of N. crassa reaches a length 
of 22.4 i-1 at pachytene. The second longest is the nucleolus organizing 
chromosome with its small satellite at the end of the short arm. An extreme 
degree of heteropycnosis has been reported at pachytene and diplotene in 
the discomycctc Pyronema conf/uens [Po omphalodes] (McIntosh, 1954), 
at which time the 12 bivalents usually appear as many smaller chromo
somes. 

St. Lawrence (1952) was able for the first time in a fungus to identify 
specific chromosomes with known linkage groups. Using X-ray mutants of 
N. crassa carrying translocations, she found that chromosomes I and 2 
were broken close to their respective centromeres, the long arm of chro
mosome 1 being translocated to the short arm of chromosome 2 anu the long 
arm of the latter being translocated to the short arm of chromosome I. It 
was concluded that chromosome 1 carries the factors of linkage group 11 
and that chromosome 2 carries linkage group 1Y. 1n addition, chromosome 
6 was found to carry linkage group I, including the compatibility locus. 

Contraction of the chromosomes follows pachytene, and at diplotene 
and diakinesis chiasmata become apparent (Fig. 12). It is at this time that 
chromosome counts may be made most readily. In the ascomycetes most 
haploid chromosome counts range from 4 to 16, numbers of 8 or less pre
dominating. The studies of Fincham (1949) and others have established 
that 7 is the common haploid number throughout the genus Neurospora. 
Probably because of the relatively small dimensions of the bivalent chromo
somes, their 4-stranded nature is almost never apparent at any time during 
prophase or metaphase. However, ]. M. Wilson (1937) in a study of 
A leuria ruti/ans, which has unusually large chromosomes for a fungus, was 
able to observe the double nature of each of the two paired homo logs at 
diplotene and later the double nature of the dyads on the anaphase spindle. 

Recent genetic studies on S'on/aria fimicola (Olive, 1959; Kitani et aI., 
1962) indicate that the completely paired meiotic prophase bivalent 
should be considered as four chromatids, each in turn composed of two 
strands that arc equivalent to the two strands comprising the double helix 
of the Watson-Crick model. Such a structure is strongly indicated by the 
occurrence of aberrant 5: 3 and 4:4 ratios in asci heterozygous for a spore 
color factor. These aberrant tetreds apparently result from "gene con ver-
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sian" and arc difficult to explain without acceptance of an 8-strand meiotic 
prophase model. The exact time of chromosome replication is not known. 

With the orcein technique, Singleton was not able to determine the fate 
of the nuc1ear membrane throughout his studies on Neurospora. It has 
generally been reported that the nuclear membrane breaks down at late 
prophase or metaphase. At the same time, the nucleolus, which has already 
dwindled in size, may degenerate in the nucleus or later in the cytoplasm, 
where it becomes detached from the nucleus. The spindle is of intranuclear 
origin. The orcein and carmine techniques arc not suitable for detailed ob
servations on either the spindle or the astral rays. However, with the aid 
of the earlier techniques with sectioned material, both Harper (1897, 
1905) and I. M. Wilson (1937) reported that a "central body" or cen
tromere, positioned on the inside of the nuclear membrane with spindle 
fibers radiating back from it into the nucleus, divides near the termination 
of prophase and that the two daughter bodies, each with a spindle cone, 
move to opposite sides of the nucleus (Fig. 22). This carries the two cones 
of spindle fibers into the same axis, thus forming a complete spindle with 
the chromosomes arranged around the mid-region. In many fungi astral 
rays emanate from the spindle polcs into the cytoplasm, but there has been 
little agreement on whether the poles arc provided with true centro somes. 
This subject will be discussed again in connection with ascospore delimita
tion. 

Rarely arc distinct metaphase plate stages described in fungi. Typically, 
the short, stumpy bivalents are scattered irregularly over the central part 
of the spindle, possibly conforming to space requirements on a small 
spindle. At this time, the longest chromosome of N. crassa measures only 
about 1.7 I' in length. At anaphase, disjunction of the homologs is typically 
asynchronous, a factor which interferes with chromosome counts during 
this stage (Figs. 13, 14,23). The dyads pass to each pole and the telophase 
spindle elongates (Fig. 15). Interphase I follows, during which the chromo
somes elongate somewhat. At this and subsequent interphases in Neuro
spora and a number of other species, the nucleolus reappears, only to 
degenerate at the onset of each new division. In some species there is no 
evidence that the nucleoli reappear during the interphascs. Also, a number 
of investigators have reported that there is a reorganization of the nuclear 
membrane during interphase, while others have failed to substantiate this. 

Interphase I is rather brief and is followed hy contraction of the chromo
somes during prophase II. The spindles of the second meiotic division 
typically appear in tandem arrangement in the ascus. They resemble those 
of the first division but are smaller. A set of univalents passes to each pole. 
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Following telophase 11, four nuclei in a row arc produced. In N. ("rassa 
and most other specics with similar cylindric asci, there is little if any 
spindle overlap in the ascus. In a few species, however, it is known to occur 
fairly frequently, in which case the segregation pattern is superficially dis
turbed. However, Whitehouse (1957) has shown how such a pattern may 
be very simply reinterpreted. 

In N. crassa the second interphas.e is of somewhat longer duration than 
the first, and the chromosomes become more elongated (Fig. 16). Upon 
contracting, the chromosomes become very distinct and their relative sizes 
and morphology may again be readily studied (Fig. 17). This is also true 
of the related Sore/uria fimicola (Carr and Olive, 1958), whose chromo
some complement is similar to that of Neurospora (Fig. 19). 

At prophase of the third or equatorial division in the ascus of Neuro
spora and many other higher ascomycetes, structures which almost cer
tainly may be considered centro somes become quite distinct. Singleton 
described two triangular ones associated with each nucleus and believed 
that they arose by division of the centrosome at each pole of the anaphase 
1l spindle. He did not determine whether the centrosome is of intranuclear 
or extranuclear origin. Carr and Olive (1958) observed two of them pre
sumably inside the prophase III nucleus of S. fimicola, where they appeared 
as fiat, nearly rectangular structures (Fig. 19). At metaphase they become 
situated at the spindle poles, where they appear beak like and have astral rays 
emanating from their tips out into the cytoplasm. Subsequent developments 
in spore formation have been hest described by Harper in the powdery 
mildews (Figs. 24 and 25) and by Dodge (1927) in Neurospora. After 
the haploid chromosome complement has passed to each pole, the telo
phase spindle elongates and the astral rays rccurve in the cytoplasm, finally 
intersecting on the side opposite their origin and thereby cutting out around 
each nucleus a mass of cytoplasm. Harper stateu that the astral rays 
coalesce laterally to delimit the spore membrane, following which the spore 
wall is laid down outside the membrane. Dodge (1927) has described the 
unique manner in which pairs of nuclei cooperate in cutting out binucleate 

FIGS. 20-25. Stages in ascus development in pOWdery mildews. Figs. 20 and 2 t. 
Stages in karyogamy in Phy/actillia corylca. Fig. 22. Spindle formation at anaphase I 
in :same species. Fig. 23. Anaphase I in P. cory/cu, with R chromosomes (dyads) 
passing to each pole. Fi-g. 24. Ascospore delimitation in Erysiph{' ciclwr(l("('lIl"/1l1l, 
Fig. 25. Late stage in spore delimitation in P. cory/clI, from Harper (1905). 

FIGS. 26-29. Stages in meiosis in Co/cmpJrilllll \·C'YllOllill(,. Fig. 26. Presynaptic 
fusion nucleus. Fig. 27. Synapsis. Fig. 28. Late telophase I. "howing astral rays par~ 
ticipating in delimitation of basidial septum. Fig. 29. Anaphase (below) and early 
telophase (above) of second meiotic division, showing recurving astral rays. Mag~ 
nification: X 14JO, from Olive (949). 
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spores heterokaryotic for mating type in such tetras po ric species as N. 
tetrasperma. 

In N. crassa and .S. {imicola, as well as some other species of pyrcno
mycetes, an equational nuclear division in the spore makes it binucleate at 
maturity. At prophase of this division, Singleton, as well as Carr and 
Olive, observed distinctly the haploid complement of 7 chromosomes (Fig. 
18). To complete this picture, Somers et al. (1960) and Ward and Ciury
sek (1962) have demonstrated in N. crassa the presence of 7 chromo
somes at nuclear division in the vegetative hyphae. 

Both Lindegrcn (1934) and r. M. Wilson (1937) observed in N. crassa 
and Aleuria ruti/ans, respectively. that akaryotic ascosporcs afC occasion
ally delimited. Lindcgren suggested that "the mechanism governing the 
production of spore walls enjoys a certain amount of autonomy." This 
concept was later fully substantiated by Hcslot (1958), whose cytological 
studies of certain mutants of S. macrospora revealed that centrosomcs 
detached from the nuclei were able to cut out enucleate spores, while 
chromosome groups lacking centro somes were unable to delimit spores. In 
onc mutant it was found that ccntrosomcs which had become isolated in the 
cytoplasm were able to divide once or twice before delimiting enucleate 
sporoid bodies. Like Harper and others, Heslot also considered these struc
tures to be spindle organizers. 

Both cytological and genetic studies of recent years have repeatedly 
demonstrated that no credence can be given to Gwynne-Vaughan's con
cept of two dilferent nuclear fusions in the life cycle of Ascomycetes (a 
concept first proposed by Harper), followed by typical meiosis and then a 
"brachymeiotie" division in the ascus. Also, the cytological studies of 
El-Ani (1956) have demonstrated that the existence of strains of Hypo
myces solani showing different sexual potentialities (Hirsch, 1949) cannot 
be explained on the basis of differences in chromosome numbers, since all 
strains were found to have 4 chromosomes. Nor has it been possible thus 
far to demonstrate in any other fungus the existence of sexual diffcrentia
tion based on morphological Of numerical differences in the chromosome 
complements. 

C. Basidiomycetes 

Most students of p"ylogeny of the fungi seem to agree that the basidio
mycetes evolved from the ascomycetes. The two groups clearly have much 
in common. In spite of the fact that meiospores arc produced exogenously 
in the basidiomycetes and endogenously in the ascomycetes, it is apparent 
that clamp connections, basidia, and basidiosporcs are homologous with 
croziers, asci, and ascospores. respectively. It is, therefore, not surprising 
that stages in karyogamy and meiosis in the basidium (Figs. 30-34) are 
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essentially the same as those in the ascus. Since basidia are generally 
smaller than the asci of most ascomycetes that have been studied cytologic
ally and their nuclei arc correspondingly smaller, there is little in the way 
of important detail that can be added here to the description of meiosis 
just presented. Therefore, the discussion with respect to basidiomycetes 
will be less extensive. 

Among the lower basidiomycetes, detailed descriptions of the meiotic 
process have been presented for various species of the rust genus Coleo
sporium (Holden and Harper, 1902; Olive, 1949; Sanwal, 1953), whose 
fusion nuclei arc unusually large for a basidiomyeete. In C. vernoniae they 
attain a diameter of 8.5-13 fl. Stages in meiosis proceed very much as in 
Neurospora. Again, the presynaptic chromosomes are more condensed 
than is characteristic of higher organisms (Fig. 26). After synapsis gets 
under way (Fig. 27), the chromosomes elongate markedly. Both here and 
in the higher ascomycetes, the prolonged stage of chromosomal elongation 
is probably associated with the metabolic function of the nucleus during 
enlargement of the ascus or basidium. In C. vernoniae, the chromosomes 
finally contract into 8 short prometaphase bivalents. Disjunction of chromo
somes at anaphase is asynchronous. At telophase of each of the meiotic 
divisions in the basidium, polar radiations rccurve in the cytoplasm and 
participate in the delimitation of a septum at right angles to each spindle 
axis (Figs. 28 and 29), thus producing a 4-eelled basidium. This function 
of the astral rays in Coleosporiurn is probably indicative of phylogenetic 
relationship with the process of ascospore delimitation by astral rays 
(Olive, 1949). Haploid chromosome numbers in heterobasidiomyeetes 
range from 3 to 8. 

Among the more illuminating earlier studies of meiosis in sectioned 
material in higher basidiomycetes arc those of Wakayama (1930, 1932) 
and Colson (1935), but the best of these studies can add little of impor
tance to what has already been presented. There is little concise informa
tion on the dctans of meiotic prophase. Wakayama and certain other 
investigators have reported centrosomes at the poles of the meiotic 
spindles. 

Several investigators have recently applied the carmine and orcein 
squash techniques to meiotic studies of higher basidiomycetes. Such meth
ods have enabled Evans (1956) and Hughes (1961), in a study of 
Agariclis campestris, to determine that the haploid chromosome number in 
the 2-spored cultivar and in the 4-spored wild type is 12.' 

Dr. Robert Lowry of the University of Michigan has generously per
mitted the publication here for the first time of several of his photographs 

.~ B. C. Lu [A m. 1, Bo/allY 51 :343-347 (1964)] has reported 11 == 12 in the gastcro
mycete. C,vill/IUS slcr,(Jrells, fI species helieved to have evolved hy fllloletrnpJoidy_ 
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showing meiosis in Amanita fulva (Figs. 31-34) in sectioned material as 
well as in whole basidia stained by the carmine squash technique. The 
figures emphasize the similarity to mejosis in higher ascomycetes. Figure 33 
probably represents the first clear photograph of p achytene bivalents in an 

• 

• .. 

FIGs. 3 1-34. Stages in basidial developmenl in Amarrita fllil·a. Fig. 3 1. Prefusion 
nUClei in young basidium. Fig. 32. Prophase in fusion nucleus. Fig. 33. Late pach
ytene, showing bi\'alent chromosomes. Fig. 34. Prometaphase I . ( X 2000). Figs. 3 1 
and 32. from hematoxylin-stained seclions: Figs. 33 and 34. from acelocarmine 
sqlla~h. Courtesy of Dr. Robert 1. Lo\vry. 

autobasidiomyccte. L owry has found the haploid chromosome number to 
be 8. Chromosome counts in the aulobasidiomycetes vary from 2 to 12, the 
unusual number of 3 having been reported in Schizophyllum commune by 
E hrlich and McDonough ( 1949). 

In conclusion, it may be stated that. while meiosis in fungi differs from 
that in most higher forms in such details as the onset of synapsis while the 
chromosomes arC in a much contracted state, the production of an intra
nuclear spindle, and thc asynchronous disjunction of the chromosomes at 
anaphasc, there is much mOre in common than at variance with wh at 
occurs in higher forms. In addition, genetic studies further emphasize a 
fundamental s imilarity bctween the meiotic process in fungi and that in 
higher forms. 
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Chemical Constituents 
of the Fungal Cell 

1. Elemental Constituents and Their Roles 
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1. INTRODUCTION 

Chemical analyses to have meaning should be related to the species, age, 
and type of cells analyzed, the composition of the medium in which the 
cells were grown, and environmental factors. Fungus cells do not have an 
unvarying composition. 

Relatively few complete analyses of the mineral elements (ash) found 
in fungus cells have been reported. Richards and Troutman (1940) made 
a spectroscopic examination of the mineral clements present in the ash of 
yeast cells grown in various media. They found: Ba, Bi, B, Ca, Cr, Cu, Au, 
Fe, La, Pb, Mg, Mn, P, Pt, K, Ag, Na, Tl, Sn, and Zn. Recently, Grant 
and Pramer (1962) analyzed quantitatively five samples of yeast extract 
and found AI, Ba, Cd, Co, Cr, Cu, Fe, Ga, Mg, Mn, Mo, Ni, Pb, Sn, 
Sr, Ti, V, and Zn. Some of these elements may not have been present in 
the original yeast cells. 

The composition of fungus cells may be made to vary widely. Conway 
and Moore (1954) subjected yeast cells to repeated fermentations in a 
medium containing glucose and sodium citrate; 98% of the potassium was 
replaced by sodium after seven 2-hour fermentations. By fermenting a 
"sodium yeast" in a glucose-magnesium acetate medium most of the sodium 
and potassium was replaced by magnesium. The magnesium yeast con
tained 3, 2.6, and 292 meg/kg wet yeast of potassium, sodium, and mag
nesium, respectively (Conway and Beary, 1962). 
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II. ESSENTIAL ELEMENTS 

At least a third, perhaps half, of the dements have been found in fungus 
cells. Analysis in itself does not reveal which clements arc essential, or the 
functions of essential clements in the living cell. An essential clcmt.!nt is 
one that is indispensable. Nicholas (1957, 1961) would replace the term 
"essential clement" by "metabolic nutrient." More importantly, he di~tin
guishcs between the classical and the functional methods of Lh:tcrmining 
essentiality. 

A. The Classical Method 

The classical method uses a highly purified medium, complete in all 
respects save one. When the missing essential clement is added to such a 
medium, the test fungus grows. In addition, the response of the test 
fungus should be proportional, within limits, to the concentration of the 
essential element in question. 

There is no difficulty in showing that those clements required in high 
concentrations aTC essential. These include carbon, nitrogen, phosphorus, 
potassium, and magnesium. Difficulties arise wheri low concentrations of an 
clement are required. These clements are called variously micro, trace, or 
minor elements and include iron, zinc, manganese, copper, calcium, and 
possibly others. 

The primary problem in the classical method is to remove completely, 
or to reduce to very low levels, the metallic contamination in the medium. 
Only then can the increased growth be attributed to the clement under 
study. 

B. Varia liS Methods of Removing Metallic Contamination 

Steinberg (1935) autoelaved the complete medium with calcium car
bonate, which was then filtered off. Nicholas (1952) used a variety of 
methods including precipitation with hydrogen sulfide (Cu and Mo), com
plex formation with 8-hydroxyquinoline followed by extraction with chloro
form (Zn, Fe, and Ga), and coprecipitation of copper and manganese. 
Media so purified still contained traces of metals: copper. I "gil; iron, 
zinc, manganese, and gallium. 0.2 r-g/l; and mOlybdenum, 0.1 m /lg/l. See 
Donald et a/. (1952) for a comparison of 15 methods of removing metallic 
contamination from media. 

The early investigators were hampered by the solubility of the chemical 
glassware then available (Javillier, 1914). Quartz vessels arc considered 
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a be the most desirable, but Pyrex glass is satisfactory. Plastic culture 
,essels have been used; presumably polypropylene vessels which can he 
wtoclavcd would be satisfactory. 

There is an extensive literature on the metal ion requirements of fungi, 
ncluding reviews by Steinberg (l939b), Foster (1\139, 1949). Perlman 
1949), Lavollay (1955), Lilly and Barnett (1951), Hawker (1950 J, and 

:ochranc (1958). 

C. The. Functional Method 

The basic approach of the functional method is to show that an clement 
JJays an indispensable role in some enzyme system isolated from a fungus 
:or other organism). The classical method is usually employed first; the 
110rc sophisticated method can then be used to answer questions that the 
:Iassical method cannot. If it can be shown that a fungus contains an csscn
:ial enzyme system that requires a specific metal as a constituent or activa
or, this is excellent proof that the metal is essential (see pages 171-173). 

The usc of electron paramagnetic resonance spectroscopy to study the 
'unction of the transition metals in biological systems is relatively new. 
'1icholas et al. (1962) used this method to study iron, manganese, molyb
:lenum, and copper complexes in bacteria. Presumably, the method is 
Ipplicable to fungi as well. 

Ill. BIOLOGICAL SUBSTITUTION 

If one clement completely replaces another the concept of an essential 
,Iement is in need of modification and amplification. The total replace
ment of one clement by another has rarely been reported in fungi. Ingra
ham and Emerson (1954) reported that strontium completely replaced 
::a1cium in the nutrition of A llomyces arhllsclIla, strain Burma IDb. How
ever, some ten times as much strontium was required as calcium. Partial 
biological substitution of sodium for potassium in Aspergillus niger was re
ported by Steinberg (1946). No evidence was presented to indicate that 
sodium could completely replace potassium. In nature, or on complex 
natural media, partial biological substitution may be more common than 
usually thought (sec the interesting discllssion by MacLeod and Snell, 
1951). 

IV. ION ANTAGONISM 

The concentration of an essential ion required may depend upon the 
concentration of other ions in the medium. \Vhile this phenomenon is of 
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great interest in cultural studies, it may be assumed that the composition of 
the cells is also aflected. MacLeod and Snell (1951) found competition 
between potassium and sodium ions in the growth of Saccharomyces carl
bergensis. As the concentration of sodium ions was increased it was neces
sary to increase the concentration of potassium ions to obtain an equivalent 
amount of growth. Abelson and Aldous (1950) found the amounts of 
cobalt and nickel accumulated by cells of Torula [candida] utilis to be de
pendent on the magnesium concentration of the medium. 

V. ESSENTIAL NONMETALLIC ELEMENTS 

The nonmetals hydrogen, carbon, nitrogen, oxygen, phosphorus, and 
sulfur arc essential for all fungi. Some fungi metabolize, or accumulate, 
arsenic, selenium, chlorine, silicon, and other nonmetals. 

A. Hydrogen 

Hydrogen is the most abundant clement in the universe, both on a 
weight and on an atom per ceot basis. On the atom per cent basis, hydrogen 
is the most abundant element in the cells of fungi and other organisms. 
However, most analytical data are reported on the basis of weight per Ci,,!nt, 
a method that obscures the relative numbers of different atoms found in 
cells. 

Hydrogen is a structural and functional element. This element is con
tained in aJJ the f'Igank compounds found in ccJJs. For some of the trans
formations of organic compounds in the living cell see Chapters 10 to 12. 

The hydrogen content of dry cells is seldom reported. From the stand
point of proximate analysis, fungus cells are mainly carbohydrate, protein, 
fat, and ash. Presumably, an average value for fungus cells would lie be
tween 6 and 8%. Hilpert et al. (1937) reported Aspergillus niger myce
lium to contain 6.7% hydrogen. 

1. Water 

Fungus cells (excepting some spores) are mainly water. Hawker (1950) 
cites data on the water content of various sporophores which ranged 
from 73.7% (Pleuratus ostreatus) to 93.85% (Amanita rubescens). The 
water content of mycelium grown in liquid medium is difficult to measure 
exactly because it is difficult to judge when the surface water has been 
removed. 

Spores, in general, contain less water than mycelium. Yarwood (1950) 
determined the water content of the asexual spores of 9 species of fungi: 
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Penicillium dig/tatllm, 6.0%; Uromyces appendieulalus, 12%; Aspergillus 
1iger, 13 %; Peronospora destructor and Botrytis cinerea, 17 %; Monilinia 
:Sclerotina) jrucficoia, 25%; Erysiphe cichoracearum, 52%; E. polygoni, 
72%; and E. graminis. 75%. The high water content of spores of Erysiphe 
;pp. is not typical of most others. 

? Bound Water 

Water exists in fungus cells in two forms. Free water is that removed 
from cells by drying at room temperature over a desiccant in a vacuum. 
Bound water is that removed by additional drying at elevated temperatures 
(80'-11 O'T). Todd and Levitt (1951) measured the bound water con
tent of mycelium of Aspergillus niger cultivated in media containing from 
SO to 410 g of glucose per liter. The bound water content increased about 
tenfold as the glucose concentration increased. Presumably, bound water 
is essential in the life processes of fungi, and thc concentration varies with 
the environment. 

B. Carbon 

Raistrick et al. (I 931) made extensive studies of Aspergillus, Penicil
lium, and Fusarium. The extreme carbon values for Aspergillus were 
56.6% (A. sydowii) and 43.5% (A. parasiticlIs); for Penicillium, 62.9% 
(Scopulariopsis brevicaulis) and 45.3% (Penicillium viridicatum); and for 
Fusarium, 61.2% (F. rhizophilum) and 49.0% (F.lini). 

Whitaker (1951) determined the carbon content of the mycelium of 
40 species, representing 21 genera of wood-rotting fungi. In general, the 
mycelium of this group of fungi contained less carbon than those studied 
by Raistrick et al. (1931). The effects of continuous and restricted aeration 
on the carbon content of the mycelium were compared for a number of 
species. The carbon content of Peniophora gigan/ea under restricted aera
tion was 44.1 %, and under continuous aeration 40.0%. On thc other 
hand, the mycelium of Fornes fomen/arius contained 40.7% carbon under 
restricted aeration, and 44.3 % under continuous aeration. 

C. Nitrogen 

The nitrogen contcnt of fungus cells is variable and depends on species, 
age, and composition of the medium. Nielsen and Schneider (1957) grew 
Rhod%rula gracilis in media containing 1 and 1 0 g of asparagine per liter. 
The nitrogen content of the cells was 1.34 and 9.72% in the low and high 
asparagine media, respectively. Similar results were obtained with mcdia 
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containing 1 and 109 of ammonium sulfate per liter. The nitrogen content 
was 2.94 and 7.00% in the low and high ammonium sulfate media, respec
tively [see Cochrane (1958) for additional citations]. 

D. Oxygen 

No direct analyses of mycelium for oxygen appear to have been pub
lished. An estimate, based on carbohydrate, protein, and fat content, would 
lie in the range of 25-35 %. Most of the organic compounds found in cells 
contain oxygen. Sec Chapter 12 for information on the role of oxygen in 
respiration. 

E. Phosphorus 

This element is usually the most abundant nonmetallic element found 
in fungus ash. Analytical results in the literature are often expressed as 
percentages of phosphorus pentoxide (P20, contains 43.64% P). The 
literature has been reviewed by Foster (1949) and Cochrane (1958). 

Renncrfclt (1934) studied the salt uptake of Aspergillus niger under 
a variety of nutritional conditions. The phosphorus content of mycelium 
grown in medium containing 1/2500 mole KH2PO., per 100 ml was 0.014 
mmole/gm; when the phosphate content of the medium was increased 
tenfold, the mycelium contained 0.095 mmole of phosphorus per gram. 
Increasing the phosphate content of the medium to still higher levels in
creased the phosphorus content of the mycelium slightly. Bajaj et (/1. 
(1954) found inorganic and organic phosphates to be easily leached from 
the spores of A. niger. The phosphorus content of spores was 3-4 times 
that of the mycelium on which they were borne (Rennerfelt reported that 
spores of A. niger contained 1.4 times as much phosphorus as mycelium). 
Young mycelium was found to contain more phosphorus than old; in one 
experiment the phosphate content of 3-, 6-, and 9-day-old mycelium was 
12.7,4.9, and 2.4 I'g!mg, respectively. 

The roles of phosphorus in metabolism and energy transfer arc dis
cussed in Chapter 10. 

F. Sulfur 

The sulfur content of fungus cc]]s is variable; it js dependent on the 
concentration of this element in the medium, or substrate, and on other 
factors. Nielsen and Lundin (1955) found the nitrogen content of the 
medium to influence the sulfur content of the cells of Rhodotorula gracilis. 
Presumably, this was due in part to the increased protein content of the 
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cells, since most proteins contain methionine and cysteine. Cells from the 
high nitrogen medium contained 0.53% sulfur; those from the low nitro
gen medium contained 0.11 Sf. These investigators also found that the 
sulfur content of the medium influenced that of the cells. When the medium 
contained 0.5 g of sulfur per liter, the cells contained 0.21 % sulfur; and 
when the sulfur content of the medium was reduced to 0.0025 gil, the sulfur 
content of the cells was 0.10%. 

The sulfur-containing compounds found in mycelium include enzymes 
and other proteins, the amino acids cysteine and methionine, the tripeptide 
glutathioninc, and two vitamins, thiamine and biotin. 

VI. OTHER NON MET ALLIC ELEMENTS 

Fungi metabolize, or accumulate, nonessential elements. Holzapfel and 
Engel (1954) cultured Aspergillus niger on a special medium containing 
high concentrations of silicon (280-330 mg SiO per liter). The surface 
mycelium contained about 2 %, and the submerged mycelium contained 
about 9%, silica. Selenium appears to be metabolized by A. niger (Weiss
man and Trclease, 1955); the organic selenium compounds formed were 
not identified: Scopulariopsis brevicaulis synthesizes arsine from arsenic 
trioxide (Challenger et al., 1954). A number of fungi synthesize organic 
chlorine compounds, e.g., griseofulvin. For a review, see Foster (1949). 

VII. ESSENTIAL METALLIC ELEMENTS 

The following metallic clements appear to be essential for all fungi 
tested: potassium, magnesium, iron, zinc, manganese, copper, and mo
lybdenum. Calcium is essential for some, but not all, fungi. Restricted 
evidence is available for the essentiality of a few other metals. 

Many of the essential metals may be assumed to function as enzyme 
activators or as constituents of enzymes. The eITeets of suboptimal con
centrations are manifested in various ways: reduced growth, decreased 
sporulation, increased or decreased concentrations of various enzymes in 
the cells, and increased or decreased synthesis of various metabolites. Many 
of the essential elements arc toxic in too high a concentration. 

A. Potassium 

Spores and mycelium usually contain more potassium than any other 
metal. Rennerfclt (1934) found spores of Aspergillus niger to contain 4.9 
times as much potassium as did mycelium. Rippel and Behr (1934) ana
lyzed the mycelium of 5 isolates of A. niger and found the potassium COil-
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tent to depend on age of the culture, potassium content of the medium, 
and the isolate. Young mycelium contained more potassium than old my
celium. The highest potassium content found was 2.95 %. Rosselet (1953) 
used A. niger to assay the available potassium content of soil. 

Nakamigawa and Okuda (1960) found Mucor mandschuricus to accu
mulate pyruvic acid in a medium lacking thiamine, but containing potassium 
or rubidium ions. Pyruvic acid accumulated when the medium contained 
thiamine and rubidium, but not when both thiamine and potassium were 
present. If pantothenic acid and thiamine were added to a medium con
taining rubidium, pyruvic acid did not accumulate. 

B. Magnesium 

This clement appears to be essential for all fungi. Nicholas and Fielding 
( I <)5 I) found the growth of Aspergillus niger to be proportional to the 
magnesium content of the medium; 20 rug;'l was required for maximum 
production of mycelium. Vail and Lilly (1961) found Phycomyces blake
sleeanus to tolerate magnesium concentrations of 820 mg/I without in
hibition of growth, although carotene production was depressed at this 
concentration. Allomyces arbuscula required magnesium for growth; 9 
mg/l sufficed for maximum growth and 200 mg/I was toxic (Ingraham 
and Emerson, 1954). 

Rippel and Bohr (1930) found the magnesium content of Aspergillus 
niger mycelium to be dependent on the age of the culture and on whether 
the medium contained ammonium or nitrate nitrogen. Three-day-old my
celium grown in the ammonium-nitrogen medium contained 0.13% mag
nesium, whereas comparable mycelium grown in the nitrate-nitrogen 
medium contained 0.265% magnesium. Renncrfc1t (1934) found the 
spores of A. niger to contain 7.J times as much magnesium as did my
celium. 

Conway and Beary (1962) prepared a yea,t containing 292 meq of 
magnesium per kilogram wet cells and found this "magnesium yeasf' to 
grow slowly in the absence of potassium. The ccl Is of the "magne,ium 
yeast" were abnormal, being elongated and associated in chains. 

VIII. MICROELEMENTS 

Iron, zinc, manganese, copper, and molybdenum arc variously callcd 
micro, minor, and trace elements because they are required in low con
centrations. Calcium and perhaps other elements may be included in this 
group. Numerous reports in the literature state that this or that miero-
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element is not required by a particular fungus. Judgment IS required in 
evaluating negative results. 

A. Iron 

This element is essential for all fungi. As little as 0.1 I'g of iran in 50 
ml of medium may be detected by Aspergillus niger (Nicholas, 1952). 
The classical method of determining a requirement for iron is supported 
by the functional approach, since this element is a constituent of various 
enzymes including the cytochromes, cytochrome oxidase, catalase, and 
others. 

Ferrous or ferric ions satisfy the iron requirements of most fungi. Pilob
ulus requires iron to be supplied as various chelated iron compounds 
(heme, copragen, or ferrichromc) according to Page (1962). For a review 
of chelated iron compounds in nutrition, sec Neilands (1957). 

B. Zinc 

This element, like iron, appears to be essential for all fungi. Zinc is a con
stitucnt, or activator, of a number of enzymes, Alcohol tlchydrogcna~,c con
tains 4 atoms of zinc per molecule (Vallee and Hoch, 1955). Zinc is es
sential for the functioning of this enzyme. 

Grimm and Allen (1954) found a zinc concentration of 0.00 I ppm 
to be sufficient for optimal growth of Ustill/go sphaerogena. The cells were 
colorless when grown in media containing this concentration of zinc, but 
were pink when cultured in a sucrose-yeast extract medium. The pink 
cells contained as much as I % cytochrome c. High yields of cytochrome 
c were obtained when the sporidia were cultured in a synthetic medium 
containing 1 ppm of zinc, 2 ppm of thiamine, and ammonium nitrogen. 
Thus, the concentration of zinc influenced the synthesis of cytochrome e, 
an iron-containing enzyme. 

The reduced growth and sporulation of fungi cultured in media con
taining suboptimal concentrations of zinc (and other essential micro
clements) is readily apparent. Other effects may be detected by different 
techniques. Nason et ,,/. (1951) cultured Nellro"l'0ra crassa in a medium 
containing suft1cicnt zinc for half-maximum growth, and also in the basal 
medium fortified with additional zinc. As expected, alcohol dehydrogenase 
was found in mycelium cultured in the medium containing addcd zinc; this 
zinc-containing enzyme was not detected in 4 out of 5 samples of my
celium grown in the low-zinc medium. The concentration of tryptophan 
synthetase was much lower in mycelium grown in the medium to which 
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zinc was not added than when adequate concentrations of this clement were 
present. The DPNase content of the zinc-deficient mycelium was 10-20 
times greater than in the control mycelium. Moderate zinc deficiency did 
not affect the concentration of fumarase. 

C. Manganese 

A requirement for manganese is difficult to establish for some fungi 
using classical methods. Nicholas (1952) found the mycelial weight of 
Aspergillus niger to be little affected by the omission of manganese from 
the medium, but very few spores formed in the absence of added man
ganese. Donald et al. (1952) reported a 50% reduction in growth of A. 
niger when manganese was omitted from media purified by certain tech
niques. These authors also showed that different isolates of A. niger varied 
in their requirements fer manganese. 

By using the functional method, Medina and Nicholas (1957) demon
strated that hydroxylamine reductase from Neurospora crassa requires 
manganese for activity. In addition, mycelium grown in media low in man
ganese contained 57% as much hydroxylamine reductase as "normal" my
celium. Mycelium of N. crassa grown in media low in manganese also con
tained reduced concentrations of nitrite and hyponitrite reductases. 

D. Copper 

The essential nature of copper has been demonstrated by classical 
methods. Steinberg (1950) found that the omission of copper from a 
highly purified medium resulted in a reduction of growth of Sclerotium 
rolisH, Cercospora nicotianae, Fusarium oxysporum, Pythium irregulare, 
and Thielaviopsis basicola. Nicholas (1952) found the growth of Asper
gillus niger to be proportional, within limits, to the copper concentration 
of the medium. As little as 0.05 I'g/50 ml could be detected. Many investi
gators have noted that the spore color of A. niger changes from yellow 
to brown and then to black as the copper concentration is increased. 

A number of enzymes, inc1uding tyrosinase and Iaccasc, contain copper. 
Medina and Nicholas (1957) showed that copper is involved in the bio
synthesis of nitrite and hyponitirite reductases. 

E. Molybdenum 

Steinberg (1936, 1937), using the classical method, found that A.'per
gillus niger required more molybdenum when cultured on a medium con
taining nitrate nitrogen than when ammonium nitrogen was used. Ex-
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tremely low concentrations of molybdenum are detected by A. niger. 
Nicholas and Fielding (1950) found the addition of 0.1 mf'g of mo
lybdenum to 50 ml of purified medium resulted in an increase of 57 mg of 
mycelium. For other fungi that require molybdenum, see Steinberg (1950). 

Molybdenum is known to be required for the formation and activation 
of nitrate reductase in fungi (and other organisms). Nicbolas et al. (1953) 
cultured Neurospora crassa and A. niger in the absence and presence of 
added molybdenum. In all experiments, the omission of added molybdenum 
reduced the amount of nitrate reductase synthesized. Nicholas and Nason 
(1954) showed that N. crassa nitrate reductase is a flavoprotein containing 
molybdenum. Nicholas (1957) found the nitrate reductase content of 
mycelium of N. crassa grown in the absence of added molybdenum to be 
10% of that found in mycelium grown in its presence. Growth in the ab
scnce of added mOlybdenum was 29% of the control. Nitrate reductase is 
an induced enzyme, little Or none bcing synthesized by A. niger and N. 
crassa grown in media containing ammonium nitrogen. Molybdenum was 
not replaced by iron, zinc, manganese, nickel, silver, tungsten, chromium, 
vanadium, cobalt, or boron. 

Medina and Nicholas (1957) summarized the steps in the reduction 
of nitrate to ammonia by N, crassa as follows: 

Mo en.Fe CII.FE' 11n 
Nitrate ~ nitrite ----------7 hyponitritc ----+ hydroxylamine ----). ammonia 

F. Calcium 

Steinberg (1948) reinvestigated the calcium requirements of fungi and 
concluded that this element was not required by Aspergillus niger or Fu
sarium oxysporum var. nicotianae. Alternaria so/ani and other spedcs made 
reduced growth in the absence of added calcium. For a review of the early 
literature, sec Rippel and Stoess (1932). 

Calcium does not appear to be required for the growth of Chaetomium 
sp., but it frequently increases the formation of perithecia (Basu, 1951). 
More investigation will be required to determine the role of calcium in 
fungi. 

G. Scandium, Vanadium, and Gallium 

Steinberg (1939a) found Aspergillus niger to make increased growth 
in a glycerOl medium when scandium was added. Steinberg (1950) re
ported that scandium partially replaced calcium for Alternaria solani. Va
nadium appeared to be essential for an isolate of A. niger (Bertrand, 
1941). Omission of gallium from a highly purified medium led to a reduc-
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tion in growth and sporulation by an isolate of A. niger (Steinberg, 1938). 
Under some conditions, growth of Corticium solani and Pythium irregu
lare was reduced when gallium was omitted from the medium (Steinberg, 
1950) . 

H. Essential Elements Not Required by Fungi 

Boron, fluorine, sodium, chlorine, iodine, sodium, cobalt, and vanadium 
arc essential for various organisms, but none of them appear to be required 
by fungi. 

I. Nonessential Metals 

Often fungi are in the presence of, and may absorb, nonessential metals. 
Presumably, none of these metals arc inert, and in suffIcient concentration 
they may be toxic. The heavy metals as fungicides arc treated in Chapter 
20. A few examples of the effects of nonessential metals on particular 
fungi arc noted below. 

Lilly et al. (1962) found sodium and lithium chlorides to inhibit ger
mination of unheated sporangiospores of Phycomyces hlakesleeanus. 
Lithium chloride (4.3 rnrnoles/ I) inhibited growth of P. blakesleeanus, 
whereas the same concentration of sodium chloride did not. Cobalt is not 
essential for any fungus. so far as is known, but Nicholas (1952) reported 
that Aspergillus niger synthesized vitamin B 1 , when cobalt was added to 
the medium. Mandels and Reese (1957) noted that the production of 
cellulase by Trichoderma viride increased when calcium (30 mg/I) was 
added to an unpurilied medium when cobalt was present. 

IX. SUMMARY 

The clements essential for all fungi include hydrogen, carbon, nitrogen, 
oxygen, phosphorus, sulfur, potassium, magnesium, iron, zinc, manganese, 
copper, and molybdenum. Some fungi require calcium. The actual compo
sition of fungi growing in nature, or on nonpuriHcd media, may contain 
2 to 3 times as many elements as arc listed above. The following elements 
comprise the greater part of fungus cells: hydrogen, oxygen. carbon, nitro
gen, phosphorus, sulfur, potassium, and magnesium, Iron, zinc, manganese, 
copper, and molybdenum occur in low concentrations in fungus cells and 
exert their physiological effects as components or activators of enzymes. 
The nonessential elements may be accumulated; in sufficient concentration 
many of them arc toxic. 
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1. INTRODUCTION 

Green plants. as autotrophic organisms. utilize the energy of sunlight to 
synthesize complex organic substanccs of high energy content. starting from 
such simple materials as carbon dioxide and water together with small 
amounts of inorganic salts to provide nitrogen and phosphorus. They are 
enabled to do this through their content of chlorophyll, which acts as 
catalyst of the photosynthetic processes. 

The organic substances produced by plants become available for the nu
trition of another class of organisms termed heterotrophs, which do not 
possess chlorophyll and are incapable of photosynthesis. In the course of 
their metabolism, the heterotrophs, by processes which include both break
down and synthesis, adapt and modify the food materials into molecules 
suitable for their own cell structure and reproductive activities. These ac
tivities require energy, which is derived from oxidative processes, by which 
a part of the food is converted into carbon dioxide and water, any excess 
energy being dissipated as heat. 

Both animals and fungi belong to the dass of heterotrophs. The animals, 
however, require their nitrogen to be supplied in organic form, whereas the 
needs of many fungi are satisfied with purely inorganic sources of nitrogen 
such as nitrate or ammonium ions. The fungi produce-in addition to car
bon djoxjde, water, and .aJJ the complex materials rcqujred for celJ structure 
and the vital processes-a large number of substances of varying com-
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plcxity, whose function is stiIJ obscure. These metabolites are considered in 
the present chapter. 

Given the necessary organic food materials and inorganic salts, most of 
the fungi can be grown on relatively simple media and thus form excellent 
subjects for laboratory study. It is usually convenient to cultivate a pure 
strain of the organism to bc examined on simple media such as Czapek-Dox 
or Raulin-Thom, which consist of aqueous solutions of sugar (usually glu
cose) and inorganic salts to supply nitrogen, phosphorus, and certain trace 
clements. In Czapek-Dox medium, glucose is the sole source of carbon; 
Raulin-Thorn medium contains tartrate in addition. The fungi may be 
grown as a surface film on a static medium or submerged in an agitated 
medium; in either case a sufficient air supply must be ensured. Some of 
the higher fungi arc more exacting in their food requirements, and the 
growth rate may be very slow. ]n such cases it may be more convenient 
to examine specimens collected in their natural habitats. 

The products of the fungi, formed by a chain of reactions, each catalyzed 
by an enzyme, will normally be elaborated within the cell, where the whole 
process is organized and controlled, but, once formed, most of these prod
ucts when not forming part of the cell substance or otherwise completely 
utilized, arc able to escape from the cell. If they are soluble in water they 
wiIJ be found mainly in the aqueous medium, from whieh they may be 
obtained by processes of distillation, extraction with solvents, chroma
tography, and so on. Further purification by crystallization, sublimation, 
or preparation of derivatives is usually necessary to obtain pure materials. 
Relatively insoluble products may be found as deposits in the culture flasks 
or intermingled with the mycelium, where they may in some cases be seen 
as crystalline aggregates surrounding the hyphae. In the latter case extrac
tion of the mycelium with organic solvents is usually applicable. If the 
product is an acid it will probably be present as a salt from which the free 
acid must be liberated before extraction with solvents. Examination of the 
metabolic products of many species and strains of fungi by the methods 
indicated has led to the isolation and characterization of hundreds of metab
olites, for many of which the chemical structures have been determined. 

These studies may be said to have been initiated by Carl Wehmer toward 
the end of the nineteenth century; the earlier literature contains only a few 
scattered references to fungal products. Wehmer's observations on the pro
duction from sugar of oxalic and citric acids in high yield through the 
agency of fungi stimulated interest in the commercial possibilities of mold 
fermentation and led to the industrial production of citric acid from sugar 
by A ,{,ergil/lis niger. 

Other workers, particularly Radrick and his school, began to search for 
new metabolites in a systematic manner and discovered quite a range of 
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new and interesting products. A further stimulus to the search was provided 
by Fleming's discovery of penicillin. This focused attention on the possi
bility of finding other useful antibiotics and kd to the intense screening of 
fungi and other microorganisms, notably actinomycetes, for substances of 
value for chemotherapy. 

The benctkial activities of fungi in producing metabolites of value and 
commercial importance must be contrasted with their harmful and destruc
tive effects. Their role as pathogens of animals and plants and in damaging 
and destroying all kinds of useful organic materials, such as foodstuffs and 
textiles, is well known. Attcntion has latterly been directed to the poisoning 
produced by groundnuts infected with A sl'ergilllls /lams. The extremely po
tent toxin, even though present only in minute amount, has caused serious 
losses in turkeys fed on infected meal. The toxin has now been shown to be 
a mixture of four new closely related substances of known structure which 
have been named aOatoxins B I , B:!, G], and G:_:. 

For the purpose of reducing the heterogeneous collection of fungal metab
olites to some sort of order, it is convenient to classify them on the basis 
of chemical structure, even though difficulties arise because many products, 
owing to their polyfunctional nature, fall into more than one category. This 
classification often reveals similarities and minor differences that arc of 
some value in suggesting possible pathways of biosynthesis, particularly 
when several chemically related products arc formed by the same fungus 
and the order of their appearance can be determined. 

We are here concerned more particularly with those products which arc 
characteristic of the fungi. We shall therefore exclude from consideration 
the commoner amino acids, the proteins, the nucleic acids, and the sterols 
which are common to all forms of living matter. We shall also omit the 
polysaccharides and the products concerned in the Embden-Meyerhof path
way and the Krebs cycle since these are not specific for the fungi and are 
dealt with elsewhere. 

In the chemical classification here adopted, it is not possible to consider 
more than a few examples of metabolic products in each category, but those 
chosen arc intended to be fairly representative of the whole group. The 
selection has to some extent been influenced by the information available 
as to the pathway of biosynthesis. 

II. METHODS Of' BlOSYNTHESIS 

The iLicntification of fungal products was a necessary preliminary to 
studies on the mechanism of their biosynthesis, which have latterly been 
pursued with much vigor. Such studies have been greatly aided by two 
techniques that were first employed toward the middle of this century. One 
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was the use of mutant strains of fungi lacking some specific enzyme re
sponsible for a particular link in the chain of reactions comprising the meta
bolic pathway. The other Was the usc of substrates labeled with radioactive 
isotopes, usually C14; this, by the application of suitable methods of chemi
cal breakdown to thc metabolite, enables the fate of individual atoms in the 
substrate to be traced. 

It appears that there arc two main methods employed in the biosynthesis 
of fungal metabolites: (I) the shikimic acid pathway and (2) the acetate 
pathway. 

A. The Shikimic Acid Pathway 

This pathway was elucidated mainly by the work of Beadle, Bonner, 
Davis, Tatum, and their collaborators, reviewed by Davis (1955). The or
ganisms chiefly employed were the mold Neurospora crassa and the bac
teria Escherichia coli and Aerobacter aerogenes. Mutant strains of these 
organisms were obtained, in which the biosynthesis of aromatic amino 
acids was blocked at various points. Intermediates which accumulated at 
the points of blockage could then be isolated and examined. When such 
mutants were supplied with the critical substance whose synthesis was 
blocked, the microorganisms could then complete the chain of reactions 
leading to the amino acids. In this way the chain of reactions was found 
to be as represented in Fig. 1. 

In this scheme phosphoenol pyruvate and D-erythrose 4-phosphate de
rived via sedoheptulose diphosphate from the pool of reactions associated 
with carbohydrate metabolism, arc condensed to 2-keto-3-deoxy-n-arabo
heptonic acid 7-phosphate. This by rearrangement and aldol-like condensa
tion is transformed successively to 5-dehydroguinic acid, 5-dehydroshi
kimic acid, and shikimic acid. Shikimic acid condenses with a C" unit to 
form, through an intermediate Z" prephenic acid. Aromatization at this 
stage leads through phenylpyruvic and p-hydroxyphcnylpyruvic acid to 
phenylalanine and tyrosine, respectively. Modifications may occur in the 
later stages of this sequence, giving rise to othcr bcnzenoid compounds such 
as vanillic, protocatechuic, 3,4-dihydroxyphenylaeetic, and 2,5-dihydroxy
phenylacetic acids. 

B. The Acetate Pathway 

The establishment of the acetate pathway as a common mechanism of 
biosynthesis of mold metabolites, particularly in the aromatic series, is 
mainly due to the work of Birch and his collaborators, although the possi
bility of some such method of biosynthesis was foreshadowed in the specu-
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FIG. 1. Shikimic acid pathway. ® == -PO(OH)2. 

lations of Collie and the later suggestions of Sir Robert Robinson (1955). 
The latter pointed out that a chain of sixteen carbon atoms, built up from 
eight acetate units by head-to-tail linkage to form a polyketo acid which, by 
redu(;tjon wouJd gjyC paJmhk add, couJd, by abstraction of water moJccuJes 
with appropriate ring closures, be folded into a form identical with the 
structure of the anthrone corresponding to endocrocin, a metabolite of 
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Aspergillus amstelodami (sec Fig. 2). The anthrone is readily oxidized 
chemically, and hence presumably biochemically, ta the anthraquinone. 

Birch drew attention to the fact that a similar process could account for 
the observed structure of many other fungal metabolites and that the mo!ec-

Palmitic acid 

HO 0 OR 

'" 
C02 H 

RO # eR, 

0 

Anthrone of endocrocin Endocrocin 

FIG. 2. Biosynthesis of endocrocin from acetate units. 

ular arrangements so obtained would have, in the main, the oxygen func
tions attached to the correct carbon atoms, although in some cases further 
oxidations or reductions might be involved. These, however, could be ac
commodated within the framework of known biochemical modifications. 

In a brilliant series of investigations Birch was able to establish beyond 
doubt the correctness of his main thesis. He employed acetate labeled in 
one of the two possible positions with CH as precursor. This was fed to 
the mold and the labeled praduct was isolated and degraded by suitable 
chemical methods to establish the position and degree of labeling of the 
tagged carbon atoms. 

Thus, in a classical experiment, Birch et al. (1955) grew Penicillium 
griseofulvllm on a glucose medium supplemented with sodium [l-Cl-l]ace
tate. The labeled 6-methylsalicylie acid produced was degraded chemically 
by suitable methods to reveal the tagged atoms which are marked by as
terisks in Fig. 3. The positions of these atoms in the molecule and their 
approximately equal degree of labeling are in accord with the hypothesis 
that the molecule of 6-methylsalicylic acid originates from a chain of four 
acetate molecules linked head-ta-tail. Orsellinic acid has here been postu
lated as an intermediate since it is itself a fungal metabolic product, and has 
similar labeling when derived from carboxyl-labeled acetate. The conver
sion to 6-mcthylsalicylic acid requires a reduction step to eliminate the 
hydroxyl group para ta the carboxyl. 
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4 Acetate units Orsellinic acid 6-Methylsalicylic acid 

FIG. 3. Biosynthesis of 6-mcthylsalicylic acid from acetate units. 

In some cases a methyl group attached to carbon to form a branched 
chain or to oxygen to form a methoxyl group may be inserted. These addi
tions to the acetate-based molecule can be detected by employing a single
carbon labeled precursor such as formate (HC"O"Na). Examples of this 
will be noted later. 

Further work has shown the necessity for amplification of the original 
acetate hypothesis of biosynthesis. Bu'Lock and Smalley (1961), using 
labeled ethyl malonate have now established that three of the four "acetate 
units" forming 6-methylsalicylic acid actually undergo condensation as 
malonate units (presumably in the form of malonyl coenzyme A); these 
three malonate units subsequently lose three molecules of carbon dioxide to 
give the metabolite, the total effect being the same as that which would be 
produced by linkage of four acetate units. When malonate is not supplied, 
it is synthesized by the fungus from acetyl coenzyme A and carbon dioxide. 
This participation of malonate has been confirmed by Bentley and Keil 
(1961) in the case of the production of penicillic acid from Penicillium 
f),clopium. 

Bu'Lock and Smalley (1962) have further shown that a poly acetylene 
is similarly produced. Incubation of Tricholoma grammopodium cultures 
with diethyl a-C" malonate afforded dehydromatricarianol, H"C-(C= 
C),,-CH-CH-CH,OH, in which 97% of the labeling was incorporated 
into C-I to C-8 of the C,,, chain, presumably in even-numbered carbon 
atoms since C-l was inactive. This contrasts with the uniform distribution 
of labeling from acetate found in polyacetylenes. The participation of 
malonate in these fungal biosyntheses affords a close parallel with fatty 
acid synthesis in which malonate is also involved. Bu'Lock and Smalley 
represent the synthesis of the three types, polyacetylenes, fatty acids, and 
acetate-derived aromatics (polyketides), as occurring according to the 
scheme shown in Fig. 4. 

The essential stages of thi~ biosynthesis arc (I) combination of acetyl 
thiolester and malonyl CoA with simultaneous or subsequent decarboxyla
tion, and (2) reduction of j3-kctoacctyl thiolester by hydride transfer to 
yield the fatty acids. Polyacetylene synthesis is visualized as arising in step 
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Acyl thiolester + malonyl CoA 

t I Acyl malonr:::ester 

Enol derivative J3-Kctoacyl thiolester~ 

t -CO" etc. t reduction, etc. . t Cyclization, etc. 

Polyacetylenes Fatty acids Polyketid~s 

FIG. 4. Scheme of biosynthesis from acetate-malonate units. 

( I) by failure to decarboxylate until after formation of an enolic derivative, 
which then undergoes decarboxylation and water elimination. The polyke
tides would arise by omission of reduction steps in stage (2) leading to 
,B-dikctone types which are able to undergo cyclization. 

There is little direct evidence regarding the intermediate stages in these 
syntheses from acetate and malonate with one exception. Mevalonic acid, 
HOCH2-CH,-C(CH.) (OH)-CH,-CO,H, a product first isolated 
from yeast, is known to be a building unit in the biosynthesis of terpenes and 
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CH,-CO-S-CoA l 
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[HO,C- C~- ECH'- CH~ .... --- HO,C-CH,- ~~C~-CO-S-COA 
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CH, 
I 

HO,C- c~- c- CH,- C~OH 
I 

OH 

Mevalonic acid 

{3-Hydroxy-f3-methylglutaryl CoA 

Mevalonic acid lactone 

FlG. 5. Biosynthesis of mevalonic acid. 
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sterols. This acid, by decarboxylation, produces the well-known isoprene 
skeleton, which had long been recognized as a repetitive unit in sterol struc
ture. Mevalonic acid is biosynthesized in effect from three acetic acid units 
according to the scheme shown in Fig. 5. 

By the usc of labeled mevalonic acid (or its lactone), it has been shown 
that this acid is an irreversible intermediate in the synthesis not only of 
the tcrpenes and sterols, but also of terpenoid side chains attached to aro
matic nuclei as, for example, in mycophenolic acid (Fig. 17). 

Ill. ALIPHATIC METABOLITES 

A. Saturated Compounds 

I. Simple A lcohols, A dds, ESlers, and Fats 

Many of the metabolic products in this group represent intermediates in 
the main track of the common metabolic pathways or in slight divergences 
therefrom, but, excluding these, there remain some products of interest 
which may be briefly considered. 

Acetic acid, derivable by oxidation from the acetaldehyde produced in 
the Embden-Meyerhof pathway, and the starting point for an important 
biosynthctic route, has been isolated in small amount as a metabolic product 
of many fungi. In some cases it is present as simple esters, e.g., ethyl 
acetate, CH::JCO::C::H;j, derived from Penicillium digitatum (Birkinshaw 
el af. 1931) and isobutyl acetate, CH"CO,CH,CH(CH")CH,, from 
Endoconidiophora coewleseens (Birkinshaw and Morgan, 1950). Branched
chain acids of small molecular weight are obtained from some fungi; thus 
a-methyl butyric acid, CH"CH,CH(CH,,)CO,H, is obtained from Penicil
lium nolalUin (Cram and Tishler, 1948), and dimethylpyruvic acid, 
CH,CH (CH,,) COCO,H, from Aspergillus species (Ramachandran and 
Radha, 1955). 

Hydroxy acids arc· not uncommon; for example, itatartaric acid, 
HO,CCH,C(OH) (CH,OH)CO,H was isolated from cultures of Aspergil
lus terrells (Stodola et al., 1945). The acids a,{i'-dihydroxyisovaleric, 
CH"C(OH) (CH,,) CH (OH) CO,H, and a,,6-dihydroxy-,6-mcthylvalerie, 
CH"CH,C(OH)(CH,,)CH(OH)CO,H, both isolated from a Neurospora 
<:rassa mutant by Sjolander el al. (1954), were shown to be precursors of 
valine and isoleucine, respectively. It is well known that y- and a-hydroxy 
acids undergo ready lactonization; hence the fungal hydroxy acids that have 
this structure arc usually isolated in the lactone form. 

Synthesis of fat is an important function of the fungi, and the usual 
saturated and unsaturated fatty acids (free or as glycerides) are obtained 
in high yield in many cases. Thus A "'pergil/lls nidll/ullS produces the 
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saturated acids myristic, palmitic, stearic, arachidic, behenic, and Iignoceric 
acids (39%) together with even larger amounts of the unsaturated acids 
hcxadccenoic, oleic, linoleic, linolenic, and C" acids (61 % ). Thc pre
dominating acids are palmitic (21 %), stearic (16%), oleic (40%), and 
linoleic (17%) (Singh et ai., 1955). Other closely related products prob
ably arise from the fatty acids by reduction of the carboxyl group. Cetyl 
alcohol, CH,,(CH')HCH,OH, related to palmitic acid, is a product of 
Amanita phalloides (H. Wieland and Coutelle, 1941), and stearyl al
cohol, CH:JCH,)u,CO,H, is a product of Penicillium notalum (Angeletti 
et ai., 1952). The long-chain saturated· hydrocarbon octacosane, 
CH"(CH,h,CH,, has been obtained from A. phalloides (H. Wieland and 
Coutellc, 1941). 

2. Products Related to Citric Acid 

Certain hydroxylated tribasic acids are closely related to citric acid as 
regards the functional groups, but they contain in addition a saturated chain 
of ten to sixteen carbon atoms. Such arc spicuJispork and miniolutcic 
acids from Penicillium, agaricic acid from Fames otJicinalis, and capcratic 
acid from the lichen Parmeiia caperata. These structures are shown in Fig. 
6 together with that of citric acid. Spiculisporic and minioluteic acids are 
actually the y-Iactoncs of the structures shown; they are represented in the 
hydrated form for easier comparison. Caperatic acid is a monomcthyl ester 

Spiculisporic acid (hydrate) 
Pel/icillium sPiculispomm 
(Clutterbuck el al., 1931; 

Asano and Kameda, 1941) 
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(Thoms and Vogelsang, 1907) 

Citric acid 

CH, 
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(CHZ)9 
I 
9H-COzH 

C(OH)-CO,H 
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CH(OH)- CO,H 

Minioluteic acid (hydrate) 
P. minioluteum 

(Birkinshaw and Raistrick, 1934) 

9H3 
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(Asano and Ohta, 1933, 1934) 

FIG. 6. Acids related 10 citric acid. 
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of tetradeeylcitric acid; which of the three carboxyl groups is esterified has 
not been determined. 

The final stage of the citric acid biosynthesis is known to be a condensa
tion between an acetic acid unit (acetyl coenzyme A) and oxalacctic acid. 
It is surmised that a similar condensation in which a higher fatty acid re
places acetic acid may produce the acids in this group. Spiculisporie acid 
however would require the participation of a five-carbon acid, e.g. u-kcto
glutaric acid in place of oxalacctic acid. 

B. Unsaturated Compounds 

I. Ethylene and f'olyene.\· 

The ethylenic linkage, -CH CH-, is of very frequent occurrence in 
fungal metabolites. The double bond may occur in isolation as one clement 
of an otherwise saturated chain of carbon atoms, or in conjugated form in a 
chain containing alternate single and double bonds. Only a few examples of 
these linkages arc mentioned in this section; other cases will be en
countered later, particularly in the substituent groups of cyclic compounds. 

The simplest example of the isolated double bond is, of course, ethylene, 
CH,~CH,. It is evolved by respiring plant tissue and promotes the ripening 
of fruit. This property led to its detection as a product of Penicillium 
digitatufli by Hall (1951), when he grew the fungus on glucose- or arab
inose-agar medium. Ethylene is also produced by other fungi, e.g. the 
pathogenic Blasfom.vc('s dermatitidi.\' (Nickerson, 194H). Another exam
ple of the isolated double bond is provided by 2-methyl-2-butene, 
CH3C(CH,,) CHCH". a prouuet 01 Puccini" grmninis I. sp. tritici (For
syth, 1955). 

Chains of conjugated double bonds arc present in a number of fungal 
metabolites, many of which are colored-a characteristic elTect of conjuga
tion. A typical example is corticrocin, \\:hich forms yellow needles or 
prisms. The carbonyl groups present in the carboxyls at either end of the 
polyene chain here contribute to the conjugation (Fig. 7). The carotenoids, 
which arc common constituents of fungi and other microorganisms, also 
contain long conjugated polyene chains. The many examples known repre
sent minor variations of a characteristic pattern, of which f3-carotene is an 
example. The subject has been well reviewed by Goodwin (1954) and 
others. 

It will be noted that the f3-carotcne molecule is symmetrical about the 
dotted line, indicating that it is produced by joining two similar moieties 
tail-to-tail. It has been found that Mucor hiemalis uses acetate for the 
production of f3-carotcnc; with C14-labeled acetate the partial distribution 
is as shown in Fig. 7 (Grub and Butler, 1956). Mevalonic acid is an 



190 John Howard Birkinshaw 

Corticrocin 
Corlicium cyoceum 

(Erdtman, 1948; B. L, Shaw and Whiting, 1954) 
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FIG. 7. Polyenes. 

efIective precursor of carotene for certain fungi (Braithwaite and Goodwin, 
1957; Grab, 1957), as might be anticipated from the fact that the skeleton 
can be constructed from eight isoprene units linked in appropriate fashion. 

2. Acetylenic Compounds, Polyynes, Polyenynes 

The triple bond as present in acetylene occurs in a number of fungal 
products, particularly those derived from the higher fungi. This type of 
linkage is almost always conjugated with other triple bonds or with double 
bonds, forming long unbranched chains. When both types of bond occur in 
the same molecule however, the triple bonds do not alternate with double 
bonds in the conjugated chain, but are segregated. This will be seen from 
examples (Fig. 8). 

These aeetylenic compounds usually occur in low yield and as complex 
mixtures. Isolation is often difficult since they are frequently unstable, but 
they possess characteristic absorption spectra that aid in identification. 
The antibiotic activity that is a feature of many of these products first drew 
attention to their presence in the expressed juices of some of the higher 
fungi. The pure polyyne type represented by agrocybin occurs much less 
frequently than the mixed polyenyne type represented by diatretynes I 
and II. 

With improvements in the techniques of isolation and identification of 
the polyacetylenic metabolites, the recording of new discoveries shows no 
signs of abatement. Thus Cambie et al. (1963) have recently reported the 
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FIG. 8. Polyacetylenes. 

solation and characterization of ten polyacetylenic compounds from Poria 
,inllosa. The structures (I-X) (Fig. 8) illustrate thc variety and range of 
)olyacetylenes derivable from a single species. All these with the exccption 
)f (I), (II), and (IV) are new. The alcohol compound (I) had previously 
)ccn obtained from Pleurotus ulmarius, Triclwloma grammopoliium, 
'::litocybe obbata, and C. candida. Alcohols (II) and (IV) had been iso
ated from Coprinus quadrifidus. The acid (V) is also a product Of 
Dsilocybe sarcocephala. 

The diacid (VII) is of special interest because it contains the longest 
,arbon chain (C14 ) yet found in fungal polyacetylenes. It is also unusual 
Jecause it shows unsaturation separated from (i.e. not conjugated with) the 
main triyne chromophoric group. Product (VI) is the first example of a 
fungal polyacetylcnic acid linked with an amino acid (L-valinc). 

C. Oxygen Heterocycles 
I. Epoxides 

Only a few examples of the cpoxide group arc known in fungal metabolic 
products (see Fig. 9). The simplest casc, l-trans-oxidocthylcne-a,,B-dicar
boxylic acid (epoxysuccinic acid) has been obtained from the culture 
filtrates of MoniUa formosa, Penicillium vini/erwn, and Aspergillus Jwni
gal liS. Terrcic acid, from A. lerrelf.~· is closely related to 3,6-dihydroxy-
2,5-toluquinone, into which it may readily be converted. A still morc com
plex example of this group is fumagillin, an antiphagc agent obtained from 
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H02T ~ 
c=c 

/ \ / " 
H 0 C02H 

Epoxysuccinic acid 
Asperf?illus jumiga/us 
(Sakaguchi et al .• 1939; 
Birkinshaw et al.; 1945) 

John Hm'fard Birkinshmv 

H,cA~ 
HO~H 

o 

Terreic acid 
A. lerreus 

(Florey et at" 1949; 
Shef;'han et al., 1958) 

Fl(.;. 9. Epoxidcs. 

Fumagillin 
A. fumiJ[atus 

(Eble and Hanson, 1951; 
Tarbell et at., 1960) 

Aspergillus fwnigatus. It contains two cpoxidc rings; it is also an ester of 
decatctraencdioic acid-a further example of a conjugated double-bond 
system. 

Several polyacetylenic epoxides have been obtained from plants (Com
positae). The first fungal example has now appeared. Jones et al. (1963) 
have allocated the structure Irans-2,3-epoxynona-4,6,8-triyn-l-ol to a prod
uct obtained in traces from Coprinus qllatiri{idus, and identical with bi
formyne I (originally known as biformin) isolated by Anehel and Cohen 
(1954) from Polypor"s biformis. Jones el al. consider it likely that cpo xi
dation of the ethylcnic bonds in polyenynes is a standard metabolic process. 
Perhaps the epoxide groups in other types of natural structures arise by a 
similar process. 

2. Furan Ring\' 

The uncomplicated furan ring is present in 2-hydroxymethylfuran-5-
carbo.xylic acid, a product of various aspcrgiJ/i (Fig. 10). This five
membered ring also occurs fused to other ring systems as in sterigmatocys
tin, a xanthone derivative obtained frol11 Aspergillus versicolor, which is 
readily transformed by alkali into isosterigmatocystin, a true furan deriva
tive. The furan skeleton is also present in ,-iactones, which, as already 
mentioned, arc of frequent occurrence as fungal metabolites. 

3. Tetronic Acids 

The tetronic acids, a number of which have been identificd as fungal 
metabolites, are in fact further examples of the furanoid structure. Since 
the special type of y-Iactone arrangement present confers upon them 
distinctive properties. they arc here considered as a separate group. 

As their name implies, the tetranic acids are acidic in nature, even when 
not possessing a free carboxyl group, as is ascorbic acid of similar struc
ture. The simplest fungal product in this class, y-rncthyltctronic acid, is 
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HOCH~CO'H 

('0 

0 

2-Hydroxymethylfuran-
5-carboxylic acid 

,1sperJ{illlls niger, {'/e 

(Sumiki, 1931) 

""" yO 
P 

I 
C 
II 

OCH3 HO 0 

,p 0 

p 

""" 
p 

OCII3 

Sterigmatocystin Isoste rigmatocystin 
.'1_. versicolor 

(Hatsuda and Kuyama, 
1954; Bullock et al., 1962) 

FIG. 10. Furan rings. 
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OH 

obtained from Penicillium charlesii, which also yields several other tetronic 
acids. Further examples are derived from other fungal sources. From an 
examination of the structures (Fig. 1 t) it is evident that substitution occurs 
at two points in the tetronic acid ring, the "-position which may have acyl 
substituents and the y-position which is variously substituted by -CH", 
-CH,-CO,H, and =CH,. In certain of these acids where the acyl 
group in the "-position is hydroxylated in the 4-position, as in carolic, 
terrestrie, earlic, and dehydrocarolic acids, ether linkage has occurred with 
the f3-hydroxyl group to form a second ring in the molecule. 

Lybing and Reio (1958) studied the incorporation of I-Cl'-acetate into 
caroHe and carlosic acids. They found that with carlosic acid, for example, 
there was high activity in carbons I, 5, and 7, but only low activity in 
carbons 3, 4, 9, and 10, and they suggested that the acid was derived from 
a C(; moiety containing three acetyl units and a C-t dicarboxylic acid from 
the citric acid cycle. 

Ascorbic and penicillic acids, although structurally similar to the tetronic 
acids, are biosynthesized by other pathways. Ascorbic acid arises from 
D-glucuronic acid through L-gulonolaclone and 2-keto-L-gulonolactone 
(Sastry and Sarma, 1957), whereas penicillic acid is formed from orsellinic 
acid by cleavage of the aromatic ring as shown in Fig. 12 (Mosbach, 1960; 
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l-y-Methyltetronic acid 
Penicillium charlesii 

(Clutterbuck et al., 1935c) 

,----0---, 

C=C-CO-CH -CH -CH-R 
I I Z Z 

CH3-CH CO 
'0/ 

Carolic acid, R = H 
Terrestric acid, R c:: C2HtI 

p. charles ii, p. lerreslr(' 
(Clutterbuck et ai., 1935a; 

Birkinshaw and Raistrick, 1936) 

r------O---, 

O-C-CH-CO-cu-CH-C& DC/" I I ."'2 2 -

...... eH -eH CO 
2 ...... 0 ........ 

Carlic acid 
p. charlesii 

(Clutterbuck et al., 1935b) 

Penicillic acid 
p. pub"rlllum, p. ryrlo/Jium 
(Alsberg and Black, 1913; 
Birkinshaw ('/ ai., 1936) 

HO-C=C-CO-CH -eH -co H 1 I :] 2 ;I 

CH]-CH /CO 
'0 

CaroUnic acid 
p. ckarlesii 

(Clutterbuck !!I ai., 1935a) 

Carlosic acid, R ~ H 
Viricticati(.; acid, R = C 2lis 

p. charh'sii, p. cinerascens, p. l-'iridicatum 
(Clutterbuck et ai., 1935b; Bracken and 

Raistrick, 1947; Birkinshaw and Samant, 1960) 

,----0---, 

C~C-CO-CH -CH -ClI, 
I I 2 2 

~C=C ........... CO 
o 

Dehydrocarolic acid 
p. cillerascclls 

(Bracken and Raistrick, 1947) 

HQ-C=C-OH 
I I 

ClI,OH-CHOH-CH CO 
'0/ 

Ascorbic acid 
Aspergillus niger 

(Geiger-Huber and Galli, 1945) 

FIG, 11. Tetronic acids. 

, 
6 OCH3 

H C 7 2 31 4 5 
" 'C-C(OH)-C-CH-CO 

H,C? L-o----' 

Orsellinic acid Penicillic acid 

FlG. 12. Biosynlhesis of peniciJJic ,acid. 

Bentley and Keil, 1961). The orsellinic acid molecule, derived from one 
acetate and three malonate units, is cleaved between carbon atoms 5 and 6, 
carbon atom I being lost as CO,. The additional carbon atom 9 of the 
methoxyl group is introduced from a C, unit. 
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4. Pyrones 

The a-pyrone ring is representative of the h-Iactoncs, which have already 
been mentioned. The ,-pyrone ring is exemplified by kojie acid, a product 
formed in high yield by the AsperRiIlus flavus-A. oryzae group. A related 
product is patulin, which contains an unsaturated y-Iactonc ring. Kojic acid 
appears to be synthesized directly from glucose by oxidation and elimina
tion of water without cleavage of the 6-carhon chain (Arnstein and 
Bentley, 1953); whereas patulin is probably produced by fission of an 
aromatic precursor such as gentisaldehyde, which is derived via the shikimic 
acid pathway (Fig. 13). 

OH 

H OH H ..... C'.... OH 
HO..2:-C ...... ....... C~H 

I I 
HO-...... C...... _...c, CHzOH 

H 0 H 

Glucose 

qC_HO_ 

OH 

Gentisaldehyde 

o 
II 

HO-C ...... C'C-H 
II Ii 

H-C ..... 
O 

...... C-CH20H 

Kojic acid 
Aspe1-gillus flavus, 

A. o-ryzae 
(Yabuta, 1924) 

Patulin 
Penicillium patulum, etc. 
(Birkinshaw et ai., 1943a; 

Woodward and Singh, 1949) 

FIG. 13. Biosynthesis of kojic acid and patulin. 

IV. AROMA TIC METABOLITES 

Since nearly all the aromatic products of the fungi contain phenolic 
groups, the number and arrangement of these groups (whether methylated 
or not) has been adopted as a means of classification in this category. This 
may aid in predicting the mode of biosynthesis since hydroxyls meta
disposed, as in resorcinol, arc an indication of biosynthesis from acetate 
units, whereas ortho- and para-hydroxylation (to hydroxyl) is found more 
often in shikimic acid-derived products. This, however, is merely a rough 
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indication, not always borne out in practice. since the fungi are able to in
troduce or remove phenolic hydroxyl groups. A frequent substituent of the 
phenols is the mcthyl group. which occurs as such or in oxidized forms 
represented by hydroxymethyl. formyl. or carboxyL groups. 

A. Monocyc/ic StrLlc lllres 

1 . No Nuc/ellr Hydroxyl Groups 

A few aromatic products of fungi conl ain no nuclear hydroxyl groups. 
Such are benzoic acid and cinnamic acid and its de rivatives. A product, 
eBB 100 7 , from Chaetomium indicllm is also of this nature ( Fig. (4). The 

Benzoic acid 
Penicillium 

'roseop!(rpureum 
:Posternak, 1940) 

Cinnamaldehyde; R '" H 
Cinna mic acid; R " OH 
Slere!m l su.bpilealllnl 

(Birkinshaw et al., 1957 ) 

Methyl cinnamate; R " OC~ 
Lentimts lepideus 

(Birkinshaw and F indlay, 1940) 

C,4. T r ibasic a cid 
C hae(OlII imll indicum 
(Johnson et aZ., 1953) 

FIG. 1-+. Benzene derivatives. 

cinnamic acid derivatives have the c.:-c:. structure which relates them to 
the shikimic acid pathway through which they are formed. Benzoic acid 
may be a product of further oxidation of cinnamic acid. 

2. Phenol Derivatives 

A single phenolic hydroxyl (or mcthoxyl) is prescnt in various products 
shown in Fig. J 5. p-Hydroxybenzoic acid, anisaldchyde, and anisic acid 
arc obviously closely related. Their structure sug.gests th at they are derived 
via the shikimic acid pathway. 6~Methylsalicylic acid (Fig. 3), already 
mentioned as derived via the acetate pathway, is nn example of the 
elimination of a hydroxyl group at some stage during synthesis. 3-Hydroxy
phthalic acid could be formcd by a simi lar process with oxidation of the 
methyl group. In ochracein a second ring due to lactonization b prescnt. 
Gladiolic and dihydrogladiolic acids arc capable of undergoing a imilar 
rin~ closure between carboxyl and (hydrated) aldehyde group. 
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QH 
OR 

P- Hydroxybenzoic acid 
P(!nicilliul1I pahllum 

(Bassett and 
Tanenbaum, 1958) 

¢ 
OC~ 

Anlsaldehyde; R = H 
Daedalea jUlliPerina 

(Birltinshaw and 
Chaplen, 1955) 

Methyl anisate; R :. OCR, 

3 ~Hydroxyphthalic acid 
Penicillium iskmdicum, 

P. patulum 
(Gatenbeck, 1957) 

Lentinus lepideus 
(Birkinshaw and findlay, 1940) 

Gladlolic aCid; R = CHO 
Dihydrogladlolic acid, R = CH20H 

Ochracein (Mellein) 
Aspergillus ochraceus 

A. melleus Penicillium gladioli 
(Grove, 1952; Raistrick and Ross, 1952; 

Brown and Newbold, 1954; 
Duncanson et al., 1953) 

(Yabuta and Sumiki, 1933, 1934; 
Blair and Newbold, 1955) 

F IG. 15. Phenol deri vatives. 

3. Pyrocalechol Dedl'olives 

Only a few examplcs of this arrangement arc known (Fig. 16). Vanillic 
and protocatechuic acid were obtained from a mutant of Neurospora crassa 
having strict nutritional rcquirements. Protocatechuic acid is produced also 

Vanillic acid 

~OH 
OH 

Protocatechuic ac id 
Pl1ycomyces blakcsleemulS 

(Schroter, 1956) 

Neuros po?,(J cyassa 
(Metzenberg and Mitchell , 1958) 

Homoprotocatechuic acid 
Polyporus lumulos us 

(Ralph and 
Robertson, 1950) 

F IG. 16. Pyrocatechol deriva tives. 
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by Phyconlyces blakesleeanus, homoprotocatechuic acid by Polyporus 
tumuloslls. 

4. Resorcinol Derivatives 

Many fungal metabolites have the resorcinol (1,3) arrangement of the 
phenolic groups, usually with carboxyl in position 4, since this orientation 
is readily attained through the acetate pathway. Orsellinic acid, already 
mentioned, is a case in point. 3,5-DihydroxyphthaJic acid could be derived 
by oxidation of the methyl group of orsellinic acid. This and other examples 
are illustrated in Fig. 17. 

~CO'H 
HO~R 

3, 5-Dihydroxyphthalic aCid; R = CO;1:H 

{ 

R = CH,- CO-CH, 
Three C 10 acids; R = CH(OH)-CO-CHs 

R = CO-CO-CH, 
Penicillium brevi-compactum 

(Oxford and Raislrick, 1932, 1933) 

Clio OH 

HO,C-CH,-CH,- t_CH-CH'qC-9 

I p 
H3CO ~ CHa 

OCH, 

H,CYyCO'H 

HOYCHO 

R 

Cyc1opolic acid; R = CH,OH 
Cyclopaldic acid; R = eHO 

P. cyclopium 
(Birkinshaw et al., 1952b; 
Duncanson et aI., 1953) 

CH, 

Mycophenolic acid 
P. brevi-compaclum 

(Alsberg and Black, 1913; Birkinshaw et al .• 1952a) 

FIG. J 7. Resorcinol derivatives. 

5. Quinol Derivatives 

Gentisy! alcohol, gentisic acid, and 2,5-dihydroxyphcnylglyoxylic acid 
are simple representatives of this group (Fig. 18). Auroglaucin and flavD
glaucin, both derived from Aspergillus glaLlcus, have extended side chains; 
the seven-membered straight chain suggests an origin from acetate, the 
!lye-membered branched chain is of isoprenoid nature, probably arising 
from mevalonic acid. 5-Methoxycoumarone which is included here is also a 
representative of the furan group (Fig. 10). 
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OR 

¢r" 
OR 

Gentisyl alcohol; R " C~OH 
Penicillium palulum 

(Birkinshaw at al., 1943b) 

Genlisic aCid; R = C02H 
P . lfI·iseojul vllm 

(Raistrick a nd Simonart, 1933) 

Auroglaucln: R = (CH=CH),-CH3 

Flavoglaucin; R = (CHa)o - CHs 
Aspergillus g / t litCIIS 

(Raistrick et al., 1937; 
Quilico et al., 1953a, b) 

2, 5-DihydroxyphenylglyoxyUc acid 
PolYPol'llS tumulosus 

(Moir a nd Ralph, 1954) 

~COUJ 
I I 

o 

5 - Me thoxycoumarone 
S/en!um Sltbpilaa/u71l 

(Birkinshaw at al. , 1957) 

FIG. 18. Quina l derivatives. 

6. Hydroxyquinol Derivatives 

2,4,5-Trihydroxyphcnylglyoxylic acid, which falls into this group, was 
obtained, together with homoprotocatechuic acid (Fig. 16), from Poly
porus lumll{osu$ cultured in the laboratory. Other exa mples (Fig. 19) oC 

2,4,5-Trillydro""yphenyl
glyoxylic ac id 

Poh'/Jo)·lls //{/I/Ic/(JSI(S 

(Ralph and Robertson, 1950) 

OH 

N C0
2
H 

HOy R 

OCH3 

Uslic acid; R - CH(OH) -CO - CH3 
Aspc rgilll!" liS/itS 

(Rais Lrick ,lnd Slickings, 1951) 

4, G-Dihyd,·oxy -3 -melhoxyphU,a lic 
aCid; R '" CO~H 

Pacci/(Jlllv('("s 1'ic/(lI"i(l(" 
(Vol·a, J954) 

FIG. 19. Hydroxyquinol derivalives. 
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this I ,2,4-arrangement of hydroxyl groups are ustie acid and 4,6-dihydroxy-
3-methoxyphthalic acid. These products have the structure of the acid 
C,uHu,O,; and of 3,S-dihydroxyphthalic acid, respectively (Fig. 17), with 
an additional methoxyl group. 

7. Pyrogallol Derivatives 

Pyrogallol, gallic acid, and flavipin (Fig. 20) are examples of this 
structure. 

rrr 
HO~OH 

OH 

Pyrogallol 
Penicilliuni p({t/{/ilm 

(Bassett and 
Tanenbaum, 1958) 

Gallic acid 
Phyco}}lycc/j bZalu;slcctll1lls 

(Bernhard and 
Albrecht, 1947) 

FIG. 20. Pyrogallol derivatives. 

B. Polycyclic Structures 

CHO 

OHCYyCH, 

HOYOH 

OH 

Flavipin 
AspcYjfilllls fi({l'ipes 

(Raistrick and 
Rudman, 1956) 

Examples of this group are shown in Fig. 21. The biosynthesis of 
alternariol was studied by feeding Alternaria tenuis with sodium l-C'4-ace
tate (Thomas, 1961 a). The alternariol produced was labeled on the carbon 
atoms marked with an asterisk. It is immediately evident that the labeling 
is on alternate carbon atoms and that only labeled atoms have oxygen at
tached. This is consistent with biosynthesis from an unbranched folded 
chain of seven acetate units. Although the activity of each labeled atom was 
broadly the same, the difference in labeling between the carbon adjacent to 
the methyl group and the carbonyl carbon of the lactone ring was con
sidered to be outside the Bmits of experimental error. These atoms repre
sent the carboxyls of the initial and terminal acetate units of the C4 chain. 
This difference is readily explicable if the chain is built up from one acetyl 
(represented by the methyl group and its partner) and six malonyl units. 

Sulochrin, bisdechlorogeodin, and asterrie acid occur together as metab
olites of at least two fungi, Oospora sulphurea-ochracea and Penicillium 
frequentans (Stickings and Mahmoodian, 1962). R. F. Curtis et til. (1960) 
have shown that sulochrin can readily be converted in vitro through bisde
chlorogeodin into asterric acid, and they have suggested that the same 
route is probably followed in biosynthesis. It is assumed that the chlorine 
atoms are introduced in a secondary reaction into bisdeC:hlorogeodin to 
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CR. OR 

Alternarlol 
AllcnKlyia tcmus 

(Ralstrlclt cl al., 1953) 

Bisdechiorogeodin; R : H 
Geodln; R = Cl 

Aspe,.J(iIlIl~ /('I'I'ells 
(Rals lrlck and Smith, 1936; 

Barton and Scott, 1958; 
R. F. Curlls 1'/ Ill., 1961) 

Isocoumarln dc rh'ative 
A. (enclls \m'l>\'M\\) 

(Hassal! and Jones, 1962) 

Gibberellic acid 
Gibberella fllji1ml'o; 

(P. J. Curtis arK! Cross, 1954; 
Aldridge (:/ al., 1963) 

HO-cF CO-*C~ 
CO,CH. HO 

Sulochrln 
Oospora sulphurea-ochracca 

(Nishikawa, 1936) 

Asterric acid 
A . len·ells 

(R. F. Curtlsetal., 1960) 

Citrinin 
Pl' nicHlinm C-ilrim.))), A. Icyreus 
(HetherIngton and Ralstrick, 1931: 

Johnson ('I al ., 1950) 

OR 

HO 

Alro\'enetin 
P. all'oul'lIe/1II11 

(Neill and Ralslrlck, 1957; 
Ba.rlon e/ al ., 1959) 

FIG. 21. Polycyclic melabol ile~. 
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form geodin. This is supported by studies of Rhodes et al. (1962) which 
indicate that in Aspergillus terreus bisdechlorogeodin is a common inter
mediate in the biosynthesis of both geodin and asterrie acid. 

The close relationship between citrinin, formed by A. terreus wild type, 
and the isocoumarin derivative produced by a mutant, suggests a similar 
origin for thcse two products. Further, Birch et al. (1958a) found that 
the carbon atoms marked with an asterisk in the formula shown differ from 
others in citrinin in being derived from a C, precursor (formic acid). Hassall 
and Jones (1962) therefore have suggested (1) that citrinin may be derived 
from the acetonyl-,B-resorcylic acid derivative C,oH,oO" (Fig. 17) formed 
by P. brevi-compaetum, through a series of steps involving methylation, 
oxidation, and reduction, and (2), since the A. terreus mutant no longer 
produces citrinin, that the reduction of the carboxyl function of the f3-rcsor
cylic acid derivative occurs at a late stage in the biosynthesis of citrinin. 

The biosynthesis of the atrovenetin structure has been examined by 
Thomas (1961 b) for the related products herqueinone and norherqucinone. 
Deoxynorherqueinone is identical with atrovenetin. Sodium I-e"-acetate 
and DL-2-C"-mevalonic lactone were incorporated by P. herqllei into 
norherqueinone in a manner consistent with the derivation of the peri
naphthenone nucleus from acetate and the C, side chain from acetate or 
mcvalonate. 

Gibberellic acid is a representative of a group of rclated substances 
known as gibberellins, whieh are produccd by Gibberei/a iujikuroi. Al
though strictly out of place among the polycyclic structures of Fig. 21, 
which are partly or mainly aromatic in nature, gibberellic acid is neverthe
less included because of its interesting hormonal characteristics. It stim
ulates shoot, but not root, growth, reverscs genetic dwarfing, and induces 
the formation of the flowering hormones of many growing plants. Thc 
gibberellins arc present in higher plants, particularly in immature sceds, and 
also in fcrns and algae. Gibberellic acid has potcntial uses in agriculture and 
malting. 

C. Trop%nes 

Sevcral fungal metabolites contain the tropolone nucleus, which consists 
of a scven-membered carbocyclic structurc, to which the special system of 
conjugated double bonds imparts aromatic properties. Some of these struc
tures are illustrated in Fig. 22. The actual method of biosynthesis of the 
tropolone ring has not yet been clearly established although two possible 
mechanisms for the expansion of a six-membered aromatic ring have beer 
suggested. Further examples of the seven-membered tropane ring are seer 
in the condensed ring system of lactarazulcnc and lactaroviolin_ 
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Puberulonic acid Puberulic acid 
Penicillium puberfl/uT11, etc. 

(Birkinshaw and Raistrick, 1932j 
Corbett e/ 0/., 1950a, b) 

P. tl'loe1'ulwll, elc. 
(Corbett el al., 1950a, bj 
Aulin-Erdtman, 1951) 

Stipitatic acid 

OR 

O~ CO 

HO)-f, 
OC- O 

P. slipitatllm 
(Birkinshaw e/ a7., 1942cj 

Corbett el ai., 1950c) 

SUpitatonic acid 
P. s/i/> ilallllll 

(Segal, 1957, 1959) 

Laclal'azulene; R = CH3 
Lactaroviolin: R = CHO 

Lac-Im'ius de/iciosus 
(Willstaedt and Zellerberg, 1946; 

Sorm et al., 1953; Heilbronner and Schmid, 1954) 

F IG. 22. Tropolones. 

V. QU INONES AND QUINONOI D PRODUCTS 

The qu inones arc closely related to the quinols, which have a lready been 
:1i cussed as belonging to the aromatic series. The quinols are readily con
vertible by atmospheric oxida tion to the quinones and the reverse change 
can readi ly be accomplished by reducing agents. The fu ngi are capable of 
inducing these changes, so that a quinol and its corresponding quinone may 
in some cases be isolated from the same fu ngal cu lture. T hus gentisyl 
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yOCH, 
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H,CVOCH, 
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2-Methoxy-5-methylbenzoquinone 
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(Vischer, 1953) (Anchel el al ., 1948) 
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° 
Fumlgatin 

Aspergillus jumigalus 
(Anslow and Ralstrick, 1938; 
Baker and Ralstrlck, 1941) 

Splnulosin 
Penicillium SpillUlosllm 

(Birklnshaw and Raistrlck, '1931) 

H,C 

Polyporic acid 
Poiyporlls fl idulans 

(Kl:Igl, 1926) 

BO 

° HOh ~ o-y '==\-( OH 

° 
Volucrispor!n 

VOlUc1'jspora alt.ralltiaca 
(D1vekar et al., 1959) 

Atromentln; R = H 
Polyporus nidltlans 

(Kogi and Becke!:, 1928) 

OB 

Aurantiacin; R = CoH,CO 
Hydnum auranliacum 
(Gripenberg, ! 956) 

Phoenicin 
Penicillium plloe1licillm 

(Posternak, 1938) 

CR. 

FIG. 23. 

° ° 
H,CyY0H HOVYCH. 

HO~OH 
° ° 

Oosporein 
Oospora colorons 

(Kiigl and van Wessem, 1944) 

Benzoquinones. 
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alcohol (Fig. 18) ami its quinone have been obtained from Penicillium 
pOlllllim as a deep violet-colored complex (Engel and Brzcski, 1947). 

The substituents of the quinone nucleus are in gcnerai therefore similar 
to those found in the phenolic derivatives and include methyl, hydroxyl, 
and methoxyl groups. The carboxyl group is of infrequent occurrence. Jt 
cannot be a substituent of the qu'inone ring. but may be found on an 
aromatic nucleus fused with the quinone ring as in the anthraquinone 
series. All the known fungal quinones are p-quinones. More complex 
structures (diquinones) in this series are represented by direct carbon-to
carbon linkage of two similar quinone molecuks. 

A. Benzoqllinones 

Various examples of fungal bcnzoquinones arc shown in Fig. 23. It is to 
be noted that in some cases symmetrically placed phenyl groups (which 
mayor may not be hydroxylated) are present as substituents. Where there 
is a high degree of symmetry in a fairly complex structure it is tempting to 
conclude that the molecule is biosynthesized from two ~imilar moieties. In 
tracer studies Birch el al. (1958b) found that aurantiogliocladin is syn
thesized from four acetate units with loss of a molecule of CO:,: and the in
troduction of one nuclear mcthyl and two O-methyl groups from C1 units 
(formic acid). The relationship of terreic acid (Fig. 9) to a quinone has 
already been noted. 

B. N aphthoquinones 

The fungal naphthoquinones, examples of which are shown in Fig. 24, 
prohably arise by the acetate pathway. Birch and Donovan (1954), on the 
assumption that this pathway was in operation for ftaviolin, were able to 
predict the correct structure before the position of the hydroxyl groups 
had been completely determined. The structure was later confirmed by 
synthesis. 

c. Anthraquinones 

Anthraquinone pigments are found as products of a number of fungal 
specics and arc often responsible for bright colors in the mycelium. They 
are usually present as mixtures and may be formed in surprisingly high 
yield. As much as 30% of the dried mycelium of Helminthosporillm 
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gramilZeum was found to consist of a mixture of pOlyhydroxyaothra
quinones. The fungal anthraquinones, as illustrated in Fig. 25, contain 
from one to five hydroxyl groups, one of which may be methylated. A 
,B-methyl group is almost always present as such or in one of its oxidized 
forms (CH!!OH, CHO, or CO:!H). The possible derivation of endocrocin 
from a Cll) polyketo acid has already been mentioned (p. 183). Endocrocio 
on decarboxylation gives emodin. Tracer studies have in fact shown that 
helminthosporin and emodin arise from acetate; it may be inferred that 

HO~OH 
yY 

HO 0 

Flaviolin 
A Spc)"I[illus c ilyicus 
(Davies el al., 1955) 

HO 0 

WC1 

I 
H,.C Cl 

CR. 0 
I -

CO 
I 
CRs 

~ollisin 
Mollisia caesia 

(Van da r Ke rk and Overeem, 1957) 

~ H,CAvJY 
o 

6 -~elhyl-l.4-naphthoquinone 
Maras mi llS gI·amill(!lIm 

(Bendz, 1948) 

HO 0 

H3CO~CHC CO - Clis 

~CH,. 
HO 0 

Javanicin 
FlIsa-rill11l j avall i ('u11I 

(Arnstein and Cook, 1947; 
Ruelius and Gauhe, 1950) 

FIG. 24. Naphlhoquinones. 

this derivation is generally applicable to the fungal anthraquinones. Emodin 
may be regarded as the type structure from which many others may be 
derived by insertion Or removal of hydroxyl groups, O-methylation, and 
methyl oxidation. 

Several dianthraquinones are known. These are formed by carbon-to
carbon linkage of two simiJar anthraqujnone molecules in the 8-posilion. 
Two examples of this type of structure are shown in Fig. 26. Skyrin is 
presumably formed by linkage of two emodin molecules, iridoskyrin is a 
diislandicin. 
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~CH3 
~ o OH 

Pachybasin 
Pachvbasillm ctlmfidum 

(Shibata and Takido, 1955) 

o 
HO R 

HO o OH 

Emodin; R '" CH. 
Corlinnrius Sall,lfll itlC' IlS 

(K""ogl and Poslowsky, 1925) 

w-Hydroxyemodin; R ", CH:OH 

Emodic acid: R = CO .H 
PenicilliulIl cvc/opit;m 
(Anslow el al.. ] 940) 

o OH 

RO CM, 

HO o OH 

Catenarin; R = H 
/Icimin/llosporillm calenm-iw1/ 
(Anslow and Raistrick, 1940) 

Erythroglaucin; R = CH. 
Aspr l·,lfilllls ,lfiallclls 
(Ashley 1'1 al., 1939) 

~CH~ 
~ 
HO 0 OH 

Chrysophanol; R '" R ' '" H 
Islandicin; R = H, R ' = OH 

Penicillium isltmdicum 
(Howard and Raistrick, 1949, 1950) 

Helminthosporin; R = OH, R ' = H 
IT elm illl hos pori 11m !("I"a m i1u' llm 

(Cha rles t' l al. , 1933) 

H, CO 

HO o OH 

Physcion; R = CM. 
A sPl'l'lfilius ,lflallC'us 
(As hley 1'1 a l ., 1939) 

R 

Te loscllis ti.ll ; R = C~OH 
T eloschisles /lavicclIls 

(Seshadri and Subramanian, 1949) 

HO 

Fallacinal: R '" CHO 
Xanll/o1'ia faHax 

(Murakami, 1956) 

HO o 

OH 

Asperthecin 
A sper,lfillus quadl·ilillealus 

(Howard a.nd R:ustrick, 1955: 
Birkins haw and Gourlay, 1961) 

Flc. 25. Anlhraquinones. 
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HO o OR RO o OR 

HO 
o o OR 

o 

HO o DB 

SkyriA 
Penicillium islandicum, etc . 

(Shibata et a1., 1955) 

Iridoskyrin 
P. islandicllm 

(Howard and Raistrick, 1954) 

FJG. 26. Diantbraquinones. 

D. Hemiquinones 

Some of the fungal metaboljtes possess a hemjqujnonoid (or metbylcne
quinone) structure, in which one of the doubly linked oxygen atoms of the 
quinone nucleus is replaced by a doubly linked carbon atom. Citrinin (Fig. 
21) is an cxample of this typc. Others are shown in Fig. 27. 

Fuscin 
OidiodC'lIdroll fusculII 

(Michael, 1948; Barton 
and Hendrickson, 1955) 

HO OR 

o 
OH 

Purpurogenone 
Pellicillium pu?"pu"OgC>llItlll 
(Roberts and Warren, 1955) 

FIG. 27. Hemiquinones. 

VI. MET ABOLlTES CONTAINING NITROGEN 

A. Acyclic Nitrogen Compounds 
1. Amines 

Ammonia and the simpler amioes are of frequent occurrence, particu
larly in the higher fungi. Von Kamienski (1958) investigated the amine 
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content of i OS species representing 18 families of the higher fungi. Am
monia was universally present; methylamine, CH::NH::!, occurred in 22 
species; dimethylamine, (CH,)"NH, in J 0; trimethylamine, (CH,,) ",'I, in 
8; isoamylamine, (CH,,),CH-CH2-CH2NH2 , in 19; and f3-phenylethyla
mine, CIjH.,-CH:.!-CH 2NH:.!, in 4 species. In many cases these amines ap
pear to arise by decarboxylation of the corresponding amino acids. Thus 
List and Hetzel (J 960) obtained from Coprinus micaceus eight volatile 
amines, for which the amino acids were.also detected. Polyporus suifl/reus 
(List and Men"en, 1959) afTorded methylamine, dimethylamine, ethyl
amine, n-propylaminc, isoamylaminc, colamine, and phcnylcthylaminc. The 
amino acids corresponding with these bases were also present with the 
exception of sarcosine, which would yield dimcthylamine. In Coprinus 
utramentarills, on the other hand, List and Reith (1960) found only a few 
bases that could be regarded as simple decarboxylation products of the 
numerous amino acids present, and it was concluded that the specific de
carboxylases presumably present in the other fungi were lacking in this 
case. 

Hydroxylated amines and their derivatives arc present in fungi. Ethanol
amine, H,NCH,-CH,OH, is a constitllent of phosphatides; the mono- and 
ui-N-methyl derivatives have been obtained from Neurospora crassa. Fur
ther examples of the hydroxyamines arc to be found in the phytosphingo
sines, which contain three hydroxyl groups, and the amino group is 
acylated, usually with a iong,chain fatty acid. The fungal cerebrins are 
amides of the base with hydroxy acids, e.g., CH3 (CH2 )xCHOH-CO
NH-CH(CH,OH)-CHOH-CHOH(CH2 )"CH3 , where x = 21 or 23, 
II = 13 or 15. 

2. Quaternary Ammonium Compounds 

Quaternization of ethanolamine gives choline, a constituent of phospha
tides; other derivatives of choline are acetylcholine, present in ergot (Clavi
eel's purpurea) , and choline sulfate ohtained from Aspergillus sydowii 
mycelium. The bases muscarine and muscaridine, derived from the fly 
agaric, Amanita mllscaria, are further examples of this type (Fig. 28). 

3. Unusual Nitrogen Groups 

The groups illustrated in Fig. 29 arc of infrequent occurrence in natural 
products although well known in organic chemistry. The nitro group is 
present in {3-nitropropionic acid, which is formed by Aspergillus flavus, 
A. ory-;ae, and Penicillium atrovenclum. FH~m the last-named species, when 
grown on Raulin-Thom medium, which supplies nitrogen only as am
monium ion, it is obtained in considerable yielu. It appears to be biosyn-
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thesized from aspartic acid by monodecarboxylation and conversion of the 
amino to the nitro group (Birch et 81., 1960). 

Cholin~ R =- B 
Acetylcholine; R =- COCHa 

Ergot 
Clat'jeeps pllr puYea 

(Ewins, 1914) 

Choline suUate 
ASpeYgilius sydowii 

(Woolley and Peterson, 1937) 

Muscarine 

Muscaridine 
Amanita mu.scaria 

(Keigl ct al., 1957, 1960) 

FIG. 28. Quaternary ammonium compounds. 

The nitroso group occurs as p-methylnitro amine benzaldehyde, a 
metaboLile of Clitocybe sL(aveo/ens. 

In certain of the polyacetylenes the more usual terminal carboxyl group 
is modified and contains nitroge n, present as the amide gro up in agrocybin 
and diatrctyne I and as nitri1c in diatrctyne 1I (see Fig. 8). 

I3- Nitropropionlc acid 
Aspe"gilllls flavlts 

Pcnicillium al'Yov(?tIelwn 
(Bush el al., 1951; Raistrick 

and stossl, 1958) 

OBC-o-' N-CH f S 

- NO 

P-Methylnitrosamine 
benzaldehyde 

Clitocybe sll(Jveol ens 
(Herrmann, 1960) 

FIG. 29. UnUbual nitrogen groups. 

B. Oligopeptides 

Proteins, macromolecules containing chains of amino acids, are char
acteristic of all forms of life. Many of the fungi produce in addition 
oligopeptides conlaining only a few structural units. These often have 
marked physiological action on other organisms. The term oligopcptidc is 
here used to include chains or large rings having as building units not only 
amino acids, some of which m"y be unusual in type, but a lso l1.itrogen-free 
organic acids. Two types of linkage are involved: (1) the true peptide 
(- CONH-) linkage between a carboxyl and an amino group, and (2) 
the ester linkage between a carboxyl and a hydroxyl group. The term 



9. Special Chemical Products 2 1 L 

depsipeptide has been introduced to denote a product where both types of 
linkage occur in the same molecule. 

The simplest fungal oligopeptide, conta ining o nly two build ing units, is 
DL-fumarylalaninc, HO~C-CH CH-CO-NH-CH(CHa)-CO::H , ob
tained from Penicillium resliculosunt (Birkinshaw et al., 1942b) . It is 
evidently formed by peptide li nkage between DL-a lanine and one of the 
carboxyl groups of fumaric acid. Its occurrence as the racemic form is un
expected. but Winterstein et al. ( 19 13) havc recorded the presence of 
DL-a lanine in an aqueous extract from Boletus edt/lis . 

The genus Fusar ium produces several oligopeptidcs. Some of these, e.g., 
Iycomarasmin and culmomarasmin, were isolated from culture fi lt rates of 
species which produced a strong wil ting action On plants such as tomatoes. 
A lthough the individu al amino acid or other components of these products 

H"C, .... CH,.R H~C, ".. CH, 
CH CH 
1 I 
CH- CO - O- CH - CO 

I \ 
H.C - N N-CH" 

\ I 
CO- CH- O - CO - CH 

1 I 
CH CH 

H,C"'" ..... CH. RH~C"" ' CH. 

Enniatin A; R " CR3 
Enniatin B; R : H 

Fusa ,·itwl sp. 
(Plattner el at., 1948) 

H, C, ".. CEI, 
CH 
I H3C ..... _,- CIi:J H3C ..... "..CH3 

c~ CH CH 
I 1 I 
CH- CO- O- CH-CO-NH-CH - CO 

/ \ 
HN N - CH" 

\ / 
OC - CH-NH - oc- CH - O- CO - CH 

1 1 1 
CH CH CH, 

!i,c"'" ' CH3 !i.C ...... ' CR. t H 

Sporldesmolide I 
Pi,holl1}'ces churltlmm 

(Russell, 1960) 

H3C """ CH. 

D-Val-L- Val 

""eRa 
R-CH - CH -NH-CO-CH - NH-CO- CH \ 

• I O:r=: 1 I CHOH 
I ' L-P ile D- Phe 
I I 

D-Phe L-P he 
, I 

L-Val- D- Val 

Funglsporin 
(Val, valine; 

Phe, phenylalanine) 
Fungal spores 
(Mlyao, 1960) 

CO ' I CHa N, / 
I I C .. 

NH ~ S- CH CO ... 
I N 1 2 I 

H"C-CH H HC- CO -NH-CH-CH. 
1 I 
CO-NH-CH- CO - NH 

1 
HCOH 

1 
C~ 

""C~ 
PhalloidID· R = - C 

, I' 
HO CH~OH 

""CM, 
Phalloin· R = - C 

, I'C~ 
HO 

Amanita />lulllo idcs 
(T. Wiela nd, 1958) 

flc. 30. Cyclic oligopeptides. 
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have been identified, no satisfactory structural formula can yet be advanced. 
Greater success has been attained in the examination of the enniatins, 

also products of species or strains of fusaria. Enniatin A, CZ4fI,,"OCN2, and 
enniatin B, C~~H:\i--O(jN:::!, both show antibiotic action against Mycobacte
rium tuberculosis. From the structures shown in Fig. 30 it can be seen that 
these differ only by two methyl groups; both peptide and ether linkages are 
present. Other peptide antibiotics of Fusarium species investigated by Cook 
e/ ai. (1949) appear to be similar in structure to the enniatins. 

Sporidesmolides I and II were obtained from the pasture fungus 
Sporidesmillm bakeri (~Pithomy('es chartarllm) , which is associated with 
a facial eczema of ruminants. The structures suggested arc similar to those 
of the enniatins. 

Fungisporin, a sublimable component of the spores of some fungi, is a 
cyclic polypeptide containing equal numbers of molecules of valine and 
phenylalanine. 

The toxjns of Amani/a phalloides have aroused much interest owing to 
the extremely poisonous nature of the fungus. They have been subjected 
to intensive investigation by WicJand and COT workers, who have com
pletely unraveled the structure of phalloidin and phalloin. 

C. Heterocyclic Nitrogen Compounds 

1. Pyrroie Derivatives 

Proline (pyrrolidinecarboxylic acid) and its derivatives are constituents 
of some fungal peptides such as phalloidin and of some of the ergot 
alkaloids. A relatively simple example of this type of five-membered ring 
is tenuazonic acid, which has a structure similar to that of the tetranic acids, 
but with NH replacing the ring oxygen (Fig. 31). Degradative studies by 
Stickings and Townsend (1961) of the product obtained by feeding 

Tenuazonic acid 
* Main labeling from acetate-l-C14 

W Minor labeling from acetate-l-C14 

Altcl'lIaria tcnuis 
(Hosett et al., 1957; 

Stickings, 1959) 

FIG. 31. Pynole derivatives. 

CH, 
CH3 \ 

I CO CH 
c"""'" 11 

11 N-C 
He ..... / I 

CO COaH 

Pencolide 
Penicillium muliicol(J1' 

{Birkinshaw et al. J 1963 
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l-Ct-I-acctatc to A Iterl1(/rja JCJ111is showed that the primary labeling was on 
carbon atoms 2: and 6. with secondary labeling on carbons 4 and 10. Taking 
into account the similar labeling produced in corresponding atoms of 
isoleucine by Torulopsis [candida] utilis grown on I-ell-acetate. it seems 
probable that tcnuazonic acid is synthesized from two molecules of acetate 
and one of isoleucine. 

Whereas the tenuazonic acid ring structure may be considered to be 
derived from a {-lactone by substitution of NH for oxygen, a similar sub
stitution in an acid anhydride ring gives the imide form, which is the basis 
of the structure allocated to pencolide. This metabolite of Penicillium 
multicolor is easily hydrolyzed to citraconic acid, n-oxobutyric acid, and 
ammonia; the most probable structurc- is therefore 2-citraconimidobut-2-
enoic acid. 

2. Indole Derivatives 

Only relatively simple indoJe derivatives are mentioned in this section; 
more complex represcntatives are considered in other groups. 

The amino acid tryptophan is a common constituent of proteins. It is 
produced by condensation of indole with serine. The enzyme responsible 
for this synthesis has been extracted from wild-type Neurospora (Umbreit 
et al., 1946). Indigo has been obtained from a mutant culture of Schizo
phyllum commune grown on a synthetic medium containing thiamine, with 
an ammonium salt as sOurce of nitrogen. Indigo is probably produced by 
condensation of two molccu1cs of indole, since certain bacteria arc known 
to be capable of converting indole to indigo (Fig. 32). 

Bufotenin (5-hydroxy-N,N-dimethyltryptamine) is a constituent of the 
skin secretion of toads. It has heen obtained by Wieland by extraction of 
Amal1ita mapp" [A. citrina] and has also been detected in other Amanita 
species. 

The Maya Indians have for ccnturies used the "magic-fungus" 
Teonanacatl to produce illusions and hallucinations in certain tribal cere
monies. The fungus responsible was found to be a Psilocybe. From 
P. mexicana and from Stropharia cubensis, Hofmann (1960) was able to 
isolate 1\\10 active principles \vhich produced the psychotomimetic cffects 
of the Mexican magiC-fungus. The pure products, named psilocin and 
psilocybin, were found to be 4-hydroxy-,.,-N,N-dimcthyltryptamine and 
the corresponding phosphoryl ester. 

The indole nucleus is also present in the large group of ergot alkaloids 
derived from Claviceps [JIlrpllrea. The natural ergot alkaloids and those 
obtainable by laboratory culture of the fungus arc all related to lysergic 
acid. Some are peptides, others differ in substituents and in configuration. 
Other fungi. e.g., Aspergillus !umigafus, also produce good yields of indole 
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Indigo 
Schizophy llttm commune 

(Miles ei al., 1956) 

P silocybin; R = - P03H2 
P Silocin; R = H 

Psilocybe mexicall(l 
(Hormann et al., 1959) 

, CH, 
H00JCH~- C~-N I ..... C~ 

"""'- N 
H 

Bu[otenin 
Amanita cill'illu 

(T . Wieland et al., 1953) 

Lysergic acid 
C laviceps PIl1"pU1'ea 

F IG. 32. Indole dcrivati\cs. 

alkaloids. It has been found that tryptophan can act as precursor of lysergic 
acid ( Mothes el al .• 1958), and rhe remainder of the molecule appears to 
arise by incorporation of mevalonate. 

3. Pyridine Derivatives 

The pyridine derivatives nicotInic acid and pyridoxine are vitamins. 
T hey arc of widespread occurrence in living ce lls since they function a~ 
coenzymes and act as prosthetic groups in a variety of enzymatic reactions. 

Other examples of metabolites more specific for the fun gi arc dipicolinic 
acid (originally obtained , however, from a bacterial food inoculant ), ru aric 
acid , and dehydrofu~a ric acid (Fig. 33). Fusaric acid rcpre!.ents yet an
other willing agent derived from Fusarium species, It causes wilting by de
stroying the difTerenti al permeability of leaf cells, 

An example of a quinoline metabolite is viridicatin , C, ~,H '1 0:.!N, derived 
from Pellicillium l'iridicutlll1l and P. eye/opium. It can also be obtained by 
mild acid hydrolysi~ of the more complex ~truclure cycJopen in, Cl iH ,~O;IN::, 

also produced by P. cyd opilllll , The degradation prod ucts of eyc1opcnin, in 



Dipicolinic acid 
PenicilliulII sp . 

loyama e{ (Ii . , 1960) 
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Fusar lc aCid ; R = - CaMs 
Dehyd rofusaric ac id; 

R = -CH=CHa 
Fusarium sp. 

Gibbel'f'lla /ujikul"Oi 
(Yabuta c{ al., 1934; 

P lattner ('I al., 1954) 

2 15 

OH 

OH 

Viridicalin 
Penicillium viridicalum, 

P. cycloPiwll 
(Cunn ingham and 
Freeman, 1953; 

Bracken et al., 1954) 

flu. 33. Pyritlinc and quino line derivatives. 

addition to vi rid icatin are mcthylam in e and carbon d ioxide. The st ructure 
of cyclopenin is sti ll under investigation. 

4. A zantiJracene and Phenoxazone Derivatives 

One example of each of these two types of tricyclic structures is il
lustrated (Fig. 34). The azanthraccne derivative phomazarin was obtained 

HO o o 

Phomazarin 
PIIOIII(l {('ITcsll·is 

(Kogl and Quackenbush, 1944; 
Birch et ul., 1964) 

Jv.N~N~ 
VO~O 

Cinnabarin; R = CH20 H 
Cinnabarinic acid: R = COaH 

Pofys lictlls SOIlJ[ltil1l!ltS 
(Cavill at al., 1959; 
Griponberg, 1958) 

FIG. 34. T ricycl ic n itrogen derivatives. 

from the mycel ium of Phoma terreslri.l". The general form of the molecule is 
that of an anthraquinone with one of the a-carbon atoms replaced by 
ni trogen. Work with labeled acctc.l te as precursor ind icates that phomazarin 
is biosynlhesized from eight acetate units. possibly with addi tion of glycine 
and carbon dioxide. Cinnabarin (polystic tin ) i" derived from Coria/us 
[Polystictus] sanguil'leus. In cinn abarinic acid from the same source, the 
hydroxymethyl group is replaced by carboxyl. Cinnabarin is structurally 
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related to the insect pigments known as ommochromes and to the actinomy
ems obtained from Streptomyces species. 

5. Pyrazine Deriv(ltives 

Aspergillic acid and hydroxyaspcrgill ic acid arc products of Aspergillus 
{lavLls. The first indication of the presence of aspergi llic acid in the culture 
fi ltrate was given by its antibiotic activity. Muta-aspcrgillic acid and Havacol 
have also been obta ined from the same mold. The four structures (Fig. 35) 

Aspergillic aCid; {~, : ~zHs 
Hydroxyasper- {R = CzHs 

giUic acid; R' = OH 
Muta- {R = CHs 

aspergillic acid; R' = OH 
Aspergillus flaws 

(Glister, 1941; Dutcher, 1958; 
Nakamura, 1960, 1961) 

Pulcherrim.inlc ac id 
Candida pulcher-rima 
(Kluyver et aZ., 1953; 
Cook and Slater, 1956) 

Flavacol 
Aspergillus jlavltS 
(Dulm el al., 1949) 

Q 91 
o ~ 
II 

HN-C 
~c, I \ .... c~ 

CH HC 
\ I 
C-NH 
II o 

L-Phenylalanine anhydride 
Penicillium nilfl'icans 

(Birkinshaw and Mohammed, 1962) 

F IG. 35. Pyrazinc derivatives. 

arc closely related; Havacol was shown to be identical with 3-hydroxy-
2,5-diisobutylpyrazine prepared by dehydration of DL-Ieucine anhydride 
with phosphoryl chloride. T here is definite evidence that aspergillic acid is 
synthesized from leucine and isoleucine. Pulcberrimio, obtained from a 
yeast in a medium containing a ferric salt, is a deep maroon powder con
taining ] 2.7% of iron. Removal of the iron with aqueous sodium hydroxide 
affords puJcherriminic acid, which bas two identical side chains. 
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An even more symmetrical example of this type of ring structure is 
furnished by L-phcnylalaninc anhydride (cis-L-3.6-dibenzyl-2.5-dioxopiper
azine) , which is obtained from the mycelium of Penicillium nigricans. It 
was synthesized by warming L-phenylalanine ethyl ester, which suggests the 
method of biosynthesis. Other more complex fungal metabolites in this 
group such as eehinulin and myeelianamide are known. It is highly probable 
that in all cases the biosynthesis follows the same course, the pyrazine ring 
being first produced by double peptide linkage between two similar or 
dissimilar a-amino acids. Further modifications may then be introduced by 
oxidation or other processes. 

VII. METABOLITES CONTAINING SULFUR 

A. No Nitrogen Present 

Sulfur is only rarely encountered as a constituent of fungal metabolites 
unless the molecule also contains nitrogen. However Schizophyllum com
mune~ a wood-rotting fungus, was found to convert inorganic sulfate into 
the mcthylated derivatives of sulfur listed in Fig. 36. Traces of hydrogen 

CH3SH Methyl mercaptan 

CH3S - SCH3 Dimethyl disulfide 

(CH,),S Dimethyl suUide 

Schizophyllurn commune 
(Birkinshaw et al., 1942a; 

Challenger and Charlton, 1947) 

(CH,),SO, Dimethyl sulfone 

Cladonia deform is 
(Bruun and Sorensen, 1954) 

Junipal 
Daedalea _iuniperina 

(Birkinshaw and Chaplen, 1955) 

FIG. 36. Metabolites containing sulfur, but no nitrogen. 

sulfide were also detected. From the lichen Cladonia deformis dimethyl 
sulfone has been obtained. 

A further example of a metabolite containing sulfur is the acetylcnic 
thiophen derivative junipal. This is the only thiophen derivative to be 
recorded so far from fungi although a-terthienyl has been obtained from the 
Indian marigold (Zechmcister and Sease, 1947). It seems probable that the 
thiophen ring in such natural products arises by interaction of hydrogen 
sulfide with a straight-chain compound containing an acetylenic-olefinic 
system. 
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B. Nitrogen Present 

A number of su lfur-conta ining fungal metabolites also contain nitrogen. 
One reason fo r this is the fact that cysteine, which contai ns both nitrogen 
and sulfur, can act as building unit for more complex products of poly
peptide nature. Examples of oligopeptides containing sulfur, namely phal
loidin and phalloin (Fig. 30), have already be;en mentioned. 

An important example of this type is the antibiotic pen icillin, which has 
proved to be an extremely valuable chemotherapeutic agent for the treat
ment of many bacterial infectio ns. The biogenesis of penicillin has been 
studied [for reviews see Arnstein (1957) and Demain (1959)]. The 
thiazolidine-,B-Iactam structure is derived from L-cystine and L-vali ne. The 
s ide-chain precursor is the appropriate substituted acetic acid ; in benzyl
penicillin this is phenylacetic acid . Arnstein et al. (1960) obtained (rom 

I 

: .... s"' ......... CH" 
R - CO+NH-CH-HC .... C 

SH 

HO C-CH-(C"') - CO-NH- CH-tH cRCH
, 

: I V I'CH" 
I CO:;;-",N-CR-CO. H 

2 I ... . I ' I'CH, 
NH. CO-Nll-CH- CO.H 

The Pe nicillins 
(Benzylpenicillin; R = CR.-C.H.) 
Peni.il/illlU cit,.\)SOgCTlllrII, elc. 

Cephalosporin N 
CephalosporiulII sp. 

(Newlon and Abraham, 1954) 

II -(O--Aminoadipoyl) cysteinylvaline 
P. cl"'ysogcmtm 

(Arnslein el al., 1960) 

....8, 
R-CO-NH-TH-H

T 
THo 

co - N'C,c-CHa-O-CO-CH" 

I 
CO.R 

Cephalosporin C 
Cepltaiosporium sp. 

(Abraham and Newton, 1961) 

rI-l o 
Y7tr 
HO j__ ~ ,N.._ 

O~ l' CR. 

CHaOR 

Gliotoxin 
GIiQcladium fil1lbriatllm, etc. 

(WeindUng, 1932; Bell ('/ af., 1958; 
Winstead and Suhadolnik, 1960) 

rIG. 37. Metabolites conlaining sulfur and nitrogen. 
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cillium chrysogenum, after brief incubation with C'-valine, a tripeptide 
'& the structure 0-( a-aminoadipoyl )cyst( e) inylvalinc (Fig. 37). 
ninoadipic acid was also obtained chiefly in the L-form. The possible 
,netic relationship with cephalosporin N, another antibiotic, is im
'ately evident. The pathway for penicillin biosynthesis proposed hy 
,tein and Morris (1960) involves the conversion of the tripeptide to 
alosporin N by appropriate ring closures. The final stage requires ex
ge of the <>-aminoadipoyl side chain of cephalosporin N for a phenacyl 
p. 
nother antibiotic from a Cephalosporium species, cephalosporin C, 
a structure which could also arise from the tripeptide S-(wamino
)yl)cysteinylvaline by suitable oxidation of the /iem-dimethyl group 
a different type of ring closure to form a six-membered dihydrothia
ring in place of the five-memhered thiazolidinc ring of penicillin. 
further member of this group, gliotoxin, derived from several fungal 

ies, has bacteriostatic and fungicidal properties. Radioactive tracer 
es have shown that gliotoxin is biosynthesizcd by Trichoderma viride 
lone molecule each of phenylalanine and serine, which combine to 
, an anhydropeptide ring, with addition of two sulfur atoms to form a 
fide bridge. Since m-tyrosinc can act as precursor, it appears that 
oxylation can OCClIr hefore cyclization of the aliphatic side chain of 
,ylalanine. 

VIII. METABOLITES CONTAINING CHLORINE 

hlorine is a constituent ·of a number of fungal metabolites, some of 
h have already been mentioned, e.g., geodin (Fig. 21) and mollisin 
. 24). Organically bound chlorine is not a necessary precursor in their 
"nthesis since these products arc readily formed in synthetic media in 
h the chlorine is present as chloride ion. When the fungus is deprived 
liar ide, it may produce the deehloro analog of the metabolite. In most 
s the chlorine is attached to a carbon atom of a carbocyclic ring of 
,atic type. Exceptionally, caldariomycin, a dihydroxycyclopentane de
ive, carries two chlorine atoms attached to the same carbon atom. 
, studying the synthesis of caldariomycin, P. D. Shaw el ai. (1959) 
found that the formation of the carbon-chlorine bond is catalyzed by 

nzymc which is present in Caldariomyces fwnago. The enzyme pro
os the conversion of fJ-ketoadipie acid and chloride ion into S-chloro
linie acid. The latter, when labeled with CI"", is converted by the mold 
labeled caldariomycin. The reactions arc presumed to follow the 

me shown in Fig. 3X. 
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yO,H 

HO C
H2G 

..... CO 
, I I 

H,C--CH, 

i3 -Ketoadipic acid 

Cl 
] 

HO" H2C, 
""'C co 

ov] 1 
H,C-CH, 

li -Chlorolevulinic acid 

Caldariomycin 
CaldaYiomvces fuma/{o 

(Clutterbuck d al., 1940) 

FIG. 38. Biosynthesis of caldariomycin. 

Further examples of chlorine substitution in aromatic rings are shown in 
Fig. 39. 

Griseofulvin is of considerable commercial importance since it is a valu
able chemotherapeutic agent. It was obtained independently in two labora-

CI CH, CH, 

0 

'" "'" "'" "'" 
OH 

ClyYCI 

CIVCI 

OCR:> 

eHS-C02 

CH2 - eH3 

Drosophilin A 
Drosophila suba{yata 

(Kavanagh el al., 1952) 

Nidulin; R <= CH3 , R' = Cl 
Nornidulin (ustin); R = H, H' = Cl 

Dechloronornidulin; R = H, R' = H 
Aspergillus nidulans 

(Dean et at., 1954, 1960) 

~ 0 
H,C 

0 

Sclerotiorin 
Penicillium sclerotiorum. P. multicolor 

(Curtin and Reilly, 1940; Oeah (I al., 1959) 

Griseofulvin; R = Cl 
Bromogriseofulvin; R = Br 

Dechlorogriseofulvin; R = H 
Penicillium f['Yiseojuluum 

P. ;anczewskii 
(Oxford ('I aI., 1939; Brian ef al., 

1946; MacMillan, 1954) 

F[G. 39. Metabolites containing chlorine. 
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tories. Oxford el al. (1939) isolated it from Penicillium griseofulvul1l 
cultures and determined its chemical properties and empirical formula. 
Brian el (/1. (1949) obtained it from P. jancceH"skii and, noting its pecul
iar stunting and distorting eITeet on the germ tubes and hyphae of Botrylis 
"llii and other fungi, named it "curling factor." The two products were 
found to be identical. It was found to act systemically in plants, being taken 
up by the roots and protecting seedlings against mildew and tomato plants 
against Botrytis. Soil application was not very profitable, however, since 
griseofulvin was readily destroyed in the ground. It was not readily taken 
up by the leaves of plants. The main application of griseofulvin is now in 
the cure of dermatoses in man; it is manufactured for this purpose from 
molds of the P. griseojulvum-P. urticue group since from this source the 
metabolite can be obtained by the deep-culture method. It is the agent of 
choice in many mycoses of skin, hair, and nails. 

The ~tructure of griseofulvin is reminiscent of that of geodin; it is prob
ably biosynthesized by a similar route. When grown on a medium devoid 
of chlorine, the fungi yielding griseofulvin produce the chlorine-free analog 
dechlorogriseofulvin. The bromo analog has also been obtained by sub
stituting bromide for chloride in the culture medium. 

Drosophilin A is of interest in containing no less than four chlorine 
atoms although it is a relatively simple molecule. 

Nidulin has a depsidone type of structure with unsaturated side chain. 
Nornidulin (with OH replacing OCH,) and dechloronornidulin (in which 
one of the three chlorine atoms is missing) arc variants of the same basic 
structure. 

Sclerotiorin is the only chlorine-containing member of a group of prod
ucts of similar basic form which have been termed azaphilones. They are 
so named because they react avidly with ammonia, the cyclic oxygen atom 
being replaced by NH. 

IX. METABOLITES CONTAINING ARSENIC, ETC. 

A number of cases of arsenical poisoning have been ascribed to the use 
of domestic wallpapers colored with pigments containing arsenic (usually 
as copper hydrogen arsenite). The toxic compound evolved as a result of 
the growth of molds on the damp wallpaper has been shown to be tri
mcthylarsine, (CH,) "As. Challenger et al. (1933) obtained this gas by 
growth of Scopulariopsis brevicaulis (Penicillium hrevicaule) on stcrile 
bread crumbs moistened with solutions of variolls arsenic compounds such 
as arsenious oxide, As,O", sodium methyl arsollate, CH:AsO(ONa)" or 
sodium cacodylate, (CH,,),AsOONa. Sodium ethyl arson ate and other 
alkyl arsonic acids gave rise to mixed methylated arsines. 
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Similar results were obtained by the use of inorganic selenium and tel
lurium compounds as substrates, dimethyl selenide, (CH,,),Se, and dimethyl 
telluride, (CH,,),Te being evolved. These results are comparable with the 
production of methyl sulfides by the action of Schizophyllum commune 
on inorganic sulfate; they are all examples of biological methylation (see 
review by Challenger, 1959). 

X. FUNCTION 

So far as present knowledge extends, most of the metabolic products 
here discussed appear to be off the main pathways of biosynthesis required 
for building ccII structure, enzymes, genes, etc., or for the production of 
energy (e.g., the Krebs cycle). Further research may show that some of 
these metabolites function in processes as yet undiscovered. Various roles 
have been suggested, such as respiratory factors (e.g., quinones), photo
sensitive pigments involved in phototropic response mechanisms (gallic 
acid), food storage (fats and carbohydrates), and defense mechanisms 
(antibiotics) . 

Even when these possibilities are taken into account, however, there 
still appears to remain a solid core of products to which no useful purpose 
can be assigned. These have been termed overflow or shunt metabolites 
and would represent "errors in metabolism." Shunt metabolites may ac
cumulate as a result of changes in genetic factors (mutations) characterized 
either by loss of an enzyme required for a fundamental pathway or by 
acquisition of a new enzyme specific fOf' a particular reaction. 

Alternatively, environmental factors may in some cases be responsible. 
The few well-established laboratory media regularly employed for the 
cultivation of the fungi have been evolved mainly on the basis of con
venience, reproducibility, and ability to support growth of a large number of 
species. They may lack one or more nutritional factors required for specific 
organisms or may present an incorrect balance of components, producing 
pH changes or osmotic effects inimical to the "normal" metabolism. 

Shunt metabolites produced owing to the operation of any or all of these 
causes may be regarded as pathological in nature, but are obviously with
out marked detrimental effect on the survival of the organisms concerned in 
their production. 
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CHAPTEH 10 

Carbohydrate Metabolism 
1. Glycolysis 

HAROLD J. BLUMENTHAL1, 2, 3 

Department of Microbiology 
University of Michigan 
Ann Arbor, Michigan 

I. INTRODUCTION 

Glycolysis is the physiological conversion of glucose to pyruvate or lac
tate without regard to mechanism. The glycolytic pathways in fungi. as in 
all cells, serve to furnish energy, precursors, or components for synthesis 
and for oxidation or reduction reactions necessary for converting these 
precursors to the appropriate intermediates or end products. 

It has been a little more than a century since Pasteur published his 
memoirs on the alcoholic fermentation of sugar. He also studied certain 
fungi extensively from the standpoint of corrohorating and generalizing 
his concepts of fermentation alrcady conceived with ordinary brewers' 
yeast (Saccharomyces cerevisiae) (cf. Foster, 1949). However, it was in 
the three to four decades following the demonstration in 1897 by 
Buchner of glycolysis in extracts of yeast that studies with isolated en-

1 Supported by grants from the National Institutes of HealLh (AI-Ot493) and the 
National Science Foundation (G-t4331). 

2The following abbreviations are used throughout this paper: ATP, adenosine 
triphosphate; NAD, nicotinamide adenine dinucleotide, or diphosphopyridine nucleo
tide; NADH, reduced nicotinamide adenine dinucleotide; NADP, nicotinamide 
adenine dinucleotide phosphate, or triphosphopyridine nucleotide: NADPH, reduced 
nicotinamide adenine dinucleotide phosphate; EM, Embden-Meycrhof pathway; 
H~lP, hexose monophosphate pathway; ED, Entner-Doudoroff pathway; TC A, tri
carboxylic acid cycle; -P, -phosphate; Pi, inorganic orthophosphate; RSA, relative 
specific activity. 

:1 Pr{'sent addr{'ss: Department of Microbiology, Loyola Univcrsity School of Medi
cine, Chicago, Illinois. 
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zymes resulted in the recognition of the pathway now known as the 
Embdcn-Meyerhof (EM) pathway. 

The remarkable successes in elucidating this pathway in yeast. mam
malian, and bacterial cells resulted in the general acceptance, until about 
fifteen years ago, of the EM pathway as the sole one for glycolysis in 
living cells. Whether this was true in filamentous fungi was less certam, 
primarily because of technical difficulties. This situation led, in fact, to a 
school of thought, championed by Nord, which suggested that phosphoryla
tion played little part in glYCOlysis by molds such as Fw){/riwn. Foster sum
marized the situation in 1949: "It is a surprising fact, though typical of 
molds, that the occurrence of phosphorylated intermediary products of 
carbohydrate metabolism has not yet been conclusively demonstrated. The 
elimination of this very real stumbling block to the elucidation of dissimila
tion mechanisms of molds doubtless can be achieved, to a large extent at 
least, by the development of methods for obtaining active cell-free juices 
of mold mycelium, so that the study of th~m becomes one of isolated en
zyme action rather than cellular Llction." 

Almost at the time Foster was writing these words, Lynen and Hoff
mann-Walbeck (1948) were able to demonstrate the presence of aldolase 
and triose-P dehydrogenase in Penicillium nota{um extracts. Within five 
years it became apparent that the EM enzymes could be demonstrated in 
many fungal extracts. During this same interval, studies by Horeeker, 
Racker. Cohen, and others extended the earlier studies of Warburg, Lip
mann, and Dickens so that another glycolytic pathway, the hexme mono
phosphate (HMP) pathway, was recognized in yeast (cl. Dickens. 1958). 
This time, the existence of HMP enzymes in filamentous fungi was demon
strated without delay. Thus it was possible to establish that the Klliyverian 
concept of the "unity of biochemistry" did hold for fungal gl"jcolysis in 
that they possessed the enzymatic potential for EM and HMP pathways. 

During the past decade, with the availability of differently C"-labeled 
glucoses, procedures were uevised that made it possible to demonstrate 
that intact fungal and other cells not Dilly had the potential for the EM 
and HMP pathways, but that these pathways actually operated, usually 
simultaneously_ With the demonstration that intact Fusarium mycelium 
utilized a pathway involving phosphorylated EM intermediates, the chief 
objection of the proponents of a non phosphorylated pathway for glucose 
catabolism in filamentous fungi Was overcome. This objection was that 
studies with cell-free extracts involved pathological disorganization and 
did not reflect what occurs in normal cells (Foster, 1949; Cochrane, 1958). 

The notion of the "unity of biochemistry" has been advanced in an over 
simplified form that sometimes leads to concentrated effort on similarities 
whjJe that whieh js nove] and different is overlooked or discounted (Cohen, 
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163). Lest anyone should assume that pathways involving phosphorylated 
termediates arc the only ones, it may be noted that three pathways for 
lrbohydrate catabolism that do not involve phosphorylated sugars have 
ready been discovered in bacteria. These are the conversion of glucose to 
-ketoglutarate by Acetabaeter melanogenum and the conversion of L-arabi
ose to «-ketoglutarate and of D-arabinose to glycolate and pyruvate by 
.selldomonas sacchurophila (d. Hollmann, 1964). The chances are very 
reat that there arc still undiscovered pathways for carbohydrate met abo
srn in fungi. Furthermore, "Whereas the tell-talc evidence of existence of 
ew metabolic pathways in the great majority of other organisms cannot 
e foretold without laborious studies, ... it seems to be uniquely char
cteristic of fungi that they virtually advertise the presence of new metabolic 
>athways by the piling up of compounds representing one or more stages 
1 a pathway" (Foster, 1958). 

II. METHODOLOGY 

The classical procedures for the investigation of carbohydrate catabolism 
,ave not been very successful when applied to fungi. The many advances 
n our understanding of fungal glycolytic processes during the past decade 
lave resulted primarily from studies both with isolated enzymes and with 
'adioisotopic techniques applied to intact cells. Consequently, emphasis 
Nil! be placed on the recent and important isotopic techniques and only a 
;lIpcrficial summary of other techniques will be presented. A concise syn
lpsis of some general procedures of value in microbial metabolic studies 
can be found in Lamanna and Mallette (1959), and more extensive dis
:ussions of techniques particularly suited to fungal metabolism in Foster 
(1949) and Cochrane (l'!S8). 

There arc many levels of organization which an investigator may select 
for studying fllngal metabolism. For example, he may study fungi in their 
normal environment, in mixed cultures with complex media. in pure cul
tures with complex or chemically defined media, in resting ccli suspensions 
or crude cell extracts, or in systems employing highly purified enzymes. At 
each successive level there is a gain in the form of more control of variables 
and greater simplicity. With these advantages, however, there usually is a 
concomitant loss due to a greater degree of disorganization. If at all pos
sible, one should attempt to verify conclusions at more than one level. 

A. Carbon and Oxidation-Reduction Balances 

Measurements of the stoichiometry of substrate conversion to products 
from anaerobic fermentations, a technique that has been described briefly 
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by W. A. Wood (1961), was an early and valuable tool for microbiolo
gists. Cochrane (1958) has discussed the usc of this technique with fungi, 
and Foster (1949) has described the use of respirometers in fungal carbon
balance studies. Although the measurement of carbon and oxidation-reduc
tion balances by itself has little use in determining glycolytic pathways, it 
is a valuable method in ascertaining whether or not all the products, and 
the appropriate ones in terms of degree of oxidation, have been recovered. 
The carbon balance itself often is used in studies with CH-sugars (Wang 
and Krackov, 1962). 

B. Growth: Sources of Energy 

The ability of fungi to usc certain sugars as sole sources of carbon and 
energy, as well as the efficiency of conversion of these compounds into 
cell mass (cf. Perlman, Chapter 18), may sometimes provide valuable 
clues to the glycolytic pathways available to a cell. For example, a cell 
that can utilize gluennate or 2-ketogluconate very likely possesses a modi
fied HMP pathway (Fig. 3). The fact that xylose or gluconate is a better 
carbon source than glucose may mean that the HMP pathway is more 
active than the EM pathway although other explanations, such as limita
tions due to specific transport mechanisms (permeases), are possible. How
ever, if good enzymatic and isotopic techniques are available, problems 
such as this arc amenable to experimentation. The biochemical basis of 
nutritional capabilities in many fungi has been little studied and may well 
repay investigation. 

C. Manometry 

Although manometric techniques have been used successfully with many 
microorganisms, the results of quantitative studies with fungi generally have 
been less successful. Among the filamentous fungi the rate of endogenous 
respiration usually is high compared to the total respiration in the presence 
of an exogenous substrate. Methods have now been devised that aid in 
the decision whether or not the endogenous respiration continues in the 
presence of a utilizable substrate (cf. Section V). The determination of 
whether or not a substrate is oxidized at a rate higher than the endogenous 
rate is still very useful and often is applicd in attempts to identify possible 
metabolic intermediates. A recent example of such a usc was in studies on 
the glucose catabolism of Caldariomyces fl/mago (Ramachandran and Gott
lieb, 1963). In this study, both resting cell suspensions (i.e., nongrnwing 
cells) and cell-free extracts of the organism were found to be capable of 
oxidizing glucose, gluconolactone, 6-phosphogluconate, and 2-ketogluco-
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late aerobically but not anaerobically; glucuronic acid, glucose-6-P or 
ructosc-l ,6-di-P were not oxidized. These results, as well as supplementary 
nanomctric studies employing metabolic poisons and isotopic glucose, led 
o the conclusion that this fungus employs a modificd ED pathway. Nega
ive data obtained by this technique, or any other, must be interpreted 
:arefully. Many compounds, particularly thc phosphorylated sugars in
IOlved in the EM, HMP, or ED pathways, are usually impermeable to 
:ells. In addition, phosphatases oftcn are located on the cell surface (cf. 
{othstein, Chapter 15) and can hydrolyze the phosphate ester so that it 
s the free sugar that actually is being metabolized. This problem can be
:ome even more complicated if the phosphatase has some degree of spcci
kity, as in the case of a highly purified acid phosphomonoesterase from 
Vellrosl'ora crassa which hydrolyzes phosphorylated sugars at different 
'ates (Kuo and Blumenthal, 1961). These facts suggest that manometry, 
.vhile a valuable supplementary technique, should not be used alone. 

Induced enzyme synthesis (cL Zalokar, Chapter 14) often can be meas
Jred employing manometric techniques. In the case of C. fllmago which 
.vas referred to above, suggestive evidence was obtained that an induced 
:nzyme was involved in the oxidation of 2-ketogluconate. The same situa
tion for 2-ketogluconate oxidation probably exists in a number of other 
'ungi (DeLey and Vandamme, 1955). These data do not establish whether 
E!nzymes which facilitate entry, or oxidation, arc involved. 

D. Inhibitors 

The results of studies with metabolic inhibitors such as fluoride and 
iodoacetate played an important role in the definition of the EM pathway. 
Inasmuch as cells usually possess more than one glycolytic pathway, and 
many enzymes are common to all three such pathways known to be present 
in fungi (EM, HMP, and ED pathways; Table I), it is unlikely that poisons 
will play such an important role again. Unfortunately, inhibitors specilic 
for the enzymes which arc unique to one pathway, such as phosphofructo
kinase of the EM pathway, are as yet unknown. Inhibitors are still very 
useful in metabolic studies although the interpretation of results obtained 
with them, especially when using intact cells, is difficult. 

The inhibition of glycolysis by fluoride, with the concomitant accumula
tion of phosphoglycerate, formerly was considered sufficient evidence to 
indicate that the EM pathway was the glycolytic pathway present. This 
was due to the fact that Mg-: +, required in relatively high concentrations 
by enolase, was removed as the insoluble magnesium fluorophosphatc. 
Therefore, if an organism was insensitive to fluoride, it was thought to be 
utilizing the HMP pathway or other non-EM means of glycolysis. 
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Such reasoning has been shown to be fallacious in Bacillus subtilis (Gold
man and B1umenthal, 1963). Thus, cells were insensitive to fluoride when 
grown in a medium with an inorganic nitrogen source, but not when 
grown in a medium with a complex organic source of nitrogen. When this 
problem was investigated using isotopic techniques, it was clearly shown 
that the EM pathway was the major glycolytic pathway in both types of 
cells (Table II), even when the determinations were made in the presence 

TABLE ][ 

COMPARISON OF ESTlMATIO?'JS OF THE AEROBIC GLUCOSE CATABOLIC PATHWAYS IN 

Bacillus subtilis RESTING CELL SUSPENSION USING Two METHODS SIMULTANEOUSLY 

Cells grown in medium 
with complex or inorganic 

nitrogen source Method of estimation 
--- .. -~---------

Complex 
Complex 
Inorganic 
Inorganic 

CO, 
Intermediates (acetate) 

CO, 
Intermediates (acetate) 

Equation 

(3) 
(9) 
(3) 
(9) 

Glucose utilized via 
HMP pathway 

(%) 

36 
41 
26 
35 

of fluoride. The reasons for the differences in the effectiveness of fluoride 
are not known although there is likely to be some difference in the penetra
bility of fluoride to the sensitive sites in the two types of cells. Conse
quently, insensitivity of an intact cell to an agent such as fluoride docs not 
necessarily imply the operation of an alternate pathway, or innate resistance 
to the agent by a particular enzyme or group of enzymes. 

Another important point to consider when using metabolic poisons such 
as fluoride is that the poison may act at more than one locus and, depending 
upon the concentrations employed, the so-called secondary site may be the 
one that is being blocked. Such a case was recently described in Aspergillus 
terreus (Lal and Bhargava, 1962). In this mold, which uses the EM path
way as the major glycolytic pathway, fluoride inhibits a step in the conver
sion of pyruvate to itaconate at concentrations that inhibit pyruvate forma
tion from glucose only slightly. Furthermore, this slight inhibition of glyco
lytic rate is completely reversed by the addition of pyruvate (through an un
known mechanism) although itaconate formation remains blocked. Conse
quently, a step in the conversion of pyruvate to itaeonate is most susceptible 
to fluoride. 

Arsenite often is employed when the accumulation of a-keto acids such 
as pyruvate or a-ketoglutarate is desired. Although such accumulation alone 
does not give information as to which glycolytic pathway is being used, it 
can do so when used in conjunction with the determination of the distribu
tion of elc! in pyruvate after utilization of glucose-1-Cu. This is one type 
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evidence used by Ramachandran and Gottlieb (1963) to determine that 
lcose was catabolized by the ED pathway in Caldariomyces fumago. 
Cycloheximide (Actidione) is another agcnt that can be used to cause 

c accumulation of a-keto acids in fungi. The action of the cyclohcximide 
n be reversed in Neurospora sitophila by the addition of thiamine (Sey
'ux and Turian, 1962). 
Useful information may sometimes be secured by means of studies on the 
~chanisrn of resistance to a poison. For example, in a study on the 
3istancc of Aspergillus niger to the fungistatic action of m-dinitrobcnzene, 
iggins and Chambers (1963) reported that some important changes in 
rbohydrate metabolism had accompanied the acquisition of resistance. 
lC resistant strain could metabolize glucose anaerobically whereas the 
.fent strain could not, and the former could no longer oxidize gluconate. 
In addition to studies of the types just described, poisons are used to 
usc the accumulation of intermediates which can then be identified by 
rious chromatographic techniques (cf. Godin, 1955), It is not always 
:cessary to add poisons, however, to induce the accumulation of inter
ediatcs. Duff and Webley (1959) were able to accomplish this with HMP 
,thway components from soil nocardias simply by keeping the pH near 
·utrality or by using gluconate as the carbon source rather than glucose. 
The compounds found in the medium will usually be dephosphorylated 

. cell phosphatases, so in order to obtain phosphate esters it is necessary 
extract the mycelium, Thus, Moses (1959) used this technique to study 

e effect of azide on the intracellular intermediates formed during glucose 
"tabolism in Zygorhynchus moelleri. 
The effect of respiratory poisons, such as cyanide, on fungi has been 
,nsidered by Lindenmayer in Chapter 12, In addition, Hochster and 
uastel (1963) have written a comprehensive treatment of metabolic in
bitors. 

E. Mutants 

Although Neurospora mutants have been used for the determination of 
rtain biochemical pathways, particularly those involving amino acids, they 
lve not been employed for the investigation of glycolytic mechanisms. 
rauss and Pierog (1954) did, however, report an apparent increase in 
e utilization of the HMP pathway as a result of a mutation in N, crassa 
at nearly completely blocked its pyruvate metabolism. 
Mutations affecting glycolytic enzymes were apparently unknown before 
e recent report of a mutant of Salmonella typhimurium deficient in 
ucosephosphate isomerase (Fraenkel et al., 1963). Because of this de
ct, glucose, but not fructose, must be glycolyzed in this bacterium by 
cans other than the EM pathway. 
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Studies have been made of the enzymes of glucose catabolic pathways of 
a high oxytetracycline-producing ~train of Slreptornyces rimosils and of a 
mutant producing much smaller amounts of the antibiotic (Horvath and 
Szentirmai, 1962). Accompanying the loss in antibiotic productivity, the 
6-phosphogluconate dehydrogenase content of the mycelium diminished, 
while the content of EM enzymes increased leading to a high pyruvate 
content in the medium. The authors concluded from these data, and 
others, that the low yield of antibiotic was (!ue to a block in the utilization 
of pyruvate for antihiotic synthesis rather than to a direct effect on the 
glycolytic pathways. The addition of high concentrations of P, to the me
dium. which abo inhibits the HMP pathway and stimulates the EM path
way, resulted in increased production of pyruvate, which was promptly 
used to produce greater quantities of mycelium but not antibiotic. 

Bacterial mutants arc very useful for identifying intermediate steps in 
the conversion of D-galactose to D-glucose and in the catabolism of L-arabi
nose (cf. Hollmann, 1964). It is hoped that the usc of fungal mutants 
lacking specific glycolytic enzymes may prove to be as valuable to the 
fungal physiologist. 

F. Enzymes 

The presence of a glycolytic enzyme in a cell extract indicates that the 
cell has the potcntial to usc it. Three glycolytic pathways are known in 
fungi, the EM, HMP, and ED pathways, the components of which arc 
listed in Table I. The first tcn enzymes in the list arc those ordinarily asso
ciated with the EM pathway. Note that, of these ten enzymes, all except 
phosphofructokinase also arc associated with the HMP pathway and seven 
of the ten also are part of the ED pathway. There is good evidence that 
aldolase is involved in the resynthesis of hexoses via the HMP pathway by 
catalyzing the condensation of erythrose-4-P and triose-P to yield sedoheptu
lose-I,7-di-P. The latter compound can then be cleaved by a speci~c 

phosphatase to yield sedoheptulose-7-P, an intermediate in the HMP 
cycle (Horccker, 1962a). 

It is possible that the presence of both NADPH oxidase and trans
hydrogenase activity in cell extracts may point to the predominant utiliza
tion of the HMP and/or ED pathways. This correlation has been observed 
in microorganisms (Eagon, I Y(3). 

The significance of multiple forms of enzymes, the "hybrid" enzymes or 
isozymes, is not completely understood by enzymologists although the 
fungi also have them. Thus, Neurospora crassa has three glucose-6-P 
dehydrogenases and two 6-phosphogluconate dehydrogenases that are sep
arable by gel electrophoresis. The same number of isozymcs appear in the 
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mycelium of eight N. ('yassa strains after growth in three different media 
(Tsao, 1962). It is possihle that the isozymes are representatives of glyco
lytic sequences from dill'crent cellular locations (cf. Zalokar, Chapter 14). 

The successes associated with the demonstration of glycolytic enzymes in 
molds have paralleled the general rapid rise in enzyme technology. A list of 
the EM enzymes ano some H M P enzymes that have been found in repre
sentative fungi is presented in Tahle Ill. The phosphorolytic cleavage of 
fructose-6-P or xylulose-5-P that is catalyzed by the enzyme phospho
kctolasc in certain bacteria (HOfcckcf, 1962a) has not been reported in 
fungi. 

The preparation of active ccli-free extracts has been discussed by 
Cochrane (195X). Very often protective materials, such as reducing agents 
and/or chclating agents, arc required to protect against heavy metal in
activation of the enzymes. As a general rule, the crude extracts must be 
kept cold and fractionated rapidly, at least during the primary purification 
stages, in order to remove many of the very active protcinascs present in 
fungal extracts. Indeed, it is likely that the inability for many years to 
demonstrate fungal glycolytic enzymes was due in part to the very high 
concentration of such protcinascs in fungi, as compared with other cells. A 
procedure for the 200-fold purification of Aspergillus parasiticu.l· hexokinase 
(Davidson, 1960) is typical of enzymatic methods now in common use. 

Even when a fungal enzyme cannot be stabilized, techniques arc now 
available that will allow some rapid purification procedures. Thus, it was 
possihle to remove the hcxosephosphate isomerase from a labi1c N. crassa 
enzyme preparation, using a rapid fractionation technique employing 
calcium phosphate gel, to determine that fructose-6-P, not glucose-6-P, was 
the true substrate for the transamidase reaction yielding glucosamine-6-P 
(Ghosh et (//., 1960). 

Column chromatographic techniques employing DEAE-cellulosc or other 
materials have been of immense value in enzyme purification. For an CX~ 

ample of the use of this technique in preparing a 1400-l'old purified 
Neurospora acid phosphomonoesterase, see Kuo and Blumenthal (1961); 
for an example of its usc in fractionating crude extracts from Rlasfoc/(/diella 
emerson ii, sec Goldstein and Cantino ( 19(2). 

A "constant-proportion" group of five enzymes has been found in a wide 
variety of cells, including bakers' yeast. This group includes triosc-P 
isomerase and dehydrogenase, phosphoglycerate kinase and mutase, and 
enolasc. For example, cells that contained large amounts of onc enzyme 
also had large amounts of the other four, and the proportion was similar in 
many dilTerent cells (Petie el al., 1962). Relationships such as this may 
prove to be useful when any of these enzymes must be determined in cell 
extracts. 
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The enzymatic constitution of fungal cells is not constant and is affected 
oy many cultural and physiological conditions. Damodaran et al. (1955) 
)bscrvcd the variation in glycolytic enzyme activity of Aspergillus niger 
nycelium during a citric acid fermentation. Maruyama and Alexander 
( 1962) found that the location and activity of aldolase in spores and 
nycelium of Fusarium oxysporum depended on the growth conditions. 
linc appears to be a particularly important trace clement for A. niger 
'nzymcs of the EM and HMP pathways (Bertrand and deWolf, 1959; 
:Jeser, 1962). Franke et al. (1963) observed that the culture medium, 
:onditions of aeration, age, and glucose concentration all afTcctl:o the rela
tive activities of glucose oxidase and EM enzymes in A. niger mycelium. 
:::onditions that increased glucose oxidase activity decreased the EM 
2llzymcs, and vice versa. It should be noted, however, that many metabolic 
'icquences are limited by the low concentrations of intermediates, not by 
2nzymc activity. 

The use of synchronized cultures (cf. Campbell, Chapter 28) allows 
certain changes in enzymatic constitution to become more apparent. In 
germinating Vstilago zeae [V. maydi.l'] spores glucose-6-P and 6-phospho
glueonate dehydrogenases, transkctolase, transaldolasc, and certain TCA
cycle enzymes do not appear until 12 hours after germination although all 
EM enzymes are present at all times in the spores (Gottlieb and Caltrider, 
1963). Changes in the enzymatic activity and content of bacterial spores as 
they develop synchronously into vegetative cells have also been observed 
(Goldman and Blumenthal, 1964a), and the same situation may hold in 
Neurospora ascospores (Sussman, 1961). Improved methods for the large
scale growth of synchronized single generations of Blastocladiella emersonii 
have enabled the study of the stimulatory elleet of white light on the synthe
sis of protein. Light caused a sharp decrease in the total glucose-6-P 
dehydrogenase activity per cell during the last stages of growth when light
induced formation of soluble polysaccharide per ccli was most pronounced 
(Goldstein and Cantino, 1962). Other aspects of the enzymatic changes oc
curring during the development of phycomycetes are reviewed by Cantino 
and Turian (1959). 

Another major reason for the increased success of studies on glycolytic 
enzymes from fungi is the use of assays of greater sensitivity and specificity. 
Spectrophotometric assays for many glycolytic enzymes have replaced 
Thunberg tubes and Jess sensitive chemical analyses. Also, the utilization of 
enzymes with defined specificities has enabled the activity of other enzymes 
to be measured which could not have bee'll previously. 
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C. Isotopes 

With the rcady availability of differently labeled C"-glueos~s it became 
possible to uevise quantitative procedures for the analysis of the pathways 
glucose traverses in the intact cciI. The methods most often used for these 
estimations can be classified as (I) methods based on yields of C' '0"; (2) 
methods based on specific activities of Cl-l-lahclcd intermediates. 

It will not be possible to eOllsider here the details and all the possible 
limitations of the techniques that have been devised. Details of much of 
the methodology have been reviewed by the \vorkcrs most active in this 
field, including the Cleveland group (H. G. Wood, 1955; Katz and Wood, 
1960. 1963; H. O. Wood e! til., 1963) and the Oregon group (Wang ef 

(/1., 1958a; Cheldelin, 1961; Cheldclin et (/1., 1962; Wang and Kraekov, 
19(2). An attempt will be made, however, to consider the major aspects of 
those techniques which seem to offer, at this time, the best chance for suc
cessfully estimating the glucose cataholic pathways in fungi and other micro
organisms. An abbreviated discussion of the two main i~l)topic tl:chniques 
is not available elsewhere. and this information is necessary for an adequate 
understanding of the results. 

It should be emphasized at this point that, regardless of the methods 
u\cd, the valllcs arc ({pproximate. As will be discussed later, sorne variation 
in th~ pathways utilized can be expected in a given org3nism under different 
growth conditions, and factors such Us oxygen tension and the usc of grow
ing or resting cells may also infiw .. .'nce the pathways utilized .. Finally, there 
is some uncertainty due to theoretical considerations .. 

J. Methods Rased 011 Yields of C"O, 

When glucose-I-C" is metabolized via the HMP pathway, there is an 
early 10ss of glucose C-l as Cl !O:.! whereas glucose-6-C! I does not yield 
C"O, directly through this rathway. On the other hand, when glucose-I- or 
-6-C" is utilized via the EM pathway there is a symmetrical cleavage of the 
intermediate fructose-l ,6-Ji-P yielding two triose-P molecules equilihrated 
by triose-P isomerase. hl.'ncc making equivalent glucose C-J and -6. C-2 
and -5. and C-3 and -4. This is shown in Fig. I with the triose-P in the 
form of pyruvate .. Thl.' sllb~equent catabolism of the two pyruvate molc
culLs by dccarboxylatinll and thcn by passagc through the TC A cycle 
would yield glucose C-3 and -4 first as CO, followed next by C-2 and -5, 
and finally C-I and -0 would pe converted to CHO,. Thus, when equal 
IlUmbt.:fs of cdls arc aI/owl'll to ITll.'tabolizc cgual amounts of glucosc-l- and 
-6-Cll, thc yidd of CII(}_. from p,luco"e-l-C " woukl he expected to he 
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FIG. l. Distribution of the carbon atoms of glucose in pyruvic acid formed by the 
~mhden-Meyerhof (EM). Entner-Dolldoroff (ED), and hexose monophosphate 
H~fP) pathways of glucose catabolism. 

~reater if the glucose were metabolized by the HMP pathway. Bloom and 
,tetten (1953) suggested that the ratio 

% radiOChemical yield from glucose-6-Cu 
~~(: radiochemical yield from glucosc-l-C 14 

:he so-called C-6:C-l ratio, m'ight be used to give directly the maximal 
fraction of the glucose respired by the EM pathway. This technique over
estimated the extent of the HMP pathway because the amount of CI I con
verted to CO" from the I-position of glucose through the HMP pathway 
after only a few enzymatic steps, was compared to that coming from the 
I-position of glucose that had to go through the entire EM sequence fol
lowed by several passages through the TCA cycle. If there is a block in the 
TeA cycle, as in instances where large amounts of lactate or ethanol ac
cumulate, the C-l via the EM pathway would not yield CO" whereas it 
would via the HMP. Attempts have been made to correct this method, but 
the correction factors arc often of too great magnituJc. Consequently, the 
ratio methods are no longer considered adequate (H. O. Wood, 1955; Katz 
and Wood, 1%0). 

A modification of the ClIO;.! method was introduced by \-Vang et al. 
(1956), who have since extended and modified the technique which they 
now refer to as radiorcspiromctry (Wang et al., 195Ha), The main change 
from previous methods, as far as the estimation is concerned, is that the 
cumulative amount of C'iO, released is measured at the time when all the 
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glucose has been utilized. Consequently, a specific yield of e'o, is meas
ured from a known amount of the glucose carbons used. A modified 
Warburg respirometer with a system of manifolds and sampling devices is 
used so that the C'iO, from a large number of flasks can be handled con
veniently. However, this is just a convenience, and one can use ordinary 
Erlenmeyer flasks with alkali traps suspended in them. The flasks can be 
mounted on a shaker and the alkali traps changed at hourly intervals (Gold
man and Blumenthal, 1963). The procedure consists of carrying out 
simultaneously, incubations of the microbe in question in a growth medium 
(or buffer, if resting cells arc used) where glucose labeled with Cll at C-1, 
C-2, C-3,4, or C-6 is the sale carbon source. The hourly C"O, yields from 
each labeled glucose, expressed as the percentage of the radioactivity af the 
administered glucose, is measured and plotted versus the time interval in 
haurs or relative time units (RTU). An RTU is the time required for dis
appearance of the added glucose and is judged from the shapes of the 
curves (Wang et (/1., 1958a) or from analyses of the medium (Wang et ,,[., 
1956; Goldman and Blumenthal, 1963). The results from such time-course 
plots with four representative microorganisms, Saccharomyces cerevisiac, 
Bacillus subtiUs, Aspergillus niger, and Streptomyces grise us, are shown in 
Fig. 2 (Wang et al., J 958a). 

The steep decline in the rate of C"O, liberation from glueose-3,4-C" 
marks the completion of the primary catabolic processes and is followed by 
a period when secondary reactions are resulting in enhanced production of 
Cl-t02 from the other carbon atoms. These patterns arc useful for recog
nizing the types af glycolytic pathways, i.e., EM-TCA, HMP, or ED. How
ever, only data from glucose-1- and _6_C'1 arc actually used to estimate the 
EM and HMP pathways quantitatively. The original equations for this 
calculation (Wang et aI., 1958a), with everything expressed as a fraction 
of unity, arc 

(1) 

and 
G, ~ I - G,. (2) 

where Gp is the fraction of the administered glucose engaged in catabolism 
that has been routed into the HMP pathway; G, is the fraction of the ad
ministered glucose engaged in catabolism that has been routed into the EM 
pathway; G , and G" arc the C'iO, yields observed at time t after the 
metabolism of equal amounts (including radioactivity) of glucose labeled 
with C" at C-1 or C-6, respectively; Gl' is the total amount of each 
labeled substrate administered, expressed on the percentage basis as unity, 
i.e., G,. = 1.00; and G', is the fraction of the labeled substrate administered 
that was engaged in anabolic processes. 
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When the magnitude of G' ,. is small, as it is usually assumed to be, Eq. 
(I ) becomes 

(3) 

If necessary, the magnitude of the term G',/, can be estimated by determining 
thc amount of ell in cellular constituents using glucosc-U-CII or glu
cosc-3,4-Cll, However, unless relatively large ,!mOlInts of glucose arc as
similated without prior catabolism this effect is not particularly great. If. for 
example, the vahle for the HMP pathway is 30% without any assimilation, 
even with 25%, of the glucose being assimilated the apparent value for the 
HMP pathway would be raised only to 40% .. 

Similar equations can he derived for estimating: the simultaneous opera
tion of the HMP and ED pathways. In the ED pathway. one wDlIId expect 
the metabolic equivalence of C-I with C-4, C-2 with CoS. and C-3 with C-6 
(Fig. I). 

One of the assumptions made in the derivation of Eqs. (\-3), W]S that 
the pcntosc-P formed from glucose via the HMP pathway docs not partic
ipatL: in CO:.! formation. Since there is information that some of the pcntosc-P 
can be converted to CO:.!, Eqs. (t) and (3) represent minimal e<stimates of 
the HMP (see also Casselton and Syrett, 1962). A method to correct for 
pentose-P conversion to CO:.! through the usc of gluconate-6-C 11 along with 
the glucose-I- and -li-C" has recently been reported (Wang and Krackov, 
1962). If A" is equal to the C"O, yield observed at time I following the 
metabolism of a given amount of gluconate-6-C 1J , then Fq. (1) becomes 

G _ G, - (G,. - G .·A,,) 
'I' - Gl' - G'l" (4) 

and Eg. (3) becomes 

(5) 

HMP pathway estimates of 19 and I Yk employing Eg, (3) increa'.ed to 
values of 34 and 21 'i{; , respectively, when Eq. (5) was used for [I. suhlili, 
growing in two different media (Wang and Kraekov, 1962). 

At least one microbe, Pscudomonas nafriegens, has been reported to usc 
glucose by the EM and HMP pathways, although gluconate apparently is 
cataholized via the ED and HMP pathways (Eagon and Wang, 1962). 
Thus. the usc of Eqs. (4) and (S) might not be entirely proper with an 
organism such as this. 

The fact that C-6 of glucose traversing the EM or other glycolytic path
ways does not appear as CO:,! until it has passed through an operative TCA 
cycle has led also to the usc of the release of CliO" from glueose-6-C" to 
estimate the rdative cxtent of operation of the TCA cycle (Goldman and 
Blumenthal, 19Mb). 
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Some information on the comparison of different methods for the cstima
on of pathways will he discussed in the next section. However, a new 
.ethod, based on the release of COl' from glucosc-I- and -6-0", has ap
eared (Rittenberg and Pontieorvo, 1962). By means 01 this technique, it 
ras estimated that Escherichia coli utilized between 10 and 30~'(' of the 
lucose via the HMP pathway. This compares with a minimal value of 
8% obtained by Wang ef al. (1958a). Since there arc some major differ
nees in the assumptions on which the two different CO:! mctlwds arc based, 
is encouraging to see relatively good agreement in the estimates. Evidence 

Jf a similar concurrence of pathway estimates bascd on the isolation of 
~ll-intermcJiatcs and the CHO:! yields in the same experiment gives still 
10fC confidence in these techniques . 

. Methods Based on the Specific Activities of C"-Labeled Intermediates 

A procedure has been devised lor the estimation of the relative extents of 
,articipation 01 the EM and H:vtP pathways based on the following as
umptions: (a) that these pathways arc the only ones involved; and (b) 
hat trioscs, or 3-carbon compounds derived therefrom, formed via the EM 
>fOCCSS arise equally from glucose carbons 1 to 3 and 4 to 6, whereas those 
Icrived via the HMP pathway arise only Irom carbons 4 to 6 (Blumenthal 
,t al., 1954). These relations can be seen in Fig. 1. Experimentally the 
)roCCdUfC consists of carrying out simultaneously, with the same cell prcpa
ation, experiments with glucosc-l-Cl~ and glucosc-U-CII. A 3-carbon 
'om pound such as lactate or pyruvate. Of a 2-carbon compound derived 
hcrcfrom, e.g. acetate and/or ethanol, is isolated from each and is {'urificd 
md assayed for radioactivity. It is unnecessary to recover the intermediates 
luantitativcly. When an appropriate intermediate does not accumulate, one 
:an be "trapped" by the addition of some of the unlabeled substance in 
lucstion, or an inhibitor, such as arsenite, can be added. The data from 
!Iucosc-l-C't provide an indication of the relative incorporation of this 
:arbon in the intermediate, and thc datu from gIucose-U-C 1 -1 provide a cor
'ection factor for thc endogenous metabolism, whereby "true" values may 
JC calculated for the specific activities of compounds derived from glucose
I-carbon. 

Referring to Fig. I, we can see that the metabolism of glucose-I-C' I via 
he EM pathway would yield methyl-labeled pyruvate (pyruvatc-3-C" and 
;ubscquent decarboxylation of the pyruvate would yield a 2-C compound, 
,uch as acetate, which would have only lout of 4 carbons labeled with C1-I 
Nhcrcas the glucose-I-C'-I contained lout of 6. The relative specific activity 
(RSA) is: 

RSA = (Avg. specific activity of carbon of compound/mmole C)IOO 
(Avg. specific activity of carbon of glucose/mmole C) (6) 



248 Harold I. Blumenthal 

The RSA of a 2-C compound derived via the EM pathway would therefore 
be 0/4 _,_ 1/6) X 100 = 150. Any acetate formed via the HMP pathway 
would be unlabeled and have an RSA = O. If both pathways are operative, 
the RSA should be somewhere between 0 and 150. 

The corrcction for formation of unlabeled acetate from endogenous ma
terials is made with the glucose-D-C14. If there were no endogenous pro
duction of acetate, the RSA of the acetate would be the same as that of 
the starting glucose-DoC"~'. The "true" or corrected RSA becomes 

RSA( d) 
RSA(observed) for acetate from glucose-l~CiJ 

correcte = 
RSA(observed) for acetate from glucose·U-C14 

(7) 

Since acetate formed via the EM would have a RSA(corrected) of 150 

07 A . EM RSA(corrected) X 100 
/0 cetate Via = 150 (8) 

The percentage of glucose utilized via the EM pathway is not equal to 
the percentage of acetate formed via this pathway since the yields of acetate 
by each pathway are not the same. Assuming that two molecules of acetate 
are formed via the EM pathway and only one molecule of acetate is formed 
through the operation of the HMP pathway, the following equations can be 
derived: 

. % acetate via EM 
% Glucose Via EM pathway = ZOO _ ;I'~ acetate via EM (9) 

% Glucose via HMP pathway = 100 - /~ glucose via EM (10) 

These equations provide an estimate of the percentage participation of 
the EM and HMP pathways for glucose yielding a derivative, acetate in 
this case, but does not include any glucose that does not reach the triose 
phosphate stage, such as glucose that is directly converted into polysac
charide without prior catabolism. The corrected RSA of 3-C compounds, 
such as pyruvate, derived via the EM pathway would be 100 and would 
thus be equal to the percentage of 3-C compounds formed via the EM 
pathway. Therefore Eqs. (9) and (10) arc used by just SUbstituting the 
percentage of pyruvate (or 3-C compound) for percentage of acetate (or 
2-C compound). 

Equations (7-9) are based on the assumption that there is no reeyclin[ 
in the HMP pathway, i.e., no re-form at ion of hexose-P from the pentosc-f 
formed. Since pentose-P formed from glucose-l-CI' via the HMP will b, 
unlabeled, any hexose-P formed by recycling would also be unlabeled 
When this unlabeled glueose-P is catabolized, it will then dilute the 2-C a 
3-C intermediates previously formed. Consequently Eq. (9) represents : 
minimal value for the EM pathway, and Eq. (10) a maximal value for lh' 
HMP. 
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To compensate for such recycling, Dawes and Holms (195X, 1959) cal
Jlatcd the amount of dilution one could expect if the hexosc-P formed 
trough cyclic operation of the HMP is degraded via the HMP and EM 
athways in the same proportion as the original glucose: via HMP = 1 
lucose ~ 2/3 hexose + 1/3 pyruvate + CO~; via EM = 1 glucose -> 2 
yruvate. 

The results with glucose-I-C", the labeled glucose considered most likely 
) give a true picture of recycling, were presented graphically as the ap
arent percentage of total pyruvate mo1cculcs bearing Cl-l label versus the 
erccntage of glucose molecules oxidized via the HMP pathway. The 
)rmer term is equivalent to pyruvate RSA(corrected)/2 so that if one has 
etcrmincd the corrected RSA of 3-C intermediates such as pyruvate or 
jetate, the graph can be used to correct for recycling. When this is done, 
ie find, for example, that 30% HMP without recycling (Eq. 9) is reduced 
J 22 % with recycling. An enlarged version of the published graph was 
indly provided by Dr. Dawes. Even this 8 % correction may be too high 
inec it was assumed in the recycling calculations that there was no drainage 
If the intermediates of the pentose cycle for biosynthetic functions, a COll

lilion that may not exist even in resting cells. 
H. G. Wood·et al. (1963) have performed extensive calculations on the 

,roblem of recycling. They calculate the percentage of glucose utilized via 
he recycling HMP on the basis of the end products formed from the in
lowing glucose so that their values are different from those of Dawes and 
-Iolms (1958), who use a definition based on the hexose-P turned over. 
\Ithough the values arc interconvertible, I prefer the usage of Dawes and 
-Iolms (1958). 

One of the advantages of methods based on the isolation of C"'-inter
nediates such as pyruvate is that the compound can be degraded to de
ermine whether the distribution of C14 is appropriate for the pathways 
ltilizcd. From Fig. 1 it can be seen that the distribution of C14 in pyruvate 
.. fter the metabolism of glucose-l-C" would be very different if the EM or 
ED pathways were used. In fact, this was the way that the ED pathway was 
llfiginally discovered in Pseudomonas saccharophila. 

One can also make cstimatiOl:ls of the percentage of glucose utilized 
via the HMP and ED pathways based on the RSA of isolated pyruvate 
and the distribution of C" in the pyruvate. Sueh estimates have been 
made in bacteria (Lewis et al., 1955; Jyssum and Joner, 1962; White and 
Wang, 1964) and fungi (Ramachandran and Gottlieb, 1963). 

It is possible to estimate the glucose catabolic pathways using both the 
C"O, method of Wang e{ "I. (1958a) and the CH-intermediates method of 
Blumenthal et al. (1954) in a single experiment. Comparisons of two differ
ent methods in a single experiment are ideal since the conditions arc 
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identical. Only glucose-l-, -6- and _U_Cll arc needed whercas each method 
scparately rcquires two labeled glucoses, with glucose-l-C" common to 
both. Such a comparison was performed using resting cell suspensions of 
Bacillus sub/ilis previously grown in two different media; the results are 
presented in Table II (Guldman and Blumenthal, 1963). 

It was stated earlier that the value for the HMP pathway was considered 
minimal using Eq. (3) for the C"O, method, while the value of this path
way was considered maximal using Eq. (9) for the C"-intermediates 
method. The results in Table II seem to bear this out since the values for 
the HMP pathway are higher than those by the C"O, method using both 
types of cells. Considering the fact that the two methods are based on a 
number of different assumptions, they yield remarkably similar estimates. 
The "correct" answer probably lies somewhere between these two values, 
and the reccnt refinements for cycling in the intermediates (Dawes and 
Holms, 1958) and CO, (Wang and Krackov, 1962) mcthods may indced 
be slightly overcompensatory. Under anaerobic conditions, there was no 
significant recycling in B. SlIblilis (Goldman and Blumcnthal, 1963). 

The Cleveland group has claimed: "Calculations which arc based on 
models which do not permit recycling arc considered infeasible and almost 
certainly will give unreliable results" (H. G. Wood el al., 1963). Horecker 
(1962a), commenting on the possibility of recycling in cells utilizing 
hexoses, suggested that a true cyclic operation of the HMP was exceedingly 
unlikely: "Recycling of pentose phosphate back to hexose phosphate does 
occur in some species, but appears to he a relatively limited phenomenon." 
Cells utilizing pcntoses as their main carbon source do employ a cyclic 
operation of the HMP, and evidence for such an operation has been ob
tained in fungi (van Sumere and Shu, 1957; Arnstein and Bentley, 1956). 
Cheldelin et al. (1962) also believe that the route of glucose metabolism in 
intact cells is largely unidirectional leading to eventual formation of CO:,!, 
thereby minimizing ranoomization of labeling patterns through the opera
tion of reversed catabolic sequences, such as the HMP pathway. 

In fungi, as in most cells, when the EM and HMP pathways arc present 
together it is the EM pathway that is usually the major one (Tables IV 
and V). Under such circumstances, it is unlikely that HMP recycling will 
affect the calculations in microorganisms in a major way. However, when 
glucose is catabolized by the combined ED and HMP pathways, as it is 
in certain oxidative bacteria, there is likely to be extensive rccyc1ing that 
cannot be ignored. Thus White and Wang (1964), employing a technique 
similar to that devised by Da\vcs amI Holms (1958), estimated that there 
is recycling of XO-90% of the triose-P formed by Acetobacter xyUnum 
from glucose via the HMP and ED pathways. 

Several promising isotopic methods for the estimation of glycolytic path-
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ways in living cells have recently been described. Two of the methods em
ploy glucose specifically labeled with the nonradioactive isotopes deuterium 
(Rose, 1961) and 01.< (Rittenberg and Ponticorvo, 1962). In addition, 
H. G. Wood e/ al. (1963) have proposed several modifications of tech
niques for the evaluation of pathway participation employing C"-labeled 
glucoses that may also prove to be very useful. 

Ill. OCCURRENCE OF PATHWAYS IN FUNGI 

A. Embden-Meyerhof (EM) Pathway 

Although fungi are commonly thought of as being strictly aerobic, the 
relationship between growth and Mygen supply varies considerably in 
different species. Many fungi can utilize carbohydrates anaerobically, pro
ducing "'typical" fermentation products, although they cannot grow with
out some oxygen. The formation of lactate from glucose is restricted al
most entirely to the phycomycetes although ethanol formation is rather 
common among the fungi, especially in the mucor ales and fusaria. Although 
the genus Aspergillus is ordinarily considered to be strongly oxidative, 
A. clal"ll/us and certain other species have extremely high capacity for 
alcoholic fermentation (d. F",tcr, 1949; Cochrane, 1958). 

There has been an unfortunate tendency by some to equate glycolysis or 
anaerobic gfycolysis with the utilization of the EM pathway, and oxidative 
glycolysis with the HMP pathway. However, both pathways can operate 
under anaerobic Of :Il'fobic conditions, only the electron acceptors being 
varied. In bacteria, including Leuconostoc mesenteroides and Zymomonas 
mobilis (P.rclldomonlls lint/nefi), glycolytic systems arc operative anaero
bically with the formation of typical fermentation products. Yet, it has 
been shown that the EM pathway is not operative in either organism, the 
glycolytic pathways actually lIsed being modified HMP and ED pathways, 
respectively (ci. Horeckcr, 1962a). 

Most of the enzymes of the EM pathway are common to the HMP and 
ED pathways (Table I) and arc wiuely distributed in fungal mycelia and 
spores (Table Ill). Only phosphofructokinase can be considered as being 
specifically associated with the EM pathway. The lack of phosphofructo
kinase in Penicillium chrysogenum and Microsporum canis (Table Ill) is 
probably due to the fact that this kinase has often been reported to be 
quite labile. With P. chry.wgenllnl, at least, therc exists supplementary 
evidence that the EM pathway is operative in the intact cell (Table IV). 

In some instances thc apparent lack of an enzyme may be due to the 
presence of an "inhibitor." such as the hexokinase and phosphoglucomutase 
inhibitors present in crude Aspergillus nip,er spore extracts (Khanna and 
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Tewari, 1963). Claims for the lack of an EM pathway on the basis of 
the inability to demonstrate some enzymes arc not proper. Negative evi
dence, such as not being able to isolate phosphoglyceric acid from living 
fusaria metabolizing glucose in the presence of fluoride, or the inability to 
detect phosphoglycerate mutase [see Foster (1949) and Cochrane (1956, 
1958) for summaries], was used by Nord and Weiss (195 I) to su pport 
their claim of the lack of an EM pathway in Fusarium. The subsequent 
demonstration of the presence of the EM pathway in intact Fusarium cells 
(Table IV) by Cochrane (1956) and Heath e( al. (1956), in addition 
to the evidence for the presence of EM enzymes in cell extracts (Table 
II f), finally settled this problem. A similar situation developed over a ques
tion of the presence of the EM pathway in bacterial spores and also was 
settled in the affirmative (Goldman and Blumenthal, 1964a). These find
ings serve to emphasize the usefulness of the estimations of the pathways 
of glucose catabolism in intact cells as a complement to studies with ccll
free extracts, and vice versa. 

As mentioned earlier, many cultural Jnd physiological conditions afTect 
the enzymatic constitution of fungi. Bertrand and deWolf (1959) found 
Zn ' + to be necessary in A. niger for the synthesis of phosphofructokinase 
and triose-P dehydrogenase. They also suggested that Zn + + was involved 
in the activity of aldolase, glucose-6-P and 6-phosphogluconate dehydro
genases. Geser (1962) employed radioactive ln6' to aid in his studies 
of A. niger. He found aldolase activity to be profoundly inhibited during 
zinc deficiency whereas 6-phosphoglueonate dehydrogenase activity in
creased and glucose-6-P dehydrogenase activity was somewhat depressed. 
Apparently there was greater utilization of glucose via the HMP pathway 
during zinc deficiency. In the same fungus Franke ef ai. (1963) found 
that the cultural conditions affected the relative amounts of glucose oxidase 
and three enzymes representative of the EM pathway, including hexo
kinase, aldolase, and triose-P dehydrogenase. As stated earlier, however, 
these three enzymes are not specifically associated with the EM pathway. 
Franke ef al., demonstrated that increasing the glucose concentration in 
the growth medium from 5% to 30% greatly increased the content of 
glucose oxidase in the mycelium, with a concomitant decrease in the three 
EM enzymes. 

A tabulation of the major and minor pathways for glucose catabolism 
in fungi and related microbes using only estimates made with intact cells 
is presented in Table V. In those instances where a major pathway could 
be listed in fungi or actinomycctes, not including the two yeasts, the EM 
pathway was the major route used in fifteen organisms, the HMP path
way in five, and the ED in two. In all five instances where the HMP 
pathway was the major one, the EM pathway was the minor one, 
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TABLE V 

PATHWAYS OF GLYCOLYSIS 1:-.1 FUNGI 

M Lcroorganism 

Aspergillus jfavus-oryzael> 
Aspe/Xilllls niger 

A<\j)l'/"}~ill/ls ferreliS 

Ca/dariomycl'J fimwgo 
C({I/(Iida IIlilis 

Cftn·in'p,~· PlllPIII"C{/ 

F/I.\'lIrilllll lilli 

Neurospora em.I'sa (conidia 
and mycelium 

PCI/icilli/lm char/I!.\'ii 

Penicilliulll chrY.\o}(l'llllln 

Penicilliulll eye/opium 
Pel/idllillm digifafllm 

Pel/iei/lilllll IIl"li("(I"I, 
Rhi::'OfillS or)'::.a£' 

RlJi:o/)l/.\' MX 
S(/(,C//(//"(!IIJ}'CC.I ("crerisiae 

Stn'j)I{)myn",~ ("In'fic%r 

Srrep!olll}'ct's grist/lis 

Slrepf(1II1)'Cl'S' o/i~'(/CeIlSII 

SlreJ)lOlIIyces /"('ljculi 

Tillelia {'aries, mycelium 
Til/efia ('(lde.I', spores 
Til/ericl ('OI/I/"(lI'l'I'.I"(I, spores 
U.\/i!II/{O nwytlis 
U.Hf/aw) maydis 
Venicillium (I/bo(l(rum 
Z),![orhYl1chlls moe/ler[ 

Pathway participation" 

Major 

(EM) 
EM 

EM 
ED 
EM 
EM 
EM 

EM 
HMP 
EM 

EM 
EM 

(HMI') 
EM 
EM 
EM 

HMP 
EM 

(EM) 
HMP 
EM 
ED 
HMP 
HMP 
EM 
EM 
EM 

Minor 

(HMP) 
HMP 

HMP 
HMP 
HMP 
HMP 
HMP 

HMP 
EM 
HMP 

HMP 
HMP 

(EM) 

HMP 

EM 
HMP 

(HMP) 
EM 
HMP 

EM 
EM 

HMP 
fll\tW 

References 

Bentley (1962) 
Shu l'l al. (1954). Wang et al. 

(1958a), McDonough and Martin 
(1958) 

Bentley and Thiessen (1957) 
Ramachandran and Gottlieb (1963) 
B1utllcnthalel al. (1954) 
Mc\)nnald e/lIl. (1960) 
Heath (II (/1. (J 956), Cochrane (1956) 

Blumenthal (It)(i:!) 

Bentley l'l (/1. (11.)62) 

Lewis et {II. (1954), Heuth and 
Komer (1956), Sih er lIl. (1957), 
Wang el al. ( 1958a) 

BCI1\\cY and Kcil (PM)}) 
\-Vang ef [/1. (/(j5I<a). Reed and Wang 

( 1(59) 
Bu'Lock ef (/1. (1964) 
Gibhs and Gaslc! (1953) 
Margulies and Vishniac (1%1) 
Blumenthal et al. (1954), Wang ('I {If. 

(1956, 1958a), Chen (1959a) 
Cochrane er (II. (953) 
Wang ('{ al. (19SSa.b), Gilmour £'1 

,,/. (1959) 
Maitra and Roy (\959) 
Cochrane (:'( (/1. (1953) 
Ncv,'burgh and Chcldclin (1958) 
Newburgh and Cheldelin (1958) 
Newburgh and Cheldelin (11.)59) 

McKinsey (\l)59) 

Boothroyd ('1 (1/. (1955) 
Brandt and Wang (1960) 
Bartlett and Moses (1957) 

" EM = Emhden-Mcyerhof pathway; ED = Entller-Doudorolf pathway; HMP = 
hexose monophosphatc pathway. 

I. Both EM and HMI' palln .... ays were operative. but extenl of panicipalion was nOL 
e~lim<Hed. 
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hereby underlining the importance or the EM pathway in fungal glycoly
is. Only Tillefia carie.\", among the fungi, appears to have the capa
'ility of utilizing all three pathways. In this instance, though, the ED 
,athway alone is found in the spore stage. Apparently the presence of the 
~D pathway in spores is not a comrnon occurrence since spores of T. con
raversa and Neurospora crasStl do not employ it. 

B. Hexose Monophosphate (HMP) Pathway 

The HMP pathway is known, or has been known. under a wide variety 
)f names including the hexose monophosphate oxidative shunt, the War
>urg-Lipmann-Dickcns pathway, thc pentose or pentosc phosphate cycle, 
he Horecker cycle, the "direct" oxidative pathway. or the phosphoglu
'onate oxidative scheme. 

According to thc list in Table I, there are five enzymes that arc specifi
'ally associated with the HMP pathway. These arc phosphogluconate 
lchydrogcnase, ribosc-P isomerase, ribulosc-P cpimcrase, transkctolasc, 
md transaldolasc. Glucose-6-P and 6-phosphogluconate dehydrogenases 
Lppear to be common in the fungi (Table lll). A recent survey demon
,trated glucose-6-P dehydrogenase in all of ninc fungi examined (Dowler 
'I al., 1963). Transketolase and transaldolase have been demonstrated in 
ilreptomyces olivacells (Maitra and Roy, 1959) USlilago may"is (Gott
ieb and Caltrider, 1963), Aspergillus niger (McDonough and Martin, 
1958), Claviceps purpurea (McDonald et al., 1960), Penicillium chrys
'genllm (Sih el ,,/., 1957), and Til/eli" caries (Newburgh el al., 1955). 
-{orecker (1962a) suggests that transketolase and transaldalase are uni
lcrsal in their distrihution, having been detected in all cells that have been 
Idcquately studied. 

NADP is the usual coenzyme involved in the oxidative reactions of the 
.... MP pathway although there are a few microbes that usc NAD in its 
)lace under anaerobic conditions. Horecker (1962b), while considering 
he evolutionary development of the different carbohydrate metabolic path
Nays, comments that the oxidation of glucose-6-P by NAD was a very 
:arly development, perhaps arising alongside of the EM pathway as an 
Ilternatc or additional fermentation mechanism. In any case, Hochster 
(1957) reported the interesting observation that there apparently are both 
'1AD- and NADP-linked glucose-6-P and 6-phosphoglueonate dehydro
;cnases in Aspergillus {lllvlIs-or.v'Z.ae. He measured the activities of all four 
'nzymes over a 14-day growth period and found that both of the NADP
linked dehydrogcnases were present in the earliest samples examined and 
.hat their activities did not change with time. In contrast to this, there 
was no detectable NAD-linked dchydrogenascs before the third day, after 
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which they gradually reached levels quite similar to those of the NADP
linked dehydrogenases. 

The HMP pathway is common in fungi, usually accounting for less than 
40% of the glucose dissimilated (Table IV). The level of NADP appears 
to be the limiting factor in the utilization of the HMP pathway in fungi 
and other microbes (Eagon, 1963). In intact Neurospora crassa conidia 
and mycelium, the HMP pathway is minor at all times studied (Blumenthal, 
1962), including mycelium grown on Westergaard-Mitchell medium con
taining citrate, which reportedly increases the production of glucosc-6-P 
dehydrogenase very markedly (Turian, 1962). 

Studies of both fungal and bacterial spores indicate that as the spores 
develop into vegetative cells there arc profound changes in their metabolic 
pathways. Enzymes of the HMP and TCA cycles arC lacking in Ustilago 
l1/(jydis spores until 12 hours after germination (Gottlieb and Caltrider, 
1963). In developing bacterial spores, the HMP pathway increases in activ
ity before returning to the low level characteristic of the vegetative cciI. 
In addition, the TCA cycle is almost completely absent in the spores (Gold
man and Blumenthal, I 964a,b). Sussman (1961) has observed an initial 
block in the TeA cycle of germinating ascospores. of Neurosp0r£l tetrtl
spermaJ and conidia of N. crassa arc reported to be deficient in some TCA 
enzymes (Turian, 1962). Finally, intact ungerminated Fusarium solani 
spores increase their 2 % conversion of glucose C-6 to CO" about 6-fold 
after germination (Cochrane et al., 1963). This increase may be inter
p;'eted as due in part to a release of TCA cycle inhibition following ger
mipation. Thus both bacterial and fungal spores may have the same initial 
defect in their TeA cycle. In Bacillus cereus the continued repression of 
the TCA cycle during development or the spores into vegetative cells is 
aided hy corepressors in the dialyzable components of a casein enzymatic 
digest medium, and by the presence of glucose or lactate as carbon sources. 
In this instance the degree to which the HMP pathway is used during 
glucose catabolism is nut directly related to the activity of the TC A cycle 
(Blumenthal, 1965). 

There are several different pathways that a fungus can usc in order to 
convert glucose to 6-phosphogluconate, and these arc outlined in Fig. 3. 
They can be considered to be minor variations of the HMP or ED path
ways. Thus, it is possible for an organism to be dcHcicnt in hexokinase 
if it has glucose oxidase and gluconokinase. It is possihle for a fungus to 
form 6-phosphogluconate even if it lacks hexokinase and glucose-6-P de
hydrogenase. This indirect pathway involves glueonate and 2-kctogluconate 
followed by a phosphorylation involving 2-ketoglliconate kinase (Deley 
and Vandamme, 1955). The resulting 2-kctogluconate-6-P can then be 
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hexokinase gluconokinase 2-ketogluco
nokinase 

glucose-6- 2-keto-6-phospho-
phosphate glue onate 

Glucose-6- dehydrogenase G-Phospho- reductase 2-Keto-6-phospho-Phosrate glucrate -.------ gluconate 

Embden-Meyerhof Hexose mono-
pathways ------>-phosphate and/or 

Entner-Doudoroff 
pathways 

FIG. 3. Interrelationships in the metabolism of hexases and hexonic acids. 

reduced to 6-phosphogluconate by a specific reductase (DeLey and Vcr
hofstede, 1957). It has been suggested that such a bypass for the forma
tion of 6-phosphogluconate exists in Caldariomyces jumago (Ramachan
dran and Gottlieb, 1963). 

C. Entner-DoudorofJ (ED) Pathway 

The ED pathway has two enzymes that are specifically associated with 
it, namely, 6-phosphogluconate dehydratase and 2-keto-3-deoxy-6-phos
phogluconate aldolase (Table I). This pathway seems to be relatively 
scarce in nature, having been reported only in some Gram-negative bac
teria and in two fungi (Tables IV and V). There are reports of the absence 
of the ED enzymes in Aspergillus niger (McDonough and Martin, 1958; 
Geser, 1962). 

In Caldariomyces jumago the ED is the major glycolytic pathway, with 
the HMP as a minor one. The mycelium lacks hexokinase (Table III), 
and the fungus apparently uses one of the sequences that bypass hexokinase 
and lead to the formation of 6-phosphogluconate (Fig. 3). 

Tilletia caries spores apparently use the ED pathway as the sole glyco
lytic pathway. T. caries mycelium, however, does not catabolize glucose 
this way. This situation is somewhat reminiscent of that in Pseudomonas 
/latriegens (Eagon and Wang, 1962) where glucose is metabolized via the 
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EM and HMP pathways, whereas glucnnate is cataholized via the ED or 
HMP pathways. Apparently the simultaneous operation of the ED and 
EM pathways is incompatible, although the reasons for this arc unknown. 

D. Gillcuronate-Xylulose Pathway" 

There is increasing evidence for the presence in animals of a new hcxosc
pentose cycle called the glucuronatc-xylulosc pathway or cycle, or more 
briefly the glucuronic acid cycle. The reaction scheme, which uses part of 
the HMP pathway, is a follows: o-glucose --> o-glucuronate (through a 
series of known phosphorylated intermediates) ---i> L-gu!onatc (inversion of 
the carbon chain) ---i> xylitoJ---i> D-xylulose (inversion of the carbon chain) 
--> D-xylulose-P --;. HMP cycle _, glucose (cf. Hollmann, 1964). The quan
titative significance of the cycle is unknown, but it appears to be minor. 
However, in this cycle, the C-6 of glucmc is preferentially lost just as 
C-l is lost preferentially via the HMP cycle. Ascorbic acid is derived from 
L-gulonate, one of the components of the cycle. In Aspergillus niger, addi
tion of glucuronolactone to the growth medium resulted in a threefold in
crease (2.6% yield) in the ascorbic acid centent of the mycelium in 10 
days, as well as an 18 % increase in mycelial yield. This is very indirect evi
dence that the glucuronate cycle is wesent in fungi (Sastry and Sarma, 
1957). In the differentiating slime mold, there arc two developmental 
stages which yield more C"O, from gluco,;e-6-C14 than from glucose-I-C" 
(Wright, 1963a), and the glucuronate-xylulose cycle is the only metabolic 
sequence known that will yield such results. However, attempts to dem
onstrate certain key enzymes yielded negative results. 

Some of the enzymes of the glucuronate cycle, other than the HMP 
enzymes, also are known to be present in fungi. Recent studies have dis
closed the existence of an unusual reductive pathway for pentose metabo
lism in Penicillium chrysogenum and other flIamentous fungi (Chiang and 
Knight, 1960) and in yeasts (Horccker, 1962a). This pathway is able to 
convert an L-pentose, such as L-arabinose, to D-xylulose-5-P via xylitol. 
The xylitol ~ D-xylulose -,'I>--D-xylulose-5-P sequence in this fungal pentose 
pathway is also part of the glucuronate cycle. 

Another instance in fungal carbohydrate metabolism which involves the 
preferential oxidation of a hexose C-6 has been reported by Avigad et (if. 
( 1961). Pol.vporlls circinatus possesses a D-galactose oxidase that oxidizes 
the C-6 position of o-galactose, yielding D-galactodialdose, instead of the 
C-l position as with glucose oxidase. The further metabolism of this com
pound has not been described. 

However suggestive the foregoing evidence is of the presence of a 
glucuronatc-xylulose cycle in fungi, further proof is needed. 
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IV. SIGNIFICANCE OF GLYCOLYTIC PATHWAYS 

A. Roles of NAD (/l1d NAnp 

There has been some tendency to consider the HMP pathway as just an 
alternative to the EM sequence in the formation of pyruvate. However, 
the HMP pathway is not [cully such an ;l)tcrna!ivc because it performs an 
entirely different function. In the EM pathway NADH functions as the 
specific coenzyme of glycolysis and also is involved as a coenzyme jn the 
TeA cycle (with the exception of isocitric dehydrogenase which yields 
NADPH) and till' related terminal fI:spiratory sequences. On the other 
hand, the oxidative n:actions of the HMP pathway arc major sources of 
'JADPH in aerobic cells. What arc the cellular functions of NADH, the 
coenzyme product of the EM pathway, and of NADPH, that of the I IMP 
pathway" 

In all biological systems studied so far. it is NADH. not NADPH, titat 
is involved in energy generation by oxidative phosphorylation through the 
cytochrome system (cf. Lindenmayer, Chapter 12). Therefore, a primary 
distinction between the EM and HMP pathways is that aerobic glycolysis 
releases energy only via the former: in cunjunction with the TeA cycle. 
What then arc the functions of NADPH formed by the glucose-6-P and 
6-phosphogluconate dehydrogenases of the HMP and the isocitric dehydro
genase of the TCA cycle? If we examine the reactions inVOlving NADPH 
in the cell, it becomes evident that, with the exception of the three reac
tions just mentioned, all NADPH-linked reactions proceed in thc direction 
of NADPH oxidation with thc concomitant formation of a reduced product. 
For example. these reactions include fatty acid synthesis, glycogen syn
thesis via the reductive carboxylation of pyruvate and, particularly, the 
reductive animation of a-ketoglutarate lcading to the formation of glutamate 
(Horcckcr, 1962"). The latter reaction, catalyzed by glutamate dehydro
genase, is thc key reaction interconnecting glYCOlysis and amino acid bio
synthesis (cf. Nicholas, Chapter 13). 

The fact that NADPH-linkcd rcaction~ arc involved in biosynthctic reac
tions in fungi has been emphasized recently in studies on two glutamic 
dchydrogcnases found in NeliroslJOra ("rass{./. Sanwal and Lata (1961) 
round that the NAD-linked glutamate dehydrogenase served only as a 
Llegradativc route, Lc., leading to the formation of NADH, whereas thc 
NADPH-linked glutamate dehydrogcnasc was the one linked to a binsyn
thctic role. The same situation exi"t<.; in the fungus Pyricl/{(/ri{/ ory-:ae (Kato 
et al., 1962). 

Therefore, the primar)" function of NADPH seems to be as a source of 
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reduced coenzymes for reductive reactions, a function separate from that 
of NADH, which is to transfer electrons to oxygen during the release 
of energy. A ccII which possesses both coenzymes is able to obtain energy 
rapidly under aerobic conditions without losing the ability to synthesize 
reduced cell components. NAD is found largely in the oxidized form in 
cells whereas the reverse is true for NADP, which is present almost 
entirely as NADPH (cf. Horecker, 1962a). This suggests that transhy
drogenase docs not usually catalyze the oxidation of NADPH by NAD in 
the cell and that NADPH is not oxidized by the cytochrome system. This 
would further suggest that the availability of NADP would be a limiting 
factor for the operation of the HMP and/or ED pathway. How, then, dl) 
microbes that usc these pathways as their primary glycolytic routes obtain 
enough NADp? 

Eagon (1963) has recently investigated this problem using ten micro
organisms, including Saccharomyces cerevisiae, Penicillium chrysogenllm, 
and Streptomyces gr;sclts, whose routes of glucose catabolism arc known 

quantitatively. He found a strong correlation between the presence of both 
NADPH oxidase and trans hydrogenase, and those microorganisms pre
dominantly utilizing the HMP and/or ED pathways. Although NADH 
oxidase was prescnt in all extracts, little or no NADPH oxidase or trans
hydrogenase was detected in extracts from those microbes predominantly 
utilizing the EM pathway, among the fungi tested. Another mechanism 
for regenerating NADP under anaerobic conditions is available to some 
cells. They can utilize a NADP-linked lactate dehydrogenase to reduce 
pyruvate to lactate while oxidizing NADPH (Evans and Karnovsky, 1962). 

B. Role of HMP Pathway in Synthetic Reactions 

In the introduction, the statement was made that the function of glycolytic 
pathways is to satisfy three major requirements of cells: (l) energy, (2) 
precursors or components for synthesis, (3) oxidation or reduction reac
tions necessary for converting these precursors to the appropriate interme
diates or end products. The importance of the EM-TCA sequence as a 
source of energy, and the special role of the HMP in providing NADPH 
for biosynthetic reduction reactions, have been mentioned. What about 
the supply of precursors? If we consider the special units needed for a 
growing cell, i.e., units other than those, such as triose-P, that arc pro
vided by both the EM and HMP cycles it becomes apparent that the HMP 
has a special role (d. Cheldelin ef al., 1962). 

The pentose requirement of growing cells points directly to involvement 
of the HMP cycle. Pentose-P can be formed by the oxidative reactions of 
the HMP cycle, and/or by the cycle operating in the reverse direction, 
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the so-called nonoxidative pentase cycle involving transketolase and trans
aldolasc reactions. The results of experiments with specifically labcled 
glucose indicate that both arms of the HMP "cycle" contribute to the 
ribosc-P of nucleotidcs and ribonucleic acid. 

Erythrose-4-P is a second important component for synthetic reactions 
that is provided by the HMP pathway. This intermcdiate in the HMP 
pathway is an important precursor in the biosynthesis of aromatic amino 
acids. 

C. Factors Affecting Pathways 

There have been no systematic studies concerned with the effect of differ
ent physical and physiological conditions on the utilization of glucose cata
bolic pathways. Alterations in the relative degrce of utilization of the 
glycolytic pathways in germinating spores have been mentioned previously. 
Presumably other instances of such biochemical alterations will be dis
covered in cells undergoing morphogenesis. 

Comparisons of proliferating and resting ccli suspensions show a slight 
increase in the percentage of glucose utilized via the HMP pathway in 
growing cells. Thus a 10% increase in the HMP, from a value of 40% 
to a value of 50%, was observed in Candida IItilis (Blumenthal ef a/., 
1954). Similar increases in the extent of utilization of the HMP have been 
observed in the fungi Cl{/dceps {Jllrpurea (McDonald et al., 19(0) and 
Neurospora crassa (Blumenthal, 1962). Such results are not surprising 
since the biosynthctic processes, which require NADPH, pentoses, etc., 
would be expected to be more active in growing cells than in resting cells. 

The efTects of the degree of aerobiosis on the utilization of the several 
pathways have also been studied to a limited extent. Thus, the percentage 
of glucose utilized via the HMP pathway aerobically and anaerobically 
in Saccharomyces cerevisiae was 26 and 10%, respectively. whereas the 
corresponding figures in C. utilis were 41 and 4% (Blumenthal ef al., 
1954), and in Bacillus sU"lilis about 3R and 26% (Goldman and Blumen
thal, 1963). Qualitatively similar changes have also been observed in 
Fusarium /ini (Heath ef al., 1956) and Verficillililn a/boa/rum (Brandt 
and Wang, 1960). In the lattcr organism, however, there was unexpectedly 
less utilization of the HMP pathway in an atmosphere of pure oxygen 
compared with air. This is not a universal response in microorganisms 
since it was observed that the percentage of glucose catabolized via the 
HMP pathway by a resting suspension of bacilli could be varied, reaching 
a high of 40% with relatively dilute suspensions of bacilli in oxygen, and 
a low of 2% with relatively dense cell suspensions in air (Pepper and 
Costilow, 1964). On the other hand, S. cerevisiae used the HMP to ap-
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proximately the same extent under three difTerent degrees of aeration 
(Chen, I 959a). The addition of oxidation-reduction mediators such as 
methylene blue or pyocyanine may increase the HMP pathway through 
increased aerobic NADPH reoxidation (Evans and Karnovsky, 1962). 

The fact that microhes usc a greater percentage of gluco~c via the HMP 
under aerobic conditions than under anaerobic conditions is to be ex
pected. Because the energy derived from NADH though oxidative phos
phorylation cannot he obtained anaerobically, the ccli wOl~l~ be expected 
to usc more gluco~_c anaerohically ~ Pasteur effect), obtammg the small 
amount of cn~rgy available by oxidation of two triosc-P molecules via the 
EM pathway. Only one triosc-P would be obtained per molecule of glucose 
via the HMP pathway. 

There has been a suggestion that the glucose concentration may affect 
the extent to which the pathways arc used (Katz and Wood, 19(3). Such 
effects apparently are not common for animal cells (Evans and Karnovsky, 
1962) or microbes (Chen, 1959a: Goldman and Blumenthal. 1963). 
However, there has been a recent report of an etTect of glucose concentra
tion on the C-6: C-l ratio from slime molds at different development"1 
stages (Wright, 1963a) so that the effect of glucose concentrations should 
be considered. 

Increased levels of Pi might be thought to stimulate the EM pathway 
and inhibit the HMP pathway in living cells (cf. D'A'Limo, 19(3) since 
Pi is both a substrate in the triosc-P dehydrogenase reaction and an inhib
itor of the g1ucose-6-P dehydrogenase and the transaJdolasc re':lctions. 
Although such an effect of 1', has been demonstrated in ccli extracts 
(Kravitz and Guarino, 1958), it apparently is small in intact cells. Thus, 
Bacilius sllbt/(is grown on limiting amounts of Pi utilized the EM pathway 
to about the same extent as cells grown with normal P, levels, even though 
the rate of glucose utilization was considerably inhibited, Furthermore, 
addition of Pi to such phosphorus-dcilcicnt cells only increased the extent 
of participation of the EM pathway by about 10% (Goldman ,mct Blumen
thal, 1963). Similarly, the p, concentration did not afTeet the glycolytic 
pathways of fo'scherichia coli (Paege and Gibbs, J 96 I). In E. coli, further
more, varying the pH from 5.0 to g.o did not alter the pathways even 
though the character of the fermentation products was changed. A similar 
lack of effect of pH un the glw:.:ose pathways was observed in dwarf bunt 
spores (Newburgh and Chcldelin, 1959). 

The analysis of glycolytic pathways is even morc complicated when we 
deal with the interactions in a host-parasite system. Apparently the metabo
lism of wheat, bean, and safflower tissues infected with obligale fungaJ 
parasites is changed, a marked increase in the HMP pathway resulting 
(Daly et a/., 1 %1). However, the infection of Streptomyces grise"s with 
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an actinophage docs not appreciably alter the extent of the participation 
of the HMP pathway (Gilmour el al., 1959). 

The mechanisms involved in the regulation of glucose catabolism are 
not known although great advances can be expected in the near future. 
The general problem of metabolic regulation is covered by Zalokar (Chap
ter 14) and has been the subject of symposia (cf. Holzer, 1961; Wright, 
1963b) . 

V. ENDOGENOUS METABOLISM 

Among the filamentous fungi, the problem of high rates of endogenous 
respiration, which is often a useful measure of endogenous metabolism, 
has been particularly troublesome. This problem was briefly mentioned 
in Section Il C, on manometric mcthodology. Starvation or prolonged aera
tion have often been used with fungal cells before respirometric studies 
in attempts to reduce the endogenous respiration. However, the differences 
in the properties of starved and fresh cells often are not fully appreciated. 
The effects of starvation on the metabolism of glucose by Zygorhyncus 
moel/eri have been well documented (Moses, 1959), and differences in 
the effect of substrates on the endogenous metabolism of starved or un
starved mycelia have also been noted in Neurospora crassa (Blumentha1, 
1963). In respirometric studies, the absence of an increase in the rate of 
respiration upon addition of a substrate, or even decreased respiration, 
may not mean that the substrate is not being oxidized. The Crabtree effect, 
or the inhibition of respiration upon the addition of hexoses, is not uncom
mon in animal tissues, and in these instances the substrate is oxidized. 
Perhaps this effect may also be found in microorganisms, especially those 
with high endogenous respiration. 

Endogenous metabolism in microorganisms has been the subject of a 
recent review (Dawes and Ribbons, 1962) and of a symposium (Lamanna, 
1963), the latter including reviews of thc endogenous metabolism of fila
mentous fungi (Blumenthal, 1963), yeast (Eaton, 1963), and slime molds 
(Wright, 1963a). 

The availability of radioisotopes has made possible quantitative studies 
of the endogenous respiration of fungi, including Penicillium chrysogenum 
and Neurospora crassa, during the concomitant utilization of exogenously 
added glucose and/or acetate (Blumenthal, 1963). The extent to which 
the endogenous respiration of N. crassa was inhihited was influenced by 
many factors, such as the nature and concentration of the exogenous sub
strate, the age of the cells, the growth temperature, and whether or not 
the cells were starved. The respiration of the mycelium was inhibited about 
15-40% during glucose oxidation and about 50-100% during acetate 
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oxidation. The results of experiments with glucose and acetate as cosub
strates suggested that each was inhibiting the utilization of different endoge
nous substrates. Extension of these studies to N. crassa ascospores and 
conidia revealed differences in the response of the sexual and asexual 
spores. The conidia behaved similarly to the mycelium in that the endoge
nous respiration was completely inhibited by acetate, while glucose inhib
ited about 70% of the endogenous respiration. On the other hand, the 
endogenous respiration of germinating ascosporcs whose primary endoge
nous energy source is known to be trehalose (Sussman, 1961) was inhib
ited only to an extent of about 35% by either substrate (Blumenthal. 
1962). The reasons for the differences in behavior of the two spore types 
arc not known. 

In germinated Fusarium solani macfoconidia the rate of glucose oxida
tion was inversely proportional to spore density. but the rate of endo
genous respiration and the extent of utilization of glucose was invariant 
with density. These data were interpreted as evidence that glucose docs 
not suppress or accelerate the endogenous respiration (Cochrane ef al., 
1963). However, the interpretation of such results obtained with mano
metric datu alone is difficult and may lead to erroneous conclusions 
(Blumenthal, 1963). 

In a recent study with Aspergillus slIjae mycelium, it was reported that 
the endogenous substrate(s) varied depending on the relative amounts of 
carbon and nitrogen in the growth medium (Mizunuma, 1963). In media 
with a high C:N ratio, carbohydrate or lipid was the major endogenous 
substrate at first, the utilization of nitrogenous materials with accompany
jng liberation of ammonia, occurring ut ~ later time. When a Jow C: N 
ratio was lIsed, endogenous utilizati~n of carbohydrate and fat was low 
and pool amino acids, protein, and nucleic acids were the main source of 
energy. These results are in agreement with carlier ones indicating that 
there appears to he morc than a single endogenolls substrnte. 

It is clear that the response of the endogenous metabolism of a cell 
during the metabolism of an exogenous substrate is complex. The pre
vious history of an organism, perhaps by regulating the quantitative dis
tribution of enzymes and/or endogenous reserves of the cell, docs afTect 
the way in which the endogenous respiration behaves subsequently in the 
presence of an added substrate. 

Eaton (1963) has used a clever technique to obtain a rough estimate of 
the glycolytic pathways used by yeast in the metabolism of their reserve 
glycogen deposits. He grew the ye~lst on glueose-I-Cll as the sole carbon 
source, a procedure that yields glycogen whose gluco\e units are labeled 
only in C-I (ci. Chen, 1959b). The release of C"O, from resting sus
pensions of these cells was measured in the presence or absence of suffi-
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cient malonate to completely inhibit the TCA cycle. Using these data he 
estimated that about 39-44% of the endogenous glucose from glycogen 
was metabolized through the HMP pathway as compared to 24% for 
exogenously supplied glucose-I-C". These results certainly indicate, at 
least in a semiquantitative manner, that the EM-TeA pathway is the major 
route for endogenous "glucose," as well as for exogenous glucose. 
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I. INTRODUCTION 

In the last twenty-five years, a great deal of effort has been directed 
toward establishing the ubiquity of the enzymatic machinery of living cells 
concerned with the combustion of carbohydrate to COo and water. It is 
now generally accepted that the tricarboxylic acid cycle (citric acid cycle, 
Krebs cycle, TCA cycle) serves as a major route of pyruvate utilization 
in both animal and plant cells. It is further established that the functional 
significance of this cyclic process relates to the provision of carbon moieties 
for the biosynthesis of cell constituents as well as to the coupling of the 
pertinent dehydrogenase systems to the respiratory chain. It is the latter 
which provides the link to molecular oxygen and during the process of 
hydrogen (electron) transfer considerable energy is made available to the 
cell. While these generalizations appear valid for animal and plant systems, 
until a few years ago the notion of a functional TCA cycle in fungi, and 
microorganisms in general, was in serious doubt. This chapter will there
fore describe the study of the TCA cycle in the true fungi (Eumycetes) 
and, wherever possible, draw attention to the difficulties inherent in this 
work. The occurrence and role of the TCA cycle will be discussed in rela
tion to the glyoxylate cycle and ancillary reactions in fungi. Recent nomen
clatorial revisions which relate to these enzymes arc listed in Table L 
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Old trivial name 

Coenzyme I, DPN 
Coenzyme 11, TPN 

Condensing enzyme 

Aconitase 

Aconitic hydrase 
Isocitric dehydrogenase 

(DPN·linked) 
Isocitric dehydrogenase 

(TPN-linked) 
a-Ketoglutaric 

dehydrogenase 
Succinic dehydrogenase 

Fumarase 
Malic dehydrogenase 

Jsocitritase, isocitric 
lyase 

Malate synthetase 

D. J. Niederpruem 

TABLE 1 

NOMENCLATURE 

New trlvia.l name" 

NAD 
NADP 

Citrate synthetase 

Aconitate hydratase 

Citrate dehydratase 
Isocitrate 

dehydrogenase 
Isocitrate 

dehydrogenase 
Oxogiutarate 

dehydrogenase 
Succinate 

dehydrogenase 
Fumarate hydratase 
Malate 

dehydrogenase 
Isocitrate lyase 

Malate synthetase 

New systematic name" 

Nicotinamide-adenine dinucleotide 
Nicotinamide-adenine dinucleolide 

phosphate 
Citrate oxalacetate-Iyase 

(CoA-acetylating) 4.1.3.7 
Citrate (isocitrate) hydro-lyase 

4.2.1.3 
Citrate hydro-lyase 4.2.1.4 
L" isocitrate: NAD oxidoreductase 

(decarboxylaring) ) .1.1.4.1 
Ls isocitrate: NADP oxidoreductase 

(decarboxylating) 1.1.1.4.2 
2-0xoglutarate: lipoate oxidoreduc-

tase (acceptoracylating) 1.2.4.2 
Succinate: (acceptor) 
Oxidoreductase 1.3.99.1 
L- Malate hydro-lyase 4.2.1.2 
L-Malate: NAD oxidoreductase 

1.1.1.37 
L:'/ Isocitrate glyoxylate-lyase 4.1.3.1 

L-Malate glyoxylate-lyase 
(CoA-acetylating) 4.l.3.2 

a Report on the Commission on Enzymes of the International Union of Biochemistry 
(1961 ). 

II. THE TRICARBOXYLIC ACID CYCLE 

A. Conceptual Development of a TCA Cycle 

Early interest concerning the intermediate stages of carbohydrate oxi
dation stemmed largely from animal studies. Thus, a variety of oxidations 
were demonstrated with animal tissue by the early work of Thunberg. In 
addition, succinate, fumarate, malate, and oxalacctatc were also shown 
to have catalytic effects on biological oxidation (cf. Krebs, 1937). How
ever, it remained for Krebs and Johnson (1937) to provide data, obtained 
largely through the usc of specific respiratory poisons, which led to the 
concept of a cyclic mechanism. These workers noted that the catalytic 
effect of citrate on muscle tissue oxidation was unaffected by arsenite but 
under these conditions the overall oxygen consumption was lowered and 
a-ketoglutaric acid accumulated in considerable amounts. Malonate like
wise did not affect the rate of citrate oxidation, but in this instance, sue-
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acid accumulated. Finally, if citrate was acting catalytically, some 
'an ism must exist through which it could eventually be regenerated. 
uiet)' of intermediates were examined. hut only oxalacctate acid gave 
to citric acid. and this could be demonstrated only anaerobically (i.e., 
:r conditions that arrested further citrate oxidation). From these ex
ncnts. and the data of previolls investigators. a cyclic mechanism for 
pathway of l:arbohyuratc oxidation in animi.11 tissues was envisaged 
. 1). The citric acid cycle was shown to be operative in a variety of 
131 tissues. but was reported absent in yeast anu bacteria in these 
ie. (Krebs ami Juhnson, 1937) and also in later work by Krebs 
13). 

CarJ.)ohydrale 

+ "TrIose" 

I 
t 

Carbohydrate 
deriva.tive 

~ 
OXALACETIC CITRIC 

ACID Aero 

I \ 
]\olALIC 
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FUMARIC 
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ISOCITRIC 
ACID 
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OXALO-

MALONATE~ ')"= 
a-KETO SUCCINIC 

ACID~ARIC ACID 

ARSENITE 

FIG. 1. Citric acid cycle (TeA cycle) of Krehs and Johnson. 
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Since this historic work, a great many detai)s of the origina) duic aeid 
cycle have been elaborated. In particular. the mechanism of citric acid 
synthesis from oxalacetic acid has received can iderable attention. It is 
now well established that acetyl CoA (derived from the oxidative decar-

I Carbohydrar el 
I 

I Lipid I 
.. /' I 

t / 

IPr Oleln! 

" , " 
\. 

Aspal'lic 
acid 

,,-__ Phosphoenol-
pyruvic aCid 

~ 
I?yruvlc acid 

Co.--t--ZH 

/ 

Palmitic 
acid 

/' 
Malonyl 
COA 

A CETYL Fa(ty 
CoA -- ..rr----- acids 

~ 
OXALACETlC ClTRIC 

ACto ACID "\ 

/' -HzO r----2H 
MALIC ~ cis - ACONITIC 
ACID ACID 

~~ ~~ 
FUMAruC ~RSsprRATOARY lSOCITRIC CHAIN TO 

Av'" OXYGEN 2"~ID 
SUcerNIe ( OXALO. 

A:::INYL 2. "_KE~::W 
CQA CoA GLUTAlUC ACID 

CO~ CoA 

Glutamic 
acid 

\ 
\ 

\ , 
I P ro t ein I 

FIG. 2. Tricarhoxyli<: ac id (TeA) cycle as currcnlly conceived. 
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boxylation of pyruvic acid) is the active unit which condenses with ox
alacctic acid to form citric acid (cf. Lipmann, 1953). The present version 
of the TCA cyeie differs very little from the original scheme proposed by 
Krebs and Johnson (1937); it is shown in Fig. 2. 

B. Biological Significance of the TC A Cycle 

While the TCA cyeie was originally proposed as a mechanism for the 
terminal oxidation of carbohydrate, later studies indicated its utility in 
supplying amino acids through either transamination or reductive amina
tion. These substances may then serve as intermediates for protein syn
thesis as well as to provide precursors for the synthesis of purines, pyrimi
dines, and porphyrins. Thus. the link between carbohydrate and protein 
synthesis appears well established. In addition, acetyl CoA proved to be 
a key intermediate for the biosynthesis of fatty acids (d. Gibson, 1963). 
There are also several mechanisms for CO, fixation which function through 
certain intermediates of the TC A cycle (cf. Utter, 1961). Since the bio
synthesis of ccli constituents is accompanied by a withdrawal of carbon 
moieties from the TCA cycle, the latter mechanisms during growth on 
glucose (i.e., growth conditions under which CO:! acceptors such as pyru
vate or phosphopyruvate arc available) may serve to replenish cell carbon. 
Although the central role of the TCA cycle would then appear to be to 
provide carbon intermediates for hiosynthesis. another vitally important 
role of the cycle is the coupling of dehydrogenases with the respiratory 
chain. It is further recognized that the latter plays a common functional 
role in energy generation in a variety of animal and plant systems. In addi
tion, all the TCA cycle reactions are localized in mitochondria. Some of 
these generalizations are illustrated in Fig. 2. 

The purported lack of a functional TCA cyeie in the true fungi has leu 
to a great deal of controversy, and the time is now appropriate to reevalu
ate the situation. Thereforc. our initial concern will relate to early studies 
dealing with the presence of a TC A cycle in fungi. 

C. Characterization of the TCA Cycle 1/1 FUl1gi 

I. Intact Cells 

a. Growth. The occurrence of a functional TeA cyclc among fungi such 
as Aspergillus and Penicillium was long suspected since these forms accu
mulate considerable amounts of citric acid under certain conditions of 
culture. In fact, Raistrick and Clark (1919) noted that Wehmer gave the 
name Citromyces to the particular group of fungi which produced citric 
acid from carbohydrate. In addition. other organic acids of the TeA cycle 
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are formed in considerable amounts by certain fungi, and these include 
succinic acid, fumaric acid, acetic acid, and, to a lesser extent, malic acid 
(see Cochrane, 1958). However, these data indicate an interruption of a 
cyclic process rather than an operative TCA cycle, and later work by 
Ramakrishnan et al. (1955) and Neilson (i956) have strengthened this 
interpretation. 

Another hint that a TCA cycle may be present in fungi came from nu
tritional studies. Several yeasts utilize various intermediates of the TeA 
cycle as sale carbon sources for growth (see Barnett and Kornberg, 1960). 
However, the finding that other closely related forms cannot grow on these 
substrates does not necessarily rule out a functional TeA cycle and may 
simply indicate that permeability barriers exist. 

A further clue to the possible role of dicarboxylic acids in fungi came 
from studies involving the mode of action of iodoacetic acid on the growth 
of Neurospora ('rassa. In particular, respiration and growth were inhibited 
appreciably by physiological levels of iodoacetate; inhibition of the former 
was reversed by succinic acid, while that of the latter was relieved by 
succinic acid, malic acid, fumaric acid, and pyruvic acid (Ryan et al., 
1944). This indicated that the inhibition by iodoacetate, presumably at 
the level of triose phosphate dehydrogenase, could be released by appro
priate intermediates of the TeA cycle, whose function was to provide 
carbon moieties for growth and biosynthesis. Subsequently, certain single
gene mutants of N. crassa were reported to utilize for growth substrates 
associated with the TeA cyeie (R. W. Lewis, 1948). 

b. Respiration. Since these early nutritional studies provided no sub
stantial proof of a functional TeA cycle in fungi, physiOlogical experi
ments werc attempted along lines applied successfully to animal tissues. 
These included the effects of TeA cycle intermediates as well as the 
action of specific respiratory poisons on the basal respiration of fungi. 
Although this approach was satisfactory with animal systems, serious diffi
culties were encountered with the fungi. ]n fact, before the advent of tracer 
techniques, the commonly encountered high endogenous respiration of 
fungal mycelium usually precluded further analysis of exogenous substrate 
utilization, even after aeration in sterile buffer. When this method does 
reduce endogenous activity, often a similar decrease in respiratory capacity 
is observed with exogenous substrate (Mickelson, 1950; Bentley, 1953; 
Bonner and Machlis, 1957). This may be alleviated by limiting the starva
tion period to just a few hours of aeration before the respiratory measure
ments (Moses, 1955; Litchfield and Ordal, 1958), but this is not always 
the case (Bentley, 1953). One procedure which has helped decrease the 
endogenous respiration is to reduce the carbohydrate level in the growth 
medium; this appears to prevent the accumulation of reserve materials 



11. Tricarboxylic A cid Cycle 275 

(Bonner and MachIis, (957). The use of acetone powders of mycelium 
to reduce endogenous respiration may promote serious damage to the 
respiratory apparatus and therefore may provide no advantage over the 
;tudy of intact cells (Bentley, 1953). An additional complication is 
the ability of certain fungi to a~similatc rather significant proportions of 
various exogenous substrates (see Clifton, 1946). 

While certain sugars commonly stimulate respiratory activity of some 
fungi, this is not always the case with intermediates of the TCA cycle. 
Although some success has been obtained with the latter (Leonard, 1949; 
Mickelson and Schuler, 1953; Moses, 1955; N. D. Davis, 1958; Litchfield 
and Ordal, 1958; AI-Doory, 1959; Ramachandran and Gottlieb, 1963), 
often incomplete substrate patterns are reported for these compounds 
(Levine and Novak, 1950; Hirsch, 1952; Hockenhull et al., 1954; Krebs. 
1954; Bacila et (/1., 1955; Garrison, 1961). In addition, the respiratory 
rates observed with organic acids may be quite low in comparison to those 
with carbohydrate, and this has led to serious doubt concerning the 
quantitative significance of TeA cycle intermediates in normal respiration 
(Leonard, 1949; Levine and Novak, 1950; AI-Doory, 1959; Garrison, 
1961; Newcomb and Jennison, 1962). The finding that these intermediates 
are, in fact, metabolized by cell-free extracts of fungi indicates that perme
ability barriers may playa significant role (Barron and Ghiretti, 1953; 
Clark and Wallace, 1958; Litchfield and Ordal, 1958). In certain cases, 
the permeability barriers of fungi can be overcome in an acid medium; 
this appears to favor the undissociated form of the organic acid (Barron 
et al., 1950; Moses, 1955). However, sometimes TCA cycle intermediates 
fail to stimulate respiration even under these conditions, and those which 
arc active may do sO at rates far below those required to account for the 
respiratory capacity of the fungal cell. 

A possible solution to this problem has come from the employment of 
esters of biologically important substrates; these apparently pass through 
cell membranes over a wide range of pH. Studies dealing with intact cells 
of Penicillium chrysogenum have indicated that while succinic acid failed 
to promote basal respiration, diethylsllccinate applied at pH 6 significantly 
increased oxygen consumption (Beevers ef (/1., 1952). However, one draw
back to this method is the possibility that the organism may also respond 
to the alcohol moiety of the ester, and appropriate controls must be used. 
Another method which has proved somewhat effective in decreasing perme
ability barriers is alternate freezing and thawing (Krebs et al., 1952; Moses, 
1955). This procedure may also promote serious damage to the respiratory 
'nzymes. A less drastic method of decreasing permeability barriers in 
'ungal mycelium is drying over P,O, in the cold, and this method has been 
1scd successfully with Schizophyllum commune (Wessels, 1959). More re-
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ccntly, Kovac (1961) has demonstrated an apparent change in the perme
ability of bakers' yeast by employing deoxycholate. However, the possi
bility exists that enzymes may, in fact, have been liberated from the yeast 
cells by this drastic treatment. Consequently, these difficulties indicate that 
the failure of TCA cycle intermediates to promote fungal respiration can
not be taken as conclusive evidence against the presence of a functional 
cycle in vivo. 

Similar problems often arc encountered with the usc of specific respira
tory poisons in fungi. In particular, malonic acid often fails to arrest 
respiration of fungi (Levine and Novak, 1950; Shu et al., 1954; Chattaway 
and Thompson, 1956; Clark and Wallace, 1958; Hilton and Smith, 1959; 
Garrison, 196 I; Ramachandran and Gottlieb, 1963) yet proves (0 be an 
effective inhibitor of succinic dehydrogenase isolated in cell-free extracts of 
some of these organisms (Chattaway el al., 1960; Clark and Wallace, 1958; 
Hilwn and Smith, 1959). In contrast, strong malonate inhiqition has been 
obtained with intact cclls of Rhodolorula gracilis (Litchfield and Ordal, 
1958). Some success has also been obtained with malonic acid as a 
respiratory inhibitor at low pH. Acetate oxidation by intact cells of a yeast 
was inhibited signitkantly by malonic acid applied at pH 4 and consider
able amounts of sllccinic acid accumubted (Barron anti Ghiretti, 1953). 
Hm ...... cver, umkr approximately the same conditions (i.e., at acid pH), 
m,Jlonic ~lCjd was without effect on Merulius niveus, Rhizopus nixricans 
[R. sl%ni/er] (Barron and Ghiretti, 1953) and Pill/lI/orio fA IIreohu
siilillm J p"I/"lalls (Clark and Wallace, 1958). This apparent permeability 
barrier to malonic acid has been overcome in yeast (Krchs el (il., 1(52) 
and in Z\'!iorhrnchus moelleri (Moses, 1955) by treating the cells with 
liquid nitrogen or dry icc. The use of diethylmalonate has also proved 
effective in respiratory studies of fungi. In particular. acetate oxidation by 
Penicillillm chrysogenllm was unaffected by malonic acid (0.1 M, final) at 
pH 6 while diethylmalonate was strongly inhibitory under these conditions 
(Beevers et lIf., 1(52), Similar precautions must be exercised here as with 
esters of biologically important substrates. An additional complication 
arises with malonic acid for it may also stimulate respiration as well as 
serve as a carbon source for the growth of fungi (Clark and Wallace, 1958; 
Novak, 1959a,b; Pedersen, 1963). These findings may relate to the fact 
that malonyl-CoA is a key intermediate in fatty acid biosynthesis. 

In contrast to these difficulties, the employment of arsenite as a po
tential inhibitor of a-keto acid oxidation by intact cells of fungi has met with 
a fair degree of success, This may require the use of a rather high level of 
arsenite (c.g., 0.01 M). Nevertheless, n-ketoacid accumulation is readily 
demonstrated with this inhibitor, and arsenite-sensitive respiratory systems 
have been reported in many fungi (Pickett and Clifton, 1943; Hoekenhull 
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et al., 1951; Walker et al., 195 I; Shu ef al., 1954; Chattaway and Thomp
son, 1956; Goldschmidt ef al., 1956; Bonner and Machlis, 1957; Rama
chandran and Gottlieb, 1963). 

Monofluoroacetic acid has proved to be a very potent inhibitor of the 
TeA cycle in animal systems (Peters, 1952). The usc of this poison with 
fungi has again led to difficulty. While significant inhibition of respiration 
was obtained with flu oro acetate in the case of N. crassa (Strauss, 1955) 
and yeast (Kalnitsky and Barron, 1947), Goldschmidt ef al. (1956) noted 
that prior incubation with the poison for at least one hour was required 
with P. chrysogenum. Here also, it appears that acid pH increases the con
centration of the undissociatcd form of the inhibitor and thereby favors 
the penetration of this compound (Black and Hutchens, 1948; Aldous and 
Rozee, 1956). Similar permeability barriers have been described in yeast 
with fluoride, iodoacctate, and 3:5-dinitro-o-crcsol (Simon and Beevers, 
(952). Taking these findings into consideration, one cannot, therefore, rely 
entirely on negative inhibitor data obtained with intact cells of fungi to sub
stantiate the absence of a functional TCA cycle. 

c, lsotope Incorporation. The application of isotopic tracer techniques to 
the study of the TCA cycle in fungi, and in particular, yeast, has also met 
with difliculty. Since these difficulties may be inherent in intact cells of 
fungi generally, and appear to have been resolved to a certain degree with 
yeast, our discussion will be concerned primarily with the latter. While 
early experiments performed with intact cells and extracts of yeast were 
suggestive of a functional TCA cycle in vivo, evidence obtained with 
labeled substrates, including glucose and acetate, was not always conclusive. 
Early studies by Wcinhouse and Millington (1947) involved the oxidation 
of carboxyl-C"'-labelcd magnesium- or barium-acetate by bakers' yeast. 
The~c -investigators isolated the citric acid which accumulated under these 
conditions and found that the CJ:~ content and di::;tribution in citrate was in 
accord with a functional TCA cycle. However, not all the C, acids were 
formed from the cycle, and an independent mechanism was invoked for 
their formation from acetate. Later investigations by Ehrcnsvard et aI. 
(1951) with Torulopis [Candida] utilis and Krebs ef al. (1952) with yeast 
also suggested the need for another mechanism, in addition to the TCA 
cycle, to account for acetate oxidation in fungi. Moreover, it was apparent 
from these data and others (Wang et al., 1952, 1953) that certain reactions 
of the TeA cycle in yeast were related to the provision of amino acids for 
biosynthesis. Thus, while there was little doubt as to the presence of a 
functional TCA cycle in yeast, the quantitative significance of the cyclc in 
terminal respiration remained unclear. This led to the notion that the 
primary role of the TCA cycle in yeast is to supply intermediates for biosyn
thesis, rather than to provide energy to the cell (Krebs ef al. 1952). In 
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retrospect. this appears reasonable, for only recently have cell-free extracts 
been obtained from yeast and other fungi which arc capable of oxidative 
phosphorylation (Nossal et al., 1956; Bonner and Machlis, 1957; Utter 
et al., 1958; Twasa, 1960; Vitals and Linnane, 1961; Linnane et al .. 1962). 

A somewhat different approach was used hy DeMoss and Swim (1957). 
These workers studied the labeling pattern of intracellular intermediates in 
large amounts of yeast after the addition of Cll-Iaheled acetate. In this 
work, isotope appeared in citrate, n-kctoglutaratc, succinate, fumarate, and 
malate, and the isotope distribution found in citrate and ,succinate was con
sistent with the view that the TCA cyck is a major pathway of acetate 
oxidation by bakers' yeast. However, still unexplained was the origin of 
some oxalacetic acid, formed possibly by a C, unit (containing ell from 
acetate) condensing with either two C1 units or a single C::! unit of 
endogenous origin. Therefore, while a great deal of evidence indicated a 
functional TeA cycle in yeast, no mechanism was documented for a second 
point of entry of acetate into the TCA cycle at this time. The elucidation 
of the latter came primarily from studies dealing with acetate metabolism 
in bacteria. 

The success of experiments with [2-C1 t] acetate incorporation by bacteria 
was due primarily to following the fate of radioactive compounds formed 
after very short periods of incubation (e.g., 3 seconds to 5 minutes) along 
lines estahlished by Calvin (1951). In addition, prior growth of the micro
organism on acetate as the sole carbon source led to the elucidation of an 
additional metabolic pathway related to the net synthesis of C,-dicarboxylic 
acjds. Such a pathway appeared jn L1cetatc-grown Pseudomonas {JlIorescens 
KBI and Corynebacterium sp. (Kornberg, 1958). In these investigations, 
cells incubated with! 2-CIIJ acetate showed incorporation of isotope into 
intermediates consistent with an operative TeA cycle. However, initially, a 
great deal of the total isotope appeared in C l compounds. This indicated 
that label was, in fact, introduced into malate without first passing through 
citric acid and clearly pointed to a second portal of entry for acetate into 
the TCA cycle. Previolls investigutions had indicated that the combined 
action of isocitritase (R. A. Smith and Gunsalus, 1954) and malate syn
thetase (Wong and Ajl, 1955) could result in a net synthesis of Cl-dicar
ooxylic acids, and this metabolic scheme has since been designated as the 
"glyoxylate cycle" (Kornberg and Krehs, 1957). The latter provides a 
mechanism for a second point of entry of acetate into the TCA cycle as in
dicakd in Fig. 3. 

The studies described with hactcria have been extended to yeast, and a 
similar situation is encountered here (Barnett and Kornberg, 19(0). In 
addition, isocitritasc (Olson, I ~5~) and malate synthetase (Dixon et al., 
1960) have been partially purified from yeast, and the presence of these 
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enzyme is now documented in various fungi (Kornberg and Collins, 1958; 
Collins and Kornberg, 1960; Gottlieb and Ramachandran, 1960; Heberli ng 
el al., 1960; McCurdy and Cantino, 1960; Frear and Johnson, 196 1; 
Turian, 196J ). All these dala are consistent with the view that fungi can 
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oxidize acetale largely via a functional TC A cycle, and furthermore, the 
glyoxylatc palhway may supplement the TCA cycle during growth on 
acetate by providing a mechanism for thc net synthesis o( C,-dicarboxylic 
ilcids. In addition, the glyoxylate pathway may provide an explanation ( ee 
Kornberg and Madsen, 1957) for the accumulation of fumaric acid by 
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Rhizopus stoloniler (Foster et al., 1949) and cltnc acid by Aspergillus 
niger (K. F. Lewis and Weinhouse, 1951a; Carson et al., 1951). 

2. Cell-Free Extracts 

£1. Subcellular Localization of Specific Enzyme Activities. It is now well 
established that, with but two exceptions, the main intracellular site of the 
reactions of the TCA cycle in animal and plant tissues is the mitochondrion. 
The apparent exceptions to this generalization are isocitric dchydrogenase 
(Hogeboom and Schneider, 1950; Plaut and Plaut, 1952; Ernster and 
Navazio, 1956; Lowenstein. 196 I; Tagcr, 19(1) and malic dehydrogenase 
(sec Kun, 1963). {hesc enzymes may also occur in soluble form in the 
cytoplasm of various tissues. In addition, multiple forms of isocitric de
hydrogenase have been reported in yeast (Kornberg and Pricer, 1951) and 
in A. niger (Ramakrishnan and Martin, 1955). Interestingly, the mitochon
drion-bound enzyme appears to differ in its coenzyme specificity (i.e., 
utilizes NAD rather than NADP) and in other salient features (sec Plaut, 
1963). It is important to note that NADP-linked isocitric dehydrogenase 
activity has been reported in various fungi (Barron and Ghiretti, 1953). 
The functional role of the latter enzyme remains to be elucidated. 

Studies dealing with the intracellular distribution of the TCA cycle in 
fungi might, therefore, have been expected to draw upon the extraction 
procedures important in the isolation of intact, functional mitochondria 
from higher forms. Unfortunately, this has not always been the case. In 
addition, the employment of ccII-free extracts of fungi to substantiate the 
occurrence of a TeA cycle has likewise been confronted with serious 
methodological dillkulties. Early cytochemical studies provided an indica
tion of respiratory granules in yeast (Lindegren, 1'149; Mudd e{ "I., 1951; 
Sarachek and Townsend, 1953; Mundkur, 1953; Hartman and Liu, 1954; 
Ephrussi and Slonirnski, 1955; Yotsuyanagi. 1955; Bautz, 1955; Williams 
et al., 1956), and this work has now been adequately supported by fine 
structure studies of mitochondria in a variety of fungi (see Moore and 
McAlear, 1963b; and pp. 336--337 and 399 of this volume). However, 
fractionation procedures of the type employed with animal tissues to con
centrate specific enzyme activities (e.g., acetone fractionation) as well as 
the drastic breakage methods necessitated for yeast and the filamentous 
fungi virtually precluded any further analysis of the subcellular localization 
of the TCA cycle enzymes in these forms. The latter may, in part, explain 
why past investigat()rs utilized only crude homogenates of fungi to study 
these reactions. While the study of homogenates of fungi obtained after low 
speed centrifugation (400-600 ii, 5-10 minutes) certainly provided basic 
information concerning the qualitative aspects of the TeA cycle (Cantina 
and Hyatt, 1953a; McDonald et al., 1960), competing reactions present 
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in crude extracts may seriously interfere with quantitative measurements of 
specific enzyme activities. For example. extracts of mycelium (Kaplan el 
aI., 1951) and. in particular. conidia (Zalokar and Cochrane. 1956) of 
N. crassa possess a potent diphosphopyridine nuclcotid:lsc whereas ho
mogcnates of P. chr_vsogenum contain significant levels of phosphatase 
(Casida and Knight, 1954). The latter readily hydrolyzed adenosine 
triphosphate, tlavinc adenine dinucleotide. NAD and ;\IADP, thereby pre
senting a formidable problem to the assay of phosphorylated cofactor-linked 
enzymes of the TCA cycle. High-speed supernatant fractions (10,000-
24,000 Ii, 10-45 minutes) have also been employed to study the TCA cycle 
in fungi and in these cases a considerable fraction of the respiratory 
particles may have been scdimented and discarded (Jensen el al .. 1957; 
Joshi and Ramakrishnan, 1959; Heberling el al.. 1960; Chandra and 
Shanmugasundarum, 1961; Ramananda Rao el al., 19(2). 

Particulate matter which appeared to have lipoprotein had early been ob
tained from cell-free extracts of yeast (Nyman and Chargaff, 1949) and 
was characterized by certain enzyme activities usually associated with 
mitochondria isolated from animal and plant tissues (Brachet and leener, 
1943; Chantrcnne, 1943; Sionimski and Ephrussi, 1949; Novelli and 
Lipmann, 1950; Foulkes, 1951; L. Smith. 1954). However, only a few 
TeA. cycle reactions were demonstrated in vitro, and the dehydrogenase 
systems were rarely capable of coupling to molecular oxygen in the absence 
of artificial electron carriers. The drastic breakage procedures utilized very 
likely led to denaturation of many of the enzymes of the TCA cycle and the 
respiratDry chain. Additional confusion arose during studies dealing with 
\he intracellular localization of certain TCA cycle enzymes in yeast. While 
aconitase, fumarase, and NAD-linkcd isocitric lkhydrogcnasc activities are 
associated largely with particulate fractions isolated from animal tissues, 
these enzyme activities were reported in the supernatant fraction of cell
free extracts of yeast (Hirsch, 1952). Thus, even though ccrtain enzymes 
of the TCA cycle were isolated from yeast. their subcellular distribution 
was not in accord with the data obtained with animal tisslles. 

These discrepancies have now been resolved to some extent and the 
success of latcr work may bc attributed to the cbooration of milder 
breakage procedures as well as appropriate isol[)tion media for the prepara
tion of functional mitochondria from yeast and other fungi. With the aid of 
a highly rapid. mechanical disintegrator Nossal (1954a) prepared particu
late fractions from yeast which oxidized all members of the TeA cycle with 
the consumption of molecular oxygen. Further studies along these same 
lines (Nossal, 1954b; Nossal el al., 1957; Utter el al., 1958) demonstrated 
that prolonged disintegration periods lead to the progressive loss of certain 
enzyme activities of the TCA cycle. Moreover, particulate-bound enzymes, 
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including aconitase and fumarase, actually appeared in the supernatant 
fraction after prolonged disintegration. Thus, there was further assurance 
that yeast cells do, in fact, contain native respiratory granules which had 
previously been designated as mitochondria purely by cytochemical criteria. 

The elaboration of appropriate isolation media was also of considerable 
importance. This involved the choice of a suitable buffer, the inclusion of 
sucrose to preserve mitochondrial integrity, and the lise of ethylenediamine 
tetraacetate (Slater and Cleland, J 952), presumably to remove harmful 
metals and to prevent swelling of the mitochondria (Hunter of al., 1959) 
and the loss of bound NAD (Lester and Hatefi, 1958). Considerable suc
cess has also been achieved by the inclusion of sucrose, bovine serum 
albumin. and a variety of co factors in the primary assay medium. Thus, 
there have been isolated from yeast highly active, respiring mitochondria 
which stain with Janus Green B and oxidize the principal members of the 
TCA cycle (Linnane and Still, 1955). Particulate matter containing various 
enzymes of the TCA cycle have likewise been isolated from A llomyces 
mocrogynus (Bonner and Machlis, 1957), Candida albimns (Nozu et al., 
1958), Fusarium lini (Kikuchi and Barron, 1959), Aspergillus oryzae 
(Imamoto et al., 1959), Myrothecium I'ermearia (Hilton and Smith, 
1959), Schizophyllwn com",,"'e (Wessels, 1959; Niederpruem and 
Hackett, 1961), Puccinia graminis (White and Ledingham, 1961), 
Fusarium oxysporum (Maruyama and Alexander, 1962), Neurospora 
crassa (Haskins et al., 1953 I, and other fungi (Dowler et 01., 1963). 

Once breakage procedures, isolation media, and cofactor requirements 
were established, attempts were made to isolate functional mitochondria 
from fungi which were capablc of oxidative phosphorylation with ap
propriate intermediates of the TCA cycle. Earlier reports of phosphoryla
tion by respiratory granules of yeast (Nossal et al., 1956; Utter et al., 
1958) have now been supported by the work of Hodges and Marx (1959) 
and Vitols and Linnane (1961). In addition, respectable P:O ratios have 
also been obtained with A. macrogynlls (Bonner and Maehlis, 1957) and 
A. oryzae Owasa, J 960). Moreover, electron transport particles similar to 
the type prepared from beef heart (Crane et al.. 1956) and bacteria 
(Bruemmer et (/1 .. 1957) have been purified from yeast (Mackler et al .• 
1962). It is therefore not unreasonable to assume that yeast and filamentous 
fungi possess respiratory granu]cs which arc the functional equivalents of 
mitochondria in anima! and plant systems. 

While most of this recent work agrees in essence with intracellular dis~ 

tribution stlJdies of extracts prepared from higher forms, many serious 
problems remain with the fungi. The breakage procedures used often yield 
severa] metabOlically active particulate fractions from cell-free extracts of 
yeast after differential centrifugation (Nossal, 1954b; Utter et al .• 1958; 
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Vitols and Linnane, 1961). There arc also persistent reports of soluble 
enzyme fractions obtained after ultracentrifugation of crude extracts of 
fungi which still contain certain TeA cycle enzymes (White and Leding
ham, 1961; Maruyama and Alexander, 1962; Dowler et al., 1963). How
ever, the significance of these data is questionable in view of the possibility 
of preparative artifacts and must be viewed with caution until they are 
confirmed using less drastic hreakage procedures. Finally, the bewildering 
array of metabolically uncharacterizcd organelles (e.g., iomasomcs, dicty
osomcs, elc.) recently reported in fungi (Moore and McAlear, 1961, 
1963a) lends added complexity to this situation (cf. pp. 95-105 of this 
volume). ? 

h. Purified Encymes. The purification and crystallization of TeA cycle 
enzymes from fungi have lagged considerably behind animal studies. This 
may be due in part to the low recovery of enzyme activity after the harsh 
breakage procedures reguired. In addition, only a few TeA cycle enzymes 
have, in fact, been crystallized from animal sources, and these include the 
condensing enzyme (Ochoa, 1948; Ochoa and Weisz-Tabori, 1948) and 
fumarase (Massey, 1952). This is because most of the TeA enzymes arc 
structurally bound (i.e., localized on the mitochondrion) and they must be 
solubilized before any extensive purification can be initiated. Moreover, 
once these enzymes are liberated from the mitochondria, stability problems 
in aqueous media become paramount. The present discussion will, there
fore. be confined to those TeA cycle enzymes which have been partially 
purified from fungi and, wherever possible, comparisons will be made to 
their counterparts in higher forms. 

Condensing enzyme. The formation of citrate by an aldol condensation 
involving acetyl coenzyme A and oxalacetate is mediated by the condensing 
enzyme (Eg. I). 

Acetyl coenzyme A + oxalacetate + H~O ,~ citrate + coenLyme A + Hi- (1) 

The condensing enzyme appears to be the first enzyme of the TeA cycle 
obtained in crystalline form from animal tissue (Ochoa el al., 1951), and 
there are no reports of an enzyme preparation of this degree of purity from 
fungi. A partial purilication of condensing enzyme has been achieved by 
ammonium sulfate fractionation with ccli-free extracts of yeast (Novelli 
and Lipmann, 1950) and A. niger (Ramakrishnan and Martin, 1955). In 
contrast to the reguirement for magnesium usually exhibited by condensing 
enzyme isolated from other tissues, the partially purified enzyme prepared 
from A. niger does not require magnesium and, in fact, appears to be in
hibited by it. The suspicion that citridcsmolase was present as a con
taminant and was responsible for this inhibition was disproved because the 
enzyme was still sensitive to magnesium after extensive purification 
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(Ramakrishnan, 1958). Thus, the condensing enzyme of A. niger may 
differ significantly from its mammalian counterpart in this regard. The 
presence of condensing enzyme in crude extracts of yeast (Ochoa e( at., 
1951) and other fungi is now adequately documented. COo>iderably higher 
yields of crystalline condensing enzyme from pig heart have recently been 
obtained by ethanolic-KOH extraction (Srere and Kosicki, 1961) and 
perhaps this procedure may prove helpful with extracts of fungi. 

Aconitase. The enzyme aconitase is concerned primarily with the inter
conversion of the three tricarboxylic acids (Eq. 2). 

Citrate ~ ci.r-aconitate ~ isocitrate (2) 

Aconitasc has been partially purified from animal tissues (see Anfinsen, 
1955) and is activated by ferrous ions and reducing agents (Dickman and 
Cloutier, 1951; Morrison, 1954). Cofactor requirements of this type have 
likewise been demonstrated for aconitase preparations from A. niger, 
Penicillium pllrpurogenum, and Saccharomyces cerevisiae (Rahatckar and 
Raghavendra Rao, 1963). A great deal of attention has been paid to the 
possibility that the above reactions may be mediated by more than one 
enzyme (sce Krebs and Lowenstein, 1960). While crystalline aconitase is 
not yet available from animal tissues, there seems to be some agreement 
thJt only one enzyme is invo1ved. Aconitase has been partially purified from 
yeast by fractionation with acetone and ammonium sulfate (Racker. 1950). 
More definitjve biochemical studies of aconitase in A. niger indicate that 
at least two enzymes are operative here (Ramakrishnan, 1954; Neilson, 
J 955), and these may be separated by conventional ammonium sulfate 
fractionation. One of the components is associated with a high molecular 
weight protein and is concerned primarily with the formation of citrate from 
cis-aconitute and is designated as aconitic hydrase (Neilson, 1956). The 
latter is also present in P. chrysogenum (sec Neilson, 1962). Aconitic 
hydrase is not affected by ferrous ions and the reducing agents reported to 
act on aconitase. The other component is associated with a low molecular 
weight protein and produces both citrate and isocitrate from ds-aconitatc 
and, therefore, resembles the aconitase of animal tissues. While both 
enzyme activities appear in mycelium grown on a complex medium, only 
aconitic hydrase is detected during growth on a defined medium containing 
manganese (3 I'g% ). Aconitase activity also appears to be lost in A. niger 
during growth in a citrate-accumulating molasses medium (Ramakrishnan 
e/ al., 1955). The mechanisms concerned with the nutritional regulation of 
aconitase production in fungi remain to be elucidated. 

hoei/ric dehydrogenase (NADP specific). Reference has already been 
made to the occurrence of two separate enzymes which mediate the s.teps. 
leading from isocitratc to ,,-ketoglutarate (sec Section II, C, 2). These 
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dehydrogenases arc distinguished by their cofactor specificities and other 
important features. The NADP-linked enzyme is describcd here, for it ap
pears to be widcly distributcd in fllngi. In addition, thc latter activity occurs 
largely in the soluble, extramitochondrial fraction of the ccii and may play 
an important role in the maintenance of reducing power (Lowenstein, 
1961). The reaction sequence catalyzed by the NADP specific isocitric 
dehydrogenase is as follows: 

Isocicrate + NADP+ ====~ oxafosuccinate + NADPH + H+ 

Oxalosuccinate + H+ 1\1n .... or Mg+_: a-ketoglutarate + CO2 

(3) 

(4) 

Slim: Isocitrate + NADP+ Mn·" or ).fg
T ~ a-ketoglutarate + CO2 + NADPH + H+ (5) 

Attempts to separate the two reactions have not met with success. The 
~ADP-specific isocitric dehydrogenase has been partially purified from 
various microorganisms (Kornberg and Pricer, 1951; Barban and Ajl, 
1952; Ramakrishnan and Martin, 1955; Agosin and Wcinback, 1956; 
Goldman, 1956). Recent purification procedures have indicated the im
portance of chelating agents in the isolation and assay media to stabilize 
the enzyme preparation (sec Plaut, 1962). The NADP-spccific isocitric 
dehydrogenase of yeast has been partially separated from the NAD-linked 
enzyme by ammonium sulfatc fractionation (Kornberg and Pricer, 1951). 
Since the latter activity is usually more labile than the NADP-specific 
enzyme, further purification of the yeast enzyme was obtained by a brief 
heat treatment (60 C. 5 minutes). followed by ethanol fractionation. The 
yeast system resembles preparations from animal tissue in that it catalyzes 
the decarboxylation of oxalosuccinatc, the reductive carboxylation of 
o:.kctoglutarate, and the reduction of oxalosuccinate. Similarly, enzyme sys
tems isolated from both sources show a requirement for divalent metals 
(e.g., Mn++ or Mg++). A partial separation and purification of two 
isocitric dchydrogenases have also been achieved with extracts of A. niger 
(Ramakrishnan and Martin, 1955); the NADP-Iinked enzyme isolated 
from this filamentous fungus likewise showed a requirement for divalent 
metals. 

[sori/ric Dehydrogenase (NAD-spccilic). The NAD-specific isocitric de
hydrogenase has been purified from various animal sources (Plaut and 
Sung, 1954) and has been partially separated from the NADP-linked 
enzyme in yeast (Kornberg and Pricer, 1951) and A. niger (Ramakrishnan 
and Martin, 1955). The reaction catalyzed by this enzyme is as follows: 

Isocijrare + NAD+ -+ a-ketoglu(aralc + CO~ + NADH + H+ (6) 

While the NADP-Iinkcd enzyme occurs largely in the cytoplasm, the NAD
specific isocitric dehydrogenase appears to be bound to the mitochondria. 
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There are several lines of evidence which suggest that two different enzymes 
are involved. Although the NAD-linked enzyme also requires Mg+ + or 
Mn+ +, it is more labile than the NADP-specific isocitric dehydrogenase. In 
addition, the former has not been shown to catalyze the reduction of 
oxalosuccinatc nor the reductive carboxylation of a-kctoglutarate when 
prepared from either yeast or heart tissue (Kornberg and Pricer, 1951). 
Moreover, the NAD-linked enzyme isolated from yeast and A. niger re
quires an additional cofactor, adenosine 5'-phosphate, for maximum activ
ity. While orthophosphate is reported to stimulate the NAD-linked enzyme 
from A. niger (Ramakrishnan and Martin, 1955), neither orthophosphate 
nor adenosine 5'-phosphate are required with the heart tissue enzyme (Plaut 
and Sung, 1954). 

a-Ketog/utaric dehydrogenase system. The oxidative decarboxylation se
quence which leads from a-ketoglutaric acid to succinic acid is catalyzed by 
a multicnzyme system which requires Mg+ +, diphosphothiamine, a-lipoic 
acid «(i,S-thioctic acid), NAD, coenzyme A, and perhaps other yet un
identified cofactors. This complex is localized in mitochondria, and there
fore serious difficulties have been encountered during the resolution of this 
system. The reaction sequence may be formulated (Sanadi et al .. 1956) as 
follows: 

a-Ketoglutarate + NAD+ + HSCoA -ol- succinyl-S eoA +- C01 + NADH -+ H r (7) 

Succinyl~S CoA + GDP + P -;-' HSCoA + GTP + succinate (8) 

These expressions may be an oversimplification of the mechanisms in
volved. and this mattcr is discussed in detail by Sanadi (1963). The biolog
ical role of lipoic acid in the oxidative decarboxylation of a-keto acids has 
been substantiated from various Jines of evidence including the arsenite 
senSitivity of these reactions (see Reed, 1960). Since the inhibitory effect of 
the latter is reversed by dithiols, but not by monothiols, the presence of an 
essential dithiol structure is indicated. In this connection, arsenite-sensitive 
respiratory systems have been encountered in several fungi (see Section 
II, C, 1). While a great deal of information is now available concerning 
the a-ketoglutaric dehydrogenase systems of animal tissue and bacteria, 
very little is known about the details of this complex system in fungi. A 
partial purification of a-ketoglutaric oxidase from A. niger has been 
achieved by acetic acid precipitation (Ramakrishnan, 1954). Recently, 
Holzer et al., (1963) have obtained a soluble a-ketoglutaric oxidase system 
from mitochondria of bakers' yeast by acetone extraction. This preparation 
required NAD, coenzyme A, and diphosphothiamine, and was inhibited by 
arsenite. 

Succinic dehydrogenase. The mitochondrial enzyme which catalyzes the 
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:eversible oxidation of succinic acid to fumaric acid IS succinic dchy
lrogcnase; this reaction is described as follows: 

Succinatl: . . fumarate + 2H+ + 2e (9) 

In contrast to the other enzymes of the TeA cycle isolated from fungi, a 
great deal of information is available concerning succinic dehydrogenase. 
This is due largely to the contributions of Singer and co-workers, who have 
~xtem.ively purified succinic dehydrogenase from a variety of tissues as 
well as yeast. It is interesting to note that the procedures used successfully 
with animal tissues did not yield active succinic dehydrogenase prepara
tions from yeast particles. However, particulate fractions from yeast have 
been solubilized by rapid desiccation with n-butanol, followed by extrac
tion of the powder with tris (hydroxymethyl) aminomcthane (Tris) bulTer 
(pH X.9) (Singer ef al., 1957). Subsequent fractionation with protamine 
sulfate. ammonium suUatc, anti calcium phosphate gel adsorption led to 
preparations that were 65% pure by ultracentrifugal analysis. Considerably 
higher purifications have been obtained with animal tissues (Singer el al., 
1956). Nevertheless, the degree of purity obtained with the' yeast enzyme 
permitted certain comparisons to be made with the mammalian system. 
Both ,oluble enzymes have a similar sedimentation velocity (i.e., 6.S S for 
bovine heart versus 7.7 S for yeast), and an approximate molecular weight 
of 200.000. In addition, both proteins contain 4 atoms of non-heme iron 
pcr mole of Havine and the yeast flavine resembles the Havine peptides 
liberated from the bovine heart preparation. Moreover, hoth enzyme 
activities are dependent upon the presence of essential sulfhydryl groups 
and arc inhibited in a competitive manner by malonate, oxalacetate, and 
pyrophosphate. The particulate yeast enzyme is distinguished from the 
mammalian protein by its sensitivity to acetone, a slightly higher pH 
optimum, and failure to be activated by preincubation with substrates or 
competitive inhibitors. An elaborate discussion of the comparative bio
chcmistry of succinic dehydrogenase has appeared recently (Singer and 
Kearney, 1963). 

Partial purification of succinic dehydrogenase from crude extracts of 
Aspergillus niger (Martin, 1954), Neurospora crassa (Shepherd, 1951), 
and MvroriIecium verruca ria (Hilton and Smith, 1959) has been achieved 
by centrifugation. Although no further fractionations were reported, each 
of these systems appeared to be sensitive to malonate. Crude extracts of 
Penicillium chrysogenum have been fractionated with ammonium sulfate to 
concentrate succinic dehydrogenase activity (Gouzcski and Stone. 1955). 
Although no data were provided for the recovery and degree of purity, 
succinic dchydrogenase was characterized by a pH optimum of pH 0.0, 
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formed fumarate as a reaction product, and was inhibited by malonate. The 
presence of either citrate or Verscnc appeared to stimulate succinate oxida
tion markedly. The lability of this material may have prevented further 
purification. In contrast to these systems, preliminary work by King et ,,/. 
(1960) indicated that the succinic dehydrogenase of Claviceps purpurea is 
extremely stable. Taking advantage of this property, McDonald et al. 
(1963) have extensively purified the soluble succinic dehydrogenase from 
C. purpurea. Like its mammalian counterpart, the C. pur[7urea enzyme has 
a pH optimum at pH 7.7 and is inhibited in a competitive manner by 
fumarate, pyrophosphate, and malonate. Unlike the mammalian succinic 
dehydrogenase, which is apparently stimulated markedly by phosphate 
(Kearney, 1957; Kearney et (/1., 1955), only a slight enhancement was 
noted with phosphate for the Claviceps enzyme. Finally, noncompetitive in
hibition of the latter by the iron-chclating asent o-phenanthroline stands in 
contrast to data obtained with the yeast succinic dehydrogenase, which is 
inhibited competitively by this substance (Singer ef al., 1957). 

Fumarase. The enzyme fumarase brings ab:)ut the reversible hydration of 
fumaric acid to L-malic acid (Eq. 10). 

Fumarate + H 20 ::-: L-malate (10) 

The enzyme has been isolated and crystallized from pig heart muscle 
(Massey, 1952) and is highly specific, acting only on L-ma1ate or fumarale. 
Fumarase is extremely sensitive to anions (Mann and Woolf, 1930) and is 
activated only by divalent and triva1ent anions; monovalent anions (Cl-, 
Br-, I -, eNS ) may actually inhibit activity depending upon the pH. 
Purification procedures leading to crystalline preparations from mammalian 
systems have now been established (Frieden et al., 1954; Massey, 1955). 
Many compounds inhihit fumarase in a competitive manner while 
thiocyanate and other substances arc noncompetitive inhibitors of the 
enzyme (Massey, 1953). The mammalian enzyme is not affected by 
sulfhydryl inhibitors. Fumarase has been partially purified from A. niger by 
ammonium sulfate fractionation (Ramakrishnan, 1954). Favelukes and 
Stoppani (1958) have described the properties of fumarase purified from 
yeast by acetone extraction, calcium phosphate gel adsorption, and am
monium sulfate fractionation. In contrast to the fumarase of mammalian 
systems, yeast fumarase requires thiol groups for activity and appears sensi
tive to low levels of selective sulfhydryl reagents. However, in other 
respects, the enzyme isolated from yeast closely resembles the fumarase of 
mammalian systems. More recently, Hayman and Alberty (1961) have 
demonstrated two mo]ccu]ar forms of fumarase in C andit/a uti/is. Althol]gh 
the two enzymes have not been crystallized, adequate separation has be~n 
achieved by column electrophoresis. The two fumarases differ with respect 
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to their electric charge, pH optima, K", values, and acid-ionization con
stants and do not resemble the mammalian enzyme in any of these fea
tures. Although muJtiple forms of certain enzymes arc now well docu
mented, it is not clear whether both fumarases exist in the same yeast cell. 

Malic dehydrogen(/se. Kun (1963) has drawn attention to the distinc
tion between the two types of enzymatic dehydrogenation of L-malate 
(e.g., "simple" dehydrogenase versus "decarboxylating" dehydrogenase). 
In this treatise, our interest will concern only the "simple" malic dehy
drogenase which catalyzes the following conversion: 

L-Malatc + NAD+ ;:--= oxalacdatc + NADH + H r (II) 

Malic dehydrogenase has been purified from animal tissue by Straub 
(1942) and Wolfe and Neilands (1956). It is apparently unique among the 
pyridine nucleotide-linked dehydrogcnascs in having the lowest molecular 
weight. While early work indicated that only L-malate could serve as a 
substrate, later studies by Davies and Kun (1957) indicated that a broader 
range of substrates was oxidized and the enzyme actually appears to be 
an a-hydroxydicarboxylic acid dehydrogenase. This is true also of malic 
dehydrogenase isolated from pea epicotyls (Davies, 19(1). Thorne (1960) 
has purified malic dehydrogenase approximately 100- to 200-fold from the 
supernatant fraction (10,000 g, 30 minutes) of cell-free extracts of yeast 
by conventional chemical fractionation and chromatography on Amberlite 
IRe-50 resin and diethylaminoethylcellulosc. Malic dehydrogenase from 
yeast was compared with the respective enzymes from mitochondria of 
horse heart, pig heart, and rat liver as well as with the supernatant frac
tion (10,000 g, 30 minutes) of rat liver by several kinetic criteria. The 
mitochondrial enzymes resembled each other whereas they differed signifi
cantly from the soluble malic dehydrogenases of rat liver and yeast. 

Early studies dealing with the intracellular distribution of malic dehy
drogenase in animal preparations suggested its localization in both the 
mitochondria and supernatant fraction of cell extracts (d. Kun, 1963) 
which has led to a great deal of interest in the physical properties of these 
enzymes. Moreover, starch gel electrophoresis of pig heart mitochondrial 
malic dehydrogenase showed at least six separate bands (Thorne et a/., 
1963). Different molecular forms of enzyme proteins which have the 
same enzymatic specificity have been termed "isozymes" (Markert and 
M¢l1er. 1959). The fungi appear to be no exception in this regard. Tsao 
(1962) has subjected homogenates of N. craSSa to electrophoresis and has 
provided evidence for at least four sc.parate malic dehydrogenases. These 
Endings were not influenced by the particular strain of N. crassa employed 
nor by the culture history. In addition, Staples and Stahmann (1963) have 
demonstrated three isozymes of malic dehydrogenase in extracts of urcdo-
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TABLE II 

OCCURRENCE OF TC A CYClf RF.ACHON.s IN FUNGI 

Or&anism 

1. Phycomycetes 
Allom)'ces arbll.w·u)ll 

Affomyces mucrogyl1W. 

B/oJ/odatlie/!{J Nnl'l"Sf)nii 

Pftycomyces nilells 
PhYlOl'hlfwrtJ ju/es/tJlls 

Pyrhilll11 dl.'(;arY(/1I111J1 

Rhi:ophlY(,lis row'(I 
Rhi:opus swlOlli(i'r 
Rhi:oplis 01')'=(1(' 

Zygor/l)'ltc/ms l11o('l/el"i 

2. Ascomycetes 
As/toj'a gos.ITPii 
C/aviceps Pll/pl/rt'a 
(jihherel/a =eae 
Glomere/(a cillgll/ala 
HansellU/ll wlO1mda 
MOlJifillia ~Sclemlil/a] 

fruc/jev/a 
Nelfrmpora cmssa 

Neurospora lelrtlSperHJI/ 

S(l('clwromyces {'en'risiae{' 

S(/CCf1Clromyces linl,wpM/arulII 

Saccharomyccs tnar.rhmu.\' 
3. Basidiomycetes 

Merulius ltil"ef(S 

Memlills tremellnslIs' 
Po/yporus pall/SIri.I' 

Puccill/a grmnil1is 
Pllcl'inia n.'ClHldila 

Schi::opliylhllll COlllntIflH,' 

Uromyces appel/(licu/a(l{s 

USfilago rnaydis 
4. Deuteromycetes 

A!>p£:'rgilllfS /umigarus 

Aspergillus l1ixer" 

!ls!Jf'fXi{/I/S ol)':£/e 

11 /aJ' If un. I '('(, j' d<'l"nI("; t 1<lis 
Cldclllriomyn's ji/IJlIIKI) 

References 

Leonard (19.1.9) 
Bonner and Machlis (957) 
Cantino and Hyatt (1953a) 
Dowler el a/. (1963) 
Oksenova (1961) 
Dowler t!( al. (1963) 
Cantino and Hyatt (1953b) 
Barron and Ghirctti (1953) 
AI-Doary ! 1959) 
Moses (1955, 1957) 

Mickelson and Schuler (1953) 
King el af. 0%0); McDonald e( af. (lY60, 1963) 
DOH,lcr i't (1/. (1%3) 
Dowler f'l al. (1963) 
N. D. Davis (lY58); Barnett and Kornberg (I960) 

Dowler 1:'1 al. (1963) 
Shepherd (1951}; Haskins e( al. (1953); Strauss (1955). 

Chandra l:lnd Shanmugasundarum (\961); Tsao 
(1962) 

Cheng (195-l); Sussman 1'( ul. (1956) 
Sillnimski and Ephrussi (1949); Racker (1950); 

Foulkes (195\); Hirsch (1952); Krebs et ul. (1952); 
Nossal (195-lb); Linnane and Still (1955) 

Barnett and Kornberg (1960) 
Barnett and Kornberg (l960) 

RlfI"on and Ghirctti (1953) 
Barron and Ghiretti (1953) 
Newcomh and Jennison (1962) 
Staples (1957); White and Ledingham (1961) 
Staples (l957) 
Wessels (1959); Niederpruem and Hackett (1961); 

Dowler 1:'1 al. (1963) 
Staples and Weinstein (1959); Staples and Stahmann 

(1963) 
Cio(tlieh and Caltrider ((963) 

Dov.ler et "I. (196)) 
K. F. Lewis and Weinhousc (1951a); Martin (1954); 

Nt:jlson (1956} 
[mamoto et lIl. (195Y) 
I.cvint: and Nov':l!.: (1950) 
Ramachandran and Gottlieb (1%3) 
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OCCURRENCE OF TeA CYCLE REACtiONS IN FUNGI 

Organism 

Candida albi{'{il/s 

Calldida krusei 
Cal/dida II/ilis 

Fusarium /illi 
Fusarium oxysporum 
Fusarium solalli 
Hi.\'/oplasma cap.\'lI/a(lIm 

Mkros[lonan cmli.~ 

ftJyrorliecillfn l'('rmcurill 

PCl1iciflillm ('111')'501<('///1111 

Pelli('j/lillm digitaflll11 

Pel/iei/limn plirpurogl'lIl1m 

Puflu/aria [Aureobw;idium] 

pullu(alls 
R/u';:octollia sp. 
Rlwd%rula gracilis 
Sfempilylillnl .so/alii 
Trichophyton mel1lagmphyres 
Verticillium ulbourrul1f 

a Complete references in text. 
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spores of Uromyces plwseoli [U. appendiclllarlls]. The degree of resolu
tion obtained with electrophoretic techniques may provide a powerful tool 
for studies dealing with the role of the TCA cycle enzymes during growth 
and development of fungi. 

III. OCCURRENCE OF THE TCA CYCLE IN FUNGI 

The presence of a functional TCA cycle in representatives of all the 
major groups of true fungi has now been adequately documented. Data 
substantiating the occurrence of TeA cycle reactions in fungi arc sum
marized in Table II. In those instances where data obtained with intact 
cells or extracts are inconclusive, other explanations should first be sought 
before elaborate regulatory mechanisms are evoked. In addition, the pos
sible existence of the glyoxylate pathway must be considered in the evalua
tion of isotope data obtained from studies of intact cells. 

Although so few fungi have been examined for metabolic activities re
lated to the TCA cyeie, Cantina (1955) has drawn upon the data at hand 
to provide an evaluation of the phylogenetic significance of the TCA cycle 
in the Phycomycetes. The primitive uniflagellate forms appear to be char
acterized by a homofermentative metabolism (i.e., they form mostly lactic 
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acid from glucose) and contain only a weakly functional TCA cycle. Thus. 
the energy requirements for growth and biosynthesis would be satislied 
largely by glycolysis. While these notions arc applicable to Blasloc/adia 
and Blasloc/adie/[a, some difficulty is encountered with Allom."ces. Al
though the former can grow at very low oxygen tensions, the latter is a 
strict aerobe. In addition, strong evidence has been provided for a func
tional TCA cycle in A. macrogynlls (Bonner and Machlis. 1957). On the 
other hand. among the biflagellate forms, neither the Saprolegniales nor 
the Leptomitalcs form organic acids during growth and are strict aerobes. 
Thus. these groups may be characterized by an oxidative rather than a 
fermentative type of metabolism (sec Cantino, 1955). 

IV. ROLE OF THE TCA CYCLE IN FUNGI 

A. Amino Acid Biosynthesis 

Much of the early work regarding the possibility of a functional TCA 
cycle in fungi involved isotopic tracer studies concerned with the fate of 
labeled acetate or glucose when administered to growing cultures. Eh
rensvard et al. (1951) studied the synthesis of amino acids by Candida 
utilis when grown in a medium containing labeled acetate and provided 
evidence that the carbon skeleton of aspartic acid could arise from this 
substrate. Similar results were obtained with bakers' yeast by Wang el a/. 
(1952) and additional physiOlogical studies with yeast led Krebs et £II, 

(1952) to conclude that the primary role of the TCA cycle in fungi is to 
supply carbon intermediates for biosynthesis. In addition, glutamic acid 
also appeared to be formed predominantly from the TCA cycle in yeast 
(Wang et al., 1953). These concepts were further supported by the report 
of transaminase activities in crude extracts of Neurospora eras,va (Fincham. 
1951) and were later extended considerably by studies involving the tech
nique of isotopic competition. Using this procedure, it was not only con
firmed that the origin of aspartic and glutamic acids was related to an 
operative TCA cycle, but also these "parent" compounds could further 
serve as precursors for the synthesis of "families" of amino acids (Roberts 
el al., 1953; Abelson et al., 1953; McQuillen and Roberts, 1954). Al
though these ideas were first established with Lscherichia coli, they were 
subsequently supported by studies of Candida urilis, Neurospora ('raSSa 
(Abelson ef al., 1953; Anderson-Kotto ef al., 1954; Abelson and Vogel, 
1955) and Zygorhynchus moelleri (Moses, 1957). While microbial sys
tems show overall similarities with respect to the origin of a number of 
amino acids from the TC A cycle, they differ in several important details 
concerning their i:1dividual biosynthetic pathways. There is also good reason 
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to believe that elaborate control mechanisms (c.g., repression, feedback 
inhibition) arc involved in the regulation of these biosynthetic pathways 
(e!. Stadtman, 1963). Thus, there is substantial evidence whieh indicates 
that one function of the TCA cycle in actively growing fungi is the provi
sion of amino acids. 

B. Carbon Dioxide Assimilation 

The formation of "parent"' amino acids by various enzymatic reactions 
involving intermediates of the TCA cycle during active growth and protein 
biosynthesis may lead to a serious drainage of carbon moieties from the 
cycle. This would necessitate ancillary reactions to provide carbon frag
ments vital to the continuous function of the TCA cycle. It has long been 
realized that carbon dioxide is necessary for growth of bacteria, yeasts, 
and filamentous fungi (Rockwell and Highberger, 1927). Later work indi
cated that assimilation of carbon dioxide was not necessarily restricted to 
photosynthetic organisms, but occurred also in heterotrophic systems in
cluding yeast (Ruben and Kamen, 1940), Rhizopus sIoloniler (Foster et 
al., 1941), Candida utilis (Ehrensvard, 1948), Hansenula anomala, Blas
lodadia l'ringsheimii, A lIom)"ce, arbuscula (Lynch and Calvin, 1952) 
and Aspergillus niger (Foster el al., 1941; K. F. Lewis and Weinhouse, 
1951b; Mosbach el al., 1952). In many of these studies the fixed carbon 
dioxide was found in aspartic and glutamic acids and also in certain inter
mediates of the TCA cycle. However, in comparing the utilization of 
labeled acetate and pyruvate by yeast it was realized that the radioactivity 
of yeast protein was significantly higher with the latter (Labbe el a/., 
1952). 

Further work along these lines (Wang el al., 1952, 1953) showed that 
the intramolecular distribution of Cl-! in aspartic and glutamic acids which 
arose during the administration of labeled pyruvate to yeast cells might be 
accounted for by a C, + C, condensation, possibly by fixation of meta
bolic CO,. Subsequent investigations with yeast growing in the presence 
of labeled CO, and unlabeled pyruvate allowed the determination of the 
order in which CO:,: entered the amino acids and from these studies it was 
learned that glutamic and aspartic acids became radioactive very early. 
Therefore, these acids must havc equilibrated rapidly with the primary 
products of C"O, fixation (1. W. Davis el al., 1956). 

More definitive information as to the mechanism of CO:.! fixation in 
fungi has been provided by Stoppani and co-workers. Preliminary studies 
with yeast indicated that oxalacetate may be the initial product of CO, 
fixation (Stoppani el a/., 1957), possibly via a ,/:I-carboxylation of phos
phacnol pyruvate (Stoppani el al., 1958). The latter has also been con-
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sidered as a possible mechanism for CO" fixation by urcdospores of Puc
cinia recondita and Uromyces appendiculatus (Staples and Weinstein, 
1959). This idea has been supported by the isolation and 200-fold puri
lication of a phosphopyruvate carboxylase from yeast (Cannata and Stop
pani, 1959, I 963a,b). The enzyme carboxylates phosphocnol pyruvate in 
the presence of CO", adenosine diphosphate, and Mn' " and leads to the 
formation of oxalacctatc and adenosine triphosphate. A similar enzyme 
system has been isolated from the mycelium of Aspergillus niger (Woroniek 
and Johnson, 1960). These workers also noted the existence of an addi
tional system for the synthesis of C,-dicarboxylic acids in A. niger which 
required pyruvate, and adenosine triphosphate. Further studics of the 
pyruvate carboxylase of A. niger indicated that this enzyme system con
verts pyruvate, adenosine triphosphate, and CO:! into oxalacetatc, adenosine 
diphosphate, and inorganic phosphate (Bloom and Johnson, 1962). Thus, 
the continual drainage of carbon moieties fro~ the TC A cycle for biosyn
thesis may be balanced by CO, fixation reactions of the types described in 
yeast and filamentous fungi. 

C. Energy Production 

While the studies cited above clearly indicate the utility of the TCA 
cycle in providing carbon skeletons for growth and biosynthesis in fungi. 
there is now reasonable justification for assuming that the dehydrogenase 
systems of the cycle couple to the respiratory chain and thereby release 
energy during hydrogen (electron) transfer to molecular oxygen. In this 
regard, cytochrome respiratory pigments of the type reported in yeast have 
been observed in mycelia of 45 species of fungi (Boulter and Derbyshire, 
1957, and sec pp. 302-313 of this volume). Moreover, particulate frac
tions capable of oxidative phosphorylation have likewise been isolated from 
a variety of fungi (see Section II, C, 2, a). 
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CHAPTEH 12 

Carbohydrate Metabolism 
3. Terminal Oxidation and Electron Transport 

ARISTID LINDENMAYER T 

D£'{Jartl1lClll of Bio/0t-:y, Queens Colle!;e 
The City Ullin>ysityof New York 

New York, New York 

The literature on this subject, as on fungus biochemistry in general, is 
very unbalanced as to the emphasis the various groups of fungi have re
cc!ved. An overwhelming amount of work has been done on the yeasts, 
and particularly on a single species, 5;accharomyces cerevisiae, our well
known bakers' and brewers' yeast. Some of the other lower ascomycetes, 
such as the aspergilli and penicillia, have also received attention because 
of their industrial importance, and Neurospora, because of the geneticists' 
interest. The rest of the fungi arc still largely unexplored except for a very 
few. 

The attitude reviewers have assumed in view of this lopsided situation 
has, therefore. tended to two extremes: either they have reviewed the lit
erature on all fungi except for the yeasts, having said, in efTcct, that yeast 
belongs in the domain of animal biochemistry; or they have concentrated 
on yeast and ignored the rest. I have tried in this chapter to strike a balance 
between these two tendencies, since knowledge of the work on yeast obvi
ously will be important in further investigations of other fungi, and since 
work on a diversity of fungus material is necessary for elucidating many 

1 This article was written during the tenure of a postdoctoral fellowship in the 
Biomathematics Training Program. Institute of Statistics. North Carolina State of the 
Univers.ity of North Carolina at Raleigh. The training program is supported in part 
by a grant (ZG-678) from the United States Puhlic Health Service. National In
stitutes of Health. Permis~ion to llse a carrel in the Biology-Forc~lry Library of Duke 
University was granted to the author and has greatly aided the reviewing work. The 
critical reading of the manuscript by Dr. Ludle Smith, Dartmouth Medical School, 
was very much appreciated. 
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interesting problems (such as flagellar motinn, protoplasmic streaming, 
morphogenetic phenomena) that cannot be studied in yeast. 

A further complication arises from the necessity to keep abreast of the 
rapid advances made on electron transport and phosphorylating mecha
nisms in animal and bacterial systems. To restrict our attention to wor~ 
done on fungi would result in a narrow-minded and sterile approach. But 
obviously only the barest outlines can be given here of the entire field, tn 
serve as a framework within which the fungus studies can be placed in 
perspective. 

Regarding enzyme terminology, the recommendations in the Report of 
the Commission on Enzymes of the International Union of Biochemistry 
(1961) are followed whenever possible. The systematic names of enzymes 
are usually included in brackets. For reduced coenzymes the new names 
NADH and NADPH arc used instead of the old ones DPNH and TPNH. 
Both the coenzymes together are designated by NAD( P) H. Since the 
choice of spelling between the alternative forms haem vs. heme, and 
haemo- vs. hemo- was left open by the Commission, I shall usc the latter 
forms in conformity with most of the American literature. 

1. THE CYTOCHROMES (INTRODUCTION) 

Cytochromes may be defined (Commission on Enzymes, 1961) as "hae
moproteins whose principal biological function is electron and/or hydrogen 
transport by virtue of a reversible valency change of their haem iron. A 
haemoprotein is a protein, the prosthetic group of which is a tetrapyrollic 
chelate of iron." 

Figure 1 shows the chemical structure of protoporphyrin 9, the com
pound that is assumed to be the precursor of most hemoproteins and also 

CH, 
II 
CH H CH, 

CH,JyC~CH==CH, 
>=~ Hk-{ 

,~'9;;1", .. 
CH2 CH 2 
I I 
CH2 ellz 
I I 
COOH COOH 

FIG. J. Protoporphyrin 9. 
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of the chlorophylls (magnesium porphyrin chelates). Different hemopro
teins may have different side chains on their iron-porphyrin groups, and 
these may be attached to the proteins in different ways. With regard to 
these properties, cytochromes can be classified into four types: A, B, C, 
and D. The respective side chains are shown in Table I, following the 

Type 

A 

B 

C 

/) 

TABLE I 
CLASSIFICATION OF THE CYTOCHROMES" 

Prosthetic group _ 

Formyl-porphyrin iron 

Protoporphyrin iron 

Substituted mesoporphyrin 
iron with covalent 
porphyrin-protein 
linkages 

Dihydroporphyrin iron 

Side chains 
(positions or carbon atoms on porphyrin ring) 

2 

-CHOH-CH,-R, 

-CH~CH, 

-CH-S-R 
I 

CH, 

4 

-CH~H, 

-CH- S··R 
I 

CH.1 

8 

H 
/ 

-C 

"" o 
-CH 3 

--CHa 

I vinyl (or alkylvinyl) and 1 a-hydroxy- -CH.1 
alkyl side chain 

~ Cf. Commission on Enzymes, 1961: Lemberg el uf" 1961. 

numbering of the carbon atoms around the porphyrin ring shown in Fig. 1. 
Individual Cj'tochromes are desi~nated b~ lower case letters with or without 
numerical subscripts, as cytochrome a, 3;l, b, b2, C, C1 (D-type cytochromes 
have been found only in bacteria). 

Of the six coordination positions of the iron atom in heme~ four are 
filled by the pyrrolie nitrogens, while the other two may be occupied by 
ligands which are parts of a protein, or by other molecules (H,O, O 2 , CO, 
pyridine, etc.). In eytochromes, except for those that can react directly 
with oxygen, both of the extra coordination positions arc thought to be 
occupied by the protein, the heme thus lying in a fold of the protein. 

Originally the cytochromes were identified entirely on the basis of their 
absorption spectra, but some of them have been isolated and purified by 
the usual methods of protein separation; their prosthetic groups, and even 
the apocnzymes~ were analyzed chemically. The reversible Fe j + +=± Fe+++ 
valency change by which cytoehromes arc distinguished from all other 
hemoproteins (see Section VI) results in two distinct absorption spectra, 
one for the reduced and the other for the oxidized state of the iron. The 
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reduced state has sharper absorption bands nnd is therefore used rnmt l 

for identification. The absorption spectra of these compounds in the visih:,
and ultraviolet regions consist of four main band structures (each of which 
may be made up of several individual hands), the ", ft, y, and S bam' 
given in decreasing order of their wavelengths. 
~ Reviews on the cytoehromes include those by Chance and William, 
(1956), Granick and Mauzerall (1961), Green (1959), Green anJ 
Fleischer (1962), Mahler (1961), Mason (1957), Okunuki (1961 
Okunuki et "I. (1958), Paul (1951, 1960), Slater (1958a,b), Sm.: 
(1954d, 1961), Stotz et al. (1956), Warburg (1949), as well as most or 
the symposium volume edited by Falk, Lemberg, and Morton (1961) and 
the important monograph by Lemberg and Legge (1949). 

In addition to the "absolute" absorption spectra of the reduced and 
oxidized cytochromes obtained separately, "difference" absorption spectra 
have also been studied; these plot the difTerence in optical densities be
tween the reduced and oxidized pigments at each wavelength (Chance, 
1952; Smith, 1954a,b,c). One such difference speetrutn is shown in Fig, 2 
for aerobically grown cells of bakers' yeast (for examples of absolute 
spectra, cf. Figs. 5 and 6). Only those pigments appear in the anaerobic-

.,. 
o 
o 
o 
o 

400 450 500 
, I 

550 600 

o 
o 
o 
o 

I 
FIG. 2. Difference spectrum of aerobically grown bakers' yeast (strain LK2Gt2). 

Reference cuvette was aerated. the other cuvette anaerobic. Optical density scale is 
different on right- and left-hand side of figure, as indicated on margins. From Lin
denmayer and Smith (1964). 
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minus-aerobic difference spectrum which become oxidized (i.e., steady
state oxidized) in the presence of oxygen and reduced in its absence. The 
peak at 605 and the fused peaks at 550-560 m!, arc due to the a bands 
of cytochromes a (with some contribution by a,,), b, and c; while that at 
525 mv is duc to the f3 bands of a, b, and c. The large peak at 423 m" 
is attributable to the y bands of band c, and the shoulder around 445 m!, 
to the y band of cytochrome a" (with some contribution by a). On the 
following pages we will discuss each of these components in more detail. 
A large trough can also be seen in Fig. 2 between 450 and 500 m!', which 
can be attributed to the flavoprotein components of the respiratory system 
(ct. Section VlII). Flavine compounds having higher absorption intensity 
in the oxidized than in the reduced state, their absorption appears as a 
trough in this case, 

It has been shown (ef. Kcilin and Hartree, 1949; Estabrook, 1961) 
that the spectral bands of cytochromes become narrower and more intense 
if the biological material in which they occur is suspended in a glycerol 
solution, cooled to the temperature of liquid air, allowed to warm up for 
a short time, during which period devitrification takes place, and the spec
trum is observed at the temperature of liquid air or nitrogcn. The absolute 
absorption spectrum of intact commercial bakers' yeast cells in the pres
ence of a reducing agent, dithionite (Na,S,O,), was obtained in this way 
and is shown in Fig. 3. The [t bands of cytochromes band c can be seen 
here, without fusion and somewhat displaced to shorter wavelength, at 
559.5 and 547 mv; and between them a peak at 554 m!, corresponding to 
cytochrome Clo which was completely masked in the room-temperature 
spectrum shown above. The f3 bands are similarly sharpcned in the liquid 
air spectrum. According to Boulter and Derbyshl're (1957) the absolute 
absorption bands of bakers' yeast reduced with dithionite at room tem
perature lie at 604, 563.5, 551, and 522 m,,; at the temperature of liquid 
N, they are at 601,561,552,549,520 m". 

Spectral studies on the cytochrome system of bakers' yeast have been 
numerous ever since Fischer and co-workers (1924) demonstrated the 
presence in this organism of porphyrins and pyridine hemoehromogens 
(ferrohemochromcs), and Keilin (1925) observed the reduced cytochrome 
bands in the absence of oxygen, and their disappearance on aeration. Spec
troscopes were first used to detect these bands in intact cells or tissues, 
as well as in extracts or purified prcparations (cf. Hartree, 1955); spectro
photographic methods were abo cmployed; and finally spectrophotomctric 
methods (photo tubes, photomultipliers) are mostly used today. 

Boulter and Derbyshire (1957) observed the visible absorption spectra 
of 45 different species of fungi. listed in Table II, both at room tempera
ture and at -195 C in the presence of Na,S,O" using a Zeiss hand speetro-
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FIG. 3. Ab-;oilltc ahsorption spectrum of commercial bakers' yeast at the tempera
ture of liquid air. From Lindcnmaycr and Estahrook (1958). 

scope and a Hartridgc reversion spectroscope; they found the spectra to 
be similar to that of yeast (except for some doubts about cytochrome c,). 

In addition, Asper~ililis ory::.ae was investigated by several Japancst: 
workers; it will be further discussed under isolated mitochondria (Section 
XIII), Penicillium notalUnJ, as well as Neurospora crassa, were shown to 
contain a complete and typical cytochrome system (Kcilin and Tissicrcs. 
1953). The cytochromes of various respiration-deficient mutant<.; of haker': 
yeast and N. croSS({ are discussed in Section VII. Typical cytochrome ~pcc
tra were also found in the asporogenous yeast lvlycodernw rini (Chauvct. 
1943), in the slime mold Physarllm po[ycepha[um (Ohta, IY54j, in th, 
imperfect Fusarium lini (Kikuchi and Barron, 1959), and in the ~mut 

fungus Us/ill/go ce"e IU. mardis1 (Grimm and Allen, 1954), which is 
noted for its high production of cytochrome c. The same absorption bands 
have been observed in Sch;::,ol)hyllum commune (Nicderprucm and Hackett. 
I YO I). 

Generally speaking, the cytochrome system of the fungi is remarkably 
similar to that of mammalian and avian cells, and unlike the systems found 
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TABLE II 

FUNGI SHOWING AN ABSORPTIO?\J SPECTRUM SI:\1ILAR TO THAT 

OF A REDUCLD YEAST SUSPU''';SION'' 

Phycomycetes 

Ahsidici f(!al/('(I 

Absidia cy/illdro.ljmm 
Ab.ridki orchidis 
Achlya r£l(/iosa 
Allomyce,I' JUWl/iclIS 

CJII1I1inxhol11f'l/a fyfTjnll/u/a 

Mucor hierna/is 
Mucor ramWlIIiWllIS 
PltYCo/IlYC('.\' lIilells 
PYlltillll1l1/lill1l1m 

Rhi:ojJlI.I- ,I'/%llij(_'" 

5apr%:llia sr. 
5),lIcep//(//(I,\'lrlll11 .I'pillosa 

TlwlIlIIidillll1 e/t'gwls 
Z)'gorltyl/clllls moelleri 
Zygor"yl/cllII~' I'uillemillii 

Ascomycetes 

Ge/aJillmpora tetrasperma 
Neurospora crassa 
Sordaria jimicola 

Mycelia sterila 

Rhi~II('I/)lIi(/ r Corlicil/1n~ so/al/; 

Basidiomycetes 

Collyhia velli/ipes 
COiliopitora cerehella 

1 Cerebella flu/eana] 
Cyal/lII's srriafll,\' 
Fome.I' (111110.1'11.\' 

Hyph%ma /tHei'lI/are 
Mara.m/ills (lm/rosaceus 
Mara.mliw; gramillum 
Mara.\'mitls pen}l1atlls 
Polyporlls beft/fillllS 
Po/y.I'lielus versicolor 
Sp/wemfmllls .\'Ieflalus 
Tric/wlolllli l/lIdlim 
Trame/c.I' mbesccns 

[)euterornycetes 

Aspugilllls IIitiu/alls 
Aspergillus niger 
Aspergifllls l'ersic%r 
Bo/rylis allii 
Cladosporium julvllm 
Cyrosporilla sp. 
FII.wrium cu/morum 
F/t.mriu/11 oxyspOl'lIn1 f. lilli 
/s{/ri(/ _filrillosa 
Pellicilli/lm ~pillll{()S/lm 
Tricltoderma riride 
Ver(icilliunt sp. 
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"Reproduced hy permission of the Oxford Univ. Press (Clarendon), London and New 
York, from Boulter and Derbyshire (1957). 

in bacteria and in green plants. Comparative aspects of electron transport 
mechanisms have been discussed by Conn (1960) and Dolin (1961). 

II. CYTOCHROMES a AND a, 

Originally the enzyme that reacts with oxygen and binds CO and cyanide 
was called "oxygen-transferring enzyme," and distinguished from the non
autoxydizable cytochromes (Warburg and Ncgelein, 1934): "Das saucr
stoffiibertragendes Ferment ist die autoxydable Haminvcrbindung die sich 
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durch ihr Verhalten zu Sauerstolf, zu Kohlcnoxyd und zu Blaustiure, sowie 
durch die Lage ihrer Absorptionsbanden von dem Cytochrom unter
scheide!." , It is cytochrome a, to which we assign these properties today 
(Keilin and Hartree, 1939), Several investigators prefer to regard cyto
chromes a + a, as a single entity, however, calling the complex "cyto
chrome a" (Wainio and Cooperstein, 19)6; Okunuki e1 (Ii., 1958; Green, 
1959). By its enzymatic action this complex is also called cytochrome oxi
dase or cytochrome c oxidase (cytochrome c :O~ oxidoreductase). 

The only kind of prosthetic group in this complex appears to be heme 
n, a formyl-porphyrin iron compound. Copper has also been regularly 
found to be part of this enzyme (ef. Lemberg, 1961; Paul, 1960). 

The main reason behind the proposal of Keilin and Hartree (1939). 
that there arc in cytochrome oxidase two A-type cytochromes was the 
different behavior of the" and " bands at 60S and 445 m" on addition of 
CO, cyanide, and azide. While the intensity of the" band is diminished 
by only about 25 % on adding CO (a weak band appears at the same time 
at 590 m,,), the absorption intensity of the y band decreases by more than 
half in the presence of CO (with the concomitant appearance of a large 
band at 430 m,,). The existence of two pigments was therefore postulated 
in this complex: cytochrome a, which docs not combine with CO. or the 
other inhihitors, and has an ahnormally high n:'y band extinction ratio 
(this ratio is about I: J 0 for the other cytochromes); and cytochrome a", 
which combines with CO, cyanide, and azide. as well as with 00, and has 
a normal (t:Y ratio. Steady-state data with cholatc-treakd prcparatilHh 
(Smith, 1955; Yonetani, 1960u.b) provided further evidence for this 111-
pothcsis, in that the peak at 445 111jJ. was always found proportionatdy 
more oxidized than the one at 605 m/{. On the other hand. nobody has 
succeeded in separating a cytochrome oxidase preparation ioln two acti\Ic 

components with the above properties. 
We may quote Lemberg (1961) by the way of a summary of the pre,,'nt 

understanding of this problem: "It would appear that cytochrome (/ is a 
haemoprotein with haem a bound to imidazole nitrogen and insertt.:d in a 
crevice of the protein , . , . Cytochrome ".' would appear to be dis
similar to haem a compounds with nitrogenous ligands and to contain 
haem" in linkage to hydrophilic lipid inserted between the haem" and the 
protein. Further studies arc, however, required to confIrm this hypothc..,is." 

The role of the copper atoms in this enzyme is far from heing unuer
stood. Copper is definitely not present as a porphyrin-chelate. and the 
question of its reversible oxidation and reduction has not been settled .yet 

~ "The oxygcn-tramferring enzyme i~ the <.Iutoxidizahlc helllin (llTnpollnLi whi.:h is 
J.isting,ui~hahle from cytm:hromc by its behavior toward Oc_ roo and HeN. u" well as 
by the position of it-, absorption banus." 



12. Terminal Oxidation and Elec/ron Transport 309 

(Ehrenberg and Yonetani. 1961: Beinert 1"/ ,,/.. 1962). That the presence 
of copper is necessary for the growth of yeast with normal respiratory 
activity, as shown by Elvehjem (1931), McHargue and Calfee (1931), 
and Yoshikawa (1937), may partly be Jue to copper requirements in 
porphyrin synthesis. The suppression of pigment formation and sporula
tion in copper-deficient phycomycetous and ascomycetous molds (cf. 
Cochrane, 1958) is, on the other hand, probably due to a decrease in 
copper-containing oxidascs (tyrosinase, laccasc). 

The cytochrome a: a:: concentration ratio has been estimated from ex
tinction coefficient measurements to be between 1 and 2, both in yeast 
and in heart muscle, the ratio probahly not being stoichiometric (Lemberg, 
1961). A ratio of 3 was once favored (Ball and Cooper, 1952) for theo
retical reasons, i.e., in order to provide an explanation for the 4-elcctron 
transfer to 0, without intermediates. but the value of 3 is not thought 
necessary any more (George and Grillith, 1959). 

The Michaelis constant for cytochrome a, with 0, in yeast was found 
to be between 0.6 and 0.8 X 10-" M, and the forward velocity constant of 
the second-order reaction between the enzyme and 0, was about 1 X 10' 
(liters per mole) per second, making it one of the most rapid enzyme 
reactions known (Ludwig and Kuby, 1955). 

Claude Bernard in 1857 discovered that cyanide inhibits cell respira
tion; and the CO- and cyanide-binding property of the "oxygen-transferring 
enzyme" !cd to its discovery by Warburg in 1924. Carbon monoxide is 
not a very effective inhibitor. A CO:O, conccntration ratio of 10 inhibits 
about 50% of yeast respiration whereas in the case of hemoglobin a 
ratio of 0.005 is enough to produce half-displacement of oxygen. The half
value for cyanide inhibition of yeast respiration is 4.5 X 10- 0 M, compared 
to that for fermentation which is 1.0 X 10-' M. 

The photodissociation of the CO compound of yeast cytochrome a3 was 
used to determine its "photochcmical action spectrum" by Warburg and 
:-Iegelein (1929) as well as by Melnick (194 I), by Castor and Chance 
(1955), and by Yonetani and Kidder (1963). The respiratory rate of 
yeast cells was measured and plotted in the presence of CO when the 
cells were illuminated by approximately monochromatic light of various 
wavelengths. The a, {3, and y bands of the a3-CO compound are at 590-
591. 548-549, and 429-430 mp. in the third study, and the extinction 
coefficients of the a and y bands have the normal ratio to each other. 
The absorption spectrum of the a,,-CO compound of yeast was also directly 
observed (Kcilin and Hartree, 1939; Ball e/ lit., 1951; Chance, 1953a) 
and was found to he identical to thc photochemical action spectrum. So 
was the photodissociation difference spectrum of the y band obtained by 
Chance (1953b). 



310 Aristid Lindenmayer 

Cyanide combines with cytochrome a" in both oxidized and reduced 
states. The oxidized a,,-cyanide compound cannot be reduced by the other 
cytochromes. This is why cyanide is not a competitive inhibitor with re
spect to 0", as it was observed by Warburg (1949). The absorption 
properties of the cyanide compound of oxidized cytochrome a" arc very 
similar to that of the oxidized pigment itself; the '/ band is shifted from 
418 to 424 m!, and somewhat reduced. When cyanide combines with 
reduced cytochrome a", its bands arc shifted from 605 to 595-599 m!', 
and from 445 to 439 m!, (Yonetani, 19603; Lemberg, 1961) (sec Fig. 4). 

It might be mentioned here that respiration-deficIent mutants arise with 
high frequency in yeast in the presence of cyanide (Pett, 1936; Stier 
and Castor, 1941). The same is not true for yeast grown anaerobically, 
as shown by Harris (1956), in contrast to Lindegren and Hino (1957). 

Cyanide inhibition of O~ uptake in concentrations not exceeding 10--1 !'vI 
was for a long time considered as good evidence for the presence of cyto
chrome c oxidase in fungi. This implication seems to be still valid today, 
although the wealth of enzymological assays available to us makes it de
sirable to obtain more precise and detailed data on any organism under 
study. The converse of the above statement, namely that lack of cyanide 
sensitivity implies the lack of cytochrome c oxidase, has alrcady bcen effec
tively refuted by the findings of Darby and Goddard (1950) and Kidder 
(1961) on Myrothecium verrucaria. This cellulose-decomposing imperfect 
fungus has a respiratory system which, .as that in Arum spadix, is not in
hibited by cyanide, yet appears to have a normal cytochrome spectrum 
and an active cytochrome c oxidase. No explanation has been forthcoming 
for this anomaly, except for suggestions of a possible great excess of cyto
chrome c oxidase (for which there is some indication in the spectra) or 
of the presence of a B-type autoxidizable cytochrome. The statement was 
also made (Grimm and Allen, 1954) that Ustilago sphaerogena has a 
cyanide-insensitive respiration, in spite of the copious amount of cyto
chromes produced by this smut fungus. Respiration of Candida albicans 
also appears to be cyanide insensitive (Ward and Nickerson, 1958). 

Cyanide-sensitive rcpiration, on the other hand, was reported in the 
slime mold Physaram polycephalum (Allen and Price, 1950) and in the 
Phycomycetes, including Allomyces (the mitochondria of which are dis
cussed below), Monoblepharella taylori (Shoup and Wolf, 1946), Blasto
cladiella emersonii (Cantino and Hyatt, 1953), and Leptomi/us lacleus 
(Schade and Thimann, 1940). The same was demonstrated for A shbyu 
gossypii (Mickelson, 1950), Aspergillus niger (Mann, 1944; Martin, 
1954), A. oryzae, (cf. Tamiya, 1942, 1958), and Penicillium notalum 
(Wolf, 1947), the cytochrome spectrum of which has already been men
tioned. In the case of P. chrysogenum, according to Sih et (If. (1958), 
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although respiration was inhibited by cyanide, CO, and azide, and there 
was a cytochrome c-like spectrum, the CO inhibition was not effectively 
reversed by light and no evidence for A-type eytochromes Was found. In 
view of the fmdings on 1'. nolalllm (Keilin and Tissieres, 1953), it would 
be desirable to have this organism or particular strain reexamined. The 
cytochromes of Neurospora crassa have already been mentioned and will 
be further discussed. Boulter (1957) showed that Gelasinospora lelra
sperma respiration was sensitive to cyanide and CO and was light re
versible, and that most of the oxygen uptake was mediated by the cyto
chromes throughout its development, although this organism contains a 
great deal of tyrosinase in later stages of growth. Boulter and Hurst (1960) 
also demonstrated the light reversibility of CO inhibition in N. crassa and 
Polystictus versicolor. 

Ill. CYTOCHROME c 

This cytochrome is soluble and quite heat resistant, which probably ac
counts for the fact that it is the best known chemically of all the eyto
chromes. Its prosthetic heme group has saturated side chains and is held 
by two thioether linkages to cysteine molecules in the protein, in addition 
to iron-nitrogen bonds to two histidine (or to one histidine and one lysine) 
residues of the protein (cf. Mahler, 1961). The amino acid sequence of 
the portion of the protein surrounding the heme was given by Pakus and 
Tuppy (1961) for yeast cytochrome c. Margoliash and collaborators have 
recently worked out the entire amino acid sequences for yeast and seven 
other kinds of cytochrome c (for that of horse heart, see Margoliash, 1962). 
Clavilier el al. (1964) have recently reported the presence of two isozymes 
of cytochrome c in a haploid strain of yeast. 

Armstrong et al. (1961) summarized the properties of isolated yeast 
and bovine heart cytochrome c. Yeast cytochrome c has a molecular weight 
of 15,000, iron content of 0.38 % dry weight, sedimentation constant 
S,,,.,. = 1.7 to 1.9 X 10 1" S, its isoelectric point is at pH 9.85 ± 

0.05, and its redox potential at pH 6.4 is E" = +0.282 V. Okunuki (1961), 
on the othcr l1and, estimatcs' the molecular weight of native yeast cyto
chrome e at 12,000. 

Cytochrome c Was first isolated from yeast in 1930 (Keilin), and first 
crystallized in 1956 (Hagihara el al., 1956a,b). The room-temperature 
absorption bands of the reduced pigment lie at 549.3, 520.0, 414.7, and 
314.0 mp.. A low-temperature spectrum of reduced yeast cytochrome c was 
obtained by Keilin and Hartree (1949) and Estabrook (1956); it showed 
two distinct a peaks, at 546.6 and 536.6 mp', the former much larger than 
the latter, as well as at least four f3 peaks, at 526.2, 518.5, 512.3, and 
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507.0 m.u. At the same time mammalian cytochrome c was shmvn to have 
three IX bands and Qossibly seven (:1 bands. 

'The extracted cytochrome c contents of )'east grown under anaerobic 
and aerobic conditions were compared, and that of the former was found 
to be much lower (Borei and SjiidCn, 1943) (see also Section VII). In
corporation of labeled glycine into cytochrome c was observed when 
anaerobically grown cens were exposed to oxygen, although the utiliza
tion of an anaerobically formed precursor of the prosthetic group could 
not be excluded (Yeas and Drabkin, 1957). Furthermore, Raut's (1953) 
W-I mutant of yeast was shown to require glycine or protoporphyrin for 
the aerobic synthesis of cytochrome c and catalase, or for the anaerobic syn~ 
thesis of cytochrome b,(556), but not for gro'wth (Yeas and Starr, 1953) . 

.'\'eilands (1952) studied the extracted cytochrome c of Ustiii/go 
splwerogena, an organism that can produce this pigment in amounts up to 
I % of its dry weight when grown in the presence of J ppm zinc and 2 ppm 
thiamine (Grimm and Allen, 1954). Neilands found the molecular weight 
of this cytochrome c to be 18,000-20,000, the sedimentation constant 
S20,1O = 1.4 X 10-- 1:1 S, its iron content 0.28%, and its isoclcctric point 
to be at pH 7. 

Finally, Yamanaka et (Ii. (1962) isolatcd a C-type cytochrome from 
Physarum poiycel'ha/llm, which they hesitated to call cytochrome c-in 
spite of its reactivity with mammalian cytochrome c oxidase and the com
plete agreement between its absorption spectrum and that of mammalian 
cytochrome c-because it can be precipitated by saturated ammonium 
sulfate whereas the ]attcr cannot. 

IV. CYTOCHROME c, 

This component of the electron transport ~ystcm eluded detection, be
cause of the proximity of its absorption bands to those of cytochrome c, 
until the methods of low-temperature spectra were applied (except for 
Yakushiji and Okunuki's report in 1940 on the presence of this pigment in 
mammalian preparations; this was, however, regarded at that time as being 
due to an artifact). Its low-temperature band at 552 ml' was observed in 
Toruiopsis [Candie/a] IItilis by Keilin and Harlree (1949), and its prop
erties and [unction in preparations were further discussed by the same 
authors (1955). The wavelengths of its absorption bands were given as 
553-554, 524, and 41 R m". It is a nonautoxydizable hemoprotein, in 
which the prosthetic group is probably held to the protein by thioethcr 
linkages, but which is more thermolabile than c. Neither cytochrome c nOr 
c, reacts with CO or cyanide. Cytochrome c, of heart muscle was also 
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tudied by Ban and Cooper (1957), Bernstein and Wainio (1960), Bom
tein et ai, (1961), and Orii et al, (1962). 

The 554-m" low-temperature band was observed in bakers' yeast by 
.indenmayer and Estabrook (1958). "Frozen steady-state" spectra of 
'akers' yeast showing this band were obtained by Chance and Spencer 
1959). 

V. CYTOCHROME b 

This is the least known of the mitochondrial cytochromes, and its func
ion the subject of the most controversies (d. Slater and Colpa-Boonstra, 
961). Purified preparations of cytochrome b have been obtained from 
)ovine heart and studied by Hiibscher el al. (1954), and Doeg el al. 
'1960); those of cytochrome band e, by Takemari and King (1962), No 
",ork has come to my attention concerning the isolation of cytochrome b 
rom yeast or any other fungus. 

The absorption bands of the mammalian pigment in the reduced state are 
It 564, 530, and 430 m", and in the oxidized state at 554, 500, and 
lI5 m". It is.reportcdly a slowly autoxydizablc pigment which does not 
"Caet with cyanide or CO. Its prosthetic group is iron-protoporphyrin held 
Jy two iron-nitrogen bonds to the protein. 

VI. CATALASE, PEROXIDASE, AND HEMOGLOBIN IN FUNGI 

A brief discussion of these hemoproteins is included here, although as a 
rule they do not participate in electron transport (peroxidases might under 
certain circumstances) and they do not occur in the mitochondria, but their 
presence in fungi must be taken into account whenever the cytochrome 
system is studied. 

Cytochrome c peroxidase (cytochrome c: H,O, oxidoreductase) has 
been isolated from yeast by Abrams el al. (1940); and yeast catalase 
(H,O,: H,O, oxidoreductase) has been studied by Brown (1953). We 
may, on the basis of the spectral charactcristics, assume that the prosthetic 
groups of both of these yeast enzymes and of yeast hemoglobin arc similar 
to their counterparts in other materials, particularly to the peroxidases of 
horseradish, to liver catalase, and to the hemoglobin found in the root 
nodules of legumes, as well as in blood. The prosthetic groups of all these 
hemoproteins consist of iron-protoporphyrin 9 (heme), the iron being 
bound on one side to the protein, and there also may be ester bonds from 
the propionyl groups of the porphyrin to the protein (Paul, 1960; Theorell. 
1951), The sixth coordination position of the iron may be occupied by 
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H,O in all cases, or by H,O, in catalase and peroxidase and by 0, in 
hemoglobin. Whereas in catalase and in the peroxidascs, when active, iron 
is present in the 3-valent (oxidized) form, in functional hemoglobin it is in 
the 2-valent (reduced) form. 

The absorption spectra of liver catalase, of horseradish peroxidascs, and 
of methemoglobin (oxidized hemoglobin) from blood, and of their various 
compounds, are very similar to each other (Keilin and Hartree, 1951; 
Hartree, 1955). The main absorption bands are at 630-640, 500, and 
405 m!', with two weaker bands at 575 and 545 m!'. The cyanide com
pounds of these oxidized pigments have bands at around 540-560 and 
420-425 m!'. The cyanide difference spectrum of commercial bakers' 
yeast, with both cuvettes anaerobic and with cyanide added to the reference 
cuvette, is shown in Fig. 4. The peak at 442 m" is due to the disappearance 

N 
Q 
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FI(j. 4. Cyanide difference spectrum of commercial bakers' yeast. Both cuvettes 
were anaerobic; cyanide was added to onc. Previollsly unpublished experiment of 
Lindenma yer and Smith. 

of the reduced band of cytochrome 3;;, while that around 400 mp' is due to 
the disappearance of catalase and peroxidase absorption. The large trough 
at 428 m!', and the small troughs around 575 and 540 m!', can be attributed 
to the cyanide compounds of the latter enzymes. 

As for the reduced pigments (chemically reduced peroxidase and regular 
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hemoglobin), their absorption bands are around 555 and 430 ml', with a 
smaller one at 580-590 m" (catalase cannot be reduced with hydrosulfite 
or dithionite). The reduced pigments combine with CO, in which case 
their bands are around 575, 545, and 420-425 ill". 

On the other hand, the 0, compound of hemoglobin (oxyhemoglobin) 
has bands at 577 and 542 ill", which disappear on addition of a reducing 
agent and are somewhat displaced on addition of CO, but remain un
changed in the presence of cyanide. These were, incidentally, the prop
erties on the basis of which Keilin (1953) and Keilin and Tissieres (1953, 
1954) postulated the presence of a hemoglobin-like pigment in certain 
strains of bakers' yeast, Neurospora, and Penicillium. Similar findings were 
reported with respect to yeast by Warburg and Haas (1934), and Yeas 
(1956). and to N. crassa by Boulter and Derbyshire (1957). 

While both catalase and horseradish peroxidase can catalyze the oxida
tion of various hydrogen donors (pyrogallol, benzidine, ascorbate, cyto
chrome c, and H,O, itself) with H,O" yeast cytochrome c peroxidase is 
specific to cytochrome c only, as shown by Abrams el al. (1940, 1942). 
These investigators found that bakers' yeast contained 250 times as much 
peroxidase iron as catalase iron. In agreement with them, Smith (1954a) 
found in a sample of commercial bakers' yeast the following molar concen
trations: cytochrome c peroxidase 2.7 "M, catalase a.OX5 I'M, and cyto
chrome c oxidase 0.92 ~. The determination of the peroxidatic activity in 
yeast extracts containing all three cnzymes may bc donc in the presence of 
carbon monoxide (which inhibits oxidase but not peroxidase) and using 
CH"OOH (methyl-hydrogen peroxide which can serve as oxygen donor 
for peroxidase but not for catalase). Chantrenne (1955a) reported another 
peroxidase in yeast, particle bound, with benzidine as the donor. 

Yeast catalase was first studied by Euler and his collaborators (Euler 
and Blix, 1919; Euler el al., 1927), who also found that only a small 
portion of the total catalase activity can be detected in intact yeast cells, 
while the rest of the activity can best be uncovered by heating or by treat
ment with solvents (e.g., n-butanal). Kaplan (1962) has studied this 
"Euler effect" in detail and found that the latent enzyme appears to be 
slowly converted into the "patent" (unmasked) enzyme while yeast cells 
arc kept anaerobic. No new catalase, latent or patent, is formed in yeast 
during anaerobiosis, in agreement with the findings of Chantrcnne and 
Courtois (1954), Chantrenne (1955b), Chantrenne and Dcvrcux (1959), 
Chaix (1961), and Bhuvaneswaran and Srccnivasan (1961). 

Chantrenne (1955a) claimed that the formation of cytochrome c 
peroxidase in wild-type and pelite yeast is induced by oxygen, just as 
catalase is. Sels (l958a,b) has also shown eytochroille c peroxidase to be 
inJucihlc in petite mutants, but only with a time lag with rcspect tn the 
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induction of cytochrome c and catalase. In contrast, our observations on 
cytochrome c peroxidase (Linden mayer and Smith, 1957, 1964) indicated 
that in anaerobically grown yeast there was high activity of this enzyme, 
which did not change appreciably after exposure to oxygen. The discrep
ancy between our findings and those of the Belgian investigators may be 
due to the different methods of obtaining cell-free extracts (Chantrenne 
autolyzed the cells for 24 hours, while we broke the cells by 30 seconds' 
shaking in a Nossal shaker), or to the particular strains of yeast used. 

Catalase and peroxidase have been studied in several other fungi. Cheng 
(1954) demonstrated catalase and peroxidase activity (with pyrogallol 
and cytochrome c as donors) in Neurospora telrasperma. Nicholas (1956) 
showed that catalase and peroxidase, but not oxidase, activity in N. crassa 
was much lower than typical when the mycelium was grown in a molyb
denum-deficient medium. Lack of molybdenum may result in a decrease in 
flavine enzymes which furnish H,O, for the peroxidase. Lenhoff and Kaplan 
(1956) also studied peroxidase in poky and wild-type N. crassa. Catalase 
was shown to be liberated into the medium by Aspergillus oryzae (Crewther 
and Lennox, 1953); and was determined in the spores of A. niger (Bhat
nagar and Krishnan, 1960). Lyr (1955, 1956) studied the peroxidase that 
is excreted into the medium by heartwood-destroying basidiomycetes (the 
sapwood-decomposing species apparently excrete lac case instead). Of 182 
species examined, he found peroxidase in the growth medium of 14. The 
substrate specificity of these peroxidases was similar to horseradish perox
idase. They arc presumably active in lignin decomposition, but the ques
tion immediately arises where does the H,O, come from which is necessary 
for their activity. The same question has, of course, been asked with refer
ence to the intracellular role played by peroxidase. 

VII. CYTOCHROMES a, AND b" AND THE ANAEROBICALLY 
PRODUCED CYTOCHROMES OF YEAST 

In the petile colonie mutants of bakers' yeast and in the mi-3 strain of 
Neurospora crassa a pigment was noted with an absorption band in the re
duced state around 590 m!, which has been called "cytochrome a1" in both 
cases, by analogy to the term ina] oxidase of Ace/abaeter pasleurianum. In 
the petite yeast mutants another pigment was observed with a band around 
557 m!'; it was called "cytochrome b," after the B-type cytochrome found 
in Escherichia coli. In anaerobically grown yeast, the same bands may be 
observed as in the petite mutants, and in both cases the cytnchromcs a, b, 
and c arc missing. In the case of mutant mi-3 of N. ('rassa, 011 the other 
hand, cytochromes band c are present, and only a is missing. Both the 
petite and mi-3 mutations arc due to cytoplasmic factors, as are the poky 
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(lIIi- ] ) and mi-4 mutations of N. crossa (the latter causing a leaky cyto
chrome deficiency ). The absorption spectra of normaJ and petite yeast. 
grown anaerobically or oxygen adapted, arC shown in F ig. 5. The spectra of 

540 570 600 mIL 

AN 

15 

6.5 

lO.O 

AE 

AN 

1.5 

6.5 

10.0 

A£ 

FIG. 5. Absorption spectra in the visible region of wild-Iype (top of figure) and 
"ctile (boltom of figure) ycast. A E, aerobica lly grown ce lls; A N, anaerobically 
~rown cells. The other rows show speclra of anaerobically grown cells aftcr they 
lave been aerated for the givcn number of hOllrs in gl ucose·pho~phate buffer. All 
Ipectra were observed in Ihe rcduced state. Reproduced, by permission, from Ephrussi 
: L956). 

:he various N. crOSS(l muwnts (Cll S and C LI 7 arC nuclear mutants) are 
.hown in Fig. 6. For references concerning the petite mutants. see Ephrus i 
(1953, 1956), Sionimski ( J 953). and Nagai et al. ( 196 1). For those on 
V. ml.';sa re piration-deficient strains see Ti sieres et al. ( 1953), Kcilin and 
rissieres ( 1953), Tissieres and Mitchell ( 1954), and Pittenger ( 1956). 

The difference in cytochrome composition between top- and bottom
'crmenting brewers' yeasts was observed by Euler ef al. ( 1927, 1939), and 
'Y Fink ( 1932) and Fink and Berwald (1933). Tamiya (1928) observed 
l similar difTerence in cytochrome content between surface and submerged
~rown mycelia of Aspergillus oryzae. Further references on anaerobically 
:rown yeast include Sionim!)k i (1953, 1956), Chin (1950) , H ebb and 
;lebodnik ( 1958), Lindenmaycr (1959) , ano Chaix ( J961). 

Cytochrome a1 of Acefobacter pasfellriarlllm has reduced absorption 
lands at around 590 and 440 mJol, and the bands of its CO compound lie 
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FIG. 6. Absorption speclra in Ihe visible rcsion of vnriolls slrains of N curOJ.porn 
CrtlSSO, compared with that of mammalian heart mu~c1e. AU spectra were obtained in 
tbe reduced slate. The width of the absorption bands i nd icate~ relalive inlen\ities. 
al lhough actual differences are much larger: poJ.._v contains 10- 15 limes as much 
cytochrome c as wild-type. Cytochrome e is now called c,. Reproduced, by pcrmi~ ion. 
from Tissii!res and J\1 itchcll ( 19 54 ). 

at 590, 540, and 427 m p' (cr. Smith , 196 1) . The ai-CO compound dis
sociates in light. Neurospora strain mi-3 respiration was shown (Tissieres 
and M itchelJ , 1954) to be sensitive to cyanide, azide, and CO , and the CO 
inhibition was reversed by light. Cytochrome c oxidase activity was demon
strated also in cell-free extracts. From these and the spectroscopic obscrva
tions it may be concludcd that cytochrome al is the tcrminal oxidase in this 
Neurospora mutant, rather than a3 as in the wild type. 

Th e situation is not sO clear cut , howevcr, in the casc of cytochrome at 
of petite and anaerobically grown yeast. In both these cases the respiratory 
r ates are very Jow, sO it woulu be h ard to establish CO inhibition and 
reversibility of light. The fact that cylochromes a l and b l are reversibly 
oxidized and reduced in the presence and absence of oxygen can be seen 
(rom the anaerobic-minus-acrobic difference spectra (Fig. 7» where the 
small peak at 585 m fA. and the shoulder at 445 mp' are due to reduced
minus-oxidized spectrum of "a, ," a nd the peaks at around 555, 525, and 
423 mp' are due to "b,." A deep trough can also be seen at 450-480 mp.. 
which is attributable to flavine. 

When it was attempted (Linden mayer and Smith, 1957, 1964) to find 
the CO compou nd of "a,." the results turned out to be unexpectedly com
plex . ]n the presence of CO, anaerobically grown yeast has two large 
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FIG. 7. Difference spectrum of anaerobically grown bakers' yeast (strain LK2G12). 
Reference cuvette was aerated, the other cuvette anaerobic. Optical density scale is 
different on right- and left-hand side of figure. From Lindenmayer and Smith, (1964), 
The peak at 503 mf.t is due to an unidentified pigment, present in freshly grown yeast, 
which disappears on addition of cyanide or dithionite (Lindenmayer and Smith, 
1957; Elkind and Sutton. 1957; Lindenmayer, 1959; Nosoh, 1964). 

absorption peaks in the violet (Soret) region: one, at 420 m", appears 
slowly on addition of CO, is enhanced by dithionite, and is connected with 
two other peaks at around 570 and 540 m,,; and the other one, with its 
principal peak at 450 m", appears very rapidly with CO, and seems to be 
connected to two slight peaks at 590 and 540 m". 

The absorption characteristics of the "420-CO" pigment arc of an iron
protoporphyrin-CO compound, like those of reduced peroxidase and cat
alase, or hemoglohin in the presence of CO. But its original compound 
must be present in the oxidized state in those cells since dithionite affects it, 
so it cannot be peroxidase or catalase. Nor can the original compound be 
hemoglobin, since we have not observed a hand at 583 m!). in our strain that 
would disappear with Llithionite or CO, but not with cyaniLie. 

The "450-CO" pigment may be similar to the CO-binding pigment of 
Jivei' microsomes (sec Omura and Sato, 19(4), but it could not corre
spond to the CO compollnLl of cytochrome " like that in A. paslellrianum. 
,"0 peak with absorption around 430 m" was observed in anaerobically 
grown yeast with CO. 
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As a consequence, the correct name for the yeast "cytochrome a," should 
for the present be "cytochrome 590 (Saccharomyces cerevisiae)," in ac
cord with the recommendations of the Commission on Enzymes (1961), 
since its a band in room-temperature absolute spectra is at 590 mp 
(Lindenmayer, 1959). 

As for "cytochrome b," of anaerobically grown wild-type or petite yeast, 
it has been shown that its a band splits into two at low temperatures 
[557.5 and 551 mp according to Lindenmayer and Estabrook (195R); 558 
and 552.5 m" according to Heyman-Blanchet et al. (1959) 1 In this respect 
it is similar to the cytochrome b, of Escherichia coli (Keilin and Harpley, 
1941); but it still seems advisable to call this pigment "cytochrome 556 
(S. cerevisiae) ," the room-temperature absolute absorption maximum of 
its a band having been observed at 556 m,u. A similar cytochrome with a 
split a band at 561 and 554 m" (room temperature) has been reported to 
be present in Sclerotiflia libertiana (Yamanaka et aI., 1960). This is a 
soluble, autoxidizable cytochrome, and the organism has no cytochrome c. 

Barrett (1961), by acid-solvent extraction, found heme a in anaerobically 
grown bakers' yeast, which is presumably the prosthetic group of the above
mentioned cytochrome 590. On aeration of an anaerobically grown brewers' 
yeast, he observed the appearance of cytochromes band c, but not of 
a + a,. Instead there was an increase in cytochrome 590. In addition, he 
found cryptoheme a in aerobically grown cells, but not in anaerobically 
grown ones. Cryptoheme a is a closely related compound to heme a, the 
main difference being in the absence of one of the long, undetermined side 
chains from cryptoheme a (Parker, 1959). Whether cryptoheme a is part 
of an aerobically produced hemoprotein, or whether it serves as precursor to 
other hemes, is not known. 

This brings up the question how the biosynthesis of anaerobically pro
duced cytochromes is related to the biosynthesis of the cytochrome com
ponents of aerobically grown cells. In order to answer this question, the 
biosynthesis of the various heme prosthetic groups of these enzymes must 
be taken into account. Granick and Mauzerall (1961) summarized the 
evidence concerning the biosynthesis of iron-protoporphyrin 9 (heme) from 
glycine and succinate. In another paper, Sano and Granick (1961) describe 
the isolation of a coproporphyrinogen oxidase from liver mitochondria, and 
they also indicate the need for molecular oxygen for the oxidation of proto
porphyrinogen to protoporphyrin. The following sequence of reactions is 
postulated: 

h · III . +o~ uroporp yrmogen ~ coproporphynnogen III --+ 
+O! +Fe++ 

~ protoporphyrinogen ___,. protoporphyrin 9 _________. heme 
1 Fe H ? cysteidyl polypeptides? 

cytochrome c 
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This scheme, jf found valid for microorganisms, would have interesting 
implications: (1) It would explain why in yeast cytochromes a, a" b, and c 
are not synthesized under anaerobic conditions (two steps being blocked by 
lack of 0,). But this would necessitate a separate pathway, not involving 
0" for cytochromes 556 and 590 in yeast, as well as for all the bactcrial 
cytochromes produced anaerobically (E. coli has the same cytochromes 
anaerobically as aerobically). (2) It would explain why the aerobic syn
thesis of cytochrome c can proceed in certain yeast and N. crassa mutants, 
while thc other cytochromes are all blocked (presumably in the steps after 
the branching to cytochrome c). (3) It would also explain why copro
porphyrin III rather than protoporphyrin 9 or uroporphyrin III is excreted 
by microorganisms in the absence of 0, [yeast: Kench and Wilkinson 
(1945), Slonimski (1952), Shavlovskii (1959), Shavlovskii and Bogat
chuk (1960); Bacillus cereus: Schaeffer (1952); Micrococcus Iysodeik
licus: Townsley and Neilands (1956)]. It docs not explain, however, 
why iron deficiency should always result in coproporphyrin III production 
as well (cf. Ncilands, 1957), unless coproporphyrinogen oxidase itself 
needs iron for activity. 

VIII. MITOCHONDRIAL FLAVINE ENZYMES 

Flavoproteins contain one of two main types of prosthetic groups: 
flavine-mononucleotide (FMN, also known as riboflavine phosphate) or 
flavine adenine dinucleotide (FAD) (cf. Beinert, 1960). The binding of 
these compounds to the protein may be different in various cnzymes; in 
many cases they are easily dissociable, whereas in some they can be re
moved only by tryptic digcstion. The absorption spectrum of the free, 
oxidized compounds are shown in Fig. 8; in this state they arc yellow, 
strongly fluorescent substances. On reduction they lose their absorption 
between 400 and 500 m!, and their fluorescence. 

The first flavoproteins were isolated from yeast, and the structure of 
flavines and their role as prosthetic groups were worked out on the old 
yellow enzyme [NADPH:(acceptor)oxidorcductase], which contains FMN. 

For our purposes the two most important flavine enzymes that occur in 
mitochondria are those involved in the oxidation of NADH and of suc
cinate. Many preparations have been studied from mammalian tissues that 
exhibit these activities (ct. Slater, 1958a; Singer et al., 1957a; Singer, 
1961; Huennekens, 1956; Ernster, 1961). The prosthetic group of the 
mammalian NADH dehydrogenase [NADH: (acceptor) oxidoreductase] 
was first thought to be FAD, but recent work indicates that it is probably 
FMN (Hucnnekens el aI., 1961; King et ai., 1962; Ringler et al., 1963). 
The prosthctic group of mammalian succinate dchydrogenase [succinate: 
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FIG. 8. Absorption spectra of flavine mononucleotide (FM) and of flavine 
adenine dinucleotide (FAD) in the oxidized state. Reproduced, hy pcrmi..,sion, from 
Dixon and Webb (1958). 

(acceptor) oxidoreductase] has, on the other hand, been shown to he 
FAD, bound by covalent honds to the protein (Kearney, 1960). Both 
these enzymes contain, in addition, nonhcme iron, which is necessary for 
the activity. According to Grecn and Fleischer (1962), the stoichiometric 
ratio of iron to flavine is 5 in both enzymes, but according to Singer et (If. 

(l957a) it is 4 in succinate dehydrogenase, and according to Mackler 
(1961) it is 2 in NADH dehydrogenase. The nonheme iron atoms con
tribute to absorption of light in the visible region above 520 mt', whereas 
the contribution of the flavines is below 500 mil. 

Purified yeast succinate dehydrogenase was studied by Singer et af 
(l957b), who found that it contained 4 atoms of nonheme iron per mole
cule of flavine, and that the flavine was probably FAD. This was confirmed 
by Mackler et al. (1962), who found that about half of the flavine in 
yeast "electron transport particles" (sec Sections XII and XIII) was pep
tide bound and half was acid extractable, but both fractions consisted 
of FAD. The iron: Ravine ratio was approximately 1 according to the 
]aUer workers. 

Although anaerobically grown yeast lacks succinate:cytochrome c oxido
reductase (Slonimski, 1956), it was shown by Hebb et al. (1959) that 
these cells possessed sliccinate: phenazinc-mcthosulfatc oxidoreductase ac-
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ity. Similarly, Linnane et al. (1962) reported succinate :ferricyanidc and 
\DH:fcrricyanide oxidoreductase activities in the same organism. 
An FMN-enzyme was isolated from yeast (ci. Haas, 1955) which cata
:cs the oxidation of NADPH by cytochrome c directly, but it has not 
en shown whether this enzyme occurs in the mitochondria or in the 
toplasm. A soluble succinate: phcnazine mcthosulfatc oxidoreductase also 
IS found in Clavieeps purpurea by McDonald et al. (1963). 
Another set of flavoproteins, the lactate-oxidizing enzymes of yeast, 
me of which occur in the mitochondria, is discussed in the next section. 
Many other flavine enzymes have been described from yeast and other 
:lgi, including various uchydrogenascs, nitrate and nitrite reductases, 
JCOSC and L-amino acid Qxidascs, but none of these arc involved in par
ulate electron transport systems. Riboflavine is known to be widespread 
long fungi and abundant in some species; in fact, it is from this source 
1t industry obtains it (ci. Cochrane, 1958). 

IX. CYTOCHROME b, AND OTHER LACTATE-OXIDIZING 
FLAVINE ENZYMES OF YEAST 

Aerobically grown bakers' yeast contains an L-Iactate dehydrogenase 
"( + )-Iactate:cytochrome c oxidoreductase), a flavohemoprotein, also 
llled cytochrome b,. This enzyme is partly soluble and partly particulate 
Vitols and Linnane, 1961), and its ability to react with cytochrome c 
Icreases markedly as it becomes solubilized (Somlo, 1962). It has been 
-.udied very exten~lvc-\y in recent year~, maln\y beCa\lSe 01 the great lnterest 
1 its two prosthetic groups and its resultant physicochemical behavior 
~cc fIVe contributions and numerous comments in Falk et aI. (1961); also 
"mstrong et al. (1963), R. K. Morton (1961), Hasegawa (1962a,b), 
~ahler and Pereira (1962), Hinkson and Mahler (1963)]. A particular 
ingle-stranded DNA (consisting of 33 nucleotides) is regularly associated 
vith this cnzyme, even through crystallization. However, the DNA is not 
ssential for activity. The prosthetic groups arc iron-protoporphyrin. FMN, 
md magnesium. The electron (or hydrogen) donors are L-lactate, L-a-hy
lroxybutyrate, and glycolate, and the electron acceptors include cyto
:hrome c, ferricyanide, phenazine methosulfate, methylene blue, as well 
IS 0, (cytochrome b, being somewhat autoxidizable). The absorption 
lands of the isolated enzyme in the reduced state at room temperature 
ife at 556.5, 528, 423, and 330 m" (R. K. Morton et 01., 1961), and 
:he " band splits into two at the temperature of liquid air, showing bands 
1t 558 and 553.4 m" (Chance et al., 1956) or at 557.5 and 552.5 m" 
(Lindenmayer and Estabrook, 1958). Cytochrome b, does not seem to 
participate in electron transport in intact aerobically grown yeast cells 
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(Chance, 1961a) or in isolated electron transport particles of yeast, unless 
exogenous cytochrome c is added to them (Mahler et ai" 1964a), Further
more, Slonimski (1953) was not able to demonstrate such participation 
in aerobically grown petite cells, although there was lactatc:cytochrome c 
reductase activity in their extracts, Also, Gregolin and Ghiretti-Magaldi 
(1961) succeeded in isolating normal cytochrome b, from petite cells, 
These and other findings suggest that cytochromc b, may be primarily in 
the oxidized state in the cell and remain so even in the presence of exo
genous lactate, 

There are two other lactate-oxidizing enzymes in aerobically grown 
yeast: a D( - )-lactate:cytochrome c and a DC - )-Iactate:ferricyanidc 
oxidoreductase (Nygaard, 196Ia,b, 1963; Singer et "I" 1963; Gregolin and 
Singer, 1963), The former is a stable, particle-bound FAD-zinc-protcin 
(also associated with DNA) which can oxidize D-Iactate, D-a-hydroxy
butyrate, and other straight-chained D-a-hydroxymonocarboxylic acids with 
cytochrome c or phenazine methosulfate serving as acceptors, It has re
cently been shown to transmit electrons directly to the particle bound 
cytochrome system of yeast [in the presence of Mg2+, (see Gregolin and 
D'Alberton, 1964)], The latter enzyme is a very labile, FMN-protein 
which oxidizes D-lactate with ferricyanide, but not with cytochrome C Of 

phenazine methosulfate as acceptors; this enzyme may actually be a degra
dation product of the previous one, 

In anaerobically grown bakers' yeast, on the other hand, there is a fourth 
lactate-oxidizing enzyme which oxidizes D( - ) -lactate and other D-a
hydroxy acids with ferricyanide, methylene blue, and 2,6-dichlorophenol
indophenol, but not with cytochrome c as acceptor (Lindenmayer and 
Smith, 1957; Slonimski and Tysarowski, 1958; Labeyrie et (/1., 1959; 
Iwatsubo and Labeyrie, 1962; Singer et al., 1961,1963), The prosthetic 
groups of this enzyme arc FAD and zinc, just as in the case of the DC -)
lactatc:cytochrome c reductase of aerobic cells, but the two enzymes 3rc 
distinguishable by the lack of reactivity with cytochrome c on the part of 
the anaerobic enzyme, as well as by the fact that the anaerobic enzyme is 
not particle bound (also by differenccs in thermal stability, Michaelis
constants etc,), In spite of repcated attempts (Boeri et ai"~ 1956), no 
absorption changes were observed on addition of lactate to intact anaero
bically grown yeast cells, 

A controversy has been going on whether this last enzyme could serve 
as precursor in the induced formation of the L-lactate and D-Iactatc oxi
dizing enzymes of aerobic cells, Kattermann and Slonimski (1960) have 
observed that amino acid analogs, which inhibit the synthesis of most 
enzymes, do not inhibit the induced formation of the L-Iactate dehydro
genase (cytochrome b,); neither do they inhibit the formation of the 
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D-Iactate : cytochrome c reductase according to Nygaard (1961 b). On the 
other hand, Singer et al. (1961) and Gregolin and Singer (1961) have 
claimed that the anaerobic enyme does not necessarily disappear when 
the other two are formed, as Labeyrie et al. (1959) had found. The contra
diction between these two sets of observations has not been resolved yet. 

Yeast can utilize lactate as the sole source of carbon (Galzy and Sionim
ski, 1957a,b). Lactate can also be utilized by Penicillium chrysogellum 
(Hockenhull et al., 1954), which has been shown to have a lactate:cyto
chrome c oxidoreductase, an FMN enzyme (Casida and Knight, 1954). 

X. MITOCHONDRIAL QUINONES 

A great deal of attention has been focused lately on the participation of 
luinoid compounds in electron transport and oxidative phosphorylation. 
Their biosynthesis and function has been the subject of a Ciba symposium 
( 1%1). 

Ubiquinone (coenzyme Q), discovered in 1958 independently by R. A. 
Morton and by F. L. Crane and their co-workers in rat liver and bovine 
heart, is the common name of a group of bcnzoyuinonc Derivatives with 
isoprenoid side chains of various lengths. As such, they are related chem
ically to the vitamin K group of naphthoguinonc compounds, as well as 
to the benzoquinone vitamin E compounus and to plastoquinone (Fig. 
9). The K and E vitamins also have been implicated in mitochondrial 
electron transport. while plastoquinone may be involved in photosynthetic 
e'ectron transport (cr. Hishop, 1961; Dam and Spndergaard, 1960; Boyer, 
1960; R. A. Morton, 1961; Redfearn and Friend, 1961; Slater, 1962). 
Ubiquinoncs in ethyl alcohol solution absorb in the ultraviolet at 275 m{L, 
whereas the corresponuing reduced compounds havc a weaker absorption 
band at 290 miL The extinction coefficients at these wavelengths, as well 
as the melting points, vary with the length of the side chain (from 6 to 10 
live-carbon isoprene units in naturally occurring materials) [see Crane 
( 1961 ) J. In the following, the various ubiquinones will be distinguished 
by indicating the number of isoprene units rather than the number of 
careon atoms in the side chain. 

In contrast to the large amount of information available concerning the 
concentration and role of ubiquinones in mammalian mitochondria, our 
knowledge concerning them in fungi is restricted to reports of their occur
rence in whole cells or mycelia. Table III lists the fungi in which the 
ubiquinone species and content has becn determined. For comparison it 
may be mentioned that the ubiquinone found in mammals and higher 
plants is UQlO, in insects and algae it is UQ" and in protozoa UQ, (Crane, 
1962). The original finding of Lester and Crane (1959) to the effect that 
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TABI.E III 

UBIQUINONE IN THE FUNGI 

Organism 

Mucor ~ Absidia: corymbifer 

Saccharomyces cereri.l"iae 

Grown aerobically 

Grown aerobically 
Grown aerobically 
Grown anaerobically 

Rcspira tion-deficient 
mutants, grown aerobi
cally 
Respiration-deficient mu
tants, grown aerobically 

Candida utilis 

Type of 
UQ 

UQ. 

UQ, 

UQ" 
UQ,. UQ, 

UQIO, Aspergillm; !lImigatus 
Aspergillus _{favus l 
Asperf{i/lus fiavlIs-ory=ae 

Aspergillus terrellS J 
Penicillium sripirarum 
Neuro.lpora cru.u{I 

Us(i{ago maydis 

Tetrahydro
UQIO 

UsN/ago maydi.s 
Agariclis ('umpesrri.I' 

Amount 
(,umole/g 
dry WL) 

0.20 

0.35 

0.14 
0.52 
o 

0.11 

0.08 

0.6 

O.IO 
0.02 
0.05 

References 

Lester and Crane (1959), Lester et 
al. (1958, 1959), Gloor el al. 
(1958) 

Lester and Crane (1959), Lester l't 
al. (1958, 1959), Gloor el (II. 
(1958; 

Mahler et al. (l964b) 
Sugimura et al. (19M) 
Lester and Crane (1959), Lester el 

al. (\958, 1959), Sugimura and 
Rudney (1960) 

Mahler et 01. (l964b) 

Sugimura et al. (1964) 
Lester and Crane (1959). Lester el 

al. (1958.1959), Stevenson et al. 
(1962), McHale et a/. (1962) 

Packter and Glover (1960) 
Lavate et al. (t 962) 
Lavate e( (II. (1962) 
Lavate cl 01. (1962) 
Lavate er (/1. (t 962) 
Lavate et ltl. (1962) 
Erickson e( al. (1960) 
Erickson et a/. (1960) 
Erickson et al. (1960) 

asidiomycctc:s contain a basiuioquinonc:, ditlc:rcnt from the ubiquinoncs, 
as been rescinded in favor of the later findings of Erickson el al. (1960), 

shown in Table Ill. On the other hand, Lavate et al. (1962) did claim 
he existence of a different compound, tetrahydro-UQ,o, in penicillia and 
ISpergilli and in Neurospora. Ubichromenols (UC), isomers of the ubi
luinoncs, have been found in dried food yeast (Torulopsis [CwuUdal 
ililis), including mostly UC7 and some UE", in addition to UQ, and UQ" 
(Edwin et al., 1961). However, freshly grown food and bakers yeasts 
ontain no UC compounds (Diplock et al., 1961; Stevenson et (/1., 1962; 
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McHale et al., 1962). In addition, ,,-tocopherol has also been reported as 
being present in bakers' yeast (Diplock et {I/., 1961), although fungi have 
generally been assumed to be devoid of E vitamins. 

The lack, or low level, of UQ in anaerobically grown yeast, and its 
synthesis on the admission of oxygen, was also reponed by Sugimura and 
Rudney (1960) and Rudney and Sugimura (1961). They found that 
adding UQ" and a lipid fraction of aerobic particles to extracts of anaero
bically grown yeast did not result in succinate:cytochrome c reductase 
activity. Neither did the addition of UQ, or UQ10 result in a stimulation 
of the oxidative rate of NADH in such extracts (Lindenmaycr and Smith, 
1964 ). 

Why yeast fails to synthesize ubiquinone in the absence of air cannot 
be answered yet. The isoprenoid side chain is probably synthesized with· 
out oxygen from mevalonic acid in the way that squalene or the color1es~ 
carotenoid compounds are (d. Ciba Foundation, 1959a). How the benzo· 
quinone moiety of ubiquinone is made in yeast is not known. Rudney ane 
Sugimura (1961) could not get incorporation of labeled phenylalanin, 
into UQ,; of yeast. Phenylalanine is, however, thought to be the precurso 
of the ring structure of UQ in animal tissues, this being an O~-rcquirin! 

reaction (Olson el {II., 1963). 

XI. MITOCHONDRIAL LIPIDS 

Recent studies (Marinetti et a/., 1958; Basford, 1959; Fleischer et a/ 
1961; Redfearn, 1961; Getz et al., 1962) on mammalian mitoehondri 
showed that they contained about 30% lipids by dry weight. Of the' 
lipids, 90--95% were phospholipids. These, in turn, were composed, 
about equal amounts (35-40% each) of lecithin (phosphatidylcholine 
and cephalins (phosphatidylethanolamine and phosphatidylserine), as we 
as lesser amoonts (10-15% each) of phosphatidyl.inositol and of cardi, 
lipin (polyglyeerol phosphatides). According to Brierley and Mern 
(1962), it was the cardiolipin-containing fraction of phospholipids whit 
was most active in restoring enzymatic activity to the various prcparatiol 
isolated from mitochondria, but this might be due to a detergent elfe, 
The polyunsaturated fatty acid linoleic acid was the main fatty acid in tl 
cardiolipin of rat liver preparations. Mitochondrial lipids also were shov 
to contain 1-2% of steroids, some carotenoids, and about 0.5% ubiql 
none. 

In stimulating reviews by Bloch and his co-workers (Goldfine a 
Bloch, 1963; Erwin and Bloch, 1964) the following relationship \\ 
pointed out: all organisms that possess mitochondria also seem to cant, 
sterols and polyunsaturated fatty acids. The converse of this general;; 
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on docs not hold, however, because there arc some organisms that con
tin polyunsaturated rutty acids but no mitochondria (the"" blue-green algae, 
I their chromatophorcs). and there arc also organisms which have sterols 
ut apparently no mitochondria (the red algae). The polyunsaturated 
ltty acids of yeast and other fungi, except Phycomyces b/akes/eeanlls, 
re primarily linoleic and a-linolenic acids; which compounds they share 
'ith the blue-green, red, and green algae, as well as with all of the higher 
Jants. The animals, and the ciliated and amoeboid protozoa, on the other 
and, share the y-linolenic acid derivatives, which have also been found 
I P. blakesleeal1l1s (Bernhard and Albrecht, 1948). Some unusual poly
nsaturated fatty acids have been found in Dictyostelillm discoidellm 
Davidoff and Korn, 1963), the synthesis of which does not correspond 
o either the u- or the y-linolenic acid pathways. 

The formation of polyunsaturated fatty acids from monounsaturated 
mes always requires molecular oxygen, while the formation of mono
lllsaturateo fatty acids from saturated ones takes place by oxidative de
,aturation only in the fungi, animals, and in some of the algae and bac
eria. Other bacteria are able to accomplish the latter transformation by 
maerobie means, while the green plants seem to have a third mechanism 
,till, requiring oxygen (Erwin and Bloch, 1964). The biosynthesis of 
,terols also requires molecular oxygen (Goldfine and Bloch, 1963). 

The inability of bakers' yeast to grow under prolonged anaerobiosis, 
mless ergosterol and oleic acid (or other monounsaturated fatty acids) 
Ire added to the usual growth factors, was demonstrated by Andreasen 
md Stier (1953, 1954, 1956) and Harris (1956). These findings helped 
,ventually to elucidate the sterol and unsaturated fatty acid synthetic path
ways. Apparently, polyunsaturated fatty acids arc not required for the 
anaerobic growth of yeast. 

The only other case of steroid growth factor requirement among fungi 
is that shown by Vishniac (1955) for Labyrinthula vitellina, which re
quires cholesterol, but not ergosterol. 

Finally, as an indirect indication of a relationship between sterols and 
the respiratory system, the induction of respiration-deficient mutants in 
yeast by elevated temperatures [according to the method of Sherman 
(1959)] is counteracted to some extent by ergosterol (Parks and Starr, 
1963) . 

We know that the various phospholipids mentioned above and the 
sterols are present in fungi, in some cases in large quantities (cL Eddy, 
195~). Various monounsaturated and polyunsaturated fatty acids occur in 
fungi, sometimes representing the major portion of the total fatty acids 
(Klein, 1957, 1960; Corwin et al., 1957; Deinema, 1961; Leegwater and 
Craig, 1962; Hartman et aI., 1962). Increased accumulation of free linoleic 
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and linolenic acids in the poky mutants of N. crassa. in comparison to the 
wild type. was reported by Hardesty and Mitchell (1963). 

Lester (1963) found that cardiolipin comprised approximately 10% of 
the phospholipids of yeast mitochondria and that the cardiolipin content 
of yeast varied in direct proportion to its cytochrome content. Respiratory 
particles (mitochondrial fragments) isolated from Claviceps purpurea had 
the following phospholipid composition (Anderson et al., 1964): 28% 
phosphatidyl inositol, 27% phosphatidyl choline, 13% phosphatidyl 
serine, 18% phosphatidyl ethanolamine, 7% polyglyccrol phosphatides, 
and 7% residue; no plasmalogens. 

XII. ELECTRON TRANSPORT 

The enzymatic activity of cytochromcs first became evident when the 
spectral change accompanying their reduction was observed on the addition 
of glucose to starved yeast cells (Keilin, 1925); and when the oxidation of 
succinate was linked to similar spectral changes in muscle homogenates 
(Keilin, 1930). The respiratory importance of Warburg's oxygen-trans
ferring enzyme (cytochrome a,) was, of course, established at about the 
same time (see Section Il). The preparation of cytochrome c from yeasl 
cells made it possible to study separately two parts of the "succinoxidase" 
system: these would be called today the succinate:cytochrome oxidore· 
ductase system and the cytochrome C:02 oxidoreductase. It was soon foun( 
that the oxidation of NADH can similarly be achieved with the simulta 
neous reduction of oxidized cytochrome c, and subsequently separat' 
preparations were obtained for each of these three activities. 

The oxidation of added succinate or NADH by cell-free preparation 
may be measured (1) by observing the rate of oxygen uptake manomel 
ric ally or polarographically; (2) by measuring the half-time of the reductio 
of the cytochrome system at known initial oxygen concentration spectH 
photometrically; or (3) by measuring the rate of disappearance of NAD~ 
or the rate of fumarate appearance, also spectrophotometrically. Similarl 
the enzyme activities in which cytochrome c serves as electron acceptor { 
donor may bc measured by the rate of increase or decrease of the absorpti( 
intensity at 550 m". 

The enzymatic oxidation of reduced cytochrome c with oxygen is a fir: 
order reaction with respect to the cytochrome c concentration, and this 
true even at high cytochrome c concentrations, although the first-ord 
velocity constant may have lower values (Smith, 1954a; Smith and Conn 
1956). The enzymatic reduction of cytochrome c with succinate or NAD 
on the other hand, follows Michaelis-Mcntcn kinetics, giving initially 
straight line for the appearance of reduced cytochrome c. This is illustral 
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Fig. 10, where first the oxidation by yeast extract of added cytochrome c 
shown, followed by inhibition by cyanide and the slow reduction of cyto

lromc c with endogenous substrates, then its rapid reduction with adJed 
Iccinate. 
Since the cytochrome c oxidizing portion of the respiratory system 

mtains all the A-type cytochromcs, and the cytochrome c reducing por
)n contains the B-typc component, the cytochrome sequence, sub-

+ Succinate (7mM) 

I I j J I 
+KCN (5 x 10-3 M) 

I 
12.9 sec 

-00"01 

Yeast edroct 
0.01 mL 

(ytochrorne c 

o.D = Jog lqIJ 

FI(j. 10. Oxidation of reduced cytochrome c by cytochrome c oxidase of yeast 
~tract. followed hy reduction of the cytochrome c by the yeast reductase in the 
-esence of endogenous substrate, then after addition of succinate. Cytochrome c 
mecntration in test was 15 IlM; buffer was 0.015 M phosphate, pH 7.0; final con
:ntration of succinate was 7 mM. Yeast extract was prepared from starved cOm
ercial bakers' yeast. Sharp peaks in the trace result from the introduction of 
irring rod and mark the time of addition of reagents. Reproduced, by permission, 
om Smith (1954a). 

rate-B-C-A-O, has been postulated at an early stage and still ap
ears to be valid. For a while doubts were cast on the role cytochrome c 
layed in the system, and it has even been called an artifact, but there seems 
) be general agreement now concerning its participation. The above se
uence was borne out by the redox potentials of the various cytochromes 
Falk and Perrin, 1961), which arc increasingly positive in the postulated 
rdef. Kinetic studies, concerning the time sequence at which the different 
>,tochromes become oxidized on admission of oxygen, or reduced on addi
on of substrate, corroborate this order (Chance and Williams, 1956). 
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Inhibitors have also contributed to our understanding of the system. Bc
~idcs cyanide, CO, and azide, two other inhibitors have been very useful; 
BAL (2,3-dimcrcaptopropanol) and antimycin A (for its structure, sec 
Strong et al., 1960). In the presence of these two inhibitors, cytochrome b 
remains reduced whereas the others are oxidized. The BAL-sensitive locus 
(aha known as the Slater factor) was first thought to be cytochrome b it
self, then cytochrome Cl; now it is assumed to be between these two, but its 
nature is not known. The antimycin A-sensitive'locus mayor may not be 
identical with the BAL-Iocus. 

After the discovery of the ubiquinones as components of the electron 
transport system, a role similar to that of cytochrome c was claimed for 
them. Thus, sllccinate:UQ, NADH:UQ, UQ:cytochrome c, and UQ:O, 
oxidoreductase activities have been described from mammalian mitochon
drial preparations. But, in spite of these manifest activities, the same prob
lem arises with respect to these compounds as did before with cytochrome 
c: are they real or artificial electron carriers? The evidence was based at 
first entirely on extraction and reconstitution studies (cf. Crane, 1962). 
Recently, spectrophotometric evidence has also been obtained for the 
reversible oxidation and reduction of UQ at rapid enough rates to justify 
the inclusion of UQ as an cssential component of the electron transport 
system of mammalian mitochondria (cf. Hatel!, 1963). 

The present concept of the electron transport system is as follows: 
oxidized fiavoproteins react with the substrates succinate and lactate, or 
with the reduced coenzyme NADH. What reacts with the consequently re
duced flavine enzymes, how ubiquinone and cytochromes band c, are ar
ranged with respect to each other (whether in series Or parallel), and 
whjch of these actually are active in native mitochondria, are questions 
still largely unresolved, Once the electrons are transferred past this area, 
it is agreed that they then pass through cytochrome c. After this, they go 
to the cytochromc a + a" complex, on which an oxygen molecule is bound, 
so that the electrons can finally enter into orbit around oxygen nuclei. 

The main difficulty with this concept is, as has often been pointed out, 
that we are trying to describe a solid-state process in terms of reactions be
tween soluble components. Unfortunately, this is still the only framework 
we have. It should be clear, in any case, that the phrase "electron transport 
chain'l may be quite misleading, since it indicate~; a linear array of com
ponents along which the electrons are transmitted, the linearity of which, 
at the present time, is not certain. 

Cell-free preparations of bakers' yeast havc been studied with regard to 
these enzymatic activities by Chantrenne (1944), Slonimski (1953, 1956), 
Nossal et al. (1956, 1957), Vanderwinkcl el {Ii. (1958), Hebb and Slebod-
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nik (1958), Chaix (1961), Linnane and Still (1955a,b), Vitals and Lin
nane (1961), and Mackler el al. (1962), in addition to those previously 
mentioned, Mahler el al. (1964a) estimated that the electron transport sys
tem of yeast is capable of carrying 10' (reducing equivalents per heme) per 
minute at 29'. In most cases the particulate preparations exhibited tricar
boxylic acid cycle activities as well, and there is no doubt today that yeast 
mitochondria contain a functional tricarboxylic acid cycle (Krebs and 
Lowenstein, 1960) hec also Chapter 11 of this volume). 

Cytochrome oxidase determinations were carried out on Aspergillus 
niger (Martin, 1954), and on A. orycae (Imamoto el al., 1959; Iwasa e( 
ai, 1959; Iwasa, 1960), as well as on Neurospora crassa (Shepherd, 1951; 
Nicholas el (11.,1954; Tissicres and Mitchell, 1954; Tissieres, 1954; Turian, 
1960), on N. Silophila conidia (Owens, 1955), on N. lelrasperma (Cheng, 
1954; Holton. 1960), and on (;Iomerel/" cingula/a (Sussman and Markert, 
1953). Respiratory enzymcs were shown not to be directly involved in the 
activation process of dormant ascosporcs of Neurospora (Sussman, 1961). 

Among the aquatic phycomycetes, cytochrome oxidase and "succinoxi
dase" preparations were obtained from A Ilomyces by B. A. Bonner and 
Machlis (1957) and by Turian (1960), the latter of whom also pointed out 
a connection between a deficiency in cytochrome oxidase and the ac
cumulation of carotenoid compounds in the male gametophytes, an in
teresting finding in view of the common pathway of carotene, ubiquinone, 
and sterol biosynthesis (Ciba Foundation, 1959a; Grant, 1962). Cyto
chrome oxidase was shown by Cantino and Hyatt (1953) to be present 
also in Rhitophlyctis rosea (a chytrid) and in Blastocladiella "neesonii, 
but it was not found in the resistant sporangia of the latter (ef. Cantina 
and Turian, 1959). Ward (1958) showed cytochrome oxidase activity 
in the slime mold Physarum polyeepllalum, 

Among the Basidiomycetes, the respiratory system was thoroughly in
vestigated and found to be similar to that of yeast in Schizophyllum com
mune by Niederpruem and Hackett (1961) and in the urediospores of 
Pllccinia graminis by White and Ledingham (1960). Boulter and Burges 
(1955) demonstrated a normal cytochrome oxidase in Polys/ictus t'('fsi
c%r; a somewhat abnormal cytochrome oxioasc was indicated in Us/Uago 
sl'haerogena by Grimm and Allen (1954), Finally, Fusarium lin; was 
shown by Kikuchi and Barron (1959) to have the same kind of electron 
transport system. 

In the studies cited, mammalian cytochrome c was used as electron donor 
in most, if not all, cases. Only recently have any attempts been made to 
compare activities with the organism's native cytochrome c (Yamanaka el 
al., 1962; Armstrong et aI., 1961). 
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XIII. OXIDATIVE PHOSPHORYLATION 

Having seen the central role that fungi, primarily yeast, have played in 
the discovery and elucidation of the mechanism of cellular respiration, it 
comes as a surprise to find that practically all the recent work on oxidative 
phosphorylation has been concentrated on animal tissues and bacteria. It 
seems that research has taken this turn mainly because of the difficulties en
countcred in breaking yeast cells or mold mycelium. There are drastic meth
ods for breaking the ceJls, such as treatment with acetone or ammonium 
hydroxide, or drying and autolyzing, which might be suitable for the prepara
tion of certain enzymes but arc out of question for phosphorylating sys
tems. Better methods have been designed. including rapid shaking (Nossal, 
1953; Utter e/ al., 1958) or blending (Vitals and Linnane, 1961), which 
can yield actively phosphorylating particles from yeast. Dissolving fungal 
cell walls with snail enzyme (Eddy and Williamson, 1957; Chaix, 1961; 
Aguirre and Villanueva, 1962) seems to be a promising approach as well. 
For methods of isolating mitochondria, see also Allfrey (1959). 

The phosphorylating yeast particles prepared by Vitals and Linnane and 
by Nossal were, as a rule, spun down at 20,000-25,000 g for 15-30 
minutes, after the cell debris had been removed. Vitols and Linnane (1961) 
used Sucrosc-Tris-Versenc medium for the isolation of the particles. By 
further fractionation a lighter phosphorylating fraction and a heavier frac
tion containing tricarboxylic acid cycle activity were obtained. The best 
P:O ratios achieved in succinate oxidizing yeast particles thus far has been 
about 1.6, in comparison to 2 in liver mitochondria. The P:O ratio during 
NADH oxidation was not any higher than for succinate in yeast particles, 
although in mammalian ones values approaching 3 have been obtained. 
Mackler et al. (1962) also prepared yeast particles, but homogenized 
them further and obtained a fraction of much smaller "electron transport 
particles" lacking phosphorylating activity. 

Among the other fungi, oxidative phosphorylation has been observed 
only in isolated mitochondria from Aspergillus oryzae, the Oriental counter
part of bakers' yeast, by Iwasa (1960) with p:o ratios up to 1.6, and in 
mitochondria from Allomyces macrogynus by B. A. Bonner and Machlis 
(1957) with very low P:O values. The abundance and large size of 
Allomyces mitochondria has been pointed out by Ritchie and Hazeltine 
(1953). 

Inhibitor studies on oxidative phosphorylation have been pursued ever 
since the "uncoupling" effect of 2,4-dinitrophcnol, arsenate (cI. Simon, 
1953; Lardy. 1956; Laties, 1957) and dicoumarol (cf. Slater e/ al., 
1961) was observed. In the presence of these chemicals, electron transport 
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may proceed, usually at an accelerated rate, without a concomitant produc
tion of adenosine triphosphate from adenosine diphosphate. 

Related studies concerning the phosphorus turnover in cells were aimed 
at explaining the Pasteur elTect, that is, the suppression of fermentation by 
respiration. The explanation of this phenomenon is generally based now on 
a competition between the various phosphorylating systems for adenosine 
diphosphate (ADP), and in certain cases for inorganic phosphate ref. 
Dickens (1959); Ciba Foundation (l959b); Cold Spring Harbor (1961) 
Symposium on Cellular Regulatory Mechanisms; Society of General Physi
ologists Symposia on Control Mechanisms: D. M. Bonner, 1961; and 
Wright, 1963]. 

Another approach to oxidative phosphorylation was used by Chance and 
collaborators, who measured the oxidation-reduction levels of the various 
electron transport components spcctrophotometrical1y after the exhaustion 
of ADP in the system. Since in a well-coupled mitochondrion the lack of 
ADP slows down the electron flow, the exhaustion of available ADP 
causes the electrons to accumulate temporarily on the substrate side of.a 
phosphorylation site, and to be depleted on the oxygen side of the same 
site. Thus the respiratory component on the substrate side will become more 
reduced, and the component on the oxygen side will become more oxidized, 
with respect to their conditions previous to the exhaustion of ADP. This 
opposite change in neighboring components has been called the "crossover 
phenomenon" (ef. Chance and Williams, 1956; Chance, 1961a). Three 
phosphorylating sites have been suggested on this basis in liver mitochondria 
during the oxidation of NAD(P)H, including sites between NAD(P)H and 
flavoprotein, between cytochromes band et. and between cytochromes c 
and a. The same three crossover points were shown in intact yeast cells 
oxidizing ethyl alcohol (Chance, 1959a). The evidence for distinguishing 
between cytochromes e and c, is based on low-temperature "frozen steady
state" spectra (Chance and Spencer, 1959). From the amount of adenine 
nucleotides in yeast cells, and from the amount of 0, nceded to exhaust the 
ADP supply when glucose is added to starved cells, Chance (1959b) 
estimated the effective p:o ratio in this case to be about 1. 

The reversibility of e]cctron transport amI oxidative phosphorylation has 
received a great deal of .attention recently (Klingenberg, 1961; Chance, 
196Ib). This property of the respiratory system has been invoked to ex
plain the strange oxidation-reduction behavior of cytochrome b in yeast 
(Chance and Maitra, 1963; Slater and Colpa-Boonstra, 1961). 

The various theoretical mechanisms propo~cd for oxidative phosphoryla
tion arc reviewed by Racker (1961 ) and by Lehninger and Wadkins ( 1962); 
and for phosphohistidine as the main intermediate in the synthesis of high
energy phosphate honds, sec the review by Boyer (1963). 
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XIV. STRUCTURE OF FUNGAL MITOCHONDRIA 

The relationship between the various enzymatically active particles ob
tained from mitochondria and the actual macromolecular and microscopic 
structure of the mitochondria still remains to be .established. Probably nl)ne 
of the particulate fractions of yeast mentioned in the previous section cor
respond to intact mitochondria, but it is difficult to tell exactly which 
portions of the mitochondria they do rcprcsent. 

Mitochondrial structure has been carefully stuuicu in recent years in 
animal tissues (ef. Palade, 1956; Sjiistrand. 1960, 1963) and has generally 
been described in tcrrn\ of multiple layered membranes of characteristic 
thickness, ca. 180 A, which surround the entire structure externally and 
subdivide it internally. The internal "membrane clements" are the cri~tac 
mitochondrialcs, and they \cem to be continuous, in certain rcgions, with 
the inner half of the external membrane elements (which is why they arc 
named 'cristae,' i.c., "ridges" or ·'infoldings"). Two layers of the mem
brane clements consist of lipid materials, separated by a central protein 
layer. It has recently been shown (c/. Blair et ai., 1963; Parsons, 1963) 
with negatively stained electron microscope preparations that the surface 
of the cristae are occupied by projecting units with stems and spherical 
heads (75-80 A in diameter). The "elementary particle" fraction of 
Green and co-workers (sec also Green and Fleischer, 1962) consists of 
particles of approximately the same size as the spherical heads of these 
projections. The dillieulty is, however, that the size of these particles is 
too small to accommodate more _ than one or two hemoprotein or ftavor
protein molecules; the whole ekctron transport system could certainly not 
fit into them. Furthermore, when these particles arc separated from the 
mitochondrial membranes by sonic oscillation, practically the total amount 
of cytochromes (except for some band c,) stays with the membrane 
(Chance et al., 19(4). The only fungus in which these particles were 
shown to occur so far is Neurospora (T(ISSQ (Stoeckenius, 1963). 

After long debates on the existence of yeast mitochondria and their iden
tification by means of cytological stains (Janus green B, Altmann's method, 
tetrazolium compounds; sec McClary, 1964), thin-section electron micro
graphic observations have tinally decided the issue. Cry state mitochondria 
have been observed in various yeasts by several investigators (Agar and 
Douglas, 1957; Hagedorn, 1957; Yotsuyanagi, 1959; Thyagarajan el al., 
J 961; Vitols et al., 1961; Marguardt, 1962), and even in the ascospores of 
the yeast Nailsonia fulvescens (Kawakami, 1961). The nonidentity of yeast 
mitochondria and the refractile granules was acknowledged by Hirano and 
Lindegrcn (196 I) in agreement with Yotsuyanagi (1955). Mitochondria 
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were similarly observed in A 1I0m)'ces by Turian and Kellenberger (1956) 
and in Neurospora by Zalokar (1961). The zoospore of Blastocladiella 
emersonii was shown (Cantino el ai., 19(3) to contain a single mito
chondrion at the base of the flagellum. 

Moore and McAlear (1962) by electron microscopy surveyed fungus 
specimens from over fifty genera for mitochondria and reported them to be 
ubiquitous and typical. Their general shape is glohose to cylindric. Cristae 
may be sparse to numerous, and in all except one case they appeared to be 
lamellate. In the exception they seemed to be tubular; in no instance were 
they labyrinthine (as in protozoa). Nicklowitz (1957) and Heitz (1959) 
both emphasized the presence of tubular, rather than lamellate, crystae 
in the mitochondria of the slime mold Badhamia utricularis and of the 
basidiomycetes Coprinus disseminatus and Lycoperdon genzmatllm. Tubu
lar cristae were also reported for Thraustotheca roseum, while concen
trically arranged internal membranes were seen in the mitochondria of 
T. allreum (Goldstein e/ a/., 1964). 

xv. ORIGIN OF FUNGAL MITOCHONDRIA 

The question how ncw mitochondria originate in a growing or dividing 
cell has often been asked, but our knowledge of this process is still very 
iimited. In recent papers, Luck (1963a.b) considers three possibilities for 
the origin of mitochondria: (I) by division of the existing mitochondria, 
(2) by de novo synthesis, and (3) by rearrangement of already present 
nonmjtochom..lriaJ membnmOlJ8 .<.;fruclurcs~ The 11r5t two aHcrnatjvcs bavc~ 
of course, been long debated. Luck attempted to verify one of these three 
hypotheses by using a cholincless mutant of Neurospora crassa and supply
ing it with Cll_ or H:1_Jabelcd choline, which is a constituent of lecithin, 
which, in turn, is a major component of the mitochondrial phospholipids, 
as we have seen in Section Xl. Thus he specifically labeled the mito
chondria, and he could follow by autoradiography of isolated fractions the 
subsequent distribution of the H" label among the mitochondrial popula
tion that arises in a nonlahclcJ choline-containing medium. If mitochondria 
arise de novo, then the label should be distributed nonrandomly in subse
quent generations, that is, the ·Iabel in the original mitochondria should not 
be diluted appreciably. He found, in fact, that the label was distributed at 
random after three cycles of doubling of the ccII mass, and this randomiza
tion could not be attributed to the fractionation procedure. This finding 
excludes de novo synthesis and docs not favor synthesis from structural 
precursors, leaving as the most likely possibility that of divisions. This 
conclusion implies, of course, the continuity of mitochondrial descent, at 
least during the vegetative growth of Nellrospora. 
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A controversy has been developing on a question that has bearing on 
the continuity of mitochondrial descent in yca~t. namely \vhcthcr anaerobi
cally grown yeast has Of has not any mitochondria. Using thin-section 
electron microscopy, Linnane el lIl. (1962), Wallace and Linnane (1964), 
and Polakis el al. (1964) reported the complete lack of mitochonurial 
structures; while Morpurgo el al. (1'-)64) found mitochondria to be prescnt 
when the cells were grown anaerobically with ergosterol, and no mito
chondria when grown without ergosterol (in t~is case growth stops in 
5-7 generations, as the cells run out of endogenous ergosterol), Ergosterol 
was supplied to the cells in the other studies, as well, except for that by 
Wallace anu Linnane (1964), so that its presence or absence may not be 
the soJc rcason for 1he discrepant findings. That the number of mito
chondria is very much diminished in exponential pha~c aerobically grown 
yeast has been shown by Ephrussi ('I,,/. (1~56) and Yotsuyanagi (1962a), 
but their presence in these cells has never been doubted. Similarly, mito
chondria were Jcmonstrateu in aerobically grown petile mutants of yeast, 
although their structure was somewhat abnormal and they' lacked respira
tory function (Ephrussi and Sionimski, I ~55; Yotsuyanagi, 1962b). 
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ADDENDUM TO SECTION VII 

Further extensive work on the various yca~t mutants unable to utilize nonfennent
able carbon sources was reported by F. Sherman IGelll,ti{'s 48:375-385 (1963): 49: 
39-48 (1964)], and by F. Sherman and P. P. Sionimski [Riucliim. Biopltys. Acta 90: 
1-15 (1964)J. In anaerobically grown yeast, T. Heyman-Blanchet, L. Ohaniance, 
and P. Chaix [Biochim. Biophys. Acta 81:462--472 (l964)J failed to find any cyto
chrome 590, instead they reported a pigment with low-temperature absorption al 
5X2.5, 545, and 422 m/)., and considered it to be a Zn-protoporphyrin mmpound. 
They confirmed the presence of the pigment in these celb with the main absorption 
band at 503 mil (d. Fig. 7), and of cytm:hrorne 556. which was abo extracted in 
soluble form IP. Chaix and P. I.abbe. emilI'/. ReI/d. 2.')S:1645-1647 (1~64)]. 

ADDENDUM TO SECTION XV 

The hypothesis lhat mitochondria arise only from other mitochondria or "promilo
chondria" and carry their own hereditary DNA. has been discussed in detail by 
A. Gibor and S. Granick [Scicnce 145:890-897 (1964)]. For yeast, evidence in favor 
of m;tochondrial DNA ami pn!cursor particles was proullced by G. Schalz IBioc/Il'II/. 
Biophys. Res. COli/111ft!!. 12:448-451 (1963)]. ami by G. Schatz. F.. H .. :-.lbrunner, ,lnU 
H. Tllppy [H;OC/ICIli. Biopltys. Rl'S. COli/mull. 15:127-132 (1964)]. 
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I. INTRODUCTION 

Fungi usually utilize simple inorganic nitrogen compounds. Thus am
monium salts or nitrates are' suitable sources of nitrogen for most fungi 
although with nitrate there may be a lag in growth before the necessary 
enzymes concerned in nitrate reduction arc produced. 

In consiuering the metabolism of inorganic nitrogen compounds h,Y fungi, 
a useful comparison may be made with the bacterial systems, which have 
received morc attention. Thus a variety of bacteria and fungi usc nitrate in 
one of two ways: (I) assimilatioll into cell nitrogen, or (2) dissimilation 
or nitrate respiration. where nitrate acts as an alternative hydrogen acceptor 
to oxygen. There is no ueflnite evidence, however, that fungi convert nitrate 
to a mixture of nitrogen gus and its oxides by a process of dcnitrilkation as 
do some bacteria. 

The oxidation of ammonia to nitrite ar:d nitrate is carried out by chemo
autotrophic nitrifying bacteria. Certain heterotrophic fungi also oxidize 
ammonia to nitrate, but at much slower rates. 

Even in the specialized field of nitrogen fixation there is a paralic I be
tween bacteria and fungi since the ycasts Rhodotorula and Plllllll£lria fix 
atmospheric nitrogen. 

1 Present address: Biochemistry Department, Waite Institute, University of Adelaide, 
South Australia. 
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Tile mctabolbm of amino acids and protein synthesis in fungi have many 
feature'S in common with bacteria. 

II. PHYSIOLOGICAL STUDIES 

A. Nitrate 

Most groups of fungi utilize nitrate nitrogen although some do not, e.g., 
some members of the Saprolcgniaccac, Blastocladiaics, and some higher 
basidiomycetes. Most actinomycetes usc nitrate as a sole source of nitrogen, 
but evcn here there arc notable exceptions. It is dillicult to make a proper 
appraisal of this type of information since mo'st of th(: data arc based on 
spore inoculation tests with media containing nitrate, and relatively few 
tests have been made with mycelia pre-grown with other nitrogen sources. 
Where this has been done the nitrate-reducing enzymes have been induced 
in the preformed mycelium. Another diniculty is that thc oxygen pressure 
in the culture medium is seldom defined. It is now known that some fungi 
grown with restricted air supply dissimilate nitrate rapidly as an alternative 
hydrogen acceptor to oxygen, a process sometimes resulting in the accumu
lation of toxic amounts of free nitrite (I0~' to 10 -'M) in the medium 
(Walker and Nicholas, 1961 b). The effects of nitrite on the growth of pre
formed mycelium of Neurospora reported in Table I show that it is in~ 

hibitcd at 5 x 10-':' M nitrite or above. 

TAHLE I 

TOXIC E"H::C1S OF ADDU) N'T!~!Tl: TO MYCI::LlV.'1 OF Neurmpora craJ',w 
GROWN IN CUI.TURt SoLUIIOl"S WLfl\ A'tMO:-J1U7\1 AS SOLI'. NrfRO(iEN SoURCEB 

Molarity of 
NaNO, added 

o 
X 10-4 

I X IO~' 
5 x 10-' 
1 X 10-' 
5 X 10-' 

Increase in dry 
weight hetween 24 

and 48 hours 

1.20 
1.20 
1.05 
0.75 
O.4R 
U.30 

Per cent reduction 
in yield of compared 

with controls 

Nitrile in 
water extracts 
lm.umo\es, mg 

prolein) 
------

0 0 
0 0 
0 50 

35 48 
IiO 85 
75 yo 

" The fungus was grown for 24 hours at 25 c C in a K NO, medium \\ /H,:n various conccn 
tralions of NaNO~ wcre added aseptically in \'iw and the pH of the medium was adjuste 
to 8.0 with N NaOH. Afler a further 14 hours of incubation the mycelium WllS harves!(:{ 

dried, and weighed. Nitrite and protein were determined in nudt: homogcnatcs of /"rcs 
myceli;L 

'. 



13. Utilization of Inorganic Nitrogen Compounds 35 1 

B . Nitrile 

Fungi are usually more tolerant oC nitrous acid than arc bacteria, pre-
umably because they a re better able to grow at a lower pH. N itrite is used 

read ily by some fungi, e.g., Fusarium niveun1, Coprinus sp ., Phymato
IridIUm olnnivoruln, Scopulariopsis brevicaulis, and Rhizophlyctis rOseo. 

Failure to utilize nitrite by fungi may in p art result from a pH effect since 
growth is best in alkaline medium, indicating that the nonionized acid 
rather than the nitri te ion is toxic. In some fungi, nitrite toxicity results in 
the accumulation of pyruvic acid (Nord and Mull , 1945). Since nitrile 
does not usually accumulate in the medium under aerobic condit ions, it 
mtlst be assimilated at about the samc ralc as nilrate. Thus S. brevicaulis 
lakes up nitrite at 1.2 mg N per gram dry weight per hour, whic h compares 
closely with the upta ke of n itrate or ammonia under similar conditions. 
This fungus grows well on potassium nitrile, but its growth response is quite 
distinct from that on ammonium nitrite. T here is no d rop in pH during 
growth with the lalter compound, an indication that ammonia a nd nitr ite 
are taken up sim ultaneously at comparable rates. A similar relation be
[ween nitri te and a mmonia u ptake was found when ammonia was added to 

7 

6 

2 3 4 
Doys' growlh 

)( NH3 0dded 

t\ 

5 

\ 
\ 

\ 
'\ 

\ 
\ 
\ 

\ \ 

~ \ 
\ \ 
\ \ 
\ x 
\ 
\, 

6 

F IG. 1. Scoplllariopsi.l· brel·ic(lII lis. E lTect o ( addi tion of am monia o n the uptake of 
nilrite from the medium. 0, N itrite nit rogen ; x, ammo ni a nitrogen; -, culture in 
nitrite only: - --. cu ltu re in n itrite and ammo nia. From Morton and M acM illan 
(1954). 
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a rapidly growing culture of S. hrevicaulis in a nitrite medium. Ammonium 
sulfate, added when the mycelium was 5 days old, was taken up imme
diately, and nitrite uptake continued in the presence of ammonia at only a 
slightly reduced rate (Fig. 11. In the reverse experiment the addition of 
nitrite to a culture growing in an ammonia medium gave different results. 
Nitrite at concentrations equivalent to ammonia in a standard medium 
was somewhat toxic to the fungus unless it had acquired a tolerance by 
previous growth on high levels of nitrite. The high levels of nitrite inhibited 
the assimilation of ammonia for about 2 days when the fungus began again 
to assimilate both forms simultaneously. The inhibitory effects of nitrite on 
the growth of preformed mycelia of Neurmpora crassa arc shown in Table 
I. 

C. Ammonia 

Ammonia, a weak electrolyte, enters cells of many organisms by passive 
diffusion of its undissoeiated molecule (Davson and Danielli, 1952). The 
entry of ammonia into Valonia cells is dependent on the concentration dif
ference of the molecule between the cell sap and the external solution and 
on the supply of cell constituents that combine with ammonia (Osterhout, 
1935; ] acques, 1939). Yeast cells are very permeable to the ammonia 
molecule (Ayrap,"i, 1950) and, in general, the penetration of undissociated 
molecules of weak electrolytes is dependent on concentration gradients 
(Simon and Beevers., 1952). When Scopulariopsi.1} brevic(lulis, grown in a 
medium without ammonium, was supplied with an ammonium salt, it 
entered the cell more rapidly than it was removed by assimilation until an 
equilibrium 1cvel of ammonia was rcached which was not related to metab
olism but was dependent on the external concentration over a wide range 
(MacMillan, 1956). The cells were also shown to be permeable to am
monia in the outward direction and the rate of entry or loss was dependent 
on the difference between the internal and external environment. These re
sults support the view that ammonia enters the cells by the free diffusion 
of the undissoeiated molecule. The uptake of ammonia by Penicillium 
griseofulvum and by Fu.wrium graminearum was very similar (sec Fig. 2). 
The ammonia uptake, which was rapid at alkaline pH values, reached an 
equilibrium leve! after I hour. With F. graminearum there was a sharp 
drop in the ammonia uptake at pH 8.5, presumably because of the death 
of the cells. It was not established whether the high pH per SC, or the high 
jnternal amounts of ammonia, or both, produced the toxic effects. The 
equilibrium levels of ammonia in this fungus are higher than in Scopulariop
sis under the same conditions; this may mean that the internal pH of the 
cells is lower in Fusarium and the fungus is less sensitive to a low external 
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A. 

p . griseofulvum 

Hours 

15 
c 

~ 
~ 300 
~ o 
I/) 

o 

~ 200 ,.., 
:z: z 

B 

F. gramineorum 

) IOO~ __ ~~ ______ PH __ ~_4~ 
O~----~----~~ __ ~ __ _ 

2 
Hours 

:3 

I 'G. 2. Ammonia in myceli um of (A) P(' lIicillilllll gris{'o/lIll'1l1l1) and (8) FII.\"/Iri/llll 
JlTllmilll'arll11l shaken in buffers containing 0.4 mg of ammonia nitrogen per milliliter. 
From MacMillan (1956). 

pH. In this rcspect Aspergillus niger re embles Fusarium, although here 
lhcrc is a small effect of pH on the internal concentration of ammonia. 

D. Ammonium Nitrate 

When ammonium nitrate is supplied there is presumptive evidence that 
ammonia is used firSl because of a sharp drop in pH Juring early growlh, 
but no experiments wilh ]'.Il'-·-Iabelcd ammonium or nitrate radicals have 
been done. Brian el Cli. ( 1947) reported an unu~ual pattcrn in Myro
thecium vermcarill: when glucose was supplic(l. it grew readily on am
monium tartrale but scarcely at a ll on ammonium sulfale. Normal growlh 
occurred when neutral salts of organic acids were added. Growth was as 
poor on ammonium nitrate as on ammonium sulfale although the fungus 
grew well on potassium nitrate. Growth on ammonium nitrate was pro
moted by adding organic acids. Several other species including a strain 
of Scopulariopsis bre~ic'llIlis showed the same pattern. Brian el al. con
cluded that in these fungi the assimilation of nitrate is somehow blocked 
by ammonia, which was therefore used preferentially, and that for the con
tinued as imilat ion of ammonia one of a number of organic acids is re
quired. The subsequent results of Morton and MacMil.lan (1954) showed 
clearly that the primary effect of organic acids on the assimilation of am
monia in fungi was in controlling the pH drift of the culture solution since 
the fungi used were very sensitive to the adverse effects of low pH. The 
imcrnal concentration of organic acids in fungi was maintained at levels 
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that did not limit the uptake of ammonia as long as glucose was bCln t 
metabolized. 

The growth of ..')'. brevicau/i.r on different nitrogen sources is shown ill 
Table ll. About lS-20o/c ammonia was assimilated from ammonium ni-

TABLE II 

GROWTH OF Scopu/uriopsis brevicaulis ON DIFFLRf.N"] NITROGEN SOURn.s (WlrH GU;COsli 

Parameter KNOa 

Mean dry matter (mg 'Hask) 200 
Nitrogen a:ssimibtcd 100 

(~.,; of initial) 
Range of final pH 8.0 R. I 

"After Morton and MacMillan (1954). 

Nitrogen source 

NH~NO~ {NH1)~SOI (NH1)2S01 (NH.f2SO 
+ tartrate + rna/alL: 

18 12 100 225 
15 20 15 20 100 100 

J.O 3.9 2.7 J.8 3k4.4 7.5 S.U 

trate or sulfate in the first 4 days of growth, but no more was utilized, even 
after 40 days or morc. The addition of a potassium or a sodium salt of an 
organic acid permitted complete assimilation of ammonia, although the 
final dry weight varied with the type of organic acid used. On ammonium 
nitrate there was an initial uptake of ammonia after which no more nitro
gen was absorbed. This effect resulted from a low pH since the uptalc of 
either ammonia or nitrate at pH 3-4 is low (sec Fig. 3). 

~ 
15 NH3 

~ C 
E 6 
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FlO. 3. Sc()plIfariupsis hrevicalliis. Rate of uptake of ammonia and nitrate in rela
tion to pH of medium. 0-0, 0.1 M citrate pho:-.phate buffers: 0-0. 0.1 M 
pyrophosphate buffer (separate experiments). "from Morton and MacMillan (195-1). 
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The !->upprc':>sion of nitrate assimilation by ammonia appears to be a gen
eral phenomenon in fungi and is illustrated for Sco{JlIlariopsis brevicaulis 
in Fig. 4 (Left). The fungu was gro\vn fir t in nitrate, lhen ammoniu m sul
fate was added on the fourth day. The mycelium assimilated the added arn-
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FIG. 4. Scoplllllrio(Jsis brPI·;coll/i,\ . (Lefl ) Effect of mJd it ion of llmmonia on the IIp
lake of nitrate from the medium. - . Cullurc in nitrate only: ---. cullu re in nitrate 
;md ummoni:t: e , nitrate N: X. ammonia ]'. . ( RiJ(llIl Fffecl of addition of nitrate on the 
upla~c of ammonia from lhe medium. -. Culture in amnlt'nia ; -- - . cultu re in am
monia and nitrate: e . nilrnte 1'1: O . ammonia N. From Morlon and MacMillan 
1195-1). 

monia immediately at a high rate without a lag whereas the assimilation of 
nitrate was stopped within 24 hours of adlling ammonia. In another experi
ment, nitrate added to 3-day cultures of the fungus growing in an ammonia 
medium with succinalc had no ctTcct on the rate of ammonia assimilation, 
and practically no nitrate was assimilated while ammonia was still present 
tFig.4 (Right). Similar results havc been obtained with AIIl'mariu so/alii, 
Aspergillus repens, BOfryti.1 allii , C1adolporiu/II herburlll11 , Diplodia IIGlI([
/t'llsis, Mllcor r(lI1lGl lllliclll/l.\' , Myrolhedlllll I'err/u:aria. and Penicillium 
chnsogenulIl . 

When nitrate-grown mycelia or A . lIiger , B. afii, f '. chrysogen/lfn, and 
Trichoderma I'iride was transferred to nitrate, ammonium ni trate, and am
monium media, the rate of nitrate uptake was reduced by "+2-82 ~ in the 
presence of ammonia whereas the rate of ammonia uptake was reduced by 
only 6-11 % in the presence of nitrate in the first 5 hours after transfer. 
There arc, however, some species, e.g .. A. niger, A. ory ::.ae. F. gramillea
rulli, P. griseoJlIlvlIIl1, that usc nitrate simultaneously with ammonia al
though relatively more slowly. 
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Ill. ENZYMATIC STUDIES 

A. Nitrate Reductase 

1. Assimiluton' Enzyme 

The pioneer work of Steinberg (1937), who showed that Aspergillus 
niger required molybdenum when grown with nitrate as the sole nitrogen 
source. was confirmed by Nicholas and Fielding ( 1951 ). Nason and Evans 
(1953) partially purified an assimilatory nitrate reductase from NeurOJp01'll 
crassa which reduced nitrate to nitrite with reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) as thc hydrogen donor: 

NO. + NAOPH + H' -" NO,- + NADP + HcO 

The enzyme, which was shown to contain flavine adenine dinucleotide 
(FAD). was inhibited by cyanide and various metal-chelating agents. Al
though a metal requirement was jnferrcd, the authors obtained no response 
with several metals including molybdenum. Subsequently it was established 
that molybdenum is a functiona1 constituent of nitrate reductase (Nicho1as 
el 01., 1954; Nicholas and Nason, 1954a.b; Nicho'as. 1959a.b; Nicholas 
and Stevens, 1955). The metal, which concentrated in purified fractions of 
the enzyme to the exclusion of others, was removed by di~11yzing the enzyme 
against cyanide and glutathione. The apoenzyme was reactivated specific
ally by molybdenum. The enzyme freed of the micronutrient transferred 
electrons from NADPH to FAD and thencc to suitable redox dyes. but 
not to nitrate. When molybdenum was returned 10 the apoenzyme, nitrate 
was reJuced. Thus thc metal links the flavine component to nitrate. Molyb
date reduced with sodium hydrosulfitc mediated the enzymatic reduction 
of nitrate, which was una!Teeted by flavine. The most reduced state of the 
hydrosulfitc-treatcd molybdate was valence 5+, and this was an effective 
electron carrier in the system after Havinc (Nicholas and Stevens, 1955). 
Jt is likely that two molybdenum atoms are required to e!Tcet the two-elec
tron transfer to nitrate: 

NADPH +H+ 
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Since the enzyme has a phosphate requirement at the molybdenum site 
which can be replaced by tellurate, arsenate, or selenate. it is likely that 
these complex with mOlybdate in the enzyme (Nicholas and Scawin, 1956; 
Kinsky and M cElroy, 1958). The phosphomolybdate complex may facili
tate the oxidation-reduction between flavine and nitrate. It is known that 
the chemical reduction of these anion- molybdate complexes is more read
ily accomplished than is th at in hexavalent molybdate solutions alone . It 
has been suggested that the phosphomolybdic complex prevents "over
reduction" of molybdenum in the enzyme. Further evidence th at molyb
denum is involved in electron tra nsfer in the enzyme has come from recent 
studics with electron paramagnetic resonance studies (EPR) with the puri
fied enzyme from Neurospora. An enzyme with similar properties has been 
prepared from H ansellll/(/ anoma/a by Silver ( J 957). 

Kinsky and McElroy ( 1958) observed that NA DPH:cytochrome c rc
ductase acti vity closely paralle led that of nitrate reductase during purifica
tion (see Fig. 5). They suggest that one enzyme system is in volved in 
nitrate and cytochrome c reduction . A flavine reductase is the first rate
limiting step for both systems and a molybdoprotcin is essential for nitrate 
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FIG. 5. Effect of nitrale concenlralion on the aua pli ve forma tion of n itrate a nd 
cytochrome c reductase activity. Neurospora was grown at room te mperature wilhout 
forced aeration in basal growlh medium con taining the foll owing (grams per liler) : 
NH.CI, 1.0; KH,PO •. 1.0: MgSO,. 0.5; NaCi. 0.2: CaCI •. 0.2: suc rose, 20.0: sodium 
tartrate. 5.0; biotin. 5 /log: Irace element \olution. 5 ml. Fifty milliliters of medium was 
dispensed in 250-ml Erlenmeyer nask~. and various amounts o[ ~odium nitrate were 
added as indicaled on tbe ab~cjssa. After J days' growth, mycelia were harvested and 
crude extracts \\ere prepared and assayed for en1.yme aClivily. From Kinsl..y and 
McElroy ( 1958) . 
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reduct ion using reduced F M N as the hydrogcn donor. Kinsky ( 196 1 
sho\.\cd tha t ~ADPH cytochrome c reductase and nitrate reducta~e wcr 
induced in paralle l fashion in Neurospora, ac; il lustrated in Fig. 6. 

Sorger ( 1963) found that sucrose density gradient preparations of crud 
extracts of Neurospora had nearly identical activity profiles for the tw 
activities. From genetic studics with mutants of Neurospora and Aspel 
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gillus, it was concluded that there was one genetic locus for NADPH to 
flavine and another one for the reduced flavine to the molybdenum pro
tein (Fig. 7). 

2. Dissimilatory Enzymes 

A dissimilatory nitrate reductase is also present in fungi grown under 
semi-anaerobic conditions when the oxygen supply is limiting (Walker and 
Nicholas, 1961 b). As in the comparable bacterial system, the enzyme re
quires iron as well as molybdenum for its activity (Fewson and Nicholas, 
1961b). It was found that reduced methyl or bcnzyl viologen is the most 
effective hydrogen donor, and under these conditions there is no flavine 
requirement. Although NADPH is an effective donor for the assimilatory 
enzyme, it docs not function for the purified dissimilatory system. 

It is now clear that the assimilatory and dissimilatory nitrate reductase 
systems in fungi differ only in the penultimate electron transfer sequence 
to the terminal nitrate reductase which is a molybdenum-containing pro
tein (Fig. 8). 

DISSIMILATION 
CytO('hrOlUC 

u"ida~t' 

r Cytochrol11cs -- ----+ 02 
1 nitrut(' reduduse 

NADPH ~ FAD· ----------- MO ---- -__' NOJ- ---7 N02-

; 
ASSIMILATION Reduced viologcn dyes 

FIG. 8. Alternative pathways of electron transfer to nitrate and oxygen in fungi. 

It is of intercst that a purificd nitrate reductase from Neurospora, using 
reduced benzyl viologen as the hydrogen donor, does not contain NADPH: 
cytochrome c reductase activity and is composed of a molybdenum-con
taining protein only. Thus the penultimate electron transfer sequence to 
nitrate has been removed from the terminal molybdenum protein. The 
lattcr functions as the nitrate rcductase with reduccd benzyl viologen as 
the donor (Nicholas and Wilson, 1964). 

3. Enzyme inductioll 

Nitrate reductascs so far examined in fungi are induced by thcir sub
strate, nitrate. The presence of ammonia in the nutrient often reduces en
zyme activity in the mycelium. Thus in Scopllluriopsis brevicalllis the 
enzyme is suppressed by ammonia even when nitrate is provided (Morton, 
1956). This effect occurs in vivo, but not in vitro. Kinsky (1961) showed 
that ammonia, the end product of nitrate reduction, deere as cd the forma
tion of nitrate reductase in Nellrospora. This is an example of a "feedback 
inhibition," i.e., inhibition by the end product of a reaction, and is anala-
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gous to similar effects reported for various metabolic pathways in bactcria. 
It probably provides a physiological control of nitrate utilization in fungi. 

B. Nitrite Reduction 

The immediate reduction product of nitrate in fungi is nitrite. The assimi
latory pathway from nitrite to ammonia is not as clearly defined as is the 
conversion of nitrite to nitric oxide and nitrogen gas which occurs during 
denitrification in bacteria. 

A nitrite reductase isolated from Neurospora by Nason et a/. (1954) re
duced nitrite to ammonia when NADH was the hydrogen donor, but 
NADPH was ineffective. The enzyme, which was stimulated by FAD, was 
inhibited by metal-binding agents such as cyanide, 8-hydroxyquinoline, 
and salicylaldoxime. After being purified fiftyfold by Nicholas et a/. (1960), 
the enzyme contained FAD, copper, and iron. They proposed that copper 
is required for the terminal step, coupling the electron transfer sequence 
to nitrite. During this reaction univalent copper reduces nitrite nonenzy
matically and the divalent copper is then enzymaticalIy reduced by the 
penultimate donor system: 

NADPH -j> FAD ~ cytochrome ~ CuH ~..". NO~-. 

This enzyme has strikingly similar properties to the nitrite reductases 
from dcnitrifying bacteria, e.g., Pseudomonas slIItzeri (Chung and Najjar. 
1956a; P. aeruginosa (Walker and Nicholas, 1961 c). It is of intercst thai 
the purified nitrite reductases have cytochrome oxidase activity. 

C. Nitric Oxide Uptake 

Nitric oxide has been identified as a product of nitrite reductase in de 
nitrifying bacteria (Chung and Najjar, 1956a, b; Fewson and Nichola.' 
J 960), and there is evidence that the purified enzyme from Nellrosl'or 
also yields nitric oxidc (Walker and Nicholas, 196Ic). It has also hee 
shown that under strict anaerobic conditions, nitric oxide is readily take 
up by a range of microorganisms including fungi, Iron deficiency depress( 
the uptake of nitric oxide by these organisms. Although it is clear th 
nitric oxide is an intermediate in bacterial denitrification, there is insuf 
cient evidence as yet that nitric oxide, or a compound with which it cquili 
rates, is en route to ammonia during nitrate assimilation in fungi. 

D. Hyponitrite Reductase 

An enzyme system has been found in Neurospora \vhieh catalyzes t 

reduction of hyponitrite to ammonia. This enzyme, which requires NAD 
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is distinct from nitrite reductase since the latter does not util ize hyponitritc 
(Medina and Nicholas, 1957). Since hyponitritc is unstable they followed 
enzyme activity by changes in cxtinction at 245 mJA. for hyponilrite: this 
occurred rapidly when NADH was added with the enzyme. A pyridine 
nucleotide-linked hyponitrite reductase has also been found in bacteria 
(McNall and Atkinson. J 957) and in higher plants (Vaidyanathan and 
Street, 1959 ). Nitroxyl. nitrous oxide, nitramide, and dihydroxyammonia, 
which are at the samc oxidation level as hyponitritc ( + 1 charge for the N 
atom) . all have been suggested as possible intermediates in nitrite reduc
tion. but experimental loupport fo r them is scanty. It has been suggested that 
a compound like nitroxyl (NOH) containing one nitrogen atom is an inter
mediate in nitrate reduction and that this is in equilibrium with hyponitrite, 
which can decompose to give nitrous oxide. T his scheme would be similar 
for the assimilation and dissimilation of nitrate (Fig. 9). 

OXidation/ r eduction 
state of N atom 

- 1 

-3 

NO 

I ..... -;::N20 2 ' t ;/ "-,.,/" ........ , 
(NOH)~ NzO 

NH}OH t l,hibit,d by " .. Ide . .. ld, .. d 
~ 2, 4 - dinitroph enol 

NH..-
---- enzymatic 
----- nonenzymatic 

FIG. 9. Scbeme for the nitrate reduction wi th nitroxyl (NOH) as an inte rmediate. 

The following lines of evidence support this scheme: (I) Nitrous oxide 
has frequent ly been reported as a product of deuitri(ication, and it is likcly 
to be formed nonenzymatically when some intermed iate at the nitroxyl or 
hyponitrite level accumulates. Thus it is possibl e that under some condi
tions the intermediate is formed al a greater rate than it can be reduced. 
The compound would then dimerize to give hyponitrite with subsequent 
decomposition to nitrous oxide and water. (2) The ex istence in solution of 
hyponitrite or nitrous acid also explains the nitrogen ·' Iosses·' observed by 
several investigators, who measured on ly nitrate, nitrite, and nitrogenous 
gases, ammonia, and ccli protein during denitrification. (3) This scheme 
ex-plains the utilization of hyponitrite (Medina and N icholas, t 957a,b; 
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McNall and Atkinson, 1957). Thus hyponi tritc would exbt in equilibrium 
with the intermediate ami woulll also produce nitrous oxide; either of these 
might then be used enzymatically. (4) The true intermediate in nitrate as
similation is li kely to contain only o ne ~ atom. as is the case for the likely 
intermediates, c .g., nitrile , nilric oxide, hydroxylamine, and ammollia. An 
intermediate stich as hyponitrite o r nitrous oxide would involve the con
sccutivc formation and breakage of a N-N bond, which, although possible, 
seems to be unlikely. It is apparent that should nitroxyl, or a similar com
potlnd at the same oxidatio n level, be an intermediate in nitrate assimila
tion and in denitrification , then there must be l\'!o pathways for its reduc
[iun; the first to give hydroxylamine in the ass imilatory sequence anu [he 
other to produce nitrogen gas. At present it is not known whether these 
reductions take place (Fcwson and Nicho la J 196 I a) . 

E. Hydroxylamine R eductase 

The assimilalory reduction of hydroxylamine to ammonia has been 
demonstrated in a wide range of microorganisms (Nicho las, 1959a,b; 
Walker and Nicholas, 196 I a) . H ydroxylamine reductase is usually less 
active in fungi grown without nitrate. Thus in Neurospora a NADH-hydrox
yla mine reductase has been identified which has the fol1owi.ng stoichio
metry: NH:!OH + NADH + H + ~ NH :l + NAD + H ::O. The enzyme is 
a flavoprotein inhibited by metal-chelating agents. Enzyme activil), is much 

25 

C 180 
iii S e 20 ~ 
0. K '" 160 .5 I ~ 15 0/ .~ "' ..... E 
Q 140 0 

" 
N 

--~ 10 '" :J: 
0 Z 
<t )( 

120 
.. 

r<> I ~ w 
<l 5 )( ? I / 

100 

0 
0 2 .3 4 

).1.9 Mn/200ml culture solU11Otl 

rIC. 10. Hfect or manganc-.c content of culture solution on hydroxylamine reo 
ductase in ccii-free extracts {)f N('lIrU.I"{,lIra mCII,ured oy two independent mcthexh: 
NADH oxidation at 340ll, 0 - 0 ; and N H. prOduction in Conway Units, x- x. 
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Iced in extracts of mycelium deficient in manganese or in magnesium as 
YI1 in Figs. 10 and 11. The effects of metal deficiencies on nitrite, hy-

12 

o~~ __ ~ __ ~ __ -L __ ~~ 

o 20 40 60 80 100 500 

mgMg /200ml CUllure$OlullOn 

IG. II. Effect on magnesium content oC culture solution Oil bydroxylamine re
.ase in ccli-free cxtracts of Nellrospora measured by NADH oxidation at 340 

litrite, and hydroxylamine reductases in NeuroS{Jora based on ammonia 
,ductiO.n are shown in Table In. 

TABLE III 

FfECTS OF METI\l. DEFICIl-.NClES ON NITRrrE, HYPONITRITE. I\ND HVDROXYl.I\MINE 

REDUCTASES IN Neurospora CfIISS(1 (BASED ON AMMONIA PRODUC:TlON)" " 

luclase enzymes Omit Fe Omil C u Omit Mn Omit Mo Omit Zn 

rite 22 36 53 100 68 
ponitritc 51 53 60 100 100 
droxylamine 100 100 57 100 95 
ight of mycelium 32 43 4 1 40 59 

Afler Medina and Nicholas (1957b) . 
. Values as percentages of those in norma l mycelium. 

In considering these e{fccts it is clear tbat any metal deficiency affecting 
~ hydroxylamine or hyponitrite systems would also inhibit nitrite re
.ctase, provided the reductive palhway to ammonia involved these inter
~diates. Thus a deficiency of manganese that reciuced hydroxylamine 
ductase also depressed nitrite and hyponitrite reductases. A deficiency of 
agnesium was also found to restrict hydroxyhJminc rcductase (NichoJas, 
)59a,b). A lthough manganese and magnesium were necessary for the 
rmation of the enzyme, neither metal accumulated in purified fractions 
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of the enzyme, nor did their addition stimulate the enzyme. It is likely that 
the two metals arc required for the formation of the enzyme rather than 
for its action. The enzyme requires phosphate for maximal activity, but this 
effect can be produced also with arsenate or pyrophosphate. 

F. Ammonia Utilization 

The production of ammonia from hydroxylamine has been shown to 
occur in several microorganisms, and large amounts or ammonia have been 
found in the culture medium during dissimilatory nitrate reduction by 
spore-forming bacteria (Klaeser, 1914; Verhoeven, 1952). Ammonia has 
been considered by the Wisconsin school (Wilson, 1958) as the "key 
intermediate" in nitrogen fixation, i.e., the final inorganic product of fixa
tion before incorporation into organic compounds. It has generally been 
considered to playa similar role in assimilatory nitrate reduction (Ver
hoeven, 1956; Nicholas, 1959a,b). Glutamic dehydrogenase prepared from 
Neurospora was shown to aminate n-kctoglutaric acid with ammonium ions 
forming glutamic acid. Zinc was required for enzyme formation (Nicholas 
and Mabey, 1960) and is thus similar to the enzyme from animal sources 
(Vallee, 1955; Adelstein and Vallee, 1958). There is no doubt that this 
is a key enzyme in the production of organic nitrogen compounds in fungi. 
Silver and McElroy (1954), who found that Neurospora mutant 2003 
lacked glutamic dehydrogenase activity, suggest that ammonia enters or
ganic substances through unspecifIed reactions since its growth on am
monia appeared to be unimpaired. 

c. Ret/lictloll of Orgallic Nitro Compounds 

There have been several suggestions in the literature that nitrate 'and/or 
nitrite arc bound in organic complexes before reduction (Burstrom, 1946; 
de la Haba, 1950). Biochemical mutants of Neurospora crassa blocked at 
various points in nitrate reduction were studied by Silver and McElroy 
(1954). Cell-free extracls of four mutants showed that the genetic block 
affected the apoenzyme of nitrate reductase either directly or indirectly. 
1n two strains no nitrate reductase was found; another had detectahle 
enzyme only in mycelium grown .at pH 6 or greater, and the fourth strain 
produced a heat-stable inhibitor of the enzyme prepared from the wild
type strain. Five different types of nitrite mutants were examined. Two 
accumulated hydroxylamine and nitrite in the culture medium, another was 
pH sensitive and required pyridoxine for growth. When the vitamin Was 
limiting, nitrite accumulated and nitrite reductase activity was reduced. 
Silver and McElroy postulated a scheme (Fig. 12) to explain lheir results. 
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They suggested that pyridoxine operates directly or indirectly in mtnte 
reduction by the condensing of free hydroxylamine with pyridoxal phos
phate to form oxime. The oxime could then be red uced to the amine, which 
would then undergo transamination reactjons to regenerate pyridoxal phos
phate. Attempts to reduce the oxime of pyridoxal phosphate, however, 
bave not been successful with extracts of Neurospora. The oximes of pyru-

NO,---- NO;--?---- NH20H 

l__________ pyridoxal f phoSphate ---v---- amino acid 

pyridoxal oxime 
phosphate 

L pyridoxamine 
phosphate -_....__- - OI-keto acid 

FIG. 12. Scheme of nitrate reduction postulated by Silver and M cElroy (1954). 

vic acid, cy-ketogltltaric acid , and pyridoxal phosphate labeled with CI-I
carboxyl have been prepared, but there is no convincing evidence that any 
o( them are reduced to the correspond ing amino acid since all the Cl-I was 
recovered in the corresponding a-keto acid, apparently after release of hy
droxylamine which is then converted to ammonia (Nicholas, J959a,b). 
Another pyridoxine-requiring mutant showed no inc rease in its requirement 
for pyridoxine whether grown on nitrate, nitrite, or ammonia. Pyridoxine 
deficiency resulted in a marked accumulation of ammonia in the medium, 
presumably because of the suppression of the pyridoxine-dependent trans
amination processes (Nicholas, 1959b). Thus it would appear that ammonia 
is an obligatory intermediate in the reductive sequence and that the oxime 
(ormation may provide a detoxication mechanism only since there is no 
evidence that oximcs are reduced directly to amino acids in fungi. 

1t is of interest that ferredoxin has been implicated in nitrite and hydrox
ylamine reductases in anaerobic bacteria, e.g., Clostridium pasteurianum 
(Mortenson et al. , 1962; Valentine el al., 1963) and in higher plants 
(Losada et al., 1963) , but ferredoxin has not been found in fungi. 

Reports of the reduction of aromatic nitro c:)mpounds in animal tissues 
(Lipschitz, 1920) and in bacteria (Saz ar:d Slie, 1954a,b) were followed 
by those for Neurospora (Zucker and Nason, 1955). In Neurospora an 
enzyme system has been described that reduced m-dinitrobenzene to m-ni
troaniline via m-rutrosonitrobenzcne: 
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& 
NO NHOH 

& Q Q 
NO, NO, NO, NO, 

There may be three enzymes involved here, and they appear to be l11('tal
dependent flavoproteins, but the metals have not been identified. The ell
zymes have a hroad specificity for various nitroaryl compounds although 
chloramphenicol and furacin arc not vcry reactive as substrates. These en
zymes, unlike nitrate, nitrite and hydroxylamine rcJuclascs, arc prescnt in 
mycdium grown with ammonium ':'.alts. These enzymes do not appear to 
function in the assimilation of nitrate since there is no evidence that any of 
these compounds arc incorporated into amino acids. Thus these compounds 
may serve as suitable electron acceptors for enzymes in Nellrmpora in a 
nonspecific way. Westerfield el al. (I YS7) found that Aspergillus niger 
reduced p-nitrobenzene sulfonamide to !J-aminobenzene sulfonamide ami 
implicated an iron-dependent flavoprotein enzyme. 

The Jack of success in finding an organic reductive pathway for nitrite 
docs not rule out the possibility that it exists. The evidence from nutrition 
experiments including trace metal deficiency studies, isolated enzymes, bio
chemical mutants. and comparative hiochemical srwJics strongly suggest.~ 

that the inorganic reductive pathway (Fig. 13) is a physiologically im
portant rout..: in fungi. 

There i~ no convincin~ evidence that the organic reductive sequence in-
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rl(,. D. lnor~anic redllctive pathway for nitrate. 
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volving either the conversion of oximes to amino acids, or the reduction 
of aromatic nitro compounds, has assimilatory significance in fungi. The 
formation of oximes may bc regarded only as a detoxication mechanism 
for removing hydroxylamine, which inhibits growth; the oximes arc hydro
lyzed and the hydroxylamine formed is reduced to ammonia by hydrox
ylamine reductase. 

IV. HETEROTROPHIC OXIDATION OF INORGANIC 
NITROGEN COMPOUNDS 

The oxidation of inorganic substrates by chemoautotrophic bacteria, e.g., 
ammonia and hydroxylamine by NitrosonlOllas and nitrite by Nifrobacter, 
arc well known. Some heterotrophic fungi also oxtdize ammonium ions to 
nitrite and nitrate. Thus Aspergillus aureus and A. batatae, as well as 
strains cf Penicillum form nitrate from nitrite during growth in a peptone 
medium, and A. wentii and A. /lavlls co': vert ammonium ions to nitrite 
and thence to nitrate under similar conditions. Eylar and Schmidt (1959) 
have made a comprehensive survey of nearly a thousand heterotrophic 
fungi and found that thirteen strains of A. {favus oxidize ammonia to nitrite 
and nitrate. The fungus was shown to produce bound hydroxylamine, ni
trite and nitrate when gro\vn in a medium containing peptone, amino acid~, 
or ammonium salts. It is claimed that j3-nitropropionic acid was present in 
the culture Illtrates. Treatment of the culture medium, containing an am
monium salt, with alumin<.i prior to inoculation with the fungus, inhibited 
nilr:il!.! or nitr:;'lt~ (or:m~\t\on, but m.1t that ot bound hydHn.ylamine. The ac
tivity was restored by returning cerium chloride (10 "M) to the medium. 
The fungus contained an active peroxidase capable of producing nitritc 
from j3-nitropropionic acid. A role for peroxidase in the oxidation of am
monia to nitrite has also been suggested for some heterotrophic bacteria 
by Kuznetsov (1950). Recent work with cell-free extracts of A. wentii has 
shown that the oxidation of ammonia to nitrite and nitrate (see Fig. 14) is 
stimulated on the addition of a suitable electron carrier such as cytochrome 
e (Alecm et ,,[., 1964). They established that the oxidation of hydrox
ylamine to nitrite and of nitrite to nitrate is mediated by their respective 
cytochrome c reductases. The addition of NADP also stimulated the oxida
tion of amml'nia, hydroxylamine, or nitrite to yield nitrate. Although 
,B-nitropropionic acid has been suggested as a possible intermediate in 
heterotrophic nitrification, results with cell-free extracts of A. flavus, A. 
wentii, and P. alerovenaturn suggest that an inorganic route involving hy
droxylamine, ~imilar to the one in nitrifying hacteria, is the main pathway 
for ammonia oxidation in these heterotrophic fungi. 
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FIG. 14. The pallern of ammonium oxidalion by cell-free ex lntCb of As("'''/, 
1\'(' /1/;;. Reaclion mi xtu re containeli 2 .0 ml of cell-free ex tracts. 0 .2 1111 of 2% ( 
chrome c. 0. 1 1111 o f NADPH (3 mg/ml). 10 J1moles of (N H ,) , HPO,. and 0 .1 /1,[ 
buffer, pH 11.0 to make (\ 101al volume of (0 mf. Samples of 0.5 ml were laken ever) 
rni lllltes and testeu for the formation of N H"O H ( ()). NO" ( . 1. and NO,- 0 ~ 
Aleem e / (ti. l 1964). 

V. AM INO ACID METABOLISM 

The uptake of amino acids by fungi has not been exlen~i vely ~IUl 
Mathieson and Catcheside ( 1955) found that the growth of a histidin 
quiring mutant of Nellrospora crassa was inhibited by certain o ther al 
acids in combination with lysine and arginine. The addition of the 
acid dcrivative of the reqUired amino acid was found to overcome th 
hibition by certain other amino acids in Neurospora (Brockman e, 
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1959). They suggest that the keto acid docs not compete with the inhib
itory amino acids for a permease. Zalokar (1 960) showed that the initial 
rate of uptake of CJ '- Iabeled amino acids was linear with time and was 
higher than the rate for their incorporation into proteins. J ones ( 1963) 
fonowed the r ate of uptake of CI l- labeJed amino acids in B OIr),li J" j abal? 
from aqueous solutions. H e found that uptake varied with age of the 
fungus, pH of culture medium, and the concentration of the amino acid 
(Fig. 15 ). Both L- and D-isomers were accumul ated , but therc appeared to 
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FIG. 15. T he effect of amino acid concCnl ration on rate of uptake by BOlrylfl 
labal'. Mycelia l pellets were suspended in amino acid ~olu lions of the indicated 
strengths. and the fate of uptak.e was measured . .l, G lycine; . , L-valine; • . L-ly~i ne; 
O. L-lryptopbao. From Jones ( 1963). 

be a greater affinity for the L-isomer. U nsubstituted -NH:! and -eOOH 
groups were necessary f()r the process, which was constitutive and was 
inhibited by uncoupters ()[ oxidative phosphorylation, as shown in T able 
IV. Competi tion experiments with several amino acids suggested that the 
process of concentrati ng the amino acids in the mycel ium was common 
to all types. Although both peptides and amines were accumulated , they 
did not compete eITectivcly with the up take of amino acids. The lack of 
specificity in (he uptake of various amino acid~ in fungi is in marked con
trast to bacteria (G. N. Cohen and M onod, 1957) and resembles the re
sul ts with animal tissues (Finch and Hird , L960). 

1L is unnecessary to cOl1sider in dctail the metabolism of amino ac ids in 
fungi since the pathways havc so many features in common with the bac-
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tcria. P. P. Cohen (1954) , Greenberg (1954), McElroy and Glass (1955) , 
and Cochrane (1958) give excellent reviews of th is topic. Brief mention 
will be made o[ some features of the utilization of amino acids in fungi. 

Very few fungi arc unable to utilize ammonium nitrogen and they depend 
on amino acids. Some phycomycetes, e .g., BlaslOcladiella emersonii, Sapro
lnyces e/ongallls, and Leplomillis lac/ells, utilize amino adds but not am
monia. Some rcports in the literature that ammonium nitrogen is not suit
able for some fungi may be unreliable since the pH of the culture mediurr 
may not h ave been adequately bufTered during growth. 

TABLE IV 

Tr{E EfFECT or INHIBITORS ON Tift UI'TAKE OF 10 ' ,I.-, 1.- llISTlDrNE IlY Botr}ltis Jab(Jl! 

Inhibitor 

2.4- Dinilrophenol 
lA-Dinitrophenol 
Na azide 
Chloramphenicol 
8-0H quinoline 
Slreptomycin 
Tetramclhyllhillramdisulfide 
Zn-dimelhyldithiocarbamate 
Fe-dimethyldithiocarbama1e 
2,4-DichlorphenoxyaceLic acid 

" From Jones (1963). 

Concentration 

19-' M 
10 'M 
10 ' I\f 

5 X 10 'M 
2X 10 '/II 
5 X 10 'M 

Satd. ~olution 

SaId. solution 
SaId. solulion 
4 X IO-L 1'1/ 

Inhibition 
(%) 

30 
96 
72 
o 

15 
60 
68 
34 
44 
61 

Amino acids are utilized directly by most fungi, and the evidence ava 
able suggests that they are incorporated directly inlo protein and are r 
degraded first to ammonia. Free amino acids arc readily detected in fun 
Glycine, asparagine, glutam ic acid, and a~partie acid in well-buffered c 
ture media usually support good growth of a variety of fungi although tr 
arc not equally cJTective. Leucine, although utjJized by Tri<;hoph)'l 
persico[or, is not a generally good SOll rce of nitrogen; neither is tryptoph 
which supports a partial growth of the actinomycete Streptomyces coelicol 

In many fungi growth is often best on a mixture of amino acids, ( 
others grow well when amidcs arc supplied. Thus asparagine serves bel 
than aspartate for Trich%ma imbricatum, Pyricu/aria oryzae, Ler 
grophium sp. , and Phycomyces blakesleetll/lis. Whether this results fr 
the extra nitrogen in the amide or from belter buffering capacity of 
medium in its presence is not known. There is evidence that some fl: 
utilize the amide nitrogen of a~paragine or glutamine more rcadily than 
amino nitrogen. Glutamine is readily utilized by Triclwloma gambo~ 
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anu hy other basidiomycetes. Asparagine has heen shown to favor peri
theeial uevelopment in Diaparthe phaseolarum. 

Specific amino acid requirements may be induced by mutation in many 
fungi hut are uncommon in nature, and when they occur naturally they 
arc more often partial rather than absolute requirements. Thus Mycena 
rubromarginlila responds to the aromatic amino acids tyrosine or phenyl
alanine but grows without either, Cenacaccurn f!,rlIlliforme has a partial re
quirement for histidine, and Eremolhecium ashhy;i requires several amino 
aeids only when grown in acid medium. Increased growth with cysteine 
and methionine is often related to a sulfur rather than a nitrogen require
ment. When i)-isomers of amino acids are utilized it is usual to find D-amino 
acid oxidase activity resulting in the release of ammonia, which is then in
corporated into L-amino acids. Racemases which interconvert D- and L

forms arc known in bacteria but not in fungi, although there has been no 
comprehensive search for them. The 0- and L-amino acid oxidases in ani
mal tissues arc flavoproteins that mediate the following reactions: 

R- CH(NH,)COOH + ,0, -, R.CO.COOH + NH, 
amino acid a-keto acid 

The keto acid is usually decarboxylated, especially when catalase is 
absent: 

R-CH(NH,)COOH + o,~ R.COOH + NH, + co, 
The effect of D-amino acid oxidase of Neurospora ("f"ass(( on various 

amino acids is shown in Fig. 16 (Horowitz, 1944). The L-amino acid oxi
dase also found in NClIrm'[Jora is thought to be a Ilavoprotcin. This en
zyme converts lysine to its keto analog, _l' -dehydropipecolic acid, \vhich 
may then be reduced to pipecolic acid. 

Serine dehydrase present in many fungi deaminat(:s nonoxidatively L
serine and L-threoninc, forming pyruvate and (I-keto butyrate, respectively. 
Neither D-serine nor D-threonine is used as a substrate by D-amino acid 
oxidase from N. CWSWI. Aspartase which converts aspartic acid to fumaric 
acid and ammonia is pr(:;;cnt in lV, crossa, Penicillium 1I0/alum, and in 
many other fungi. 

The well-known transamination processes in animal and bacterial cells 
which require pyridoxal phosphate, also occur in fungi: 

HOOC.CH,.CH,{NH,)COOH + R.CO.COOH ~ 
L-glutamic acid a-keto acid 

HOOC.CH,.CH, CO.COOH f- R.CH.(NII,).COOII 
a-ketoglutaric acid a-amino acid 

Glutamic acid, which IS probably the main donor of amino groups in 
transamination reactions in fungi is converted to n-ketoglutaratc. Mutants 
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8O.-------r-----~------~------~------_r------~ 

60 120 180 
Time ,minutes 

FJG. 16. The oxidation of some amino acids by the o-amjno acid o:<.idasc system 
of Neurospora ('rassa. Curves 1- 6 represent. jn sequence. tbe rale of oxidation 01 
methionine, leucine, isoleucine, vaHne, lysine, and ornithine. The horizontal dashec 
line is drawn at lhe theoretical value for the complete oxidation of the o-isomer. Re· 
drawn from Horowitz (1944). 

of N. crassa which lack glutamic dehydrogenase have a requirement for an: 
of several other amino acids, suggesting that these amino acids act a 
donors in transamination. Glutamic decarboxylase, which yields y-amino 
butyric acid, has been found in many fungi including Neurospora, PeniciJ 
liuln chrysogenum, and Endomycopsis vernalis. It is known that in man 
strains of Aspergillus, Neurospora, and Endomycopsis, y-aminobutyri 
acid dona tes its w-amino group to a-ketoglutaric acid to form L-glutam! 
acid: 

H~N.CH2.CH~.CH~.COOH + HOOC-CH •. Cl-l •. CO.COOH -) 
HOOC.Cl-l •. CH".CH(NH.).COOH + CH •. CH,.CH,COC 

L-glulamic acid bUlyric acid 

It is beyond the scope of this chapter to cO:1sider the biosynthesis 
amino acids so brilliantly exploited by the use of biochemical mutants 
fungi, e.g., Nellrospora and Aspergillus. Adelberg ( 1953) has conclud( 
however, that present-day techniques with isotopes, isolated enzymes, a 
biochemical mutants which are blocked at various points in a biosynthe 
pathway, cannot establish unequivocally that a given metabolite is an int 
mediate in a vital process. 

Some of the interconversions studied by means of biochemical muta 
of Neurospora crassa and Aspergilllls species may be mentioned brie 
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Glutamic acid is a starting point for ornithine synthesis; according to Vogel 
(1955), it proceeds via glutamic semialdehyde, but there is no evidence 
for acetylatcd intermediates as found in bactt.::ria. Recent work suggests that 
the ornithine eycle operates in a number of fungi, resulting in arginine 
which is readily incorporated into protein. Proline and hydroxyproline arc 
derived from glutamate via :"-pyrroline-5-carboxylic acid. Glycolic and 
glyoxylic acid.s arc precursors of glycinl" and glutamic acid serves as a 
suitable donor of the amino group. The sequence from cysteine to methio
nine involves cystathionine and homocysteine, and it is suggested that as
partic aciu anu homoscrine arc precursors of homocysteine and methionine 
as in yeast and bacteria (Black and Wright, 1955). The two dihydroxy 
acids considered to be precursors of isoleucine and valine are a,/3-dihydroxy
iJ-cthylbutyric acid and a,fl-dihydroxy-fl-methylbutyric acid, respectively, 
which arise from pyruvic acid and threonine (Adelberg, 1955). 

Aromatic amino acids arc derived from glucose in fungi with shikimic 
and prephenic acids as possible precursors (Tatum et ai., 1954). 

Much more work is required to elucidate biosynthetie pathways for 
amino acid synthesis in fungi by using other types of fungi in addition to 
the wcll-tri!.::u mutants of Neurospora and A.'pergillus. 
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CHAPTER l~ 

Integration of Cellular Metabolism 

MARKO ZALOKAR 

Department of Biology 
Ulli~'ersily of California 
Sail Diego, California 

I. INTRODUCTION 

Most of the knowledge of cell biochcmistry was obtained by studying 
ccli functions separately under aniticial, but controlled, conditions. The 
tosk of integrating this knowledge has the inherent danger of ending by 
the enumeration of so many facts. The best that one can hope to achieve 
is to assemble the facts in such an order that it will bring together cellular 
events which have been studied separately, illuminating their relationships 
ano their meaning in ccII function, growth, and differentiation. 

The first task will be to unify morphological and chemical knowledge 
into a chemical morphology of a cclI. In essence, observable structures 
should be explained by their molecular composition. The second task, will 
be to look at the structures as functional units, each taking a special part 
in cell metabolism. The third and mOst difficult task will be to sec how 
the functions of all these cell components arc correlated so that they enable 
the ccli to exist, to grow, and to reproduce. 

It is difficult to restrict such a discussion to fungi as much work perti
nent to the problem was done either on bacteria or mammalian cells. In 
fungi, most experimental work has been done on a few species. Fungi are 
a heterogeneous group and what is true for one taxon may not apply to 
another. The growth habits of fungi and their cell forms are, also, quite 
diverse. Therefore, this discussion will be restricted to the vegetative, mul
tinuclear (cocnoeytic) hypha, such as is found in phycomycetes or in many 
ascomycetes ~tnd to the yeast cclI. 

377 
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II. LOCALIZATION OF CHEMICAL CONSTITUENTS 
IN THE CELL 

A. Methods 

The two most important methods for localizing chemical constituents 
in the cell arc centrifugal fractionation and cytochemistry. Neither of these 
methods is beyond criticism, because each one introduces some kind of 
injurious manipulation of the cell. Therefore, the results of all the methods 
should be compared and their relative merits assessed. If a certain enzyme 
is found associated with a certain particle by differential centrifugation, 
the result becomes more reliable if the same association is observed by 
cytochemical methods. If another enzyme is found in the soluble fraction 
of a homogl:nizcJ cell preparation, but is localized by a cytochemical 
method, one must attach more jmportancc to this J.11tcr rcsu]t. 

J. Centrifugal Fractionation 

Centrifugal fractionation is applied to broken-cell preparations to iso
late cell particles which presumably have their counterparts in living cells. 
The chemistry and functIon of these particles can then be studied and the 
results projected into an intact cclI. There are several reviews describing 
the method and its results, mostly as it applies to mammalian cells (AlIfrey. 
1959; de Olive et {I/., 1%2). Table I indicates the fungi studied by this 
method and the organelles isolated. 

Breakage of cells may introuuce many artifacts not present in the living 
cclI. The harsh process of grinding cells, or breakage in some other way. 
may fragment cellular structures, so that what is collected may be only 
fragments of a ccli organelle. There can be no doubt that many mito
chondria arc sO fragmented, since they can exist as filamentous structures 
in a living cell. Microsomes arc fragments of a more or less extensive 
lamellar system of the ccli, the ergastoplasm. The breakdown products of 
cell nuclei may be recovered in other ccii fractions (page 393). Cell com
ponents often associate in centrifuged homogenate . .; with fractions from 
which they are separated in the cell. In Neurospora homogcnatcs, poly
phosphates were isolated in ccli-wall fraction, but this association was 
proved to be an artifact (Harold and Miller. 1961) (Fig. I). 

Moreover, cellular structures may lose some of their constituents \vhich 
become solubilized during homogenization. This can be illustrated by yeasl 
fumarase and aconitase, which pass from particJes into \lIpernatant after 
extended disintegration procedures (Nossal, 1954). 

Breakage of cells of fungi presents special difficulties because they arc 
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often enclosed in resistant ccII walls. Many ingenious devices exist for 
breaking cells, but the old-fashioned grinding of the mycelium in a mortar 
with either sand or glass powder is still useful. Mitochondria and microsomes 
can be isolated readily from sucb preparations, but nuclei seem to be dis
rupted during the process. Other methods usually give a lower percentage 
of disrupted cells, and, if used too long, damage the cell contents excessively. 
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FIG. I. Distribution of insoluble po lyphosphate among centri fugal fractions o f 
Neurospora. (A) myce lium depleted of polyphosphate by growing it in medium 
devoid of pho'pha te. (B) Myce lium enric hed in poly phosphate by the addition of 
phosphate to the medium. (C) D eple ted myce lium to which 2 mg polypho'phatc·P 
were added just prior to frac tionation. from Ilaroid a nd Mille r ( 196 1). 

Tn order to obtain cell organelles intact , particula rly mitochondria, cells 
arc usually disrupted in 0.25-0.88 M solutions of sucrosc. Mannitol may 
be used for fungi which degrade sucrose (Tissicres el al., 1953). The 
medium should be properly buffered, e peeia lly for Fungal cells or spores 
that arc rich in organic acids. Some fungi may a lso liberate trace metals 
which could interfere seriously with enzyme function, unless they are 
chelatcd with E DT A Or cysteine. 

The protopl a t is damaged whichever method is used to break cell walls. 
This was the reason for a search for gentler met hods of disrupting cells. 
In bacte ria, cell walls can be elimin ated by lysozyme or penicillin, and the 
resulting " protoplasts" broken by osmotic shock (Wei bu ll , 1958) . In 
Nellrospora, an osmolic mutant has been isolated (S. Emerson and E mer
son, 1958), which, when treated with hemieellulase or snail enzym es grew 
as a " naked" protoplast without rigid cell wa lls and was highly sensitive 
to reduced osmotic pressure. Al so, the cell wall ean be removed in the wild
type by digestion with sna.il enzymes (B achman and Bonner, 1959) . H ow
ever, the problem of Obta ining many such cells for biochemical studies 
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remains. Similar experiments with Saccharomyces were more successful. 
There, large quantities of protoplasts were produced by digestion with snail 
juice by Neeas (1956) and later by Eddy and Williamson (1957). 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 function of cell organelles. 

Centrifugal separation of particles can be achieved either by using in
creasing centrifugal forces and separating precipitates at each step, or by 
a density gradient which distributes cell components of different specific 
gravity in layers in the centrifuge tube. A typical result of differential cen
trifugation can be demonstrated with Neurospora. Cell debris are scdi
men ted at !OOO g in a few minutes. This contains unbroken hyphae, cell 
walls, and presumably nuclei. Mitochondria are brought down by 10,000 g 
for 15 minutes. Microsomes are sedimented only after prolonged centrifuga
tion at 100,000 g. A layer of glycogen is deposited below microsomes. The 
supernatant still contains large amounts of ribonudeic acid (RNA), which 
may be either soluble RNA or degradation products of ribosomal RNA. 
Some of the lipid fraction rises to the surface after 10,000 g, and the rest 
after 100,000 g. 

2. Cytochemistry 

Cytochemical methods are used to detect materials in cel1s in situ. Sub
stances arc identified by their light absorption or, after an appropriate 
reaction, hy the appearance of colored products. Several excellent books 
discuss cytochemical methods and describe them in detail (DanielIi, 1958; 
Lison, 1960; Pearse, 1960; Glick, 1961). These methods were devised 
for the study of animal cells, but most can be adapted for use with plants 
(Jcnsen,1962). 

Few cytochemical observations can be made on living cells, but this 
should be easier in loosely growing hyphae of fungi than in many other 
organisms. Guilliermond (1941) and Dangcard (1956, 1958) took advan
tage of this fact to study mitochondria and vacuoles in Suprolegnia and 
other fungi by vital staining. 

Usually, cells have to be fixed before being uscd for cytochemical reac
tions. Any fixative brings minor or major changes in the cytopbsm, which 
have to be taken into account in the study of localization of substances 
inside the cell. Thus, after osmic tetroxide and some other usual cytological 
fixatives glycogen was found unevenly distributed in bigger or smaller 
clumps in Neurospora hypha. When, however, freeze-substitution was used, 
glycogen appeared evenly distributed through the cytoplasm (Zalokar, 
1961 aJ. Freeze-substitution proves to be the best tixation method for small 
cells, such as fungal hyphae, because it avoids all fixation distortions of 
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gross ccl1ular features and often preserves enzymatic systems better than 
other fixation methods. 

In some fungal cells, the resolution of cytochemical reactions may not 
be optimal because of the small size and close association of cell organelles. 
Resolution can be improved by centrifuging living ceIls and performing 
cytochemical tests after the cell organelles arc stratified. Fungal hyphae 
lend themselves particularly well to such a method, because the entire 
contents of a long cylindrical sector of mycelium can be stratified, as in an 
ultramicro test tube (Zalokar, 1960a). Inasmuch as it has been shown 
that centrifuged cells remain viable, this introduces fewer artifacts than 
centrifugation of disrupted cells. This may some day be combined with 
microsurgery by means of which each centrifuged fraction can be removed 
from the cell and analyzed separately. 

It is beyond the scope of this review to describe individual cytochemical 
reactions. Instead, we summarize in Table II the work done on fungi with 
different cytochemical methods. 

3. Autoradiography 

Autoradiography can be considered a special branch of cytochemistry. 
In this procedure radioactive precursors of macromolecules are fed the cclls, 
the cells arc fixcd, washed frce of precursors, and the sites of radioactive 
decay, corresponding to the synthesized macromolecules, are detccted with 
a photographic emulsion. Thc method has been used mainly to detect early 
formation sites of macromolecules. Thus, fceding an amino acid labeled 
with C14 or H:l can lead to the detection of proteins. If fixation occurs 
shortly after feeding, the newly synthesized protein can be found at the site 
of formation; if the experiment is run for a long time, all proteins of the 
cell become labeled and their distribution can be studied. Fungal hyphae 
prove to be excellent material for such research, since they can be easily 
fed under controlled conditions and moved quickly from one solution into 
another. 

B. Metabolites 
1. Inorganic Salts 

Fungal cells often contain large quantities of inorganic substances. Some 
of them precipitate as crystals and arc easy to locate, such as calcium 
oxalatc and calcium carbonate (sec Klister, 1956, pp. 492 and 505). 
Vacuoles contain polyphosphates which give metachromatic staining with 
toluidine blue and are responsible for vital staining of vacuoles with neutral 
rcd. Guilliermond (1941) and Dangeard (1956) observed that vital stains 



384 

Chemica! (~nzymc 
system} detected 

Iron 
Poly phosphates 

Organic 
phosphorus 

Glycogen 
Glycogen 
Polysaccharides 

Fat droplets 

Lipids 
Proteins 

M{lrko Zalokar 

TABLE II 

CYIOClIl."\lISTRY 01' FlJ~(jl 

Method u~ed 

Ferricyanide 
Lead, and ben7idine. 

metachromatic stains 

Neisscr reagent 
Mel<lchronm!ic stains 
Molybdate of amlllonia 

Bauer's reaction 
Iodine 
Period acid-Schitr 

WAS) 
PAS 
PAS 
PAS 
Sudan IV 

Fungus 

Alhlfllyn's 

Various fungi of 
all systematic 
groups 

Al/o",yc(!S 
.<;;{lcc/Ulmml'C('J' 

AlloJ11yces 

JVellrospo/,// 

AI/()lJI,I,(('S 

AlfllmJ'cl's 

P£'nicillium 
So("c/lllnmlJTI'S 

Neuf(J.I'f)o/"(/ 

S{/('('!t(//"{mlYc('.I' 

Sudan IV. OSOI Neurospora 
Pauly, Sakaguchi. SH "V('II/"(J.\POrtl 

groups (Seligman) 
-SH pfOlcin Rapkinc A/JOJ1}Yc('S 

Rhru/orom/(l Oxidative en/.) I1lCS JanLlS green 
(mitochondriu) 

Succinic 
dchydn)gcIJase 

Cytochrome 
oxidase 

Peroxidase 
A!h.a!inc 

phosphal,J_'tc 

Janus green 
Janus green 
Tetra/otiull1 

Triphcll) llclraLOliu!ll 

Triphenyl tctrazoliul1l, 
Naoi, Janus Green 

Null; 

N<ldi 
N<ltli 

NaJi 
BellLidl'ne 
Glllllori 

Gomori; Meinlll:ill1cr 
and Seligman 

S{/prolegl1ia 

Nr'IIrIHI}()fa 

lVI'III'1)SI}()fll 

(,Jill/it/a 

San1/(/fOf)l)'("('S 

Rho(/I){nl'llfu 

Sacc//l(/'(/(/Iyce_, 

AlfonlYcl's 

R/(IS{II("f",/il'lllI 

/\'I'III'1I.\'I'II/'(/ 

Nellfflsl)()/'a 

AI/I}/I1\T('S 

'\"(,lln)"jJI)fa 

References 
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Turian, 1958 
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SIOu! and Komer, 
Mundkur. 19f)O 
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Lindegren and RafOl 

1950 
Zalokar, 1 %Oa 
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T urian, 1956 
Bautz, 1955 

Guil\iennond, lY41 
Freese-Bautz, 1957 

Zalokar, 1959h, 19( 
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Chemical (enzyme 
system) detected 

Acid phosphatase 

{3-Galactosidase 

Volutin, RNA 
RNA 
RNA 

DNA and RNA 
(nucleus, 
nucleolus) 

DNA (nucleus) 
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Method used Fungus 

Gomori Allomyces 
Gomori; Rutellburg and Neurospora 

Seligman 
6-8r-2 naphthyl-{3-galac- Neuro.I'{Jora 

tosidase and Diazo-
Blue B 

Indophenol blue, RNase Saccharomyces 
Melhyl green-pyronine Allomyces 
Ulloa; acridine orange Neurospora 

RNase 
Acridine orange vital Sacc!wromyce.I' 

Giemsa, DNase, RNase Lipomyces 

Giemsa, DNase, RNase Sacc/wromj'ces 
Feulgen, Methyl green~ Physarwll 

pyronine 
Feulgen Saccharomyces 

Fluorescent dyes Schi:::osucclwr-

omyce.\· 
Fculgen Allomyces 

Azure H SO, NCllro.lj}(}ru 

References 

Turian, 1958 
Zalokar, 1959b, 1960a 

Zalokar, 1959b, 1960a 

Necas. 1958 
Turian, 1957 
Zalokar. 1959b, 1960a 

Royan and Subraman
iam, 1960 

Ganesan and Roherts, 
1959 

Ganesan, 1959 
Andersen and Pollock, 

1952 
Lindegren and Rafalko, 

1950; DeLamater, 
J950 

Rustad, 1958 

Hatch, 1935; Rilchie, 
11.)47; Jones, 1947; 
Turian, 1958 

Huebschman, 1952; 
Zalokar, 1959h, 1960a 

induce a precipitation of colored particles in vacuoles, indicating that, in 
the natural state, polyphosphates (which they called metachromatine) 
are colloidally dispersed. The so-called volutin granules (metachromatic 
granules) are highly concentrated deposits of polyphosphates (Wiame, 
1947) and can exist in a ccII next to vacuoles (Jordanov et al., 1962). 

The intracellular distribution of soluble ions has not been studied in fungi. 
It is possible that several, including potassium and sodium, arc concen
trated in vacuoles, thereby maintaining osmotic pressure. Studies on per
meability of potassium and rubidium indicated that there must be special 
ion-binding sites in the cytoplasm (G. Lester and Hechter, 1959). Ritchie 
(1947) found iron in paranuclear bodies of A [["myces. Cell walls contain 
a large proportion of mineral components, such as those of Mucor, with 
22% phosphates [as (H"P03 lnj, 1 % magnesium and calcium and traces of 
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silicon, iron, copper, chromium, aluminum, burium, cobalt, and manganese 
(Bartnicki-Garcia and Nickerson, 19(2). According to Harold and Miller 
(1961 ). the presence of polyphosphates in the cell wall fraction of fungi is 
due to an artifact (see p. 378). Other inorganic ions frequently arc asso
ciated with enzymes, and therefore arc unevenly distributed in the ccII. 

2. Carbohydrates 

Fungi usually show a high rate of endogenous respiration, which is due 
to an accumulation of reserve substances. The main reserve carbohydrate 
is glycogen; this can be located by many cytochemical reactions. In Neuro
spora hyphae (Zalokar, IY59b, 1961a) anJ in yeast (Mundkur, 1960), 
glycogen is distributed evenly throughout the cytoplasm in the form of sub
microscopic granules about 200 A in diameter. The only regions devoid of 
glycogen are hyphal tips. Glycogen sediments easily in centrifuged living 
hyphae (Zalokar, 1960a) and can be obtained as a colorless pellet by 
centrifuging homogenized preparation at IOO,()OO g. Nothing is known 
about the localization of soluble carbohydrates inside the cell. In centri
fuged cells, the periodic acid-Sc:hiif reactioo colors a bigger region than 
Bauer's reaction, an observation indicating that carbohydrates other than 
glycogen sediment over the glycogen layer. 

Cell walls of fungi nrc made mainly of carbohydrates and their deriva
tives. These carbohydrates can be identified by cytochemical reactions, but 
better yet, thcy ca~ be studied in isolated cci! \~alls. More about thi<.; can 
be found in Section HI and Chapter 3. 

3. Lipids 

Lipids and fatty substancl.'s arc pre~ent in fat droplets callcd lipoSOI1lcS, 
sphacrosomcs, or microsomcs by different cytologi:-.ts. These fat droplets 
can be identified by staining with Sudan III and IV and by their ability 
to reduce osmic tetroxide. They probably contain most of the fatty sub
stances (triglyccrides) that can be idcnrined in fungi by chemical methods. 
Fat deposits become e:-;pccially heavy in older cells or under abnormal 
growth conditions, a state similar to the fatty degeneration of animal cells. 

I mportant constituents of the cytoplasm and cytoplasmic membranes 
are composed of lipids amI lipoproteins. Membranes of mammalian cells 
contain cholesterol, phospholipids (lecithin. cephalin) and eerehrosides. 
Not much is known of the chemistry of lipids in fungal membranes. Vari
ous phospholipids and cerebrosides were found in fungi and are probably 
located on membranes (cf. Chapter 12). Myo-inosilOJ was demonstrated 
to be a part of the cytopla~m]c membranes in Neurospora (Shatkin and 
Tatum, 19(1). Ergosterol is the main steroid found in fungi, where: it 
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probably replaces cholesterol in the structure of ccli membranes. The pres
ence of ergosterol in cell memhranes has been deduced from its binding 
of nystatin (Lampen el al., 1962). Ergosterol and some other steroids arc. 
hmvever, not restricted to the cell mcmbrallL'''. Hexagonal crystals about 
1 p. in diameter have been found in Neurmpo/"{/ and identified as ergosterol 
(Tsuda and Tatum, 1961). 

Fat-soluhle carotenoids arc associated with fat droplets (Guillicrmond, 
1941), but in Mllfinlls (Phallales) they crystallize out as needles or plate
lets (Heim. 1946a.b). Carotenoids appear to accumulate in mitochondria 
during maturation of the mycelium, and this may indicate their site of for
mation (Heim, 1946a,b). The cytoplasm also is tinted by carotenoids, 
which are probably associated with various lipophilic structures. These in
clude liposomes of submicroscopic size. which arc scattered throughout the 
cell, but accumulate at the centripetal end in centrifuged living cells. In 
broken-cell preparations, however, a good proportion of the carotenoids 
remain in both microsomes and the supernatant after separation of mito
chrondria and fat. 

4. Other Metabolites (lnd Metabolic 1'rodllcts 

Measurements of ultraviolet absorption indicated that S-adenosyl phos
phate, an important intermediate in metabolism, accumulates in vacuoles 
of ClI/ldida (Svihla and Schlenk, 1960). Thiamine was found to be localized 
mainly in mitochondria in yeast (Suomalaincn and Rihtniemi, 1%2). 
Eremothecium produces such amounts of riboflavin that it cr~'istallize\ in 
vacuoles (Guilliermond ef al., 1935). 

Cells contain pools of amino acids that can be eliminated only with 
difficulty by starvation. The study of the kinetics of amino acid uptake in 
Candida (Cowie and McClure, 1956) and Neurospora (Zalokar, 1961 h) 
showed that there are at least two pools of amino acids, one intermediate 
pool of relatively constant size from which amino acids are taken for pro
tein synthesis, and an expansible pool into \vhich excess amino acids are 
shunted to serve as a reserve. Nothing is known about the intracellular 
localization of these pools, but either the cisternae of the endoplasmic 
reticulum, or vacuoles, can be suggested as possible sites. Since old vacuo
lated cells arc less active in amino acid uptake than young ones, the second 
possibility seems to be less probable. 

C. Proteins and Enzymes 
1. Proteins 

There is no universal cytochemical reagent for proteins, but many cyto
chemical method~ exist to detect proteins by certain reactive groups in their 
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molecule. An a pprox imation of the amount of protein in di fferent regions 
of hyphae can be obtaineJ by using common cytological stains. many of 
which stain primarily proteins. Hyphae seem to be richest in protein near 
their tips; in older, distant regions, protein staining becomes weaker. This 
doe ' Dot necessarily mean that the cytoplasm itself is more dilute. but 
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Shading indic31cs relative inremity of (he react ion. lIcle;. mitochondria. and vatuc 
lar inclusions a re drawn only when they !!ivc a signi ficant reaction. (A) Cytolog 
of hypha I lip~ (fint 100 11-) and young h}'ph:1 ( tt t (he lefl): I'({e, v,lcuole; 11((('. nt 

cleus: lIIi l. mhOl:hondria. ( B) Pallly's reaction for proteins. (C) Sakagllchi\ rcactio 
fo r prote ins (arginine). (D) Barnell lind SelignlHn's (cst for pro(ein bound -S 
groups. (t) Unna'l> slnin for rihonucleic acid. (F) Unna's ~, ain after rihonllcleas 
(G) Baucr's stain for glycogen. ( H ) Bcnlidin\! rc:action (or peroxidnse. (I I ad 
reaction for cytochrome oxidr1~e. \J) T e(ra701illm reaction for !>u('cinic dehvdr 
genase. ( K) Gomori'~ reac (ion for a ll, aline phosphata!>C. ( L ) Gomori"s rcactio~l ( 
acid pnospha(ase. lM) .a-G alactosiuase by Ihe melhod of Cohen 1'1 II'., from ZaJok 
(l959b) . 
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rather that it contains more nonproteinaceous inciu!\ions, 'iuch as vacuoles, 
fat droplets, or glycogen. Some fungi contain protein crY'italloids in their 
cytopla m (sce KUster, 1956, p. 487) . 

Proteins containi.ng u high proportion of basic amino acids arc found 
in ribosomes, which stain s trongly wilh ba!\oph il ic stains and with the 
Sakaguchi reaction. The aromatic amino acids, as detected by the Pauly 
reaction (coupling with diazo compounds), appear more prominent in 
mitochond ria. R eactions to detect protein bound -SH groups give more 
coloration on ribosomes. In growing hyphae, the - SH reaction is particu-

F v CYT HUC MIT ERG GLY 

o ~~-..r- - .. .... ....... _ 
a.!!!. ..... .".,.'_ - • ,, : : : : :: ... "';--

Fl(ls. 3 and 4. CYLOchembtry of centri fuged hyphae of ('1IN1S{I(lI'/I (~chematicl. 
Shnd;ng indictl tel> relative intensity of the rC:lction_ CCnlrHug::l direction to the 
right. (rom Zalokar (1960a). 

rlCi. 3. (A) Diagram of a centrifuged hypha indicating positions of scdimcntcd 
ccII component: F, fat: V, vacuole; CYT. " ~lIpernatant" cytopl a~m: NUC. nuclci: 
.\lIT, mitochondria: c'RG, ergastoplasm; GL}', glycogen. (B) Pauly's rcaction for 
proteins. (C) SaJ"aguchi's reaction for proteins (arginine). (D) Barnell and Selig
man's test for protein bound - H group~_ (E) Acridine orange stain for ribonuclcic 
acid. (F) Hucb ' chman'!> Azure A-SO" ~Iain for nuclei (deoxyribonUCleic aciu). (G) 
Bnuer"s reaction for glycoge n. (H) Hotchkiss reaction (pcriodale-SchilT) for carho
hydratcs. ( I ) Sudan IV ~tain for fal~. ( J ) O~mium tetroxide ~t aining for lipids. 
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et al. (1962). Only enzymes whose distrihution was followed in various cell 
fractions by centrifugation or cytochemistry \vill be consiucrcd. 

Pyml'(//(> oxit/((,r<'-oxiJizing pyrUvitle to <Icetyl eoA i-; found in mitochondria, 
while supernatant enzymes perform this oxidation via acetaldehyde and acetate 
(Holzer and Goedde, 1957). 

SlIccinic dchydrogclltI,\c-milm:honJria eXdll~iyely, by both cenlrifugation and 
cytochemical methods. Any differing reports could be traced to artifacts or uncritical 
application of the method. 

Cytochrome oxidase-same as succinic dehydrogenase. Some reports show that 
not <Ill mitochondria react positively. an indication of their heterogeneity (Bautz and 
Marquardt, 1953; Turian, 1958). 

Peroxidase-in mitochondria (Zalokar, 1960a). 
PolYthellol oxidase-in cell walls of sporangia (Cantino and HOfen~tein, 1956). 
a-GlyccropllO ... phullise-distributed between mitochondria and supernatant (~1aru-

yam a and Alexander, 1962). 
Glucose 6-phosphatase-mainly in the supernatant (Maruyama and Alexander, 

1962). 
Disulfide reductase-in mitochondria of j'ea.~t, an enzyme was found which re

duced di~ulfide linkages in cell-wall protein (Nickerson and Falr.::one, 1956a,b). 
DPN-cytochro/lle redllctase and TPN-cytochrome redllctase-mainly in mito

chondria, some in supernatant in FII.\'(/rilll1l (Maruyama and Alexander, 1962). 
Presence in microsomes j" dubiolls, since their preparation contained also sllccinic 
dehydrogenase and cytochrome oxidase, which arc known to be restricted to mito_ 
chondria. 

Alkaline p/lOsplwt(lsL'-Gomori reaction for alkaline pho~phata~e is positive in the 
cytoplasm and strongly stains mitochondria (Turian, 1958: Zalokar, 1959b). In cen
trifuged cells, a special region of the ~lIpernatant cytoplasm ~hows activity (Zalokar, 
1960a). Mitochondria do not react. an indication that their reaction in the intact cell 
is an artifact. Alkaline phosphatase is also present in nucleoli. altholl~h Ihi~ often Was 

comidered to be an artifact. 
Acid plwsphata.H'-Diffuse in cytop\;l~m. more in mitochonuria. cell membrane. or 

cell wall. In centrifuged cells, mainly in the mitochondrial fraction (Zalokar. 1960a). 
De Duve et al. (1962) beJieve that Jysosomes contain all cytoplasmic acid phospha
tase. Since these granules have not yet been found in fungi, the localization in mito
chondria may be accepted. Some of the apparently positive Gomori test in cell walls is 
probably due not to phosphatase, hut to large arnolln\~ of phosphates composing the 
waH (Bartnicki-Garcia and Nid.er~on. 1(62). In yeast. most of cellular acid pho~
phatase is located near the cell membrane (Schmidt ct til., 1961). Roth phosrhata~es 
are absent in nudear cap of AlIolIIYc('s (Turian. 1958), which is considered 10 he an 
agglomeration of ribosomes; the phosphatases likewise arc ahsent in the ribosomal 
It!~er of centrifuged living cells. 

{3·(ia/actosid(/se-in the mitochondrial fral.;tion in centrifuged living cells (Zalokar, 
1960a), but easily extracted in enzyme preparations (Landman and Bonner, 1952). 

Inrcr/a.\(', cello/Jia.\c, trciwlllse, and 1II011l1Se-located at the ~llrfacc of fungal spores 
by acid inactivation (Mandels. 1953). 

JIIIWlw;c, mdihiasc-yeast cell surface (Friis and OttolenghL 19."i9a.h). 
ATPase-in mitochondria. but the major part in the ~llpernat<lnt (Twasa ('/ (I/., 

1959); Bollon and Eddy (1962) found mor~ th;m 80'ib bound to p':lrlic1cs, pre
sum;thly endoplasmic memhranes. 
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FIIlIl(/t(/.\(' and (/('oni/{/.I('--in yea<,l particles (mitochondria), passed into ~t1per

natant with extended di:~integration proccdllrc INossal. 1954). 
A Ido/aS(', aconit(!se, and lIric(l.rt'--predomin:1011} in the \opcrna1ant in FWlIrillJII 

(Maruyama Hmi Alex<:.nucr. 1962). 

D. N ucleotides and Nucleic Acids 

Fungi contain puols of free nucleotides (phosphates of adenine, uridine, 
and others) which arc u~.cd in intermcdi:_~ry metabolism and for the syn
thesis of nucleic acids. As in the case of amino acids, at least two inde
pendent pools exist in the cell, as was shown in Candida and Neurospora 
(Cowie and Bolton, 1957; Zalokar, 1962). If the nuclcotides remain in 
solution, the pools must be separated physically into two compartments. 
]t has been shown that purines and pyrimidine,>, when fed to Candida, accu
mulate in the vacuoles. where they precipitate by crystallization (Svihla 
ef aI., 1963). This indicates that the vacuole may be one of the two com· 
partments, unless it constitutes another reserve pool. 

DNA has been found only in nuclei. In S(lccizaromyces the identification 
of DNA was of particular value, since in early cytology it was a question 
whether the vacuolar structure or the adjacent granule was the actual 
nucleus. DNA can be localized by the very specific Feulgen reaction. In 
some fungi, better staining is obtained with a similar method, using sulfo
nated azure B instead of fuchsin (Huebschman, 1952). Other less specific 
stains were successfully w:cd to identify nllclcic acids. A modern method 
to demon\tratc DNA lIses radioactive thymidine, which is incorporated 
into DNA and is detected by "ut"radiography. This method failed entirely 
in Neurospora ~:incc thymiLiinc \\'as n'_)t incorporated directly (Fink and 
Fin". 1962) but wa, quickly degraded by the cell, so that radioactivity 
pCls:,cd into many cellular sub\tanccs. 

RNA can be dctcctcd \vith basic dyes in combination with crystalline 
ribonucleasc. However, one precaution is nccc\sury: fungal cells contain a 
highly active phosphatase, so that what wc may assume to be a specifiC 
digestion by added RNase, may be less specific digestion by internal en
zymes that were not entirely inactivated hy fixation. RNA usually is equally 
distributcd throughout thc cytophl.'-,m and thcre are no excessively basophilic 
regions, as in pancreatic ergastoplasm. Centrifugation of living ecBs sho'.v 
that RNA is present mainly in ribosomes. According to ekctron microgra
phy, the latter arc mostly free inside the cytoplasm and not associated with 
the membranes of the endoplasmic reticulum (Zalokar, 196/ a). Isolated 
Neurospora ribosome., have a sedimentation coefficient of 81 S and dissoci
ate at lower concentrations of MgCI, into smaller particles, 19 Sand 13 S 
(Storck, 1963). They contain 46.6% RNA and 53.4% protein. Ribosomes 
of yeast arc similar, having a sedimentation coet1kicnt of 80 Sand 42% 
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RJ\ A and 58 % protein (Chao and Schachman. 1956). Yeast ribosomes 
abo dissociate into smaller units with sedimentation coefficients of 60 Sand 
40S (Chao. 1957) and 28 S. 19S. and 5 S (Maeda. 1960). In Schizo
saccharomyces. ribonucleoprotein particles of 120 S. 83 S. 60 S. and 38 S 
were isolated. the 83 S particle having 41 % RNA and 59% protein (Leder
berg and Mitchison. 1962). 

RJ\A was found also in a mitochondrial fraction which later was proved 
to be contaminated with ribosomes. so that the presence of RNA in mito
chondria is gucstionahlc. In the nucleus, RNA is prominent in nucleoli, as 
is common in cells of higher organisms. An interesting special case arc 
spores of Al/omyce.l· where RNA is concentrated in chromospheres 3-4 ~ in 
diameter (Roren anu Machlis, 1957) and the so-called "nuclear cap" 
(Blondel and Turian, 1960). 

Cytochemical methous do not permit a distinction to be made between 
different types of RNA. In centrifuged Neurospora cells, only traces of 
RNA remain in the "supernatant" cytoplasmic fraction-perhaps transfer 
R:-IA. On the other hand. it is possible that in the living cell, most of the 
transfer RNA is associated with ribosomes and sediments with them during 
centrifugation. A soluble factor which mediated the genetic control of pro
tein synthesis was demonstrated in Neurospora by Wainwright (1960), 
\vho was able to obtain protein synthesis in a cell-free preparation in which 
both the ribosome fraction and the supernatant were required. The super
natant carried a gene-specific fraction, which must have been the equivalent 
uf "messenger." RNA (Wainwright and McFarlane, 1962). Recently, Schul
man and Bonner (1962) found in ribosome fractions a complex of DNA 
and RNA which is believed to contain RNA in the process of formation. 
Since DNA can be expeeled 10 occur in nuclei, it is highly probable that 
this fraction was liberated from nuclei during the disruption of the cell and 
sedimcnted with the microsomal fraction. 

Ill. CELLULAR STRUCTURE AND FUNCTION 

Section 11 extended cell morphology 10 the chemical level. Section III 
will carry the results of biochemical investigations of cell-free preparations 
10 a morphological leveL We have to consider a ccl] as a highly organized 
entity with special parts performing special functions. Some of these parts 
can be recognized as cell organelles. Some, such as nucIei or mitochondria, 
are well delimited and can be easily detected microscopically. Others, e.g., 
the endoplasmic reticulum. arc only vaguely delimited regions of the cyto
plasm \\iith special properties. Yet others are submicroscopic units, such as 
ribosomes, recognizable only with the electron microscope. Finally, a 
large part of the cytoplasm docs not consist of cell organelles, or a diffuse 
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unit, or an ultrastructure obscrvabk under thi,; electron microscope, but 
is called the hyaloplasm or cnchylcma-cycrything that is left when visible 
structural clements have hccn removed. Hut even here, there may be a 

special structural organization which eludes us as yet. 

A. N lIc/cocytO,,/llSlllic Relationships 

In fungi, vegetative cells can contain one, 1\\10, or many nuclei. These 
nuclei are usually haploid, sometimes diploid, and in higher forms, may be 
paired in dikaryons. The function of nuclei is to carry genetic information 
from generation to generation and to pass it to the cytoplasm. Today we 
believe that DNA is the chemical basis of genes. and we express concisely 
the theory of gene function by the scquencc D:-IA ~ RNA ~ protein. 

1. Nuclear Replication 

The first function of nuclei is the replication of DNA. Molecular events 
leading to this replication arc discussed in many reviews (Cavalieri and 
Roscnberg, 1962; Grunberg-Manago, 1962). Briefly, it is believed that 
DNA is synthesized from triphosphates of deoxyribonuc1eosides which arc 
linked together with the enzyme DNA-polymerase. DNA-polymerase has 
been demonstrated in various cells (Kornberg. 1960) and, strangely enough, 
was found in supernatants of broken cell preparations. The enzyme could, 
of course, have escaped from nuclei during preparation. In fungi, DNA
polymerase has nol yet hl'cn isolated, but there is a report of an enzyme 
which synthesizes polynucleotides from ADP (Grunberg-Managn and 
Wisniewski. 1957) in yeast. 

Kudcar reduplication could be studied better if cell divisions were syn
chronized. This can be uone in bacteria, and has been achieved in yeast 
(\1itchison, 1 ')57). ]n mullinucleate slime molds this occurs naturally, 
and Nygaard e{ lIl. (1960) found that in Physarllm DNA synthesis nccurs 
1-2 hours after nuclear division, followed by the rest of the interphase 
lasting 12-20 hours. RNA synthesis was continuous; it was not interrupted 
during DNA synthesis, but was reduced during mitosis. Continuous RNA 
synthesis was recorded abo in yeast (Mitchison and Walker, 1959). 

2. Prot/uuion of Rihonucleic Acid 

The second major function of nuclei is to transfer genetic information 
into cytoplasm, and this they do through RNA. Today we have ample evi
dence that RNA is produced in nuclei and then released to thc cytopbsm. 
Early studies of Caspersson (1950) with yeast indicated an accumulation 
of RNA ncar nuclci. With the advent of radioactive tracers, RNA forma
tion in nucki could be demonstrated directly. 
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By removing or transplanting nuclei, and the usc of autoradiography, at 
least a major part of RNA formation was shown to depend on nuclei in 
Amoeha and A ceta(Jlf!aria (Braehet, 1961). 1'\0 fungus has yet been used 
for such operations. As the nuclei are very small in m"Jst fungal cells, and 
the resolution by autoradiography is limited, RNA formation by nuclei 
was demonstrated with the aid of centrifuged cells (Zalokar, 1960b). In 
.Neurospora, when living cells arc centrifuged, nuclei and RNA-rich ribo
somes sediment in layers that arc separated from each other by a layer of 
mitochondria. When Clot-adenine, H:l-uridine, or H~-cytidine was fed to the 
cclls immediately before centrifugation, newly labeled RNA appeared only 
in nuclei (in the first 4 minutes) and passed into the ribosomal layer later. 
Kinetic studies of precursor uptake and incorporation indicated that there 
could be no appreciable independent cytoplasmic synthesis of RNA. 

Where arc each of the three types of RNA formed-transfer RNA, 
ribosomal R"IA, and messenger RNA? By definition messenger RNA 
,hould be formed in the nucleus. If R"IA is made by DNA, it should re
ficct its base composition. It is known that cytoplasmic RNA has a base 
composition that differs significantly from that of DNA. Yeas and Vincent 
(1960) were able to demonstrate in yeast the existence of an RNA fraction, 
which became labeled a very short time after the addition of p:\:! and had a 
base composition more similar to DNA than to cytopla..,mic RNA. Ac
cording to Kitazume e/ al. (1962), this RNA is a precursor of other types 
of RNA in the cell. The finding of a DNA-RNA complex in Neurospora 
(Schulman and Bonner, 1962) supports the hypothesis of production of 
RNA by DNA. Both experiments indicate strongly that in fungi, as in other 
cells, messenger RNA is made oy DNA. 

The origin of ribosomal RNA is more uncertain. Studies or nuclei and, 
nucleoli of larger cells indicate that an RNA similar to ribosomal RNA 
accumulates in nucleoli and is presumahly made by nucleolus-associated 
chromatin. In fungi, it has not as yet been possible to isolate free nucleoli, 
and the small size of nuclei has precluded autoradiographic studies of 
nucleolar functions. Transfer RNA also is probably made by nuclear DNA, 
since there arc molecules specific for cach amino aciJ which must have a 
specific sequence of nucleotides. In recent work, Yanofsky et (Ii (1961), 
found that a suppressor mutation in certain cases may be due to a change in 
transfer RNA, thus supporting the idea of the genetic origin of this RNA. 

3. Other Nuclear Functions 

Besides nucleic acids, nuclei synthetize proteins, as can he shown by auto
radiography. Some of these proteins may he enzymes needed in nucleic acid 
synthesis, whereas others should he proteins connected with the organiza
tion of genetic material, such as histoncs and other proteins or components 



396 Marko Zalokar 

of chromosomes. A hypothesis has been proposed that the protein moiety of 
ribosomes is synthesized in nucleoli (J. Bonner, 1959). 

An interesting fmding is that nuclei contain active DPN-synthetase 
(Hogeboom and Schneider, 1952). If it could be shown that all cellular 
DPN is made in nuclei, this would have special significance for nuclear con
trol of cellular processes. It should be noted that nuclei have a glycolytic 
system, probably involved in the generation of ATP (Mirsky and Osawa, 
1961 ), but no enzymes involved in aerobic, energy-yielding reactions. 
Whatever other enzymatic processes were found in nuclei may have been 
due to cytoplasmic contamination and arc not unambiguously established. 

Nuclei control the cytoplasm through their genetic material, but cyto
plasm controls also many phases of nuclear activity. In difTerentiated cells, 
or under particular physiological conditions, some genes become activated, 
or others are inactivated, as a result of metabolic processes in the cytoplasm. 
This can sometimes affect nuclear morphOlogy: the size and appearance of 
nuclei differ in different cells of the same organism. All nuclei in a vegetative 
hypha seem to be equivalent and alike, but they change conspicuously in 
ascogenous hyphae. While vegetative cell division is difficult to follow and 
does not seem to conform to the classical mitosis (see Chapter 6), the 
mitotic divisions preceding and following meiotic division produce clearly 
observable chromosomes (Singleton, 1953). 

An old hypothesis in cytology is that cell division starts when the nucleo
cytoplasmic ratio reaches a certain level during cell growth, but this has 
never been satisfactorily proved. Particularly in multinucleate fungal hyphae. 
where some nuclei are continuously dividing and others resting. a morc 
complex mechanism should be sought. In the case of synchronous nuclear 
uiyjsjon jn slime molds, special substances initiating mitosis may be in
volved. 

4. Nuclear Cooperation 

The fact that fungal celIs contain several nuclei accounts for certain 
phenomena, not observable in uninucleate cells, as all the nuclei exert their 
effect on a common cytoplasm. In a normal hypha, some nuclei may be 
temporarily inactive because of division, but whether other nuclei are all 
equally active is open to question. Nuclear cooperation was best studied in 
heterokaryons where two genetically dillcrcnt sets of nuclei are brought 
together into a common cytoplasm. If onc set is deficient in one biochemical 
reaction and the other in a different one, they can complement onc another 
by releasing into the cytoplasm what the other nucleus lacks. In the case of 
two distinct genes, each nucleus probably furnishes the messenger RNA 
and, consequently, the enzyme which the deficient nucleus above cannot 
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produce. Since the study of heterokaryons is an important part of genetic 
studies in fungi. it will be discussed in more detail in Volume II. 

A more complex situation exists in cases of interallelic complementation, 
where both nuclei contain the same deficient gene, but complementation 
still occurs in the cytoplasm. Several mechanisms could be involved: (I) 
one nucleus provides to the other a missing part for messenger RNA syn
thesis; (2) messenger RNA's complement each othcr in the cytoplasm; (3) 
messenger RNA's produce deficient polypeptides which then combine to 
give an active protein. The third mechanism was shown to be probable in a 
Neurospora mutant (Woodward et ul., 195~; Gross, 1962). 

B. Protein Syntizesis 

RNA, which has its origin in nuclei, becomes active in the cytoplasm in 
the synthesis of proteins. It "ppeors now that all three types of RNA col
laborate in ['Cotein synthesis. Messenger RNA provides information on the 
sequence of amino acids, ribosomal RNA provides a "workbench" needed 
for the proper functioning of messenger RNA, and transfer RNA is used as 
an adapter, Iltting individual amino acids into proper places on the mes~ 
senger RNA. The chemistry of protein synthesis was discussed in Chapter 
13 and has been covered by many recent reviews (Chantrcnne, 1961; 
Novelli, 1960; Simpson, 1962). 

In mammalian cells, the_re is a special region of the cytoplasm, called the 
ergastoplasm, which functions in protein ~ynthcsis. In cel1~free preparations, 
the ergastoplasm breaks down and can he isolated as microsomes. It has 
been shown that these micros ames arc able to incorporate amino acids into 
proteins, After special treatment, ribo~omes can be liberated from micro
somal membranes and used in protein-forming preparations. 

In fungi, most of the ribosomes seem to be free in the cytoplasm, and cell 
membranes covered with rihosomes, as in the ergastoplasm, are rare. There
fore, ribosomes can be isolated directly from homogenized cells (Chao and 
Schachman, 1956; Storck, 1963). In Neurosl'or<l, it was shown that ribo
somes arc protein-synthesizing sites in living cells (Zalokar, 1960b), They 
were sedimented by centrifugation, and when cells were fed tritiated amino 
acids, newly formed proteins were detected in ribosomal layers by auto
radiography. The protein remained associated with the ribosomes for a very 
short time, since after 1 minute all the proteinaceous cytoplasmic fractions 
became labeled. By kinetic studies of amino acid incorporation, the time 
required to assemble a protein molecule \vas e:-,timated to be less than a few 
seconds (Zalokar, 1961 b) . 

There is some indication that the three RNA's arc not sufficient to main-
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tain the normal rate of protein synthesis-all in vitro systems synthesize 
proteins at only a small fraction of the normal ratc. Tn yeast, it was shown 
that ribosomes associated with membranes synthesize proteins faster than 
free ribosomes (Hauge anu Halvorson, 1962). In centrifuged Neurospora 
cells, no radioactive amino acid uptake was noticed as long as the ribosome 
1ayer remained separated from the "supernatant" layer of the endoplasmic 
reticulum. As soon as the layers were remixed, shortly after the cessation of 
centrifugation, incorporation started again. Do the cytoplasmic membranes 
provide additional enzymes needed in protein synthesis, or do ribosomes find 
access through them to amino acid pools? If the intermediate pool of amino 
acids is in intracisternal spaces which, according to Paladc (] 956), are all 
interconnected and probably in contact with the outside of the cell, then it is 
conceivable that ribosomes have to be associated with membranes to have 
access to amino acids. An intriguing possihility is that cytop1asmic mem
branes orient or spread out ribosomes to activate them. This is based on 
the observation of Hanzon et al. (1959) that after freeze-drying, which 
seems to be the least drastic method of cell fixation, ribosomes were not 
visible in ergastoplasm of pancreas cells. 

C, Organization of Enzymes into Functional Units 

While a biochemist works most often with enzymes in homogenized 
preparations, the cell has its enzymes organized in various structures. The 
structural organization is needed for the coordination of enzyme function. 
Many enzymes behave differently when free in solution or when adsorbed on 
surfaces or associated with other colloidal systems (McLaren and Babcock, 
1959; Oparin et al., 1962). Proper arrangement of enzymes may lead to 
more efficient use of substrates, or structural confinement may prevent 
enzymes frem attacking substr~tcs where, or when, not desired. 

1. Mitochondria 

The most conspicuous organized enzyme systems arc mitochondria, the 
energy-generating system of the cell. Energy is produced by coupling three 
main reactions, the tricarboxylic acid cycle, electron transport, and oxidative 
phosphorylation. Chapters 11 and 12 discuss the chemistry of these reac
tions. Fungi were one of the earliest organisms in which mitochondria were 
studied (Guilliermond, 1941), but we derive most of our present knowl
edge of mitochondrial chemistry and function from beef heart muscle 
(Green and Fleischer, 1962; Novikoff, 1961). 

We are now beginning to understand the internal organization of enzyme~ 
in mitochondria. Primary dehydrogenases of the Krebs cycle arc only loosel) 
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bound, since they pass into solution in broken-cell preparations. More 
firmly bound is succinic dehydrogenase, part of the succinic oxidase system 
which is responsible for the typical cytochemical reaction of mitochondria 
with Janus green or neotetrazolium. Succinic acid is oxidized to fumaric 
acid by removal of two hydrogens, which arc passed through an electron 
transport chain involving flavoprotein, a series of cytochromes, and 
ubiquinone to elementary oxygen. The components necessary for electron 
transport are probably arranged inside the so-called "electron transport" 
particles in a very specific configuration (Criddle et al .. 1962). DPN, the 
cofactor in electron transport, although a relatively small mokcule, appears 
to be bound to mitochondria, but is liberated during their isolation (R. L. 
Lester and Hatefi. 1958). Yeast mitochondria, however, do not lose their 
DPN (Vitols and Linnane, 1961) during isolation. 

The main task of mitochondria is to generate energy which is transferred 
in the form of ATP, a product of oxidative phosphorylation. How this ties 
up with the electron transport chain is still an opcn prohlem (sec Chapter 
12). The process reyuires intact mitochondrial structure and may reside in 
the cristae. In yeast cell-free preparations, a heavy fraction which contained 
typical mitochondria with cristae could oxidize succinate, pyruvate, and 
malate and had active oxidative phosphorylation, whereas a light fraction, 
composed of simple vesicles, oxidized succinate at a similar rate but did 
not possess the other activities (Vitols and Linnane, 1961). 

The fine structure of mitochondria changes with their functional state. 
During anaerobic growth, yeast mitochondria appear as vesicles with only a 
few short cristae (Yotsuyanagi, 1962). Toward the end of growth, when 
cells show more aerobic respiration, mitochondria develop typical cristae. 
Particles isolated from anaerobic yeast wcrc found to contain succinic and 
DPNH dehydrogenase activity, but no eytochromes (Linnane et al., 1962). 
Therefore it is important, when cffects of hereJity arc sought, to consider 
growth conditions in the study of mitochondrial structure. The particular 
appearance of mitochondria may be due only to metabolic changes that, in 
turn, arc due to mutation. 

The microscopic appearance of mitochondria also varies under difIcrent 
conditions. Swelling was observed when oxidative phosphorylation was un
coupled by chemicals (Lehninger and Wadkins, 1962). Under adverse 
growth conditions, hyphae contain long filamentous mitochondria. Growing 
tips of hypha contain small, rounded mitochondria which become fila
mentous farther back in the cell in Saprolegn;a (Guilliermond, 1941), but 
the reverse occurs in Nellrospora (Za1'lkar, 1959b). Observation of living 
cells shows mitochondria in constant movement, and they have hcen seen to 
fuse or break into smaller pieces. Intensive cytoplasmic streaming, and their 
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own movements, bring mitochondria into contact with all parts of the cclI. 
This may make possible a direct transfer of certain substances between 
mitochondria and other organelles. 

2. Glycolytic System 

Pasteur believed that only an organized cellular structure was capable of 
fermentation. BUchner demonstrated that fermentation \Vas possible after 
breaking yeast cells and thus opened the fruitful era of enzymology. Broken
ccII preparations, however, ferment less actively than living cells, so that 
cellular organization may still be needed for normal activity of enzymes. All 
the glycolytic enzymes of yeast and, as far as is known, of other fungi, arc 
found in the supernatant. However, it is not known whether they arc a~ 

freely soluble in the cytoplasmic liquid phase. or whether they are organizec 
on, or inside, particular structures. Such a structure may persist in acetone 
extracted dried yeast, which was capable of fermenting added glucose faste 
than soluble enzyme preparations. and did not depend upon added phos 
phate (Rothstein et ,,1.,1959). 

Other biosynthetic functions arc probably organized in particles. Lipi. 
synthesis was shown to occur in microsomc-li~c particles in yeast (Klein 
1960) although, after gentle breaking of cells, particles sedimenting 'I 
lower centrifugal forces seem to possess this capacity (Corwin et al., 1957) 
The latter finding agree..; with the observation of Steiner and Hcincma 
(1954). and Tarwidowa (1938), that mitochondria (Nadi-positivc grar 
ules) accumulate fat in various fungi. 

Fungal cells seem to be devoid of Goigi apparatus and Iysosomes, both ( 
which arc involved in the accumulation and excretion of proteins Of cr 
zymcs. The search for them should be made in fungi accumulating PC( 

teinaccous reserves or actively excreting enzymes. 

3. Cell Membrane 

The cell surface exerts an important function in a frcc-living cclI. whi< 
is in direct contact with the environment ami dependent on it for all its foo 
The cell wall has mainly a protective function, whereas the function of tl 
cytoplasmic membranes is to regulate intake and release of substances. Sin 
both structures arc contiguous, it is often ditllcult to distinguish betwc, 
them and much work on cell permeability does not do so (see Chapter I 
Danielli, 1958). 

A cli<.;tinct cytoplasmic membrane is present in fungi. No special studl 
of its structure have been made, but it can be assumed that it is similar 
membranes of other cells, or to the so-called "unit" membrane. Isolat 
membranes of yeast contain 40% lipid, 40% protein, 5% RNA, 0.8 
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DNA, and 4% hexose (Bolton and Eddy, 1962). The apparent function of 
lipids is to provide a structural basis for a membrane by constituting a 
double layer, with the hydrophobic parts end to end and the hydrophilic 
ones associated with a layer of protein on both sides of the membrane 
(Robertson, 1959). 

The protein molecules may have more than structural function. By dif
ferent methods, the presence of several enzymes has been a<;ccrtaineu for 
the membrane (or cell surface). These include phosphatases, involved in 
sugar uptake in yeast. as found by inactivation with uranyl ions (sec Chapter 
15), and acid phosphatase, as detected by Gomori's reaction. Phosphory
lating enzymes may be present there as a part of the mechanism of active 
uptake of nuclcosides (Zalokar, 1962). An inducible galactoside permease 
has been postulated in bacteria as an enzyme neeued for the uptake of 
galactose, and similar situations exist in Neurospora. It is probable that such 
permcascs. whether consitutivc or inducible, arc associated with cell mem
branes and function in th!.: transport of dilTcrent oligosaccharides. 

Some recent work on other organisms points to the possibility that an 
enzyme system is responsible for transport of inorganic ions. In red blood 
cells (Post and Albright. 1961), and in nerve cclls (Skou, 19(1), a 
phosphatase was found to be activated by potassium and sodium ions 
which competed with each othcr in such a way as to indicate a possible role 
for the enzyme in estahlishing the K-Na balance inside those cells. In a 
slightly different way. a phospholipid phosphorylase may be involved in 
sodium excretion in salt glands of birds (Hokin and Hokin, 1960). 

4. Sur/ace (llld Extracellular Enzymes 

Fungal ccli surfaces contain another set of enzymes which may be in
volved in permeability but, as it appears now, are active mainly in degrading 
extracellular nutrients to make them available for absorption. The main 
characteristic of those enzymes is that they arc present at the cell surface 
and can be partially washed ofT in water or other materials without damaging 
the cell. 

Different carbohydrases; which are active in breaking down polysac
charides of the nutrient environment of the fungus, arc associated with the 
ccli surface. It appears that these enzymes are excreted through the spaces of 
the cell \\'all (Burger et al., 1961 ~ Friis and Ottolcnghi, 19S9a,b), from 
which they can be liberated by the action of snail gastric juice. Some of the 
enzymes are only loosely bound and can be obtained by simple washing of 
cells, e.g., Neurospora a-glucosidase (Eberhart. 1961). Conidiospores of 
Neurospora contain large quantities of diphosphopyridine nucleotidase 
(Zalokar and Cochrane, 1956). An eluate of conidia contains the enzyme 
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with a specific activity 200 times greater than that in an extract of vegetative 
mycelium. A possible function of this enzyme would be to inhibit fermenta
tion which might be initiated outside the spores by other microorganisms. 

Finally, fungi produce enzymes that arc secreted into the environment 
and clearly have a function in making outside nutrients available to the cciI. 
The discussion of these enzymes may be out of the context of cell structure. 
but they arc important for the understanding of cell function. n-Amylasc of 
Aspergillus is of prime importance economically in breaking down starch to 
give sugar for fermentation. Conditions of amylase production have been 
studied by many authors (e.g., Schr6der, 1961). 

Pathogenic fungi excrete pcctinases and ccllulases (Wood, 1%0; 
Gascoigne and Gascoigne, 1960) which loosen cell walls of plants anu 
facilitate penetration of the parasite into the plant. ]n F~H'ariIlm, it has been 
demonstrated that the amount of enzyme produced by mycelium is propor
tional to its infectivity (Paquin and Coulombe, 1962). In the same fungus, 
mutants unable to produce pectinases have been isolated and these were 
unable to infect their hosts. Similar enzymes excreted by soil molds and 
wood-destroying fungi aid in the decomposition of plant material. 

It would be interesting to understand better the process of enzyme 
secretion by the fungal cell. According to current hypotheses, enzymes must 
be produced on ribosomes. \\'hat is their further fate? Do they accumulate 
in lysosome-like particles before liberation? If not, how arc they secreted? 

D. Function of Other Cell Structures 

I. Cell Wall 

Although the cell wall has been discusscd previously (Chapter 31, we 
should like to consider it here as an integral part of a cell. In fungi, the wall 
has a double function, first, to protect and separate the cell from the e1-

vironment; and second, to give a cell its shape. The protective function 
depends on the structural and chemical resistance of the wall. In higher 
plants, mechanical firmness is achieved with properly oricnted microfibriL; 
of cellulose, cmbedded in a pectin matrix and further reinforced by lignifica
tion (Frey-Wyssling, 1 ~5~; Setterfield and Bayley, 1961). Likewise, fungal 
cell walls arc composed of fibrillar and amorphous material (Chapter 3). 

1n cases of sclerotization, a melanin-like substance is deposited in the cell 
walls (R. Emerson and Fox, 1940), and a polyphenol oxidase can be 
demonstrated in such walls (Cantino and Horenstein, 1955). As melanins 
are related to lignins chemically (all arc derivatives of phenols or terpenes), 
it can be' assumed that they provide a resistant binding element betwec!1 
microfihrils, hoth reinforcing the structure and increasing chemical re
sistance. 
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Many fungi produce aerial hyphae or fruiting bodies which must be pro
tected from evaporation. Lipids make up part of the cell wall of hyphae, but 
only a 'imall proportion is readily extracted with fat solvents, so that it is not 
probable that they make a continuous layer at the surface, but rather are 
bound to other constituents of the cell wall (Hurst, 1952). Many conid
iosporcs arc water repellent and must contain lipids at the surface. 

On the other hand, cell walls of lichens and of fungi that absorb moisture 
(droplets) are freely permeable to water, which they can trap by colloidal 
swelling (Smith, 1962). Their cellular water docs not need to be preserved 
since the cytoplasm is resistant to drying. 

The second function of the ccII wall is to give the cell form. In yeast and 
Neurospora, cell walls have been removed without injuring the cells: naked 
"protoplasts" rounded up into globules. Such "protoplasts" became highly 
sensitive to osmotic shock, indicating another function of the ccli wall, that 
of making it possible for the cell to keep its turgor. 

Recently, several interesting: studies on the change of form in fungi have 
been made. Candida was found to grow, under appropriate conuitions, 
either as a yeast or as a filamentous organism (Nickerson, 1954). In Mucor 
rol/xii, which normally is filamentous, yeast-like growth was induced with 
CO:: (Bartnit:ki-Gan.:ia and Nickerson, 1962). Neurospora grows normally 
as a spreading mycelium, but produces a compact colony in the presence of 
sorbose or some other agents (de Terra anu Tatum, 1(61). Also, several 
mutants of this organism have been found which grow "colonially" on the 
usual growth media. These changes of form were correlatcu with changes 
in the chemical composition of the cell wall. However, we do not know yet 
whether this change in chemical composition really explains the phenome
non, or that it may be only another manifestation of a changing growth 
habit. Further discussion of this prohlem will be found in Chapter 26 and 
in Volume II. 

7. Vacuole 

One conspicuous aspect of plant cells including fungi, is the presence of 
vacuoles. In a growing mycelium, the hypha! tips arc completely filled 
\vith cytoplasm and vacuoles appear only at a certain distance from the end. 
With aging of the hyphae, vacuoles increase in size and finally fill most of 
the space. The prime function of the vacliole seems to be to provide turgor 
which is needed for growth. Many cells neeu turgor to retain their shape: 
most aerial hyphae are ahle to n:main rigid not because of the rigidity of 
their walls, but because of turgor. 

Besides this osmotic function, vacuoles serve as a repository for reserve 
substances. The studies of Svihla e/ (//. (1963) showed that purines and 
pyrimidines which arc taken into the cell from the medium accumul..o.le in 
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vacuoles. Onc of the two pools of amino acids, as well as nucleic acid 
precursors (sec Sections II, B, 4 and II, D), may well be organized in the 
vacuole. Polyphosphatcs accumulate in vacuoles as well as in metachro
matic granules (Wiamc, 1947). Deposition is particularly active in phos
phate-rich medium. 

IV. CELLULAR ASPECTS OF GROWTH 

A. Types of Growth 

The essence of growth is replication of living material. Under favorable 
conditions the protoplast doubles in size such that its mass increases at a 
logarithmic rate. Actually, the protoplast is usually organized into units 
of relatively small volume-the cells-so that growth means replication 
of cells. In the so-called "yeast type" of growth, cells separate and become 
independent, but in thc majority of fungi the protoplasm remains a con
tinuum. 

In yeast-type growth, the growing cytoplasm expands into a bud. When 
the bud rcaches the size of the original ccli, as a rule, it separates and 
reinitiatcs the cycle. 

In plasmodial growth, the protoplast can replicate anywhere in the 
plasmodium, so that it can be assumed that each small portion reproduces 
itself. This may not be entirely true because all parts of the plasmodium arc 
not exactly similar, e.g., peripheral hyaloplasm as cOffipmed with the 
internal cytoplasm, or the expanding "crawling end," which is rich in cyto
plasm as compared with the "rear end," v.ihich has more inclusions al1Ll 

vacuoles. 
Hyphae grow at their tips (apical growth) into which the cytoplasm 

strcams. Reinhardt (I Rn) has likened it to a plasmodium huilding a cell 
wall along its path. This type of growth permits hyphae to penetrate con
tinuously into new territory. The growing tips represent only the points 
of extension of the cell wall. New protoplasts continuously strr.:am into 
this arca, as had been noticed by earliest workers on fungi (RL'inhardt, 
1892). ]n Neurospora, a fast-growing hypha advances about) mOl an 
hour so that a section of this length should have reproduced itself during 
this time. Since many branches arc formed in this region, the rate of 
protoplasmic growth must be phenomenal to keep up with the advancing 
hyphal tip. Actually, the protoplast doubles, at its fastest. every 2 hOllrs; 
hence its mass must increase in old hyphae, from which the excesS streams 
into the advancing growing region. This can be demonstrated by following 
the incorporation of radioactive amino acids into proteins, whose synthesis 
is an indication of cytoplasmic growth. Incorporation varied only slightly 
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along a S-mm int~rval behind the hyphal tip. and it occurred in every part 
of living hyphae (Zalokar, 1959b). 

In connection with apical growth, hyphae..:: arc ditlercntiatcd along theiT 
length. The growing tip is active in new ccII wall synthesis, the median 
portion has most other growth activities, and the posterior portion is emp
tied of functioning cytoplasm. which streams forward, anu becomes ll11cd 
with vacuoles. The role of thc..::se vacuoles in growth and streaming will be 
discussed in more dctail in Chapter 16. 

The grO\ving tip can be used to study the process of ccII wall formation. 
New ccli wall s~vnthcsis requires nutrients and energy; on the other hand, 
ccli functions not connected with wall formation may be ddctcrious. 
It is possible to sec that hyphal tips arc rich in cytoplasm and contain 
long filamentous mitochondria. but arc devoid of nuclei. Cytochemical 
study shows an increase in RNA and protein concentration as compared 
to more distal regions and an especially notable increase in alkaline phos
phatase (Fig. 2). Even though it is not known which enzymes arc involved 
in cell wall synthesis, the presence of alkaline phosphatase suggests that 
active phosphorylation is undoubtedly needed in energy transfer and in 
the building of polysaccharide bonds. Inasmuch as the wall is made of 
polysaccharide, a ~ugar should be amply supplied to this region. In view 
of the fact that hyphae often arc aerial, they must obtain sugar either 
hy dilTusion or by active transport from distant parts of the hyphae (see 
Chapter 16). Cytochemical studies show that the protoplast is loaded with 
glycogen, which suddenly disappears ncar the tip. This phenomenon indi
c<.Jtes that sugar is transported to the tip in the form of glycogen, which 
is hydrolyzed at the tip anu used in cell wall synthesis. In Candida. mito
chondria may he directly involved in cell wall synthesis (:"Jickerson and 
Falcone, lY56h). They contain a disulfide reductase which brcab S~S 
bonds in a sulfur-containing cell wall protein. This enzyme is absent in a 
division less mutant of Cumlidll that grows in fIlamentous form. 

B. Replication of Cell Orgallelles 

Ccll organelles rcpJic;:ttc along with replication of th~ prolopla~t. If th~ 
multiplication rate of any organelle were less than that of the cell (proto
plast), then it would disappear from the cytoplasm in a few generations. 
On the contrary, if the organelles were to multiply faster they would crO\vd 
the cytoplasm. In the discussion of cytoplasmic inheritance (Volume II, 
Chapter 7), the existence of such unstable organelles or partic1c"i will be 
discusseD in connection with thdr signiJkancc in djJfcrcntiation amJ hcreJ
ity. At present we shall examine the mode of reproduction of normal cell 
constituents. 
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One of the big questions that has pi:Jgucd cytologists for a long time 
is thl' continuity of cell organelles. Arc they produced by growth .<Ina 
fission of their predecessors, or iHC they cap:.tblc of independent origin'! 
The question has been partially answered hy modern ckctron microscope 
chscrvations and other methods. although it is far from heing solved. 

1. Nucleu.\' 

One of the cell organelles which certainly cannot originate independently 
is thl.: cd! nucleus. Details of nuclear division arc discussed elsewhere 
(Chapter 6). The molecular phenomenon behind nuclear division is repli
cation of DNA, which is best cxplained by the WalSon and Crick model 
(see C<lvalicri and Ro;.;cnberg, 19(2). Much less is known about the or
ganization of chromosomes, and therefore the molecular evcnb in their 
duplication elude us complctcly. While the nucleus and its chromosomes 
are self-duplicating, this is less certain for the nucleolus and nuclear mem
brane. In many fungi both the nucleolus and nuclear membrane persist 
during nuclear division (Chapter 6)) but arc lost during meiosis. when 
"de novo" formation should occur. 

Chromosomes possess one or more nuckolar organizers (McClintock. 
1934), which seem to function either as direct producers of at least part 
of the nucleolar material, or as gatherers of material elaborated elsewhere 
in the nucleus. No genetic information on nucleolar organizers is avail
able in fungi, and nucleolar function has never been studied hecausc of 
the ~mall ~izc of this organelle. 

The nuclear membrane in higher plants and animals is reconstituted 
from the endoplasmic reticulum with which it remains continuous. 

2. Mitochondri(/ 

Fungi arc one of the c1assical objects for the study of mitochonJria anu 
their origin (Guillicrmond, 1941). Guilliermond stated that the chondri
osomes arc transmitted by division from cell to cell and never arise de 
110VO, but Dangeard (19SR) maintained that there is de novo origin of 
mitochondria from submicroscopic particles. The de novo formation of 
mitochondria was observed in yeast buds with phase contrast optics (Mul
Ier, 1956). It has also been demonstrated with the electron microscope 
that anaerobically grown Torulopsis possesses no mitochondria, but that 
a membrane system becomes organized, Juring aeration, into sllch or
g'lnclles (Linnane et a/., 1962). 

On the other hand, Guilliermond's views have been supported recently 
by a quite different method by Luck (1963). Mitochondria were laheled 
with radio3.ctivc choline during the logarithmic growth phase of Nellro
spora. When the mycelium continued to grow in thl.! absence of the radio-
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active precursor, all mitochondria remained labeled equally, indicating 
that there was no de novo formation from sma]Jcr particles. This contra
diction in the origin of mitochondria may be only apparent. It is pos:-.iblc 
that mitochondria multiply by division during active growth, hut in other 
cases they may dcvelop from organelles lacking typical mitochondrial 
structure. 

Whatever their origin, mitochondria arc built by a variety of molecules 
which must fit into the structure at proper places. Green and collaborators 
(Criddle el al., 1962) were able to break mitochondria into smaller con
stituent parts and. by combining certain of these, reconstitute some of the 
original function. Similarly, the succinic oxidase system could be recon
stituted from its parts (King, 1963). These studies indicate that structural 
and functional elements of mitochondria have certain specific affinities, so 
that even after destruction, they combine in proper arrangement. The 
forces involved in ultrastructural organization arc a SUbject for future 
studies, and it is to be hoped that researchers will pay more attention to 
the excellent mitochondrial material of fungi. 

3. Endoplasmic Reticulum and Ribosomes 

As in the case of other cellular structures, the study of the Oflglll of 
these components was done mainly with other organisms. The endoplasmic 
reticulum is continuous with the nuclear membrane, from which it is de
rived according to Porter (1961). Ribosomal RNA originates in nuclei, 
as demonstrated in Neurospora, and there is no self-replication of ribo
somes in the cytoplasm (p. 3~5). Nothing is known, however, of the 
origin of the protein moiety of ribosomes, although it is suspected that in 
cells of higher plants and animals complete ribosomes are elaborated in 
nuclei and pass into the cytoplasm. A continuity of ribosomes has been 
found in Allomyces (Turian, 1961), where they became packed in the 
nuclear cap during spore formation, to he released to the cytoplasm during 
spore germination. 

Sedimentation studies show that ribosomes occur in different sizes, and 
Britten el itl. (1962) showed in bacteria that particles of smaller size 
build up larger particles in the cytoplasm. This sequence of ribosome for
mation may be true for bacteria. but still has to be demonstrated for other 
cells, including fungi. 

4. Vacuoles 

This cell organelle probably can be studied better in fungi than in any 
other organism (see Guilliermond, 1941; Dangeard, (956). Growing 
hyphae arc usually free of vacuoles ncar the tips, and vacuoles appear 
larger in older parts. Hyphae also become vacuolated under certain, usu-
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ally adverse, environmental conditions. Thus, the ongm of vacuoles can 
be studied by examining young and old hyphae. Here, again, classical 
cytology could not provide an answer since nascent vacuoles were at the 
limit of visibility with optical microscopy.' This led to the controversies 
between Giulliermond and Dangeard, the first claiming de novo origin, 
and the second the continuity of vacuoles. Observations with the electron 
microscope indicate that in higher plant cells vacuoles arc derived from 
the endoplasmic reticulum (Poux, 1962). 

V. CONTROL MECHANISMS IN CELLULAR PROCESSES 

A. General Systems of Control 

The normal functioning of a cell depends on proper adjustment of all 
the biochemical reactions of which the cell is capable. This necessitates a 
system of controls, the interplay of which is the essence of life itself. We 
are only beginning to understand some of these controls, and, for the 
present, we must study isolated cases and guess about their significance 
in the organism as a whole. Bacteria arc the favorite subject for the study 
of control mechanisms, but many important observations have been made 
on fungi. Valuable discussions of control mechanism can be found in 
D. M. Bonner (1961) and in the Cold Spring Harbor Symposium for 
1961. 

1. Reaction Kinetics 

Given an unchanging enzyme system, certain controls can be exerted on 
metabolism simply by the laws of mass action. A self-regulating system 
based entirely on chemical kinetics was postulated by Hinshclwood (1946). 
Such a system of controls is undoubtedly of great importance, but living 
cells also exert controls at levels of higher complexity. 

In reversible reactions, an equilibrium is established between the con
centration of reactants and that of the product, so that the reaction does 
not proceed further, unless the product is removed. This would lead to 
an establishment of a certain concentration of end products of metabolism 
in the cell, and the existence of metabolite pools may be due to such a 
simple regulatory mechanism. 

Most of the substrates in a living cell arc used in branched and cross
linked reaction pathways. In such reactions, enzymes often compete for 
a common substrate. In yeast respiration (Holzer, 19(1) (Fig. 5), py
ruvate can be either dccarboxylated by pyruvate decarboxylase into acetal
dehyde (anaerobically) or oxidized by pyruvate oxidase to acetyl coenzyme 
A (aerobically). The affinity of the oxidizing enzyme for pyruvate is mueh 
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higher so that, at low substrate concentrations, most of the pyruvate is 
converted to acetyl CoA . At higher substrate concentrations, however , 
pyruvate oxidase becomes saturated, and decarboxylation continues to 
increase, thereby increasing the proportion of fermentation to respiration. 

A similar mechanism may be the reason for the "Crabtree effect" in 
tumor cells, in which fermentation suppresses respiration. In the more 

Glucose 

~ 
~p,,,vate 

AoetaThY
'" 

Alcohol 
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Flc;. 5. Bran<::hing of glucose breakdown in yeaM at the pyruvate level, (rom 

Holzer ( 196 1). 

familia r " Pasteur eO·ecV' the reverse occurs, in that respiration inhibits 
fermentation. The mechanism of both effects is not yet fu lly unde rstood, 
but competition of enzymes for the !>ame substrate must be involved (Van 
Eys, 196 1; Lynen el aI. , 1959) (d. Chapter 12) . 

In a more complex situation, reaction chains. arc interconnected , so that 
the product of one chain is used as an intermediate in another chain or 
is used at the beginning of the sa me chain in a circular pathway. Such 
cyclically linked models of enzyme action constitute the basic system of 
controls in Hinshclwood's discussions. 

Interconnected reactions can be found in yeast fermentation (Holzer, 
1961) (Fig. 6). At the start· of fermenta tion, a-glycerophosphate accumu
lates. Phosphoglyceraldehyde can be oxidized to IX-phosphoglycerate as 
Jong as NAD js avajJable. The NADH prod uced jn this react j on jnitjally 
is used for the reduction of dihydroxyacetone phosphate to phospho
glyceraldehyde. As the concentration of acetaldehyde builds up, NADH 
is oxidized in the formation of alcohol at a higher rate and the accumula
tion of IX-glycerophosphate ceases. T his case also illustrates control of 
metabolism by competition [or eofactors. If several enzymes use the same 
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F IG. 6. Scheme of initial phase of fermenl!llion (A IlJ:iirtlIlK) and stationary phase 

of fermentation in yea~l, from Holzer ( 196 1). 

cofactor, their reaction rates will depend on the avail abil ity of the cofactor 
in its proper fo rm . Inasmuc h as ' cofacto rs are always in limited supply, 
they have to be regenerated continuously so that one reaction will proceed 
only if anot he r reaction runs in an opposite direction. 

]. Controls of £m:.yme Function 

The contro ls by mass action would be inefTcctive if the reaction rates 
were no t properly adjusted by enzymes. The rate of conversion of a meta
bolite in the rcaction chain is controlled by the slowest link. T hus, it is 
enough to have one pace-setting enzyme at the bcginning of the chain, while 
thc other enzymes work below their full capac ity. Most ccllular con trol 
mech anisms invol ve regul a tion of the synthesis or activity of cnzymes. In a 
previous chaptcr we discussed the control of enzymes by cellular structure. 
At the biochemical level, enzyme function is controlled by inhibitors or 
activa tors. 

Tn many cases, a metaboli te can compete with another for the activc 
site of the enzyme. T hus, fructose competes with sucrose fo r yeast sac
charasc and can inhibit further hydrolysis of sucrose. Natural or arti ficial 
analogs of m etabo lites can compete fo r sites on enzymes anu prevent their 
function. This fact h as been used extensively in the search for che micals 
and drugs that can regulate growth. 

In feedback inhi bition, the end produ ct of a reaclion chain inhibits the 
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functioning of an enzyme somewhere near the beginning of the chain. The 
net result is that, as soon as the end product begins to accumulate, its 
further synthesis is storred. As it becomes depleted, synthesis begins again 
upon the freeing of the enzyme from inhibition. reedback inhibition can 
be very specific, acting only on one enzyme in the chain and being exerted 
by only one metabolite. The inhibitor need not to be structurally similar 
to the substrate, and it appears that the inhibitor docs not interfere with 
the aetive site of the enzyme. It has been suggested that the inhihitor 
interacts with another part of the enzyme molecule in such a way that it 
impairs reversibly the enzyme's function (Monod cl al., 1963). 

Feedback inhibition was discovered by Novick and Szilard (1954), who 
noticed that tryptophan inhibited the synthesis of its precursor in Es
cherichia coli. In studics of F. coli and yeast, Roberts et al. (1955) ob
served that endogcnous production of amino acids was inhibited if the 
amino acids were added to the medium. Later, feedback inhibition was 
studied in several biosynthetic chains, mainly in E. coli (Umbarger, 
1961 a,b). No such detailed analysis of feedback exists in fungi, and the 
best esample is tryptophan synthesis in Neurospora (G. Lester, 1963; 
Matchett and DeMoss, 1(63), in which the addition of tryptophan blocks 
the prOduction of anthranilic acid. 

3. Induc/ion ({fld Represshm 

The controls tIiscussed until now act immediately and allow the organ
ism to adjust rapidly to changing substrate levels. More 'pecillc, perhaps, 
but slightly slower in action, is a control that acts on the production of 
enzymes themselves. When enzyme synthesis is enhanced in the presence 
of a substrate (inducer), the process is called induction. In the opposite 
case. which is called repression, enzyme synthesis is repressed hy the end 
product of a reaction chain, or by other specific repressors. 

[n fungi. various enzyme systems arc inducible. In yeast, respiratory 
enzymes arc induced by molecular oxygcn (Slonimski, 1956). Ferment
ing yeast, when aerated, increases its content of cytochrome c oxidase 
200-fold, cytochrome c peroxidase 50-fold, catalase 30-fold, and cyto
chrome c 30-fold. The activity of many other enzymes connected with 
aerobic metabolism is incrca~ed to a lesser extent. If a "petitc" strain, not 
capable of normal respiration, is used for induction experiments, oxygen 
serves as a gratuitous (sec below) inducer. 

The inducer normally is a natural substrate for the induced enzyme. 
Many chemically related substances can also serve as inducers, sometimes 
more eflicicntly than the normal metabolite. Thus, methyl-f3-glucoside is 
aboot forty times more potent an inducer of p-glucosidase in yeast than is 
cellobiose (Halvorson, 1960). 
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In some cases, inducers cannot serve as a substrate for enzymes at all, 
although they are related to natural inducers. Thus, thiogalactosides arc 
strong inducers of fJ-galactosidase in bacteria, and thioglucosides of fJ-glu
cosidase in ycast, without being substrates. Such "gratuitous" inducers ore 
very useful in thc study of induction, since they arc not metabolized. Con
versely, some substrates are not inducers. Some substrate analogs, instead of 
being inducers, actually act as competitive inhibitors of induction. 

Induced enzymes often are contrasted to constitutive enzymes, but the 
distinction is no longer very clear. Induced enzymes can be produced in 
negligible quantities even in the absence of induction, and in many cases, 
an inducer enhances the production of a constitutive enzyme, as in the 
fJ-glucosidase of yeast (MacOuiIJan and Halvorson, 1962a). Some authors 
believe that some constitutive enzymes actually may be induced by an 
endogenous inducer which cannot be removed, so that proof is difficult to 
obtain. ]n all cases of enzyme induction, the cell possesses the gene neces
sary to determine the amino acid sequence of the enzyme, and induction 
only activates the gene. The inducible and the constitutive fJ-glucosidases 
of yeast are identical by many ellzymologic criteria, indicating that they are 
determined by the same structural gene. 

The repressor normally is the cnd product of a reaction chain, sup
pressing the formation of most of the enzymes in the chain. Repression 
differs from feedback inhibition in that enzyme synthesis, not function, is 
inhibited. Both phenomena have the same end effect and can be distin
guished only after careful study. Often, both reprc"ion and feedback 
mech~nisms can coexist in the same enzyme system. Thus, in Neurospora, 
tryptophan acts as feedback inhibitor, but also represses the formation of 
tryptophan synthetase in certain auxotrophic mutants (Matchett and 
DeMoss, 1962). 

In the special case of cataholite repression (Magasanik, 1961), a 
metabolite not directly connected with enzyme action can function as a 
repressor. This is evident in the so-called "glucose ellcct," where the ad
dition of glucose represses the formation of certain enzymes. Such repres
sion may be useful by preventing the production of metabolites through 
other pathways, when they can be obtained more readily by the metabolism 
of glucose. In yeast, glucose inhibits the formation of {3-giucosidase, and 
also of succinic and isocitric dchydrogenases and of several other enzymes 
of citric acid cycle (MacOuillan and Halvorson, 1962b). 

It is believed now that both induction and repression involve a similar 
mechanism, acting at the genetic locus which controls the formation of the 
RNA necessary for cnzyme synthesis. The study of induction has led 
to the concept of an unstahle "messenger" RNA, produced by genes thal 
interact with ribosomes in enzyme synthesis. After the addition of an in-
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ducer, a short lag of a few minutes occurs before enzyme synthesis starts. 
This is the time necessary to build new messenger RNA. Since, in the 
absence of inducer enzyme synthesis ceases rapidly, it is assumed that this 
messenger RNA is very unstable and disappears from the cytoplasm, unless 
more is formed continuously. 

Jacob and Monad (1961), based on their studies of {i-galactosidase in
duction in Escherichia coli, proposed the following model to explain both 
induction and repression. The cell has structural genes for {i-galactosidase 
and p-galactoside permease, or any other enzymes belonging to the same 
induction sequence. These genes determine the amino acid sequence of the 
enzymes and are situated in adjacent cistrons. The cistrons are preceded by 
an "operator" gene which initiates RNA synthesis. Another gene, the 
"regulator," produces a substance which interacts with the "operator" and 
keeps it inactive. During induction, the inducer combines with this sub
stance and derepresses the operator, thereby initiating new RNA synthesis. 
During repression, the substance produced by the regulator does not nor
mally interact with the operator, but the repressor makes the interaction 
possible, shutting otI further RNA synthesis. This rather complicated model 
explains most of the facts of induction and repression studied in bacteria, 
but still has to be proved to apply more generally. 

B. COil trois in Growth and Development 

1. Germinlltion 

When a fungal spore ralls on fertile ground, with enough moisture avail
ahlc, many changes occur in its cytoplasm, setting the biosynthetic ma
chinery in IIlotion. ",'hen (he spores were fomted, many proce~ses slowcd 
down or stopped entirely, and many intermediates of metabolism were 
depleted. On the other hand, spores have accumulated reserve substances 
in the form of glycogen, proteins, nucleic acids, and others, to allow re
sumption of growth without immediate need for external food. The 
mechanisms involved in these controls \vill be discussed in Volume II, Sec
lion II). 

After germination, there is a lag before growth assumes its normal fast 
rate. During the lag period, all metabolic reactions become equilibrated 
through various control mechanisms. This includes restoration of the 
enzyme system and a build-up of the proper concentration of intermediary 
metabolites which is necessary for enzymatic reactions to proceed at full 
pace aCL'ording to the laws of mass action. An example can be found in 
yeast fermentation, which does not proceed normally until there is a build-up 
of the acetaldehyde concentration. The proper level of intermediates can be 
established only slowly in cyclic reaclion sequences such as the Krebs 
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cycle, which cannot get into full swing until all its intermediates reach a 
steady-state concentration. 

2. Exponential Growth (Steady State) 

After this initial lag period. in the presence of abundant food supply. 
growth proceeds at an exponential rate. This means that the living sub
stance duplicates at regular intervals. The growth rate can be very fast in 
some fungi: Neurospora crllssa doubles its protein content every 2 hours 
but some fungi, like those forming lichens, grow extremely slowly. During 
exponential growth, every component of the living protoplast is exactly 
doubled in a given time. All metabolic reactions of the ccli must be so 
adjusted that none proceeds at a rate that would result in the exhaustion or 
accumulation of a metabolite. This dynamic equilibrium is called a steady 
state, and we can imagine how the different control mechanisms discussed 
above might function to maintain it. 

In reality, the steady state does not exist throughout the reduplication 
cycle. Many processes arc continuous during growth, but others procL'cu 
sporadically. In a synchronized culture of yeast and in slime molds, the 
synthesis of proteins and RNA increases continuously whereas the replica
tion of DNA is completed in a fraction of the generation time. New cell 
walls are formed only at certain stages in the course of cell division. Ex
ponential growth, therefore, comprises a series of rhythmical events giving 
the appearance of a steady state. 

The rate of growth during the exponential phase is dependent on the 
source of food. It is easy to sec how the deficiency of a mctaholitc can 
affect growth, but the fact that all processes arc slowed down proportionally 
needs explanation. Is the reduction of growth due to a general overall slow
ing of synthetic processes, or do only a few biosynthetic enzymes continue 
to work at full capacity? When bacteria (A erohacter) arc grown on pep
tone mediulll, growth is about ten times faster than on glutamic acid 
(Neidhardt and Fraenkel, 1961; K jelgaard and Kurland, 1963). In cells 
grown at a slow rate the ratio of DNA to protein, and DNA to transfer 
RNA remained the same, whereas the ratio of ribosomes to DNA decreased. 
This suggests that the Slowing of protein formation is due to a reduction in 
the amount of ribosomes which continue to produce proteins at the same 
rate as in fast growing cells. Ribosome synthesis must somehow be con
nected with the level of a nutrient (or its metabolic product). It has been 
shown that the presence of amino acids is necessary for the synthesis of 
RNA (Gros and Gras, 1958; Kurland and Maal0c, 1962), and this may be 
part of the mechanism involved. 

The stcady state is altered as the growth medium becomes modified by 
the activities of the growing organism. It is only through the "chemostat" 
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and unicellular organisms (Novick and Szilard, 1954) that unchanging 
growth conditions can be maintained. Most fungi, however, produce a my
celium in which the older parts remain in a medium modified or exhausted 
by growth, Only the peripheral hyphae continuously invade fresh medium 
and remain in a steady stale. 

Theoretically, indeflnite uniform growth of mycelia can be obtained in 
growth tuhes (Ryan ef "[,, 1943) on solid medium. In liquid medium, the 
exponential growth phase lasts only as long as hyphae arc freely suspended 
in the medium and not overcrowded (Zalokar, 1959a). Later, hyphae 
branch in all directions to produce a mycelium growing as a sphere, which 
increases its radius at a constant rate, so that the cube root of the dry 
weight increases linearly (S. Emerson, 1950). 

3. Aging and Differentialion 

Unless hyphae can creep continuously into a fresh medium, their en
vironment changes as a result of their own growth and growth slows down 
in an aging colony. At this time, many controls cannot cope fully with the 
changing conditions and profound changes occur in the cells. One visible 
effect of aging in hyphae is the increase in the numher and size of vacuoles 
and the accumulation of different products of metabolism, such as fat drop
lets or pigments. Tn many molds, like Penicillium, pigments accumulate 
whenever growth slows down, and this may lead to concentric pigmented 
rings in a colony in which growth is periodic owing to fluctuations of light 
or temperature (cf. Chapter 27). In Nellrospora, the slowing or stopping 
of growth induces the formation of tyrosinase (Horowitz et al., 1960) 
which leads to the accumulation of melanin. It is difficult to decide whether 
such phenomena arc merely side effects of metabolism or whether they 
arc useful to the aging organism. 

Reproductive organs often arc induced by the cessation of growth. The 
colored concentric rings of mold colonies arc the sites where conidiophores 
are formed. An increase in the partial pressure of carbon dioxide in the 
medium induces the formation of sporangia in Blastocladiella (Cantina and 
Horenstein, 1955) (sec Volume 11. Chapter 3c). A similar effect of this gas 
has been observed in the animal kingdom, where it induces sexual stages 
in Hydra (Loomis, 1961). In all thc cases where an apparently simple 
external stimulus is associated with drastic changes in the organbm, we are 
tempted to consider it to be the primary cause of the changes. L'ndountcdly 
the stimulus often serves as a trigger, but the response is an inherent guality 
of the cciI. The chain of events leading from the triggering elTect to various 
responses may be long and complicated and difTicult to study. The models 
used to expluin induction and repression of enzymes are not sufficient and 
do not apply in all these cases. Differentiation comprises a complex rear-
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rangemcnt of controls, leading to new metabolic patterns, whkh often result 
in changed morphology. The intrinsic qualities of the organism, as coded in 
its genetic system, will determine which condition will initiate such re
arrangements and how they will proceed. 

C. Malfllnctions of Control Mechanisms 

The breakdown of control systems during aging is a natural consequence 
of the life cycle. Often, however, these systems can be thrown out of con
trol by external or internal causes. As a result, certain metabolites will he 
used at an excessive rate, or metabolic products will accumulate. The 
organism can readjust to some of these interventions, others may be lethal. 
An interesting case of natural death in Neurospora has been described by 
Sheng (195 I) in which a gene mutation caused colonies to die after a 
defined period of growth. This effect was ascribed to the accumulation of 
toxic products of metabolism in the cytoplasm. 

One of the early methods in the study of yeast fermentation was to 
pobon certain steps and find which intermediates accumulated as a result. 
Sodium fluoride inhibits enolase and induces the accumulation of pho'ipho
glyceric acid and glycerophosphate. In the system discussed earlier in this 
chapter (Fig. 5) acetaldehyde can be trapped with sodium sulfite, thereby 
preventing the reoxidation of NADH. As a result, the reaction is switched 
to the accumulation of glycerophosphate, which is hydrolyzed by phos
phatases to glycerol. This process has been adapted for the industrial 
production of glycerol. 

Tampering with feedback controls can lead to accumulation of an end 
product or to other derangements of metabolism. If the feedback mecha
nism acts upon an enzyme preceding a branch of a biosynthetic chain, both 
produ<.:ts \1.,';11 be aITcctccl. Thus in strain K 12 of Escherichia coli, the addi
tion of excessive amounts of valine to the medium will inhibit not only 
valine synthesis, but also boiclIcinc synthesis, both being dependent on the 
production of the same intermediate (Umharger, 1961a). Therefore, the 
organism will develop a rc,-!uircmcnt for the other product of the branched 
pathway if one of them is adckd. 

As for repression, enzyme production is inhibited when the concentration 
of the end product increases. If this increase is prevented, repression does 
not occur and excessive enzymc synthesis results. Derepression can he 
caused by genetically blocking the production of the end product, and 
adding it in reduced quantities to the medium. In Neurospora crassa, 
tryptophan synthetase production was increased severalfold in a tryptophan
requiring mutant, when the internal concentration of tryptophan fell below 
1 I' mole per gram dry weight of mycelium (Matchett and DeMoss, 1962). 
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In some bacteria, it has heen possible to increase enormously the produc
tion of certain enzymes by derepression (Vogel, 1961). 

One of the very effective ways of inducing accumulation of substances in 
microorganisms is to block intermediate metabolism genetically. As a re
sult of a mutation, a gene may no longer produce the enzyme necessary for 
a particular step in a reaction chain, and the substance formed in the 
preceding step acculnulates. Since such interruption of metabolism often 
deprives organisms of onc of their essential metabolites, the mutation is 
usually lethal. But the lethality may be remedied by adding to the medium 
the missing end product of the defective chain. This is the basis of the very 
fruitful analysis of biochemical genetics in Neurospora and will be discussed 
further in other chapters. A comprehensive review of interactions between 
genes, mutation, and mctabolhm has been written by Strauss (1 Y55). 
Many interesting intermediate products can be obtained by this genetic 
method, some of potential practical value. In Neurospora, cystathionine 
accumulated in a mutant blocked between cystathionine and homoeyst~ine 
and could be isolated by a simple process (Horowitz, 1947). A practical 
way to obtain orotic acid could be developed with some Neurospora 
mutants which were hlocked in pyrimidine synthesis and accumulated the 
acid (Mitchell et al., I Y48). It is significant that such accumulation of in
termediates would not be possible if they served as repressors of prior 
steps in their biosynthesis. By judicious manipulation of mutants and 
metabolic controls, it should be possible to direct the production of many 
interesting compounds by fungi. 
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Uptake and Translocation 

1. Uptake' 

ASER ROTHSTEIN 

Department of Rat/iation Biology 
University of Rochester School of Medicine 

Rochester, N ew York 

I. INTRODUCTION 

No substance can leave or enter a cell without being subjected to the 
traffic rules that arc inherent in the nature of the cell membrane. In fact, 
the primary function of this thin outer membrane is the regulation of 
traffic. By carcfully detcrmining the rules that apply to various substances, 
the cell physiologists hope not only to describe the balance and flow of 
substances into and out of the cells, but to determine the underlying 
mechanisms within the membrane. 

Although the specific characteristics of the membrane of each type of 
cell are unique, common underlying patterns are quite evident and com
parisons are often fruitful. Although much o( the early work on membranes 
was done with plant cells, in recent years most of the new concepts have 
been derived from studies with animal cells. The only fungal cell which 
has been studied with any intensity is the yeast cell. The general features 
of membrane transport will therefore be discussed in relation to cells in 
general, and the detailed studies of the yeast ccII will then be placed in the 
context of the general pattern. 

1 This ~tlldy is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 
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A. Functions of the Cell Membrane 

The chid function of the cell memhrane is the regulation of cellular 
composition with respect to diffusible substances. Essential metabolites are 
retained whik waste prouucts escape. Sub~tratcs arc taken up, while m~lIl:\ 

foreign substances arc excluded. 1n the naked cells of animals, the mem
brane is also responsihle for the regulation of size (Tostcson and Hoffman. 
1960). These cells arc always in osmotic equilibrium; therefore, in cun
trOlling electrolyte composition. the membrane is simultaneously the pre· 
dominant factor in the regulation of cell volume. In contrast, in the walled 
cel1s, inc1uding fungi, the wall ilscH determines cellular volume. Although 
the membrane does not playa direct role in regulating size, it is responsible 
for maintaining a high internal osmotic pressure by salt accumulation, so 
that an outward pressure exists against the waH (Falcone and Nicker:-.on, 
1959). When growth occurs. the wall is softened by specific enzymes. and 
the outward preSSlJrC forces an expansion of the protopJast which accom
modates the newly forming hud or ccII (Rothstein, 1'1(4). 

Another difference between certain animal cells and plant cells rclak~ 

to the role of membrane polarization. In all cells, differences in the dis
tribution of electrolytes between the cytoplasm and the external aqueous 
environment give rise to membrane potentials. In nerve and muscle, tran
sient changes in the permeability of the membranc result in depolarization 
phenomena associated with transmission of impubes and with stimulation 
of contraction. Although action potentials can bc induced in large algal 
celis, the phenomena arc ·undoubtedly of 1ittle physiological concern in the 
fungi. 

Another function of the cell membrane which is not directly conccrnl'd 
with exit and entry of substances is its role in the degradation and syn
thesis of extracellular substances. These activities are related to enzyme 
localizcd on the membrane and arc perhaps of primary importance in the 
elaboration of cell wall materials (Rothstein. 1954). 

B. Structure of the Cell Memhrane 

The cell membrane is not visible in the light microscope, anu its exist· 
ence, until recently, was inferred from physiological studies. The cell be· 
haved as though it were covered by a membrane ("plasma ml:mbranl'·· 
or "plasmalemma" in plants) that acted as a diffusion barrier. From many 
studies of permeability it was postulated that the membrane was composed 
of a bimolecular leaflet of lipid. the polar ends heing associated with layers 
of protein (Danielli, 1943). In recent years this postulated model has 
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been confirmed by visualization with the electro n microscopic ( Robertson, 
1959)and with X-ray diffraction techniques (Finean, 196 1). A ll cells have 
an o uter membrane of the same basic patte rn , called the " unit membrane"' 
(Fig. 1). Indeed , many o f thc intern al structures of the ccII uch as mito-
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FIG. I. H ighly schematic diagram of the uni t mem brane structu re. T he jo inted 

circles and bars represent lipid molecules. and the zigzag line represent no nl ipid 
molecules designated X Hnd Y. F rom R obertson ( 196 1) . 

chond ria, Golgi, nucleus, vacuoles, a nd endoplasmic reticulum also con
tain similar membra ne structu rcs. The do uble " track" seen by electro n 
microscopy with heavy meta l staining represents a basic structural con
figuration or "backbo ne" o f li pids a nd p roteins, common to a ll ce lls. T he 
detailed structural a r ray associa ted with specific permeability properties 
and with specia lized transpo rt systems are beyond the p rcsent resolutio n 
o~ Ine c\cctro n microscope. Nor ca n (ftffc rences in st ructure which must 
underlie the physio logical dilTerences in the mcmbra ncs of diITerenl lypes 
of cells be seen by means o f the electro n microscope. 

C. M echanisms of M emhrane Transfer 

A net movement of solute ac ross the cell mcmbrane will take place o nly 
if a driving force acts on that particular solute, a nd if some means exist 
for the solu te molecule to pass through the membrane. In the simplest 
case. the driving force derives from a d iffe rence in the chemical potent ia l 
of a solu te in the two solutions 0 11 the two sides o f the Illcmbranc. For 
example, with a nonelectro lyte, a din'crence in concentra tio n (or mo re 
precisely, acti vity) in the two solutio ns will tend to d rive solute in the 
~irect ion of the lower concentratio n. J n the case o f iOIlS, the e lcctrical 
potential across the membrane as well as the chemical po tenti al can scrve 
as driving forces a nd the net driving fo rcc is us ually referred to as the 
electrochemical potentia l. Jf no o ther forces intervene, the ne t movement 
will cease when the electroch emical potent ial is zero, and the solute will 
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reach an equilihrium distribution. But if solute is continuou~ly removed Of 

addeu to one side of the membrane (for example, by metabolic produc
lion or destruction), then equilihrium is never rcached and solute will con
tinue to move. Movements of solutes in response to driving forces outside 
of the membrane arc usually referred to as "downhill" or ·'passive." 

The movements of many physiologically important solutes through the 
cell membrane cannot be accounted for hy the external gradients. Other 
forces operating within the membrane push the solutes against their elec
trochemical gradients. Such movements arC generally called "uphill" or 
"active transport," the required energy being derived from metabolic reac
tions. Usually a solute that can be actively transported in the "uphilr" 
direction can also move in the "downhill" direction as well. In this case 
a steady state distribution is attained, in which an electrochemical gradient 
is maintained, and in which the "uphill" movement is exactly balanced by 
the "downhill" movement. This situation is sometimes referred to as a 
"pump and leak" system. 

The mechanisms by which solutes penetrate the membrane arc not com
pletely understood. primarily hecause the detailed molecular architecture 
Df the membrane is unknown. From studies of thc kinetics of transport. 
three general patterns have emerged which, for convenience, can be labckd 
the "diffusion pattern," the "pore pattern," and the "carrier pattern," and 
mechanisms have been postulated for each of them. Tn addition, entry and 
exit of macromolecules by pinocytosis or by undefmed mechanisms have 
been observed. 

The diffusion pattern was the carliest to be developed, dating back to 
the nineteenth century, particularly to the work of Overton. The rate of 
transport follows kinetics that can be lkscribed by appropriate modifica
tions of the Fick equation for diffusion. (The rate is proportional to the 
concentration gradient across thc membrane.) In comparing the rate con
stant (or permeability constant) for various solutes, the predominant fac
tor is the degree of lipid solubility. Presumably the solute penetrates by 
dissolving in the lipid phase of the membrane, and this pattern is displayed 
primarily by lipid-soluble nonclectrolytes. Thc most detailed analysis of 
the diffusion pattern is given by Danielli (1943), \vho points out its com
plexities. The rate of penetration may depend not only on the partition 
coeftlcient, but on the viscosity of the membrane lipids, internal bonding. 
and bonding that may occur betwecn thc solute molecule ,md the lipid 
moleculcs. 

The concept of pores or aqueous channels through thc membrane is an 
old one which was used to explain the relatively rapid penetration of small, 
lipid-insoluble (polar) molecules. After many years of neglect, the con
cept has been revived in a more sophisticated form to explain the move-
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nents of water (Solomon, 19(1). Thus, the movement of labeled water 
tritium) in a system which is in osmotic equilibrium, follows a typical 
li!Tusion pattern. The tritium-labeled molecules are relatively few in num
)er relative to unlabeled water, and behave like thc diffusion of solute in 
I solvent. If, ho\vcvcr, the water movements arc measured in terms of 
let change dri\'cn by an osmotic gradient (a difference in the activity of 
vater on the two sides of the membrane), then it is the solvent itself that 
noves rather than a solute. The apparent permeability may be three or 
nore times higher. The \\'atcr behaves as though it is moving in bulk rather 
han as individual molecules in random motion. The kinetics foHow the 
low c,-)uations (PoiscuilIe's law) rather than difrusion equations (Fick's 
aw). From the data an average equivalent pore radius can be calculated. 
For several kinds of cells it is of the order of 4-5 A. Two other conse
jucnees of the pore pattern arc the sharp screening elTect or cutoff of 
~cnctrability for molecules of a size greater than that of the pore, and 
he phenomenon of "solvent drag." The latter phenomenon involves move
ments of polar solutes across a membrane, driven hy the flow of water 
tussing, 1963). 

In the "diffusion" and "pore" patterns, the driving forces are considered 
to be the activity or electrochemical gradients in the bulk solutions on the 
two sides of the memhrane. That is, they arc "downhill" movements, 

The conccpt of earriers has developed in the last twenty years primarily 
to explain the behavior of many physiologically important solutes. The 
kin(:tics of transport in this case cannot be explained by a diffusion-limited 
process, or by bulk flow. but it can bc explained by assuming that the 
solute must form a chemically specific complex with a receptor site in 
the membrane in order for transfer to occur (Wilhrandt and Rosenberg, 
1961 ). The general properties of carrier systems can be summarized 
briefly: (I) "saturation" by high concentrations of solute, resulting in a 
maximal rate of transfer; (2) inhibition by small amounts of specific in
hibitors indicating that the carriers occupy only a small fraction of the 
membrane surface; (3) linkages, often seen Detween the SOJutl' movements 
in opposite directions. For example, the movement of onc sugar into the 
c~1\ can accelerate the movement of a dilTerent sugar in the opposite direc
tion. In the case of ion movements, the linkage may be obligatory; an 
ion can be transferred in one direction only if another ion of the same 
L'harge is simultaneously transferred in till..' otl1(;r direction (called "force~ 
exchange"); (4) pairs of chemically similar substanees that may compete 
for the limited numbers of carriers. 

Carrier-mediated transfers of solute may result from driving forces aris
ing from the external electrochemical gradient, or from internal gradients 
generated within the membrane by active transport mechanisms. In the 



434 Aser Rothstein 

latter case, metabolic reactions arc required to maintain an asymmdry in 
the distribution of the carriers across the membrane so that solute is trans
ferred faster in One direction than in the other. 

D. Compartmentalization within the Cell ~ 

In characterizing the uptake of solutes by cells it is important to con- . 
sider not only the properties of the cell membrane. but also the various 
subdivisions of the cell and their behavior toward the solute in question. 
In plants and microorganisms, the cell membrane is covered by the cdl 
wall anti in some cases by slime layers. The anatomical interrelationships 
between the wall and the membrane may be more intimate than merely 
one layer upon another. In yeast, the membrane is considerably folded and 
the wall itself consists of three distinct layers (Vitals cl a1., 1961). The 
outfoldings of the memhrane must represent an intimate molecular attach
ment of the membrane and wall because if the ccli is subjected to media 
of vcry high osmotic pressure, no plasmolysis OCCllfS. That is, the protoplast 
docs not shrink away from the wall as in the case of plant cells. If, how
ever, the wall is digested away by appropriate enzymes, the protoplast 
itself responds osmotically, shrinking in media of high tonicity. 

The presence of a cell wall oUbidc of the protoplast imposes somt: limi
tations on the study of uptake or release of substance from the cell. Thus, 
substances associated with water in the cell wall, Of with bindin~ groups 
in the cell wall, have not passed through the cell membrane and arc not 
in the protoplast itself; yet. wh~n the distribution of these substances he
tween the medium and the cells is measured, they arc measured as part of 
the cellular compartment. In yeast cells the ccII wall space has been investi
gated by measuring the volume of distribution of various solutes (Conway 
and Downey, 1949). Large molecules such as proteins and inulin cannot 
penetrate into the "'ccll w,!ll space." In yeast packed by centrifugation 
these substances distribute into 26/'fr of the volume, presumably in the 
,vater between the cells. The value is reasonably close to 22 %, the theo
retical close packing of spheres. Furthermore, if the yeast is pressed, the 
distribution space of proteins is reduced to 3 or 4% . Small molecules and 
ions rapidly distribute into an additional volume equivalent to 12 % of the 
ccII volume, and it is this volume which is presumed to be the "ccII \\lall 
space" outside of the cell membrane. 

Within the protoplast arc many visible- structufes, slIch as vacuoles, 
nucleus, membranes, and granules, organized in a most complicated fashion. 
Obviously the cytopla£m is nol a homogeneous weB-mixed solution. Physio
logically it is also ohvious that the cytoplasm is compartmentalized and 
that lhe internal structure is a contributing. factor in distribution of solutes. 
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No systematic study of the intracellular compartmentalization has been 
maul', but some of the factors an:: recognizable: (I) as much as 30% to 
40S{ of the volume of the protoplast is nut in solution (nonsolvcnt vol
ume); (2) a proportion of the \\'atcr is involved in hydration of protein 
and other 'iurfaccs ano Joes not behave like bull-. water; (3) internal struc
turcs such as vacuoles and mitochondria may conccntratL or exclude ~cr
lain solutes; (4) internal harriers may limit rates of lliflusion of solutes; 
(5) solutes may he bound by cellular components and structures; (6) 
owing to pH diffL'fCnCCS inside anu oLitside the cdl, weak crcctrolytcs may 
assume anomalous distribution; (7) the nonliiffu:-.ible compont.:nts tcnd to 
impose a Donnan distribution on all diffusible ions. 

II. STRONG ELECTROLYTES 

A. Monovalent Cations 

The uptake of the alkali metal cations hy yeast has been extensively 
studied, particularly by Conway and Duggan (1958) and by Roth
stein (1955, 1959). With any substrate that can be respired or fermented. 
the K+ can be rapidly absorbed. The inside:outsidc ratio of concentrations 
may be greater than 5000: 1, a consequence of a vigorous "uphill" trans
porting system and very slow "downhill" leakage. 

When K \- is taken up, electrical balance is maintained by a stoichio
metric excretion nf H \- so that the transport system behaves as a linked 
K I ~H exchange system. The H J ion is derived directly from metabolic 
reactions, perhaps in the membrane itself. Conway has proposed a rcdox
pump theory relating H! production and K transport to electron-transport 
systems (Conway, I953J. 

The kinetics of K transport follow the typical carrier pattern. As the 
K + concentration is raised, the rate of transport increases to a maximum 
along a curve that can be fitted by the Michaelis-Menten equation for 
enzyme kinetics (Fig. 2). This implies that K' must comhine with a 
receptor prescnt in limitcu amount, and that the rate of transport is pro
portional to the amount of K+-receptor (or K+-carrier) complex. Other 
alkali metal cations can also be transported by the K+--carrier. The rela
tive affinity of the carrier for cations is K + > Rb > Cs > Na > Li in the 
ratio of 1 :3: 15: 20: 30. Mg + + can also be transported by this same carrier, 
but its aflinity is very low. If ions arc present in pairs. they compete with 
each other for transport in proportion to their affinity constants (Fig. 2). 
Thus. if K" and Na' arc presented in a concentration ratio of I :25, they 
will comhinc with ctjuivaJcnt amounts of carrier. 

Another factor that uctermines the discrimination between cations is 
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FIG. 2. Demonstnll ion o f competitive inhibition of upt nke of sodium by potas
sium during fermentation : 6. :.odium acetate alone: . , sodium acetate 'vith 5 11) 0\1 
rOlassiul1l <lcetale. rrol11 Conw:IY and Duggan ( 1958). 

the maximum rate of turnover of the transport system (Armstrong and 
Rothstein, 1964). At a pH of 6-8, the maximal tran 'port rate for K + is 
higher than th at fo r the other ions by about 50% . At low values of pH, 
the maximal ra tcs are al l reduced, but that of K + is reduced to a lesser 
degree (Fig. 3). Consequently the maxima l ra te fo r K ~ is five times as 
high as for o ther cations under thcse c irc umstances. The facto r of di c rimi
nation is the reby increascd over th.1I predic ted fro m affinity ratios by a 
factor of S. 

The reduction in maximal transport rates at low pH is due to the inter
action o f H + with a m embrane lig.and uistinct from the transpo rt :; ite 
it elf. Fo r conveni ence it has been called the modifier ite. Its pK is 4.8. 
This site can also combine with othe r cations, suc h as Ca'" . with a similar 
red uct io n in maxima l ra tes of transport. 

The inward- transporting sYl>tcm has about an equa l affinity for K I and 
H I- and a much lowe r amnity fo r Na + , but the outward-directed system 
discriminat~s against K I in favor of H + or Na +. 'fhus the influx or K T 

is normally balanced by an efflu x of H I plu K +. But the effl ux o f K 1- i::. 
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Flo. 3. The effect of pH on the m nximal rate ( V .. ) of trtlnspOrl o f the alkali 
metsl cntion~ by yeasl. From Rothstein ( 19M). 

very small (20 mmole / kg/ hr) whereas the efflux of H t may be a!> high 
as 600 mmoles kg/ hr, de. pite the fact that the K "'" concentrat ion of the 
cell is about 200 mmoles/kg and that of H + only 0.001 mmolesj kg ( pH 
or 6.0). Granted that the local concentration of H+ at the transport site 
may be somewhat higher. the abi lity of the inner face of the membrane 
to discriminate between H I and K+ must be very large. Similarly if cells 
arc loaded with a. the 'a L is expel led in preference to K ..L . Thus the 
membrane is asymmetrical. select ing K at the ou ter face 4111d disc.rjmi~ 

naling against K+ at the inner face. It is the fu nction of metabolism to 
maintain thi<; asymmetry, probably by a cycliC conversion of the carr ier 
from K I -selecti ve to H - or a t -selecti ve forms. 

If the yeast cells arc left in K I -free solution, then the emux of K+, 
though small, is easily mea. urcd. In this , iluation with no other external 
cation, the K J efflu x is balanced by 1-1 -1 inOux . If an appropriately small 
concentration of K is added to the external medium. no net uptake or 
10 s wilt take place. The system is in a stcady state in which the efflux oC 
K' i!> exactly equal to the inOux (Fig. 4). The concentration of K + re
quired for such a steady state is dependen t on the pH. At pH 4.0 it is 
of the order of 0.05 mM (even though the intern al concen tration of K + 
is 200 mM). At this poi nt the inward-directed " K pump" i baJanced 
by the outward lea!.... If higher concentrations of K - a re added, the rale 
of transport i<; increa ed and the cell gains K + • The uptake of K t undcr 
these conditions (only gluco e and KCI present ) continlll.;~ for only about 
10 minutes. In this short time. however, the transport system is so effective 
and the fatc of cmux 0 slow, that the cellular content of K may doublc. 
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The cell is geared fo r the selective accumulation of K + against large 
gradients, a nd the accumulated cation is rctained ro r long periods of time 
because of the relative impcrmeability of the membrane to ions. If K I is 
absent other cations can be accumulated. For example. cells have been 
grown in which the primary internal cation is Na I or NH I I (Conway 
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FIG. 4. Changes in the potassi um concentrat ion of the medium in the presence 
of fermenting yeast. The yeast concen tration was 10 mg/ ml . glucose 0.1 M , pH 4.5 
with TST butTcr. F rom Rothstein nnd Brucc (1958) . 

and Brein, 1945 ; Conway and Moore, 1954). The limitations on the 
amount of K I that can be taken up derive from effects on the acid-base 
balance o r the cell. The K + is exchanged for H I derived from m etabolism, 
the baJancing anions within the ccII being o rganic a nions suc h as bicarbon
ate, acetate, and succinate. The accumulation of a nion results in an in
creased pH in the cell (despite the many buffer systems), which in turn 
shuts off the inward transport of K + (Rothstein, 1960). 
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B. Phosphate U,Jtake 

Phosphate is the most important inorganic anion for the yeast cell. and 
a :-.pcciaJ mechanism exists for its transport into the cciI. The properties 
of the mechanism arc similar to those of typical carrier-mediated active 
transport systems, with saturation kinetics, competition (with arsenate), 
specificity, and dependence on metabolism (fermentation only, in contrast 
to respiration or fermentation for K+). In contrast to K-l-, the uptake of 
phosphate proceeds without measurable efflux, and therefore without 
steady-state relationships (Goodman and Rothstein, 1957). Such one-way 
movements have been observed also with plant cells, but not in animal 
cells. 

The maximal uptake of phosphate, as with K +, depends on the acid
base balance of the cciI. Only the monovalent form H,PO. - is transported. 
Consequently the medium becomes more alkaline and the cell more acid, 
the system behaving as an H,P04 - -OH - exchange system. Potassium has 
a profound effect on the total amount of phosphate that can be taken up, 
but not on the initial rate of its uptake. The effect is indirect and ean be 
separated in time. Cells that have previously taken up K' can subsequently 
take up larger amounts of phosphate, presumably because K' -rich cells 
have greater butTer capacity against acid. Jf K i and phosphate arC pn:
sent cd to the cells togcthcr, a much larger quantity of each is taken up 
~Ycn though the transport mechanisms arc quite independent. The alkaliza
tion of the cell associated with K i -uptake is counterbalanced by the 
acidification associated with phosphate uptake (Rothstein, J 961). 

Arsenate is taken up by the same transport system as phosphate; if the 
two ions are present at the same time, they compete with each other for 
uptake (Rothstein, 1963). In contrast to phosphate, however, arsenate 
uptake is associated with a second effect, the slow development of an 
irreversible reduction in the capacity of the transport system. The blocking 
action is due to the direct interaction of arsenate with the transport sys
tem itself, rather than to an indirect effect. such as inhibition of metabo
lism. 

When phosphate is taken up, the level of inorganic phosphate in the cell 
is not altered appreciably. The absorbed phosphate is converted into in
organic polyphosphates of high molecular weights which are aggregated 
in granules (volutin or metachromatic granules) (Wiame, 1949). The 
-P-O-P- bonds in po1yphosphates arc high-energy bonds. They are 
formed by metabolic reactions involving A TP at the cost of metabolic 
energy. It is not clear whether the sequence of events in phosphate uptake 
involves the direct formation of A TP and polyphosphates at the membrane, 
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or whether the transport system loads the interior of the cell with inorganic 
phosphate which is subsequently converted to polyphosphate. 

Phosphate-transporting systems have not been as carefully studied as 
some others. Phosphorylation reactions arc probably involved at some 
stage in the process, but, as is the case in other transporting systems, the 
specific sequence of reactions is not known. 

C. Bivalent Cations 

In well-starved cells, the only uptake of the bivalent cations is due to 
a small amount of binding by negative groups on the outside of the 
cell membrane (Rothstein, 1955). This binding can be characterized 
by a simple, reversible, mass-law relationship. Little difference in the 
strength of binding exists between Ca ' ~, Mn" , , Mg' " and Sr' ., but 
the binding of UO, + + is especially strong, whereas that of the alkali metals 
is very weak. Two kinds of binding sites have been identified, including 
phosphoryl and carboxyl groups. 

If the cells are allowed to absorb phosphate by exposure to that ion plm 
glucose, another capability appears (Rothstein and Jennings, J 958). In 
addition to reJatively nompecific surface binding, the cells now displa) 
a transport system, which is highly specific for Mg I I and Mn"' anc 
capable of carrying large amounts of these cations into the cclI. One( 
inside, the cations are no longer exchangeable. The cation-transport sys· 
tern, oncc induced by phosphate, behaves like all the other transport sys 
terns. It requires a substrate, glucose; it displays saturaciun kinetics, compe 
titian between pairs of ions, and a hi,gh degree of specifIcity. It differs fron 
other transport systems not only because it becomes active followinJ 
phosphate uptake, but also because it disappears again on subscqucn 
starvation. The dependence on phosphate uptake suggests that some phos 
phorylated intermediate is essential, a conclusion supported by the fac 
that Mg; + transport is inhihited hy low concentrations of arsenate (len 
nings el 01., 1958). 

The maximum uptake of magnesium seems to depend on the relativ 
cellular content of K J and phosphate. A cdl rich in K -I- and low in pho~ 
phatc cannot absorb much Mg r- r, but a cell rich hl phosphate and Jow j 

K+ ean take up a great deal of Mg I r. 

D. Other Anions 

Sulfate can be taken up by a transport system that follows saturatic 
kinetics. As in the case of phosphate, sulfate that is absorbed does not e; 
change (Kotyk, 1959). 
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Other inorganic ions have not been extensively studied. The yeast cell 
behaves as though impermeable to CI . 

E. SllJ11Jl1ary 

Thc yeast ccII membrane is a relatively "tight'" memhrane with a low 
permeability to ions. Y ct it possesses an exceedingly high transport capacity 
for physiologically important ions. particularly K +, Mg I +, and phosphate. 
In these respects the yeast cell is much more like roots of plant cells 
and unlike bacteria and animal cells. The low permeability, high transport 
capacity is probably related to the adaptation to a very diluted environ~ 
ment. 1f the cells were permeable. the loss of salts would lead to an intol
erable dilution of the cytoplasm. Another feature of yeast cells which is 
common to all walled cells, in contrast to unwalled cells, concerns osmo
regulation. In unwallcd cells, the size of the cell is determined by the 
osmotic content (largely electrolytes). The transport and leakage of ions 
is therefore a predominant factor in the regulation of cell size (Tosteson 
and HolTman, 1960). In walled cells, the size is determined by the struc
turally rigid wall. Such cells do not regulate their osmotic content, but in 
order to grow, the osmotic pressure within the cell must be higher than that 
outside of the cell. When the wall is softened by enzyme reactions (di
sulfide splitting in the case of yeast), the difference in osmotic pressure 
causes an outward swelling and production of a bud (Rothstein, 1964). 

With no necessity to rcgulate electrolytc content, the yeast cell is geared 
to accumulation and, given the opportunity, can store tremendous quan
tities of electrolytes. The limiting factor in uptake seems to be the acid
base and anion-cation balances. If given appropriate ratios of K +, Mg 1 1, 

and phosphate, the cellular contents can be doubled or tripled even though 
the cells have no source of nitrogen. The stored ions can at a later time, 
when nitrogen heeomes available, serve as a reservoir for growth and cell 
division. 

Ill. NON ELECTROLYTES AND WEAK ELECTROLYTES 

A. Sugars 

The uptake of sugars has heen extensively studied in many types of cclls. 
In all cases the same general pattern is evident. Cell membranes, in gen
eral, arc relatively impermeable to the free diffusion of sugars, as would 
be predicted from molecular size and lipid insolubility. On the other hand, 
the majority of cells possc~s a highly specialized transport system that 
allows rapid entry and exit of certain sugars. 
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The prnblcm in studying the uptake of sugars is to distinguish between 
their transport across the membrane and their subsequent metabolism. 
In yeast the two processes were (jest distinguished by experiments with 
uranyl ion (UO, f f). This cation does not penetrate the ccii membrane, 
but it docs bind to phosphoryl and carboxyl groups on the outside of 
the membrane (Rothstein, 1955). Associated with the binding to phos
phoryl groups, the uptake of sugars is inhibited whereas the metabolism 
of stored carbohydrates and of other substrates is not. Thus 00,++ in
~ibits a membrane step that precedes glycolysis. The first enzymatic step 
in sugar metabolism is the hexokinase reaction. The membrane step can 
be distinguished from the hexokinase reaction in two ways: (1) Hexo
kinase requires Mg+ -+ and is inhibited by Ca J- -t whereas the membrane 
step is not inhibited by Ca++, and indeed its inhibition by 002 ++ can 
be competitively reversed by Ca + +. (2) The specificity pattern of uptake 
is broader than that of the hexokinase reaction and includes some sugars 
that cannot be phosphorylated by hexokinase (Burger et al., 1959; Cirillo, 
1961; de la Fuente and Sols, 1962). 

The properties of the sugar transport system can be studied by the usc 
of sugars that can be transported but not metabolized, or by inhibiting 
metabolism (with iodoacetic acid). All the features attributed to carrier 
systems have been described: (I) saturation kinetics, (2) specificity, (3) 
competition of pairs of sugars, (4) inhibition by small concentrations of 
inhibitors, (5) high temperature coefficient. 1t is not, however, an "active" 
or uphill transport system. Metabolic energy is not required and net move
ment ceases when an equilibrium distribution (zero chemical potential) 
is attained. With a fermentable sugar, inward movement continues to com
pletion because sugar is removed from inside the cell by metabolic reac
tion, as rapidly as it is transported. 

A kinetic model of a sugar transporting system has been evolved from 
studies of the red blood cciI (Fig. 5), in which the sugar-carrier complex 
is assumed to move across the membrane (Wilbrandt and Rosenberg, 
1961). This model predicts certain unusual behavior: (1) If one sugar 
is at equilibrium distribution and a second sugar is added to one side of 
the membrane, the movement across the membrane of the second sugar 
will cause a transient "uphill" movement of the first sugar (called counter 
transport). (2) If two sugars have widely different amnities for the trans
port system, the sugar with the lower affinity will be transported more 
slowly at low concentrations, but faster at high concentrations. (3) If a 
competing sugar is added together with the measured sugar, the expected 
inhibition of uptake occurs at one concentration, but at another, stimula
tion occurs (competitive acceleration). It is not the purpose here to enter 
into a detailed discussion of the kinetics of transport, but only to point 
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lut that the above res ults can be predicted from a model in which the 
arrier moves across the membrane with the sugar. The phenomena li,ted 
Ibove have been observed in sugar t ransport in the yeast cell (Cirillo, 
961) as well a!'. in anima l cells. 

The specificity of sugar transport is much broader than that of sugar
'nzyme reactions. The enzymes are group specific whe reas the transport 
;ecms to depend predominantly on the shape of the 'iugar molec ule (Le
:'evre, 1961). 

The disaccharides ca n be utilized by cells in two ways (de 1a Fuente 
tnd Sols, 1962): (J) They can be split by saccharascs located on the 
)uter <;urface of the cell to monosaccharides. The products are then trans
)orted into the cell by the carrier systems for monosaccharides. (2) Some 
iisaccharides arc moved into the ccli by ~pecific membrane transport sys
ems. For example, in Sacc!wromyces ('er(! ~'isiae sucrose is split to glucose 
md fructose by invertase on the oute r surface of the ccII (Rothstein, 



444 Aser Rothstein 

1954). The products, glucose and fructose, entcr the cell by means of a 
common transport system. The fermentation of sucrose is thus indirect. 
Maltose, on the other hand, can be transported into the cell as an intact 
molecule and is then cleaved inside the cell by enzymatic reactions. 

The transport system for glucose and related sugars is constitutive in 
most yeasts, but other sugar transport systems are adaptive, appearing 
only after an induction period in the presence of the sugar concerned Or 

of some of its analogs (Harris and Thompson, 1961). The adaptation 
process in yeast is similar to that described for the permease systems of 
Escherichia coli (Cohen and Monad, 1957). Two distinct capacities must 
be induced if the particular sugar is to be metabolized, the first a mem
brane transport system (called permease in the case of E. ('oli) and the 
second, an enzyme responsible for phosphorylation of the sligar inside 
the cell. The specificity of the two individual systems is different, and each 
is controlled by independent genes. Because of differences in specificity, 
the transport system can be measured with sugar analogs that cannot be 
metabolized. The individual permease systems that have been studied most 
extensively in yeast arc those for galactose and for the disaccharide maltose. 

The transport of glucose and its analogs in yeast is not an "uphill" 
or active transport. The driving force is the concentration difference that 
is maintained by the metabolism of the sugar within the cell. With a non
metabolizable sugar such as sorbose, an eLluilibrium distribution is finally 
attained. In the case of the inducible permeases, on the other hand, the 
sugars can be accumulated by an "uphill" transport requiring metabolism 
of a substrate. 

lJ. Amino Acids 

In most cells, yeast included, the amino acids can be transported by 
special mechanisms pos~cssing all the prop.:rtics of carrier systems. The 
exact number of carrier systems is, however, not known exactly because 
the transport of all amino acids has not been studied in detail. However, 
the number is small-perhaps three or four. For example, in yeast, many 
a-amino acids compete for the same mechanism even though the amino 
acids arc not structurally related (Halvorson and Cowie, 1961). They 
include L-isoleucine, L-pro]inc, L-valine, DL-methionine, L-phenylalaninc, 
o-phenylalanine, and DL-p-fluorophenylalanine. With substitution of the 
amino or carboxyl groups the transport ability disappears. Thus the trans
port system has a distinct specificity, but it is much broader than that 
of enzyme systems for amino acids. Both D- and L-forms can be transported 
in the case of phenylalanine, and so can the fluorine analog, which cannot 
be metabolized. 
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The relationship between the transport and the metabolism of amino 
acids is complicated . Yeast can synthesize amino acids; it can degrade 
them; it can jnterconvert them : it can synthesize proteins; it ca n transport 
exogenous amino acids; a nd it can lose amino acids by leakage into the 
medium. The overall balancc is shown in Fig. 6. The endogenoliS am ino 
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i-IG. 6. C al bon 00\\ in yea,>l. From Halvorson Hnd Cowie ( 196 1 ) . 

acids produced by the ccII cntcr an internal pool which serves as a source 
for protein synthesis. Exogenolls am ino acids are transported into another 
pool, which can vary considerably in s ize (expandable pool), (rom which 
they can How into the interna l pool. The amount of amino acids in the 
expandable pool depends on a balance between Leakage into the medium, 
the transport into the cell, and the ratc of protein synthesis. For many 
amino acids the inward transport is an active ( uphill) transport supported 
by metabolic energy. a nd the leakage ic; small . Consequent ly these amino 
acids arc accu mulated in concentration ratios approaching 1000: L. 

c. Organic Acids 

Organ ic acids can ente r the ccli by two mech anisms. The simple t 
mechanism. and the mo. 1 rapid. is by d iffusion as an undissociated mole
cu le. The dissociation constant of the ac iel and the pH of the medium are 
predominant factors becau ·c the organic anions penetrate only very s lowly, 
whereas the undissociated form penetrates rapidly (Foulkes, 1955; Suo-
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malaincn and Oura, 1958). If the pH is more than one unit above the 
pK so that virtually all the acid is dissociated. the acids can enter the cell 
slowly, if at all, and the metabolism is minimal. If, however, the pH is 
below the pK, the undissociated form cnters rapidly and metabolism is 
rapiu. If the fatc of penetration of various undissociatcd acids is com
pared, the rate is proportional to the lipid solubility (Oura el al., 1959). 

With high eoncentrntions of organic acids (for example, acetic acid), 
rapid entry, at low pH, leads to inhibitory elTeets On the rate of fermen
tation and of phosphate uptake (Samson et al., 1955). Presumably the 
acetic acid enters the cell more rapidly than it can be metabolized, and 
acidification of the cytoplasm results. The same concentration of acetate 
at higher pH (where all the acid is in ionic form) is nontoxic. A similar 
pattern holds for those metabolic inhibitors that are weak acids. Thus the 
inhibitory effect of DNP (Simon, 1'153), of iodoacctate (Aldous, 1948), 
and fiuoracetate (Aldous and Rozec, 1956) at different pH's follows a 
curve identical to their dissociation curves, indicating that only the undis
sociated molecule can penetrate and exert toxicity (Fig. 7). The rate of 
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Frc. 7. Jnhibition of oxygen consumption of yeas! cells by HFA, ploUed as a 
function of the concentration of undis,c;ociated HFA in the suspension medium. Con
centration of HFA 5 X lO-';H; pH varied from 2.15 103.50. Duration of e-xperjmcnl 
90 minutes, temperature 25", From Aldous and ROlee (1956), 
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pl:nctration of the membrane is the determining factor in the inhibitory 
effects of these substances. 

A second mechanism of entry of organic anions is by way of specific 
carrier systems. Such a system has been demonstrated in the case of 
pyruvate (Foulkes. 1955) and in the case of acids of the tricarboxylic 
acid cycle (Barnett and Kornberg. 1960). 

D. Nucleotides 

Recent studies with a series of purines indicate that some, such as uric 
acid, can be actively accumulated by inducible transport systems, whereas 
others enter or leave the cell by a diffusion process (Harris and Thompson, 
1962; Roush and Shieh, 1962). 

E. Other Substances 

For most physiologically important substrates the cell possesses special 
transport systems in the membrane which allow rapid entry or which. 
coupled to metabolism, allow uphill transport. The number of such mech
anisms is not large compared, for example, to the number of enzymes be
cause the transport systems have very broad specificity. The total number of 
known transport systems in yeast may be of the order of a dozen, three or 
four for inorganic ions, two or three for sugars, and a few for amino acids, 
perhaps two or three for organic acids, and small numbers for nucleotides 
and growth factors. Many of these arc not normally present, but arc induced 
only in the presencc of a specific substrate. For those systems that have 
been studied in detail, the models which seem best to account for the kinetic 
hehavior, involve mobile carriers that move across the membrane with the 
substrate and release it at the other face of the membrane. The chemical 
nature of the carriers and the physical nature of their movements arc un
known. In the case of the cation-transporting systems, specific ATPascs in 
the membrane have been implicated (Skou, 1%3). 

IV. ROLE OF METABOLISM 

A. Source alld Slimp for Metaholites 

The distribution of some substances may be independent of metabolism. 
Such substances. regardless of their mechanisms of penetration through the 
membrane, will tend to reach an equilibrium distribution of the permeating 
form (electrochemical potential is zero). At equilibrium the flux (or rate) 
of movement into the cell will be equal to the rate of movement out of the 
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cell. For none[ectro lytcs equilibrium occurs when the concentrations are 
equa l, but fo r ions the presence of nond ilfusible charged molecules results 
in a Donnan equilibrium in which the distribution ra tio is not I ( Fig. 8, 

IN OUT IN OUT IN OUT 

8A 
II 

A ~FA 

l! H I 

IN OUT IN lOUT r 

IV V VI 

FIG. 8. Dislribulion of solules bel wee n cell and medi um. 

II ). Only the diffusing fo rm of a solute rcaches equilibrium. T hus, an ap
parent accumul ation can occur if the chemical fo rm of the solute is altered 
by binding to cellular constituents or, in the case of wea k electrOlytes, if 
the pH within the ccli resul ts in d issociat ion to a higher degree than out
s ide of the cell (Fig. 8, III and IV) . 

H, on the other hand, an entering substance is continulJllsly converted 
into products within the cell, then equ ilibrium is not attained. The amount 
of substance within the cell will approach a steady-state level, lower than 
that in the medium, in which the rate of entry and rate of ut ilizat ion are 
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equal (Fig. S, IV). With glucose the level in the cell is usually low because 
the rate of its metabolism is potentially faster than its entry. If the metabolic 
conversion is inhibited by iodoacetic acid, however, equilibrium is attained 
as in Fig. 8 (I). The reverse situation obtains for substances that arc con
tinuously produced. The level in the cell will be higher than that in the 
medium. 

In the case of the cation-transporting system, the uptake of K! is bal
anced electrically by a stoichiometric secretion of H j, derived from the 
metabolism of a substrate such as glucose. The net result is the accumula
tion of K to, balanced within the cdl by an equivalent amount of an organic 
acid anion. The accumulation of K' may continue until the ratio of con
centrations is 1000: I. Finally a steady state is reached in which the influx 
and outl1ux arc equal, the inward active transport being exactly balanced by 
the outward leakage. 

B. MetaholislI1 as an Energy Source for Active Transport 

In the preceuing section, the effects of metabolism related to events 
occurring within the interior of the ccli that inllucnccu the electrochemical 
gradients across the membrane. Metabolism also plays a more direct role 
within the membrane itself, as a source of energy for "uphill" or active 
transport. The exact nature of the energy coupling is not understood, antI 
even the kind of metabolism may be different for different transport sys
tems. For example. K' transport can be supported equally well hy respira
tion or fermentation of glucose, or by respiration of 2- and 3-carbon sub
strates. Phosphate uptake, on the other hand, is much more rapid with 
fermentation of glucose than \vith respiration of 2- or 3-carbon substances. 

Although the respiratory or fermentative pathways may be the ultimate 
supply of energy for the active transport systems, a direct connection or 
coupling of the carrier to an enzyme system anu substrate is required. The 
exact chemical nature of the carriers and of the associated metabolic steps 
arc not known, but a number of general models have been proposed. For 
example, a scheme for the forced exchange of K _;_ and H 1- would involve 
an enzymatic conversion of the carrier from a HI-specific form (Y) at the 
outer face of the membrane to a K . -specific form (X) at the inner face 
(Fig. 9). The conversion of X to Y at one face and of Y to X at the other, 
by a metabolic reaction, prevents the back-transport of K' and Hand 
results in both ions moving uphill. The nature of the conversion step is not 
specifically known, but two possibilities have been suggested: that the in
teractions involve an oxidation-reduction [Conway's (1953) redox pump! 
and, more recently, an accumulating body of evidence linking A TP and a 
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specific transport-ATPase, with cation transport. The evidence in the lalter 
case is derived primarily from studies with animal cells (Skou, ] 963). 

YH YH 

JI 
A 

II 
H+ - - H+ -+ y y + 

I I II 1 
K+ + X X + K 

+ 

JI B Jt 
KX KX 

Outside Membrane Inside 

i=IG. 9 . Diagram of c,Hrier system for K- H forced exchatlge. X is a K' -specific 
form. Reactions 1 and fI arc coupled to metaholism. for eX~Il11ple ATPase or redox. 
Reactions A and B represenl the IT<'Insloc:ltion through Ihe membrane; Ihe mechanism 
is unknown at the present lime. 

C. Location of Enzymes in the Cell Surface 

A number of enzymes have been localized on the outer surface of the 
cell membrane of various kinds of cells (R othstein, J 954). In yeast cells, 
they inc lude saccharases and phosphatases. Such enzymes have not, how
ever, been directly implicated in transport . They are hydrolyzing enzymes 
that convert non utilizable substances, or non penetrating substances. into 
products that the cell can usc. Some of these enzymes may be located in 
the cell wall rather than in the protoplast membrane. For example, on 
digestion of the cell wa ll, much of the yeast invertase is Jiberated as a 
soluble enzyme (Islam and Lampen, 1962). 

In animaJ cells, a specific membrane ATPase has been directly implicated 
in an active transport system. Other transport enzymes wj\\ undoubtedly 
be isolated in the future. 
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v. TOX IC AGENTS 

The cell membrane i~ the first point of con tact of any chemical agent 
with the cci I. As such it can protect the scn!.itivc enzymes wilhin the cell 
by denying access to the inte rior oC the cell. At the same time, however, it 
is the fir!>t potential targel. I n fact. membrane systems a rc often the first, 
and most sensi tive, systems in the cell to respond to toxic agents (Rothstein, 
1962). 

The simplest case is that of uranyl ion (UO~ .f I) which cannot penetrate 
into the cciI. Jt docs, however, bind in a reversible manner to two kinds of 
ligands on the cell surface. The most stable compk x is formed with 
phosphoryl group and the less stable with carboxyl groups. Associated 
wi th the binding to phosphoryl groups, the transport system for glucose is 
specifically inhibited . T he cell can use endogenous carbohydrate. but 
exogenous sugars can no longer enter the cell. A ssociated with the binding 
to carboxyl groups, the enzyme invertase, located in the outer surface of 
the cell, is inhibited (Fig. 10) . The inhibitory effects of UO;!-j + are com
pletely reversed by the addition of chelating agents or other cations that 
eli place it from the binding sites. 
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FtG. 10. A comparison of the inhibitory effect of uranium on fermentation of 
glucbsc and on invertase activity o r living cells. Yeast concentration was 20 mg/ ml. 
The glucose concent ration was 0.1 M and the sucrose concentraJion 0.16 M. From 
Demis {'( al. (1954). 
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Another more complicated case is the action of arsenate. Arsenate is 
transported into the cell by the same carrier system that transports phos
phate, but in the process the carrier system is gradually inactivated. At the 
same time arsenate that has reached the inside of the cell causes partial 
inhibition of metabolism (Rothstein, 1963). 

A number of agents including mercury, copper; cationic redox dyes, 
cationic detergents, X-irradiation, and UV irradiation produce a drastic 
change in the membrane that allows K +, phosphate, amino acids, and other 
small molecules to leak out of the cell. The response is all-or-none for in
dividual cells. That is, the membrane of a given cell is relatively normal, Or 

it is very leaky. With increasing dosage of the agents the threshold is 
exceeded in an increasing number of cells, so the response of the total 
population is a normal curve against log of dose. In the case of cationic 
detergents and cationic dyes, binding to phosphoryl groups of the mem
brane is a prerequisite to the toxic effect. For this rca son the cells can be 
protected by other cations such as Ca I I, Mg + +, and UO, + c. These 
cations do not, however, protect against the action of mercury or UV. 

Many metabolic agents can inhibit transport systems directly. For ex
ample, K transport is inhibited by azide, dinitrophenol, and iodoacetatc. 
Other metabolic inhibitors may have an indirect effect by inhibiting metab
olism, thereby shutting off thc supply of energy for the transport systems. 

VI. CONTROL OF MEMBRANE SYSTEMS 

It has already been pOinted out that many of the transport systems are 
inducible by appropriate substrates. Furthermore, the inducible systems 
arc under genetic control and many mutants have been reported. The 
nutritional ~tatc of the cell may also influence the membrane with respect 
to electrolytes. In E. coli, for example, ion transport is markedly different 
in log-phase and stationary-phase cclls (Schultz and Solomon 1961 J. In 
yeast, preliminary experiments indicate that smaller changes occur in the 
transition from log to stationary phase, but that after a period of several 
hours in the stationary phase, a marked increase in discrimination between 
Na+ and K+ occurs in favor of K i. 

Little work has been done on the genetic control of electrolyte metab
olism, but mutants have been selected that are defective in K transport in 
bacteria (Lubin, 1964). 
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I. INTRODUCTION 

Intracellular transport of substances implies the movement within a 
hypha from their point of entry to any given point bounded by the cell wall 
of that hypha. A hypha is considered here as a protoplasmic system 
bounded or limited from the external environment by a continuous cell 
wall. This includes the septa within the confines of the vegetative hyphae 
and the partitions that separate the conidia or other sporulating structures 
from the vegetative phase. It is assumed that the protoplasm is continuous 
throughout a given fungal system. 

Although the term protoplasmic streaming is most frequently used to 
indicate the movement of protoplasm \vithin a hypha, other terms such as 
translocation. transport, intraccllular transport, and streaming appear in 
the Iiteraturc. Thcs,e terms will be lIscd more or less interchangeably in this 
chapter. 

Protoplasmic streaming is considered to be the main method of transport 
of substances from one part of a hypha to another. The direction of stream
ing is usually from older to younger hyphae, that is. unidirectional. The 
synthesis of protoplasm is believed to take place in old hyphae and trans
port is toward the growing front by protoplasmic streaming. Possible 
causes of streaming arc (I) increase in vacuole size effected by osmotic 
pressure changes and (2) synthesis of protoplasm. In the first instance the 
pressure of the enlarging vacuole upon the protoplasm forces it to move in 
the direction of least resistance resulting in the movement. The increase in 
vacuole size may be due to osmotic changes. Increase in the amount of 
protoplasm, coupled with the increase in the size of the vacuole, may force 

1 Present address: Department of Biology, Macale'iter College, St. Pau], Minnesota. 
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the protoplasm to move. Septations in hyphae apparently do not stop the 
now but do reduce its rate, All the cytoplasm is not in the moving phase; 
a small portion may be fixed to the ccli wall and remain stationary. The 
movement of materials into spore-bearing bodies is achieved by proto
plasmic streaming (Buller. 1933). Buller (1933) has described in great 
detail the phenomenon of protoplasmic streaming in fungi. Even though 
his report was bascd entirely upon microscopic observations there has been 
relatively little work to support, extend or refute his findings. Quantitative 
data on the phenomenon of translocation in the fungi per sc arc vcry sparse. 

11. INTRACELLULAR TRANSPORT OF 
NONLABELED SUBSTANCES 

A. Methods 

Schutte (1956) employed a technique of qualitatively determining trans· 
location by using media deficient in the substance whose movement was 
tested. A petri dish was completely filled with a nutrient agar that contained 
all the necessary ingredients for growth. This was placed inside a larger 
container that was filled with nutrient agar. minus the substance to be 
translocated, so that the level of agar in thl' larger container reached the 
top of the petri dish. The system was sterilized and the test organism was 
inoculated onto thc complete medium. Unidirectional translocation waS 
judgcd according to whether gro\\/th occurn:d, or did not, l)\,cr thc dclkicnt 
medium. Using this technique, translocation of glucose, SUCrtl'iC, nilfatc. 
phosphorus, and fluorescein was studied. The test (_)rgalli~ms cumnwnly 
used were: Aspergillus niger, A. flavus, A. oryzoe, Penicillium 110/(1111111. 

Rhizopus oryzae, and R. sfolonifer. On the basis of such information all 
of these fungi except A. niger were found to be able to trans locate. 

Variations of this technique have been employed by other workers 
(Lucas, 1960; Grossbard and Stranks. 1959) by partitioning and/or CUlling 
out part of thc agar. On onc side of the partition or cut was placed the 
substance to be translocated while the other side lacked the sllh~tance. 

Bidirectional translocation is apparcntly more dillicult to demonstrate 
than unidirectional. Attempts to show bidirectional tlow of substances using 
media dcficient in two componcnts requircd by the organism has not been 
too successful. Impaired growth resulting from such experiments probably 
does not give an indication of hidirectional translocation unless a positive 
result is obtained. However, since grmvth is the mea~llrc of translocation 
in each direction, a negative result would not be very revealing because 
death of the mycelium under deficient conditions would preclude transport. 
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Fluorescein ha~ been used with some success as a means of circumventing 
the prohlem involving deficient media. Simultaneous bidirectional flow 
using fluorescein as a marker, along with deficient medium, was demon
strated in R. oryzae but not in A. niger (Schutte, 1951i). 

B. Hormones 

Growth-promoting substances arc synthesized in one area of the fruiting 
hody of Agaricus hisporus and translocated to another area. Removal of 
a portion of the lamellae after the fruiting hody has matured results in cur
vature of the stipe. These substances are extractable in aqueous and non
aqueous solvents from the lamellae and have the capacity to diffuse 
through agar. Agar blocks soaked in the extracted substance and placed 
unilaterally on the stipe cause the stipe to curve. The substances are ap
parently produced in the lamellae and translocated through the trama into 
the ~tipe (Hagimoto and Konishi, 1 (60). 

It is still not clear whether the hormone moves across the lamellae directly 
into the stipe, Of into the trama before reaching the stipe. or whether both 
pathways arc used. On the other hand, the possibility is not excluded that 
some of the growth factor may be produced at the apical portion of the 
stipe itself and has no bearing on the translocation of the substance from 
the lamellae \-Jruen, 19(3). It is clear from these and other data (Ura
yama, 1956; Hagimoto, 1963) that growth-promoting substances are pro
duced in thc sporophores of hymenomycetes, notably A. hisl'orlls, and 
that most. if not all. arc ProdUCLU in thl': lamellae and tran~locatcd to the 
stipe. There WclS no evidence to suggest that this hormone was translocated 
intracdlularly rather than intercellulary, although Hagimoto and Konishi 
( 1 %0) demonstrated that the substance could diffuse through a cellophane 
membrane. a result suggesting a low molecular weight. 

C. Trallsl'iral ion 

The movement of water through a transpiration pathway has been 
studied by Plunkett (1958) and Schutte (1956) in basidiomycetes. Both 
employed various dyes as a marker of transpirational flow. SchUtte con
cluded that fluorescein and Rose Ediol moved up the interior portion of 
the stipe and laterally to the edge of the pileus. "Mycelial pressure" may 
be a controlling factor in upward transport into the fruiting bodies of sub
stances absorbed by mycelium submerged in the substrate. Mycelial pressure 
refers to the protoplasmic streaming resulting from the vacuolar pressure 
that is observed in most fungi. This pressure builds up in older cells forcing 
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substances to move toward path~ of least resistance. In attempts to visualize 
dye ascent in PO/YI)()rus brlfmalis there was little evidence indicating that 
it was localized inside the cell, as ascertained by the light microscope. 
These /indings suggest that the ascent of materials through the stipe can 
take place intercellularly, as well as intracellularly. That the upward flow 
of material" is not due only to physical forces such as transpiration \vas 
ascertained in growth experiments with p, brl/flU/lis. Dye was translocated 
in some specimens even though stipe elongation and pileus development 
was impeded or stopped for unknown reasons, suggesting that factors af
fecting translocation of materials, other than transpiration, afC in fOfce in 
these fungi (Plunkett. 195X). The "vital phenomenon" suggested hy 
Plunkett to explain these lacts may merely be metabolic energy which is 
required for many cellular procc~scs (Plunkett, 1958). Transpiration, to
gether with mycelial pressure and vaL:uolar enlargement. may account for 
the movement of substances into the spore-bearing structures of most fungi 
(Buller, 1933; Plunkett, 195X). That suhstances other than water move 
into the fruiting body of a fungus from underground mycelium is suggested 
by the data of Bonner et al. (1956). 

ilL INTRACELLULAR TRANSPORT OF RADIOACTIVELY 
LABELED SUBSTANCES 

Labeled compounds may be incorporated into the medium upon which 
the fungus is grown, and the mycelium grown over a support of cellophane 
or nylon. After various time intervals the mycelium is transferred to "cold" 
medium and autoradiographcd or extracted. 111 this manner a colony that 
has been incubated on labeled and nonlabcled media can be roughly sepa
rated (Zalokar. I Y5Y; Yanagita and Kogane. 1963b; Lucas. 1960; Gross
bard and Stranks. 1959). The latter workers incubaled Phylophlhorll 
('({('torum, Corliciuf11 so/ani, Phycomyces blllkesleeanus, and RhizoplIs 
slo/anijer in CS 1:\7 and Co'~u in liquid medium and transferred the organism, 
to soil cultures in an attempt to measure the translocation of labeled com
pounds into newly formed mycelium. Lucas (1960) used a modification 
of Schiitte's deficient medium lechnique by removing agar plugs and filling 
the excavation with KH~P:\~O,; the organism was inoculated either before 
or after addition of the labeled compound. In this instance a trough of agar 
was removed so that the organism had to bridge this gap in order to over
grow the container. One of the major disadvantages of these techniques is 
the excessjve dilution of the label, a problem that has not been completely 
overcomc. 

e l ~-Prolinc was not translocated in any significant amounts farther than 
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2 mm from the tip of the hypha while the quantity of C"-uridine was 
greatest at this point in NeuroJ{JOra. However, these data do not distinguish 
between tran,,!ocation and uptake. On the other hand, it has been suggested 
that translocation might he a factor in finding C 1·'-uridine concentrated 2 
mm away from the tip of the hypha than at points closer to the tip. If 
indeed this is the ca"ie, then a hidirectional translocation system exists in 
Neurospora (Zalokar, I t)St). Tluo\\ier and Thrower (1961) used Shutte's 
dish technique to demonstrate that of the 20 species representing all classes 
of fungi. I () were translocating fungi as defined by Shlitte, 6 were non
translocating fungi, and 4 were indeterminate. All translocating fungi were 
capable of moving compounds labeled with C" when the mycelium grew 
onto either deficient or complete medium. However, the nontranslocating 
species were also able to transport labeled compounds when the mycelium 
grew onto complete medium. These findings are at variance with ShUtte's 
hypothesis that growth on a deficient medium was evidence for trans10-
cation in furgi. 

Autoradiographs from Phycomyces blakesleeanus showed that Cs"" 
and Cd;1I \Vere concentrated in the sporangia after the mycelia had been 
incubated with labeled substances (Grossbard and Stranks, 1959). Auto
radiography indicated that all the labeled Co"" was expelled from a hypha 
after rupture and no labeled COIilI was shown to be attached to, or in
corporated into, the cell wall (Grossbard, 195B). 

On the hasis of autoradiography labeled P'" is apparently translocated 
upward into the fruiting bodies of A. niger, while a lesser amount is trans
located laterally. Incorporation of labeled p:\~ is greatest in the rapidly 
growing areas of the colony. Translocation of S;\:i-sulfate in A. niger could 
not he demonstrated (Yanagita and Kogan<" 1963a,b). The data of Lucas 
(1960) indicate that mycelium of P. nitens, A I>sidia glllUCtl, and Chaeto
mium spp. arc able to trans10cate P;\:.! under certain 1imited conditions. He 
states: "Distinction needs to be made between translocation through estab
lished mycelium independently of growth as in the case of transpiration and 
dye movement in agarics and translocation by the uptake at one site and 
its transference in the mycelium to another site due to hyphal extcn
!oIion . .. . " Herein lies an important cJistinction in interpreting transloca
tion in fungi. 

IV. CONCLUSIONS 

Although the literature on intracellular transport is sparse it is clear that 
substances arc translocated from one part of the mycelium to another. 
Translocation is toward the growing front and/or into spore-producing 
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structures. Translocation is usually unidirectional-from old hyphae to 
growing or sporulating arcas-but bidirectional llow has been reported. In 
the case of translocation in basidiomycetes it appears that several systems 
may be involved in transporting water and other materials from the under
ground mycelium upward into the fruiting body .. Growth-promoting sub
stances are apparently synthesized in the fruiting body (lamellae) and 
translocated to the stipe, causing a curvature of the latter. 

A neglected area of investigation is in the mechanism of upward move
ment not only of water but of organic and inorganic substances into the 
macroscopic fruiting bodies of the higher fungi. Since these structures lack 
a vascular system such as is present in the higher plants, the mechanisms 
of upward transport are much less obvious. Furthermore, it is not at all 
certain whether upward transport is inter- or intraccllu1ar. In any event, 
knowledge of this process may provide insights into the mechanism of 
translocation in higher plants as well. . 
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I. INTRODUCTION 

Fungi arc dependLnt upon the medium, or suhstrate, for all the clements 
and compounds they require or utilize e,xccpt molecular Cl.xygcn and, pos
sibly, a little carbon dioxide, which arc obtained from the atmosphere. 
From these clement:-; and compounds they synthesize their cellular con
stituents and obtain the cflL"rgy necessary for their life processes. Some 
compounds, such as vitamins and some amino acids, enter the cells with
out modification. High molecular weight compounds, including cellulose, 
starch, and proteins, are hydrolyzed before their constituents can be utilized. 

The minimal composition of a medium, or substrate, must include all 
the clements that are essential. ]n addition, the essential elements must 
be present in compounds that can be utilized. Since the nutritional require
ments of fungi differ, it follows that no one medium, or substrate, will be 
suitable for all fungi. On a given medium, one fungus may thrive and an
other starve. No universal medium has yet been devised. 

The genetic constitution of a fungus determines what it can do, but the 
expression of its potentialities is dependent upon the eompositinn of the 
medium on which it grows and the environment to which it is exposed. 
The choice of the media and the environmental conditions dcpcnd on the 
purpose of the investigator, and on the fungus. Generalizations should not 
be based on one mcdhrm and one set of environmental conditions. 

The common practice of designating media by name, c.g., Czapek's 
medium, is unf(Jrtunate and should be avoided. Lilly and Barnett (1951), 

465 



466 Virgil Greene Lilly 

among others, recommend that media be designated by naming the carbon 
and nitrogen sources used. This has the virtue of focusing attention on two 
salient features of every synthetic medium. Thus 1 sucrose-nitrate medium 
(Steinberg, 1941), glucose-nitrate mcdium (Nicholas, 1952), glucnsc
ammonium sulfate-potassium acetate medium (Lilly et al., 1960) arc suit
able ways of citing media. The practice of using personal namc~ for media 
without a citation to the literature is inexcusable. It is as essential to know 
the composition of the medium used as it is to know the species of fungus 
employed. 

II. CLASSIFICATION OF MEDIA 

Media may be classified as natural, semisynthetic, or synthetic. In terms 
of composition, these correspond roughly to unknown, partially known, 
and known. 10 addition, media may be classified as liquid or semisolid 
(agar, gelatin, silica gel). 

A. Natural Media 

Media of this class arc composed of natural products of plant and aIll
mal origin. The exact composition of such media is unknown. A wide 
selection of natural products have been used as substrates for culturing 
fungi. Potato plugs, carrot slices~ twigs, stems, roots, and leaves of various 
plants are uscd. Partially processed natural products, such as malt and 
yeast extracts, peptone, a,od cascin hydrolyzate arc useful and widely used. 
It is not '.mrprh;ing that such media are suitable for the cultivation of many 
species, since these and similar materials are the substrates in, or on, which 
fungi grow in naturc. 

Natural media difTer in value, and thus certain of them arc especially 
useful for the study of some species. Certain parasitic fungi are host 
specific. The identification of the metabolites in such natural media which 
arc required by fastidious parasitic fungi has progressed far enough in 
some instances to make it probable that specific metabolites arc involved. 
Thus, natural media made from legume seed arc especially u<:.cful for the 
production of oospores by some species of Phytopht!Jora, and the active 
principle is found in the non saponifiable fraction of the lipids (Leonian 
and Lilly, 1937).* Calcaris[Jorium parasiticum is found in nature growing 
on a few species of Physo/wpora; it was shown by Barnett and Lilly 
(1958) that C. parasiticum was capable of axenic growth when cxtra:ts 
of its natural hosts (and additional specics not parasitized) were added 

,', Recently, Haskins et al. (1964) showed a Py,IIilllll species to require j3-sitosterol, 
or a related sterol, for sexual reproduction, Similar sterol requirements were demon
strated for sexuill reproduction in a number of species of PhYlophJlwrtl (Elliott ('I (//., 
1964; Lwl ct at., 1964). 
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to a gluco'ie-yeast extract medium. llilohoilis species re4uire chelated iron 
compounds found in dung or other sources (Page, 1 t)(l2) . 

.'Jaturaf media arc COI11pk:x in composition. It follows that fungi lind at 
hand Illany metaholites that arc suitable for usc without modillcation. 
Rohert" l'f af. ( 1(,)')7) in .... tudying amino acid transformation in Torulopsis 
ICandido] I1!;/i.' and Nellro.\·/)()/"{/ ("fa.\.\"{1 found that certain amino acids 
served as pan:nts of a family of amino acids. It is plausible to assume 
that, in a natural medium where these parent amino acids, and others, are 
present. the biosynthetic work involved in the synthesis of proteins would 
be greatly reduced. These ideas receive support from the observation that 
a mixture of amino acids is fretjucntly a better nitrogen source than a 
single compound. Mechanisms involved in the control of synthetic path
ways arc discussed on pp. 40H-417. 

Natural media have a number of serious disadvantages: (I) The com
pO"iition of natural media j" unknown, thereby excluding their use in cxact 
nutritional studies. (2) The l"omposition of a natural medium composed 
of plant parts is t1xcd for any given sample of material. (3) \Vhile the 
concentration of the constituents of a natural medium composed of ex
tracts may be varied by dilution, for any given extract the ratios among 
the (onstituents arc fixed unless two or more extracts arc used. (4) Within 
limit~, the rcprodul"ihility of the composition of a natural medium is POOf 
bt:c,HJse of variahility in natural materials. Thus, Grant and Pramcr ( I S>(2) 

analyzed th(' mineral composition of flve lots of yeast extract produced 
h~i thl' same company. They found that the molyhdenum content varied 
hetween 2.0 and 9.1 I'g/gm, and that of zinc hetween 1.0 and 6.1 11g/gm. 

8. Semisynthetic Media 

Media in this catL'gofy arc composed in part of natural products and in 
part of chemical compounds of knmvn composition. Thus, considerable 
freedom cxists in controlling the constituents and their concentrations. 
Such media an: llseful and \. .... idL'ly used. Potato-glucose-agar medium 
(PDA). which is much used by plant pathologists is an example. The in
vestigator may vary the concentration of glucose between zero and the 
upper limit of sollihility. In our experience, malt extract should be forti
lied with thiaminL' for the cultivation of thiamine-requiring fungi. Since 
the composition of semisynthetic media is unknown, they too arc um,atis
factory for exact nutritional investigations. Any medium that contains 
agar is at best a semisynthetic medium. Purdy and Grogan (I S>54) made 
a direct compari<.;on between the growth of Sclerotinia sc/erotiorlln1 in 
liquid medium and on the same medium solidilied with agar and concluded 
that the agar medium was unsatisfactory for stUdying the mineral clement 
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nutrition of this species. Agar contains various nutrients; Miller (1956) 
reported a samp1e of 2 c/( \vJ.tcr agar to contain the following (in ppm): 
potassium, 0; calcium, 120; magnesium, 24; phosph(,_1fUS, 8; sodium, 20; 
manganese, 0; iron. 2; aluminum. 3.8; copper, 0.08; and boron, 2.6. Agar 
contains organic nutrients, as the growth of fungi on water agar shows. 

c. Synthetic Media 

The ideal synthetic medium is one in which every constituent and its 
concentration is known. This ideal situation is never attained in practice, 
but may be approached by the use of suitable methods and techniques. The 
uncertainties in composition are most serious when the quantity of essential 
metabolite required is small, e.g., metallic ions and growth factors. The 
requirement for a specific metabolite is detected by its ab~ence. Additional 
factors affecting the composition of media will be considered in the next 
section. 

Synthetic media are essential for studying the nutritional requirements 
of fungi. Within limits, the investigator has a wide choice of constituents 
and concentrations. A synthetic medium may satisfy the minimal nutritional 
requirements of a fungus, or it may have a more elaborate composition. 
The common use of one salt to furnish two essential elements introduces a 
fixed ratio between these two clements. By using salts whieh furnish one es
sential element, increased flexibility in composition is obtained. The price 
for this increased flexibility is the introduction of still other elements into 
the medium. 

D. Liquid and Agar Media 

Liquid media arc essential for most nutritional investigations. Agar 
media arc useful for many purposes, especially when it is desirable to make 
microscopic examinations of the same culture over a period of time. While 
the ratc of growth of a colony growing on an agar medium is easily de
termined, frequently the measurements have little value (N. Fries, 1943). 

Raulin introduced in 1863 the usc of synthetic media for the study of 
nutrition of fungi. For an evaluation of the significance of Raulin's work, 
see Schopfer (1949). 

liT. GENERAL CONSIDERATIONS 

Some of the possible changes in composition of media will be noted in 
this section as well as a number of topics that deserve serious considera
tion when p1anning or reporting physiological studies. 
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A. On the Identity of the Compounds Used 

If the identity of the compounds used to prepare a medium is not stated. 
it is impossible for the reader to ascertain the composition of the medium. 
Either specific names, or formulas, or both, should be presented. D-, DL-, 

and L-arabinose arc not equivalent in the nutrition of fungi (Lilly and 
Barnett. IY5(,). 

B. On Units of Concentration 

For many purposes, concentration is most simply expressed in terms of 
weight per unit volume, e.g., grams per liter, mg/25 ml, I'g/ml, etc. Per 
cent is ambiguous unless the basis is given. e.g .. w /w, w lv, v Iv. Moles 
must be used when it is necessary to compare the activity of the same 
number of molecules or ions. In comparing the value of different carbon 
and nitrogen sources, it is essential that this comparison be made on the 
basis of carbon Of nitrogen content. 

C. A erafion 

Oxygen, the one essential element not added to media, is obtained from 
the atmosphere. Since the solubility of oxygen in water is low and the 
rate of diffusion slow, the area: volume ratio is important in determining 
rate and amount of growth in still cultures. The deeper the medium, the 
longer it takes to establish surface growth. Norkrans ( 1<)53) developed the 
useful technique of pregrowing inocula from agar blocks by placing them on 
plates of fresh media for 1 day. They could then be lifted ofT and Boated 
on the surface of liquid media. Early grmvth was more rapid. and uniformity 
among cultures was improved. Ranzoni ( 1(151) found A nguillospora iOllgis
sima and A. gigantea to produce more mycelium in the same volume of 
medium in 250-ml than in 125-ml Erlenmeyer flasks in still culture. The 
content of dissolved oxygen may be increased by either agitation (shakc
culture) or by blowing sterile air into the medium. Both techniques arc in 
wide use .. 

D. Hydrogen-Ton Concentration 

Most fungi grow within the pH range 4-8. Many fungi will grow over 
a wider range. and a few have been reported to have a narrower range 
(Lilly and Barnett, 1951; Hawker. 1950; Tandon, 1961). For a list of 
optimum pH values for various fungi, see Cochrane (1958). 



470 Virgil Greene Lilly 

The internal pH of fungus cells has seldom been measured. Conway 
and Downey ( 1950) in a careful study of yeast cells found the internal pH 
to vary within rather narrow limits. They reported the internal pH of 
resting yeast cells to be 5,81; during fermentation of glucose, the internal 
pH rose to between Ii. I 2 and 1i.55. The external pH fell during fermenta
tion, during which the excretion of hydrogen ions was balanced by an 
uptake of cations, principally potassium. 

During incubation, the external pH of the·medium may traverse a pH 
range of 4 or more units depending on the composition of the medium 
and the fungus. In general, the change in pH of the medium results from 
two types of metabolic activity: (I) the production of organic acids, or 
the release of ammonia; and (2) the unequal utilization or excretion of 
cations and anions. Gladtke and I3ruckner (195R) cultured Ph\'comyces 
blukesiecafllls in a glucose-glycine medium and found the pH to decrease 
from an initial value of 5.0 to 3.2 after 10 days' incubation. Trace amounts 
of organic acids were produced, which accounted for a minor part of the 
observed decrease in pH. Since marC cations (33.2 X 10- 4 cquiv/50 ml) 
than anions were utilized, the major part of the decrease in pH was at
tributed to their disappearance from the medium. 

BulTers arc commonly used in determining the pH range of fungi and to 
maintain culture media at a suitable pH range. Excessive concentrations 
of buffer salts may restrict the growth (L. Fries, 1956a) of some fungi. 
For those media which become acid, calcium carbonate may be used as a 
neutralizing agent. Suitable internal ihdicators, or glass electrode assemblies, 
coupled with the periodic addition of sterile acid and base are used. In 
order to avoid great changes in composition and pH values, the technique 
of using flowing media may be used (L. Fries, 1956a). 

Changing the pH of a medIUm may also change its composition if it con
tains weakly ionized constituents. The physiological effects of dissoci
ated and undissociated species are quite different. Chlletomium globosum 
and Fusarillm iycopersici were shown to be unafTected by a wide range of 
concentrations of acetate ion, but failed to grm·\/ if the concentrations of 
the undissociated molecule exceeded about 6 and 12 mg/25 ml, respectively 
(Lilly and Barnett, 1(61). Ci1lletomi1lm globosllm, in a potassium acetate
ammonium sulfate medium, had a pH minimum which ranged from 3.6 to 
6.8, depending on the content of potassium acetate in thc medium. 

Precipitates may form in neutral and alkaline media, especially when 
they arc autoclaved. The conversion of certain constituents into insoluble 
compounds alters thc composition of the:, medium. L. Fries (1956b) an
alyzed the precipitates thLlt formed on Llutoclaving OJ gJucose-asparaginc 
medium at pH values of 6.9, 7.4, ano 8.0. Iron, aluminum. calcium, barium, 
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and magnesium \vel'C fOllnd in the prc<.:ipitate formed at pH 0.<), and zinc 
and mangancsc were found in the precipitates formed at pH 7.4 and X.O. 
More to the point, thc supernatant medium was analyzed for iron and 
zin<.:. A trace of iron W<I<.; found in the medium autoclaved at pH 6.<), hut 
tlOlle wa..., found in the ...,upcrnatant medium at pH 7.4 and X.O. Traces of 
zinc were found at each pH, and the lowest concentration \vas present in 
the medium autoclaved at pH 7.4. COI)riflllS ephemeris grew poorly in the 
medium autoclaved at pH 7.4. 

In order to culture fungi in media having pH values of 7 or higher, 
chelating agents ...,hould he present. L. Fries (1956b) found the hydroxy
organic acids (citric, tartaric. and lactic) to be especially useful. Am
monium tartrall: was reported to dissolve calcium and zinc phosphates. 
Some of the precipitation in neutral or alkaline media may hI.! avoideu by 
autoclaving the phosphate anu other salts separately, or media may be 
sterilized by filtration. Synthdic chl.!lating agents, especially ethylene
diaminetetraacetic acid (EDTA), have been used to prevent metal ion 
precipitation. Rei,eher (1951) used EDTA (0.5 gm/liter) to study the 
micrcekmcnt nutrition of Achlya klehshma. Fries (1<)56b) investigated the 
use of EDT A (0.2 gm liter) as a chclating agent in a stuuy of Coprinus 
and obtained no growth at pH values lower than 6.0; in some instances 
severe inhibition occurred at pH 7. She suggested that undissociatcd EDT A 
was toxic. These results suggest that EDTA be used with caution. 

E. Methods of Sterilization 

Four I1lcthous of sterilization, each having certain advantages and dis
a(hantages, may be used: ( I ) Autoclaving is rapid and efTicient, but chemi
cal changes may occur; e.g., certain oligo- and polysaccharides may be par
tially hydrolyzed lInder slightly acid conditions. Brctzlofl (1954) reported 
hetter llro\\;th of Son/aria /imicol(l on autoclavcd medium containing su
crose than on the same medium sterilized by filtration. Decompo~ition 
products of sugars produced by autoclaving stimulatc the growth of some 
fungi and irlhibit the growth of others. Machlis (1953) reported that 
Allomyces j(/\'({lliClIS var. macrogynus failed to grow within 12 days \\lhen 
glucose was autoclaved with the medium. (2) Steaming on 3 successive 
days. This mdhod is not as destructive as autoclaving. (3) Filtration is a 
nondl'structive method of sterilization. Various filters including Milliporc 
and sintered glass filters may be used. (4) Gaseous sterilizing agents sueh 
as l'thylcne and propylene oxides are used. Judge and Pelczar (1955) 
reported ethylene oxide to be c<-Juivalent to filtration in the steriliza.tion of 
sugars. 
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F. Ba/allced and Un/Ja/anced Media 

]f the ratios among the constituents of a medium are such that the con
stituents arc exhausted at the same time, such a medium may be con
sidered to be balanced. Steinberg (1939) developed a medium for Asper
gillus niger so well balanced that a decrease in the concentration of any 
constituent resulted in diminished growth. Within limits, less exquisitely 
balanced media. on dilution. should produce proportionally less mycelium. 
Chaetomium convolutum in full-strength, onc-fourth- and one-sixtcenth
strength glucose-casein hydrolyzate medium produced 194. 6X, and 16 mg 
dry mycelium per 25 ml, respectively (Lilly and Barnett. 1949). 

More commonly, a single constituent is varied, as in the assay of vita
mins and growth factors and microelemcnts. and in the production of 
metabolic products of interest. Nicholas (1952) published curves relating 
the concentrations of iron, zinc, copper, molybdenum, and magnesium to 
the production of mycelium by A. niger. For the effect of vitamin concen
trations on growth and sporulation, see Chapter 12c. 

The concentration of a metabolite which is optimal for growth may 
not be optimal for sporulation Of for the production or accumulation of a 
metabolic product. Kalyanasundaram and Saraswathi-Dcvi (1955) found 
for zinc I ()O I'g/25 ml to he optimal for the production of mycelium by 
Fusarium \'clsin!ectlim, but 6 l£g/25 mt was optimum for the production 
of an antibiotic, and increasing the zinc concentration to 10 p.g/25 ml rc
suhed in a ninefold decrease in antihiotic production. Phycomyces blake
s/('('anlls produced about 25 mg dry mycelium per 25 ml on a glucosc
~lmmonilJJn sulfate medium; upon the addition of potassjum acetate, opti
mum growth (105 mg/25 ml) was ohtained at 0.02 M; however. optimum 
production of carotene was obtained when the acetate concentration was 
hetween 0.0075 and 0.01 M (Lilly et a/ .• 1960). Many additional examples 
could be cited. The optimum concentration means little unless it is related 
to a physiological or morphological marker. 

IV. THE CONSTITUENTS 

A medium must contain the essential elements in forms that can be 
utilized. Riker and Riker (1936) give the formulas for a number of com
monly used media. It is beyond the scope of this section to discuss con
centrations since these vary widely depending on the fungus and the pur
pose of the investigator. 
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A. Water 

A:-; a basic requirement, the water used should not contain toxic matl.:riab. 
Some well and tap waters are suitable for preparing natural media. For 
exacting work, deionized distilled water, or distilled water from glass or 
yuartz stills may be required. Water from metal stills may be very impure 
(Nicholas, 1952). 

B. Oxygen 

Truesdale et al. (1955) measured the solubility of oxygen from a wet 
atmosphere in water at 0-35' C. The solubility from 0 to 35 'C. decreased 
from 14.16 to 7.04 mg/liter in a nonlinear fashion. The values at 20, 25, 
and 30'C were 8.84, 8.11, and 7.53 mg/liter. The solubility of oxygen in 
media, which are solutions, would be less. A 2S-ml aliquot of medium at 
2S"C., at saturation, would contain about 0.2 mg of oxygen, which on in
oculation would be expected to he rapidly utilized. The rate of dilT us ion of 
oxygen into media is slow and is dependent on factors other than the in
trinsic rate of diffusion. Rahn and Richardson (1941) measured the rate 
of dilTusion of oxygen into a glucose-peptone medium and found that dilTu
sion into alkaline media is much slower than into acidic meJia, presumably 
because glucose and peptone werc more rapidly oxidized under alkaline 
comlitions. 

C. Carholl Sources 

This subject is discussed in detail on Chapter 18. In general, 2-3 gm 
glucose is required to produce I gm dry mycelium. The more dilute the 
medium, the more efficiently the carbon source is converted into mycelium. 
The economic coefficient usually decreases as the culture ages. In commer
cial fermentations ~here the substrate is converted into a product, a high 
concentration of carbon source is used and the economic coefficient is very 
low. 

D. Nitrogen Soufces 

Nicholas reviews nitrogen metabolism in Chapter 13. Robbins (1937) 
classil1ed organisms upon the basis of types of nitrogen sources utilized, as 
shown in the accompanying tabulation. Organisms in class 1 utilize all 
four types of nitrogen sources. It has been questioned (Cochrane, 1958) 
whether any fungus belongs in class 1. 



474 Virgil Greene Lilly 

Class N, NOa- NHt + Organic 
----_. 

1 + + + + 
2 + + + 
3 + + 
4 + 

Class 2 fungi that utilize nitrate N commonly utilize ammonium Nand 
organic N. A few fungi have been reported to utilize nitrate N, but not 
ammonium N. Cryptococcus nigricans is rcported to be such a fungus 
(Rich and Stern, 1958). . 

Class 3 fungi utilize ammonium N and organic N, but not nitrate N. This 
class includes most of the fungi that have been studied. When inorganic 
ammonium salts arc used as nitrogen sources, the pH of the culture medium 
usually falls, in many instances to inhibitory levels. This difficulty may be 
avoided, or minimized, by using ammonium salts of organic acids, e.g .. 
diammonium tartrate, or by adding salts of fumaric acid, or other 4-carbon 
dicarboxylic acids to a medium containing inorganic ammonium salts 
(Lconian and Lilly, 1940). The available evidence indicates that am
monium N is used in preference to nitrate N (Converse, 1953; Morton 
and MacMillan. 1954). 

All fungi appear to utilize DOC or more sources of organic nitrogen. 
Many of the species thought to require organic N when Robbins proposed 
his classification in 1937 have since been shown to require either vitamins 
or specific amino acids. It appears doubtful whether there arc many fungi 
which require organic N sensu Robbins. However, Goldstein (1963) rc
ported two marine phycomycetes, Thraustochytrium motivum and T. mul
tirudimentale, as being unable to utilize nitrate N or ammonium N. These 
fungi utilized glutamate, L-aspartic acid, and L-asparagine. Mixtures of 
amino acids. such as casein hydrolyzate, or artificial mixtures of amino 
acids ordinarily are good sources of nitrogen. 

Potassium, sodium, and calcium nitrates have been llsed as sources of 
nitrate N. The use of ammonium N was discussed abovc. Sources of am
monium N include ammonium chloride, ammonium sulfate, and am
monium phosphates (diammonium hydrogen phosphate loses ammonia on 
exposure to air). Diammonium tartrate is a commonly used source of am
monium N. Of the organic nitrogen sources, peptonc and casein hydroly
zate arc suitable complex sourccs. As single sources of organic nitrogen, 
asparagine is commonly used, as arc other amino acids. 

Synthetic amino acids (except glycine) arc mixtures of D- and L-forms. 
While both forms arc known to occur in nature, the L-forms are the more 
-common, and would be expected to be utilized more readily, Newton 
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(I (_)56) reported that L-alaninL' \vas utilizL'd by PltytofJhthol"{/ IJllrasitica 
whereas D-alanine was not. Verticilliwn a/hoatrum utilized D-alaninc slowly 
and incompletely whereas I.-alanine was a good source of nitrogen. 

E. SII/jur 

Volkonsky (I Y33) designated those fungi that arc able to utilize sulfate 
sulfur as euthiOirophic, and those that required reduced sulfur as parathio
trophic. Most species utilize sulfate sulfur. The parathiotrophic fungi may 
be divided into two groups including (I) those that require a sulfur-con
taining amino acid such as methionine or cysteine, and (2) those that 
utilize inorganic reduced sulfur compounds as well as reduced sulfur
containing organic compounds. Crasemann (1957) reported that Bias(o
cladia l'ring\"heimii requires methionine whereas B. rmnOS(l utilized methio
nine, cystine, and cysteine. A trace of growth occurred on thioacetamide, 
and sulfate sulfur was not utilized. A phanomyces euteiches, studied by 
Davey and Papavizas (1962) would be classified as a parathiotrophic 
fungus, class 2. Two isolates were used and neither utilized sulfate sulfur 
or sulfite sulfur. Thiosulfate (one sulfur atom has a valence of -2), ele
mental sulfur, sulfide, thioglycolic acid, DL-cystine, and DL-methionine 
were utilized. The sulfur requirements for oospore formation were more 
restricted than those for growth. 

F. Pilospilol'lls 

Any :-'l)JllbJ~ nontoxic phosphate may be lIsed as a source of phosphorus. 
Th~ most commonly u'\eu fornl'; are potassium dihydrogcn phosphate or 
dipotassium hydrogen phosphate, or both. Dox (I Y I I-I<i 12) found that 
the phosphorus in ...,odium phosphite and sodium hypophosphite was not 
used by Aspergillus niger. The two potassium phosphates also serve as 
sources of potassium. The necessity of adjusting the pH of media may be 
avoided hy using mixtures of these two phosphates. 

G. Potassium 

This clement is frequently supplied as a phosphate. Other sources in
clude potassium chloride, potassium sulfate, and potassium nitrate. 

H. MagJ1l'silfln 

Various soluble non!o,xk magnesium salts are used. The most common 
probably is magnesium sulfate heptahydrate. Magnesium chloride hexa
hydr:Jtc ;:Inu nitrate hexahydrate arc deliquescent. 
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I. Microelements 

For routine usc, it is convenient to prepare a microclcmcnt solution of 
such strength that I mIll iter will supply the concentration desired. The 
following salts have been used with satisfaction in tbis laboratory: iron. 
Fe(NO,,),,·9H,O; zinc, ZnSO,' 7H,O; manganese, MnSO,· H,O; copper, 
CuSO,' 5H,O; molybdenum, Na,MoO,' 2H,O; calcium, CaCl,' 6H,O. The 
stock solution should be acidified to prevent precipitation 01 iron. 

1. Effects of Impurities 

The chemicals lIsed in making media contain traces of essential and non
essential elements. Methods of removing metallic impurities arc noted in 
Chapter 8 (Section II, Bl. For less exacting work, chemically pure or 
reagent grade chemicals are satisfactory. In general, it is necessary to add 
microelcrncnts to media made with such chemicals. The concentrations 
needed will depend on the fungus and the purpose of the investigator. For 
the value of such techniques, sec Omvik (1951 l. 
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CHAPTEH 18 

The Chemical Environment 
for Fungal Growth 

2. Carbon Sources 

D. PERLMAN 

Squibb Illstitute jor Medica! Res('arciI 
New Brlllls-wh:k, New Jersey 

1. INTRODUCTION 

Fungi arc among the most ubiquitous microorganisms, growing in a large 
variety of media and under many conditions. Some utilize chemically com
plex carbon-containing compounds for growth, whereas others are much 
morc selective in their requirements. Selection of the conditions for growth 
will depend in part on the purpose of the study. l! cells of a definite compo
sition (enzymatic or chemical) arc desired, the carbon source used may 
well be different from that used for production of a certain metabolite. The 
examples cited in this review arc only illustrative of many observations rc
ported in the literature. Stress will be placed on methodology, not on de
tailed information. 

II. TYPES OF CARBON COMPOUNDS UTILIZED 
FOR CELL PRODUCTION 

A list of some of the carbon-containing compounds reported to be uti
lized by fungi for growth in synthetic media is given in Table 1. This list, 
compiled from the literature, includes compounds which oftcn were re
ported to have been tested as the sole carbon-containing compound in the 
medium. Included arc a wide variety of amino acids, organic acids, sugars, 
sugar derivatives, alcohols, and morc complex organic compounds, 1n most 
instances the authors measured only cell formation and did not report the 
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TABLE I 

SOME COMPOUNDS UTILIZED BY FUNGI AS THE SOLE SOURCE OF CARBON 

Carbohydrates and related compolilldl' 

Adonitol Galactosamine Kojic acid Phytic acid 
Amylose Galactose Lactose Polygalacturonate 
Arabinose Gentiobiose Lyxose Raffinose 
Arabitol Gluconic acid Maltose Rhamnose 
Cellobiose Glucosamine Mannitol Ribose 
Chitin Glucose Mannose Salicin 

, Dextran Glucose pentaacetate Melibiose Sorbitol 
Dextrin Glucuronic acid Melizitose Sorbose 
Dulcitol Glycerol wMethylgalactoside Starch 
Erythritol Glycogen a~Methylglucoside Sucrose 
Erythrose Inositol a~Methylmannosidc Trehalose 
Fucose Inulin a-Methylxyloside Turanose 
Fructose 2-Kctogluconic acid Panose Xylan 
Galactitol 5-Kctogluconic acid Peclin Xylose 

Amillo acids and related compounds 

Alanine Betaine Glutamic acid Norleucine Taurine 
o:-Aminoadipic Citrulline Glutamine Norvaline Threonine 

acid Creatine Glycine Ornithine Tryptamine 
o:-Aminobutyric Cysteine Hippuric acid Phenaceturic Tryptophan 

acid Cystine Histamine acid 
Amygdalin Diaminopimelic Histidine Phenylalanine 
Anthranilic acid acid lsolcucine Phenyl glycine 
Arginine Djenkolic acid Leucine Proline 
Asparagine Ephedrine Lysine Sarcosine 
Aspartic acid Ethionine Methionine Serine 

Organic (lcids llIu/ related compollnds 

Acetic acid Formic acid 
Adipic acid 
Arachidonic acid 
Butyric acid 
Capric add 
Caproic acid 
Citric acid 
Di-II-butyrl 

scl;acate 
Elhyl acetate 
Ethanol 

Fumaric acid 
Gentisic acid 
Glutaric acid 
G lycery lricino!cate 
Homogentisic acid 
O!-Ketoglutaric acid 
Lactic acid 
Lauric acid 
Linoleic acid 

Polycyclic ('OnJPUlIIU[l- and alkaloids 

Androsterone Digitonin 
Cholesterol 
Cholic acid 
Cortisone 

Digitoxigenin 
Diosgenin 
Ergotamine 

Mandelic acid 
Methylricinoleate 
Myristic acid 
Oleic acid. 
Oxalic acid 
Palmitic acid 
Phen),lacetic acid 
Phenylpyruvic acid 
Pimelic acid 
Propionic acid 

Ergosterol 
McthyJreserpate 
Nicotine 
Progesterone 

Tyramine 
Tyrosine 
Valine 

Pyruvic acid 
Stearic acid 
Stipitatic acid 
Succinic acid 
Tartaric acid 
Triacetin 
Tributyrin 
Triolein 
Tristearin 
Valerie acid 

Stigmasterol 
Testosterone 
Tetracycline 
Yohimbine 
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rate or extent of disappearance of the given carbon-containing compound 
from the medium. However, where these compounds were the sole carbon 
source, it is obvious that the carbon-containing compounds in the cells 
were derived from this source. The importance of this tabulation lies in 
the listing of the variety of compounds metabolized rather than a considera
tion of the mechanisms of dissimilation of these compounds by the fungi. 
Most of the information supplied in the literature is inadequate to permit 
formulation of theories on microbial metabolic patterns. 

In most experimental programs studying growth. the production of de
sired metabolites, or the effects of metabolic poisons or stimulants on 
fungal growth, media containing a mixture of carbon-containing com
pounds arc used. Very often the components of the mixture are meta
bolized at different Tates. For example, when Penicillium chrysogenum 
was grown in a medium containing glucose, lactose, acetate, and lactate 
(together \\'ith mineral salts), the acetatc was metabolized first, the lac
tate second together with some of the glucose, and lactose was used last 
(Jarvis and Johnson. 1947). These observations, and those in related 
studies, emphasize the usefulness of knowledge of the utilization patterns of 
carbon sources by microorganisms of interest in fermentation processes. 

Perusal of the information in Table I leads to the conclusion that fungi 
may be found that will metabolize any carbon-containing compound and 
produce cell substance from this material (perhaps the only exceptions arc 
certain plastic, fluorine-containing compounds and "nonbiodegradable" de
tergents) . 

This diversified mdaholic activity is of practical importancc in a bcnc
licial manner in certain industria1 situations where carbon-containing waste 
rroducts accumulate and have to be destroyed by microbial oxidation prior 
to introduction of these wastes into sewage systcms. The activity is detri
mental in other industrial processes when the fungal mycelium destroys 
the usefulness of the product, e.g .. food materials, pharmaceutical formula
tions. motor fucls. industrial chemicals, and measures have to be taken to 
eliminate these cultures and prevent mycelium formation. 

Strain specillcity in utilization of carbon sources is not uncommon. For 
example, mut.ants of Aspergillus niger and Penicillium chrysogenunl, and 
of streptomycetes often have dillerent carbohydrate utilization patterns 
than those of the parent strains. On the other hand, some mutants will 
attack carbon sources not used by the parent strain. or will metabolize 
these more efficiently. This has been exploited in the selection of fungi 
effecting useful transformations of steroids. 

Glucose is utilized by more fungi than is any other sugar and is l1l:arly 
a universal carbon source. In attempting to culture fungi of unknown nu
tritional requirements on synthetic or semisynthetic media, glucose should 
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be the first carbon source used. However, there are a few fungi that arc 
unable to utilize glucose: Leptomitus lacteus is unable to utilize glucose, 
fructose, galactose, or sucrose (Schade, 1940). Cheo (1949) found cer
tain isolates of Ustilago striiformis to be unable to grow on glucm.c when 
freshly transferred from sucrose media. These cultures grew after incuba
tion for 2-4 weeks in these media, and Chea concluded that adaptive en
zyme formation was involved. 

III. MEASUREMENT OF CONVERSION OF 
CARBON SOURCES TO MYCELIUM 

There arc a number of methods used to determine the efficiency of con
version of carbon sources to mycelium; these include the determination of 
( I) total weight of mycelium formed and correlation of this with the 
amount of carbon source utilized; (2) the amount of carbon in the me
dium converted to mycelium carbon; (3) the amount of substance directly 
incorporated into the mycelium. 

A, Conversion of Carhon to Mycelium (Economic Coefficient) 

The first method, often termed the "economic cocflkient," j ... the mo~t 
widely used. It is defined by the formula 

mycelium dry weight (gill) 
X 100 

amount of carbon compound consumed (gm) 

Some authors have lIsed the ratio, or its reciprocal, without multiplication 
by 100. The economic coellkient is likely to he maximal when respiratory 
CO:! and soluhle metabolic products are minimal in Ljuantity. Since both of 
these are affected by cultural conditions, no one value or even range of 
values can be set down as characteristic of fungi as a group. Fungi grown 
on dilute media for no longer than is necessary to utilize the carbohydrate 
usually have an economic coellkient in the range 2()-40 (a few higher 
values have been reported). Very low values reflect the probable produc
tion of significant amounts of soluble carbon compounds, difficulties in 
analysis of the unconverted carbon compound, and related problems. The 
economic coelfIeicnt is likely to be inllucnccd by temperature of incubation, 
the metallic ion content of the medium, the nitrogen sources in the medium, 
the age of the culture, and the method of aerating the culture. All these 
conditions afTect the production of soluble metabolites by the mycelium, 
and thus indirectly the economic codlicicnt. 

A few examples of the etTccts of some of these variables on mycelium 
formation, sucrose utilization rate, and economic coefficient in Aspergillus 
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TABLE II 

FERMENTATION OF SUCROSE BY SrRAJ:--JS OF Asper).:i///I.I' lIiKer J1\J SUBMERGED CULTURE" 

High-yielding citric-productr Low-yielding citric-productr 
F ____ 

Fermentation Sucrose Myceliutll Economic Sucrose Mycelium Economic 
pc-riod lIsed forn1cd coeihcienl used formed coetricient 
(days) (gm,l) (gm/ I) (gm I) (gm I) 

2 23 5.(} 25 20 6 30 
4 65 10 15 30 18.4 61 
6 95 18 19 50 22.5 45 
8 98 19 20 72 23.5 33 

H) 98 20 20 95 13.5 25 

" Data from Perlman (1949). 

niger fermentations are presented in Table I I. Of the various variables 
studied, the strain of A. niger used and the length of the incubation period 
had the most effect on the economic coefficient in these submerged culture 
fermentations. In the "high-yielding" fermentation the sucrose was rapidly 
utilized and converted' to citric acid (data not shown) resulting in a low 
economic coefficient, whereas in the "low-yielding" fermentation the su
crose was used more slowly with less accumulation of citric acid and a 
higher economic coefficient. The economic coefficient varied markedly with 
the length of the incubation period in the fermentations by the "low-yield
ing" culture. 

A series of experiments in which a fumaric acid-forming strain of Rhi::.o
pus nigricans [R. stolonifer] was the test organism arc summarized in 
Table II I. Glucose utilization was greater in the presence of zinc than in 

TABLE III 
EFF[CT OF ZINC" ON ECONOMIC' COEFflC'lENT IN Rhi:O{lIiX s/o{(J/Iifer 

GROWN IN SURFACE CULTURE" 

Efficiency of 
Glucose used 
(gm/IOO mIl 

fumaric acid Economic 
production !, coefficient'· 

Glucose -------- ---------
cone. Zn Zn Zn Zn Zn Zn 

(gm/IOO ml) absent present absent present absent present 
----~ 

2.5 1.70 2.07 45.9 2.5 14.1 40.0 
5.0 2.65 3.R\.) 38.3 23.1 !J.9 2\.3 

111.11 2.54 6.49 :n.9 21.9 11\.0 12.5 

"From Foster and Waksrr:an (1939). 
I, Grams of fumaric acid produced per gram of glucose consumed X JOO. 
, Gram:; of mycelium produced per gram of glucose consumed X 100. 
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its absence, while less fumaric acid accumulated in zinc-containing media. 
An economic coefficient of 40 was obtained with media having the lowest 
glucose conccntration, and the value dropped when the glucose concentrD
tion was raised fourfold. In these experiments the static culture technique 
was used, and the rate of diffusion of the glucose to the mycelium no doubt 
affected the rate of utilization of this energy source and its conversion to 
fungal cells and fumaric acid. 

B. Conversion of Carhon Source to Mycelial Carhon 

The second method listed measures the conversion of carbon in the me
dium to carbon compounds in mycelium. Data collected in a carbon-balance 
study of a citrie acid-producing Aspergillus Iliger fermentation are sum
marized in Table IV. The economic coefficient calculated from the weight 

TABLE IV 
STlJDY or rFRMENTATION Of GLUCOSE BY Aspl:'rgilllls 1IiJ.;er IN SURl'ACf ClJLTlJRf_~ 

A. Conversion of glucose to metal.1Olites 

Fermen· 
tation CO, Mycelium Economic Glucose Citric acid 
period formed formed coefficient used formed 
(days) (gm) (gm) (gm) (gm) 

_._-,----_._--- _.- ------- ------ ------

4 0.67 0.375 14 2.64 1.61 
7 1.55 0.676 8 8.78 5.82 

10 2.17 0.825 7 12.12 8.50 

B. Distribution of carbon in the citr_ic acid fermentation 

Carbon in 
Fermen-

tation Myce- Residual 
period CO, lium glucose 
(days) (gm) (gl11) (gm) 

4 0.18 0.17 4.78 
7 0.42 0.32 2.32 

10 0.60 0.38 0.98 

" Data from Wells el al. (1936). 

Carbon in 

Citric Solu-
acid lion 
(gm) (gill) 

0.60 5.42 
2.18 5.03 
3.19 4.74 

Efficiency 
of COil

Carbon version of 
ac· glucose 

counted carbon to 
for mycelium 
( ),;) 

98.5 0.17 
98.5 0.09 
97.6 0.08 

of mycelium formed per 100 gm of glucose used decreased from 14 to 7 
as the incubation period was extended from 4 to 10 days. The efficiency 
of conversion of glucose carbon to mycelium carbon ranged from 17 % at 
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4 days to 8% at 10 days. The close relationship of the economic coeffi
cient to the carbon conversion efficiency value shows that the carbon 
compounds of the mycelium were in the same oxidation state as those of 
the substrate (glucose), and it is likely that the mycelium contained a 
large amount of a hexose polymer. If the mycelium contained a large 
amount of fat the carbon content would have been higher than the 40% 
observed and the carbon converted to mycelium might be as high as 30%. 
Raistrick et al. (1931) noted that the carbon content of mycelia of 40- to 
70-day-old fermentations of various fungi often ranged between 46 and 
55%. The advantage of using a carbon balance in studies of efficiency of 
conversion of substrate to mycelium is the specificity of the method; the 
disadvantage is the increased time needed to carry out the analyses. 

C. Direct Utilization of Carbon-Source 

The assumption is made in both the methods mentioned above that the 
substrate is used to form mycelium directly. Study of fungal metabolic pat
terns has shown that most, if not all, species degrade the carbon compound 
added to the medium and form mycelium from the metabolic products. 
There appear to be no reports of investigations designed to show that the 
carbon source added to the medium is directly incorporated into the my
celial carbohydrate, lipid, or protein. The availability of C14-labelcd com
pounds makes possible direct determination of the carbon compound, and 
perhaps experimental studies to be carried out in the future will show the 
direct incorporation of carbohydrates, amino acids, pcptides, and/or lipids 
into the mycelium. The efficiency of such an incorporation might be an 
index of usefulness of the carbon-containing compound to the growing 
cells. 

IV. PRACTICAL PROBLEMS ENCOUNTERED IN STUDYING 
THE USE OF CERTAIN SOURCES OF CARBON 

Among the practical problems that affect the utilization of energy sources 
by fungi arc (I) physical availability of the carbon source to the fungal 
cells; (2) cultural conditions, including presence of other nutrients in the 
media, aeration conditions, incubation temperature, etc.; and (3) adapta
tion of the strain to the substrate. 

The economic coefficient is often directly related to the rate at which the 
carbon source is absorbed by the mycelium. When Aspergillus niger was 
grown in static culture in shallow layers of media, higher economic coeffi
cients were obtained than when the depth of medium was increased from 
I em to 10-15 em. The rate of diffusion of the sucrose or glucose substrate 
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to the mycelium wa" vcry low in fermentations where the depth of the 
medium exceeded 2 em. One of the A. niger strains studied produced a 
deeply inv;lginatcd mycelium, and this pattern of growth resulted in a more 
rapid turnover of the sucrose than was observed in the experiments with 
the culture which formed a "thin" mycelium (Perlman, 1943). 

These problems of diffusion of unmctabolizccl substrate through the 
medium to the mycelium arc, of course, minimized when shaken cultures 
afC used. However, other difficulties encountered include fragmentation of 
the mycelium due to fragility and limitations of culture operations. John
son (1952) summarized some of his studies of the penicillin-producing 
fermentations and noted that for highest antibiotic production a period of 
"semi-starvation" of the mycelium (as far as carbohydrate source was con
cerned) is desirable. This could be achieved by using lactose, a carbon 
source only slowly metabolized by his strains, or by "slow-feeding" glucose 
or sucrose to the culture. Careful control of the feeding rate was needed 
so that the sugar was not completely exhausted. If too much sugar was 
added more of it was converted to mycelium than was desirable, resulting 
in a higher economic coefficient and lowered penicillin production. 

A number of the carbon sources listed in Table I as utilizable by fungi 
are relatively insoluble in aqueous media. Whcn fungi arc grown in media 
containing these insoluble materials, the mycelium tends to form balls 
around the particles, a phenomenon which often leads to poor growth and 
low economic coefficients. Pan et al. (1959) found that the addition to 
these media of mineral oil, or other nonrnctabolized oils, resulted in solu
bilization of the fats and lipids under examination and the formation of a 
two-phase liquid system. The fungi grew very well in these media, and ap
parently the "coating" of the mycelium with mineral oil did not affect the 
microbial attack of the carbon source. Economic coefficients as high as 
60 have been observed in other experiments. However, since lipids contain 
more than twice the carbon content of sugars, this high economic coefficient 
is not surprising. When the coefficient was calculated on the basis of the 
carbon content, the results were of the same order as obtained when hex
oses were the source of carbon. 

Other cultural conditions affecting the economic coefficient include effi
ciency of aeration, incubation temperature, presence in the media of re
quired vitamins and of trace metals. The importance of adequate aeration 
has been repeatedly emphasized, and its indirect and direct effects on fungal 
growth have been examined in many laboratories. Johnson (1952) has 
reviewed aspects of the problem as concerned with penicillin production, 
and many of his observations arc also related to conversion of carbon 
sources to mycelium. Often, higher economic coeillcients arc obtained 
when "minimal" aeration is used than when "high aeration" is used. 

I 
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fncubation temperature usuany has an effect on the economic coellieicnt 
and will sometimes vary from sub~trate to sub.-;trate with a gIven organism 
(Lilly and Barnett, 1953). The elleet of increasing the length of the incu
bation period on the economic coelTicicnt is shown in Tables 11 and 
IV. In both cases lower values were obtained when the period was ex
tended. 

Other factors that influence the economic coetlicient relate to the com
position of the medium: The presence or absence of B vitamins sometimes 
affects growth of fungi which do not have an absolute requirement for these 
vitamins. For example, Fergus (1952) found that the addition of a vitamin 
supplement to Penici({ium digiwtll111 cultures resulted in better growth even 
though the cultures grew well without this supplement. On the other hand, 
Lilly and Barnet! (1953) point out that the literature prior to 1940 may 
not be very valuable since the investigators did not realize that the fungi 
under study had absolute requirements for certain water-soluble vitamins 
which were not included during the experiments. The importance of trace 
elements in fungal nutrition was discu:-.sed in Chapter 17 of this volume and 
wilt not be reviewed here. The effect of a trace amount of zinc on the 
economic coefficient of Rhiz.opus cultures is shown in Table III and is 
typical of the many reports in the literature. The effect of trace elements 
on the economic coefficient varies with the carbon source, the culture under 
study, and, of course, the trace c!cment. 

Adaptation of culture to substrate has been mentioned earlier in this 
section and deserves further discussion. Some strain's apparently "adapt" 
quickly whereas others do not "adapt" even under the most favorable cir
cumstances. Barnett and Lilly (1951) and Lilly and Barnett (1953) re
ported that the growth of many fungi was markedly inhibited when sorbose 
'-NIlb In:es~nt in the medium. Som~ ,)~ the\r <...\a\',.\, summari'Z.c<i in part in. 
Table V, showed that certain fungi grew we!! in media containing mixtures 
of ~orbo~e and other sugars, and presumably the presence of the second 
sugar encouraged growth of mycelium which eventually utilized the sorbose. 
Other strains did not odapt to the presence of sorbose, and growth of these 
fungi in media containing glucose and sorbose was markedly lower than 
when only glucose was prescnt. Matsushima and Klug (195R) analyzed 
this problem genetically, using Us til ago mil.wlis and found an interaction 
between genes governing sorbose utilization. The sexually compatible 
mono~poridial lines and their solo pathogenic diploid derivative differed in 
the ability to metabolize sorbose in the presence of various kinds of nitro
gen sources. Similar investigations by Roberts (1963,) showed that, in a 
strain of Aspergillus nidulans, D-galactose was oxidized by an inducible 
enzyme system; D-t'ucosc was a poor inducer of this system. 
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TABLE V 

Er'FlCT Of SORBOSE ON GROWTH OF SLLECTED FUNGI" 

Culture 

Aspergillus niger 

FIlSOrill/11 c/lfmon:m 

Penicillium 
clll:vsogenum 

Aspergillus etegalts 

C/lOallep!W/"a 
('Iteurhi/arum 

Mucor HI/J1alllliwlliS 

Phycomyces 
hI{/ke.\lef!aIlIIS 

Alrerl/{lria tomato 

A.I'Perf(iIllfS clava/lis 

Rhi::.oct(Jllia so/alii' 

Scll'rotil1ia 
scleratiorum 

Incubu
lion 

period 
(days) 

6 
14 

4 
7 

3 
9 

5 
8 

5 
9 

<\ 
11 

5 
8 

4 
9 

6 
9 

9 
13 

9 
13 

Mycelium weight 
(mg 100 ml of Medium Containing Indicated Sugar) 

Glucose Maltose 
Glucose Sorbose + sorbose Mallose -t sorbose 

936 
880 

316 
480 

636 
664 

640 
724 

300 
260 

392 
346 

6J6 
(j6R 

120 
HoR 

444 
732 

1364 
1376 

376 
748 

344 
704 

104 
:n6 

1M 
552 

128 
156 

Trace 
16 

60 
40 

Trace 
Trace 

24 
172 

Trace 
Trace 

Trace 
Trace 

Trace 
Trace 

1136 
1168 

412 
588 

664 
1500 

496 
904 

416 
488 

600 
744 

SH4 
876 

<\8 
472 

420 
6(J4 

840 
2076 

80 
256 

828 
768 

436 
540 

176 
684 

428 
580 

176 
380 

336 
504 

172 
720 

204 
884 

364 
692 

1348 
11% 

272 
676 

IJ04 
109<\ 

400 
764 

356 
1236 

968 
868 

180 
404 

488 
624 

271 
932 

56 
348 

96 
176 

28 
80 

Trace 
Trace 

a Data from Lilly and Barnett (1953). 
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CHAPTER 19 

The Chemical Environment 
for Fungal Growth 

3. Vitamins and Other Organic Growth Factors 

NILS FRIES 

I/lstilule of Physiological Botany 
Unin'rsity of Upp.mla 

Upp.ml£l, Sweden 

I. lNTRODUCTION 

The term, growth factor, means an organic substance which in minute 
amounts is necessary or stimulatory for growth and does not serve simply 
as an energy source. Most substances first discovered as growth factors 
for fungi (or bacteria) have later proved to function as vitamins for ani
mals, and vice versa. The term vitamin is therefore often used also for 
the growth factors of the fungi, especially for those factors which function 
as part of coenzymes. 

Certain organic substances, c.g., amino acids, nucleotide constituents, 
and fatty acids, which serve as building blocks of intracellular struc
tures, often arc not included among the growth factors of the fungi, since 
they are active in higher concentrations than the coenzyme vitamins, i.e., 
10-1000 ml'g/ml instead of 0.0l~1 ml'g/ml (Table I). However, it is 
difficult to make a clear separation between these two categories of essen
tial metabolites, and therefore the concept, growth factor, will be taken 
in its widest sense in the following presentation. 

The limited space available in this survey renders it impossible to ac
count for all known cases of growth factor requirements in fungi. A more 
complete docum~ntation will be found in the comprehensive papers by 
Schopfer (1943), Knight (1945), Cochrane (1958), and Fries (1961 a). 

The growth factors arc to be considered indispensable for all fungi
just as vitamins arc for animals-and the diITerencc between those species 
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TABLE 1 

A COMPARISO'J OF TH~~ ACl J\iITY OF FOUR CO\!MON GROWTH F AC10RS 

Growth factor 

Biotin 
Thiamine 
Pyridoxine 
Inositol 

Amount of growth factor 
necessary for the production 

of 1 mg mycelium 
(dry weight) 

("g) 

0.00025 
0.0004 0.0025 
0.0003-0.0007 
1.1 -1.7 

Lowest concentration of 
growth facto'" giving 

maximum growth rate 
(}.(g; ml) 
--

ca, 0.0001 
ca. 0.001 
ca, 0.001 
ca,O.5 

or individuals which need such a substance in their substrate, and those 
which can do without it, lies in the fact that the former cannot syothezise 
the growth factor themselves, whereas the latter can. The former type of 
fungus is cal1ed auxoheterotrophic, the latter allxoautotroplzic (Schopfer, 
1943) . 

The correctness of this interpretation is proved by the fact that, in a 
fungus autotrophic for a certain growth factor, production of this factor can 
always be demonstrated. Sometimes it may even be a considerable surplus 
production, which can be utilized commercially, e.g., the synthesis of ribo
flavine by Eremotheciunl ashbyii. The growth factors produced often dif
fuse out from the mycelium, thus making it possible for two complementary 
auxoheterotrophic fungi to grow together in a medium without any added 
growth factors (syntrophism). 

The term growth factor itself indicates that growth is the mode of re
sponse ordinarily observed. This response can be estimated by weigh
ing the amount of mycelium produced, by measuring the optical density 
of a culture (in the case of a yeastlike mode of growth), or in some more 
indirect way, c.g., by determining the pH change of the culture medium. 
The hormones arc also organic compounds active in small amounts, but 
in contrast to the growth factors, the hormones influence not the ratc of 
growth, but rather the mode of growth (morphogenesis). 

Frequently the growth factor, which as a rule enters as part of a coen
zyme, can be exchanged for a precursor in its biosynthesis or-which may 
mean the same-for a simpler compound constituting only a part of the 
growth factor molecule. This may be exemplified by thiamine, which some
times can be substituted for by either the pyrimidine or the thiazole part of 
its molecule, by pantothenic acid, in certain cases exchangeable for pantoic 
acid or fJ-alaninc, and by biotin and its precursor dcthiobiotin. Although 
the existence of such interchanges causes certain difficulties in terminology, 
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it contributes to our ll ntlcrstanding of the biosynthesis of Lhe g rowth factors. 
In this connection it should also be mentioned that artificial require

mcnts for growth factors can be induced by the application of appropriate 
inhibitors or analog. Thus, A spergillus niger requ ires p-aminobenzoic ac id 
only in the prcsence o t its synLhetic, structura l analog, sulfanilamide (Har
telitls, 1946). 

A fungus can be completely incapable of synthesizing a certain growth 
facto r, or the biosynthetic capacity m ay be more or less reduced (Figs. ] 
and 2). To determine the power of biosynthesis in an individual strain of 

.. 
u 
u 

.. 
.0 

§ 
c: 

" ..... --- ............... 2A 
/ ....... 

,/ -_ 
" / 

/ 
/ 

I 
I 

I 
I 

I I ".,-------
_ A 

I " 
/ // 

/ ,/ 
/ ,/ 

/ ,/ 
,,/ 

,// 
/,/ 

h?/ ,'" 

-_ __ 

o 
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curve> ~how the growth wilhout lhe factor (0) and with suboptimal a moun ts added 
C,' amI 2tf}. G rowth stop~ when g rowth factor is consumed. 

n fungus, the growth of a pure culture must be studied under controlled 
condition .. during. a certain lime of incubation with and without Lhe growth 
factor included in the medium. I n evaluating the result of such experiments, 
internal (genctic and mi.! tabolic) mechanisms as well as environmental con
ditions have to bi.! considered . 
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II. VARIATIONS IN BIOSYNTHETIC CAPACITY 

The capacity LO synthesize a certain g rowth facto r may change with time 
in one strain as a result of changes in the genetic or metabolic mechanisms 
of the cells. The biosynthesis of each growth facto r is controlled by nu
me rous gcnes, and mutations in these genes may thereforc impede or block 
the production of the factor in question. The possibility of inducing sllch 
mutations by artificial means forms thc basis of the modern, experimental 
branch of biOlogy called biochemical genetics. Undoubtedly, mutations of 
this !'ort also arise spontaneously and can be found now and then in wild
type populations, e.g., niacin-heterotrophic strains of Ophiostorna /7I1I[tial1 -

nulatmn (Fries, 1948) and Polypom s abielinu.I' (Fries and Aschan, 1952) . 
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This probably explains the sometimes eonllicting reports from different 
authors regarding the auxoheterotrophy of one and the same species, e.g., 
Bial/ocladia pringsheimii (Cantino, 1948; Crasemann, 1957), The dif
ferent levels of partial auxoheterotrophy found among strains of the same 
species arc probably also genetically controlled, although according to a 
rather complicated pattern (Lilly and Barnett, 1948a), 

Experimentally induced nutritional mutations are beyond the scope of 
this survey, whieh deals only with the naturaJly occurring growth factor 
requirements of wild-type (prototroph) strains. However, it may be men
tioned that all these natural requirements have their counterparts in in
duced mutations, as appears from genetic studies in Neurospora, Ophios
lorna, A spcrgilills, and several other fungi (for references see Fincham 
ami Day, 1963; sec also Catcheside, Chapter 29 of this volume). 

Reversion from auxoheterotrophy to auxoautotrophy seems to be a very 
rare phenomenon in wild-type strains, where the deficiency constitutes a 
species character, in contrast to laboratory strains with induced deficiencies. 
This difference is usually explained by the assumption that in the wild-type 
strains several genes arc involved, in the laboratory strains only one. 

Sometimes it is hard to decide whether a change to growth factor inde
pendence is the result of mutation in an auxoheterotrophic strain or of a 
slow adaptation in an intrinsically auxoautotrophic strain. Good examples 
of these two possibilities can be found in the genus Exohasitlium (Sund
strom, 1964). 

Most authors seem to agree that the auxohctcrotrophic fungi have de
veloped from auxoautotrophic ancestors, spontaneous mutations explaining 
the evolutionary mechanism. This interpretation fInds support in the re
suits of biochemical genctics (LwolL 1943; Schopfer, 1944b). 

It should also bc mentioned that variations in biosynthctie ability may 
occur during the life cycle of a fungus. In particular the very first stage of 
dcvc[upmcnt, thc germination and outgrowth of the spore, seems to ditTer 
in this respect from the lully developed mycelium. Thus the germinated 
spores of Myrotheciwn verrucaria continue their growth very slowly unless 
the medium contains biotin, whereas the fully developed mycelium exhibits 
no requirement lor biotin (Mandels, 1955). Even in such typically auxo
autotrophic species as Penicillium digitatum (Fergus, 1952) and A sper
gil/lis l1idllians (Strigini and Morpurgo, 1961) initial growth may be 
strongly promoted by added vitamins. In the dimorphic H is/Oplasma cap
slilatum it is only the- yeastlike phase which requires thiamine and biotin 
(Pine, 1957). 

The number of growth factors required varies from none to at least six, 
the most exacting species being found among the yeasts (Table II). 
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Ill. THE INFLUENCE OF ENVIRONMENTAL CONDITIONS 

A complete requirement for a certain growth factor is usually not in
fluenced by cultural conditions. A partial requirement, on the other hand, 
may often he more or less pronounced, depending on the external condi
tions. A few examples of such conditioned requirements may be mentioned. 

Close to the upper temperature limit of growth, microorganisms some
times become more exacting than at lower, more normal, temperatures. 
Thh seems to be a common phenomenon in bacteria, but a few cases have 
also been observed in fungi, c.g., in a strain of Coprinus fimetarius stimu
lated by methionine or an unidentified factor at above 40'e (L. Fries, 
1953), and in Saccharomyces cerevisiae, which grew well at 30 0 e in a 
synthetic medium without pantothenic acid but required this vitamin for 
growth at 38 c e (Lichstcin and Begue, 1960). In another study of S. cere
l'isiae it was found that at 40"C no growth occurred unless yeast extract 
was added to the medium (Sherman, 1959). Oleic acid exerted a sparing 
effect. Similarly Aspergil/w' niger requires biotin and other supplements for 
growth above 42.7"C when cultivated on rhamnose as the carbon source 
(Fries and Kallstromcr, J 965). 

Sometimes the requirement for a certain growth factor depends on the 
composition of the nutrient medium at any temperature within the bio
kinetic zone. Thus Pylhillm butleri becomes thiamine-heterotrophic as soon 
as the mineral salt concentration exceeds a certain level (Robbins and 
Kavanagh, 1938a). PellicIIlaria koleroga can utilize thiamine or biotin for 
growth on sucrose but requires thiamine exclusively for growth on glucose 
(Mathew, 1952). With glycine as the source of nitrogen Eremothecillm 
ashbyii requires arginine and leucine for growth; with asparagine there is 
no such requirement (Krneta-Jordi, 1962). 

The presence of other metabolites in the medium may profoundly in
fluence the demand for a growth factor, at least quantitatively. It is ob
vious that substances functioning as precursors in the biosynthesis of the 
factor may partly or totally substitute for the factor itself. This is the case 
in TrichoplI,\'f()fl equinul11, where niacin, otherwise necessary, can be re
placed by the amino acid tryptophan (Georg, 1949). On the other hand, 
a similar effect can be obtained also by adding the metabolite that is the 
end product of the enzyme system of which the growth factor constitutes 
an essential component. Such a "by-passing" of the growth factor require
ment has been observed in, c.g., Pityrosporum ovale, where oxalaccHc acid 
plus a-ketoglutaric acid can be sub~titutcJ. for thiamine (Benham, 1947). 
In Torula crellloris aspartic acid (Koser et aI., 1942), and in Ophiostoma 
pini aspartic or oleic acid (Mathiesen, 1950), has a sparing effect upon 
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the requirement for biotin. The finding that biotin becomes superfluous to 
Aspergillus nidulans and Neurospora crassa if fructose or Krebs cycle 
acids instead of glucose serve as the carbon source may also be due to a 
"by-passing" mechanism (Strigini and Morpurgo, 1961). 

]n other cases the mode of interaction cannot yet be satisfactorily ex
plained, e.g., the growth-promoting effect of pyridoxine on Saccharomyces 
cerevisiae, which appears only with an excess of thiamine (Rabinowitz 
and Snell, 195 I; Chiao and Peterson, 1956). More examples of this are 
mentioned later in Section V on the individual vitamins. 

The significance of oxygen can be exemplified by the observation that 
Mucor rOllxii, which ordinarily is auxoautotrophic, requires thiamine and 
niacin when cultured under anaerobic conditions (Bartnicki-Garcia and 
Nickerson, J 96 I). 

More difficult to explain are the results of Mohan et al. (1962), who 
cultivated Torulopsis [candida] utilis and S. cerevisiae in a nutrient medium 
with 0,0 instead of H,O. Under these conditions both fungi required more 
growth factors than otherwise. 

IV. TAXONOMIC AND ECOLOGICAL ASPECTS 

A single strain isolated at random is usually considered representative 
of the species as far as growth factor requirements arc concerned. Rather 
few extensive investigations have been performed in order to test the vali
dity of this assumption, e.g., the study by Blumer (1940) on Ustilago 
violacea, by Lindeberg (1944) on Marasmius perforans, by Lilly anJ 
Barnett (1948a) on Lenzites trabea, by Halbsguth (1949) on Tilletia 
tritid [T. caries], and by Sundstrom (1964) on Exobmidiwn 'pp. From 
these studies it appears that species as a rule are rather homogeneous as 
regards type of auxoheterotrophy, although occasional, spontaneous mu
tants with additional requirements occur. 

The type of auxoheterotrophy therefore can be looked upon as a physio
logical character that may be useful for the identification of the species, 
particularly in cases where morphological characters arc few or unreliable, 
e.g., in Trichophyton (Georg and Camp, 1957), Rizodotoruia (Hasegawa 
and Banno, 1963), and Exobasidium (Sundstrom, 1964). 

Efforts have also been made to use the type and degree of auxo
heterotrophy for the elucidation of phylogenetic relationships among genera 
and among other taxa of higher orders (Cantino, 1955). 

There docs not seem to be any obvious correlation between the ecology 
and the growth factor requirements of a fungus. Entomophthora apiculafQ 
and E. coronataJ which arc parasites on anima1s, as well as Exobasidiwn 
cassiopes and most U stilago species, which are parasites on seed plants, are 
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auxoautotrophic just as are many ubiquitous saprophytes like the peni
cillia. On the other hand, fungi living on exactly the same substrate, c.g., 
pine \voocJ, often exhibit allxohetcrotrophy, as well as complete auxoalltot
rophy. Some obligate parasites. like Erysiphalcs ancJ Urcdinales, still cannot 
be cultivated under controlled, axenic conditions. but this may not neces
sarily mean that these fungi arc exceptionally exacting for growth factors. 
There arc certain indications, however, that fungi living ncar the roots in 
the rhizosphere arc more vitamin-dependent than other soil fungi (Cook 
and Lochhead, 1959). 

V. THE GROWTH FACTORS 

A. Thiamine 

Pyrimidine moiety 

(II) 

Thiamine 

(I) 

Thiazole moiety 

(III) 

In most cases where a fungus does not grow in a simple sugar-mineral
salt-medium the addition of thiamine is sufficient to make the medium 
:..uitabk for growth. This effect of thiamine was first shown by Burgett' 
(1934) and Schopfer (1934) for Phycomyces blakesleeanlls. Since then a 
great number of investigations, e.g., Schopfer (1935), Robbins (193X), 
Robbins and Kavanagh (1942), and Fries ( 1938), have demonstrated that 
thiamine heterotrophy occurs in thc major groups of fungi. This type of 
auxoheterotrophy seems to be the predominant one, even more common 
than auxoautotrophy. particularly in the Basidiomycetes. As examples. the 
following genera may be mentioned in which all Or the majority of the in
vestigated species arc heterotrophic for thiamine: BoletlH (Mclin anu 
Nyman, 1940, 194 I; Mclin and Norkrans, 1942). Clilocyhe (Lindeberg. 
19460). Coprinlls (L. Fries, 1945, 1955), E.wbasidillln (Sundstrlim, 
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19(0), Marasmills (Ur.uoberg. 1944). Mycelia (Fries, 1949), P(,lIiol"1OI' 
(Fries, 1 Y50), Pollporus (Fries. 1938; Noecker, 1 Y38), TricholoIJu, 
(Norkrans, 1950), and Lactal'iu, (Jayko el 01., 1962). Among phycomy· 
cetes thiamine is the only necessary growth factor for most of the testec 
species within the genera Phialophora (Arca Ldio and Cury, 1950) am 
PhYlophlhora (Robbins, 1938), whereas the Marlierel/a (Robbins an< 
Kavanagh. 193Rb; Schopfer, 1935), Mucor (Robbins and Kavanagh 
1938b; and others), and Rhizopus spp. (Schopfer, 1935) with few ex 
ceptions are totally auxoautotrophic. Yeasts and other ascomycetes oftC! 
require one or more other growth factors, like biotin or pyridoxine, in ad 
dition to thiamine (sec Table I and Section Y, F). The dermatophytes ar, 
mostly auxoautotrophic or thiamine-heterotrophic (Area Leao and Cur) 
1950; Drouhet and Mariat, 1953; Georg and Camp, 1957), 

The thiamine molecule (1) consists of two units, "moieties," a pyrimidin 
(II) and a thiazole (III), which can be separated rather easily by heatin 
or by chemical means. Almost all thiamine-heterotrophic fungi grow ju: 
as well (sometimes even better; Norkrans, 1950) with the two moieti, 
added together in equimolar concentrations as with the intact thiamini 
Trichophyton discoides (Robbins et al., 1942), Kloeckera brevis (Jon( 
and Finch, 1959) and species of Phylophlhora arc among the very fe 
fungi that require the whole molecule (Rohbins, 1938). 

On thc other hand, many fungi are obviously capable of synthesizir 
the thiazole half of the molecule and thus require only the pyrimidine, IiI 
USlilago longissima (Schopfer and Blumer, 1938), PolyporLls "daS/l 
(Schopfer and Blumer, 1940), Collvhia ILlherosCl (Leonian and Lill 
] 938), several species of Coprinus (L. Fries, 1945), ll4ara.mrius full'( 
b"lhillo,"s (Lindeberg, 1944), and several species of Tricholoma (Nor' 
rans, 1950). Ability to synthesize the pyrimidine. but not the thiazo1c ha 
seems to be less common; the following species, however. represent tt 
type; Macor ramallllianlis (MUller and Schopfer, 1937), Slereum frllslul 
Slim (Noecker and Rced, 1943), f~'lIdomvces magnll.l'ii (Meissel, 1947 
and Tric/1Oph.l'lon concentricllm (Georg and Camp, 1957). 

The biosynthesis of thiamine is usually assumed to take place by t 
condensation of the two above-mentioned precursors, the pyrimidine a1 

the thiazolc, However, there is some evidence in favor of another pathw 
where pyrimidine is first coupled to a thiazolc precursor and the compou' 
thus formed is then transformed to thiamine (Harris. 1956). 

Certain thiamine-autotrophic species of R"i~(}f'I1S (Schopicr, 1935 
Fusariulll (Elliott, 1949; Esposito el al., 1962), and Ciborinia (Lilly a 
Barnett, 1948b) respond to added thiamine by growth inhibition. This 
obviously due to the increased production of ethyl alcohol by th~ fungi 
a change in the metabolism or the mycelium which is caused by the surp 
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of thiamine in the medium (Schopfer and Guilloud. 1945). This effect 
reflects the metaholic function of thiamine as a component of pyruvate 
dccarhoxylase, where thiamine pyrophosphate is thc prosthetic group. In 
Sncc!wromyces carlsbergl'nsis the thiamine-induced inhibition can be rc
vmed by pyridoxine (Chiao and Peterson, 1956), and in Fusarium by 
biotin or by vigorous aeration (Esposito et (II., J 962). 

Vcry fc\v changes can be made in the constitution of the thiamine mole
cule without loss of activity (see Robinson, 1951). On the other hand, 
compounds of apparently rather different constitution arc able to serve as 
sourccs of the thiazole moiety, e.g., penicillin (Shulman et ai .. 1957) and 
bacitracin (Ebringer. 1960). As a growth factor thiamine pyrophosphate 
(cocarboxylase) seems to be just as effective as free thiamine (Lilly and 
Leonian, 1940; Sedlmayr e/ (Ii .. 1961). However, this docs not necessarily 
mean that the thiamine pyrophosphate is taken up as such by the cells. 

B. Riboflavine 

OH OH OH 
I I 

CH,-CH-CH-CH-CH,OH 
HI' • 

H.JC~CyC'C/N'C~N,CO 
I II I , 

H'lC-C'::::-C/C'N;;;C'-C/NH 

H 0 

Rii>of1avine 

(IV) 

Poria milltl1/lii i~ the only fungus so far found \\.'hich requires an external 
supply of rihollJ.villl: (plll~ thiamine, biotin, and adenine: Jennison et ai., 
1955). ~o further· particulars of this case have been publi~hed, However, 
the fact that many bacteria with this reguirl'ment are known and that 
riboflavine-less mutants have been induced and isolated in lv'euro.\'/JOra and 
Aspergilli/s makes it quite possihle that ribollavine heterotrophy may be 
found as a natural species character in more fungi than P. raillamii. 

C. Nicotinic Acid 

H 
HC/e~C 'COOH 

II I 
HC'N:/,CH 

Nicotinic acid Nicotinamide 

(V) (Vi) 
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Species requiring nicotinic acid (:;::_ niacin; V) or nicotinamide (VI) OCCllr 

in almost all the main groups of fungi. Among phycomycetes 11hlyctorhiza 
rariahilis (Rothwell, 1(56), Btllsloc/adia pringsheimii (Cantino, 1948; 
Crascmann, I 'i57). and n. J'W110S({ (Cra:.cmann, I (}57) require this vitamin 
together wjth one or two other growth factors. In various genera of yeasts, 
c.g., Sacclwromyce.r, Torula, Alycotoru/a, Candida, and K/oeckera, niacin 
heterotrophy seems to be rather common (Burkholder, 1943; Koser and 
Wright, 1943; Rogosa, IY43; Burkholder el aI., 1944; Miyashita et al., 
1958). Furthermore, the two dcrmatophytes Microsporum (lw/ouinii (Area 
Leao and Cury, 1950) and Trichophyton eYIJil1U1n (Georg, 1949) require 
niacin, this nutritional peculiarity in the latter case probably being the most 
reliable species character. So far no clear-cut case of niacin heterotrophy 
has been observed in basidiomycetes. Although Phuliotll aurea is enabled 
to grow with niacin as the only growth-factor supplied, growth also occurs, 
and at a faster rate, with thiamine alone (Bach, 1956). 

The biologically active form of niacin is nicotinamide, which constitutes 
a part of the phosphopyridine nucleotides, NAD and NADP, both of which 
represent prosthetic groups of enzyme systems for hydrogen transfer. As 
growth factors for fungi (in contrast to some bacteria), nicotinic acid and 
its amide seem to be equally active, the transformation to the active amide 
thus obviously being easily accomplished. 

Niacin-less mutants seem to be L'asily induced in most fungi invcstigate<. 
from this point of vicw. Mutants of this type obviously also arise spon 
tancously and can be pickcd up from cell populations of niacin-independ 
cnt species: O{Jlrio.wol1lu l1lul(iaflfw/(//wll (Fries, 1948), C;Iof7lcrella c{n 
t:1l(a/a (Andes and Keitt, (950), and Po{yeorus ci/>iefiflils (a micrurgic all: 
isolated neohaplont: Fries and Aschan, 1952). 

In contrast to many induced niacin-less mutants, the niacin-hcterotrc 
phic species usually cannot substitute tryptophan or other indole derivative 
for niacin. Trichophyton eqllil1l1m constitutes an exception since it is ab' 
to utilize tryptophan to some degree (Georg, 1949; Orouhet and Maria 
1953). However, in most cases the effect of niacin precursors and anaiol 
hao..; not hecl) investigated. 

D. Pantothenic Acid 

CR, 
I 

RO' CH -C-CH-CO-NH-CR,' CH,· COOR 
, I I 

C OR 
R, 

Pantothenic acid 

(VII) 
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CH, 
I 

HO·CH -C-CH-COOH 
, I I 

C OH 
H, 

Pantoic acid 

(VIIl) 

CH2 • CHz . cacm 
I 
NH, 

p-Alanine 

(IX) 

Panlothenic acid (VII) was originally isolated as a growth factor for 
certain strains of yeasts (Williams, J 940). Later investigations revealed 
thal a great number of species within the Saccharomycetales rcquircd 
pantothenic acid for growth, or at least for good growth, the following 
genera being represented: Saccharomyces, Schizosaccharomyces, Zygosac
clwromyces, Torula, and Candida (Lochhead and Landerkin, 1942~ 

Leonian and Lilly, 1942; Burkholder, 1943; Burkholder e( al., 1944; 
Schultz and Atkin, 1947; McVeigh and Bracken, 1955; Miyashita e( al., 
1958; van Uden and Carmo-Sousa, 1959). The rc~uirement can be abso
lute, as in Sdiizmaccharomyces pambe (McVeigh and Bracken, 1955), 
or partial, as in most other cases. 

Polyporll.r leXlIl1llS seems to bc the only filamentous fungus hitherto re
ported as deficient for pantothenic acid (Yuscf, 1953). Thc dcficiency, 
which seemed to be almost complete, is probably a species character since 
the two iwlates tested both responded in the same way. Occasional strains 
that do not require pantothenic acid have also heen found in 0l)/Ziostama 
I1illftilll111ullllwn; probably they originated from spontaneous mutations 
within this otherwise thiami ne-pyridoxine-heterotrophic species (Fries, 
1948) . 

It has furthermore been reported that a shortening of the lag phase in 
liquid cultures of Penicillium digitalllln can be induced by pantothenic acid, 
as well as by some other vitamins (Wooster and Cheldelin, 1 Y45; Fergus, 
1952) . 

Pantothenic: acid, in itself an intermediate in the formation of coenzyme 
A. is normally synthesizeu in the cell from the two precursors pantoic acid 
(VIII) and f3-alanine (I X). At least some yeasts, e.g., Schi~o.l"<Iccharo

myces I'omhe (McVeigh and Bracken, I c)55), can do with f3-alaninc alone, 
the ~ynthe~is of pantoic acid and the following condensation reaction ap
parently being performeu without dillieulty. In j'viyporlls fexanus the situ
ation is reversed, since only pantoic aciu is requircu (Yuscf, 1953). 

An originally vitamin-free medium may after autoelaving contain traces 
of fj-alanine formeu through a reaction between glucose and ammonia 
(i'iielsen and Dagys, 1940; Betz, 1960). Another fact which must be con
sidered when interpreting growth experiments with pant{)thenate-n.:~'-Juiring 

fungi in ~tcrilized solutions is that aspartic and glutamic acid as well as their 
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amides act as antagonists to .a-alanine, but not to pantothenic acid (Belz, 
1960) . 

Quispel (1944) in his study of lichen symbiosis isolated some sterile my
celia, the growth of which proved to be strongly promoted by ,,-alanine. 
They occurred in nature loosely connected with green algae on the bark 
of trees, and their taxonomic po~ition could not be ascertained. 

HO 

H,C 

Pyridoxine 

(Xl 

E. Pyridoxine (Vitamin B,) 

Pyridoxal 

(XI) 

Pyridoxamine 

(XII) 

As soon as pyridoxine (X) had been isolated as a vitamin for rats, its 
growth-promoting effect on various microorganisms was demonstrated by 
several workers independently. As regards fungi the response of Saccharo
myces cerevisiae to pyridoxine was first observed (Schultz et a/., 1938, 
1939). Later, several other species of yeast were found to be partially or 
totally deficient in this vitamin (Burkholder, 1943; Snell and Ranneleld, 
1945). The first examples of filamentous fungi requiring pyridoxine were 
demonstrated in the genus Ophiostnma (Ceratostomel!a, Craphium) by 
various workers at about the same time (Fries, 1942, 1943; Robbins and 
Ma. 1942b.e) and other cases were then found within various groups of 
fungi, e.g., Trichophyton discoides (Robbins el at., 1942), A scoidea rubes
cens (Fries, 1943), Torll/opsis dalli/a (Burkholder et a/., 1944) and 
Lel'lographilllll sp. (Leaphart, 1956). So far, pyridoxine heterotrophy has 
been observed only in the Ascomycetes and the Fungi Imperfeeti, this par
ticular deficiency being as a rule ccmbined with a requirement for some 
other growth factor, lbually thiamine. 

Pyridoxine is only one of the three active, un phosphorylated forms of 
vitamin Btl that occur in nature, the other two being pyridoxal (Xl) and 
pyridoxamine (XII). Bacteria arc known to respond differently to these 
three forms and to their phosphorylated derivatives. Very little is known 
about fungi in this respect. However, Saccharomyces car/sbergensis re
sponds to pyridoxine, pyridoxamine and pyridoxal almost equally well 
(Melnick el a/ .. 1945) and the same can be said about Ophioslollla IIlli/li
annll/alUm (Wikberg, Il))')). S. cerevisiae, on the other hand, grows best 
with pyridoxine (Snell, 1')44), and in O. nlilitiannulatwu mutants occur 
which speeilieally require pyridoxamine (Wikberg, 1959). 
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The effect of pyridoxine on growth often depends on the presence of 
other metabolites in the medium. notably thiamine (Rabinowitz and Snell, 
1951; HUrris, 1956; Sakuragi and Kummerow, 1957; Morr"1S et a!., 1959). 
The real nature of these interactions is still obscure. 

Biotin 

(XllI) 

F. Biotin 

o 
HN/C"NH 

I I 
HC--CH 

I I 
HzC"O/CH' (CH z )" • COOH 

Oxybiotin 

(XlV) 

HN/
8

'NH 
I I 

HC--CH 
I I 

C c· (CH,),' COOH 
H2 Hz 

Dethiobiotin 

(XV) 

Like pantothenic acid, biotin (XIII) was first recognized as a growth 
!actor for ccrtain yeasts (Kagl and Tannis, 1936; Williams et aI., 194()). 
Aftcr llaving become available in pure, crystalline form in 1936, its impor
tance as a growth factor for fungi from many other systematic groups was 
demonstrated by a long series of investigations by numerous workers. A 
steadily increasing number of species have been found that require biotin 
as the only growth factor. The first example recorded was Melanospora 
del'lmenS (Hawker, 1939). Species representing this type of auxoauto
trophy have since been found in Neurospora (Butler et al., 1941), Gross
mal/nia (Robbins and Ma, 1942a), Mitrula (Fries, 1943), Candida (Burk
holder, 1943; Burkholder and Moyer, 1944; Miyashita et al., 195R), 
Deharyomyces, Hansellula, Torula, and Torulopsis (Burkholder 1943; 
Burkholder and Moyer, 1944), Memnoniella and Stachybotrys (Marsh 
and Bollenbacher, 1946; Perlman, 1948). Sonia ria (1 jlly and Barnett, 
1947; Olive and Fantini, 1961), Histoplasma (Salvin, 1949, d. Pine, 
1957), Allescheria (Area Leao and Cury, 1950), Blastomyces (Halliday 
and McCoy, 1955), Clavieeps (Taber and Vining, 1957), (ie/asillospora 
(Hackbarth and Collins, 1961), C/o('osl'oriam, Nigrospora, Verticillium 
(Esposito et al., 1962) and Dipodascils (Batra, 1963). 

Very often a hiotin-deficicnt fungus also requires thiamine. Species of 
this nutritional type have been found in LopllOdermium, Va/sQ, Hypoxylon, 
and Melanconium (Fries, 1938), Marasmius (Lindebcrg, 1939), Ophio
boilis (White, 1941), Ophiosto/1l(/ (Robbins and Ma, 1942b; Fries, 1943), 
Debw}olll)'ccs (Hurkholdcr, 1943), Saccharomyces (Hurkholder et al., 
1944), Collybia (Linde berg, 1946b), Pyriclilaria (Leaver et al., 1947; 
Sadasivan and Subramanian, 1954), Chaetomillln (Lilly and Barnett, 
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1949), Lachlllan and Spalhl/laria (Fries, 1950), Trichosporon (Arca 
LeaD and Cury, 1950), Endolhia and l'odospora (Lilly and Harnett, 
1951), Sepedonium (Painter, 1954), Isaria (Taber and Vining, 1959), 
Glomerelia (Srinivasan and Vi.iayalakshimi, I 96G), Gloeocerc(}.Il'ora 
(Malea and Ullstrup, 19IiO), Laclarius (Jayko el ai., 19(2), and Sonlaria 
(Fields and Maniatis, 1963). In other cases (see Table II) the biotin 
heterotrophy is combined with some other growth factor deficiency, as in 
A scoidea rubeseens (Fries, 1943), Kloeckera brevis (Burkholder el al., 
1944), Poria vaillantii (Jennison el al., 1955), and several yeasts (Rogosa, 
1943; Burkholder and Moyer, 1943; Drouhet and Vieu, 1957; Miyashita 
el al., 1958). In Candida almost all species require biotin, usually together 
with one or more other growth factors (for references to the comprehensive 
literature on this genus see Firestone and Koser, 1960). Among the 
ascomycetes, which normally live together with algae in the lichen symbi
osis, biotin- as well as biotin-thiamine-heterotrophic species have been 
found (Hale, 1958). 

In many cases biotin heterotrophy is only partial. Since the growth rate 
at very low concentrations of biotin usually is rather low, it is often difficult 
to decide whether the requirement is absolute or not. A very slow adapta
tion to a biotin-free medium can often be observed, e.g., in Saccharom ..... ce.Y 
(Leonian and Lilly, 1942; Wikcn and Richard, 1951). 

In oxybiotin (= O-heterobiotin) (XIV) the sulfur atom is replaced by 
oxygen. At least S. cerevisiae (Hofmann and Winnick, 1945; Axelrod 
et ai., 1947), Memnoniella echinata, and Staclzybotrys atra (Perlman, 
1948), and Candida alhicans (Firestone and Koser, 1960) arc able to 
substitute this compound for biotin although with some difliculty, the 
activity of oxybiotin being only I (}-25 % that of biotin. 

On the other hand, in dethiobiotin (XV), the sulfur atom is removed 
without any replacement. This substance is as active as biotin for some 
fungi, e.g., Neurospora crassa (Lilly and Leonian, 1944), whereas for 
others, e.g., Ceraloslomella (Ophiosloll1a) pini (Lilly and Leonian, 1944), 
it acts as an inhibitor. To some degree its mode of action seems to depend 
on the concentration tested. Dcthiobiotin is probably a natural precursor in 
the biosynthesis of biotin, the biosynthetic chain being blocked either be
fore or after the formation of dethiobiotin in various types of biotin hetero
trophy. 

An interesting observation is that the hiotin-autotrophic Aspergillus niger 
produces not only biotin, but also biotin sulfoxide (Wright et al., 1954). 
Production of this compound is increased if pimelic or azelaic acid is added 
to the Aspergillus medium. In some fungi the activity of biotin sulfoxide 
is the same as that of biotin, in others considerably lower. 
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Another biologically active biotin derivative is biocytin, which was iso
lated from yeast by Wright and collaborators (Wright el al., 1951) and 
identified as t:-N-biotinyl-L-lysine. /saria erelarea responds to biocyt:n 
(Taber and Vining, 1959), and Saccharomyces carlsbergettsis to biocytin 
as well as to some other derivatives, viz., biotinamide, N-biocytin-p-amino
benzoic acid and N-biotinyl-f:l-alaninc (Wright el al., 1951). 

In cellular metabolism biotin is involved in a number of seemingly very 
different processes, e.g., in the conversion of ornithine to citrulline, in 
cilrboxylation reactions, in the hexokinase system, in the synthesis of fatty 
acids and in the deamination of certain amino acids. This explains why the 
requirement for biotin sometimes can be at least partially satisfied by the 
addition of metabolites which constitute products of reactions where hiotin 
functions as a coenzyme. Thus aspartic acid exerts a sparing action in 
Torula cremoris (Koser el al., 1942), in MemJ10nielia echinala and Stachy
botrys afra (Perlman, 1948), and in Candida albicans (Firestone and 
Koser, 1960), whereas aspartic or oleic acid is able to spare or replace 
biotin in Ophiosloma pilli (Mathiesen, 1950). In C. albicans biotin can be 
exchanged for glyceryl monooleatc, hut not by oleic acid (Nickerson, 
1961 ). 

More diflkult to understand arc the interactions between biotin and nia
cin (Sundaram el al" 1954), between biotin and inositol (Tirunarayanan 
and Sarma, 1953) in Neurospora, and between biotin and indoleacetic acid 
in Neclria (Ouintin-Jcrehzoff, 1959). 

The natural biotin molecule has a side chain containing 4 methyl groups. 
The two analogs. norbiotin, with 3, and homobiotin, with 5 methyl groups 
seem to be inactive for most fungi as substitutes for biotin, c.g., in Clavi
eel's [lllrpllrea (Taber and Vining, 1957), Isaria crelacea (Taber and Vin
ing, 1959), and Camlida llibiclins (Firestone and Koser, 1 ()60). However, 
they can replace biotin for Saccharomyces globosus and arc strong biotin 
antagonists for Zygosaccharomyces barker; (Belcher and Lichstein, 1949). 
Most other analogs of biotin have an antagonistic effect. 

G. p-Aminobenzoic Acid and the Folic Acid Group 

H H 
c-c 
Ij \\ 

H,N-C, p- COOH 
c=c 
H H 

p-Aminobenzoic acid 

(XVI) 
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Fteroylglutamic acid 

(XVII) 

p-Aminobenzoic acid (PABA) (XVI) forms part of the folic acid mole
cule, derivatives of which serve as coenzymes in reactions where one-carbon 
compounds are transferred. Folic acid exists in a number of chemically dif
ferent forms, viz. rhizopterin, pteroylglutamic acid (XVII), pteroyltriglu
tamic acid, pteroylheptaglutamic acid, leucovorin, and biopterin. Unlike 
many bacteria, the fungi always seem to be able to synthesize the necessary 
folic acid coenzyme, at least if PABA is available as a precursor. 

Although PABA-less mutants have been artifically induced in several 
species of fungi, a requirement for PABA in wild-type strains is rare. A few 
examples of this have been found in the gcnus Rhodotorula (Robbins and 
Ma, 1944; Hasegawa and Banno, 1959; Nyman and Fries, 1962; Ahearn 
et al., 1962). Furthermore, single strains of Saccharomyces cerevisiae 
(Rainbow, 1948) and Blastocladia pringsheimii (Crasemann, 1957) have 
been found to require PABA together with other growth factors. 

The growth of S. cerevisiae is inhibited by concentrations of PABA higher 
than 25 I'g/ml, an inhibition that is accompanied by thc accumulation of 
shikimic acid in the medium (Reed ef al., 1959). Normal growth can be 
restored by the addition of certain aromatic amino acids. 

Whether B. pringsheimii responds to folic acid (XVII) is not known, 
but S. cerevisiae is unable to utilize it (Woods, 1954). However, at least 
one Rhodotorula strain, when investigated from this point of view, proved 
capable of growing with folic acid, although 10 to 50 times more of this 
growth factor (in terms of moles) than of PABA werc required for the 
same amount of growth. There is some evidence indicating that folic acid 
is not directly incorporated, but that it is first broken down and only the 
PABA part utilized (Nyman and Fries, 1962). 

According to Moser (1960) the growth of several species belonging to 
the section Phlegmacium of Cortinarius is strongly stimulated by folic acid, 
but not by PABA. However, in these cases growth can also occur, although 
slowly, without folic acid. 

In some investigations a mixture of amino acids and purines to an extent 
could be substituted for PABA (Cutts and Rainbow, 1950; Nyman and 
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Fries, 1962). This probably means that the biosynthesis of these substances 
is controlled by folic acid, of which PABA constitutes an essential struc
tural unit. 

H. The Vitamin B" Group 

It seems clear now that fungi produce substances with vitamin B12 ac
tivity (Tanner, 1960), and so the conclusion appears justified that one or 
more of these substances plays a [olc in the metabolism of fungi. However, 
mutations involving a deficiency in the biosynthesis of a vitamin B12 factor 
have never been observed. So far only one naturally occurring complete de
ficiency of this type has been found, viz. in Thraustochytrium globosum 
(Adair and Vishniac, 1958). This marine phycomycete requires cyano
cobalamin or vitamin B,2 - III for growth, four other tested B'2 factors being 
inactive. Cyanocobalamin proved to be active at concentrations as low as 
5 ~~g/ml. 

Evidence for a partial deficiency for B'2 in Candida albicans has been 
presented by Littman and Miwatani (1963), the active concentrations in 
this case being 1 "g/ml and higher. 

I. Inositol 

myo ~ Inositol 

(XVIII) 

As early as 1928 it was shown (Eastcott, 1928) that the growth of yeast 
(Saccharomyces) is strongly promoted by myo-inositol (XVIII) (also 
called meso-inositol). Since then a great number of species within various 
groups of Ascomycctes has proved to be partially or totally inositol-hetero
trophic. As examples may be mentioned members of the genera Ashbya 
(=Nematospora) (Buston and Pramanik, 1931), Lophodermium, Melan
conium, and Valsa (Fries, 1938), Ceratostomella (Ophiostoma) (Robbins 
and Ma, 1942b), Kloeekera (Burkholder, 1943), Eremothecium (Schop
fer, 1944a,b; DUlaney and Orutter, 1950; Krneta-Jordi, 1962), Pichia 
(Burkholder and Moyer, 1944), El'ichloi! (Lilly and Barnett, 1949), 
Sclerotinia (Lilly and Barnett, 1951), Torulopsis (Ribereau-Oayon et al., 
1955), and Dil'locarpon (Shirakawa, 1955). As regards the numerous 
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publications dealing with inositol requirements of Saccharomyces, Schizo
saccharomyces, and Zygosaccharomyces, and also Trichophyton, reference 
may be made to Fries (1961a). 

Inositol heterotrophy is almost always ""ociated with a requirement for 
thiamine or biotin. 

In Saccharomyces carlsbergensis the addition of niacin removes the stimu
lation of inositol, an effect that may be explained as an inhibition of inosi
tol catabolism by niacin (Braekkan and Boge, 1963). 

The metabolic function of inositol is still unknown. From experiments 
with inositol-deficient S. carlsbergensis and Kloeckera apiculala it has been 
tentatively concluded that inositol is necessary for maintaining the struc
ture of essential cytoplasmic structures, possibly the mitochondria (Ridge
way and Douglas, 1958). 

In all cases where a growth response has been observed the lowest active 
concentration has been ~ 1 Mg/ml. Therefore inositol should perhaps not 
be included among the growth factors sensu stricto-the vitamins-but be
longs rather to the group of other metabolites capable of affectiug growth 
when present in amounts of 51 ~g/ml. 

I. Some Other Substances Active in Low Concentration 

Hemin is known to form an essential constituent of the nutrient medium 
for species of Pi/obolus (Page, 1952). Sevcral hemin derivatives are effec
tive, e.g., coprogen (Hesseltine et a£., 1953) and feniehrome (Ncilands, 
1953), the chemical constitution not yet having been completely eluci
dated for all of them. Thc amount of hemin necessary for optimum growth 
is somewhat higher than that of the ordinary vitamins, viz. a few milligrams 
per liter (Page, j 952). 

Some vitamins or vitamin-like compounds arc known to occur as growth 
factors only for bacteria, e.g., lipoic acid, mcvalonic acid, choline, and 
vitamin K. Nutritional mutants requiring these factors may occur among 
fungi, too, and stimulatory effects of, for example, choline have been noted 
(Andes and Keitt, J 950; Lewis, J 952; Thind and Sharma, j 960). There arc 
also a few observations of a favorable influence of sterols on yeasts (Dev-
100, 1938; Andreasen and Stier, 1953) and filamcntous fungi (Weintraub 
et al., 1958; Jefferson and Sisco, 1959, 1961; Matkovics, 1960). In yeasts 
ergosterol seems to be necessary for growth under anaerobic conditions 
(Andreasen and Stier, 1953). An aliphatic hydrocarbon, 2,3-dimethyl
I-pentene, produced by the mycelium of Agaricus campestris was found to 
stimulate the germination of the spores of this fungus (McTeaguc el al., 
1959). Being a volatile compound, it influenced the spores through the 
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gas phase. Other metabolites of fungi also are known to affect spore germi
nation (sec Volume II) . 

As regards the effect of the plant hormone. auxin, on fungal growth the 
numerous reports are conflicting, inhibition as well as stimulation having 
been observed (cf. Gentile and Klein, 1955). 

K. Fatty Acids, Nucleotide Constituents, 
Amino Acids, and Related Substances 

Most of the substances to be dealt with under this heading produce their 
effects on growth on ly jf present in concentrations of at least a few milli
grams per liter (-0.01 M). In this respect they differ from all the growth 
factors (except inositol) discussed in the preceding paragraphs. They have 
also other functions than that of forming part of prosthetic groups in 
enzymes. 

The stimulatory activity of organic acids often can be interpreted as a 
consequence of the buffering or chelating properties of the substance in 
question. As examples may be mentioned citric acid and glycine. It is some
times difficult to make sure that the growth-promoting activity of, for ex
ample, an amino acid is indeed an expression of a biosynthctic deficiency, 
especially since these requirements, with few exceptions, are partial rather 
than total. However, requirements which seem to be truly specific have been 
found for arginine and leucine in Eremothecium ashbyii (Schopfer and 
Guilloud, 1945), for histidine in Trichophyton megninii (Georg, 1952), 
for methionine in Candida albicans (one strain), for cysteine in C. albicans 
(one strain) and Mycoderma vini (McVeigh and Bell, 1951), and for his
tidine and methionine in Schizosaccharomyces octosporus (Northam and 
Norris, 1951). The last-mentioned fungus also requires adenine, like Fornes 
officina/is and Poria vail/anti; (Jennison el al., 1955). 

The requirement for an amino acid may be conditioned by the composi
tion of the medium as in E. ashbyii. Arginine and leucine are indispensable 
for this fungus only if glycine is the source of nitrogen. They become un
necessary when glycine is exchanged for asparagine; in that case, however, 
methionine or some other suitable source of reduced sulfur becomes an in
dispensable component of the medium at pH values below 6 (Yaw, 195?-; 
Krneta-lordi, 1962). 

For many aquatic phycomycetes methionine or cystein arc seemingly 
indispensable for growth. In these cases it is not a specific requirement, but 
only a need for. a compound containing reduced sulfur (parathiotrophy) 
(Volkonsky, 1933; Cantina, J 955). 

The demand for methionine, histidine, and adenine in certain strains of 
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Saccharomyces cerevisiae occurs only in the absence of PABA and is ob
viously an example of the "by-passing" of a vitamin requirement (Cutts 
and Rainbow, 1950). Several other analogous cascs are known (see page 
497). 

As regards the numcrous reports of the merely stimulatory effects of 
various metabolites, particu1ar1y amino acids and nucleotide constituents, 
reference may be made to Fries (1961a), where these matters are reviewed. 

Pityrosporum ovale is unique insofar as it requires a fatty acid as a 
growth factor. This was first demonstrated by Benham (1939,1941,1947), 
who cultivated Pityrosporum in a synthetic medium supplemented with 
oleic acid. Howevcr, later studies have revealed that pure oleic acid is in
active in itself, whereas myristic or palmitic acid, which occur as contam
inants in oleic acid, are able to support growth of the fungus (Shifrine and 
Marr, 1963). Whether thcse C14 or C 10 acids are active also in other cases 
where growth-promoting effects of oleic acid have been observed, e.g., in 
species of Polyporus (Yuscf, 1953) and in Clavieeps purpurea (Tabcr and 
Vining, 1957), remains to be tested. Yeasts seem to require oleic acid for 
anaerobic growth (Andreasen and Stier, 1954; Lennarz and Bloch, 1960); 
under these conditions 9- and J O-hydroxystcaric acid are also activc, prob
ably by serving as precursors to oleic acid (Bloch et al., 1961). 

In this connection the strong efTects of certain aliphatic aldehydes ought 
to be mentioned. Thcse saturated, straight-chain aldehydes, cspecially 
nonanal, but also hexanal, heptanal and octanal, promote the growth of 
various fungi both when dissolved in the medium and as part of the gas 
phase (Fries, 1960, 1961 b). Nonanal also stimulates the germination of 
wheat rust spores (French and Weintraub, 1957). The mode of action is 
so far unknown. 

L. Unidentified Growth Factors 

Many observations have been published that indicate the existence of 
growth factors not identical with those already known. Future work will 
show if the substances postulated in these studies as bcing responsible for 
the observed effects can be classified as growth factors in a strict sense. 
Space does not permit an enumeration of all these cases; a few examples 
must suffice. 

Spore germination and growth of various mycorrhiza-forming fungi is 
strongly stimulated by a substance, provisionally called "factor M," which 
is exuded from seed plant roots (Mclin, 1954). The mycoparasite Gonato
botrys Simplex can be grown in pure culture only if an extract from the 
host or other fungi is added; these extracts contain a growth factor, 
called "mycotrophcin," which has bcen partially purified but not yct chem-
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ieaJly identified (Whaley and Barnett, 1963). Other fungi have been 
found to respond strongly to extracts from jute (Basu, 1949), malt (Yuscf, 
1953; Robbins and Hervey, 1955), tomato juice and wood (Robbins and 
Hervey, 1958, 1959, 1963), agar (von Weihe, 1958, 1961), wood pulp 
(Brewer, 1961), coconut milk (Johansson, 1962), and yeast extract (Espo
sito et at., 1962). A volatile compound produced by wood promotes the 
growth of a number of wood-destroying hymenomyeetes (Suolahti, 1951). 
This compound may be identical with nonanal, although definite proof IS 

stiJllacking (Fries, 1960, 1961 b). 

REFERENCES 

Adair, E. 1., and H. S. Vishniac. (1958). Marine fungus requiring vitamin Bl~. 
Science 127:147-148. 

Ahearn, D. G., F. 1. Roth, and S. P. Meyers. (1962). A comparative study of marine 
and terrestrial strains of RllOdotorula. Can. 1. Microhial. 8:121-132. 

Andes, J. 0., and G. W. Keitt. (1950). Variability of Glomerella cingulala (Stonem.) 
S. & v.S. from apples, PhyroparhoioKY 40,915-925, 

Andreasen, A. A., and T. 1. B. Stier. (1953). Anaerobic nutrition of Saccharomyces 
cereri.~ja('. J. Ergosterol requirement for growth in a defined medium. J, Cellular 
Compo PhY.I'ioi. 41:23-36. 

Andreasen, A. A., and T. 1. B. Stier. (1954). Anaerobic nutrition of Saccharomyces 
cere~'isiae. II. Unsaturated fatty acid requirement for growth in a defined medium. 
J. Cellular Compo Physiol. 43:271-281. 

Area Leao, A. E. de, and A. eury. (1950). Deficienctas vitaminicas de cogumelos 
patogenicos. MycoputllOf. Mycol. Appl. 5:65-90. 

Axelrod, A. E., B. C. Flinn, and K. Hofmann. (1947). The metabo1ism of oxybiotin 
in yeast. 1. Rial. Chem. 169: 195-202. 

Bach, E. (1956). The Agaric Pholiota aurea, 220 pp. Thesis, Copenhagen. (Also in 
Dansk Bolan. Arkiv 16:No. 2.) 

Bartnicki-Garcia, S., and W. 1. Nickerson. (1961). Thiamine and nicotinic acid: 
anJerobic growth factors for Mucor rouxii. I. Bacterial. 82:142-148. 

Basil, ~. N., (1949). Effect of water soluble matter in jute on the microbiological 
detenorahon of the fibre. I. Sci. Ind. Res. (India) 8B:73-77. 

Batra, L. .R. (1963). Habitat and nutrition of Dipadasclls and CephaloaJcus. 
Mycologw 55:508-520. 

Belcher, M. R., ~n(~ H: C. Lichstein. (1949). Growth promotion and antibiotin 
effect of homoblotlO and norbiotin. J. Bae/erial. 58:579~583. 

Benha~, R. W. (l939). The cultural characteristics of Pit\'ro.~porum O'J..'aTe-a lipo-
phyllC fun£u.~. J. Inve.U. Damato/. 2: 187-203. . 

Benham. R. W'. (l94l). Cultural characteristics of Pityrosporum m'ale-a lipophylic 
~~~~US. Nutnent and growth requirements. Proc. Soc. Exprl. Bioi. Med. 46:176-

Benham, R: :v. (1947). Biology of Pityrosporum Ol'ale. A nfl. Crvptogamici Phwo-
patllO/oglel 6:63 -70. .. 

Belz, A. (1960). Das Pantothensaurebedurfnis der Hefe. Arch. Mikroh{o{ 35'1~33 
Bloch, K, P. Baronowsky, H. Goldfine W 1 Lcnnarz R L'ght A T K' N' " , . . ,. I , . • . orns, 



514 Nils Fries 

and G. Scheuerbrandt. (1961). Biosynthesi~ and metabolism of unsaturated fatty 
acids. Federation Pmc. 20:921-927. 

Blumer, S. (1940), Dber die Aneurinheterotrophie hei einigen antherenbewohnenden 
Hrandpilzen. Mitt. Natur/orscll. Ges. Bern. pr. 19-36, 

Braekkrln. O. R .. and G. Sage. (1963). Influence of niacin on the growth-stimulating 
effect of inositol on Saccharomyces car/sberR('I/.\'is. Nalilre 198:5~5-586. 

Brewer, D. (1961). Slime accumulations in pulp and paper mills. V. Effect of ex
tracts of spruce and fir on the growth of Phialophora jmligia/a, Can. J. ROlany 
39,1579-1583. 

Burgeff, H. (1934). Pflanzliche Avitaminose und ihre Behebung durch Vitaminzufuhr. 
Vorhiufige Mitteilung. Bcr. Dell!. Botall. G('5. 52:384-390. 

Burkholder, P. R. (1943). Vitamin deficiencies in yeasts. Am. 1. BOlallY 30:206-211. 
Burkholder, P. R., and D. Moyer. (1943). Vitamin deficiencies of fifty yeasts and 

molds. Bull. Torrey Rotall. Club 70:372-377. 
Burkholder, P. R., and D. Moyer. (1944). Studies on some growth factors of yeasts. 

1. Bacterial. 48:385-391. 
Burkholder, P. R., I. McVeigh. and D. Moycr. (1944). Studies on somc growth 

factors of yeasts. J. Bacterial. 48:385-391. 
Buston, H. W., and B. N. Pramanik. (1931). The accessory factor necessary for the 

growth of Nel1Jatospora gassypii. 1. The chemical nature of the accessory factor. 
Biochcm. J. 25:1656-1670. 

Butler, E. T., W. J. Robbins, and B. O. Dodge. (1941). Biotin and the growth of 
Neurospora. Science 94:262-263. 

Cantina, E C. (1948). The vitamin nutrition of an isolate of Blastocladill pring. 
slleimii. Am. 1. Botall), 35:238-242. 

Cantina, E. C. (1955). Physiology and phylogeny in the water molds-a re-evalua
tion. Quart. Rl'I·. Riol. 30:138-149. 

Chiao, J. S., and W. H. Peterson. (1956). Some factors affecting the inhibitory ac
tion of thiamine on the growth of S(/CdlllTOmyccs c(/rlshl'r~(,I1.\i.~. A rell. Bindu'lll. 
Biaph.Vs. 64: 115 -128. 

Cochrane, V. W. (1958). "Physiology of Fllngi," 524 pp. Wiley, New York. 
Cook, F. D., and A. G. Lochhead. (1959). Growth factor relations of soil mi

croorganisms as affected hy proximity to the plant root. l(/II. 1. Microhiol. 5: 
323-334. 

Crasemann, J. M. (1957). Comparative nutrition of two species of IJf(/sloc!(/dia. Am. 
J. BOlany 44:218-224. 

CUtis, N. S., and C. Rainbow. (1950). Studies of a yeast exacting towards p-amino
benzoic acid. J. Gen. Microhio!. 4:150-155. 

Devloo, R. (1938). Un sterol indispensable a la levure W. Arch. !Iltern. Ph\"sio/. 
46,157-188. 

Drouhet, E., and F. Mariat. (1953). Nutrition et facteurs de croissance des dermato
phytes. 111 "Nutrition and Growth Factors." Symposium, September, 1953. 1st. 
Superiore di Sanita. Rome. 

Drouhct, E., and M. Vieu. (1957). Fncteurs vitaminigues de croissance des Clindida. 
Ann. 111.1"/. Pa.\·teur 9-2:825-10 1. 

Dulaney, E. L, and F. H. Grutter. (1950). The nutritional requirements of 
Erclllolltccilim ashhyii Guill. Mycofogia 42:717-722 

Eastcott, F. V. (1928). Wildiers' bios. The isolation and identification of "Bios 1:' 
1. Phys. Ch(,lI1. 32:1094-1111. 



19. Vitamins and Other Organic Growth Factors 515 

Ebringer, L. (1960). Die Moglichkeit cines Ersatzes von Thiamin durch Bacitracin 
bei Phycomyce.\' h/ake.\·h'eunus. N£/(urwis.\'ellsc/llljll'f1 47:210. 

Elliott, E. S. (1949). Effect of vitamins on growth of some graminicolollS ~recics of 
IIdl1lilll/lOsporiulIl and Fll.HlriU/II. Proc. Wl''''t. Va. Acad. Sci. 20:65-6S. 

Esposito, R. G., H. Greenwood, and A. M. Fletcher. (1962). Growth-factor require
ments of six fungi associated with fruit decay. J. Bacteriul. 83:250-255. 

Fergus, C. L. (1952). The nutrition of PCllidlliulIl di!-:ilatlllll Sacco Myco{oJ.:ill 44: 
183-199. 

Fields, W. G., and 1. Maniotis. (1963), Some cultural and genetic aspects of a new 
heterothallic Sort/aria. Alii. 1. Botall), 50:S0-SS. 

Fincham, J. R. S., and P. R. Day. (1963). "runga1 Genetics," 300 pp. Hlackwell, 
Oxford. 

Firestone, B. Y., and S. A. Koser. (1960). Growth promoting effect of biotin 
analogs for Candida llJbicans. J. Bacterial. 79:674-676. 

French, R. c., and R. L. Weintraub. (1957). Pelargonaldehyde as an endoge
nous germination stimulator of wheal rust 5pores. Arch. Hioc·hem. Riophys. 72: 
235-237. 

Fries, L. (1945). Ober das Wachstum einiger Coprinus-Arten bei verschiedenen 
Wasserstoffionenkonzentrationen. Arkiv Bo/all. 32A: No. 10, 1-8. 

Fries, L. (1953). Factors promoting growth of Coprinus {imetarius (L.) under high 
temperature conditions. Phy.\·;o/. PJantarum 6:551-563. 

Fries, L. (1955). Studies in the physiology of Coprinlls. I. Growth substance. nitro
gen and carbon requirements. Sl'l'll.\'k BOf(/II. Tidskr. 49:475-535. 

Fries, N, (1938). Ober die Bedeutung von Wuchsstolfen fUr das Wachstum ver
schiedener Pilze. :;'iymno/a(' Bo/all. Upsa/iells('s 3:Part 2. l-Vn, 1-189. 

Fries, N. (1942). Adermin (Vitamin 8..) als Wachstumsfaktor fur OphioS(oll1(/ IIJllli 
(Buisman) Nannf. NalurwissC'lIscilajlen 30:685. 

Fries, N. (1943). Die Einwirkung von Adcrmin. Aneurin und Biotin auf das Wach
sturn einiger Ascomyceten. Sym/Jolllc Bolall. U{,.Wlliell.\'('S 7:Parl 2,1-73. 

fries, N, (1948). Spontaneous physiological mutations in OphhHtOl1lll. Hcrciliw.\· 
:J4,33H-J50. 

Fries, N. (1949). Culture studies in the genus lvlyc('na. 51\'(,/1.\'1. Rolall. Tidskr. 43:316-
342. 

Fries. N. (t9S0). Growth factor reqllirements of some higher fungi. S\'ensk Bolun. 
TidJ;kr.44:379-386. 

Fries, N. (1960). Nonanal as a growth factor for wood-rotting fungi. Nature 187: 
166-167. 

Fries, N. (1961a). Growth factors: Metabolic factors limiting growth, Bacteria anLl 
fungi. III Encyclopedia of Pianl Physiology (W, Ruhland, eo.), Vol. XlV, pp. 332-
400. Springer, Berlin. 

Fries, N. (1961 b). The growth-promoting activity of some aliphatic aldehydes on 
fungi. SV('I/.\·k Botall. Tidskr. 55:t-16. 

Fries, N., and K. Aschan. (1952). The physiological heterogeneity of the dikaryotic 
mycelium of PolypoTlls ahiclif1li.\' investigated with the aid of micrurgical technique. 
SV£'II.\'k Ball/II. Tids"-r. 46:429-445. 

Fries, N .• and L. Kallstr6mer. (1965). A requirement for biotin in Aspergillus niger 
when grown on a rhamnose medium at high temperature. Physio/. P/antarum. 18: 
191-200. 



516 Nils Fries 

Gentile, A. C, and R. M. Klein. (1955). The apparent necessity of indoleacetic acid 
for the growth of Diplodia (Fungi imperfecti). Physio/. Plalltarum 8:291-299. 

Georg, L. K. (1949). Conversion of tryptophane to nicotinic acid by Tric/lOphylon 
equinum. Proc. Soc. Exptl. Bioi. Med. 72:653-658. 

Georg, L. K. (1952). Cultural and nutritional studies of Trichophyton gallinae and 
Trichophyton mCKllillij. Myc%1{ia 44:470-492. 

Georg, L. K., and L B. Camp. (1957). Routine nutritional tests for the identification 
of dermatophytes. J. Bacteriol. 74: 113-121. 

Hackbarth, R. D., and R. P. Collins. (1961). A study of the vitamin requirements of 
three species of the genus Gelasinospora. Am. I. Botany 48:603-606. 

Halbsguth, W. (1949). Ober die Bedingungen cler Kultur von Tilletia tritici
Haplonten auf "definiertem" Substrat und das Verhalten verschiedener Klone 
gegenliber einzelnen Faktoren im Hinblick auf Wachstum, Konidienbildung und 
Konidienkeimung. Planta 36:551-634. 

Hale, M. E. (1958). Vitamin requirements of three li(.;hen fungi. Bull. Torrey Baran. 
Club 85:182-187. 

Halliday, W. J., and E. McCoy. (1955). Biotin as a groi.l.'1h reqUirement for Blasto
myces dermatilidis. J. Bacterial. 70:464--468. 

Harris, D. L (1956). Interaction of thiamine and pyridoxine in Neurospora. II. 
Competition between pyridoxine and the pyrimidine precursor of thiamine. Arch. 
Biochem. Biophys. 60:35-43. 

Hartelius, V. (1946). Antivitamin effect of sulfanilamide on AspergjIflls ni!;er. 
Camp!. Rend. Trav. Lab. Carlsberg 24:178-184. 

Hasegawa, T., and J. Banno. (1959). RlwdvlOrula. IV. The vitamin requirement of 
RllOdatomla ~pecies. 1 and 2. Hakko Kogaku Zas.\·hi 37:171-174, 174-176. 

Hasegawa, T., and J. Banno. (1963). Vitamin requirement as a taxonomic key for 
RllOdOlorula sp. 1. Gen. Appl. Microhio/. (Tokyo) 9:279-286. 

Hawker, L. E. (1939). The nature of the accessory growth factors influencing 
growth and fruiting of A-felanospora destruens Shear, and of some other fungi. 
Ann. BotallY (London) IN. S.] 3:657-676. 

Hesseltine, C. W., A. R. Whitehill, C. Pidaeks, M. Ten Hagen, N. Bohonos, B. L. 
Hutchings, and J. H. Williams. (1953). Coprogen, a new growth factor present 
}n Dung, reql11rca by Pik)ho/N.F SpeciC3·. ,M),c%gia45:7-19. 

Hofmann, K., and T. Winnick. (1945). The determination of oxybiotin in the 
presence of biotin. 1. Bioi. Chem. 160:449-453. 

Jayko, L. G., T. I. Baker, R. D. Stubblefield, and R. F. Anderson. (1962). Nutrition 
and metabolic products of Lacrarius species. CUll. 1. Microbiol. 8:361-371. 

Jefferson, W. E., and G. Sisco. (1959). The response of Aspergillus niger to added 
steroids. Federation Proc. 18:253. 

Jefferson, W. E., and G. Sisco. (J961). The influence of exogenous steroids on the 
growth of Aspergillus niger and Torulil uti/is. 1. CCII. PhYJio/. 44:1029-1045. 

Jennison, M. W., M. D. Newcomb, and R. Henderson. (1955). Physiology of the 
wood-rotting Basidiomycetes. 1. Growth and nutrition in submerged culture in 
synthetic media. MycoloKia 47:275-304. 

Johansson, M. (1962). Studies in alkaloid production by elm'jceps purpurea. Sym
bolae BO/lUl. UpslIfiellses 17:Part 2,1-47. 

Jones, A .. and M. Finch. (1959). Plate as~ay of thiamine. I. Using KloecJ.:era 
hrevis. AppJ. Microbiol. 7:309-311. 

Knight, B. C. J. G. (1945). Growth factors in microbiology. Vitamin.~ and l/ormones 
3,105-228. 



19. Vitamins and Other Organic Growth Factors 517 

Kilgl, F., and N. Fries. (1937). Ohcr den Einfluss von Hiotin, Aneurin lind r\ile~o

Inosit auf das Wachstum verschiedcncr Pilzarlen. Z. Phpiol. ChclIl. 249:93-110, 
KogJ, F., and B. Tonnis. (1936). Dber das Hios-Problem. Darstellung von krystall

isicrtem Biotin :lUS Eigclb. Z. Physioi. Chem. 242:43-73. 
Koser, S, A., and M. H. Wright. (1943), Experimental variation of nicotinamide 

requirement of dysentery bacilli. J. Baclcrio/. 46:239-249. 
Koser, S. A., M. H. Wright, and A. Dorfman. (1942). Aspartic acid as a partial sub

stitute for the growth-stimulating effect of biotin on Torula crcII!oris. Proc. Soc. 
Exptl. Bio!. Mcd. 51:204-205. 

Krncta-Jordi, M. (1962). Cytologische und physiologische Untersuchungen an Eremo
thccium ashbyii Guill. Wirkstoffbedarf und Synthesevermogen als Funktion der 
Milieubeschaffenheit. Arch. Mikrobiol. 43:76-108. 

Leaphart, C. D. (1956). Physiological studies of some fungi associated with pole 
blight of western white pine. Myc%gia 48:25-40. 

Leaver, F. W., J. Leal, and C. R. Brewer. (1947). Nutritional studies on Piriclt/lIri" 
oryw('. J. BlIcteriof. 54:401-408. 

Lennarz, W. J., and K. Bloch. (\960). Hydroxystearic acids and the biosynthesis of 
unsaturated fatty acids. J. Bioi. CliclIl. 2;35:PC 26. 

Leonian, L. H., and V. O. Lilly. (1938). Studies on the nutrition of fungi. 1. Thia
min, its constituents, and the source of nitrogen. Phytopathology 28:531-548. 

Leonian, L. H., and V. G. Lilly. (1942). The effects of vitamins on ten strains of 
Saccharomyces cere~'isiae. Am. J. BOlany 29:459--464. 

Lewis, R. vi. (1952). The vitamin nutrition of A/temaria soialli. Phytopathology 
42,657-659. 

Lichstcin, H. C., and W. J. Begue. (1960). lncrea<.;ed nutritional requirements of 
SaCdllll'OlIlYCCS cCTcl'isiac as a result of incubation at 38 u C. Proc. Soc. Expll. Bioi. 
Med.105500-504. 

Lilly, V. G., and H. L. Barnett. (1947). The influence of pH and ccrl;lin growth 
factors on mycelial growth and perithecial formation by Son/aria (imico/a. Alii. 
f. flotallY :34:131-13ft 

Lilly, V. G., and H. L. Barnett. (1948a). The inheritance of partial thiamine deficiency 
in LCII:.iles tr"be(J. 1. Agr. Rc.\·. 77:1~O-300. 

Lilly, V. G., and H. L. Barnett. (1948b). (jrowlh rHles, vilnmin deficiencies, ami 
sclerotia formation by some Sclerotiniaceae. Proc. West Va. Acad. Sci. 20:69-74. 

Lilly, V. G., and H. L. Barnett. (1949). The influence of concentrations of nutrients, 
thiamin. and biotin llpon growth, and formation of perithccia and ascosporcs by 
Cl/(/('llJlllilllll con I'Ofutlllll. Mycofogi{/ 41: 186-196. 

Lilly, V. G., and H. I .. Barnett. (1()51). "Physiology of the FlIngi," 464 pp. McGraw
Hill, New York. 

Lilly, V. G., and L H. Leonian. (1940). The growth rate of some fungi in the 
presence of co-carboxylase, and the moieties of thiamin. Proc. West Va. Acad. Sci. 
14,44-49. 

Lilly, V. G., and L H. l.eonian. (1944). The anli-biotin effect of desthiobiotin. 
Science 99:205-206. 

Lindeberg, G. (1939). Dber tlas Wuchsstoffbediirfnis vcrschiedener Arten der 
Pilzgauung M{/r{/smius. Sl'el1sk Botan. Tidskr. 33:85-90. 

Lindeberg, G. (1944). Ober die Physiologic ligninabbauender Bodenhymenomyzeten. 
Studien an schwedischen Mar{/smius-Artcn. Symbolae Bolan. UpsaJiclIs('s 8: Part 2, 
1-183. 



518 Nils Fries 

Linilebcrg, G. (194fia). Thiamin anu growth of litter-decomposing hymenomycetes. 
BOltlll, No/is£'( pp. 89-93. 

Lindeberg. G. (1946b). The effect of biotin lind thirHnin on the growth of Collyhill 
dryophilll. SW'IIS/';' nO/lIlI. Tidskr. 40:63-69. 

Littman. M. L., and T. Miwatani. (1963). Effect of water soluble vitamins and their 
analogues on growth of Clilldida 1I1hicall.\', II. Vitamin 8 12, thiamine, oxythiaminc, 
ncopyrithiaminc, substituted pyrimidines and thiawlcs. lHycopathol. Mycol. Apr/. 
21:::!29-314. 

Lcchhead, A. G., and G. B. Landerkin. (1942). Nutri/ile requirements of osmophilic 
yeasts. J. Bactaiol. 44:343-351. 

Lwoff, A. (1943). L'evolution physiologique. Etude des perle'S de fonction chez Ie':'! 
microorganismes. Actualites Sci. Ind. 970:1-308. 

McTeague. D. M., S. A. Hutchinson. and R. 1. Reed. (1959). Spore germination in 
AXlIricus camp('stris. L. ex Fr. Nature 18:3:1736. 

McVeigh, I., and E. Bell. (1951). The amino acid and vitamin reqUirements of 
Calldida a/hicwis Y-475 and Mycoderma ~'illi Y-939. Rull. Torrey Botall. Cluh 
78,134-144. 

McVeigh, L. and E. Bracken. (1955). The nutrition of Schizomcclwromyccs pOlllbc. 
Myc%gia47:13-25. 

Malca, I., and A. J. Ullstrup. (1960). Vitamin requirements of Glococ('Tcospora 
sorghi. Bull. Torrey BOla". Cluh 87:271-275. 

Mandels. G. R. (1955). Biotin .and interrupte-d growth of lvfyrot!J('cillfll vcrru{,lIria. 

Alii. J. Botany 42:921-929. 
Marsh, P. B .. and K. Bollenbacher. (1946). The vitamin requirements of MCIII

lIolliella and S(ac!lyhotrys. Am. 1. Bot{/ny :3;3:245-249. 
Mathew. K. T. (1952). Growth-factor requirements of Pc/liclIlmia /.;.ol('rogll Cooke 

in pure culture. Nalilre 170:K89. 
Mathiesen, A. (1950). The nitrogen nutrition and vitamin requiremcnt of Ophio.I/Ol1lll 

pilli. PhY.I'iol. Plalltanlm 3:93-102. 
M:Jlkoyics, B. (1960). Ober die Einwirkung von Stcrincn auf das Wachslum von 

~'fikroorganismcn_ Pharma:il' 15: 122-125. 
Meissel. M. N. (1947). Hyper- and avitaminosis in micro-organisms. Natlfre 160: 

269-270. 
Mclin, E. (1954). Growth factor requirements of mycorrhizal fungi of forest trees. 

Svellsk Bota1l. Tidskr. 48:86-94. 
Melin, E., and B. Norkrans. (1942). Dber den Einfluss der Pyrimidin- llnd der 

-, hiazolkomponentc des Aneurins auf lias Wachstum von Wurzelpilzen. Sn'lLIJ... 
Roltln. Thhkr. 36:271-286. 

Mclin, E., and B. Nyman. (1940). Weitcre Untersuchungen tiber die Wirkung von 
Aneurin lind Biotin auf das Wachstum von Wurzelpilzen. Arch. Mikrobiol. 11 :318-
32.8. 

Mclin, E., and B. Nyman. (1941). Dber das WuchsstoffbedUrfnis von Bo/t'lliS 1)rul1-
u/atuJ (L.) Fr. Arch. Mikrohiol. 12:254-259. 

Melnick, D., M. Hochberg, H. W. Himes, ;:lOd B. L. Oser. (1945). The multiple nature 
of vitamin B. Critique of methods for the detcrmination of the complex and its 
components. 1. Rio/.Clu'Ill. 160:1-14. 

Miyashita, S .. T. Miwatani. and T. Fujino. (1958). Studies on the nutrition of 
Candida. 1. Vitamin requirements of strains of Candida. BiJ..l'II's 1. 1:45-49. 

Mohan, V. S., H. L. Crespi, and L J. Katz. (1962). Nutritional requirements for 



19. Vitamins and Other Organic Growth Factors 519 

the cultivation of fully Jcutcrated yeasts Torulopsis lItilis and Saccharomyces 
('('r('['I.I·/(I('. Nature 19:3: 1 ~.;9-190. 

Morris. J. G., D. T. D. Hllghes, and C. Mulder. (1959). Observations on the assay 
of vit;unin B" with S(lccilarofllYccs cur/.I'hergt'llsis 422!-1. 1. Gell. /'vlicrohiol, 20:566-
575. 

Moser, l."f. (1960). "Die Gauung PMq.;IIWcilllll," 440 pp. Julius Klinkhardt, Bad 
Heilbrunn,Ohb. 

MUlier, W. F., and W. H. Schopfer. (1937). L'action de l'aneurine ct de scs (.:011-

stiluants sur Mlicor Ral1U111l1ialllts Moll. Compt. Rend. 205:687-689. 
Neilands. 1. R. (1953). Biological properties of ferrichromc. Federatioll Proc. 12:250. 
Nickerson, W. 1. (1961). Role of biotin in the multiplication of yeasts. Bacteriol. 

Proc. p. 177. 
Nielsen, N .. and J. Dagys. (1940). Wuchsstoffwirkung der Aminosauren. VII. 

UntcrsLH..:hungcn tiber die Wir(..ung der Zitronensaurc nebst weiteren Untersuch· 
ungen tiber die Wirkungsweise des J3-Alanins. Com pt. Rend. Trtl\·. Lah. Carlsberg 
22,447-480. 

Noecker, N. L. (1938). Vitamin H, in the nutrition of four species of wood-destroy· 
jng fungi. Am. J. Botany 25:345-348. 

Noecker, N. L, and M. Reed. (1943). Observations on the vitamin requirements of 
Sterelln/ !rustu{usum (Pers.) Fr. Am. Midland Natllralist 30:171-174. 

Norkrans. B. (1950). Studies in growth and cellulolytic enzymes of TricllOloma. 
S.vmhola(' BO[(/II. Upsali(,lIse~'ll:Part 1, 1-126. 

Northam, B. E., and F. W. Norris. (1951). Growth requirements of Schiz.os£l(·c!w· 
romyce.\· oc/osPOYllS, a yeast exacting towards adenine. J. Gell. Microbio!. 5:502-
507. 

Nyman. B., and N. Fries. (1962). Pteroylglutamic acid as a growth factor for a 
strain of RllOdotoru/a. Acta Chc/JI. Sc(/ml. 16:2306-230R. 

Olive, L. S .• and A. A. Fantini. (1961). A new, heterothallic specie,> of Sort/Mia. 
Am. J. Botall), 48:124-128. 

Page, R. M. (1952). The effect of nutrition on growth and sporutation of Piloholll.l'. 
Am. I. Bo/allY 39:731-739. 

Painter, H. A. (1954). Factors affecting the growth of some fungi associated with 
sewage purification. J, Getl. Microbiul. 10:177-190. 

Perlman. D. (1948). On the nutrition of Memllullidla echill(//a alld S/(/chybo/rys 
ohra. Am. 1. Bo/allY 35:36-41. 

Pine, L. (1957). Studies on the growth of lIistoplasma C(lI'SUfll(lIl11. Ill. Effect of 
thiamin and other vitamins on the growth of the yeast and mycelial phases of 
/{i,l(oplaslllo cap.ml(/lum. J. Bllctl'r;ol. 74:239-245. 

Quintin·Jerebzoff, S. (l959). Blocage de la synthese de quelques acides orguniques 
chez Nectria ~alligetla soumis a des doses inhibitrices d'auxinc. Reprise des 
processus par action de la biotine. Compt. Rend. 248:727-729. 

Quispel. A. (1944)_ The mutual reiatioJ1s between algae and fungi in lichens. Rec. 
Tr(/\', Bo/all. Neal. 40:413-541. 

Rabinowitz, J. C., and E_ E. Snell. (1951). The nature of the requirement of 
Sacchol'Ol1lYcl'S carl.\·bagclIsis for vitamin R". Arch. Biuch('III, l1iophys. ;);):472-481. 

Rainbow, C. (1948). Para-aminobenzoic acid, a growth factor for certain brewer's 
yeasts. Naturl' 162:572-573. 

Reed, L J., A. C. Schram, and L. E. l.oveless. (1959)_ Inhibition of S(/{'(:harom)'ce.~ 
cereri.siae by p·aminobenzoic acid and its reversal by the aromatic amino acids. 
J. Bioi. Chou. 234:904-908. 



520 Nils Fries 

Ribercau-Gayon, 1., E. Peynaml, n.mt S. Lafourcadc. (1955), Dosage microbiologique 
du mesoinositol a 1'aide de Kloeckera apicu/ata et de S(/('("/Ulromyces verollae appli
cation <lUX raisins et aux vins. Rev. Ferment. Ind. Alimelil. 10:119-121. 

Ridgeway, G. J., and H. C. Douglas. (1958). Unbalanced growth of yeast due to 
ino~itol deficiency. J. Bacterial. 76:163-166. 

Robbins, W. J. (1938). Thiamin and growth of species of Phytophtlwra. Bull. Torrey 
Botan. Club 65:267-276. 

Robbins, W. J., and A. Hervey. (1955). Growth substance reguirements of SterCllm 

murraii. M.veolagia 47:155-162. 
Robbins, W. J., and A. Hervey. (1958). Wood, tomato, and malt extracts and growth 

of some Basidiomycetes. Myca/agia 50:745-752. 
Robbins, W. J., and A. Hervey. (1959). Wood extract and growth of Marclle/la. 

M.vcoloXia 5] :356-363. 
Robbins, W. J., and A. Hervey. (1963). Unidenlified fillrate growth substances for 

several fungi. Mycologia 55:59-64. 
Robbins, W. J., and F. Kavanagh. (l938a). Thiamin and growth of P),thium 

bUlleri. BaJJ. Torrey Bolal1. Club 65:453-461. 
Robbins, W. J., and F. Kavanagh. (1938b). Vitamin B, or its intermediates and 

growth of certain fungi. Am. 1. BOlany 25:229-236. 
Robbins, W. J., and V. Kavanagh. (1942). Vitamin deficiencies of the filamentous 

fungi. Bolan. Rev. 8:411-471. 
Robbins, W. J., and R. Ma. (1942a). Pimelic acid, biotin and certain fungi. Science 

96A06-407. 
Robhins, W. J., and R. Ma. (l942b), Vitamin dcficiencies ()f CaatOJ/Of1leUa and 

relatcd fungi. Am. 1. Botany 29:835-843. 
Robbins, W. J., and R. Ma. (1942c). Specificity of pyridoxine for Ceralostomella 

ulmi. Bull. Torrey Butan. Club 69:342-352. 
Robbins, W. J., and R, Ma. (1944). A RIIOt/o(orlila deficient for paraaminobenzoic 

acid, Science 100:85-86. 
Robbins, W. J .• J. E. McKinnon, and R. Ma. (1942). Vitamin deficiencies of Triclw· 

phyla" discoides, Bull. Torrey Botan, Cluh 69:509-521. 
Robinson. F. A. (1951). "The Vitamin B Complex." XI, 688 pp. Wiley, New York. 
Rogosa. M. (1943). Nicotinic add reqUirements of certain yeasts. J, Bactaiol. 46: 

435-440. 
Rothwell, F. rvt. (1956). Nutritional requirements of Pflfycwl"hi:a wlr[clbifis. Am, J, 

Botall), 43:28-32. 
Sadasivan. T. S., and C. V. Subramanian. (1954). Studies in the growth requirements 

of Indian fungi. Brit. M_\'coL Soc, Trails. 37:426-430. 
Sakuragi, T., and F. A. Kumnlerow. (1957). The vitamin B'J derivatives structurally 

analogous to thiamine and their biological activity. Arch, Biochcnl. Bioph)'s. 71: 
303-310. 

Salvin, S. B. (1949). Cysteine and related tompounds in the growth of the yeast .. 
like phase of Histo{,lasma capsulalum. J, Ill/ect. DiseaJcs 84:275-283. 

Schopfer, W. H. (1934). Versuche liber die Wirkung von reinen kristallisierten 
Vitaminen B auf Phycol1l),c('s. Ber. DCl1t, Botall. Ges. 52:308-312. 

Schopfer. W. H. (1935). Ftude sur les facteurs de croissance, Action de Ia vitamine 
cristallisce Bl et de }'extrait de gcrme de ble sur Rhizopus et d'autres Mucorinees. 
Z. Vitamill/orsch. 4:187-206. 



19. Vitamins and Other Organic Growth Factors 521 

Schopfer, W. H. (1943). "Plants and Vi:amins." Chronica Botanica, Waltham, 
Massachuscth. 

Schopfer, W. H. (1944a), La biotine, i'anCllrinc ct Ie meso-inositol, factcufS de 
croissance pour Erc/J/olheciu/II ashbyii Guillicrl11ond. La biosynthese de la ribo
flavine. Hcil-. Cliim. Acta 27:1017-1032. 

Schopfer, W. H. (1944b). Les vitamines, facteurs de croissance pOllr les micro
organismes. Scllweiz. Z. Pat/wI. B{/kteriol. 7:314-345. 

Schopfer, W. H., and S. Blumer. (1938). UnterslIchungen iiber die Biologie von 
Usti/ago vio/acea. II. Wirkung des AneUl'ins und anJercr Wllchsstoffe vitaminischer 
Natur. Arch. Mikruhio/, 9:305-37~. 

Schopfer, W. H., and S. Blumer. (1940). Recherches sur la repartition de rhetero
trophie par rapport ~I l'aneurine chez lcs champignons. Arch. A1icrobiol. 11:205-
214. 

Schopfer, W. H., and M. Guillolld. (1945). Recherches expchimentales sur les 
facteurs de croissance et Ie pouvoir de synthese de Rhizopus cohnii Berl. et de 
Toni (Rhizopus suinus Neilson). Z. Vilaminforsch. 16: 181-296. 

Schultz, A. S., and L. Atkin. (1947). The utility of bios response in yeast classifica
tion and nomenclature. Arch. Biochem. 14:369-380. 

Schultz, A. S., L Atkin., and C. N. Frey. (1938). Thiamine, pyrimidine and thiazole 
as bios factors. 1. Am. Chem. Soc. 60:490. 

Schultz, A. S., L. Atkin, and C. N. Frey. (1939). Vitamin B", a growth promoting 
factor for yeast. J. Am. Cilcm. Soc. 61:1931. 

Sedlmayr, M., E. S. Beneke, and 1. A. Stevens. (1961). Physiological studies on 
Cah'atia species. L Vitamin requirements. Mycologia 53:98-108. 

Sherman, F. (1959). The effects of elevated temperatures on yeasts. L Nutrient re
quirements for growth at elevated temperatures. J. Cellular Compo Ph,vsiol. 54:29-
15. 

Shifrine, M., and A. G. Marr. (1963). The requirement of fatty acids by Pityros
porum orale. 1. GCIl. l"ficrohiol. 32:263-270. 

Shirakawa, H. S. (1955). The nutrition of lJip/ocarpofl rosac. Am. I. BotllflY 42:379-
384. 

Shulman, A., M. I. B. Dick, and K. T. H. Farrer. (1957). An investigation of the 
action of penicillin. NlIture 180:657-65H. 

Snell, E. E. (1944). The vitamin activities of "pyridoxal" and '·pyridoxamine." J. 
BioI. Chem. 154:313~314. 

Sr:.ell, E. E., and A. N. Rannefeld. (1945). The vitamin B .. group. TIT. The vitamin 
activity of pyridoxal and pyridoxamine for various organisms. J. Bioi. C/zeJn. 157: 
475-489. 

Srinivasan, K. V., and N. Vijayalakshimi. (1960). Thiamine and biotin rcquirements 
of two strains of Glomerella tucumaneflsis. Current Sci. (India) 29:103-104. 

Strigini, P., and G. Morpurgo. (1961). Biotin requirement and carbon. and sulphur 
sources in Aspergillus and Ncurmpora. Nature 190:557. 

Sundaram. E. R. B. S., M. O. Tirunarayanan, and P. S. Sarma. (1954). The rela
tion between biotin and tryptophan metabolism studied in Ncurospora crassa. 
Biochem. J. 58:469-473. 

Sund<;trom, K. R. (1960). Physiological and morphological studies of some species 
belonging to the genus Exobasidillnl. Phyto{Jat/lOl. Z. 40:213-217. 

Sundstrom, K. R. (1964). Studies of the physiology, morphology and serology of 
Exobasidium. Symbo/ac Botan. Upsalienses 17:Part 3,1-100. 



522 Nils Fries 

SuoJahti. O. (1951). Ober cine das Wachstum von Eiulnispilzen beschleunigende 
Fernwirkung von Holz. 95 pp. Dissertation. Hehinki. 

Taber. W. A. and L. C. Vining. (1957). A nutritional ... tudy of three strains of 
CItH'iccp.f p"rp"rl'{1 (Fr.) TuL ClIn. J. Mh-rohio/. 3:1-12. 

Taber. W. A., and L C. Vining. (1959). Studies on /saria crelael'lI, Nutritional 
chmacteristics of two strains and morphogenesis of the synncma. Call, J. Microhio/. 
5,513~5)5. 

T,mner, F, W. (1960). Process for the production of coba1amins. U.S. Patent No. 
2.92 t ,887. 

Thind. K. S .. and S. R. Sharma. (1960). The in!lucnce of different vitamin", on the 
growth of Cercospora betleola. Proc. N(llI. An/d .. S'ci., India Sect. B :30:109-114. 

Tirunarayanan, M. 0., and P. S. Sarma, (1953). Studies on bi()tin. Part V: Influence 
of biotin on the gammcxane-inositol relationship in NCllros{,oTl/ cr(lss(l. 1. Sci. 

Ind. Rcs. (["dill) 12B:251-255. 
van Uden, N., and L. D. Carmo~Sousa. (1959). Further studies on the significance 

of temperature relationships and vitamin deficiency patterns in yeast taxonomy. 
Port. Acta Bioi. Ser. B 6:239-256. 

Volkonsky. M. (1933). Sur I'assimilation des sulfates par les champignons: euthio~ 

trophie et parathiotrophie. Compt. ReI/d. 197:712. 
von Weihe, K. (1958). Effects of exogenous macromolecular growth stimulators. I. 

Effect of agar and agar hydrolyzates. Arch. Microbial. 30;30-45. 
Von Weihe, K. (1961). The action of high~molecular growth stimulators. n. The 

action of agar hydrolYl.ates and the concentration of the active principle. Arch. 
Micronivl. ;J9:242-252. 

Weintraub, R. L., W. E. Miller, ami E. 1. Schanu:. (1958). Chemical !-.timulation of 
germination of spores of Piricu/aria orFac. Phytopathology 48:7-10. 

WhnJey, 1. W., and H. L. Barnett. (1963). Parasitism <{nd nutrition of Gonatohotry.r 
.dmp/ex. Myc%f.;ia 55:199-210. 

White. N. H. (1941). Physiological studies of the fungus Ophioholl/.\" I!.ramillis Sacco 
I. Growth f3ctor requirements. J. Coullcil Sci. Ind. Rl).\·. 14:137-146. 

Wikberg, E. (]959). Fffecls of compounds of the vitamin Bo. group on the growth of 
Op!Jjos/oma mllltialJlJlI/fI/Jlm. Phy.~i()l. PlolJ/arum 12:100-117. 

Wi ken. T. and O. Richard. (1951). UnICrSll('hungen tiber die Physiologie der 
Weinhefen. ] Mitteilung. Zur Kenntnis der Ww:.:h<;tumsbedingungen einer auxo
autotrophen. schweizerischen Kultufweinhefe. A,/tollie rail Leeuwenhoek, J. 
Miuo/)iol. Serol. 17:209-224. 

Willia1lls, R. J. (1940). Pantothenic acid. EII::.ym%gia 9:387-394. 
Williams. R. J., R. F. F<lkin. and E, E. Snell. (1940). The relationship of inositol. 

thiamin, biotin. pantothenic acid and vitamin B, .. to the growth of yeasts. 1. Am. 
Chcl». Soc. 62:l204. 

Woods, D. D. (1954). Metabolic relations between fl-aminobenlO~ acid and folic 
acid in micro~organisms. III "Chemistry and Biology of Pleridines," Ciba Founda~ 
tion Symposium (G. E. W. Wo1stenholme and M. P. Cameron, eds.), pp. 220-236. 
London. 

Wooster. R. C. and V. H. Chcldclin. (1945). Growth requirements of Penicillium 
digitallll11. Arch. BiodrenJ. 8:311-320. 

Wright, L D .. E. L Cresson. H. R. Skeggs. R. L. Peck, D. E. Wolf, T. R. Wood, 
J. Valiant, and K. Folkers. (l951). The elucidation of biocytin. Science 114:635-
636. 

Wright, L. D .. E. L Cresson. 1. Valiant, O. E. Wolf. and K. G. Folkers. (1954). 



19. Vitamins and Other Organic Growth Factors 523 

The characterization of biotin I-sulfoxide from a microbiologi~al source. }. AII/. 
Cllem. Soc. 76:4163-4166. 

Yaw, K. E. (1952). Production of riboflavin by Er('II!()({/(.'cil!l1I (Ishhyi grown in a 
synthetic medium. Mycolo;.:ia 44:307-3! 7. 

Yusef, H. M. (1953). The requirements of some hymenomycetes for essential meta
bolites. Bull. Torrey But(ll/. Club 80:43-64. 





CHAPTEH 20 

The Chemical Environment 
for Fungal Growth 
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I. GENERAL CONSIDER A TIONS 

A. Introductory 

The study of fungicides is of comparatively recent origin. It is neverthe
less beyond the scope of this chapter to provide an exhaustive survey of the 
developments, and for more detailed treatments reference should be made 
to the monographs by Horsfall (1956) and Martin (1959). 

This review deals with some of the basic mechanisms involved in the 
chemical inhibition of fungal growth, followed by a brief account of the 
rnore important compounds used as rungicides. Most or these materials 
have been developed empirically, either as a result of chance observation, 
as in the classical instance of Bordeaux mixture, or else as a result of inten
sive screening tests in commercial laboratories. 

B. Site of Action of Inhibitor 

I. Intracellular Action 

There is reason to believe that the majority of antifungal compounds act 
within the cell by the inhibition of vital processes. In order to do this, they 
must b~ able to penetrate the cellular membrane and gain access to the 
~ubcc!!ular component-; where these processes occur. This cellular mem
brane is believed to consist of lipoprotein, as in other organisms (Davson 
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and Danielli, 1943), and a degree of lipoid solubility is therefore a neces
sary property to enable a compound to penetrate into the cell. Examples 
of antifungal compounds of high lipoid solubility arc captan (Horsfall, 
1956) and dichlone. In some instances an active group, itself relatively 
polar in nature, may be rendered more lipoid-soluble by the addition of a 
fatty alkyl side chain: the toxicity of such a homologous series normally 
rises to a maximum and then falls away again where diminished aqueous 
solubility becomes limiting (Albert, 1960). The length of the chain for 
maximum activity varies from compound to compound and may well be 
related to the lipoid solubility of the rest of the molecule. Examples of anti
fungal compounds with such alkyl chain substituents are dodine (n-dode
cylguanidine), glyodin (2-heptadeeyl-2-imidazoline), and dinocap (2, 1'
methylheptyl-4,6-dinitrophenyl croton ate ). 

The uptake of fungicides has been well demonstrated by the use of radio
active tracers, in particular CH Thus it was shown by Miller et al. (1953b) 
that spores of Neurospora sitophila accumulated a 10,OOO-fold concentra
tion of glyodin from an aqueous solution of 2 {'g/ml, and similar, though 
slightly lower, rates of uptake were recorded for other fungi and other 
fungicides. Moreover, it was also shown that the uptake is extremely rapid. 
In the case of captan (Richmond and Somers, 1962) and of a homologous 
series of n-alkyl ethers of 2,5-dimercapto- J ,3,4-thiadiazole (Somers, 
1958), it seems that the uptake is not a normal diffusion process, but rather 
an active transport mechanism. Richmond and Somers also gave evidence 
to suggest that much of the capt an taken up may be detoxified by sulf
hydryl groups in the cell before reaching vital receptor sites. 

It appears likely, from these and other results, that fungicides in current 
ose are characterized not by a high toxicity on a weight/weight basis, but 
rather by their ability to be accumulated in fungal cells at concentrations 

TABLE I 

ApPROXIMATf LDDO VALUES FOR VARIOU.<; BIOCIDAL AGENTS" 

Toxicant 

Atropine 
Botulinum toxin 
O,O-diethyl O-p-nitrophenyl 

phosphorothionatc 
Diethyl p-nitrophenyl phosphate 
2,4-dichlorophenoxyacetic acid 
Penicillin 
Various fungicides 

u After Miller and McCa11an (1956). 
b Median lethal dose. 

Subject 

Man 
Mouse 

House fly 
House fly 
Tomato 
Staphylococci 
Spores 

LDoo/(pg/gm) 

1.4 
0.23 X 10-6 

0.9 
0.5 

10 
2 

85-10,000 
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greatly in excess of those in the external solution. In this respect thcy differ 
markedly from compounds of high toxicity to many other forms of life, 
as Table I clearly shows. 

2. Action at the Cell Surface 

A number of compounds of relatively low lipoid solubility arc also effec
tive fungicides, however, and evidence is accumulating that these may be 
acting at the cell surface. It now appears that the toxic effect of metal ions 
may be related with their electronegativity, and their primary fungistatic 
action is visualized as being due to nonspecific reactions on or outside the 
cytoplasmic membrane (Somers, 1961). Surface-active compounds, too, 
are believed to act at the cell surface: the toxicity of dodine acetate to 
Monilinia [Sclerotinial tructicola appears to be due in part to its effects 
in blocking vital anionic sites at the cell surface (Brown and Sisler, 1960). 
This compound, and also s-triazine fungicidcs (Burchfield and Storrs, 
1957), also gives rise to leakage of essential nutrients from the cell, pre
sumably as a result of disturbed permeability, although there are indica
tions that such leakage is a secondary effect. 

3. Extracellular Action 

Finholt et al. (1952) reported the instance of an aliphatic amine, which 
was effective against the fungus Lentinus' [epic/ells when grown with a cel
lulose carbon sOurce,. but which was inactive when the fungus was grown 
with glucose as a carbon source. The effect appeared to be due to the in
activation of an extracellular cellulase enzyme upon which the fungus re
lied for its ability to utilize cellulose. [n a similar manner a number of 
naturally occurring polyphenols, in an oxidized and polymerized form, 
were shown to inhibit extracellular pcctolytic and plant tissue macerating 
enzymes necessary for infection of apples by a plant pathogenic fungus, 
Sclerotinia tructigena (Byrde et al., 1960): such compounds were much 
less active in conventional spore germination toxicity tests against the 
fungus. On the other hand, Reese and Mandels (1957) found that inhibi
tors of cellulases of three nonpathogenic fungi were active against the 
growth of the fungus at lower concentrations than against the cellulase, and 
in general this form of extracellular action is rarely exploited in fungicidal 
usage. 

c. The Inhibition of Vital Processes 

1. Inhibition at the Enzyme Level 

The action of many fungicides has been attributed to a disruption of 
cellular metabolism at the enzyme level: such enzyme inhibition effects may 
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be subdivided into specific inhibition of one enzyme or group of enzymes 
and those involving a more widespread and nonspecific inactivation of 
enzymes. 

a. Specific Inhibition of Enzymes. There have been at least two reports 
which have suggcsted that some fungicides may act as competitive enzyme 
inhibitors. Thus the fungistatic activity of glyodin to Sclerotinia jrllcticola 
is reversible by certain purines or purine dcrivatives (West and Wolf, 
1955), whereas the activity of dichlone has been reversed by vitamin K 
(Woolley, 1945). On the other hand. the cationic surface activity of glyo
din suggests that more nonspecific mechanisms than the inhibition of purine 
synthesis may be involved (Somers, 1962), and diehlone is known to have 
many nonspecific effects on enzymes (Owens and Novotny, 195R). Al
though many antimetabolites for fungi have been demonstrated, none uf 
those listed by Horsfall (1956, Table 6) has found extensive usc as a 
fungicide. 

h. Nonspecific Inhibition of Enzyme.,. By far the greater number of in
stances of fungal enzyme inhibition by chemicals refer to nonspecific effects. 
For example, Owens (l953a) examined the effect of a range of twenty 
fungicides on four enzyme systems and showed that, at a fungicide concen
tration of 10-"M about half the possible enzyme-fungicide combinations 
showed marked reduction in enzyme activity. Other studies by Owens 
(1953b), Owens and Novotny (1958, 1959), and Owens and Blaak 
(1960) have also shown inhibition of a wide range of enzymes and co
enzymes by capt an and dichlone. Heavy metals also arc known to aITect 
many enzymes, and in particular those enzymes dependent on sulfhydryl 
groups. 

2. Inhihitioll at Other Levels 

It is not yet clear whether the eITect of some fungicides is at the enzyme 
level and, if it is, what are the enzymes affected. Instead, the effects ob
served have been restricted to alterations in morphology or in physiology. 
A number of fungicides exerting morphological cffcct~l;) on fungi havc been 
tabulated by Horsfall (1956, Table 4). Outstanding among these is the anti
biotic griseofulvin (Grove et al., 1952), which at extremely low doses pro
duces a characteristic hyphal distortion. This effect seems to be a reflection 
of some interfcrence with cell wall biosynthcsis, and it is probably signifi
cant that only fungi with chitinous cell walls are susceptible to this com
pound (Brian, 1960). The specificity of its action, coupled with the fact 
that ccII wall synthcsis appears to be afTected, arc analagous to the anti
bacterial action of penicillin. 

Reference has already been made to effects of fungicides on the mem
brane of thc fungal ccII. Horsfall (1956, Table 3) has tabulated reports of 
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the effects of fungicidal compounds on nuclei of fungi and other organisms. 
He suggested that many compounds acting as mitotic poisons-such as 
ketones, phenols, or amino compounds-may be reacting with vital chro
mosome constituents. 

The effects of some compounds arc reflected on sporulation rather than 
on vegetative growth. Therefore, although this aspect is strictly outside the 
scope of this paper, it is clear that the prevention of the ability of a single 
colony to sporulate will limit the spread of a fungal attack, and so indirectly 
restrict growth. Reavill (1954) has shown the antisporulant effect of chlori
nated nitrobenzcnes. and Horsfall (1956) has summarized other reports on 
inhibition of fungal sporulation by applied chemicals. Horsfall and Rich 
(1959, 1960) have reported on the powerful antisporulant activity of sev
eral chlorinated aliphatic compounds, and it seems possible that this type 
of compound may fmd application in the future for restricting inoculum 
levels and thereby rendering easier the task of conventional fungicides. 

D. Environmental Factors Affecting Chemical Inhibition 

1. Temperature and Light 

Comparatively little study appears to have been made of the effects of 
temperature on antifungal activity. McIntosh (1961), however, examined 
the toxicity of a number uf mercury-containing and other compounds at a 
range of temperatures, and demonstrated that, in general, an increase in 
temperature increased toxicity to an extent that varied from compound to 
compound. Richmond and Somers (1962) examined the effect of tempera
ture on the uptake of captan by Neurospora crassa spores and showed a 
linear increase of uptake with temperature. A few fungicides in usc, for 
example dinocap, have a relatively high vapor pressure and might therefore 
be expected to show reduced persistence at high temperatures. Sulfur is 
known to be more effective at higher temperatures (e.g., Yarwood, 1950). 

The effect of light on fungicide residues has precluded the usc on foliage 
of at least one material-tetrachlorobenzoquinone, which undergoes photo
chemical decomposition to chloranilic acid. 

2. Hydrogen-ion Concentration 

The activity of a number of fungicides, in common with other toxic sub
stances, is modified by the pH level. In general this is true of electrolytes, 
and usually the undissociated molecule is more toxic than the ion. This 
arises from the greater lipoid solubility of the undissociated molecule com
pared with the hydrated ions, which enables more rapid penetration of the 
cell. The phenomenon has been discussed at length for toxic substances 
in general by Albert (I %0); examples relating to fungi arc afforded by 
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the work of Simon and Blackman (1949) with dinitro-o-cresol. and of 
Block (1955) with 8-hydroxyquinoline. The toxicity of copper sulfate anu 
mercuric chloride have been shown to decrease with decreasing pH (Hors
fall, 1956). 

3. The "Host" 

In most applications of fungicides in agriculture, medicine, or industry, 
a tp;rd factor is involved besides the compound and the fungus-i.e., the 
"host." The host may be a higher plant or an animal, and the term is being 
extended for convenience to include nonliving material undergoing fungicide 
treatment, such as timber or fabric. The host factor may profoundly modify 
the properties of a fungicide, ~nd some aspects of this interaction are quoted 
below. 

a. In Agriculture. Fungicides used in crop protection arc generally used 
on the living plant, and this fact gives rise to 'pecial problems in their usc. 
The application of many very potent antifungal materials is precluded by 
considerations of toxicity either to the host plant itself, or to the spray 
operator, Of! in the case of food crops, to the consumer. Mercuric chloride, 
for example, would be eliminated on all three considerations. 

A knowledge of the life history of the pathogenic fungus enables fungi
cide applications to be so timed as to give the chemical an optimal chance 
of dealing with the fungus. In crop protection much reliance is placed on 
the usc of "residual" (or "l'rotectant") fungicides applied to the surface of 
a healthy plant, the resiuues of which arc able to prevent the germination 
of, and subsequent infection by, fungal spores alighting on the surface. The 
success of this form of prot~ction clearly rests on good distribution of the 
fungicide and on the persistence of a toxic residue under the eroding influ
ences of weather and growth. 

Tn some instances, however, the fungicide may be applied after infection 
has occurred, as a "contac(·· or "eradicant" fungicide, with the object of 
destroying the established invasion. A more limited range of compounds is 
useful for this form of action (Byrde, 1961). Much research has been car
ried out on the possible use of systemic fungicides, which act within the 
plant tissues. So far only limited success has been achieved, and no com
mercial fungicide appears to possess more than very limited systemic 
properties. 

b. In Medicine. Some of the considerations already mentioned apply to 
the use of fungicides in medicine: the need for low mammalian toxicity is 
particularly obvious, and this explains in part the trend toward highly 
selective antifungal antibiotics in medicine. Thc object in medicine is to 
protect or cure the individual (whereas in agriculture it is the crop as a 
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whole, not the individual plant, which is at stake), and so cost is less 
limiting. 

Medical application of fungicides is often hampered by the inaccessi
bility of the pathogen in host tissue, particularly in deep-seated infections. 
In some instances a further complication is that the pathogen exhibits di
morphism, and its granular cells may he surrounded by thick capsular 
material, renuering them particularly dillicult of access. These and other 
factors in the treatment of mycoses have been summarized by Byrde and 
Ainsworth (1958). 

c. In Industry. Purposes for which fungicides are used include the preser
vation of wood, of cotton fabrics, and of paint surfaces. In general, the 
considcnltions of toxkjty to other forms of life arc Jess relevant, but 
the prohlem of access is particularly important in wood preservation, where 
treatment under pressure is now often used to ensure thorough impregna
tion. 

E. Methods of Fungicidal Evaluation 

Broadly speaking, tests of fungicides may be divided into three categories: 
laboratory tests in vitro; an intermediate scale test on small samples of 
animals, plants, or fabrics; and full-scale field testing under practical con
ditjons in which the material might find eventual usc. 

For ill vitro tests, such as are frequently used for "screening" large num
bers of potential fungicides, a spore germination method may be used. The 
methods, developed largely at the Boyce Thompson In<:>titutc by McCaHan 
and his colleagues, were standardized in two publications by the American 
Phytopathological Society (1943, 1947), and these methods, or variants 
of them, are widely used. They involve the germination of fungal spores 
in the presence of the chemical on glass slides and are particularly relevant 
\vhcrc, as in the case of residual fungicides on plants, the inhibition of 
spore germination is the primary object. When, however, it is desired to 
test compounds against fungal mycelium, it is common to incorporate the 
test compound in an agar medium and measure linear growth (Horsfall, 
1(56) or to incorporate it in a liqUid medium and assay growth gravi
metrically. Cochrane (I ~5K), in advocating the latter method for nutri
tional studies, sharply critici2ed weaknesses inherent in the agar-plate 
method, which, for example, takes account only of radial growth and not of 
mycelial density. 

For intermediate scale testing of agricultural fungicides, generally under 
glasshouse conditions, a series of carefully standardized methods has bcen 
evolved at the Boyce Thompson Institute (e.g., McCallan and Wellman, 
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1943). Similar considerations as to the need for standardization of treat
ment, inoculation. and assessment apply equally to fungicide assays for any 
purpose: clinical medical trials aTC often handicapped by a restricted num
ber of test subjects. Timber fungicides arc often tested by the wood block 
method, in which wood samples are impregnated with the test fungicide and 
exposed to wood-rotting fungi (Ho",fall, 1956, p. 23). 

Field trials are generally carried out on a statistically designed basis, and 
fungal development is assessed by standardized methods as in any form 
of field experimentation. 

II. PRINCIPAL GROUPS OF FUNGICIDES 

A complete review of all the fungicides introduced is beyond the scope 
of this review, but fuller accounts have been published by Horsfall (1956). 
Woodcock (1959), and Martin (1959). Table II summarizes the develop
ment of some of the fungicides in current usc, and it will be seen that until 
about 1930 reliance was placed exclusively on inorganic fungicides. 

A. Inorganic Fungicides 

The two most important groups of inorganic fungicides are those based 
on copper and on sulfur, and even in 195X these two groups together ac
counted for 96% by weight and 74% in monetary value of fungicide appli
cations in world agriculture (from data of Gayner, 1961). Other metal salts 
are known to be toxic, but they arc of negligible importance by comparison. 

The inorganic fungicides have the advantages of low cost and, between 
them, the ability to control a very wide range of fungal pathogens in agri
culture: thus, sulfurs arc highly effective against powdery mildews, while 
copper is an excellent protectant against most other plant pathogens. 

1. Copper 

As shown in the Table, copper is generally used in the form of Bordeaux 
mixture, or as one of the "lixed coppers." The former owed its introduc
tion to a chance observation by Millardet (1885), and still finds frequent 
use because of its low cost and excellent persistence on foliage. Formed by 
a reaction mixture of copper sulfate solution and calcium hydroxide sus
pension, there has been much speCUlation as to the active ingredient in its 
residues on the leaf, which is presented in detail by Martin (1959). It 
seems likely that thc precipitate of freshly prepared Bordeaux mixture is 
cupric hydroxide which is stabilized in a gelatinous form by adsorbed cal
cium sulfate. Further evidence on the importance of a gel structure has 
been presented by Evans et aL (1962). The ratio of the two components 
can be varied, giving mixtures with differing properties. There is good evi-



Common l1allle 

Sulfur 
lime sulfur 

Borueaux mixture 

Whittidd's ointment 
Organomercury 

compoumb 
"Fixed" copper 

compound.s 

Thiram, ferbam, 
ziram 

Nabam, zinch. manch 
Dichlone 

Glyodin 

Griseofulvin 

Dinocap 

Nystatin 

Dodine acetate 

C<lplan 
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TABLE II 

HISTORICAL DI:Vf.LOPMI::-'T OF FUNGICIDES" 

Chemical details 

Sulfur 
Solution of sulfur in ca!cium hydroxide 

suspension 
Mixture of copper sulfate solution and 

calcium hydroxide suspension 
Mixture of salicylic and benzoic <L(.:ids 
Usually alkyl or aryl mercury salts 

Copper oxychloride, cuprous oxioe, 
basic copper carbOlHtc 

Salicylanilide 
Dialkyl dithiocarbuma'cs 

Alkylene bisdithiocarbamates 
2,3-0Ichloro-l,4-naphthoquinone 

2-Heptadecy 1-2- imidazoli nc 

Complex spiran structurc (Grove et al., 
1952) 

2, I'-Methy Ihcptyl-4,t-dinitrophenyl 
crotonatc 

See Hazen and Brown (1960) 

JI-Dodecylguanidinc acetatc 

N -T richloromcthy I thiocyc lohex-4-ene-
1.2-dicarboxyimide 

(J Based On Horsfall (1956) and Somers (1962). 

fungitoxicity 
recorded by 
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Classical writers (B.C.) 
Forsyth (1803) 

Millardc\ (\885) 

Whitlidd (1912) 
Ril!hm (1913) 

A. Wacker and Co. 
(1927-1930) (sec 
Largt!, 1(40) 

Farght!r t'f al. (1930) 
Tisdale and Williams 

(1934) 
Dimond et (/1. (1943) 
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dence to suggest that soluble copper may be liberated from the deposits in 
one of three ways (I) atmospheric CO, and ammonium salts dissolved in 
rain, (2) fungal secretions, (3) secretions from the host plant (Martin. 
1959). 

The "Oxed" coppers are being increasingly used owing to the case of 
preparation of the spray ancl the fact that they arc less wearing to spray 
machinery. 

2. SlIllllr Fllngicides 

The inorganic sulfur fungicides most frequently used arc lime sulfur and 
elemental sulfur, the latter in a dispersible formulalion. Sulfurs have been 
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particularly valuable against powdery mildew diseases, which arc unaffected 
by most fungicides. 

Lime sulfur is prepared by boiling lime and sulfur and consists of a mix
ture of, primarily, calcium polysulfide and calcium thiosulfate: the poly
sullide sulfur becomes precipitated as elemental sulfur on the plant surface 
in a form which appears more tenacious than that produccd from dispersible 
sulfur applications. 

The mode of action of inorganic sulfur is still in doubt. For many years 
it was held that its activity lay in thc toxicity of hydrogen sulfide, to which 
sulfur is reduccd by fungi (Martin, 1959). Following the work of Miller 
et al. (1953a) the action of sulfur is now attributed to the effect of ele
mental sulfur itself interfering in normal hydrogenation and dehydrogena
tion processes by virtue of its role as a hydrogen acceptor. These views are 
in accord with those initially postulated by Sempio (1932) that sulfur 
itself is the active toxic substance. Martin (1959) has pointed out that no 
explanation of the toxic action of sulfur can be satisfying until it provides 
for the remarkable selectivity of action shown by sulfur, for this chemical 
is fatal only to fungi and to a limited range of higher plants and of the 
Arachnida. 

B. Organometai Fungicides 

1. Organomercury Compounds 

As has already been mentioned, mercury is extremely toxic to fungi, but 
its use on both plants and animals is severely restricted by its high toxicity 
to all forms of life. This high general toxicity h" been overcome to some 
extent by the introduction of organomercury derivatives. Particularly is this 
true of phenyl mercury compounds (first used in agriculture by Montgomery 
et al., 1943), which have found extensive usc in agriculture and for topical 
application in medicine to superficial infections whereas a large number of 
alkyl mercury compounds have been developed commercially for seed dis
infection, where phytotoxic properties arc less liable to manifest themselves. 
Mercury compounds in general arc outstanding cradicant fungicides, able 
to kill established fungal mycelium. Nevertheless even with phenyl mer
cury compounds, their mercury content must always be borne in mind when 
use on edible crops is considered. 

2. Organotin Derivatives 

Rather a similar position is true of the organotin derivatives. Alkyl tin 
compounds suffered from the disadvantages of high mammalian toxicity 
and high phytotoxicity, but the corresponding triphenyl compounds arc con
siderably safer while retaining fungitoxicity (van der Kerk, 1 % I). 
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C. Organic Fungicides 

The year 1934 is often regarded as the opening of the era of organic 
fungicides, marking as it did the introduction of the dithiocarbamatcs. 
However, such a view overlooks the fact that salicylanilide, an organic 
fungicide which has found some application in agriculture and industry, 
was developed some years earlier following a survey of the fungicidal prop
erties of synthetic organic compounds at the Shirley Institute (c.g., Fargher 
et al., 1930). Since this perioo organic fungicides have assumed an in
creasing, though still not completely predominant. importance in fungicide 
u~age. They offer the advantages of a greater specificity of action and, in 
many instances, lower toxicity to other forms of life. In agriculture they 
are thus of particular value on high quality crops, where the added expense 
of their use is more than recompensed by the superior quality, and often 
quantity, of the final product. They have also found wide application in 
industry. Full reviews of the chemical groups involved have been given by 
Woodcock (1959) and by Rich (1960). 

1. Phenols 

The usc of phenolic compounds as fungicides in industry and agricul
ture has been reviewed by Gruenhagen et al. (1951). Phenols owe their 
activity to the active -OH group, and normally much of their toxicity is 
lost if this is "masked" chemically. Strongly acidic phenols such as dinitro
a-cresol and pentachlorophenol are powerful fungicides with cradic ant 
properties, but also high toxicity to other forms of life. Certain bisphenols, 
however, combine high fungitoxicity with a much lower toxicity to mammals 
and plants, and these are finding use in industry, medicine, and agriculture 
(Corey and Shirk, 1955; Corke, 1(62). 

Derivatives of dinitrophenols have assumed prominence by virtue of a 
highly specific action against powdery mildew fungi. Normally to reduce 
phytotoxicity they arc used in ester form, as in dinocap (2,1'-methylheptyl-
4,6-dinitrophenyl croton ate ) (Sprague, 1949) or in binapacryl (2-5ec
butyl-4,6-dinitrophenyl-Y,3'-dimethylacrylate) (H'irtel, 1961). 

2. Quinones 

The fungitoxicity and biological actIVity of quinones was reviewed by 
MeNew and Burchfield (1951). Tetrachloro-p-benzoquinone, developed in 
1938, proved to have limited uses because of its photochemical decomposi
tion, but 2,3-dichloro-1 ,4-naphthoquinone (ter Horst and Felix, 1943) has 
found extensive use as a mure stable agricultural fungicide, limited only 
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by its phytotoxicity. Mention was made earlier of studies on the mechanism 
of fungicidal action of quinones. 

3. Dithiocarbamates 

These constitute a vcry important class of organic fungicides, which may 
be subdivided into two groups: the metallic dithiocarbamates, such as ziram 
and [erbam, together with the closely allied thiram (tctramcthylthiuram di·· 
sulfide), and the bisdithiocarbamatcs such as zincb, naham, and mancb! 
which are chemically more unstable. Both groups have found extensive 
application in agriculture, largely owing to the versatile range of compound, 
available togethcr with the fact that they are cheap in comparison with 
many organic fungicides. Full details of current knowledge of the proper·' 
ties, mode of action, and use of these compounds may be found in a revic\\o' 
by van der Kerk (1959) and the book by Thorn and Ludwig (1962). 

4. Heterocyclic Compounds 

This group includes several diverse compounds which are conveniently 
grouped under this heading. Outstanding among them is captan (N-tri·· 
chloromethylthiocyclohcx-4-ene-1 ,2-dicarboxyimide), which is highly etTec·· 
tive against a number of diseases although of very low phytotoxicity \(1 

foliage and fruit, and of low mammalian toxicity. Studies on its effect art 
fungal enzymes have already been cited: others have speculated on the 
role of the -SCC!;, group in the molecule, variously regarded as a "shaped 
charge" aiding penetration of the fungal spore (Horsfall, 1956), or a, 
belng tne basls 01 tne actlve 10x'lc group lo)\owlng degradatl0n \LU\<.CUS 
and Sisler, 1958). 

Glyodin (2-heptadecyl-2-imidazoline) is another heterocyclic compound 
of relatively low phytotoxicity used in agriculture (Wellman and McCallan, 
1946). 8-Hydroxyquinoline and, in particular, its copper complex, haw 
found use in textile protection (Block, 1955), and afford an example of 
compounds where the ability to form chelate complexes with metals plays 
an important role in toxicity (see Albert, 1960, for a detailed discussion of 
the principles involved). Derivatives of 2,4-dichloro-s-triazine (Schuldt 
and Wolf, 1957) have also proved to be useful fungicides in agriculture 
and industry. 

5. Antibiotics 

Antifungal antibiotics have becn used particularly in the medical field, 
where their rclatively high cost is a less important consideration. The use of 
griseofulvin, in particular, has given rise to striking advances in the treat,.. 
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ment of many fungal pathogens of man and higher animals, and a full ac
count of its origin and development has been given by Brian (1960). An
other antibiotic which has been used extensively is nystatin (Hazen and 
Brown, 1960). 

6. Miscellaneous Compounds 

The broad classification of fungicides used in this review necessitates 
the grouping together of some chemically unrelated compounds in a final 
section. 

Dadine acetate (n-dudccylguanidine acetate) is a cationic surface-active 
material with the rather unexpected properties of a comparatively high 
water solubility together with considerable persistence on foliage. It ap
pears to have a rather narrower disease spectrum than, for example, cap
tan, but is highly effective against the economically important disease apple 
scab (Hamilton and Szkolnik, 1958). 

Dicloran (2,6-dichloro-4-nitroaniline) has found application in the con
trol of Ralrylis diseases, and both on a chemical basis and by considerations 
of patterns of induced resistance (Priest and Wood, 1961) appears to be 
similar in action to the chloronitrobenzenes (Reavill, 1954). 

In conclusion, it is clear that a large and increasing number of organic 
fungicides have been developed over the past thirty yea rs for the chemical 
inhibition of fungal growth. This process may be expected to continue, 
effort being particularly directed to obtaining compounds of low toxicity to 
other forms of life. 
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CHAPTER 21 

The Physical Environment 
for Fungal Growth 

1. Temperature 

B. J. DEVERALL 
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London, England 

I. INTRODUCTION 

A. How Temperature Affects Reactions 

Temperature has a major effect on all cellular activities. Below DoC, 
fungal cells may survive but rarely grow, and above 40°C most cells stop 
growing and soon die. Between these tcmperatures, fungal activities in
crease and decrease with the degree of temperature, for the reasons set out 
below. 

In ordinary chemical reactions, the rate increases as the temperature is 
increased. Enzymatic reactions behave in a similar way, and it is frequently 
found that, within certain temperature limits~ a lOoe rise in temperature 
causes a doubling or tripling of the reaction rate. However, enzymes begin 
to suffer thermal inactivation at higher temperatures, often as low as 30 C C 
and frequently above 60°C. Under a given set of conditions, an enzymatic 
reaction achieves a maximum rate at a certain temperature, known as the 
optimum. The decline in activity above the optimum is caused by the 
denaturation of the enzyme, which is a time-consuming process. Therefore, 
the apparent rate of a reaction at higher temperatures is a function of the 
time required to measure the rate. If the initial reaction rate can be re
corded over seconds, then the rate will be higber than if measured over 
minutes. 

543 
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B. The Concept of Cardinal Paints 

The growth of a fungus or the production of a fungal metabolite is the 
result of the interactions of numerous enzymatically controlled processes, 
each of which may have different temperature eoeffi.cients and optima. A 
fungal activity will start at a minimum temperature, increase to an optimum, 
and then decline and stop at a maximum temperature. These are known 
as the cardinal temperatures for that activity, but they arC dependent upon 
other factors, which inc1ude time of exposure to any temperature. 

The difficulty of delining the optimum temperature for biological pro
cesses in general was discussed by Blackman (1905), and for fungal 
growth in particular by Fawcett (1921). Fawcett measured daily incre
ments of mycelial growth of four fungi on agar and found that there waS 
a shifting of the optimum temperature downward with each successive ob
servation period, with the exception of one fungus. The apparent optimum 
for Pythiacystis [Phyt0l'hthoraj citr0l'hthora shifted from 27.5"C for the 
first day to 24 Q C for the fifth day, for Phyt0l'hthora terrestris from 34° to 
28 QC, and for Dip/odia natalensis from 31 "C for the first day to 27 "C for 
the third day. Furthermore at the highest temperature for growth, the rate 
deaeased throughout the period of culture so that it soon reached zero. 
These facts illustrate that changes are brought about by higher tempera
tures, in time resulting in limitation of growth. Using P. citrophthora, Faw
cctt suggested that these changes were internal and werc not caused by 
staling of the m€dium because the placing of new medium at the advancing 
edges of parts of colonies did not afTect the growth ratc. 

That higher temperatures can aITect growth and form of fungal cells 
intlirectly as a result of stimulating the production of metabolites, which 
stale the medium, was shown by Brown and Horne (1926). 

II. EFFECT ON METABOLISM 

Those concerned with the industria1 production of useful microbia1 
metabolites will be aware that the optimum temperature may not be the 
same as that for fungal growth. Thus Arcamone el al. (1961) noted that 
in submerged cultures of Claviceps PWP{//i, the concentration of a lysergic 
aeid derivative aftcr 9 days was 530 I'g/ml at 21 cC, but only 20 I'g/ml at 
30 'C although the dry weight of mycelium differed but little over this 
temperature range. 

However, it may be desirable to grow a fungus at ooe temperature to 
produce abundant mycelium and then to change the temperature to obtain 
a maximum yield of a metabolite. This approach was emphasized by Owen 
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and Johnson (1955) when they showed that Penicillium chrysogenum pro
duced significantly more penicillin if started at 30°C, the growth optimum, 
and transferred to 20 Q C after 42 hours, than if kept at any constant tem
perature throughout. 

Some instances of the failure of fungi to grow at certain temperatures 
have been traced to an inability to synthesize essential vitamins or amino 
acids at those temperatures. Mitchell and Houlahan (1946) showed that 
a mutant of Neurospora failed both to grow and to produce riboflavine at 
temperatures above 28'C The mutant did grow and produce riboflavine 
above 28 "C if supplied with trace quantities of riboflavine. Apparently 
the mutation had caused a defect in the synthetic pathway to riboflavine, 
and this was revealed at higher temperatures. 

Barnett and Lilly (194H) found that Sclerotiniu camelliae had no inosi
tol deficiency at I WC, but that a requirement became apparent as the 
temperature was increased toward 26'::'C, although the concentration of 
inositol which stimulated growth at this temperature was inhibitory at 27°C. 

Fries (1953) studied a strain of Coprinus fimetarius which had a growth 
optimum at 40 Q C and grew strongly at 44°C only if provided with a casein 
hydrolyzate. The active component of the latter was traced to methionine, 
and it was suggested that a block in methionine synthesis above 40°C was 
responsible for limiting growth. 

These arc illustrations that the many processes associated w,th fungal 
activities can be affected in different ways by certain conditions, and that 
consequently growth can be limited by the failure of a single process which 
is particularly temperature sensitive. 

Ill. EFFECT ON GROWTH 

Much of the literature describing the effect of temperature on the growth 
of mycelium has been reviewed by Wolf and Wolf (1947), Hawker (! 950), 
and Cochrane (1958). 

A. Cardinal Temperatures 

The extensive survey by Cartwright and Findlay (1934) of many wood
destroying fungi contains examples of most characteristics revealed in 
studies of growth at different temperatures. Thus Merulius sylvester grows 
slowly at 10 c and 35°C and most rapidly at 23°C, the decline in growth 
on each side of the optimum temperature being approximately equal. 
Merulills lacrymans [Serpula lacrimans] , which causes dry rot of timbers 
in buildings in Britain, grows slowly at 8 DC and has an optimum at 23°C, 
but it rails to grow above 27 c C. This very rapid decline in ability to grow 
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as temperature is increased above the optimum is frequently found in fungi. 
The most frequent optima were in the range 23-30"C, but Slereum rllgosum 
grew fastest at 20"C and Len::.ites trahea at 35' C. An unusually high maxi
mllm temperature for growth was that of Schizophyllum commune at 44°C, 
most maxima being between 35·· and 40 c C. 

Ryan el lIl. (1943) used glass tubes for studying mycelial growth of 
Neurospora crassa on agar; they found that the rate of growth increased 
with temperature in a linear fashion from 0.07 mm/hour at 4.S"C to 5.2 
mm/hour at 3S.7 c C. Rates of growth werc constant at a given temperature 
for at least 200 hours. except above 40·C, where growth progressively 
slowed and soon stopped. This type of effect is similar to those described 
by Cartwright and Findlay ( 1934) and by Fawcett (1921). 

The observed cardinal points of species within the same genus differ 
greatly and probably refieet the temperatures in the natural environments 
of the fungi. Weimer and Harter (1923) studied cleven species of Rhizopus 
and divided them into three groups by their temperature responses. 
Rhizopus chinensis had an optimum of 40°C, a maximum of 45-50·C and 
a minimum of 10°C. Another group of six species had optima of 30-35'C 
and maxima toward 45°C. A third group, including R. stolonifer, which 
incites a rot of sweet potato optimally at 15 c C to 23··C, had growth optima 
of 25-30°C and maxima of 30-35 C. Similarly. Edson and Shapolov 
(1919) showed that there were different optima among species of Fusarium 
and that there were good correlations between the optima for growth of 
F. oxysl'0rum and Verticillium afboutrllm and the temperatures at which 
they were serious plant pathogens. 

B. Temperature Coefficients 

The temperature coefficient of a reaction is the ratio of its rate at one 
temperature to its rate at another temperature; e.g., it is termed the Q1I) 
when there is a loce difTerence between these two temperatures. Fawcett 
(1921) estimated the coefficients for the growth of four fungi for each 
whole interval of 10"C on each successive daily period of his experiments. 
In general, the QlO for mycelial growth was greatest for the ranges over 
the lowest temperatures and decreased toward higher temperatures, and 
the Q11! for a particular range of temperatures was always largest on the 
first day of growth and declined on successive days. Thus the Q", for 
Phytophlhora lerreslris at 8-18 'c was 30 on the first day of growth, 26 
on the second, 15 on the third. and 1i.1i on the fourth day. The Q", at 
20-30·C was 2.2 on the nrst day and it declined to 1.7 on the fourth day. 
The highest Q,,, for each of the other fungi was between 12 and 17 on the 
first day for S-JScC. Coefficients of about 2-3, which are frequently re-
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corded for other biological processes at "physiological" temperatures, were 
obtained for the growth of all four fungi at different 10°C ranges between 
about 13 °C and 30°C. 

The growth of fungi is affected by temperature in much the same way 
as other biological activities, although some fungi will tolerate more ex
treme temperatures than any other organisms but bacteria and algae. 

C. Growth at Extreme Temperatures 

Most fungi have minimum temperatures for growth of 5-10°C, but 
there are some that will grow at and below freezing point. For example, 
Brooks and Hansford (1923) found that some strains of Cladosporium 
herbarum, which grow on meat in cold storage, would grow at -6°C. 

Conversely, a few fungi that have growth maxima between 40°C and 
50°C have been mentioned, and there are others that grow optimally at 
above 40°C. Thus Penicillium dupontii grows well at 40-47°C, but poorly 
below 40°C and not at all at room temperature (Raper and Thorn, 1949). 
La Touche (1950) described a species of Chaetomium, which was isolated 
from fermenting straw, with an optimum at 50°C and an ability to grow 
at 60 G C if transferred to that temperature through a gradual sequence of 
rising temperatures. 

IV. SURVIVAL AT EXTREME TEMPERATURES 

A. Low Temperatures 

Undoubtedly some fungal cells will survive exposure to subzero con
ditions, but there are examples of both survival and death in the literature. 
Thus Forbes (1939) found that spores of Puccinia coronata did not sur
vive exposure to -18°C although they retained their viability when kept 
at O°C. Ward (1902) showed that urediosporcs of P. <lispersa [Po recon
dita] withstood 10 minutes, but not 4 hours, at -5°C, Harter and Zaumeyer 
(1941) noted that urediospores of Vromyces phaseoli [V. appendiculata] 
can be kept viable for several years if dried for a few days at room tempera
ture before transfer to - 20°C, and Melander (1935) found that spores of P. 
graminis survived temperatures below -29°C better if previously hardened 
by exposure to temperatures of 0 to 1°C for 10 days. The author has kept 
viable cultures of Botrytis spp. at -20°C for a year. 

Cochrane (1958) points out that two important factors which determine 
the fate of cells at low temperatures are the rates of freezing and of thaw
ing. During slow freezing, crystals of ice form around cells causing dehy
dration and injury to the cells, but the damage can be reduced if ethylene 
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glycol is added. Rapid freezing may also reduce cellular injury. Conversely 
the rate of thawing is most important in permitting survival. Mazur (1956) 
cooled conidia of Aspergillus flavus to -70 G C, and found that only 7% 
germinated when they were warmed at 0.9 G C per minute, but that 75% 
germinated when they were warmed at 700 G C per minute. The lethal effects 
of slow warming were most pronounced between - 20"C and ace. 

Under natural conditions, repeated slow freezing and thawing may be 
most damaging to fungal cells, but survival is probably modified by the 
type of cell, spore or mycelium, and its dryness. Low temperatures may 
be used to preserve viable cultures or spores, but it would be advisable 
first to make tests with the organism in question. 

B. High Temperatures 

Most fungal cells arc killed by brief exposure to temperatures of 60 'c. 
The simple relationship between time and temperature was well shown by 
Henderson Smith (1923), who examined the germination of BOlrylis ci
nerea spores after they had been exposed for different intervals to different 
temperatures: 50% ki]]ing of the spores at 38°C required eight times the 
exposure needed at sacCo 

Thermal death point may be defined as the lowest temperature required 
to kill all cells in 10 minutes. Ames (] 91 S) compared the death points of 
six fungi responsible for storage rots and found that they ranged from 47 G C 
for Cephalotheciwn roseum to 60 n C for RItiz.Opf4S stu{onifer. These re
sults arc typical for many fungi, but there are some exceptions, for ex
ample, Byssochlamys fulva with 20% survival of ascospores after 10 min
utes at 8S G C (Hull, 1939). 

Moist heat is often more effective in killing cells than dry heat, as shown 
by Snell (1923), who subjected test blocks of Sitka spruce containing five 
fungi to various times and temperatures of moist and dry heat. In moist 
heat, the most resistant fungus was killed in ] 2 hours at 55 'c, but in dry 
heat this species was not killed by 20 days at 70 GC although it did succumb 
in 12 hours at IOSeC. 

Laboratory sterilization of media and glassware is usually effected by ex
posure to steam at ] S pounds pressure per square inch for 20 minutes, but 
these conditions are primarily concerned with killing bacterial spores rather 
than fungal spores and mycelium, which are highly susceptible under Iess 
severe conditions, as described above. 
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1. INTRODUCTION 

The parameter of hydrostatic pressure in relation to life processes has 
generally been neglected. Yet when one considers that a vast portion of the 
biosphere is under hydrostatic pressure, onc realizes that pressure must be 
an important factor. Generally speaking, physiOlogical and biochemical 
studies are made at 1 atmosphere «(}tm) (which is not even mentioned, 
but assumed) whereas temperature and time are rigidly controlled. Even 
the marine biologist, although he recognizes thc problem, does not deal with 
this aspect to any great degree. The "perfect gas law" (PV = nRT) and 
Le Chatelier's principle when applicable to biological systems should not 
be neglected. This section will deal only with hydrostatic pressures from 1 
to 1000 atm. 

The Talisman Expedition in 1882-1883 established the fact that life 
can exist under the hydrostatic pressure at the bottom of the sea. The verti
cal migration of some marine plankton as a result of changes in hydrostatic 
pressure (Knight-Jones and Qasim, 1955), activation of prophage in Es
cherichia coli (Rutberg and Heden, 1960), malic dehydrogenase activity 
at 101°C under hydrostatic pressure (Morita and Haight, 1962), sol-gel 
reactions in cell division (Marsland, 1951), occurrence of barophilic bac
teria (ZoBel! and Morita, 1957), and the dredging of life from the various 
hadal portions of the sea (Bruun, 1955) arc examples where hydrostatic 
pressure plays an important role in biology. Numerous other investigations 
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dealing with hydrostatic pressure cllects in relation to metabolic processes 
and physiology arc cited by Johnson et al. (1'154). However, fungi have 
been little used for studies in relation to the parameter of pressure, 

If. OCCURRENCE OF FUNGI IN RELATION TO 
DEPTH OF THE BIOSPHERE 

Hydrostatic pressure increases approximately I atm for every 10 meters 
(m) in depth of the ocean. Within the biosphere, especially in the ocean, 
hyurostatic pressures over 1 GOO atm exist. The distribution of fungi in 
relation to depth in the biosphere has not been investigated. Mo~t of the 
ecological investigations have bCl:I1 confined to thc nearshore environment, 
such as inland water, bays, and estuaries. with a few investigation .. going 
beyond the continental shelf. Whether or not pressure plays an important 
part in thc vertical distribution of fungi is not known. Saprophytic fungi 
were noted by Sparrow (1937) at depths from IS to 1127 m while Hiihnk 
(1956) was able to demonstrate the occurrence of fungi in North Sea sedi
ment cores from depths of 1150 and 1250 m. Hiihnk (1959) also re
covered fungi from water obtained from a depth of 4610 m and from sedi
ment at 3425 m. Numerous cores taken at depths of 1700-6000 m were 
examined for bacteria during the Mid-Paci!ic Expedition by Morita and 
ZoBel! (1955). and quite frequently elongated filamentous fungi wcre ob
served. These filamentolls forms were believed to have germinated from 
spores that had settled to the sea 1100r. It should also be mentioned that 
no filamcntous fungi were detected from material obtained from the bottom 
of the various had'll portions of the Indian and Pacilic Oceans (ZoBell and 
Morita, 1(57); however, in the last two studies media for fungi were not 
employed. Both baroduric and barophilic bacteria were found in selliment 
samples from thc hadal portions of the sea. 

Kriss (1959) reported that yeasts have been found in the hydrogen sul
fide zones 50 miles from shore at ROO and 1250 m in the 13lack Sea and at 
4000 m in the Pacific Ocean. 

Ill. EFFECT OF HYDROSTATIC PRESSURE ON 
PHYSIOLOGICAL ACTIVITIES 

As early as 1884, Certes and Cochin reported that yeast cells held at 
300-400 atm for severa! days remained viahle and that fermentation re
sulted unuer these conditions. Verification of these results is presented in 
Table l. 

Studies on fungi in relation to pressure have been neglected. Hill (1962) 
found that 600 atm or above at 27( C for 72 hours was surIlcient to retard 
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TABLE I 

EFFECT OF HYDROSTATIC PRESSURE ON THE PRODUCTION 

OF E I HANOL BY Saccharomyces cere~'i,siae" 

Atmospheres Ethanol b 

(mg/6 ml) 

553 

------ ------------
I 

200 
400 
600 
800 

1000 

4.12 
3.16 
1.77 
0.95 
0.41 
0.15 

a The reaction mixture contained equal volumes 0[0.278 .M glucose in 0.067 AJ phosphate 
buffer. pH 5.6 and washed cells in 0.067 M phosphate butfer, pH 5.6. The cells were har
l/es\esJ from an 18-l1our culture, washed twice in 0.061 M phosphate buffer, pH 5.6, and 
adjusted to give a transmittance of 30/~ at 600 m~ in a spectrophotometer (Bausch and 
Lomb Spcctronic 20). The reaction mixture was incubated for 3 hours at 27°C. The values 
are corrected for controls (Morita et al., 1960). 

b Mi!ligrams of ethanol produced per 6 m! of reaction mixture. 

all growth of the aquatic phycomycete Allomyces macrogynus. When 
mycelia and zoospores were held under the above conditions and then 
transplanted to appropriate medium, no growth could be demonstrated, nOf 

did the zoospores germinate. Hill also observed by usc of electron micro
graphs of ultrathin sections that the mitochondria of Allomyces showed 
no visible cytological difference when held at I or 600 atm although meta
bolic function, in terms of the dehydrogenase activities (malic, succinic, 
oxalosuccinic, and a-ketoglutaric acids), decreased with increased pressure. 
No activity of isocitric and a-ketoglutaric dehydrogenases could be detected 
at 1000 atm. However, it should be emphasized that various organisms 
differ in their response to pressure. 

The theory of absolute reaction rates, as applied to biological phenom
ena, is adequately reviewed by Johnson et al. (1954) and Johnson (1957). 
According to Lamanna and Mallette (1959) the absolute reaction theory 
has not been as successful when applied to other biological studies as in the 
case of bioluminescence; this may reilcel deficiencies in the theory, or the 
experimental difficulties in making the required necessary precise observa
tions. This concept can be applied to certain reactions (i.e., enzyme reac
tions), but when it involves the '"biological whole" where the cell is an 
organized growing and metabolizing structure, the interaction of all factors, 
including environments, must be taken into consideration. The studies on 
growth, reproduction, and death in bacteria under various hydrostatic pres
sure are perhaps the best type of experiments performed to date reflecting 
the sum of all factors (cellular, environmental, physical, and chemical). 
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Because of the lack of data involving pressure studies \vith fungi, th\.! sub
ject matter will have to be discussed using results of studies done with other 
organisms. 

Wolccldar volume changes due to tcmreratllr~ and prcs~lJrc play an im
portant rob: in the ability of the cclI to metabolize. If these changes arc too 
drastic the ccli will die. Generally speaking, those reactions that increase 
in molecular volume arc inhibited by pressure while those that decrease in 
molecular volume are enhanced. ZoBell and Johnson (1949) have shown 
that moderate pressures enable many common species of terrestrial bac
teria to grow at temperatures above the normal optimum growth kmpcra
tures at 1 atm. An extreme example of the pressure-temperature relation
ship was demonstrated hy Morita and Haight (1962) when they found 
that the molecular volume incrca\c in malic dehydrogenase dut.! to a tem
perature of to I C was counteracted by pressures from 700 to 1500 atm 
(highest employed). Because pressure was able to keep the enzyme from 
undergoing complete denaturation, which is due to an unfolding and an 
incrcasl.; in molecular volume of the enzyml! molecule, malic dl!hydrogenasc 
activity could be demonstrated at 101 'c. 

Changes in the organism's environment can take place in the ocean. ]t 

is well known that the pH of the sea water decreases with increasl.:d pres
sure (Buch and Gripenberg, 1<)32). When working with reaction mixtures 
in the laboratory one must take into consideration the effect of various 
types of buffers. Those bullers with a largl! ~ V arc influenced by pressure 
more than those with a small _., V. K'llIzmann (I <)54) states that the pH 
of a phosphate butfer solution can be expected to change 0.4 units in acidity 
under a pressure of 10,000 pounds per square inch (psi). Since the pH 
can be changed in a natural or artilicial environment, other environmcnt:li 
changes undouhtedly occur. 

Marsland and Brown (1'136, 1942) demonstrated that pressure de
creased the ability of amoeba to produce pseudopodia. This observation 
was interpreted in terms of the :.;ol-g~l equilibrium in which pressure and 
temperature have opposite effects. Intracellular gels arc endothermic and 
usually of the type to increase in volume on gelation. Increases in pressure 
shifts the sol-gel equilibrium to the right. Marsland et al. (1953) were able 
to demonstrate that intracellular gels require energy to form the gel state 
and that adenosine triphosphate (ATP) helps the ccii to form the gel state 
under pressure. 

Cells of Serratia marillontbra (ZoBeli and Oppenheimer, I (150) and 
Escherichia coli (ZoBeli and Cobet, 1962), when placed under conditions 
of temperature and prcssure which prevcntcd reproduction, demonstrated 
the ability to grow into long filaments. In S. nwrinorubr(/ the filaments were 
best formed at 600 atm, hut, when the pressure was released, the filaments 
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began diviJing shortly thereafter into normal-sized cclls of S. marinorubra. 
In E. coli, pressure retarded cell division more than growth or increase in 
biomass, but at 525 atm no growth could be detected, Furthermore, the 
Jag phase is extcnded by increased pressure. Prcssl1rcs of 400 atm or more 
increased the death rate of E. coli in nutrient medium over that at 1 atm, 
while at I (JOO atm the death rate increased with temperature. The variabil
ity of response to pressure by various species of bacteria is well demon
strated in the work of Oppenheimer and ZoBel! (1952). 

Pscltdotnofl(IS perjectOtnaril1US and E. coli exhibit abnormal morphology 
when grown under pressure (Berger, 1959). At abDut 50-150 atm cross
wall formation and cell division were inhibited so that the cells grew into 
long filaments. The larger cells often lysed and released into solution 
material that absorbed at 260 m~. At 300 atm diaminopimelic acid in
creased the release of the material absorbing at 260 m,u and also decreased 
the average size of the cells, 

Morita and ZDBel1 (1956) demonstrated that the succinic dehydrogenase 
activity of E. coli cells was inhibited by pressures of 200-600 atm. Malic 
and formic dehydrogenases in cells of E. coli were also inactivated by 
moderate pressure (Morita, 1957a). Escherichia coli cells previously held 
at 600 atm at 30°C for 3 hours produced more ammonia from aspartic 
acid, alanine, and glutamic acid than cells hdd at 1 atm at 30 c C for 3 
hours (Morita, I 957b), but the reason for this effect is not known. Haight 
and Morita ( 1962) found that the ellects of pressure and temperature were 
not exactly the s.ame when working, with cells and ceU-free prcp<:uations of 
E. coli. Prc~sure was found to decrease aspartase activity at 45:JC or lower 
when a cell-free preparation was used, and at 53"'C or lower when celts 
were employed. This is further evidence that when the enzyme reaction is 
studied under pressure the results cannot ncccsl)urily be correlated with the 
cellular activity. Aspartase activity of the cell-free preparation was greater 
under pressures of 700 or 1000 atm than at I atm when the incubation 
temperature was 56°C. When thc enzyme preparation was held at I atm 
for 35 minutes at 56' C, it underwent a small amount of thermal denatura
tion, but no thermal denaturation occurred under the same conditions 
under 700 or 1000 atm (molecular volume increase opposed by pressure). 
Haight and Morita (1962) also demonstrated that, in the case of aspartase, 
pressure alone docs not protect the enzyme from thermal denaturation. 
Substrate must be present in order for the protective effect of pressure to 
be manifested. 

In studying the rate of hydrolysis of a phenylgIycoside by a glycosidase 
(20-50c C), Berger (1958) found that increased pressure inhibits both the 
rate of hydrolysis and the rate of thermal denaturation. When substrate is 
absent, thermal inactivation of the enzyme is accelerated by increased 
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pressure. He warns that the finding of apparent first-order kinetics for an 
inactivation process may lead one to conclude erroneously that the process 
is simple. 

From the foregoing presentation, it can be readily seen that the para
meters of pressure and temperature need further investigation. 
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I. INTRODUCTION 

Many fungi arc affected by light. The effects of light on fungi may be 
divided roughly into two categories: morphogenetic effects-in which light 
induces or inhibits the formation of a structure-and nonmorphogenctic 
effects-in which light influences the rate or the direction of movement or 
growth of a structure or the synthesis of a compound. References to much 
of the literature on this topic may be found in the extensive bibliography of 
Marsh et ,,/. (1959). This chapter is concerned only with nonmorphoge
netic responses; the morphogenetic effects of light arc considered else
where in this treatise (Volume II). 

For purposes of discussion, the non morphogenetic responses of fungi to 
light may be classified on a basis of the type of responding structure and 
the nature of the response. Both vegetative hyphae and reproductive 
structures respond to light; the response may be a flonoriented one-either 
a stimulation or an inhibition of the rate of growth or the synthesis of a 
compound-or an oriented one, in which the response bears a spatia1 rela
tionship to the source of illumination. If an oriented response to light is by 
movement. it is phototaxis,' if it is by growth, it is phOIO!ropism. 

559 
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II. NONORIENTED RESPONSES 

A. Vegetative Structllfes 

Examples of effects of light on the vegetative growth of fungi arc rare, 
and each seems to present a special case. For instance, the dry weight of 
thalli of Blastocladiella emersonii harvested from cultures grown in light 
(60-XO foot-candies) on a complex medium was as much as 141 % of that 
of cultures grown in darkness (Cantina and Horenstein, 1956). On syn
thetic media, growth was also stimulated by light, but the amount of 
stimulation depended on the composition of the medium (Cantino, 1959). 
The effect of light on Blastocladiella appears to be a very general one, be
cause it is associated with increased CO:.! fixation, stimulation of the 
succinatc-kctoglutaratc-isocitrate (SKI) cycle, and nucleic acid synthesis 
(Turian and Cantino, 1959; Cantino and Turian, 1961). Only blue light 
is stimulatory, hut the nature of the photoreceptor remains unknown 
(Cantino and Horenstein, 1959). Stimulation of vegetative growth by light 
has also been reported to occur in Thraustochytrium rO.'iewn (Goldstein, 
1963 ). 

Another example of the effect of light on vegetative growth is the inhibi
tion of the elongation of hyphae of Pi/obolus kleinii (Page, 1952a). When 
P. kleinii was grown in growth tuhes on synthetic media containing hemin, 
the hyphae elongated at a constant rate in darkness. In light, however, the 
growth ratc began to decline after several days, and finally the hyphae 
stopped elongating. This inhibition appears to be related to the meuiul1l, be
cause growth on media containing uung extract instead of hemin was not 
inhibited by light. Since inhibition occurred when filters containing dung 
extract were interposed between the light source and cultures growing on 
media with hemin, it is evident that the effect of dung extract was not merely 
to shade the hyphae (Willoughby, 1961). Mycelia whose growth had 
ceased in light resumed their growth when cultures were transferred to 
darkness, but usually the hyphae did not attain a rate of elongation equal 
to that previous to illumination (Page, 1952b). Some other features of the 
inhibition, in addition to its occurrence on media containing hemin, suggest 
that it might be attributable to a photodynamic effect (Willoughby, 1961 l. 
As such, it must be considered a special case rather than one of general 
significance. 

Inhibition of hyphal growth by light has been demonstrated in two 
basidiomycetes, and the response appears to be rapid. When haplophasic 
hyphae of Coprinus lagopu.\' were exposed to light, they continued to 
elongate for 5-10 minutes; then the growth rate fell rapidly until growth 
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ceased 25-35 minutes after the beginning of exposure (Borriss, 1934). 
When hyphae were returned to darkness, they resumed growth, and if they 
were resubjected to light, inhibition began after a shorter lag period than 
when they were fully dark-adapted. Hyphae that were kept in light after 
they had stopped growing did not begin to grow again, at least during the 
I-hour period of observation. A similar inhibition of growth by light was 
shown by germ tubes from urediospores of Puccinia triticina [P. recondital 
(Gettkandt, 1954). Growth of germ tubes of this rust slowed 4-10 minutes 
after the beginning of illumination. 

B. Sporangiophores 

1. Thamnidium 

A slow negative growth response is shown by sporangiophores of 
Thamnidillm e/egans (Lythgoe, 1961). If young (stage I) sporangiophores 
of this member of the Mucorales are illuminated, the growth rate decreases 
and reaches a minimum about 35 minutes after the beginning of the ex
posure. The rate then increases until the original rate is regained about 30 
minutes later. More mature sporangiophores (stage IV) respond more 
quickly, and for both stages, the log of the rate of onset of inhibition is 
proportional to the absolute temperature. The action spectrum for this 
response has not yet been determined, nor is it known whether adaptation 
occurs. 

2. Phycomyces 

The nonoriented response of a fungus to light that has been studied 
in by far the greatest detail is the transient light-growth response of the 
sporangiophore of Phycomyces. This has been the subject of a series of 
analytical papers published by Castle and by DelbrUck and co-workers 
(cf. Delbruck, 1963; Shropshire, 1963). The development of the sporangi
ophore has been described and divided into stages by Castle (1942). 
The sporangiophore arises from the mycelium, emerges from the me
dium, and elongates in the air (stage I). Elongation stops while the 
globose sporangium is heing formed (stages II and Ill), and then growth 
is resumed (stage IVa). After a short time, the direction of rotation of the 
tip of the sporangiophore reverses, and the sporangiophore continues to 
elongate for many hours (stage IVb). The rate of elongation during stage 
IVb is constant in darkness or in light of constant intensity as long as the 
temperature remains the same (Castle, 1928). If, however, the level of 
illumination is changed, the sporangiophore responds by a transient change 
in growth rate. 

Various aspects of this transient growth response of the Phycomyces 
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sporangiophore have been investigated. First, a response may be evoked 
either by an increase in the level of illumination which is relatively perma
nent (step-up) or brief (pulse-up), or by a decrease in the level of il
lumination which may be of long (step-down) or short (pulse-down) 
duration (Delbriick and Reichardt, 1956). After a stimulus of the pulse-up 
type, the growth rate of the sporangiophore remains unchanged for about 
2.5 minutes. It then increases to a maximum after 5 minutes, decrease:) 
rapidly to a minimum about 8 minutes after the exposure, and finally re
turns to the initial growth rate after another 12 minutes. The response to a 
stimulus of the step-up type follows a similar course, except that thc growth 
rate never falls below the initial rate. With either a pulse-down or a step
down in illumination, the rate of elongation first decreases and then in
creases until it regains the initial rate, so that the sign of the response is op
posite to that obtained with an increase in the level of illumination. The 
average rate of elongation over the course of the response is the same as 
the rate of steady-state growth, so that the response may be said to consist 
of a redistribution of growth in time. Within limits, the magnitude of the 
response depends on the dose, and reciprocity is followed over a considcr~ 
able range of stimuli, provided that the duration of the exposure docs not 
exceed 1 minute. The action spectrum for this response has been detcr~ 
mined accurately by Delbriick and Shropshire (1960). Wavelengths in the 
blue and ultraviolet are effective, and the action spectrum shows peaks at 
4R5, 455, 3R5, and 280 m~. 

One of the interesting features of the transient response of Phy('omyces 
is that the sporangiophores show adaptation to levels of illumination that 
cover a billionfold range of intensity. Delbriick and Reichardt (1956) 
den ned the level of adaptation in mathematical terms. The response appea'.'"s 
to be a function of the ratio of the intensity to the level of adaptation a::; 
thus defined. If the ratio is unity, no response is expected; if it is greater 
than 1, a positive response should occur, whereas if it is less than 1, a 
negative response is expected. The responses observed agreed well \\.'ith 
those predicted for various programs of illumination, including an ingenious 
"sunrise" experiment in which an exponential increase in light intensity in~ 
ouced the expected above-normal growth rate for as long as the increase 
could be maintained. 

Whether the transient light-growth response of Phycomyces is homologous 
with the light-induced growth response of Thamnidium is questionable. Not 
only is the initial sign of the response opposite in the two cases-light in
duces an increase in the rate of growth of Phycomyces sporangiophores 
hut a decrease in the rate of elongation of the Thamnidium sporangiophore 
-but also the pace of the response in Thamnidium is so leisurely as to 
suggest a different system of response. 
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C. Synthetic Reactions 

Reference has been made to the work of Cantina and co-workers (Sec
tion II. A). with Bla.l'locladiella. who have reported that the synthesis of 
nucleic acids and other chemical reactions is stimulated by light. More
over. it will be noted below (Section IV, B) that, with the exception of 
Blas/Oc/adiella, all the light-induced growth responses studied thus far ap
pear to involve an effect upon wall synthesis. 

Another type of response has involved the synthesis of pigments in fungi. 
Thus. Schaeffer (1953) has reported that blue light depressed melano
genesis and tyrosinase activity in a mutant of Neurospora crassa. The op
posite effect of light on melanin formation has been described for Aureo
basidium pullulans (Lingapapa et al., 1963) and Cladosporium mansoni; 
(Sussman et al., 1963). The two latter organisms differ in their response to 
light on certain media, variations which influence melanogenesis drastically. 
Growth of A. pullulans was stimulated markedly when polysaccharides like 
starch and dextrin were the carbon source. Moreover, light-grown cells of 
C. man.l'onii were about 3 X 5 I' and predominantly mycelial, compared to 
dark-grown ones which averaged 13 X 14 I' and were mainly unicellular. 
Finally, it is a common observation that cultures of Neurospora turn pink 
in the light. Zalokar (1954) has established that carotenoid synthesis is 
stimulated under these conditions. 

III. ORIENTED RESPONSES 

A. Phototaxis 

Responses by movement to asymmetrical illumination appear to be rare 
in fungi. Such responses might be possible in motile zoospores of aquatic 
phycomycetes or slime molds, but so far they have not been reported. The 
presence of an eyespot in the swarmers of Labyrinthula algeriensi.\· 
(Hollande and Enjumet, 1955) suggests that these cells might respond to 
light, but the eyes pot also provides an argument for excluding these or
ganisms from the Myxomycophyta. 

Perhaps the only authentic case of phototaxis in an organism usually in
cluded with the fungi is the positive phototactic response of the migrating 
pseudoplasmodium of species of Dictyostelium. These communal entities 
are extremely sensitive to light. For example, light from a I-watt neon 
lamp sufficed for the routine orientation of pseudoplasmodia of D. muco
roides (Bonner and Shaw, 1957), and migrating pseudo plasmodia of 
D. discoidellm will move toward the light from the dial of a luminous wrist-
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watch (Bonner. 1959). Tn a more quantitative study (cf. Raper, 1962), 
almost half the pscudoplasmodia tested responded to a 30-minute exposure 
to 0.04 ergs/mm' /second. 

The mechanism of the phototactic response of D. discoideum is not well 
understood. The light stimulus is perceived by the anterior portion of the 
migrating pseudoplasmodium, and a lens effect seems to be involved. be
cause when pseudoplasmodia were illuminated with a small spot of light, 
they turned out of the beam (cf. Raper, 1962). Although Bonner et aI. 
(1950) found that pseudoplasmodia responded to all wavelengths from 
380 to 700 ml', it would appear that the photoreceptor was saturated by 
the relatively high intensities used. because a more precise determination 
of the action spectrum with low intensities from a monochromator indicated 
a major peak of sensitivity near 425 ml' with a lesser peak near 550 m" 
(d. Raper, 1962). 

B. Phototropism 

Responses by growth toward asymmetrical light stimuli are shown by 
representatives of all the major groups of filamentous fungi. Much of the 
literature on phototropism is included in the comprehensive and critical 
review by Banbury (1959), and the subject is treated by Carlile (1965). 
In a few cases, phototropic responses of vegetative hyphae have been 
observed, but in most cases it is reprouuctive structures that respond to 
asymmetrical illumination. 

1. Vegetative Hyphae 

Negative phototropic curvature of germ tubes from urediospores of seven 
species of Puccinia was reported by Gettkandt (1954), but the occurrence 
of the response appears to be sporadic: germ tubes of three other species of 
the same genus were unaffected by light. Germ tubes of germinating conidia 
of Botrytis cinerea were also found to be negatively phototropic. By the lise 
of glass filters, Gettkandt determined that blue, violet, and ultraviolet light 
induced curvatures of germ tubes of Puccinia recondita, and wavelengths 
of 450-480 ml' were most active. 

The response of rust germ tubes differs from that of most reproductive 
structures that have been studied in detail because the curvatures result 
from inhibition of elongation of the wall farthest from the source of light. 
As has been mentioned, Gettkandt (1954) showed that light inhibits the 
elongation of germ tubes. This inhibition was confirmed by the use of 
Buder's half-lighting technique. When only one longitudinal half of the tip 
of a germ tuhe was illuminated, the tip curved toward the illuminated half. 
Further, Gettkandt considered that positive phototropic curvature of germ 
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tubes immersed in mineral oil was evidence for a lens clTcct. Thus, since 
the germ tube acts as a cylindrical lens, light is focused on the wall farthest 
from the source when a tip is illuminated unilaterally. so that growth of the 
wall is inhibited, and a negative phototropic curvature is produced. 

2. Reproductirc Structures 

The reproductive structures of many fungi have been shown to respond 
to unilateral illumination. In the Phycomycetes, the sporangiophores of 
many of the Mucorales are positively phototropic; and in the Entomoph
thora\cs, the conidia of COl1idio/Jolus, Entomophthora, and Basidiobolus 
arc discharged toward light. In Ascomycetes. the stipes of the apothecia of 
such discomyeetes as A ICl/ria rCl'ant/a (Elliott. 1927) arc positively 
phototropic, and the beaks of the perithecia of many pyrenomycetes curve 
toward a source of light (Backus, 1937; Ingold and Hadland, 1959; 
Callaghan, 1962). Buller (1934) observed phototropic responses of the 
asci of some 15 species of Discomycctcs. In some, slIch as Aleuria l'esicu
losa and species of Ascobo[us, the asci begin to grow in the direction of the 
light relatively early in their development. so that the upper third of each 
ascus is curved. In others, sLlch as Ciliaria sell/clio/a, MelaMi::.a miniata, 
and Cheilymenia vinucea, the response begins so late that only the pore 
through which ascosporcs arc discharged is displaced toward the source of 
light. The paraphyses of Alcl/ria \'l'sicl/lo,w arc also positively phototropic. 

In Basidiomycetes, the stipes of some hymenomycetes arc positively 
phototropic, For example, when l_ell/l1ll1.\' Icphlells is grown in darkness, it 
develops a fingerlike stipe which is positively phototropic until the pileus 
begins to develop (Buller. 19(5). Similarly, the fruit bodies of Coprinus 
lIirellS are positively phototropic until the stipes arc 3-4 cm long, but sen
sitivity to light is lo!->t shortly before the pileus begins to expand (Buller, 
1909). 

Little is known concerning the mechanism of the responses of multi
cellular structures, such as the stipes of hymenomycetes or the beaks of 
pyrenomycetes. The spectral limits of the response have been established 
for Soularia (Ingold and Hadland. 1959), ['Iel/rage (Callaghan, 1962), 
ano Coprinus (Harriss, 1934), and all these fungi respond to light only at 
the blue end of the spectrum. JdTreys and Greulach (1956) were unable 
to relate the response of COIH'if/uS to indoleacetic acid, but the experiments 
of Gruen (1963) provide convincing evidence that the gills are the source 
of a substance that promotes the growth of the stipe of Agariclls bi,\'!)()rus, 

Although this species is not itself phototropic, it is tempting to suggest that 
lateraJ displacement of some such substance might be involved in the 
response of phototropically active mushrooms. On the other hand. the sug
gestion of Banbury (1959) that the response of the stipe might be the 
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summation of the responses of the individual hyphae is equally plausible at 
this time. 

Morphological and mcchanical aspects of the phototropic response have 
I-cell studied in the sporangiophorcs of several phycomycetes. particularly 
I'hycomyces (cr. Dl..'lhriick, 1463; Shropshire, 19(3). TIl(If11l1idiu/}/ (1.)'tl1-

goe, 1961), and Pi/ahalll.l· (cf. Page, 1962). 130th young (stage I) and 
older (stage lVb) sporangiophorcs of Phycomyces show positive CUfV<J

tun~s under must conditions, but the latter have been stuJicu most inten
sively. When a sporangiophore is illuminated unilaterally, it begins to bcnu 
after a Jag of 3-5 minutes, and bending continues at a rate of 5-7 degrees 
per minute until the sporangiophore is directed either toward the light or 
somewhat above it. The tendency of sporangiophores to aim somewhat 
above the source of light at low intensities has heen ascribed hoth to optical 
effects and to an equilibrium between phototropism and gl.:otropism (Varjll 
el al., 1961). 

Ncgativc phototropic curvatures have been observed in Phyc01nyce.I' 
under three conditions. First, if sporangiophores arc submerged in mineral 
oil (refractive index 1.47) or fluorochemicals, they bend away from light 
(Buder. 191 R: Shropshire, 1962). Second, sporangiophores respond nega
tively to ultraviolet light (235-312 ml') (Curry and Gruen, 1957, 1959). 
Third, if a sporangiophore that is in the process of responding to unilateral 
illumination is subjected to a flash of inten~e light from any direction, it 
bends away from the first source of light brieny, then reverses and res limes 
bending toward the first light (Castle, 196Ia). The first two types of nega
tive phototropism arc explicable in optical terms, but the third lype is a 
puzzling phenomenon which must be taken into account in any g.eneral 
explanation of the phototropic response. 

There are two intriguing questions with regard to the phototropic response 
of Phycomyces. First, how is the direction of curvature maintained in a 
structure that elongates by spiral growth? I n order to account for all the 
features of the responses of sporangiophores. a three-layered system was 
postulated (Cohen and DelbrUck, 1959; DelbrUck and Varju, 1961; 
Shropshire, 1963) in which the inner layer with the photoreceptor is at
tached to the sporangium and twists but docs not stretch, a middle layer 
("inner wall") is attached to the base and stretches but docs not twist, and 
the outer layer twists, stretches, and passively follows the course of the 
"inner wall." These hypothetical layers have not yet been related to visible 
structures. 

A second question is, what is the n.'lalionship hetween the transient 
response of Phycomyces and the phototropic response? Since both responses 
occur in the same general region, and since their action spectra are identi
cal, it is reasonable to suppose that they share the same mechanism; how-
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ever, they differ in two respects: the tropic response docs not show 
adaptation, and the tropic response is continuous, whereas the transient 
response is completed in a few minutes. That a tropic response can be in
duced in the absence of a transient response was shown by the simple but 
ingenious expedient of changing the direction of illumination without alter
ing its intensity (Castle, 1961b). From this and other experiments, Castle 
concluded that phototropism is a steady-state process and cannot be 
founded on differential light-growth responses. 

Although it has not yet been studied in detail, the phototropic response 
of Thamnidium (Lythgoe, 1961) appears to differ considerably from that 
of Phycomyces. When a sporangiophore of Thamnidium is exposed to 
unilateral illumination, there is no response for approximately 40 minutes, 
then the sporangiophore begins to bend, the first curvature appearing about 
100 I'" below the tip. Thus the curvature does not become apparent until 
after the sporangiophore has passed the growth rate minimum described 
previously (Section II, B, I). If unilateral illumination is stopped when 
the growth ratc reaches its minimum, the sporangiophore does not bend. 
If a sporangiophore is illuminated from onc direction until the minimum 
is reached, then allowed to remain in darkness for 10 minutes, and final1y 
illuminated from a second direction, it bends toward the second light. 

From these data, Lythgoe (1961) concluded that in Thamnidillm "the 
phototropic response is divided into two stages; (I) an unorientcd reac
tion associated with the slowing of the growth rate, which causes the eell 
to become sensitive to laterally asymmetric illumination; (2) the photo
tropic response proper where the cell has become sensitive to laterally 
asymmetric illumination and which is associated with an increase in growth 
rate." Further evidence that light stimulates growth of the wall farthest 
from the light during phototropic curvature was the reversal of the sign 
of the response when sporangia phares were immersed in mineral oil. 
Whether a similar two-stage response occurs in other genera of mucors is 
not known. 

The morphology of the response of sporangiophores of Pilobolus differs 
in young and mature structures. Mature sporangiophores respond to uni
lateral illumination by bending at a point basal to the subsporangial swell
ing. After a lag period of about 20 minutes, the sporangiophore begins to 
bend and continues to do so until it passes the direction of light; it then 
reverses direction until the sporangiophore is aimed directly at the light. 
If curvature of the sporangiophore is plotted against time, the resulting 
eurve has the form of a damped oscillation (Page, 1962). At least 
under certain conditions, young sporangiophores respond in quite a differ
ent manner. If young sporangiophores in which the sporangium has not 
begun to develop and which have been in darkness are exposed to uni-
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lateral illumination, they respond by growing in the direction of the light 
after a latent period of about I hour. In this case the response consists of 
a relocation of the growing zone rather than of differential growth. 
Whether young sporangiophores which have been elong'tting in light re
spond in this way or in the manner of Phycomyces and Tlwl1lnidiwn is 
not known. There is some evidence that hoth types of response occur, but 
the matter requires further investigation. 

C. Optics and the Location of Phoforeccptors 

The optical properties of sporangiophores of the Mucorales have beer 
investigated in !'>omc detail because of their relation to the location of th, 
photoreceptor and the nature of the response. The photosensitive portior 
of the Phycomyces sporangiophore has been considered to have the prop 
erties of a cylindrical kns. This conclusion is supported by the reversa 
of the response when sporangiophorcs arc immerscd in mineral oil (Budcl 
191 8) or fluorochemicals (Shropshire, 1962) with a refractive illllc 
higher than that of the cell sap. Buder (1918) assumed that thc phote 
receptor was located in cytoplasm adjacent to the wall. so that, when th 
sporangiophore was illuminated from onc side in air, light was focused c 
the cylindrical lens in such a way that the density of the luminous flux w, 
greater near the wall farthest from the light than ncar the wall closest 1 

thc light. Under mineral oil, the situation was reversed. The 1cns effe 
docs not prove that the photoreceptor is locatcu near the walI, because 
Castle (1933) pointed out, in a cylindrical lens the integrated path ]cng 
of the light rays is greater in the half of the cylinder farther from the lig 
than in the half nearer the light, so if the photoreceptor were unifonr 
distributed, the same result would be obtained in the mineral oil expe 
ment. Further evidence for a lens effect is the fact that the sign of t 
response of Phycomyces sporangiophores is reversed when sporangiophoJ 
arc exposed to unilateral ultraviolet light (Curry and Gruen, 1957, 195' 
because Dennison (1959) found that sporangiophores contain gallic ac 
which absorbs strongly those wavelengths which induce negative cur 
tures. This internal screen blocks the lens effect, so that negative cur 
tures result from the stimulation of elongation of the wall nearest the Ii 
(Dclbriick and Shropshire, 1960). More direct evidence for the lens eft 
was reported by Shropshire (1962), who found that curvature could 
reversed by interposing a small cylindrical lens between the Phycomy 
sporangiophore and a light source, so that the sporangiophore was expo 
to diverging rays. 

It is dimeult to reconcile a lens efTect with the behavior of young s 
rangiophores of Pi/obo/us, at least in those cases in which the spor 
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giophorcs respond by relocation of the growing zone. It is of interest in 
this connection that young sporangiophores of P. kleinii respond negatively 
to unilateral illumination with ultraviolet light (Page and Curry. 19(3). 

With respect to the longitudinal distribution of the photoreceptor in 
Phycomyces, Castle (1959) proposed that since the transient response 
was distrihoted throughout the growing zone, the photoreceptor must I)e 
abo. This conclusion was supported by the results of Cohen and Delbriick 
(1959), who illuminated various parts of the growing zone with narrow 
beams of visible light; however, the reactive zone appeared to be morc 
limited when ultraviolet light was used (Delbriick and Varju, 1961). 

Vnlike the other sporangiophores, the mature sporangiophore of I'i
lobulus docs nut align itself along the resultant when it is exposed to two 
equal sources of light simultaneously; rather, it aims at either one light or 
the other if the angle between the lights exceeds about 7 degrees (Jolivette, 
1914; van dcr Wey, 1929). In secking the explanation for this behavior, 
Buller (1934) made a thorough study of the optics of the sporangiophore 
and concluded that the subsporangial swelling acts as a lens which focuses 
light on the back wall of the sporangiophore unless it is aimed directly at 
a light, in whkh case the orange ring at the base of the subsporangial 
swelling is illuminated symmetrically. Van der Wey (1929) reached a 
similar conclusion at about the time that Buller was making his observa
tions. That the orange ring docs not actually contain the photoreceptor is 
indicated by the results of Schneider and of Paul (cf. Banbury, 1959), who 
probed the area with narrow beams of light and found the region \vith the 
Gmnge pigment to be. in~cn~iti'le. It would appear from thc~c rc~u\ts tha.t 
the ~hotosensitive region is below the orange ring. 

Additional information on the location and condition of fungal photo
receptors has been obtained by the usc of polarized light. Since spores of 
BOlrytis cinerea tend to germinate parallel to the vibration planes, and 
since partially illuminated spores germinate from their brightest parts, 
latle and Etzold (1962), concluded that the photoreceptor molecules are 
oriented with their axes of maximal absorption perpendicular to the cell 
surface. On the basis of an extensive survey of the literature, these authors 
suggested that photoreceptor molecules arc generally highly oriented, but 
there is no rule as to the plane of orientation. From their own data, Jaffe 
and Etzold deduced that the photoreceptors in Botrylis lie about 0.5 p. from 
the surface either in the inner half of the wall or in the boundary between 
the wall and cytoplasm. 
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IV. MECHANISM OF LIGHT RESPONSES 

A. Photoreceptors 

Not only is the precise location of photoreceptors in fungi uncertain, 
but also there is controversy with regard to their identity. From the fact 
that the action spectrum of the phototropic response of mature sporangio
phares of Pilabolus, as determined by the use of filters, resembled the 
absorption spectrum of {:I-carotene, BUnning (1937, 1938a,b) concluded 
that the photoreceptor in both fungi and Avella was a carotenoid. The 
conclusion drawn from this pioneering work went unchallenged until 
Galston and Baker (1949) reporh!J that im.lokacctic acid is destroyed by 
riboflavine in vitro ano suggested that the photoreceptor irlvolvcd in higher 
plant phototropism might be a flavine or a flavoprotein. The absorption 
spectra of ftavincs and carotcnoids arc so similar in the visible part of the 
spectrum that even detailed action spectra, such as those for phototropism 
(Curry and Gruen, 1959) and the transient growth rcsponse (DelbrUck 
and Shropshire, 1960) of l'hycomyces, do not permit a clear decision to 
be made between the two classes of pigments. The peak at 365-380 mv 
shown by these action spectra as well as a less detailed ooe for the photo
tropic response of young sporangiophorcs of Pi/obo/us klein;i (Page and 
Curry, 1963) favors the Ilavilloid hypothesis, but until the condition of 
the photoreceptor-whether it is attached to a protein or whether it is dis
solved, and in what-is known, further speculation is idle. 

The similarity of the detailed action spectra as well as of the spectral 
limits determined for other oriented and nonoriented responses suggests 
that one pigment (or class of pigments) functions as the photoreceptor 
in the vast majority of cases. A possible exception is Entomophthora 
coronala (= Conidiohollis vil/osus). This fungus projects its conidia toward 
light, and it responds to wavelengths as long as 630 m!, (Page and Brun
gard, 1961). These limits were obtained by projecting a spectrum on a 
culture and were confirmed by the use of glass filters. Further trials with 
"monochromatic" glass filter combinations have confirmed the published 
results and have indicated that the fungus is about fifty times more sensi
tive to light at 405 m" as to that at 630 m". This strain of Conidiohollis 
contains no easily extractable carotcnoids, but it does contain an uniden
tified pigment that can be extracted with acetone or dioxane and has the 
characteristics of a porphyrin with absorption peaks at 412, 506, 543, 580, 
and 630 ml" 
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R. Biochemistry 

At the present time there is little information on the biochemical mecha
nisms that underlie either the oriented or the nonoriented responses. With 
the exception of the stimulation of growth of Blastocladiella by light (Sec
tion II, A), all the responses that have been studied in detail seem to 
involve synthesis of wall material. In the case of nonoriented responses 
only a change in the rate of synthesis is required, but in the oriented 
responses a change in the site of synthesis may be required as well. How 
light induces these changes is unknown. Although Blastocladiella appears 
to be exceptional, the studies of Cantino and co-workers are valuable be
cause they constitute the only detailed information available on the rela
tionship between a response to light and the biochemical activities of a 
fungus cell. Even more pertinent to an understanding of the general pat
tern is the report by GWens and Shropshire (1963) that the concentra
tion of reducing sugar and other metabolites parallels the course of the 
transient response of Phycomyces; and in their oral presentation, these 
workers reported that the concentration of ATP increased after sporangio
phares had been exposed to a saturating pulse-up exposure. If this ATP 
could be shown to provide the energy for wall synthesis, a link between the 
reception of light energy and a visible response would be established. 
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I. INTRODUCTION 

Fungi, like all other organisms, arc exposed to the natural radiations 
of our environment, i.e., ultraviolet radiation, visible and infrared radia
tions, cosmic rays, radioactive decay. These radiations may be damaging, 
beneficial, or innocuous depending on the nature of the fungus and the 
nature of the radiation. 

In this chapter the effects of radiations on fungi arc considered primarily 
with respect to elfect on the fungi and secondarily from the point of view 
of information derived as to the mechanism of radiation effects. We will not 
deal with the recent genetic work based on the very important observations 
that radiations produce mutations in fungi and that these can be used as 
"markers" for genetics and biochemistry. This subject is discussed in 
Chapter 29. 

II. CHARACTERISTICS OF FUNGI THAT INFLUENCE 
RADIA nON EFFECTS 

It might not be obvious that the nature and characteristics of the fungus 
interact with the character of the radiation to determine the cffect of the 
radiation. A fungus proliferating primarily as a cocnocytic mycelium, or 
sporulating via multinucleate conidia, might be expected to show very 
little response to a dosage of radiation that might prove extremely damaging 
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to a fungus sporulating via uninucleate conidia. This is not to say necessarily 
that similar damage \vas not wrought in all cases. Rather, it is a matter of 
the time of expression of the effect. In the case of the uninucleate conidia, 
the effect of the radiation might appear almost imm~diatcly upon g,crmina
tion. In the case of multinucleate mycelia or conidia, the cxprc~silln might 
be masked for a considerable period of time, or indefinitely if the alTeeted 
nuclei do not survive in the intramycdial or conidial competition. 

It is implieu in thc above that the primary site of radiation efTccts is the 
nucleus, or a reIated structure. This is an oversimplification since there are, 
of course, important cytoplasmic efTects of radiation as well, which will be 
discussed below. 

There are other characteristics of fungi that influence the exprc"ion of 
radiation effects. These inc1ude the slate of nutrition, whether the organism 
is actively dividing or at rest, the particular strain of organism being ir
radiated. We will consider these "internal" modifying factors, as well as 
"external" modifying factors such as temperature, moisture content, oxygen 
level, etc., later. 

It will be obvious at this point that, for experimental irradiation work 
with fungi, a wide choice of conditions arc available. Depending on the 
specific objective, onc might wish to work with a suspenston of uninucleate 
conidia, or with genetically marked multinucleate conidia, or with hyphae, 
or with haploid or higher-ploid yeast cclls, or with an organism that has a 
sexual cycle, or with one that produces resistant spores, or with a starved 
suspension of conidia, or with germinating spores, etc. The point is that 
there is an interaction between the flmgtlS and the radiation, and that fungi 
arc excellent experimental objects for radiation research becausc a variety 
of such interactions can be set up and controlled. The nature and state of 
the organism at the time of irradiation, as well as before and after ir
radiation, can influence the outcome of a radiation treatment. This must be 
kept in mind when reading the literature on irradiation of fungi, or when 
designing experiments in this area. 

III. EFFECTS OF IONIZING RADIA nONS ON FUNGI 

A. Mechanism of Action 

The mechanism through which ionizing radiations exert their biological 
effects is not fully understood. For purposes of this presentation, it will be 
enough to refer to some of the literature directly pertaining to studies of 
radiobiological mechanisms (sec, for example, the general references listed 
at the end of the section, as well as Zirkle and Tobias, 1953; Barron, 
1954; Dale, 1954; Alper, 1956; Howard-Flanders and Alper, 1957; Gray, 
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1959) and to restate what appear to be the most productive hypotheses. 
The direct action theory \tatcs that a sensitive (nuclear) site is affected by 
an ionizing particle: the indirect action theory statcs that ionization pro
duces chemical changes. sllch as frec radical formation, and that these 
chcmical entities produce the observed rauiobiological effects. Thc inuirect 
action theory! allows for somewhat greater flcxibility and appears hetter able 
to accommodate such ohservations as effects of chcmicals, cflccts of changes 
in oxygen level, effeets in changcs of phase state, ionic yields greater than 
unity. At present. the most reasonable view, in this author's judg.ment, re
tains the feature of the target theory of a sensitive site anu combines this 
with the indirect theory of radiation-induccd chemical cvents which. in 
turn, afTeet sensitive sites (Zirkle and Tobias, 1953; Dale, 1954; Gray, 
1959). The modifiahle direct-action model (Alper, 1956; Howard
Flanders and Alper, 1957; Alexander, 1957) would morc explicitly state 
that thc primary chemical change occurrcd directly in the scnsitivc site. As 
active research continues in this field, it seems quite within the rcalm of 
possibility that an entirely new synthesis of current theories may emerge. 
For the prescnt, the theories as stated provide adequate operational models 
on which to base critical tests (see Wood, 1959). 

The literature covering efTects of radiation on fungi was summarizcd by 
Pomper and Atwood (1955). Among recent reviews of radiation effects on 
microorganisms, including fungi, arc thosc by dc Serres (1961) and 
Stapleton (1960). 

It will help in understanding the subsequent material to define the com
monly used units of ionizing radiation (Morgan, 1963): 

r: The roentgen (r) is the unit of exposure of X- or rradiation such that 
the associated corpuscular emission per 0.001293 gm of air produces, in 
air, ions carrying 1 electrostatic unit (esu) of quantity of electricity of 
either sign. This means that 1 r produces 1.61 X 10" ion pairs per gram of 
air, which corresponds to the absorption of 83.8 ergs of energy per gram of 
aIr. 

rad: The rad is the unit of absorbed dose corresponding to 100 ergs per 
gram of medium or tissuc. 

rep: The roentgen-equivalent-physical (rep) is the quantity of ionization 
produced when 83 ergs are dissipated by the radiation per gram of tissue. 
]t may be lIsed to express ionization in tissues caused by radiations other 
than X- and ,-rays (electrons, protons, a-particles, neutrons). 

B. "Non genetic" Effects 

The majority of studies on radiation cffects on fungi have dealt with 
what might bc considered genetic manifestations, i.e., mutational or lethal 
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effects. There are, obviously, also "nongenetic" effects of ionizing radiation 
on fungi, and some of these will be considered now. 

When cc11s of Saccharomyces cerevisiae are X-irradiated, cell division 
may be retarded (Holwcck and Lacassagne, 1930). There is a substantial 
increase in cell volume, which at LD~>\\ was reported to persist for at least 
3 to 4 generations (Brace, 1950). Moderate exposures to X-rays were re
ported by Burns (1956) to cause little delay in budding of interdivisional 
cells, but there was about a sixfold delay in the time of appearance of the 
third generation after irradiation. The fourth-generation division time was 
little afTected. Budding cells were found to be 5-6 times as resistant to 
radiation-induced delay as non budding cells. An actual increase in the rate 
of growth after an initial delay was observed by James and Miiller (1961) 
with S. cerel'isiae. After inhibition was ended (second division), the mean 
generation time for irradiated (5000 r) cells was 1.45 hours as compared to 
1.68 hours for control cells. This stimulatory effect was interpreted as a 
direct stimulation of the rate of mitosis. 

A variety of biochemical consequences must be expected to result from 
exposing a fungus to ionizing radiation. A recent review of biochemical 
effects of X-radiation in various organs, organisms, and microorganisms 
(Stocken, 1959) provides a good background of information in this area. 
Rothstein (1959) reviewed some of the biochemical and physiological 
changes that occur in irradiated yeast. 

Gray (1959) reported that adaptive enzyme formation in yeast was not 
inhibited by irradiation up to 400 krad. Tai (1962) found an increase in 
catalase activity in X-irradiated (5400 rad) conidia of Aspergillus niger. 
This was interpreted as induction of catalase formation by hydrogen 
peroxide produced as a result of irradiation of the meuium, but other in
terpretations could be applied to this observation based on clfects known to 
occur in the internal milieu of irradiated cells. For example, Bair and 
Stannard (J 955) showed a relationship between the clTects of X-radiation 
on metabolism of yeast cells and the electrolyte balance of the cells and/or 
medium. They demonstrated that the effect of a particular X-ray dosage on 
respiration or fermentation depends on the composition of the medium 
during irradiation (particularly the hydrogen and potassium ion concentra
tions). the time elapsed between irradiation and testing, prior starvation 
(which sensitizes), and treatment with potassium-free ion exchange resins 
(Dowcx 50) before or after irradiation. Bair and Stannard found that 
X-radiation increased cell permeability, and hence conditions promoting 
loss of potassium ions sensitized the cell. Conversely, addition of extra 
potassium protected against, or partially reversed, X-radiation effects. Very 
large doses arc required for seriolls damage to respiration or fermentation 
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of intact cells. Bair and Hungate (1958) found that ethylenediaminetetra
acetic acid (EDT A) increased the radiation sensitivity of S. cerevisiae, in
terpreted on the basis of a general change in the electrolyte balance of the 
cciI. Also of interest in thi ... connection is the report (Engelhard e( al.. 
1959) that X-radiation could be used to selectively inactivate the centers 
controlling ion transport separately from those controlling survival, and 
that the ccntt.:fS controlling ion transport do not contain fermentation 
enzymes. It seems likely that usc of ionizing radiation as a tool to help 
characterize the internal organization of a fungal cell pn:scnts a worth
while field of research. 

The effect of X-radiation on the phosphorus metabolism of fungi has 
been shown to be fairly complex. Forssbcrg and Novak (1960) found 
that irradiated sporangiophorcs of Phyconzyces ~howcd an immediate in
crease in acid-labile organic phosphate accompanying a decrease in growth 
rate (period of approximately 3 minutes after irradiation). Then, there was 
a decrease in acid-labile organic phosphate in the next 5-10 minutes, ac~ 
companying an increase in growth rate. A steady state was reached about 
15-20 minutes after irradiation. Other biochemical changes were occurring 
during this period, as inferred from changes in the rate of lactic acid 
production. Spoerl el al. (1959) found an increase in acid-insoluble poly
phosphates in X-irradiated S. cerevisiae under irradiation conditions such 
that division was inhibited. They also found an increase in p:\:2 incorporation 
into acid-soluble organic phosphate of irradiated cells. Gal'tsova and 
Novichkova (1962) made the interesting observation that three strains of 
Saccharomyces responded to bw doses of X-rays by increasing their protein 
content by 10--20%. Higher doses caused large increases in the contents of 
amino acids found in the protoplasts. 

C. "Genetic" Effects-Killing and Mlltation 

There is a fairly extensive body of literature on killing of fungi and in
duction of mutations with ionizing radiations of various types and energies 
(see, for example, Zirkle, 1940; Stapleton et aI., 1952; Stapleton and 
Hollaender, 1952; Zirkle and Tobias, 1953; Sinclair et al., 1959; Sayeg el 

al .. 1959; Kafer, 1963). Although all the data in the literature are not in 
agreement, it appears that in general more densely ionized radiations kill 
fungi more effectively, i.e., at lower dosage, than do more dispersed radia
tions. It should be noted that the reverse was observed for mutation in
duction in Aspergillus lerrells by Stapleton el al. (1952). Sayeg el al. 
(1959) made an extensive series of irradiations of haploid Saccharomyces 
cerevisiae: they found that radiation sensitivity increased with increasing 
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lincar energy transfer (LET) until it reached a maximum corresponding to 
a relative biological effectiveness (RBE) of 2 for 3.4 Mev a-particIcs from 
Po~w. Some of these results arc shown in Table I. Possible sources of con-

TABLE I 

RADIATION SENSITIVITY OF HAPLOID S{/('charom)'('{'.I' ct>reri5i(l(''' 

(I) (2) (3) (4) (5) (6) (7) (8) 

Slope of 
Total 50·kv 

average Slope of X-ray 
LET survival survival Cross sCdion Approximn\c 

Expt. (Mev curve LDw curve for inattivatioll lim..: r'ltc 
no. R<ldiation cm 2/gm) (10-1 md-I) (rads) (lO-trad- l ) (IO-S cm2/paflic\c) (rads/min) 

I. Alpha (27 Mev) 258 :::I:: 6 2.40 ± 0.18 2890 2.24 ± 0.22 0.0991 ± 0.0076 1100-2300 
16 Alpha (6 Mev) 850 ± 100 3.05 ± 0,41 2270 2.24 ± 0.22 0.416 ± 0,074 3300-10,000 

" Deuteron 48 ± 2 1.96 ± 0.11 3550 2.24 ± 0.22 0.0150 ± 0.0010 1100-2100 
(19 Mev) 

2., C(lrbOIl 2680 ± 300 2.57 ± 0.12 2700 2.24 ± 0.22 1.10 ± 0.13 9Q()-1800 

(65 Mev) 
26 Carbon 4450 ± 540 1.72 ± 0.10 4030 2.24 ± 0.22 1.23 ±0.17 1200· 3000 

(30 Mev) 

3, C;lrbon 2600 ± 200 2.51 ±0.12 2760 2.29 ± 0.22 1.04 ± 0.09 400 750 
(67 Mey) 

36 Carbon 5080 ± 460 1.29 ± 0.08 5370 2.29 ± 0.22 1.05 ±·0.12 1000-150() 
(24 Mev) 

4:1 Alpha (PO!LO) 1250 ± 50 4.30 ± 0.23 16\0 1.95 :1::: 0.20 0.862 ± 0.035 42,000 
4b X-ray (220 kv) 20 ± 5 2.16 ±0.14 3200 1.95 :±: 0.20 '00 

Alpha (P0110) 1230 ± 50 3.86 ± 0.23 18110 2.12 :±:O.20 0.761 ± 0.037 500() 

n Data of Sa)cg el (d. ((959) s[lOv.ing th~t the m.lXimulll killing effcctiveness W;IS obl;Jincd with 1>0'10 
<>_partick~. 

fusion as regards the RBE of various radiations arc discussed by Beam 
(1959). The present discussion will be concerned primarily with lethal 
genetic effects rather than nonlethal genetic efTects since the latter arc 
covered elsewhere in this treatise and earlier by Pomper and Atwood 
(1955). 

As considered earlier, there is an interaction between the fungus and 
the radiation, as well as the environment and the radiation. We will discuss 
several of these interactions, namely, the efTects of ploidy, mitotic stage, 
starvation, temperature, moisture, other radiations, and oxygen. It will be 
noted that a large proportion of the work cited deals with yeast. This is so 
for two reasons: first, it is the writer's own area of interest; and, second, in 
recent years the suitability of yeast as a closely controllable subject for 
radiation research has become better appreciated. It seems likely that, in 
the broad sense, what holds true for one fungus will hold true for others 
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and that translation of broad conclusions from one genus to another will be 
profitable. 

1. Kinetics 

Haploid yeast cells are inactivated exponentially by X-rays under prop
erly designed test conditions; polyploid yeast cells arc inactivated sig
moidally (see, for example, Latarjet and Ephrussi, 1949; Lucke and 
Sarachek, 1953; Pomper et al., 1954). Various interpretations have been 
placed on this type of observation (Atwood and Norman, 1949; Lindcgren 
et al., 1959; Mortimer, 1958; Magni. 1959). The best synthesis at this 
time appears to be that the mechanism of inactivation is complex, in
volving primarily recessive and dominant lethal mutations, non genetic 
effects playing a lesser role. Mortimer's (1958) evidence indicated that for 
haploid S. cerevisiae cells the primary cam:c of inactivation was recessive 
lethal mutation, whereas with higher ploidies dominant lethal mutations be
came morc important. As a consequence, tetraploid cells were more radio
sensitive than diploid cells. Mortimer (1958) did not find an integral rela
tionship between ploidy and zero-dose extrapolate of the survival curves, as 
had been reported by Lucke and Sarachek (1953) (Fig. 1). Beam (1959) 
found that tetraploid Hal1senula anomaia was more resistant than diploid 
H. {{noma/a, and this was interpreted as indicating a preponderance of 
recessive lethal mutations. It appears desirable that additional welI-ehar
acterized c1.ones be analyzed in this regard since unpublished experiments 
of the writer indicated that tetraploids were slightly more sensitive than 
diploids, but that triploids were more resistant than either. From this brief 
discussion, it should be ckar why in an earlier discussion on inactivation of 
fungi by ionizing radiation (Pomper and Atwood, 1955) it was concluded 
that interpretation of survival kinetics could only be made on very welI
defined systems and that thl.: signit1cance of much of the 1iteraturc on ir
radiation of fungi could not be assessed. 

Evidence that the kinetics of inactivation of haploid uninucleate fungal 
cells by ionizing rauiation were more complicated than a simple logarithmic 
kill was seen in the data of Latarjet and Ephrussi (1949), and this problem 
has been studied extensively hy Beam and his colleagues (1954; Beam, 
1955,1959) and by Elkind and Sutton (1959a,b). The basic observation 
was that the inactivation of haploid S. cerevisiae cells was logarithmic in 
part, but then "tailed" off as though a portion of the population were 
radioresistant (sec Fig. 2) (Beam et (/1.,1954). The resistant fraction was 
shown to consist primarily of cells in the process of budding rather than 
merely of clumps of cells. When rapidly growing cells were harvesteu and 
then stored in bufTercd sugar solution, the radioresistant fraction decn.:::ased 
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• 

o 18.4 30.8 736 92.0 
Dose (kilo - roentgens) 

F IG. I. Relalion~h ip between ploidy and survival curves. 0-0. H aploid 
( 13,80.J). slope 0. 10: 11-• . diploid (11.296). sillpe 0.1 1: 0-0. diploid ( 11.294). 
slope 0.086; . - . . triploid (13.894 X 11.29.J). slope 0.050: 1::,.-1::,., tetraploid 
( 11,294 X 11,296) , ~I opc 1.1 0. From Lucke and Sarachck ( 1953). 

from about 10% of the population to I % or less ( Bcam, 1959). As a 
further illustration of the complex intcraction of fungi wi th ionizing radia
tions, we may no te the inte rest ing observation that thc n-partic le-X-ray 
RBE ror the resting yeast cell can be changed from abollt 0 .7 ( 0 about 2.0 
either by starving the yeast o r by pUlling it into a growth environment 
(Beam, 1959). T he ba ic mechanism underlying these c lTccts ha. yet to be 
eluciuatcd. 

2. Illteractioll of Other Radiatiolls 

There are unexpected in teract ions between ionizing a nd other radiations. 
The earlier literature is summarized by P omper and Atwood ( 1955). 
Fors~bcrg et af. ( 1960) working with Phycomyces found that X-irradia
tion of dark-adapted sporangiophores cau ed an immediate increase in 
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FIG. 2. X-ray surviva l cur ves by l11 icrocolony cou nting procedure; surv ival 
criterion, > 40 cells. Age of culture prior to irradiat ion, 4 days . • 0 W hole survival ; 
6 , single cells only; 0 . budtl ing ce lls only. From Beam ('{ (1/ . ( 1954). 

lactic acid production, whereas X-irradiation of light-adapted sporan
giophores caused an immed iate decrease. Uretz ( 1955) and E lkind and 
Sulton (1 959b) conc luded th at the letha l sites of X - and ultraviolet ( UV ) 
radiations ove rlap in both d ividing and interdivisiona l yeast cells. T he 
latter workers also observed ( E lkind and Sutton, 195 9a ) tha t after a slight 
pretreatment exposure to ultravio let, yeast cells were more resista nt to 
X-rays. This was attributed to killing of the nondividing cells by the UV, 
leaving only the more radio resista nt, budding fraction. They showed 
( 1959b) that a n extensive pretreatment wi th UV (such that all nondividing 
and 90% of the budding cells were killed ) resulted in yeast cells which 
were more sensitive to X -rays than the lIsua l budding cell s. X -ray lethality 
was partially reversed by post-treatment with ultravio let radiation. It seems 
reasonable to conclude from these exper iments that the sites of act ion of 
both radiations were largely the same, and that the input of additiona l 
energy after the initia l treatment might either reverse the initial d amage or 
enhance it. 
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3. Other Modifying Factors 

Very significant effects on the X-ray sensitivity of fungi are exerted by 
the level of oxygen prescnt during irradiation, the temperature, and the 
moisture content. Anderson and Turkowitz (1941), working with Torulop
sis cremoris, and Stapleton and Hollaender (1952), working with Aspergil
lus terrellS, observed that the ahsence of oxygen reduced the effectiveness of 
killing by X-irradiation. A dose reduction factor (DRF). i.e., the extent of 
the protective effect, of about 2 was observed by Beam (1955) for haploid, 
diploid, and tetraploid cells of S. cererisiae irradiated in the absence of 
oxygen. A similar DRF was obtained whether the cells were dividing or at 
rest. Wood (1960) found that acriflavine-induced petite colony mutants of 
haploid S. cerevisioe had similar X-ray sensitivity to the parental (respiring) 
strain and showed a similar rc~ponse to anoxia, phase-state change, and 
respiratory inhibitors. Moustacchi (1958) had reported greater X-ray sensi
tivity for a petite haploid strain than for a respiring strain. DifTerences in 
the genetic characteristics of these yeasts may explain the differences in re
sults. 

Wood and Taylor (1957) reported an increased DRF for frozen yeast 
cells irradiated under anoxic conditions. Stapleton and 1I0llacnder (1952) 
found that as the moisture level was reduced the efficiency of X-radiation 
treatment of A. terrefls was reduced, and that there was an interaction be
tween moi"ture content and anoxia. Thus, A. terreus spores at 25 % 
moisture (desiccated) had an LD"" of 126 kr, at 42'70 moisture (normal) 
an LD~\~\ of 74 kr~ am] at RO%, moisture (in water suspension) an LD .. m of 
52 kr. At a dosage of 60 kr, anoxia permitteu about threefold more sur
vivors at 42 % moisture, but about tenfold more survivors at 80%. 
Schwinghamer (1958) found the sensitivity of urediospores of Melam
spora lini to be constant to about 52 % relative humidity, with a twofold 
increase at 98% RH. It is interesting to note, in connection with moisture 
effects, that Hutchinson (1957) and Hutchinson et al. (1957) found the 
sensitivities of coenzyme A, invertase, and alcohol dehydrogenase in wet 
and dry yeast cells to be 100: I, 2: I, and 20: I, respectively. They calcu
lated that the maximum distance over \vhich chemical intermediates pro
duced by radiation in the \\'ater phase of these cells would diffuse would be 
about 30 A. 

The eITeet of temperature as a modifying factor of radiation damage has 
been carefully analyzed for S. cerevisiae by Wood (1954, 1959). He 
found essentially no effect on survival of yeast at temperatures of exposure 
in the range 0-45 c'C; the temperature coellicient was 0.0034 rer degree. At 
temperatures of 50 C and above, where heat inactivation of yeast becomes 
important, there was a marked increase in rad.iosensitivity. Either heat or 



24. Effects of Radiation 585 

X-ray pretreatment sensitizes haploid yeast to the subsequent treatment. 
Y C3't cells supercooled to -10 C showed little change in radiosensitivity 
whereas yeast cells frozen at -IO"C showed a twofold decrease in sensi
tivity. Wood (1959) interprets his observations as indicating that if free 
water is trapped within the cell by very rapid freezing, then radiosensitivity 
is not afTected because the free radicals would be released within the cell 
on thawing. If cells are frozen slowly, some dehydration occurs and there is 
less free water trapped within the ccli, with a dilution ciTeet of the free 
radicals in the water outside of the cells. 

In addition to the interactions noted above, there may be interactions 
hetween ionizing radiations and various chemicals. Stapleton (1960) re
cently summarized the literature on protective effects. It should be noted 
also that some chemicals may sensitize fungi to ionizing radiation. For 
example, vitamin K, (4-amino-2-methyl-I-naphthol hydrochloride) sensi
tized Torulopsis rosea and various bacteria to X-radiation (Shebata, 1(61). 

IV. EFFECTS OF ULTRAVIOLET RADIATION ON FUNGI 

A. Mechanism of Action 

The principal feature of ultraviolet radiation as applied to fungi (and 
other systems as well) is the general correlation between activity and the 
wavelengths corresponding to those of nucleic acid absorption. In general 
terms, we can conceive of the nucleic acid molecules of the chromosomes 
anti genes specifically absorbing the light energy input, and undergoing 
chemical changes which in the extreme case could be fatal for the organism. 

Some of the earlier literature on ultraviolet irradiation effects on fungi 
was reviewed by Pomper and Atwood (1955). It should be noted that all 
the fungi covered in this review showed a fairly similar action spectrum, 
i.e., maximum ultraviolet effectiveness at approximately 2600 A, with a 
single exception. The fungi noted as giving "nucleic acid"-type action 
spectra were Saccharomyces cerevisiae (Oster, 1934c), Vstilago zeae [V. 
",ardi.l] (Landen, 1939), Aspergillus niger (Zahl et al., 1939), Trichophyton 
mentugr0l'''ytes (Hollaendcr and Emmons, 1941), A. terreus (Hol1acndcr 
and Emmons, 1946), Neurospora craSSQ (Hollaender et al., 1945b), and 
Penicillium notatum (Hallaender and Zimmer, 1945). The exception was 
C/wetomiuln giobosum, \vhich showed maximum production of mutations 
at about 2800 A, i.e., a protein type excitation (McAulay and Ford, 1947). 
This work should probably be reinvestigated. In any event, it does not ap
pear to change the general conclusion that ultraviolet radiation exerts its. 
effect through nucleic acid-most likely, primarily through the nuclear 
deoxyribonucleic acid (DNA). 
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The current understanding of the action of ultraviolet light is based on 
molecular considerations (reviewed hy Deering. 1962). Thymine and 
cytosine (the pyrimidine bases of DNA) were found to be more se"sitive 
than adenine and guanine (the purine bases of DNA). About I % of ab
sorbed quanta altered the pyrimidines whereas only 0.010/" were cfTcctivc 
in altering the purines. The particular alteration that appears to occur most 
readily is formation of a thymine dimer in the DNA, such that a strong 
intcrchain chemical bond is formed. To round out the picture, a mechanism 
possibly involved in the light reversal of ultraviolet irradiation clfccts was 
found in the light activation of an enzyme which splits thymine dimers 
(Wulil and Rupert, 1962). It is reasonable to speculate that organisms 
naturally n:sistant to ultraviolet radiation may process a large amount of 
the thymine dimer-splitting enzyme, or may possess the ability to activate 
it in the absence of light energy. 

B. "Nongenetic" Effects 

As with ionizing radiation, the eO-ect of ultraviolet irradiation may be 
recognized in terms of "nongenetic" or "genetic" manifestations. Early rc
ports in the literature on growth-stimulating effects of ultraviolet radiation 
must be regarded \vith caution, since for the most part proper controls 
were not set up to take into account release of stimulatory material from 
injured cells. The fundamental work of Loofboufow (1948) clarified this 
aspect of ultravio1ct action on microbial cells by establishing that various 
compounds, particularly nucleic acid fragments, were released after irradia
tion. Studies on amino acid leakage from ultraviolet irradiated yeast were 
recently made by Swenson and Dot! (1961). 

Delay in budding was observed in several species of Saccharomyces 
(Wyckoff and Luyct. 1931; Oster. I 934a.l1,e ). Analo~ous delays in spore 
germination have bccn reported for RhizOl)JfS sflinus (Dimond and Duggar, 
1940a,b), USliiago mavdis (Landen, 1939), Aspergillus niger (Zahl el al., 
1939), and R. nig;-icalls IR. 5lolollifer] (Tagiiena. 1959). Recently, Svihla 
el al. ( 19(0) described in some detail the sequence of morphological cvents 
that occurred in Candida ulili, after ultraviolet (2650 A) irradiation. They 
observcd first a swelling of thc vacuole accompanied hy a gradual decrease 
in ccli size and suduenly follmvcd by collapse of thc cdl with apparent 
precipitation of the cytoplasm. Figure 3, from Svihla el al. (1960), illus
trates this effect of ultraviolet irradiation. It j:-. interc~ting to note that loss 
of viability occurred at much ImvLr dosages than \verc required to liherate 
significant amounts of ultraviolet-absorbing materials; i.c., normal-looking 
cells after ultraviolet irradiation may be incapable of hudding, hut cells 
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with enl arged vacuoles a nd shrunken ce IL walls are definitely incapable of 
budding and have probably lost vital constituents to the medium. T hese 
authors report simila r observations with S. cerevisille. It ·seems likely that 
the exaet details o f the sequence of cvents described above may reflect in 
p:lft at leas t particular ex perimental conditions, since the description pro
vided for ultravio let-treated commercial bakers' yeast by T ownsend and 
Sarachek ( 1953) is quite difrerent. The irradiated bakers' yeas t was re-
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FIG. 3. Candida wi/is. Ultraviolet (265 m}< ) photomicrographs of COni 1'01 ,lOti 
S-adenosylmcthionine-enriched cell s l>howing the effects of ultraviolet (265 m,u) ir
radialion. ScqucnliaL pictures were obtained at 0, 2, and 4 minutes in each case. (/ , 
Normal cell ; Ii, enlarged vacuole; c, collapsed celL. F ro m Svihla el (Ii. ( 1960). 

ported to develop a granular cytoplasm, giant cells, and an unusual dumb
bell-shaped appearance on being put into growth medium . 

Ultraviolet radiation h as been shown to prevent adaptation to galactose 
fermentation by yeast (Swenson, j 950). Interestingly enough , irradiating 
yea t that has already adapted to galactose has no effect on the rate of 
fermentation of the carbohydrate. The action spectrum for the prevention of 
adaptation resembles the absorption spectrum of nucleic acid, and we can 
speculate that the radiation might havc becn interfering with the transfer of 
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information from the gene via ribonucleic acid by alteration of the latter. 
X-radiation docs not interfere with adaptation to galactose. 

Two additional "noogenetic" effects of ultraviolet radiation on fungi 
should be noted. Leach (1962) observed that ncar-ultraviolet radiation 
[3100-4000 AJ initiated or stimulated sporulation in most lungi tested, c.g., 
in Bntrytis cinerea, A Ilernaria chrysanthemi, Fusarium rosel/m, Gliociadillm 
sp., Helminthosporium avenae. For most fungi tested, a 12-hour dark-12-
hour ultraviolet schedule produced zones of sporulation. These zones were 
absent under conditions of continuous ultraviolet irradiation or continuous 
darkness. Berliner and Brand (1962) found that luminescence in dikaryotic 
cultures of the basidiomycete Panus stipticus was markedly inhibited by 
ultraviolet radiation at 2800 A, suggesting absorption by the enzyme pro
tein. A temporary stimulation of luminescence was obtained with radiation 
at 2450-2650 A and at 3660 A. 

TABLE II 

TYPLS OF SURVIVAL CURVFS OBTAINED AFTER ULTRA\'IOLET lRRADIATlO)"..;" 

Morphological 
Type of element 

Organism curve irradiated References 

Rhi::'0plIs suillus Sigmoidal Conidiospores Dimond and Duggar (1941) 
Mucor di.spersus Sigmoidal Conidiospores Dimond and Duggar (1941) 
A.\pergillus mellell.\· Exponential Conidiospores Dimond and Duggar (1941) 
Trichophytoll mel11(J- Sigmoidal Conidiosporcs Hollaemler and Emmons 

gmphytes (1939,1941,1946); Emmons 
and Hollaender (1939) 

A~peJgillus (areus SigmoiLial Conidiospores HolJaender, eJ al. (l945a) 
Saccharom)·ces ExponenLial Resting cells DeLong and Lindegrcn (1951) 

cerevisiae (haploid) 
Saccharomyces Sigmoidal ResLing cclls Sarachek and Lucke (1953 ); 

cererisiae (haploid) Pomper (1951) 
Saccharomyces Sigmoidal Resting cells Wyckotf and Luyet (1931); 

cerevisiae (diploid) DeLong and Lindegren 
(1951); Pomper (1951) 

USfi[{/go nwydis (hap- Sigmoidal Sporidia and Landen (1939) 
loid and diploid) ch iamydosporcs 

Streptomyce..,. j/aw!ollls ExponenLial Conidiospores Kelner (1948) 
Streptomyces grhells Sigmoidal Conidiospores Savage (1949) 
A.\pergilllls niKer Sigmoidal Conidiosporcs Zahl ef (II. (1939) 
Rhi::.opus s/%niter Sigmoidal Conidiosporcs Luyet (1932) 
Nellro.\·pom cra.ua Exponential Uninucleate Norman (1951) 

microconidia 
Nellro~pora cr(lssa Sigmoidal Multinucleate Norman (1951) 

conidia 

d Afler Pomper and Atwood (1955). 
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C. "Genetic" Effects 

I. K illelics 

We have already noted that ul traviolet radiation, particula rly in the wave
length range about 2600 A, may produce mutations or lethality in fungi. 
i.c., "genetic" c!Tects. Table II, from Pomper and Atwood (1955). sum
marizes information on the inactivation kinetics of a variety o[ fungi. The 
work or Norman (1951, 1954) showed that conidia of Nellrospora crassa 
were killed by ultraviolet according to kinetics that fit well the theory that a 
sensitive target was inactivated by a single event in each nucleus. Uninucle
ate microconidia were inactiva ted according to an exponential c urve. and 
multinucleate conidia according to sigmoidal c urves whose extrapolates to 
zero dose corre ponded to the average n umber of nuclei per conidi um. 
These findings are illustrated in F ig. 4 (Norman , 1954) . There is some con
fusion in the literature as to the shape of the survival curve fo r haploid 
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FIG. 4. The inactivation of N C' lIrusporll conidia by ultraviolet radiation. The wave
length is 254 m" . From Norman (195~). 
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yeast; most reports indicate sigmoidal curves (e.g., Sarachck amI Lucke, 
1953) , but ome indicate exponential curves (Delong and Lindegren. 
1951). Th is may be a malter of differencc in experimental de ign re
su lting in a d ifferent interaction between the microorgani sm and the radia
tion. In any event, mo t workers agree that haploid yea. t cells nrc more 
sensitive than yea t of highcr plo idy. Elkind and Sutton (1959a) demon
strated a resistant ··tail'· of survivo r'; in a population of S. cerel'isiae after 
ultraviolct irradiation, which they interpret as corre!>ponding to the X-ray 
"tail:' Le .• cells in the early phases of division. Swann (1962) observed the 
UV sensitivity of Schizosaccharomyces pombe cells early in divi ion was at 
least tenfold greater than that of cells later in the cycle t Fig. 5). 

The kinetics of the production of mutations by UV radiation appears to 
follow a complex c urve. In most of the earlier work (d. Hollacndcr and 
Emmon " 194 1), morphological mutations were used as criteria for efTcc
tive mutagenicity. This was relatively crude, but had the advantage of 
permitting the invest igator to get high mutation rates with re latively mild 
irradiation doses. Later on, when specific biochemical mutants of various 
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rungi were availubk it was possible to follow the "back-mutation" rate of 
specific genes (cf. Giles, 1951). However, genetic work, which we shall 
not discuss here, showed that morc rigorous criteria were necessary than 
merely a return to nutritional independence ("prototrophy") for a partic
ular biochemical factor. The possibility is that genes other than the partic
ular one under study may be altered by the ultraviolet radiation and may 
give risc to prototrophy without an actual back mutation at the original 
mutant locus. Most of the work with morpho!ogical mutations indicated 
that there is a maximum ratio of mutants to survivors, and that beyond this 
dosage there is a decrease in mutant production. This was reported recently 
for Aspergillus nidullll1S by Kuzyurina (1959), and carlier for A. terrellS 

(Hollaender el al., 1945a), Penicillium nolalUIIl (Hollaender and Zimmer, 
1945), Trichophyloll melll(lgrophytes (Hollaender and Emmons, 1941), 
etc. This was not seen with reverse mutations in Neurospora crasSa (Giles, 
1951) or Saccharomyces cerevisiae (Pomper, 1951). 

2. Photoreactivation 

One of the most interesting aspects of the action of ultraviolet rauiation 
on fungi is that a large portion of the effect, whether it be killing, mutation, 
suppression of adaptation. etc., is reversible by exposing the organism to 
visihle light. This phenomenon. "photoreactivation;' generally is defined as 
the reversal (in part, at least) of the effect of ultraviolet radiation of ap
proximately 2600 A by light of about 3300-4ROO A (Dulbecco, 1955). 
Photoreactivation was first recognized by Kelner (1949), working with 
SII<'(J/{Jmyce.l' grheus. It has becn sccn with a variety of fungi Ifor example, 
species of BOlry/is, Vromyce.l', and Ery.liphe (l3uxton cl al .. 1957) 1 and is 
probably a general phenomenon. Pittman and Pedigo (1959) and Pittman 
el (I/. (1959) reported that photoreactivation of yeast was not mediated 
through the cytochrome system and followed a multihit curve whether 
haploid or tetraploid yeasts were exposed. Production of respiratory muta
tions by ultraviolet radiation was also found to be photoreactivable. 
Norman (1954) concluded that photoreactivation of multinucleate Neu
rospora crassa conidia could be brought about by reactivation of a single 
nucleus per conidium. As discussed carlier, it now appears possible that 
at least a part of the photoreactivation effect is brought about by light
stimulation of an enzyme that splits thymine dimers. 

The interaction of various physical and chemical factors with ultraviolet 
radiation was discussed by Pomper and Atwood (1955). They noted that 
for the most part this work had only limited value because of failure to 
recognize the effect of factors such as photoreactivation and genetic homo
geneity. Slight protection against the lethal and mutagenic effects of UV 
was reported by Whittingham and StaufTer (1956) when spores of Penicil-
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lilli'll chrysogenunt were treated with cyanide, azide, fluoride, or were ex
posed under nitrogen. The wavelength used in this work was 2750 A, i.e., 
somewhat longer than the generally considered optimal for UV genetic 
effects. Wainwright and Nevill (1955) reported that the mutation rate and 
survival level were increased by holding irradiated ,)'treptomyces spores in 
distillcd water Of in iodoacctate. 

V. CONCLUSION 

Fungi, because of their diversity and flexihility remain a valuable re
search tool for the radiation biologist. Radiations, including ionizing, ultra
violet, and visible, are a valuable research tool for the mycologist because 
the interactions observed reveal hasic information about the organism it
self. In nature, fungi arc exposed continually to low levels of radiation. In 
the laboratory, these exposures arc increased and the time span of events 
shortened, but the laboratory observations hasically rellect what may hap
pen to fungi in nature. Therefore, the student of fungi should be aware of 
the effects of various radiations on the organism of his interest if he wishes 
to understand it completely in nature. 
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1. DEFINITIONS AND CRITERIA 

Any discllssion of the kinetics of fungal growth necessitates a brief con
~ideration of what we mean by kinetics, of the nature of growth, and of 
the manner in which fungal growth occurs. 

We are using the term kinetics in the chemical sense, rather than physi
cal, to mean the study of rates. We are, therefore, concerned here with 
the quantitation of rates of fungal growth. Such kinetic analyses provide 
a quantitative evaluation of the impact of environmental or genetic (i.c., 
extemal ur internal) factors on a fungus. Kinetic analysis of growth phe
nomenon can also he useful in studies attempting to elaboratt:: mechanisms. 

In the words of Thompson (1948), "' ... growth is a somewhat vague 
word for a very complex matter." Needham (1942) has analyzed in detail 
this complex phenomenon, particularly with reference to th~ relations be
tween growth and differentiation. While Needham's comments arc con
cerned primarily with the development of the animal embryo, they are 
pertinent to fungi and can help clarify our thinking about the problem. 
Thus, growth can involve an increase in the number of nuclei, in the num
ber of celis, in the size of cells, or in the amount of "non-living structural 
matter," 

Fungi are of very diverse morphological form varying from unicel1ular 
yeasts to large fleshy basidiomycetes. Furthermore, the morphology of 
many fungi is markedly dependent upon growth conditions. Some yeasts 
can be induced to become filamentous and, conversely, some filamentous 
fungi to grow in unicellular fashion (Cochrane, 1958). Fundamentally, 
however, fungi are filamentous organisms whose morphology is determined 
by behavior of the hyphae, i.e., branching, aggregation into a complex 
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structure, division into individual cells, or differentiation of a hypha1 strand. 
For purposes of analysis of the kinetics of fungal growth, we arc con

cerned primarily with two situations~growth as a population of individual 
cells or growth by elongation of a hypha. Branching of hyphae can. and 
usually does, occur so that this phenomenon is also involved. 

General treatments of growth, in addition to those mentioned above. 
arc by Brody (1945), Buchanan (1953), Hinshelwood (1946), La
manna and Mallette (1953), Monod (1942), Thimann (1955), and Van 
Nicl(1949). 

II. METHODS OF MEASUREMENTS 

To measure rates of growth, we can measure any guantity known to be 
proportional to the criterion for growth being used. Obviously, the measure
ment should also be one which is convenient and which has a degree of 
precision consistent with experimental variables and with intended goals. 
Thus, growth can be measured in terms of changes in numbers of cells, in 
Hnear dimensions, in mass, in volume, in total activity of any metabolic 
process, or in quantity of some cellular constituent. 

A. Linear 

The simplest method of measuring fungal growth is by determination 
of increase in linear dimensions on a medium solidified with some non
nutrient material such as agar. This is done most commonly in petri dishes. 
and the increase in colony diameter or radius is recorded at suitable inter
vals. For fungi which grow very rapidly, or for some special cases, it may 
be more convenient or useful to employ "race" tubes (Ryan el (II., 1943). 
or some modification thereof. r n these tubes. measurements arc made of the 
distance from the point of inoculation to the advancing front of mycelium 
at appropriate intervals. Linear measurements can also be made on a 
microscopic scale by observing individual hyphae. This can be advantageous 
in reducing the time clement from days to hours. although large variations 
in rate of elongation of an individual hyphae can occur and must he taken 
into consideration (Smith, 1924). 

The advantages of linear measurements re~ide in their simplicity and 
nondestructive nature. Repeated measurements can be made on the same 
culture thereby reducing the numher of replications rCtltJired while still 
providing statistically significant values. 

There is one fundamental and important limitation to the usc of linear 
measurements for quantifying growth rates or for assessing thc effect of 
an environmental variable: there is no necessary correlation between the 
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spread of a mycelial front on a solid surface and the total amount of fungus 
produced. Thus, linear extension on agar lacking an available carbon 
source can be as rapid or even more rarid than on a complete ml:diurn. 
On the other hand, with a given medium the rate of spread can be used very 
clfcctively to mcasure the effect of temperature, for example. It is manda
tory, therefore, that selection of linear ml:o:lSlIrements as a criterion of growth 
be evaluated critically to ensure that the variable being investigated oper
ates as a limiting factor. 

The reasons for thc noncquivalcncc of linear growth rate anu amount 
of org~mjsm produced do not appear to have been nnalyzcu cxpcdmcntally. 
Examination of the problem, however. suggests that four factors may be in
volved including, nrst. the amount of branching of hyphae; second, growth 
rate of branches; third, the translocation of nutrients along the hyphae to 
the growing apex; and, fourth, a phenomenon of apical dominance. simi
lar to that sometimes found in higher plants \vhere the growing hypha1 
tip can suppress branching or growth of branches by competition for nu
trients or hormonal control. 

B. Dry Weight 

Dry weight measurement is probably the most widely used and most 
generally applicable method for assaying growth in fungi. It is the most 
direct way of representing the amount of organism produced and is the 
most basic and meaningful. Any other method should be referred to dry 
weight at some time to interpret properly the physiological significance 
of the parameter being used. 

Although dry weight is a basic quantity whieh can be easy to measure, 
there are limitations and disadvantages in its usc. It is a destructive test 
and consequently requires large numbers of cultures to provide significant 
measurements of the course of growth. It is most widely and usefully used 
in liquid cultures which are shaken to provide a more uniform environment 
and better gas exchange. Obviously, this is not a "normal" environment 
for most organisms. The slimy, filamentous nature of fungal growth may 
sometime~ create prohlems in separation from the growth medium by filtra
tion, in which case centrifugation may be useful. 

If solidified media arc desired, or if a constituent of the medium is in
soluble, the separation problem may present real dillieulties. Agar can be 
removed by hot water (Day and Hervey, 1946). Insoluble substrates such 
as wool can be removed by boiling with alkali (Mandels et al., 194X) or 
other appropriate solvents. The uncertainty of correction factors for the in
evitable lo~s of cellular constituents resulting from the~e drastic treatments 
prevents any high degree of precision. 
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C. Cell Volume 

Cell volume determination can he a convenient and useful criterion in 
certain specialized cases where growth occurs in a unicellular manner or in 
studies involving spore germination where swelling is involved (MandeJs 
and Darby. 1953). Where filamentous grcwth occurs. the method has not 
been useful because of nonuniform packing. 

The advantages of ccli volume determination reside in the simplicity 
and speed of measurement and in the small quantities of material required. 
Techniques include centrifugation in hematocrit tubes or usc of a device 
such as the Coulter Counter (Kubitschek, 1960). In the latter case, con
tinuous measurernents arc possible which give changes in distribution of size 
of cells. 

D. Cell Numher 

Techniques employing changes in number of cells arc restricted to those 
instances where growth occurs as in unicellular organisms. In audition to 
yeasts, cerrain normally filam~ntous fungi may brrow as unicellular or
ganisms (Cochrane, 195X) and the techniques employed by bacteriologists 
arc applicable. Of great potential application are changes in light absorp
tion or scattering, or devices such as the Coulter Counter and the de Bonet
Maury Iliospectrophotomcter (Coultas and Hutchinson, J 962 ). These in
struments, or those using similar principles, make possihle continuous 
measurements of growth. 

E. Metaholic Activity 

]n certain cases growth can be measured inuirectly by following the 
metabolic activity of the organism or culture. Such measurements can in
clude respiratory activity (CO~, O~), product formation (acid, pigments, 
etc.), disappcarance of substrate, or enzymatic activity. The applicability 
of any such system must be proved by demonstrating a correlation be
tween the functhm analyzed and some more direct quantity such as dry 
weight. 

The advantages of following metabolic activity are that simple, non
destructive, continuous measurements can be made. They arc likely to be 
of particular value when transitionary changes are occurring such as in 
germination or in adaptation to new growing conditions. Such methods 
are adaptable to usc with continuous recorders coupled to an oxygen ana-
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lyzer or infrared CO~ analyzer, although such techniques have not been 
exploited in studies on fungi to the extent that they have been in other 
fields. 

F. Compositional Changes 

Sometimes it can be useful to follow growth by changes in the quantity 
of some cellular constituent or of total organic matter (Lu et aI., 1959). 
As with measurements of metabolic activity, a frame of reference must be 
established to some direct parameter of growth since composition can 
change during growth (e.g. Woodruff, 1961; Herbert, 1961). 

III. KINETIC ANALYSIS 

The manifestations of growth in fungi arc so varied, depending upon the 
organism as well as environmental conditions, that no generalized analysis 
can be made. In certain cases, however, useful mathematical expressions 
have been shown to apply. We discuss these analyzable situations below. 

A. The Ideali~ed Gr{!\1"Ii1 ClIrve 

Growth curves have been analyzed for innumerable organisms and 
populations ranging from bacteria to higher animals. The relative simplicity 
of growth by binary fission in bacteria, and the consequent conformance 
to a predictable curve, hus made bacterb most amenable to quantitative 
study and analysis. It will, therefore, be convenient and instructive to dis
cu~~ g.rowth as c,,"cmpE1kd by a population of bacteria in liquid culture, 
This will provide a frame of reference in our analysis of fungal growth 
and illustrates the terminology used to characterize various phases of the 
growth curve. This discussion will, of course, he applicable directly to those 
instances where fungi grow as unicellular organisms. 

A significant general characteristic of growth is its autocatalytic nature, 
Le., where the products of growth further catalyze the growth process. This 
is most evident in unicellular organisms Jnd results in cell division occurring 
at regular intervals, each cell giving rise to two daughter cells. Autocatalytic 
growth can also occur in more complex organisms but is likely to be modi
fied due to processes of differentiation or to the inevitable consequences 
of changing .environment around each cell. 

If environmental factors are constant, or nonlimiting, and no internal 
changes occur other than the normal processes involved in cell enlarge
ment and division, then cell division occurs at a constant rate. Since growth 
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occurs at a constant rate anti since the number of cells present at any time 
is uctcrmincd by the number at !)omc preceding timc, we can expresl; thi<; 
as 

dN = AN 
dl 

(1) 

where N h, the number o[ cclls, I i~ lime. and K is a proportionality con
stant. By integrating 

log N = /..1 + C (2) 

From this it follows that a plot of the log of cell number versu<; tim o.: 
:"hould give a straight line whosc slope, k, is a measure o[ the growth ratc. 
The constant c rcprc<;ent<; lhe intercept on the log N axis and would be the 
cell number at zero time if logarithmic growth had started at this time. 
Equation (2) can al ... o be exprcs<;c<.l in exponential [orm 

(3) 

where e is the ha~c of natural logllrithms. 
Exponential growth dues not normllily occur in fungi, although Plomlc), 

( (959) has .. hown that in C/W(,fOmilll1l globOSlltn the total length of :1 
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hypha and its branches increases in this manncr_ He has also obtained 
data indicating that the radius of a colony may increase exponentially in 
the very early stages of its estahlishment, i.e., until the radius is about 0.1 
mm. 

A diagrammatic growth curve showing the increase in numbers of a 
population of single-celled organisms is shown in Fig. 1. The data arc also 
plotted Oil a semilog hasis to demonstrate the exponential nature of the 
curve. It is evident that growth can be divided into several phases. Some
what varied terminology has been applied to these phases (Lamanna and 
Mallette, 1953; Thimann, J 955). For Our purposes, thc following will 
sullice: 

1. Lag phase-no ccli division occurs but cell enlargement and increase 
in metaholic activity may occur. 

2. A cceleration phase-increase in rate of cell division from zero to 
some maximum value characteristic of the next, or exponential, phase. 

3. Exp{)nential phase (also commonly called "logarithmic phase")
propagation at a uniform rate of cell division. 

4. Deceleration pllase--charactcrized by a decreasing ratc of cen di
vision. 

5. Stationary I'hU5e-cessation of cell division. In experimental applica
tion this phase may be one in which cell division occurs but is bal
anced by death of cells. The interpretation depends upon the tech
nique used to measure cell numher, i.e., whether total cells or only 
viable cells arc counted. 

n. Phase of decline-decrease in number of viable cells. 

Three hasic phenomena determine this idealized growth curve. First, 
there is not immediate initiation of growth after inoculation of a culturc. 
Secondly, after cell division starts, it soon reaches a steady rate. Lastly. 
due to depletion of food or for other reasons, growth stops. The growth 
curve can thus be characterized by only three phases, lag. exponential (or 
log phase), and stationary. It is frequently meaningful, however, to in
clude the acceleration and deceleration phases which are periods of chang
ing kinetic:s and are significant in stages of transition from dormancy to 
active growth, of adaptation to new conditions of growth, or of senescence. 

The above analysis is usually applicable to fungi in only a qualitative 
way. The "ariaus phases af the growth Curve arc recognizable, but the 
quantitatively defined exponential phase becomes a phase of rapid growth 
since growth is not autocatalytic in filamentous fungi. 

In any method for measuring growth rates, a single measurement after 
a given time is of questionable significance. The time interval between in
oculation and initiation of a linear growth rate, for example, can be as 
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long as 30 days and may vary greatly depending upon such variables as 
type of inoculum used or the nature of the medium (Mandcls, 1955; Page, 
1961) . 

B. Linear Growth 

Growth of fungi is essentially limited to the terminal portion of the 
hyphae. Changes must occur in the cell walls fairly soon after they are laic.! 
down which prevent elongation or expansion. This phenomenon of apical 
growth was studied most carefully by Smith (1924) in Balrytis and also 
in Fusarium, Pyronema, Phytophthora, Aspergillus, Penicillium, Rhizoc
tonia, and Rhizoplls (Smith, 1923). By careful measurements of individual 
hyphae, Smith showed that growth was only apical and that the rate of 
elongation was independent of the length of the lilament. Observations of 
Rhizoplls growing in media containing carhon black particles to mark 
positions of hyphae show elongation only at the extreme tip (Stadler. 
1952) . 

In Neurospora (Ryan et al., 1943), only the terminal centimetcr of a 
hypha contributcs to the growth rate. A hyphal tip I mm long grew at a 
rate about 60% of that of a 10-mm hypha. The mechanisms involved have 
not been explored, although it has been shown that translocation of growth 
substances in which the fungus is deficient can occur over the terminal 
centimeter of hypha. In further studies with Neurospora, Zalokar (1959) 
has concluded that the rapid apical growth, whose maintenance is dependent 
upon the terminal centimeter of hyphae, is due to transport of protoplasrn 
by streaming and that" ... at least a 12 mm long portion of the hypha 
would have to reduplicate its cytoplasm in order to supply the tips." In 
cases of growth of aerial hyphae, translocation is obviously essential. 

The aerially borne sporangiophorcs of Phycornyces have also been shown 
to increase in length at a uniform rate (Castle, 1937). In this case, there is 
a zone of elongation over a region extending approximately from 0.3 to 2 
mm below the sporangium. Subsequent studies (Castle, 1940) show small 
rapid fluctuations in rate amounting to 2.5 % of the average rate. 

The linear extension of fungus hyphae in a growing culture is universally 
accepted as occurring at a constant rate, There are very few data, however, 
regarding the changing kinetics whieh must occur between initiation of 
growth after inoculation and establishment of a constant ratc. A diagram
matic representation of these phenomenon is shown in Fig. 2. Smith's 
measurements (1924) of very young hyphae from germinated spores of 
Botrytis cinerea showed the rate of elongation to increase linearly with 
time for about 30 hours, at which point the hyphae were about 2 mrn 
long. Subsequently. the hyphae maintained a constant rate of elongation. 
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F IG. 2. Idealized representation of linear growt h. 1 he dll~hed line (- - - ) 
indicates the linear increase in rute to a constant level as ~hown for BOlrylis by 
Smith (1924). 

This behavior is not universal, however, as shown by Plomlcy's studies 
of Cltaetomium g(obosum ( 1959). In this case, hyphae increased in length 
at a constant rate arter germination (2.5 hours) and continued ove r the 
period or measurement, i.e., for the next 3 hours. M easurements o[ the in
crease in radius of young colonies of C/welomiwn show a gradual increase 
in ratc. While Plomley notcs that this is exponential over a short period , 
the significance of this is not clear since many curves of increasing rate 
may be exponential over u brief period. Evidence available is therefore 
too limited to permit a ny generaliza tion respecting this period of establish
ment of a colo ny. It would appear that differen t species do not behave in 
the same manner and/ or th at experimental conditions influence the kinetics 
of early growth. 

C. Growth in Three Dim.ensions 

Changes in linear dimensions provide reasonably satisf actory cr iteria 
for evaluating growth rates on solidified media. In agitated liquid cultures, 
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however, there is no genera lized, rational solutjon to kinetic analysis. This 
is due to the vari able na ture of fungus growth in such cultures. 

In standing liquid c ultures, fungi usua lly grow as floating ma ts, the my
celium being partly in the liquid phase and partly in air. In some cases 
growth ca n be completely submerged, consisting of a morpholls masses o[ 
mycelium. When cultures are agitated by shaking or aeration. however, the 
germina ted spores o r mycelial fragments of the inoculum will most com
monly aggregate into sma ll spheres or pellcts which grow by enlargement. 
T he spherical Or quasispherical shape implic:s uniform three-d imensional 
growth where the active proliferating hyphal tips arc loca ted. T his has p ro
vided a basis for analysis of the growth curve. 

S . E merson ( 1950 ) has pointed out that Lhe mycelia l pellets occurd ng 
in liquid culture can be considered as spheres whose surface growth results 
in a constant Ta te of increase in radius. Consequently, the cube root of the 
volume or mass of these spheres should increase linearl y with time (F ig. 
3) . These cubic rela tions were shown by Emerson to obtain for Neurospora 
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FIG. 3. Idealiled re presentation of cubic growt h rc lat iom for spherical mycelial 
pellets in liqu id culture. 

and M achlis ( J 957) has de monstrated this with A lIoJllyces. M arshall and 
Alexander ( 1960) h ave shown simjla r re lations for the actinomycete No-
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cardia and for several fungi using oxygen uptake as a criterion for growth. 
Unfortunately, this cube root relation is not of general applicability be

cause of the variable nature of the pellets and the fact that they arc not 
produced by some fungi. The variability of pellets formed by different 
fungi and under different conditions has been illustrated by Burkholder 
and Sinnott (1945) and Darby and Mandels (1954) and discussed by 
Foster (1949). Variables involved include such factors as density of in
oculum, species, or eVCn strain (Gilbert, 1 <)60) of the organism, as well 
as composition of the medium. It should also be noted that no one appears 
to have proved that only apical growth occurs in liquid culture. 

D. Transitions from Dormancy to Active Growth 

We are interested here primarily in the changes occurring between the 
time of inoculation and the inception of strict vegetative growth. More 
generally speaking. we arc concerned with the problems of analyzing the 
process of germination, which is, after all, a growth process. 

Measurements of thc changes in respiratory activity during germination 
of Myrotheciwn verrllcaria spores show that the rate increases linearly 
with time during the swelling, germ tube protrusion, and early stages of 
vegetative growth (Mandcls et al., 1956). No break in the curve was ob
served which could coincide with protrusion of germ tubes. 

Expressed mathematically, 
dv 

R ~ di ~ Kt + b 

where R ~ rate of respiration, y = oxygen uptake, t = time, K is the slope, 
and /, the intercept. The constants" and K should have definite physiologi
cal ~ignificance. K, the acceleration in oxygen uptake, should be directly 
proportional to the quantity of spores and, when corrected for this, should 
be a ml'usurc of their physiological activity, or metabolic capacity. The 
intercept b is also proportional to spore guantity and should represent the 
rate of respiration at zero time under the prevailing experimental condi
tions. 

The generality of this equation for application to other situations is not 
known, although published data of Goddard and Smith (1938) and M. R. 
Emerson (1954) with Neurospora ascosporcs also show linear increases 
in rate of respiration. Furthermore, Smith" (1924) measurements show 
that the rate of linear extension of BOlrytis hyphae increases proportionally 
with time after germination until a constant growth ratc is attained. Addi
tional comments on the establishment of linear growth during this transi
tional stage have been presented in Section lII, B. 
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IV. APPLICATIONS 

Fungi arc used extensively as biological reagents for the commercial pro
duction of various substances) such as enzymes, antibiotics, and steroids. 
They are also used as analytical tools for bioassay of growth factors, fer
tilizers, fungicides, and antibiotics. The rational usc of fungi for these pur
poses is dependent upon a basic understanding of the phenomenon of 
growth and its kinetics. Consideration of growth in large fermentations 
or in microbiological assays is outside the scope of this chapter. The inter
ested reader is referred to reviews by Deindocrfcr (1960), Gadcn (1955), 
Hutner et al. (1958), Kavanagh (1960), and Maxon (1955, 1960). 

V. CONCLUSIONS 

Tn summarIzmg what we know of the kinetics of fungal growth, it is 
evident that no generalized treatment is possible. Yeasts, and presumably 
other fungi growing in a unicellular manner, can grow exponentially. On 
the other hand, growth of the large, fleshy fungi or of fungal pathogens on 
plant or animal hosts has not been analyzed and is undoubtedly complex. 
Between these extremes are the situations in artificial culture where fungi 
grow in essentially undifferentiated form as filamentous organisms. In these 
cases we can generalize to the extent that growth is apical and that the 
rate of apical growth, i.e., linear extension, is constant under uniform con
ditions. The problem ariscs in attempting to analyze growth in three di
mensions. In some fungi, a cubic relation has been shown to obtain. In 
others, no meaningful, mathematical relation is apparent. Possibly additional 
quantitative data with a greater variety of organisms and with the develop
ment of a better undertsanding of the variables involved in determining 
the extent of hyphal branching may reveal more definable growth patterns. 
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J. THE HYPHA 

The fungal hypha is a special type of cell or aggregate of cells. It is 
superficially similar to the algal filament. but it is possibly of a separate 
evolutionary origin and it is certainly ditIcrcntly organized. In the algae
although the evidence is not complete-we can visualize the dcvl:lopment 
of a chain of cells by the division of a single cell in one plane and the 
gradual development of a mcristcmatic function by the ~Ipical cell. In the 
fungi, on the other hand, such evidence as exists from comparative mor
phology (e.g., the Blastocladiales) suggests that the fungal hypha arose by 
the elaboration of a single ccli and its gradual increase in size and inde
pendence. It is also possible that the early hyphae were coenocytic and 
non sept ate and that septate hyphae arc derivative. 

In the nonscptate hypha the liquid contents and the included organelles 
move freely from base to growing apex. Where septa are present a ~imilar 
movement takes place through the septal pores. 

A. Evidence for Extension at the Apex 

The tubular hypha extends apically. The evidence for this lies in the 
recognition that there is no increase in the interseptal distance (Butler, 
1 YSH) and that when measurements are made of growing apices, with 
reference to markers, extension takes place only at the very tip (Smith. 
1923). That extension can take place over a very small area of the actual 
apex can be seen from the various figures showing penetration of surfaces 
by means of peglikc growths (e.g., Boyce, 194~, Figs. 143 and 144) and 
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also by manipulations, such as those of Robertson (1958), which resu' 
in regrowth by a narrow extension from the very tip of the hypha. It is tru 
that no one has demonstrated a localization of extension in the subapic. 
region in vegetative hyplmc although vcry clear subapical extension ZOD( 

have been demonstrated in sporangium-bearing fungi such as PhycomyCl 
h{akesleemllls and TlllImnidium eJeglltlS (Castle, 1942; Lythgoe, 1Y61 
ami Castle (1937) has shown that in vegetative hyphae of Phycomyce 
although the extreme tip is the main region of growth in area of the primal 
wall, extension takes place over a larger part of the apex, decreasing 
amount farther away from the tip. 

B. N attire of the Wall at the Apex 

Mycologists have always had dilllculty in visualizing the way in whi 
fungal hyphae mold and shape themselves at the tip, where accretion 
the structural material is taking place. We clearly need electron microsco) 
evidence for the wall structure at the apex, but there are certain aspcl 
we can ascertain by a consideration of the evidence before us. If the hyp 
consists of a rigid tube with viscous contents that emerge from the end 
the tube, we should expect thc viscous material to assume a spherical s 
face and the hyphal apex to be rounded. 

In fact, whik the actual hypha does approximate this shape (Fig. II 
reference to photographs and drawings (Middlebrook and Preston, lY 
Robertson, 1958; Zalokar, 1959) shows a narrowing of the hyphal "I 
(Fig. I B), which suggests that the hyphal apex cannot be considered a 
simple tube with viscous contents. This is madc more plain when I 

considers that the system shows turgor pressure equivalent to 6--7 aUl' 
pheres (atm), e.g., in Neurospora, When the apex is placed in water. 
turgor increases and the apex is seen to stretch and eventually to burst 
very rarely shows the sphcrical deformation that we might expect if it \1 

entirely viscous. Instead we find that the expanded apex assumes a diam 
shape (see Robertson, 1958, for figures). 

We must assume, therefore, that this apical region which contains a 
co us cytoplasm is bordered by a wall of such structure that an increas 
internal pressure causes 1ittle stretching or obvious deformation of 
extreme apex, but docs cause substantial irreversible strdching in the 
apical shoulder. The simplest explanation of such behavior would 
found in a model of wall formation such as that postulated hy Pre 
(1952) for the alga Valonia, where a tight spiral of wall material Ovel 

apex, .and presumably continually generated from within, may be jJ 

preted as being slowly uncoiled backward by the extension of the, 
and hl'iices, as they become progressively further apart, arc crosse( 
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A B 
F IG. I. H yphal lips. For e>.planation see text. 

meridians al 0 spirally arranged. The re is a lso evidence (Rizvi, 1964) 
that the older parts of the hypha in , fo r example. Nellrospora arc stretched 
by turgor pressure, but th is is an elastic ( reversible) stretching. 

C. L oss o f Plasticity of the Wall behind the Apex 

There is evidence th at the wall near the apex is initially suffic iently plas
tic to grow and be shaped, but that it becomes modified behind and is no 
longer plastic. This evidence is provided by Robertsoll ( 1958) using the 
apexe~ of FusariulII ox.pporum. When colonies of F. oxppOrttlll are flooded 
wi th water lhe hyphal apexes cease to elongate and begin to ~well. About 
half the apexes grow on from an initial ly narrowed apex after ca. 40 sec
onds. but the o the rs continue to swell and eventually grow on by subapical 
branches. When colonies arc transferred to water for le"s th an -1-0 econd 
and then to a nontox ic solution of abollt 3 atm (a so-culled b:llancing solu
lion ), the hypha l apices which would normally grow on do not do so a nd 
eventually branch subapically. This Situation is illust rated in Fig. 2, and 
the data from which the hypothesis i derived a rc give n in Table I. We arc 
now able to see that a cha nge in wall structure is tak ing place behind the 
hyphal apex Stich that a pl astic cell wa ll structure is laid down which be
comes changed and loses its pia ' lieity as it moves away from the apex. An 
analogous change between plastic and non plastic states has been postu
lated by Nickerson ef al. ( 1956), who were commenting on the change 
from yeast-Ji J...e to mycelium- like states in Candida alhican.\" anti o ther fungi. 
They were able to show experimentally that selenium added to the medium 
converted certain slrains from the mycelial to the yeast fo rm . They sug-
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F IG. 2. D iagrammatic explanation of behavior of hyphal apexe~ of hl.f(/rilllll 

O.l')'Sp Ortllll in water and isotonic solutions. (A) Normal hypha. ( B ) Hypha :.howing 
nrre~lmcnt li nd beginning of swelling. (C) Hypha :.howing regrowth from the apex 
nfter immersion in water. ( 0 ) Hypha which hal> ~welled and hn1 nched at the apex 
after arrestment in water. tEl Hypha which in Water would havc behaved as ( ) 
ahove behaves as ( 0 ) above "'hen transferred from water to an isotonic solution 
within 40 ~conds or first immersion. It is sugge ·ted that the new equilihration foll<'w
ing transfer maintains arrestment past the point at \\ hich the apex becomes incapable 
of regrowth. tJ, Undi lTerentiated apex: b, narro\\ ing of hypha oue to some "all differ
entiation: c. diffcrentiated apex. Reproduced from Rohertson (1959). 

TABU: I 

FFFITT OF I M\·IF.I~SION ()I' H YI'IIAI Apl(.'L.S I" nl~1 1I1 fD WAHR, FOI~ V\RYI'" 

l'uuoDs. 1-01 1 OWH) 11' 1 "~lHtSI()" 1'1 0.076 M KCL" 

Numlxr o f apIces 
Time in -- ---
distilled With one With two 
water Unbranched branch branches 

5 sec 7.2 6.1 16.6 
10 sec SA 3.1 22.4 
20 sec D.ll 1.8 20...J 
-10 sec 10.4 1.2 18.4 
60 sec 19.4 O.R 9.8 
80 sec 19.6 1.1 9.2 
20 min 18.8 0.6 10.6 

" From Robertson ( 1958). 
b Values arc means o r liw observallons, or Sal1ll)lcs o f thirt y h) phal apexes each , o n 

separate plales. 
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gest that this change could be induced by the substitution of ~elenium for 
sulfur and the failure to form sulfhydryl bonds. \vhich, they suggest, are 
responsible for the rigidity of the tubular wall. Such a theory has obvious 
implication~ for the as...,umption of rigidity at the hyphal suharcx which is 
postulated above, but as yet there is no chemical or electron microscopic 
~\'idcnce to help in th~ elucidation of the- problem. 

Inueed, Zalokar (I <)53) has ~hown no morphological elTeet of sodium 
selenite on Neurosl'ufCI crassa, so that either selenium is ineffective or the 
sulfhydryl links arc not of universal importance. Bartnick i-Garcia and 
Nickerson (1962a,b) have shown that change..., in other cTvironmental 
factors can bring about the convCfsion of Mucor rOIf:di from mycelial to 
yeast-like morphology. These transformations are reviewed in greater detail 
in Volume II of this treatisc. 

D. Branch Initiation 

The hyphal apex is not so organized that an increase in its size leads to 
a ~imple partition of matcrials and the development of dil:hotomy, and 
this is i'urthcr cvidcnce for the unique nature of the apex. 1n fact dichotomy 
can be produced experimentally by subapical branching, but usually it is 
not an exactly equal dichotomy and there is evidence to suggest that onc 
branch is formeu before thc other, There j..., also cvidence that thc hranches 
form by the resumption of plasticity in the already hardened wall, at the 
point wherc the nc'w hranch originatcs. In FII.wriwn oxyS{Wrllf11 this re
sumption of pbsticity and initiation of branching occupies about 7 minutcs. 

The hyphal apex is a unigue structure which is, at least theon::tically, 
potentially immortal. This apex is feu from behind-how far absorption 
takcs place at the actual apcx i..., dillicu It to say. This single tube has, how
ever, the capacity to duplicate itself by branching and colony formation. 
The branching takes place ncar the apex in acropetal succession and is in
ucpcnuL"I1t of the septation of the hyphae because branches are produced 
by non septate fungi and by the non septate apical portions of Neurospora, 
for example. The converse may also be truc, however, for therc arc cases 
where the branching is marked by the proximity of a septum and a clamp 
connection (Butler, 1958,1961). The simplest picture is of a main hypha 
with a series of branchcs borne altcrnately and in the form of a two-dimcn
sional Christmas tree. 

II. THE PATTERN OF HYPHAL GROWTH 

Such a picture implies a marked apical dominance, and if it w~re main
tained it would make impo~sible colony formation as we know it. In-
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oculation at a point shows that leading hyphae ljuickly radiate from the 
point and in turn develop the acropetal series of branches we have already 
mentioned. However, as the leading hyphae diverge from one another the 
apical uominancc appears to become weaker and a branch escapes and 
grows on to become a leading hypha to fill in the margin of the colony. So 
marked is this phenomenon that any shape of inoculum in which the main 
axes arc approximately equal in size will develop a colony with a circular 
margin when grown in an unrestricted space. This is an artificial concept 
because in liquid culture the colony would theoretically become spherical. 
The problem of the filling-up behavior by fungi was fust commented on by 
Ryan el al. (1943). They noted that when Neurospora was growing in 
growth tubes there was a regular array of more or less parallel hyphal 
apices. This array has a more or less sharply defined outer margin at right 
angles to the direction of growth of the colony, anu Ryan et al. suggested 
that when a hypha grows ah~ad of the colony branching becomes possible, 
and on branching the apex slows down. So far there has been no experi
mental confirmation of these findings, and such detailed observations as 
have heen made in other fungi (Butler. 1961) do not support this hy
pothesis. 

There is a variety of hyphaJ patterns in colnnies growing on agar, and 
these patterns arc ffiOlWicd by the nutritional stale of the agar on which 
the colonies arc growing, but they arc similar in that in each is a leading 
hypha from which a series of branches afC given off. In certain fungi (c.g., 
Neurwporll) it is possible to trace some hyphae from the point of inocu
lation right to the edge of the colony. Other hyphae of equal thickness 
arise from these to fill the circumference. In other fungi, such as Pyronema 
olll/Jllalodes, main hyphae seem to stop growth ami a subterminal hypha 
grows from below the apex. Yet again, in Fusarium oxysporum and other 
species of Fusarium, the leading hyphae on occasion spontaneously divide 
dichotomously, in a way similar to the experimental branching demon
strated by Rohertson (I 95 R ) . 

The main hypha and its snies of branches form a system on agar, and 
observation of hyphal \vdts in nature-on dung, on rotted wood surfaces 
and in the litter layer of pine woods-suggests that a similar pattern of 
hranching obtains to that found on agar. Butler (1957) maue some of her 
observations on Merillius lacrynwfls l.)·erpu/a lacrimalls] on glass slides in 
a humid atmosphere. It thus seems fairly clear that the system of branching 
often b indepcnuent of the substrate. 

The hierarchical nature of the branching system can be generally ob
served. but it has been most thoroughly studied by Butler in a series of 
papers which contain a wealth of detailed observation. The system was 
established for S. /acrimalls, which can be shown to have a very regular 
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branching system with a main hypha, primary branches, secondary branches, 
and tertiary branches. This system is to be found also in Coprinlls dissemi
nallls, and the growth measurements estahlish that the branches of each 
order grow at a slower rate than the order next above. No evidence was 
found for any changes in growth rate of main hypha or branches with in
crease in length, although the distances on which the measurements were 
made werc small and branches accelerating to catch up with the main 
hypha were not observed. The evidence was ckar that main hyphae and 
such side branches as were not accelerating maintained a more or less 
steady state and JiJ not show a falling olT in growth rate even where, as 
in this case the greater part of the food supply was being transferred from 
a food base through hyphae and independently of the nutrients in the agar 
base. 

Ill. THE PROBLEM OF APICAL DOMINANCE 

This is an intriguing situation. The vigor of the main hypha and the re
duced vigor of the primary and secondary branches can be likened to 
the branch sy~tem of a coniferous tree where a hormone-controlled apical 
dominance is postulated. What is the system in the fungi? It is clear that the 
amount and pattern of hranching may be affected hy external nutrient sup
ply (sec below), but since the pattern of hyphal branching is well markeLl in 
fungal aerial hyphae and in hyphae remote from a nutrient substrate, the 
problem can hest be considered experimentally in relation to those fungi 
in which the nutrients afC transported to the growing apicc~ through the 
hyphae. With that proviso there are four possibilities: (I) The L10minance 
could he controlled by nutritional relationships hetween the main apex and 
the side branches. This coulLl only holLl if the passage of elaborated ma
terials is general through the hyphae and some material is limiting. (2) The 
dominance could be controlled hy internal hormones. (3) The dominance 
could be contro\led by the secretion of a liquid toxin by the fungus. The 
only parts of the fungus which would not be growing in this toxin would 
be the main hyphal apices. (4) The dominance could be controlled by a 
gaseous toxin \vhich WQuid act similarly to the aqueous toxin. 

I. The dominance could be controlled by nutritiooal relationships be
tween the main apex and the side branches. The simplest situation for 
analysis waul" be where the nutrients were all transported through the 
hyphae to the growing apex from a food base some distance behind the 
advancing edge of the colony. This situation obtains in the experiment of 
Butler (1961) where Coprinus ili.lseminallis was used. In such situations 
the competition for nutrients would depend upon the relative positions of 
the apex and the silk branches, and it might relate to the cross-sectional 
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area of the hyphae. Butler has shown that the primary branch hyphae are 
narrower than the main hyphae in C. dissemilwflls and that there is a signif
icant correlation b.:-t\ ... ·ccn extension rate and hypha! diamdcL This might 
at first sight appear to be the heginning of the answer to the problem of 
the hyphal hierarchy except that the extension rate for equally wide hyphae 
was significantly higher for main as compared with branch hyphae, sug
gesting that the difference between main and branch hyphae is not simply 
one of diameter. There is. of course, no evidence that diameter alone would 
directly control the flow of nutrients at diameters such as these we are 
dealing with. Butler gives figures that allow us to calculate the cross-sec
tional area anu to compare the ratio of extension rate: cross-sectional area 
for main and primary branches, and the correspondence of the ratios is 
good. The nub of this problem lies in the mechanism for uptake and trans
port in these fungi, and without more details about thi\ we have dillkulty 
in understanding the nature of the competition which may exist. It is diffi
cult to see how, if we arc dealing with a branching system where all the 
hyphac are of eqllal diameter, compctition would act at a)] or not act 
to the detriment of the main apex. Where diameter differences exist we 
can begin to sec-allowing that there is a simple relationship between cross
sectional area and the movement of nutrients----,-how competition could con
trol thc dominance pattern. \Ve are left with the question of how the di
ameters of thc main and branch hyphae arc themselves determined. It may 
be that the initi:i1 openings in the hyrhai wall arc nutritionally determined, 
but it is more likely that they are determined by the physical properties 
of the softened wall under hydrostatic pressure and the final diameter is 
thc result of an adjustment by the growing apex. It can be seen clearly 
that where a branch hypha first emerges there is a constriction (Fusarillm: 

personal observations, 1958, and Zalokar. 1959, p. 004, Figs. 1-5). It is 
possible that there is a physical relationship between the main hypha. the 
primary branch. and the secondary branch such that the branch initials 
each must be smaJler than the category above. But this precludes the situa
tion where the hyphae are known to adjust in diameter after th(.'ir initiation. 
The initial opening from one hypha to another cannot really be important 
if we consider that the septal pore itself has apparently no limiting effect 
on fungal grmvth. 

2. Dominance relationships could be controlled by an internal harmonc-, 
or hormones, produced apically and inhibiting the growth of side branches. 
There is no evidence for this whatsoever except the analogy with the auxin
gibberellin system in higher plants. It is clear that hormones arc produced 
by fungi~auxins or auxin-like suhstances are isolated from fungal cultures~ 
and the gibberellins were identified lirst in fungi, but so far none have been 
shown to be active inside the fungal hypha. It is dOllbtful, however, if the 
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appropriate experiments have ever been dune, for the most searching ex
amination of the action of the auxins or auxin-like substances on fungi 
has been made by Banbury, who has largely been concerned with the re
lation between external concentrations of the appropriate substances and 
the degree of curvature of the sporangiophore of Phycomyces. In fact none 
of the substances tried was effective. A discussion of other recent work on 
fungal growth substances is given in Chapter 19 of this volume. 

3. Dominance relationships could be maintained on the agar plate by the 
secretion into the substrate of a soluble toxin or a substance which atTects 
the growth rate. This material, if produced at equal rates by young growing 
hyphae, would occur in a concentration such that the later-formed branches 
grow more slowly than the leading hyphae. This possibility might be 
stretched to include hyphae that are growing on any moist substances, but 
it would not be applicable to the situation where fungal hyphae grow and 
T<lrnify with apparent coordination in a humid atmosphere, as for example 
in the litter layer of a pinewood. 

4. Dominance relationships CQuid be obtained through the production 
of a gaseous substance which at high concentrations brought about a slow
ing down of growth. Again there is no evidence to rclate a gaseous in
hibition to the morphogenetic pattern of fungal hyphae, but it is known 
that spore germination of Agariclls and fruiting of Rhi:.:opus, can be af
fecled by gases produced by fungi (McTeaguc e( al., 1959; Hepden and 
Hawker, 1961). 

IV. BRANCHING 

A. Direction of Branching 

Fungal hyphae appear 10 grow in straight lines, and, although some show 
a slight curvature (e.g., Pyronerna omphalodes and Ascobolus immersus, 
mutant "vague"; Chevaugeon, 1959), they never grow back into the 
colony and the branches come out at a more or less acute angle to the 
main hypha and in a forward-pointing direction. In fact close observation 
shows that hyphal branches appear almost at right angles to the hypha and 
pointing slightly forward on initiation and that Ihey never grow backward 
except under unusual experimental conditions. But there is one case, the 
clamp connection, where the branch on initiation grows backward, and we 
know that this is genetically controlled. 

B. The [Iltemal Factor in Branching 

We know that the nutrition of the fungus profoundly affects the density 
of the colony, which is in turn a rellection of the branching pattern. But 
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we are lacking detailed analyses of the effect of nutrItIon on branching 
and on the spacing of branches. We have information from a thesis 01 

Grover (1961) and from Larpent ( 1962) that in certain fungi, nutrition has 
a modifying effect on the pattern of apical dominance. How this is effected 
is not clear, but two picces of evidence can be adduced to show that there 
is an internal control of branching which can work in some instances with 
extreme precision. The first evidence is that of Chevaugcon, who suggests 
that it is an internal factor passing from the older mycelium to the younger 
that determines the zones of little and of much branching in the mutant 
"vague" of Ascobolus immersus. The second is that when dichotomous 
branching has been induced in Neurospora by appropriate manipulation 
(Robertson, 1959), if a side branch is initiated on one of the dichotomous 
branches there is always a mirror image produced at precisely the same 
time and at an cqual distance along the other dichotomous branch. With 
continued growth this synchrony is lost. 

V. SCOPE FOR FUTURE WORK 

Enough has been said to indicate the great scope for future work in 
this field. The nutritional aspects of the problem have not advanced far 
enough for worthwhile review and the genetical aspects, the study of which 
is increasing, arc in need of some simple basic interpretations of the hyphal 
apex and branches for further advance. It is hoped that this chapter may 
make a beginning in this direction. 
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I. INTRODUCTION 

That rhythms, which affect a large variety of processes, are widely dis
tributed in plants and animals is now accepted. But, according to Aschoff 
(1960), if certain of these rhythms manifest themselves only when external 
physical conditions fluctuate periodically (exogenous rhythms), many 
others persist under uniform environmental conditions) thereby demonstrat
ing the functioning of a periodic internal mechanism (endogenous rhythms). 

Although endogenous cycles of very different periods and charactcr have 
been reported (Raillaud, 1957; Clouds ley-Thompson, 1961; lcrebzoff, 
1961b), most of the work in progress bears on the endogenous rhythms in 
which the period has, or can acquire, a value equal to that of periodic 
changes in the natural environment, including daily, tidal, semilunar, lunar, 
and annual ones (F. A. Brown, 1960; Bunning, 1958; Fingerman, 1957, 
1960; Harker, 1958; Hauenschild, 1960; Menzel, 1962). This is due largely 
to the possible role of "clocks" and "internal calendars" in the survival 
of species and to the contributions that their study may make to experi
mental ecology and to medicine. 

Actually the function of these rhythms is poorly known. The very large 
duration of some periods, approaching even a year, and their relative inde
pendence of temperature cannot be explained by the classical concepts of 
biochemical reactions. Up to now no substances are known that are capable 
of inducing the manifestation of an internal rhythm as an approach to the 
study of causal mechanisms. Finally, the multiplicity of processes which can 
show the same rhythm even within the same organism (Biinsow, 1960; 
Glick e/ aI., 1961; Halberg, 1960; Pirson e/ al., 1954; Richter a"d Pirson, 
1957; Sweeney, 1960), leads to conjecture about the fundamental mecha-
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nism which can only be hypothetical at present. What that is new in this field 
has been, or can now be, adduced from studies of fungi? 

Among the fungi, difTerent proccsses shew rhythms, which often arc 
endogenous, such as protoplasmic streaming in the plasmodium of Pl1y
sarwn polycephalum (Kamiya ('{ 01., 1957), the discharge of ascosporcs 
in Daldinia concentrica (Ingold and Cox, 1955) or of sporangia in Pilob
olus (Schmidle, 1951; Uebelmesser, 1954), and even the intensity of 
luminescence in certain basidiomycetes (Berliner, 1961), However, the 
most common periodicity involves the development on solid media of a 
series of regularly spaced concentric circles of growth, which arc called 
zonations. These zonations can affect a single process as, for example, the 
thickness of the mycelium of Ascochyta chrysanthemi (Stevens and Hall, 
1909), or the distribution of spores of Penicillium and Aspergilllls (Galle
maerts, 1911; Hedgecock, 1906; Munk, 1912), and pycnidia of Ascochyta 
rabie! (Hafiz, 1951). But more often, several phenomena are involved, 
such as sporulation and pigmentation in Trichoderma \'iride (Milburn, 
1904), sporulation and thickness of the mycelium in Sclero/illiCi truc/icola 
(Hall, 1933; Sagromsky, 1959a), and pigmentation and formation of fertile 
and sterile aerial hyphae in Alternaria tenllis (Jerebzoff, 1961 b). Thus, two 
types of hypha I growth can be observed, one characterized by monopodial 
ramification, and the other by the formation of a cyme, as in the cases of 
Sou/aria fimicola (Hawker, 1950), Ascobolus immersus (Chevaugeon, 
1959b), and other organisms. 

We will examine slIccessively the responses of organisms with rhythms 
that are 'exclusively exogenous, foHowed by those that ha.ve endogenous 
zonation rhythms, to the action of different physical conditions, and as a 
function of the composition of tbe nutrient medium. The genetics of zo
nations will then be considered. 

II. EXOGENOUS RHYTHMS 

No zonation rhythm has been detected among the fungi under uniform 
external physical conditions. Zonations arc induced hy llul:tuations of light 
or temperature and arc stopped when uniform conditions are reestablished. 

A. Action of Light and Temperature 

Numerous fungi show zonation rhythms under the stimulus of different 
photoperiods (Jcrebzoff, 1961 b). Daily illumination of 1000-3000 lux for 
several seconds suffices to induce zonations in Fusarium discolor slil/ureum 
(Bisby, 1925), Trichothecillm roseum (Sagromsky, 1959a), and Verti
cillium lateritium (Isaac and Abraham, 1959). In spite of this great sen-
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sitivity, the maintenance of the above amount of illumination for 12 hours 
to a day is not sufficient to induce an endogenous rhythm after the cultures 
have been returned to darkness. The duration of the dark period that is 
needed to make a photoperiod effective varies greatly. For example, 9 
hours is needed for V. lateritium and 12 hours for F. discolor sulfureum, 
whereas Batry/is gladiolorum forms a daily zonation if the dark period is 
only 1 hour (Bjornsson, 1959). In contrast to the three previous cases, 
continuous light inhibits sporulation and a dark period of 1.5 hours suffices 
to reestablish it whereas 7 hours of darkness induces optimum zoning in 
Peronospora tabacina (Cruickshank, 1963). By way of comparison, it 
is interesting to note that the endogenous daily rhythm of higher plants, like 
that of Phaseo/us, is inhibited by continuous illumination, but reappears 
after a minimum dark period of 8-9 hours (Wasserman, 1959). 

Furthermore, in Penicillium, alternations of strong and weak light, as 
well as of light and dark, are capable of evoking zonations (Sagromsky, 
1952a). In addition, when light accelerates fruiting of Fusarium fructi
genum, 10 minutes of light each day provokes the release of spores uni
formly over the surface of the cultures, whereas 30 minutes are needed to 
localize them in a certain place (Hall, 1933). 

Also, although the action of light in the formation of zonations may 
sometimes be due to the inhibition of spore formation, in general fluctuating 
light probably acts as an excitation having an effect upon vegetative growth 
which favors fructification by the excited hyphae (Jerebzoff, 1961 b). More
over, a dark period of at least 1-12 hours also may be necessary for the 
induction of a zonation. 

Finally, a comparison of action spectra reveals that whereas blue light 
is always effective, green, yellow, and red may be either important (Galle
maerts, 1911; Munk, 1912), weekly active (Cruickshank, 1963; Isaac and 
Abraham, 1959), inactive (Hedgecock, 1906; Sagromsky, 1956), or of 
doubtful significance, as in the case of Trichothecium roseum (Hedgecock, 
1906; Munk, 1912). It should be noted that Sagromsky (1956) has been 
able to sensitize a Penicillium to the action of light, and to render a race 
of T. roseum responsive to red light, by adding methylene blue to malt 
agar. 

As far as the action of temperature is concerned, experimenters are 
limited, in general, to the use of thermoeycles and thermoperiods of long 
duration. However, some fungi arc very sensitive to temperature, such as 
Penicillium (Sect. Asymmetrica) which forms zonations in the dark if abrupt 
variations of 1°C in temperature are applied (Sagromsky, 1952b). Also, zo
nations appear in cultures of Pleospora herbarum which are transferred for 
1 hour to a temperature differing by 3 cC from the one at which they were 
growing (Ellis, 1931). Moreover, it appears quite often that the appearance 



628 Stephen J erebzofJ 

of zonations can be connected with transfer from high to low temperature 
in Ascochyta rahiei (Hafiz, I(51); T. rosewn (Sagromsky, 1956); Fusa
rium frucligenum (Hall, 1933). In P. herbarum not only is transfer from 
high to low temperature effective, but the reciprocal also works. Thus, 
variations in temperature have similar clTccts upon zonation as variations 
in light but arc a weaker form of physical excitation (Ellis, 1931; Hafiz, 
1951; Sagromsky, 1952a). 

Finally, it is worth noting that certain fungi appear to respond only to 
a single type of stimulation, such as light in Penicillium luteum (Knischew
sky, 1909) and heat in Pieospora herharllm and Ascochyta rabiei. 

B. Role of the Culture Medium 

First, it appears that substrates ought to satisfy a certain number of con
ditions, independently of their composition: they ought to be fairly rich 
and not permit too much thickening of the mycelium, in order to avoid the 
coalescence of the zonations; all conditions that might disturb growth, and 
prevent the mycelium that is sensitive to excitation from being in an even 
physiological state, ought to bc avoided; the pH ought to be acid (W. 
Brown, 1925; Hafiz, 1951; Hall, 1933; Sagromsky, 1956). 

Most frequently, complex media are employed, including cxtracts of 
potato (Bjornsson, 1959; W. Brown, 1925; Hafiz, 1951), malt (Sagrom
sky, 1952a; 1959a), prune (Gallemaerts, 1911), or beef (Bisby, 1925; 
Hafiz, 1951). When defined media have been used, the content of phos
phate has been shown to have a marked clTcct on the zonations, as in 
Ascachytll robiei and in Fusarium. 

III. ENDOGENOUS RHYTHMS 

A. Action of Light and Temperature 

All the fungi mentioned below show endogenous zonation rhythms under 
certain conditions, but their responses to physical excitations are very 
different. On this basis, three principal groups can be recognized: 

Group 1. Certain fungi are unresponsive to light or heat; the zonations, 
which are due to an endogenous rhythm, arc a function solely of the nu
tritional environment. Included in this group are Ascochyta chrysanthemi 
(Stevens and Hall, 1909), and certain mutants of Podospora am'erina, 
Asco/Jolus immersusJ and Pestalalia annulata (Chevaugeon, 1959b; Nguyen, 
1902; Tavlitzki, 1954). 

Group 2. In this group, physical excitations induce exogenous zonation 
rhythms. Alternaria tenuis (Gallemacrts, 1911) and Trichoderma viride 
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FIG. 1. Repeated induction of endogenous zonation 
rhythm in Sclerolinia /rllclico/a. Cultures maintained in 
the dark for 2 days receiveu a first photoperiod of 12 
hours aL 250 lux. and a second after 5 days. After each 
\limulus, four zonaLions of decreasing intensity were 
found, one every 24 hours. 
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respond thus to treatment with photoeycles, and Aspergillus ochracells and 
A, niger arc sensitive also to the action of thermocycles (Munk, 1912), 

Group 3. In this group, weak physical excitations induce an exogenous 
rhythm while strong excitations. provoke an endogenous zonation rhythm 
which is continued for some time after the cessation of the stimulus. The 
endogenous rhythm induced by a single illumination in Sclerolinia fructi
gena, S, laxa (Hall, 1933), and Leptosphaeria michotii (Jerebzoff and 
Lacoste, 1962) has a period of approximately 24 hours, In the case of 
S, fructicola cultures illuminated once with intense enough white light, or 
with wavelengths < 500 m!" and placed in the dark or in very weak light, 
show a 24-hour rhythm for 3 days (Fig, I), This same rhythm also is 
released in cultures held in the dark by simply altering the temperature 
;;, 2 C C (Jerebzoff, 1961 b). In mutant no. 21,863 of Neurospora crassa, 
it is the transfer from continuous light to darkness that will induce an endog
enous rhythm (Brandt, 1953; PittenJrigh et al., 1959). 

B. Role of the Culture Medium 

First of all, it should be noted that the general remarks concerning the 
nutritional environment which favors the appearance of zonations in or
ganisms having exogenous rhythms apply to those having endogenous 
rhythms. 

Induction of endogenous rhythms by physical excitations can take place 
in very diverse natural or defined media in Sclerotinia (Hall, 1933; Jcrcb
zoff, 196 I b), and Leptwplzaeria miclzotii (Jerebzoff and Lacoste, 1962). 
As for those rhythms which can be manifested without any physical inuuc
tion, little or nothing has been determined as yet about the nutritional con
ditions which favor such rhythms in Trichoderma viride (Milburn, 19(4), 
Ascocllyta chry:wnthemi (Stevens and Hall, 1909), and Pes/olalfa ((l11l1l/ala 
(Chevaugeon, 1959b). 

Solne other fungi, like L. michotii appear to have weak nutritional de
ficiencies. Podos[Jora anserinCl is a somewhat special case for, on a simple 
synthetic medium, the zonations appear at a pH ;;, 6 if manganese is absent 
and at a pH ~ 6 if it is present (Tavlitzki, 1954). 

Finally, an endogenous rhythm has been observed in the dark and at 
23°C in S. fructicola if Difco yeast extract is added to a complex, or en
tirely synthetic medium, and in Alternaria tenuis grown on malt extract 
agar (Jcrebzoff, 1958,1960, 196Ib). 

1. Factors in Yeast Extract 

The fraction in yeast extract that is active on S. true/leola is that retained 
on Dowex 50, which is rich in amino acids (Fig. 2). It has been possible 
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rIC). 2. Appearance of Sdl'TOlill1ll fruc/iw/a under uniform conditions in the dark 
al :n°c. (1 ) Grown on n ~ynthetic medium. ( II ) Grown on the ~amc medium to 
\\ hieh Ihe "basic" fraction of yeast extract was added. 
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to substitute a combination of 14 amino acids, including aspartate, gluta
mate, arginine, glycine, histidine, isoleucine, leucine, lysine, methiunine, 
phenylalanine, threonine, tryptophan, tyrosine, and valine, in the same pro
portions that they arc contained in yeast extract. Nevertheless. the results 
of these experiments arc somewhat variable. 

This same fraction from the column, as well as the combination of l4 
amino acids, when added to a synthetic medium, induces zonations in a 
repeatable way in another organism, Aspergillus ochracells (Jercbzoff, 
1961b). 

When A. niger h cultivated in the presence of ammonium tartrate, am
monium nitrate, monopotassium phosphate, magnesium sulfate, and glu
cose, only the addition of isoleucine in concentrations between 0.1 and 
2 X JO --:! M is needed 10 induce an endogenous zonation rhythm in the 
dark at 23 ClC. Leucine, norleucine, valine, norvaline, and threonine have 
proved to be incapable of duplicating this effect (Jerebzoff, 1963). 

Thus, in three instances the addition of amino acids found in yeast ex
tract suffices to induce an endogenous zonation rhythm under uniforrr 
external physical conditions. In the case of A. niger, a single factor is fe" 

sponsiblc, namely, isoleucine. 
In addition, a mutant of Neurospora crassa forms zonations in the dar~ 

on potato-dextrose agar or, better still, on Gray's medium, containing Difcl 
yeast extract (Brandt, J 953). These data suggest that the persistent rhythn 
described above could be duc to the presence in the two media of factor 
that. are analogous to those which arc necessary for S. fructicola and th 
two aspergilli. 

2. Action of Malt Extract 

Alternaria tem/is grows uniformly on potato extract but shows zonatior 
if an extract of crude malt, or a "'nonionic" fraction therefrom, which 
rich in glucose, man nose, sucrose, and especially maltose, is added. A 
though it is assimilated, lactose, an isomer of maltose, is almost inactiv, 
At first sight it could be supposed that substances contained in potal 
extract can serve as cofactors that are necessary for the rhythm in A. tenlli 

In fact, it appeared subsequently, that if, in the dark at 23 T, the fungI 
is grown upon an agar medium containing, for example, KNO;!, KH:!PC 
MgSO,· 7H,O, and maltose, the manifestation of the rhythm is a functi( 
of the relative concentrations of nitrate, phosphate. and maltose. Changil 
the pH of the medium from 5.5 10 6.2 or 7.2-7.4, does not alIect tl 
reaction (Jerebzoff, 1962). 
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Therefore, the appearance of zonations in A. tenuis is not determined 
by the addition of special substances from potato extract, but is uependent 
upon the equilibrium between common nutritional factors, while being a 
function of the kind of sugar furnished (present in favorable concentra
tions in malt extract). 

It is to be noted that an endogenous rhythm induced by nutritional fac
tors under uniform physical conditions persists a long time. Thus, it con
tinues for 3 weeks in S. fructicola, I month in Aspergillus ochraceus and 
A. niger, and 70 days in Alternari(/ lenllis without attenuating (Jerebzoff, 
1961b,1963). 

C. Characteristics of Endogenous Zonation Rhythms 

In describing research on the functioning of endogenous rhythms of a 
fairly long period, a zonation rhythm can be characterized by the: (I) con
ditions under which it can be manifested, such as we have just examined; 
(2) duration of its period, which is a function of the temperature, illumi
nation, and the nutrient medium, under uniform conditions and, also may 
be affected by dilTerent photo- or thermoeycles; (3) number, relative im
portance and sensitivity of the phases of the period under the influence of 
different physical or chemical treatments. This last question, although fully 
explored in a variety of endogenous plant and animal rhythms, to my 
I-nowledge, has not yet been approached in fungi showing zonation rhythms. 

J. Duration of the Period under Uniform External Physical Conditions 1 

In Neurospora crassa the period is about 22 hours at 24 0 and 31°C" in 
the dark or in red light, but the rhythm disappears in continuous white 
light, or in very weak blue light (Brandt, 1953; Pittendrigh et aI., 1959). 

'Also called the innate period, which is equivalent to the term "frec-running 
period" proposed by Pittendrigh (1960). 

~ When the rate of a reaction is an exponential function of the temperature, the 
Q"" or temperature coefficient, is the ratio of the rates (v and v') at which the 
phenomenon takes place at the two temperatures. 8 and 8 + lOoe. According to the 
VanfHofT equation, where u is a constant, if log ~'= 8 log a, and log v':::: (0 + 10) 
log fl, then log Q,,,:::: [8 + 10) -0] log a:::: 10 log a. If rates (v, ~") are known 
only at two temperatures which are not lOoe apart, the QIU can be calculated accord
ing to the formula, log Ql~ = (IO/.3.fI)log(l'/v'). 

In the .:ase of biological rhythms, the rate of a reaction is proportional to the fre
quency, which is the inverse of the period. The Q,,, of Ihe period is < I if the period 
increases with the temperature, > 1 if it decreases with the temperature, and equal to 
1 if it is independent of this factor. 
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The rhythm in Sclerotinia truc/ic:ola, which can be induced by a physical 
exeiLation or by yeast extract, has a period of 24 hours in the dark between 
.17 " and 27°C, but is 16-18 hours in weak continuous light and is inde
pendent of the amount of yeast extract used (J ercbzoff, 1961 b) . 

The period of the rhythms induced by light approaches 24 hours in S. 
fructigena, S. laxa, and Leptosphaeria michotii (Hall, 1933; l crcbzofI and 
L acoste, 1962) . By contrast , when the rhythm is manifested in the absence 
of an induc ing treatment, the period can be much longer. Thus, it is 2 days 
in Sordaria fimicola (Hawker, 1950) , 3 days in Ascochylo chrysonthemi 
(Stevens and Hall, 1909) , 4 days in Aspergillus ochraceus, 7\12 days in 
A. niger (Jerebzoff, 1961b, 1963 ), and longer in Trichoderma viride (Mil
burn, 1904). However, these endogenous rhythms are sti ll poorly under
stood. 

In different races of Podospora anserina the period vades from 28 to 
43 hours at 26°C (Chevaugeon, 1959a; Nguyen, 1962). At this tempera
ture, the period in Ascobolus immersus and Pestalotia atllw/ala is 35 and 
57 hours, respectively, and at 16c C tbe period is doubled but remains in
sensitive to continued illumination (Chevaugeon, 1959a) . 
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FIG. 3. D uration of the endogcnouli pe riod of Alternaria tCllllis in the dark, as a 
function of the tcmperature and composition of the medium. M :::: 5 gm of malt 
extract per liter. PT = water cx traCt of 12.5 gm ( / ),25 gm (2 ) and 50 gm (4) of 
peeled potatoes per liter. 
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Extreme dependence upon temperature is demonstrated by the rhythm 
of A Itemaria tenuis, which is manifest in the dark on malt agar, but only 
between 22.5° and 25°C, and disappears in continuous light. Its period is 
50 hours at 23'C and 71 hours at 24.8°C, so that its QlO is about 0.14. 
The duration of the period is independent of the amount of malt extract 
furnished, but, on the other hand, the simultaneous addition of malt extract 
and a water-extract of potato has the following effects: (1) reduction in 
the period at a given temperature, such as, from 50 to 45, or even 35 hours, 
at 23°C. (2) modification of the dependence of the period upon tempera
ture, making possible complete independence of this factor in certain con
centrations of the extracts (Fig. 3). 

Therefore, potato extract contains substances that affect the period of 
the rhythm of A. tenuis at a given temperature, as well as its dependence 
upon temperature (Jerebzoff, 1961b). 

2. Effect of Different Photocyeles upon the Period 

Generally, it is considered that an organism having a classical endog
enous diurnal rhythm undergoes "entrainment'" of its rhythm when its 
period coincides with that of a given outside factor, during the application 
of a stimulus like photo- or thermocycles. As soon as the organism is re
turned to uniform conditions it regains its innate period. Moreover, if the 
applied periodicity is too distant from the innate period the latter is mani
rested so that the rhythm then is independent of variations in the external 
environment. 

Two zonation rhythms have been studied from this point of view. In 
Sclerotinia trueticola, homophasic photocycles of 8 and 12 hours induce 
zonation rhythms of 8 and 12 hours, whereas in photocycles of 4 and 6 
hours a period of 12-14 hours is shown. The rhythm appears to be "en
trained" in the first case, but independent of variations in light in the 
second case. Once the organism has been returned to darkness, a period 
of 24 hours is reestablished in all cases. 

The second instance is that of Alternaria telluis which, in 10 gm of malt 
extract in agar, shows as we have seen, a rhythm with a period of 50 hours 
at 23 c C in the dark (Section 111, C,I ). If this organism is grown on the 
same medium but receives daily photoperiods of 12 hours in which the 
intensity is 250 lux, the zonation period is 24 hours (Fig. 4A). By con
trast, if the intensity is lowered to 100 lux, two types of zonations appear, 
one of which shows a rhythm of 24 hours, and the other a rhythm of 50 
hours (Fig. 4B). Consequently, the period of 24 hours is due to the applica-

3 The term equivalent to "asservissement," as used by French workers. 
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A B 
FIG. 4. Simultaneous evocation of exogenous Itnd cndosenous zonations in AI

( 'maritI ' e,",is gro, ... n on malt e"tract (10 gm/liter) and receiving daily 12-hour pho
toperiods. When the stimulus is 150 lux, only an exogenous 24-hour rhythm appears 
(A). If the stimlllu~ is 100 lux, the preceding rhythm still is prescnt, but an endog
enOtls rhythm or 50 hours also appears (B). 

tion of the photocycles and is of exogenous origin, whereas that of SO hours 
is endogenous. It follows that the period of 24 hours which results from the 
application of physical stimuli to cultures of A. tenuis in malt extract can
not, in any of the cases studied, be considered to be a consequence of 
"cntrainmcnt" of the endogenous 50-hour rhythm. H the action of photo
cycles dominates that of nutritional factors. it may be due simply to the 
inhibition of the endogenous rhythm and a manifestation only of the exog
enouszonation rhythm (Jerebzoff, 196Ib). 

To summarize, fungi can show very diverse endogenous rhythms. In 
Neurospora Crassa and Sderolinia /rLl("/ico/a the period is approximately, or 
equal to. 24 hours and independent of temperature. Blue lighr induces the 
rhythm in S. tructic-ola, as in other lower organisms, like Gonyaulax poly
edra (Sweeney, 1960) and Oedogonillm ('{lrdiaCJlm (Buhnemann, 1955), 
but not in highcr plants like Phaseollls, whcre only red light is efTcetivc in 
starting the endogenous diurna1 rhythm (Bunning. 1960) . In addition, the 
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circumstances for "entrainment" and for "free-running" period in S. 
truetieola arc like those for the diurnal rhythms in the discharge of spo
rangia of Pi/aoo/"s' (Uebelmesser, 1954), or of ascospores of Daldinia 
(Ingold and Cox, 1955), as well as like those for diurnal rhythms of higher 
plants like Kalanchoe (Biinsow, 1953). Therefore, S. truelieola and Neu
rospora crassa show classical endogenous diurnal rhythms. 

The endogenous rhythms induced by light in S. truetigena, S. laxa (Hall, 
1933), and Leptosphaeria michotii (Jerebzoff and Lacoste, 1962) also 
could be of the same type as the above. Moreover, Leptosphaeria can man
ifest a second endogenous rhythm, due to nutritional factors. 

Finally, a series of endogenous rhythms that appear under very varied 
conditions have been listed. By reaSOn of their innate period, which is 
longer than 24 hours, their Q;o and dependence upon continuous light and 
different photocycles, these rhythms are very odd. Such rhythms have only 
rarely been reported to exist in higher plants (Titz, 1942). 

IV. GENETIC DETERMINATION OF ZONATION 

The value of zonation as a taxonomic character has been known for 
some time, notably because of tbe work of W. Brown (1925) on Fusarium. 
However, precise genetic studies of the mechanism of zonation have 
scarcely begun. 

Mutant no. 21,863 of Neurospora crassa is "prolineless," but the addi
tion of proline to a minimal medium does not permit the origin of zonations 
in this mutant or in others which arc deficient in the synthesis of com
pounds in the ornithine cycle (Brandt, 1953). Furthermore, the character 
"patch" (pat), which determines cyclic growth, and "prolineless," are con
trolled by genes that are not closely linked. Thus, the character, "appear
ance of zonations" does not appear to be linked to the metabolism of 
proline and, more generally, to the ornithine cycle in Neurospora. Besides, 
there is a good correlation between the ability to "escape') on media con
taining sorbose and "patch" segregants from a cross with race 74A so it is 
possibLe to observe the Upatch" character under conditions where zonations 
do not occur. If the "patch" ·gene does not affect the functioning of a bio
logical clock directly but, instead, affects growth in some way, it would be 
expected that pat+ strains would demonstrate clock activity (Stadler, 
1959). 

In addition, those races of Podospora anserinaJ Ascobolus immersus, 
and Pestalotia annulata which show zonations are all characterized by a 
chromosomal accident (Chevaugeon, 1959a; Nguyen, 1962; Tavlitzki, 
1954). In particular, in P. anserina, it appears that the exogenous rhythm 
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induced by photocycles, and an endogenous rhythm that does not require 
light, are determined by hereditary differences based upon a single pair of 
genes (Nguyen, 1962), 

V, DISCUSSION 

One important new clement, which the study of zonations in fungi has 
brought to the knowledge of endogenous rhythms of long duration, bears 
on the manifestation of these rhythms. In effect, conccrning the relation 
between exogenous and endogenous rhythms afTecting the same physiologi
cal process, it is known that weak physical excitations can induce an 
exogenous rhythm in certain organisms, whereas similar stimuli, but of 
greater intensity, induce an endogenous rhythm. 

But, when cultivated on a simple nutrient medium, Aspergillus ochracells 
and A. niger arc incapable of showing an endogenous zonation rhythm 
under the stimulus of physical excitations. In order that the phenomenon 
can be demonstrated under uniform environmental conditions, they need 
substances found in yeast extract, such as isoleucine. On the other hand, 
very weak physical excitations induce exogenous rhythms in Sclerotinia 
fructicolll grown on a basal medium, whereas stronger stimuli of the same 
kind, induce an endogenous daily rhythm. The latter effect can be duplicated 
entirely by substances in yeast extract. 

The appearance in S. fmcticola of the same endogenous diurnal rhythm 
after the application of either a physical or chemical stimulus suggests that 
the former permits the synthesis of the chemicals which are preformed in 
the latter case. Following such reasoning, it is suggested that, in A. 
ochraceus and A. niger, physical stimuli arc insufficient to permit these 
organisms to accomplish the syntheses needed to induce an endogenous 
zonation rhythm. 

In the case of Alternaria tenuis, it is possible that the organism is able to 
synthesize the hypothetical factors needed for the endogenous periodicity, 
if it has at its disposal certain common nutritional materia1s in the right 
proportions. Similar observations underscore the importance of the com
position of the basal medium, even in the case of Aspergillus, or of S. 
fructicola. However, it remains to be explained why light is incapable of 
inducing an endogenous rhythm in Alternaria tenuis when it is grown on 
malt extract. 

Be that as it may, a gradation can he perceived from exogenous, to in
duced-endogenous, to spontaneous endogenous rhythms, reflecting more 
and more complete capacity to synthesize products that are necessary 
somehow to the periodicities under consider(/tion. 

Moreover, is the appearance of an endogenous zonation rhythm, as is 
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generally thought to be so for other endogenous diurnal rhythms, the result 
of the synchronization of separate cellular endogenous rhythms that are 
out of phase with slightly dilTcrcnt periods? According to such a hypothesis, 
the time required for the decay of an induced rhythm corresponds to the 
time needed for the complete dcsynchronization of the separate rhythms. 
Or, docs its appearance constitute a true release of a rhythm? 

As discussed above, when ,)', tru('fico/a is grown in the dark on a basal 
mcLiium, the application of strong light induces an endogenous rhythm 
which decays in 3 days. If the fungus th:vclops under uniform external con
ditions, in the presence of yeast extract, the same endogcnous rhythm 
continues without degenerating for at least 3 weeks. Likewise, the induced 
rhythms of Aspergillus ochruceus, A. niger, and Alternaria tenuis, under 
uniform external conditions, persist for 70 days without abatement. 

According to the first hypothesis, the 3 days neeued for the dccay of the 
rhythm induced by a physical stimulus in S. jruoicola, represent the time 
of desynchronization. But, in order to explain the long duration of thc 
rhythm in the presence of the chemical inducer. the factors present in yeast 
extract would have to playa double role. They would havc to synchronize 
the phases of the separate internal determinants of the periodicity. Then, 
these compounds would have to be able to induce a period of 24 hours in 
all the cells of a culture. Thus, the factors in yeast extract would have to 
participate in the fundamental mechanism of the periodicity in some way. 
One possibility is that thc action of a factor in the medium could be to 
supersede, or modify, some clements of the periodic mechanism by impos
ing another value on thc endogenous period. This appears much less prob
able, as it is proved that factors in yeast extract induce a period of several 
days in A. ochraceus and A, niger. Therefore, these factors arc not specific 
as far as the duration of the period is concerned. 

According to the hypothesis based upon a true release of the rhythm, 
the cells of a culture of S. fructicola would have the same endogenous 
period, but the action of light would be necessary to activate the rhythm 
which is initially at rest. The time takcn for the rhythm to disappear would 
then be a function of the amount of substances produced by the organism 
as a consequence of the stimulus, and it would be practically indefinite if 
these substances were furnished preformed in the medium, at a constant 
rate. The similarity in the manifestation of endogenous rhythms in Asper
gillus ochraceus, A. niger, and Alternaria tenuis also suggests that a true 
release is involved. 

These examples can be added to those of Gonyaulax polyedra (Sweeney, 
1960) and Acetabularia major (Sweeney and Haxo, 1960) where the ap
pearance and disappcarance of endogenous daily rhythms of photosynthetic 
capacity have been observed in single cells. Consequently, at least in the 
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lungi, the theory which explains the manifestation of an endogenolls 
rhythm in a multicellular organism as being due /0 the synchronization of 
many separate rhythms, cannot have general application. 

Let us now consider the function of an "internal clock," for example, 
one that shows a diurnal rhythm. Such a "clock" can only play a role in 
measuring time if the endogenous period can be "entrained," within certain 
limits, by exogenous photo- or thcrmocycles, and if it is independent of the 
temperature. 

Taken by itself, S. fructicola could be considered to show a classical 
endogenous diurnal rhythm in response to periodically applied illumination. 
Depending upon the conditions used, "entrainment" and "'independence" 
of its endogenous period arc observed. But the reaction of Alternaria 
lenuis to analogous treatments is very different. Even though certain re
sults simulate "entrainment" of the endogenous period under the stimulus 
of photocyclcs, these are due only to blocking of the endogenous rhythm 
and manifestation of a single exogenous zonation rhythm (Section 111, 
e,2). 

It is evident that the periodicity of A. tenuis cannot be attributed to an 
"endogenous clock." However, if these results are compared to other ex
treme examples, it is possible to question again the notion of "entrainment"' 
of endogenous rhythms in whieh the period is near, or equal to, that of 
natural periods. On the one hand, the diurnal endogenolls rhythm of color 
change in Uca pugnax cannot be "entrained" but, contrary to Altenl£lri(/, 
the exogenous rhythm due to applied photocycles docs not appear (F. A. 
Brown and Stephcns, 1951). On the other hand, if lIrdrodietyolI retieul(/
tum (Pirson et aI., 1954; Richter and Pirson, 1957) or Platynereis dwne
rilii (Hauensehild, 1960) are exposed to a series of very different photo
cycles and transferred to uniform conditions, they show an endogenous 
rhythm in which the period is equal to, or ncar, that of the applied periods. 

So, it is possible to conceive of a gradation of endogenous rhythms 
characterized b.v more or less sensitivity of their period to cyclic rariations 
in the external environment. One type of rhythm can be entirely inde
pendent of applied periods, or its appearance can be blocked if the physical 
stimulus is strong. Still another type can be hrought under the control of 
periodic exogenous stimulation, but immediately rererts to its own period 
upon return to uniform conditions. Finally, we come to the case where the 
endogenous period has become so plastic that it can retain the applied 
period a/ler the cessation of the stimulus. 

As for the second essential character of "endogenous clocks," their rela
tive independence of temperature, many workers stress the existence of 
rhythms whose QIO is slightly higher or lower than 1, supposing that these 
values arise because different chemical reactions, possessing different teffi-
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perature coefficients, balance each other (Pittendrigh, 1960; Sweeney and 
Hastings, 1960). The behavior of A. tenuis when it receives malt and 
potato extracts simultaneously is an experimental proof in favor of this hy
pothesis. It represents, as do respiratory movements of young carps 
(Meuwis and Heuts, 1957), a new kind of endogenous rhythm whieh dif
fers from a typical "endogenous clock," but whose period can be independ
ent of temperature under certain conditions. 

Finally, no substance controlling the duration of the period of endogenous 
diurnal zonation rhythms has been found. However, some factors that 
affect the period of A. tenuis have been revealed in aqueous extracts of 
potato. They differ from surface-active agents like alcohol, papaverine, and 
narcotine (Keller, 1960), or from mitotic poisons like colchicine and es
pecially urethan (BUnning, 1958), which increase the period of the endog
enous diurnal rhythm in the movement of leaves of Phaseolus. 

The mechanisms which regulate the formation of zonations have not yct 
been localized. We know now that many unicellular organisms-Euglena 
gracilis (Bruce and Pittendrigh, 1956), Gonyaulax l'ulyedra (Sweeney and 
Hastings, 1960), Acetabularia major (Sweeney, 1960), and others-can 
show typical diurnal endogenous rhythms. Still others, e.g., Euglena 
limasa (Bracher, 1937), Strombidium oculatum, Chronlulina psammoMa, 
and Hantzchia amphyoxis (Faure-Fremiet, 1948, 1950, 1951) show en
dogenous "tidal rhythms." Moreover, diverse systems with diastatic capacity 
are capable of functioning rhythmically (BUnning, 1958; Glick e/ al., 1961; 
Richter and Pirson, 1957). Nevertheless these systems do not constitute 
by themselves, the fundamental mechanism. In fact, for example, three 
diverse enzymes manifest a rhythmic activity with the same period in 
Hydrodictyon, according to Richter and Pirson (1957). Another fact is 
very promising in this way. Sweeney and Haxo (1960) demonstrated that 
the rhythm of photosynthetic capacity continues for some days in enucleated 
Acetabularia. 

In conclusion, the study of zonation rhythms in fungi already has pro
vided experimental confirmation of certain hypotheses, while casting new 
light on certain problems concerning the functioning of endogenous 
rhythms with periods of long duration. 

But above all, the fungi arc a group in which, in spite of the few re
searches undertaken, there has been observed a wide diversity of types of 
endogenous rhythms. There is available now a group of nutritional factors, 
which are known or arc in the process of being identified, that permit 
several approaches to the study of the intcrnal mechanism of zonations 
including factors involved in the manifestation of a rhythm, the control of 
the duration of the period of a rhythm at a givcn tempcrature, and the 
dependence of the period on temperature, applied periOdicities, and con-
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tinuous light. Genetic studies of the mechanism of zonation periodicities 
ought right now to be undertakcn. concomitantly with the physiological 
studies discussed above. 

The results that arc to be cxpected from such work will undoubtedly 
open new perspectives in the approach to the study of the mechanism of 
the more complex endogenous rhythms of longer duration in plants, as 
well as animals. 
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1. SYNCHRONY 

The term synchrony denotes a situation in which a population of po
tentially independent individuals undergo the same sequence of events at 
the same times. Synchronization refers to any treatment to which an in
vestigator subjects a population in order to cause or to improve synchrony. 
If the sequence of events is periodic, as in the case of cell division, syn
chronization consists of putting a collection of clocks in phase with each 
other. Synchronization of nonpcriodic growth processes, e.g., spore germi
nation and deve1opment, consists of applying some treatment that initiates 
a developmental sequence simultaneously in all individuals. 

The synchronized individuals may be actually independent or they may 
interact with each other. Much of the published work on division syn
chrony has been done at high cell densities and it is sometimes difficult to 
be certain whether the clock studied is the individual cell or the entire 
culture. In spontaneous mitotic waves, such as observed in the coenocytic 
plasmodia of slime molds and occasionally in tissues of higher organisms, 
synchrony is almost certainly determined by chemical factors pervading a 
common cytoplasm. 

The primary purpose of synchronization is to allow the study of physio
logical and biochemical changes which cannot conveniently be done directly 
on the individuals themselves. Some very ingenious and important studies 
have been made on single growing cells. However, most biochemical 
measurements require more material than is found in a single cell. One 
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therefore needs a population of cells at identical stages of growth or de
velopment. 

One problem in the interpretation of such measurements is to distinguish 
those biochemical changes which characterize growth and cell division, on 
the one hand, from those which occur in response to the conditions imposed 
to induce synchrony on the other. One can afford to ignore this distinction 
in cases where the principal interest lies in establishing a well-defined 
growth system which then can be manipulated experimentally, e.g., in 
synchronous germination of spores. On the other hand. most biochemical 
measurements of synchronously dividing cells have been undertaken with 
the idea of elucidating the normal cycle of changes which occur from one 
division to the next. 

Two criteria are useful in evaluating the data reported on synchronous 
division. First, the growth of cells during a normal doubling cycle must be 
balanced-Le., twice as many cells of the same size) shape, and compo
sition as at the start, must be present at the end. Second, biochemical meas
urements must be made during more than one cycle after the synchronizing 
treatment, to verify that any changes observed arc indeed periodic ones. 
Because of the rather severe methods generally used to induce synchrony. 
growth during the first cycle has seldom been perfectly balanced, and the 
interpretation of the results is correspondingly difficult. This does not imply 
that the measurements are irrelevant to the normal division cycle, but only 
that a satisfactory proof is still lacking. The study of more than onc cycle 
is complicated by the gradual loss of synchrony that occurs as time pro
ceeds. 

The above discussion .refers to those methods of synchronization which 
we have called prior treatments, in which a cell population is first treoted 
to synchronize it and then is placed in a constant environment and ob
served. Other workers have grown and observed cells maintained in peri
odic environments for an indefinite number of cycles. In this case, the two 
criteria given above are automatically fulfilled, and there is no way to be 
sure that the normal division cycle is really being studied. 

A. Synchronous Division 

Division synchrony in microorganisms have been induced by several 
methods. Single or multiple shifts in temperature. starvation for particular 
nutrients, changes in illumination, and shifts in pH have all been reported 
to have some synchronizing effect. Mechanical fractionation of a popula
tion into more homogeneous size classes by filtration or centrifugation have 
also been employed. The latter have the advantage that no known stress 
has been imposed on the cells. These methods and the results obtained 
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with them arc discussed in recent reviews (Campbell, 1957a; Scherbaum, 
1960; Williamson and Scopes, 1961b) and a book (Zeuthen, 1963). We 
shall consider here in some detail synchronization of two organisms of my
cological interest-yeasts of the genus Succ/wromyces and the slime mold 
Physarum polycephalum. 

I. Saccharomyces 

Several facts about Saccharomyces cerevisiae are pertinent to synchro
nization studies. One might ask whether synchronization is possible in an 
organism which divides asymmetrically by budding, as the division times of 
mother and daughter in the next generation might differ. Burns (1956) 
showed that, in diploid, triploid, or tetraploid strains grown at 30o e, 
mother and daughter remain joined until the bud is equal in size to the 
mother, and the two cells then begin to bud simultaneously for the next 
division. On the other hand, in a haploid strain grown at 30°C, and in 
all strains at 38' C, division of the mother cell preceded that of the former 
bud. There are therefore conditions under whieh synchrony is possible in 
principle. 

Something is known about the normal division cycle from direct observa
tion of single cells by various workers, especially Mitchison (1957, 1958). 
In the fission yeast, Schi~osaccharom\'ces pombe, cell length and cell vol
ume increase linearly during interphase and plateau for the 25 % of the 
division cycle preceding division. Ribonucleic acid (RNA) seems to in
crease continually during interphase (Mitchison and Walker, 1959). Cell 
mass increases linearly throughout interphase. When the cells divide, the 
mass of each daughter cell begins to increase linearly, so that the total 
rate of increase is double that before division. In Sacc/wromyces, the re
sults for cell volume and cell mass arc similar except that the rate of mass 
increase doubles not at the time of bud formation, but about 20 minutes 
thereafter (total doubling time, 2 hours). Similar growth curves have been 
reported for other cell types, including algae and protozoa. The implication 
is presumably that the total number of synthetic centers for protein and 
RNA remain constant throughout one cycle and then double at some mo
ment; this, for organisms which divide symmetrically, OCC1Jrs at the time of 
cell division. 

All the successful methods for synchronization of yeast have involved 
some sort of starvation procedure. When yeast is grown with aeration on 
a complex medium such as malt extract broth, old stationary phase cul
tures consist almost exclusively of single, non budding cells. In growing 
cultures, on the other hand, cells arc ra~ely separate from their mother 
cell of the previous division until they themselves have budded or are 
about to bud. Apparently any cell which has begun to bud at the time the 
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stationary phase is reached continues to develop into a cell pair and then 
cleaves to two separate cells, whereas a cell which has not yet budded fails 
to do so. Some investigators, instead of starving the ceUs in the laboratory, 
have used commercial yeast cake dircctly as a source of old cells. When 
the cells of a stationary culture are introduced into a fresh medium, they 
may bud in unison. Various refinements, largely empirical, have been intra·· 
duced over the years to improve the uniformity of the. division cycles follow
ing replenishment after starvation. By far the best synchrony has been 
obtained by the method of Williamson and Scopes (1962). 

A 10-day-old aerated culture is first subjected to differential centrifuga
tion, and the smaller cells (about 40 % of the population) arc discarded. 
The larger cells are then subjected on three successive days to a 40-minu\e 
growth period in malt extract medium followed by 6 hours of starvation, 
with aeration, in a salt solution. Upon inoculation of the culture into fresh 
medium, division is synchronous for several cycles. This method has been 
perfectcd only recently, and the available biochemical data come from 
systems where the synchrony was good only for one or two cycles. 

It is not certain which component of malt extract broth is growth limiting 
under the conditions cmploycd, but probably the important factor is the 
energy supply. Aeration in the absence of substrate is known to deplete 
endogenous reservcs, and the presence of othcr nutricnts is not likely to 
have too much effect when the energy source has been exhausted. Syn
chronization by energy starvation is well documented in another case 
(Campbell, 1957b), but unfortunately the observed synchronization was 
quite poor. Starvation for nitrogen (Bcam ef aI., 1954), and shifts from 
sublethal to normal pH (Campbell, 1957b), can also induce an apparent 
synchrony. At least, a larger than normal fraction of the population is 
budding in unison in these cases, but how much synchrony is induced in 
subsequent divisions is not clear. A pseudosynchrony, in which simultane
ous budding is not followed by subsequent synchrony, has been induced by 
subjecting yeast to a series of temperature shocks at 49"C (Louderback 
ef al., 1961). Real synchrony for at least one division cycle was reported 
following a combination of differential centrifugation and a I-hour tem
perature-shock at 40 c C (Nosoh and Takamiya, 1962). 

In synchronized cultures, deoxyribonucleic acid (DNA) increases in a 
fairly stepwise fashion shortly after the time of budding. RNA secms to 
increase linearly throughout most of the cycle and to plateau before and 
during budding (Williamson and Scopes, 1960). Protein increases more or 
less linearly throughout the cycle, the rate of synthesis doubling at a time 
after budding has occurred (Williamson and Scopes, 1961a). These ob
servations are sufficiently in accord with the single-cell findings to support 
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the contention that the normal doubling cycle is indeed being studied here. 
On the other hand, total ceHular nitrogen showed a stepwise increase, the 
magnitude of which varied from one cycle to the next-indicating that the 
cultures used were indeed not in perfect balance. 

Cyclic changes in the level of extractable peptidase and catheptie activi
ties have also been reported (Sylven et al., 1959). The activity is highest 
immediately before budding and falls during budding sufficiently to cause 
a drop not only in specific activity, but in total activity as well. 

2. Physarum polycephalum 

Synchrony of nuclear division in this organism, and apparently in the 
plasmodia of other slime molds as well, is remarkable in that it occurs 
spontaneously. The synchrony is maintained by the chemical stimuli trans
mitted through the common cytoplasmic environment, well mixed by rapid 
protoplasmic streaming. This interpretation is verified by the fact that, when 
a plasmodium is fragmented, division in the different pieces eventually 
becomes out of phase, but when two pieces coalesce, their nuclei quickly 
come into phase with each other (Guttes et al., 1961). 

Chemical studies have been made by feeding CH-orotic acid, which serves 
as a prccursor of the pyrimidine bases of both DNA and RNA. DNA 
synthesis occurs during the hour following division (total doubling time, 
12-14 hours), whereas RNA synthesis is fairly uniform throughout the 
division cycle (Nygaard et (II., J 960). 

B. Synchronous Development 

When a spore of the aquatic phycomycete Blastocladiella emersonii is 
inoculated into a nutrient medium, its volume increases exponentially by a 
factor of about ten thousand in 36 hours, after whieh there is no further 
increase. About this time, cleavage into two cells, one of which will become 
a sporangium, is observed. The development of a population of such spores 
is observed to be quite uniform, at least so far as linear dimensions at 
various times is concerned (Lovett and Cantino, 1960). The initiating 
event here is simply the act of placing the spores, previously suspended in 
water, into a nutrient medium. Some systematic attempt has been made to 
improve the uniformity in time of germination (Turian and Cantino, 1959). 
Treatment with indoleacetic acid did not improve the synchrony, but heat 
shocks at 37'C increased the fraction of individuals which germinated 
rapidly. The many interesting biochemical results obtained with this sys
tem arc dealt with in Volume II. 

For his studies on nucleic acid and protein content at difIerent stages 
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of sexual reproduction in Allomyces, Turian (1963) has succeeded in syn
chronizing gametangial formation and development to a sufficient degree to 
make meaningful studies possible. 

• 

II. CHEMOSTASIS 

When a culture of microorganisms grows in a closed system, the en
vironment to which the individual is exposed inevitably changes with time, 
because the organisms are taking up certain molecules from the environment 
and producing others. The nutritional state of the organisms therefore 
changes, and this is ultimately manifested in a cessation of net growth. For 
many purposes, it is desirable to study populations growing in a constant 
environment. This necessitates an open system, to which fresh medium 
is continually being supplied to the cells, and old medium withdrawn. 

These techniques have mainly been applied to organisms that grow in 
suspension, such as bacteria and yeasts, and therefore the withdrawal of 
medium implies the withdrawal of cells as well. If the contents of the vessel 
are we1l mixed, and if we let 

V = volume of apparatus 
vet) = total volume of medium which has flowed through apparatus at time t 

aCt) = growth rate of cells 
net) = concentration of cells in apparatus 

1 dv 
(J(t) = flow rate = V dt 

then it is straightforward to show that 

I dn 
~dt=,,-{3 (I) 

At the steady state, therefore, a = /3. If the apparatus is so constructed 
that the flow rate f3 is a constant, then a must ultimately equal it. This im
plies that the cell density must reach such a level that the alteration of 
the input medium by the cells is sufficient to reduce the growth rate from 
its maximum value to the steady-state value. If f:3 is set at a higher rate 
than this maximum value, the culture cannot maintain itself and is gradu
ally washed out. 

The most desirable procedure is to use a synthetic medium where one 
nutrient is supplied in limiting amount. The cells will then reach such a 
density that the working concentration of this nutrient is reduced to a level 
corresponding to the flow rate set. If we consider a nutrient of such nature 
that the number of cells produced is proportional to the amount of nu
trient consumed, it can then be shown that 
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de 
dt = (a - c)(3 - kna 
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(2) 

where c :::: concentration of nutrient in apparatus; a = concentration of nu
tricnt in input medium; and k :::::: amount of nutrient required to make ()ne 
cciI. 
At the steady state, (dc)/(dt) = 0 and a = (3, so that 

c = a - kn (3) 

If the nutrient in question is the one which limits growth, then the 
steady-state value of c depends on the How rate set, and this in turn de
termines the growth rate. The population density. on the other hand, is 
ddcrmincd by the input concentration (/ as well. Thus, it is possible to 
study very dense populations growing at a very low concentration of the 
limiting nutrient. 

It is also possible to construct an apparatus such that the value of (3 
is not constant but variable. For example, density-regulated systems have 
been used such that new medium is introduced as needed to maintain a 
constant density measured turbidometrieally (Fox and Szilard, 1955). The 
above equations apply equally to such a system, but there is no necessity in 
this case that any nutrient be limiting, and the working concentrations of 
all nutrients may be quite close to the input concentrations. From Eq. (3), 
it can be seen that in this case the value of n at which growth is regulated 
is small compared to the quantity a/k. 

The constant flow-ratc. nutrient-limited apparatus is called a chemostat, 
and the turbidity-controlled apparatus has sometimes been called a turbid
ostat. This nomenclatural distinction is slightly misleading. In either case, 
both the chemical environment and the turbidity arc unchanging at the 
steady state. 

The above equations do not tell us anything about the manner of ap
proach of the population to the steady-state condition, and additional as
sumptions are necessary to draw such conclusions. Spicer (1955) has 
shown that, under the simplest assumptions, when growth limitation is 
due to exhaustion of nutrient, the steady state will be approached asymptot
ically, whereas limitation by accumulation of toxic products can result 
in oscillations around the steady state. Oscillations of nutrient-limited cul
tures arc also possible under circumstances where the metabolic imba1ance 
caused by nutrient exhaustion is itself effectively toxic. An example of this 
type seems to have been found in yeast using the energy source as limiting 
nutrient (Welch, 1957). Oscillations about the steady-state level were also 
observed by Finn and Wilson (1954), but in their case, the effect may be 
purcly due to the toxic eITect of low pH. 



654 A llan Campbell 

REFERENCES 

Beam, C. A., R. K. Mortimer, R. G. Wolfe, and C. A. Tobias. (1954). The relation· 
ship of radiorc.~istance to budding in Saccharomyces cerel'is;ae. Arch. Biochnn. 
Bioph ys. 49: 11 0-122. 

Burns, V. W. (1956). Temporal ~tlldies of cell divbion. I. The inRucnce of ploidy 
and temperature on cell divi~ion in S. cef{'l'isillC, J. Cellular Compo Physiof. 47:357-
375. 

Campbell, A. (1957a), Synchronization of cell division. Bacterio/~ Rev. 21:263-272. 
Campbell, A. (1957b). Division synchronization in a respiratory deficient yeast. J, 

BlIctcrio/.74:559-564. 
Finn. R. K., and R. E. Wilson. (1954). Population dynamics of a continuolls propa

gator for microorganisms. J. A).;,. Food Cllcm. 2:66-69.' 
Fox, M .. and L Szilard. (1955). A device for growing bacterial populations under 

steady state conditions. 1. GCII. Physiol. 3H:261-266. 
GUttes, E., S. GUttes, and H. P. Rusch. (1961). Morphological observations on 

growth and differentiation of Phy.mrum po/yC£'phaflllll grown in pure cultllre. 
Del'clop. BioI. 3:588-614. 

Louderhack, A. L., O. H. Scherbaum, and T. L. Jahn. (1961). The effect of tempera
ture shifts on the budding cycle of Succ/wromyces cerevi.\iae. Exptl. Cell Res. 
25A37-45.1. 

Lovett, 1. S., and F. C. Cantina. (1960). The relation between biochemical and 
morphological differentiation in Blastoc{wliella cmasollii. n. Nitrogen metabolism 
in synchronous cultures. Am. 1. Bo/ally 47:550---560. 

Mitchison, 1. M. (1957). The growth of single celb. I. Schi::'os(lc('/wrom)'l'c.r (Jomh{'. 
Exp!l. Cell Res. 13:244-262. 

Mitchison. 1. M. (1958). The growth of single cells, II. Saccharomyces c('YcI'i.\i(l('. 
Exp!l. Cell Res. 15:214-221. 

Mitchison. 1. M .• and P. M. R. Walker. (J95(j). RNA synthesi ... during the cell life 
cycle of a fission yeast Schizosl/cc!wrolllyces pomhc. Exptl. Cell Res. Hi:49-58. 

Nosoh, Y., and A. Takamiya. (1962). Synchronization of budding cycle in yeast 
cells, and effect of carbon monoxide and nitrogen-deficiency on the synchrony. 
Pla!!t Cdt Physiol. (Tokyo) 3:53-66. 

Nygaard, O. F., S. GUttes. and H. P. Rusch. (1960). Nucleic acid metabolism in a 
slime mold with synchronous mitosis. Biochilll. Biophy.\·. Acta 38:298-306. 

Scherbaum, O. H. (1960). Synchronous division of microorganisms. A I/I!. Rei'. 
Microbial. 14:283-310. 

Spicer, C. C. (1955). The theory of bacterial constant growth apraratll~. Biometrics 
U,225-230. 

Sylven, B., C. A. Tobias, H. Malmgren, R. Ottoson, and B. Thorell. (1959). Cyclic 
variations in the peptidase and catheptic activities of yea~t cultures synchronized 
with respect to ceIl Illultiplication. Exptl. Cell Res. 16:75-87. 

Turian, G. (1963). Synthese ditferentielle d'acide ribonucle1que et diffcrenciation 
sexuelle chez I'Allomyces. Develop. BioI. 6:71-72. 

TUrian, G .. and E. C. Cantino. (1959). The stimulatory effect of light on nucleic acid 
synthesis in the mould Blastoctadiella ema.wnii. 1. GNI. Micrubio/. 21:721-735. 

Welch, G. P. (1957). Effects of chronic exposure to X-rays on a steady-state popu
lation of Sacc!wrof1lyce,\' Cl'rCl"i,\iae. Univ. of California, Radiation Lab. Rept. No. 
3763. 



28. Special Growth Techniques 655 

Williamson, D. H., and A. W. Scopes. (1960). The behaviour of nucleic acids in 
synchronously dividing cultures of Saccharomyces cerevisillc. I::xptl. Cell Res. 
20,138-349. 

Williamson, D. H., and A. W. Scopes (1961a). Protein synthesis and nitrogen uptake 
in synchronously dividing cultures of Saccharomyces cerevisiae, J. Ins!. Brewing 
67,39-42. 

Williamson, D. H., and A. W. Scopes. (1961b). Synchronization of division in 
cultures of Sacch(/romyces cerevisiae by control of the environment. If! "Microbial 
Reaction to Environment" (G. G. Meynell and H. Gooden, eds.), pp. 217-242. 
Cambridge Univ. Press, London and New York. 

Williamson, D. H., and A. W. Scopes. (1962). A rapid method for synchronizing 
division in the yeast Saccharomyces cerevisiae. Nature 193:256-257. 

Zeuthen, E. (1963). ··Synchrony in Cell Division and Growth." Wiley (lnterscience), 
New York. 





Gene Aclion 





CHAPTEH 29 

Gene Action 
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I. INTRODUCTION 

Genes have two distinct functions. One is to reproduce exactly once in 
each cycle prior to division of the nucleus. Thc other, with which this 
chapter is concerned, is to control some activity in a ccli and so, collec
tively, in an organism as a whole. A gene is a segment of deoxyribonucleic 
acid which not only reproduces but generally also specifies a protein, or 
one constituent of a complex protein, which usually has enzymic prop
erties, so catalyzing a specific metabolic reaction. The pathway of specifica
tion is opetated by means of ribonucleic acids, involving the transcription 
by their agency of a code from deoxyribonucleic acids to polypeptides. 

Many phases of these relationships cannot yet be demonstrated by 
reference solely to fungi, hence reference to work with other organisms 
will be made wherever necessary. Any other course, restricting the study 
to fungi alone, would distort the picture we now have of a process funda
mental to all organisms. Further discussions and references will be found 
in Catchesidc (1951) and Fincham and Day (1963). 

Some genes may act other than by specifying proteins, but there is no 
certain evidence yet of this. Certainly there are species of ribonucleic acid, 
which arc metabolically active and could be direct products of genes. How
ever, no mutants of such genes arc known, perhaps because they would 
be lethal. Secondly, metabolic reactions are subject to regulation which has 
a genetic basis. It is conteivable that some of the regulatory genes act other
wise than by the production of spccific proteins, but no such mechanisms 
have been demonstrated. 

l Present address: Department of Genetics, John Curtin School of Medical Research, 
Austr,aJia National Univcn.ity, Canberra, AC.T., Australia. 
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II. THE GENE 

The definition of a gene has given rise to much difficulty and confusion, 
which has not been relieved hy the introduction of new names (Bcllzer, 
1956). The various criteria which have beer!' proposed arc (I) that the 
gene has a unitary function, any change in the gene being capable poten
tially of causing some loss of this function; (2) that the gene has an indi
visibility by recombination; and (3) that all mutations affecting a given 
gene show effects on the same function. It has gradually become clear that 
definitions based on function and capacity to recombine, respectively, did 
not identify the same entity and, indeed, the unit of function is capable of 
very considerable subdivision by recombination. It is very probable that 
recombination is possible between the smallest separable elemcrlts of the 
deoxyribonucleic acid, namely between adjacent pairs of nucleotIdes. The 
best evidence is that presented by Henning and Yanofsky (1962). They 
showed that, in Escherichia coli, recombination is possible between genetic 
differences which specify different amino acid substitutions at a particular 
site in the A protein of tryptophan synthetase. It would appear therefore 
that rigorous application or the criterion of recoml)ination would define 
nothing larger or more integrated than the ultimate molecular clements 
whose arrangement codes genetic information. On the other hand. applica
tion of a criterion of function would appear capablc of defining integrated 
entities of higher significance. The chief problem lies in making such a 
criterion rigorous. It appears possible to do so at Icast in the casc of 
auxotrophic mutants in fungi. 

If a set of auxotrophic mutants of Neurospora crassa, all of which re
quire tryptophan for growth, are examined by a suitable physiological test, 
they arc divisible unambiguously into four groups (Ahmad and Catcheside, 
1960). Pairs of the mutants will form heterokaryons' quite readily, provided 
they arc of the same mating type and do not differ in respect of incom
patibility factors (Garnjobst, 1953; Holloway, 1955). These heterokaryons 
can be tested to determine whether or not they will grow on a medium 
which docs not supply tryptophan. If they do grow under these conditions 
they arc said to complement one another. The four groups arc defined by 
the fact that each member of one group complements all members of all 
other groups. Within a group one of two situations is found to exist, either 
(a) all pairs show no complementation (11')'-2 and 11')'-4) or (b) most 
pairs show no complementation, but a minority show complementation to a 

:: Although the spelling "heterokaryon" is adopted in this book. the original usage. 
preferred by the author, was "hetero~aryon" [Hansen and Smith. PhyfOP(/f'/()lo~y 22: 
955 (1932)]. 
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greater or lesser degree (try-l and try-3). In the latter case. it is usual for 
a substantial proportion, often a majority, of the mutants to show no com
plementation wjth one another and with each of the rest, some pairs of 
which may show complementation. The members of a group, defined in 
these ways, possess alielic genes. The entity in the normal strain, or wild 
type, that is capable of generating a series of mutants belonging to one 
group, is one gene. 

This complementation test can be applied also where heterozygous 
diploids can be constructed, as in yeasts (Roman, 1956). It may also be 
done in those cases, e.g., As!'ergilllls nidulans (Roper, 1952), where 
diplo'dy may be induced to occur abnormally. The test has been applied 
particularly to mutants of the ad-8 series (Pritchard, 1955). 

Strictly, of course, the absence of complementation in these tests is not 
complete evidence of functional allelism. It assumes that the mutational 
differences are individually recessive, as they can be .shown to be, and also 
that they do not interact by some cumulative effect. To exclude the latter 
would, strictly, require the synthesis of the coupling (or cis) phase hetero-

zygote (: ':;') or heterokaryon [em' m') + (+ +)] as well as the usual 

repulsion (or trans) phase heterozygote (~' ~.,) or heterokaryon rim' +) 

+ (+ m')]. If the former is wild and the latter mutant in phenotype, the 
case for noncomplementation (allelism) is complete, but the coupling phase 
cJmbinations arc cxtrcmCly difficult to prepare. In general, therefore, the 
evidence of the mutant phenotype of the repulsion phase is all that is avail· 
able. It is reasonable in general to accept it as defining the limits of group, 
of allelic genes. 

The occurrence of recombination between the genetic differences of 
alleles, defined physiologically, allows the preparation of fine-structure 
maps shOWing the order and spacing of the sites at which each allele differs 
from a standard, the wild type. These maps will bc of value to correlate 
with other differences between alleles. 

Ill. GENE ACTION AND INTERACTION 

Each group of mutants differentiated by the physiological test appears 
usually to be concerned in one physiological function in the organism. 
Where a number of functions appear to be affected, it is possible in some 
cases to demonstrate a single unelerlying cause; it is reasonable tn assume 
such singularity unless the contrary is clearly shown. In many cases, the 
individual functions are those under the direction of enzymes, so that many 
genes are concerned with the specification of the structure of specific 
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enzymes. in general with one gene corresponding to one enzyme (Catche
side, 1960a). There arc other genes that in some way limit or permit the 
occurrence of enzymes whose structures are specified by other genes. How 
these act is generally obscure. 

Gene action may be regarded as comprising thc nature of the path of 
command from gene to the ultimate function by which it is recognized. In 
fact, of course, the relationship is nearly always dealt with in terms of the 
alterations in function consequent upon a change in a normal gene or upon 
the total removal of it. 

In the metabolism of an organism, the diverse chemical activities, 1ead
ing to the degradation of some compounds, to the elaboration of other new 
ones and to the construction of large organized structures, occur in tv./(' 
contrasting ways. In both, a single-step reaction is the basic process. 

In one, that characteristic of intermediary metabolism, a series of single 
steps, each catalyzed by a distinct specific enzyme, are linked together b) 
a common product or reactant, thus 

A-SB~C 
Systems of enzymes working in concert in this way are calIcd "multi-enzyme 
systems" (Dixon, 1949). Each step results in a rather minor modification 
of the rcacting molecules. Collectively, these small changes makc up the 
metabolism of the organism, within which all the multi-enzyme systems 
work together in a coordinated fashion, normally harmonious and mutually 
regulatory. Indeed any failure of regulation is liable to be disastrous to the 
organisms. The types of interaction arc various (pp. 672~690). 

The othcr constructional process is that concerned with the formation of 
highly specific macromolecules, the proteins and nucleic acids. Manufacture 
of these involves the assembly of small units, drawn from the general pool 
in each cell of the organism and arranged according to precise patterns 
provided by templates. These include the genes, segments of DNA, from 
which all the templates appear to be derived by transcription, the messengel 
RNAs and the proteins. It is true that the formation of these varioll' 
macromolecules involves numerous small individual steps, each involving ;, 
characteristic enzyme. The difTercncc Ees not merely in the elaborate and 
precise assembly of small molecules to make a macromolecular pattcrn. 
rather than the substitution, addition or subtraction of atoms or radical, 
to a small molecule. Rather it lies in the intervention of a template, eopie,: 
as such or in a different form. 

These two metabolic mechanisms, both showing phenomena of gelh 
action and intcraction, need separate treatment from this point of vic\\ 
since it appears that they exhibit distinctive modes of action and inter
action. 
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The pathway of specification between a gene and its various functions 
has been investigated chiefly in systems derived from bacteria and mam
malian tissues. The gene is generally considered to be a segment of DNA, 
but the evidence for this is dependent chiefly upon transformation in bac
teria, bacteriophage infection, and general circumstances. 

The segment of deoxyribonucleic acid (DNA), with its individual 
sequence of nucleotide pairs, determines a messenger ribonucleic acid 
(mRNA) with an homologous sequence of nucleotide pairs. The mRNA 
passes into the cytoplasm and there is supported on a group of ribosomes, 
each consisting of an association of protein and ribosomal ribonucleic acid 
(rRNA). In this position the mRNA determines the synthesis of a specific 
polypeptide, a given sequence of nucleotides specifying a particular se
quence of amino acids. A code of relationship is implied. The ordering is 
dependent on the mediation of a third class of ribonucleic acids, the trans
fer RNAs (tRNA), each kind of which will become attached to an in
dividual kind of amino acid in the presence of a specific activating enzyme. 
The individual tRNA molecules, each carrying its particular amino acid, 
become associated with specific short regions of the mRNA, a sequence of 
tRN A nucle~)tides recognizing, as it were, an homologous sequence of 
nucleotides in the mRNA. Following association of the amino acids, the 
polypeptide formed would have a specific sequence of them. The resulting 
polypeptide would fold into a characteristic shape, determined by the se
quence of the amino acids and by the specific environment in which folding 
occurs. Individual protein units, so formed, or associations of them, would 
form a specific protein. 

IV. AUXOTROPHIC MUTANTS 

The work on Neurospora cra.l'sa, initiated by Beadle and Tatum (1945), 
led almost at once to an important generalization. The great majority of 
mutants unable to grow on minimal medium (no more than sufficient to 
support the normal wild type), but able to grow on a supplemented medium, 
each require only a single substance more than docs the normal wild type. 
On this basis it seemed very probable that most mutations affected only 
a single metabolic pathway and further evidence tended to show that in 
general only a single step in the pathway was blocked. The clear indica
tion of a hypothesis of one gene-one enzyme was in fact the idea that 
motivated Beadle and Tatum to initiate the experiments which collectively 
support this theory, though with refinements and qualifications. 

At one time considerable effort was devoted to argument and experiment 
for and against the generality of the one gene-one enzyme hypothesis. 
There were numerous cases of mutants which had multiple growth rc· 
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quirements. Most of these have been satisfactorily explained as complex 
end effects of single enzyme defects. of kinds which arc described below. 
A more serious case against the general chaGlctcr of the one gene-one 
enzyme hypothesis may lie in the suggestion that the auxotrophic mutants, 
reparable by an outside supply of a growth factor, may be unrepresenta
tive of mutations in general. Mutants with multiple effects of primary 
origin would be difllcult to detect, since they might be impossible to grow 
on any available medium. It is known that many mutations do have appar
ently irreparable effects (Atwood and Mukai, 1953) and can be maintained 
only in balanced heterokaryons, where they are supported by normal 
nuclei. Such irreparable effects could be due to single metabOlic blocks in 
the syntheses of compounds which are unable to penetrate the cells from 
the outside. The argument is inconclusive, since total lack of knowledge 
of the nature of the irreparable mutants leaves us with nO evidence that 
they represent a different type of mutation from the auxotroph. In any 
case, it is clear that the latter is onc very significant kind of mutation. 

Information from auxotrophs may be used to explore biosynthctic path
ways, knowledge of which is useful to understanding of gene action and 
interaction. Discovery of pathways is aided by study of the ways in which 
related groups of mutants, all satisfied by one end growth factor, may 
also be satisfied by various other nutriments which might he precursors 
and, secondly, by examination of the compounds, presumed to be inter
mediates or their derivatives, which may be accumulated by mutants when 
grown on limiting amounts of their principal group factor. Anthranilic 
acid in the tryptophan pathway (Tatum el aI., 1944) and cystathionine in 
the methionine pathway (Horowitz, 1947) were first discovered by a com
bination of these two methods, i.e. that one kind of mutant in a pathway 
may accumulate a compound which a second mutant blocked at an carlier 
stage can use for its own growth. The success of this type of experiment 
is dependent upon the capacity of the organism to take up the precursors 
from the external medium. In some cases, notably in the histidine pathway, 
exogenous precursors arc not accessible to use by the organism. 

Whether precursors of a growth factor can be taken up by an organism, 
or not, they may be employed in a special way for deciding the relative 
order of the steps commanded by different genes. The principle is that if 
two mutants, a and b, have blocks in a given pathway and one of them, 
say a, accumulates a compound not normally found in the organism, then 
study of the properties, in this respect, of the double mutant could be 
used to decide their order of action. If b had a block before a in the 
pathway, then the double mutant would not accumulate the distinctive 
compound; if b had a block after a, then the double would accumulate 
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the compound just as [J does alone. In histidine biosynthesis, several of 
the mutants accumulate imidazoles of various kinds and other mutants 
accumulate compounds which react with the Bratton-Marshall reagent. 
These compounds arc generally accumulated within the mycelium and 
apparently are released only by death of the mycelium. None of the phos
phorylated imidazolcs, which are accumulated by some of the mutants, 
can be taken into the cells of Neurospora. Histidinol is also ineffective in 
the normal strains, but can be used by some special mutants, having an 
altered permease. Application of the principle that a double mutant will 
accumulate the same precursors as does the mutant blocked at the earlier 
stage in biosynthesis has been applied to all possible pairwise combinations 
of the seven genes which determine histidine biosynthesis (Haas et al., 
1952; Catcheside, 1960b; Webber and Case, 1960). The results are as 
illustrated in Fig. 1. 

2 3 6 7 1 5 4 3 
-t-f-BMC -t-+-IGP -+~ lAP -+--HLP -+-HL,---+--H 

FIG. 1. Pathway of biosynthesis of histidine, showing positions of action of the 
seven genes in Ncurospora crassa. Abbreviations: BMC. Bratton Marshall compound; 
IG?, imidazole glycerol phosphate; lAP, imidazole acetol phosphate; HLP, histiJinol 
phosphate; HL, histidinol: H, histidine. 

However, dilliculties of various kinds are encountered in elucidating path
ways and in assessing the function of particular genes. Therc are some 
genes which appear to causc a block in a particular pathway, in that their 
defective growth can be overcome by the terminal compound in the path
way and sometimes by some of its precursors. Thus there is a mutant, nt 
(nicotinic tryptop}UIIl) , which can grow if supplied with nicotinamide or 
its precursor tryptophan or even by some precursors of tryptophan. How
ever, there arc genetic modifiers which render nt unable to use some or 
all of these precursors and so the modificrs appear to shift the block in 
biosynthesis (Haskins and Mitchell, 1952; Newmeyer and Tatum, 1953). 
Henee arguments based on nutritional requirements alone may be unsafe 
and insufficient. Indeed, in the case of nt the precise nature of the meta
bolic lesion is still unknown. 

V. GENETIC CHANGES OF ENZYMES 

Correlation 01 gene with enzyme may be achieved by a combination of 
evidence including, for a given mutant, its nutritional properties and capac
ities for accum~lating precursors, the absence or reduction of a specific 
enzymic activity and that a specific enzyme is altered or reduced in respect 
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of part of its activity or has modified physicochemical properties. Numer
ous cases of the absence of specific enzymes in mutants have been reported; 
summaries arc given in Catcheside (1960a) and Fincham (1959b, 1960). 
Changes in some of the properties of the enzyme, without total loss of 
activity, provide more distinctive correlations. 

Horowitz and Fling (1953, 1956) showed' that different strains of 
Neurospora crassa carry allelic genes which determine tyrosinases with 
distinctive properties. TH determines a normal tyrosinase, relatively stable 
at high temperatures, whereas TI.. determines a thermolabile tyrosinase. 
This difference is due to differences in the enzyme itself and cannot be due 
to the presence of an activator in the one Of an inhibitor in the other. 
A mixture of the two behaves in the way expected if the enzymes are 
inherently different. Further, their half-lives at a given temperature are 
independent of their concentration. The tyrosinases determined by other 
alleles, TI'H-la and TSillg -2, differ from TS and TL in having lower electro
phoretic mobilities, as well as differing in their thermo stabilities. 

Yura (1959) showed that the proline-1 mutant (21863) of Neurospora 
crassa produced a pyrroline-5-carboxylate reductase with about 0.2-0.4% 
of the activity typical of the normal wild type. The mutant enzyme has an 
abnormally low thermostability and a decreased catalytic efficiency. The 
latter is shown by the increased activation energy of the enzyme-substrate 
complex. Whereas the activation energy is 8100 cal per mole in the wild 
type, it rises to 26,000 cal per mole in the mutant. Experiments with 
mixtures showed that each type of enzyme retains its characters in the pres
ence of the other. 

Many mutant varieties of glutamic dehydrogenase, determined by alleles 
of am (amination), have been described by Fincham and his co-workers 
(Fincham, 1957, 1959c, 1962; Fincham and Bond, 1960; Pateman and 
Fincham, 1958). These mutants all require an a-amino acid, anyone 
of a number, but preferably alanine, to support their growth. They also 
tend to accumulate ammonia when supplied with nitrate. They all lack 
normal nicotinamide adenine dinucleotide (NADP)-linked glutamic dehy
drogenase activity. This enzyme has been isolated from wild-type Neu
rospora crassa in practically pure form (Fincham, 1962; Barratt and 
Strickland, 1963). Similar procedures applied to several of the am mutants 
have resulted in the isolation of proteins which are very similar to the wild
type enzyme. The criteria include characteristics of fractionation, elec
trophoretic mobility, and the number and kinds of peptides yielded by 
tryptic digestion and separable by electrophoresis and chromatography. In 
am" this protein has no demonstrable enzymic activity, but in am' and 
am', neither of which can grow any better than am' on minimal medium, the 
homologous proteins have some glutamic dehydrogenase activity, though 
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of an anomalous kind. In each, the homologous protein is able to catalyze 
only the oxidation of glutamate, in the presence of NADP, and it requires 
very high concentrations of glutamate for maximum activity. Neither can 
catalyze the synthesis of glutamate, no activity occurring in the mixture of 
a-ketoglutarate, NADPH~ and ammonia. However, the am' protein can 
catalyze glutamate synthesis, provided that the products of the reaction, 
glutamate and NADP, are present; moreover the concentration of glutamate 
must be fairly high. Each of the mutants, am2 and am3 , appears to produce 
a protein capable of activation by glutamate and NADP, perhaps by a 
change in the pattern of its folding. In the case of am2 , this activation is 
prevented by the presence of a-ketoglutarate, NADPH2 and ammonia. 

Various other alleles of am, obtained by partial reversion of primary 
am mutants (Pateman, 1957), also have peculiar properties. The enzmye 
produced by am" (Fincham, 1957) is activated by heating. The mutant 
itse1f grows on minimal medium at 25°C, but requires an exogenous sup
ply of a-amino nitrogen if grown at 20'C or lower. The purified enzyme 
can be activated by brief warming to 35°C, maximum activation being 
induced by as short a period as 3 minutes. The activity is lost slowly at 
20°C, decaying with a half life of 30 minutes; the enzyme may be reac
tivated by reheating. This mutant enzyme is also activated by incubation 
with fairly high concentrations of the substrates, a-ketoglutarate and 
NADPH2 • Another partial revertant, am'", produces an enzyme with ab
normally high Michaelis constants for all substrates, especially ammonium 
ions, the constant for which is about thirty times that of the wild type 
(Fincham and Bond, 1960). 

Mutants affecting tryptElphan synthetase (formerly called tryptophan 
desmolase, hence the designation of many mutants by the symbol td) are 
of considerable interest. They arc all alleles at the try-3 (tryptophan-3) 
locus and the nutritional and enzymatic properties of many of them have 
been described (YanOfsky, 1960; Ahmad and Catcheside, 1960; Bonner 
et al., 1960; De Moss and Bonner, 1959; Suyama et al., 1964; Kaplan et al., 
1963; Raehme1er and Yanofsky, 1961; Suskind, 1957; Suskind et al., 1955, 
1962; Suyama, 1960; Lacy and Bonner, 1961). Tryptophan synthetase 
activity is lost completely or partially in these mutants. In many of them 
the presence of protein homologous to the enzyme may be detected by its 
capacity to combine with antibodies specific for the enzyme and so neu
tralize the antibodies (Suskind et al., 1955). Those which possess this 
cross-reacting material are commonly described as CRM +, while those 
in which none can be detected are CRM -. Many of the mutants also show 
survival of part of the catalytic function, since this is complicated enough, 
in the reaction catalyzed by tryptophan synthetase, to be "divisible," as 
follows: 
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indole glycerol phosphate + serine - tryptophan + triose phospha.te 
indole glycerol phosphate _ indole + triose phosphate 
indole + serine ---4 tryptophan 

Each of thcse reactions can be demonstrated, by suitable means, to be 
present in the normal, wild-type, organism. However, it is clear that the 
normal reaction is the first one and that in this 'reaction indole is not a 
free intermediate, but a transient one bound to the enzyme. The second 
and third reactions can be demonstrated only under spccial conditions and 
so may be regarded as not acting under normal physiological states, In 
some of the mutants which possess a part of the normal reaction, i.e., 
either the second or the third reaction, this activity sometimes requires 
conditions in vitro which are unnecessary for the corresponding reactions 
for extracts derived from the normal. In these ways mutants with the 
following range of properties may be demonstrated: 

(1) Mutants which produce no CRM and have no catalytic activities, 
e.g" ld-l and Id-6. 
(2) Mutants which produce CRM but have no catalytic activities, e,g" 
Id-3 and Id-7, 
(3) Mutants which produce CRM and can also grow on indole since 
they can carry out the third reaction, e.g" A78 and 1<1-141. 
(4) Mutants which produce CRM and can also produce indolc, since 
they can carry out the second reaction. This group of mutants is divisible 
into three classes according to the dependence of this reaction upon co
factors: 

(a) Some have' no requirement for any cofactor, e,g., 1<1-96 and Id-98. 
(b) Some require serine, e.g., Id-71 and ld-97, although serine is not re

quired for this reaction as it occurs in extracts of the normal fungus. 
(c) Some require pyridoxal phosphate, c.g., 1<1-2 and Id-99, although in 

extracts derived from thc normal fungus this cofactor is necessary 
only for the first and third reactions, 

(5) There are also mutants which produce CRM and whose extracts can 
carry out the normal catalytic reactions under some conditions. Thus the 
mutant 1<1-24 is able to grow wilchout tryptophan at temperatures of 30 c C 
and above, In fact it was found to produce an active tryptophan synthetase 
(Suskind and Kurek, 1959). However, this enzyme is completely inactive 
in crude extracts owing to inhibition by a normal component of the myce
lium, thought to be a metal. Active enzyme was obtained by fractionation 
of the crude extract and was found to differ from the enzyme obtained 
from wild type in its abnormally high sensiLivity to inhibition by zinc ions. 
The property of causing the form"tion of a tryptophan synthetasc abnor
mally sensitive to zinc is shared also by 1<1-3, 
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VI. EXCEPTIONS TO THE ONE GENE-ONE 
ENZYME RELATIONSHIP 
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In earlier work having the object of testing the hypothesis that each 
enzyme is controlled by a distinct gene, exceptions in each direction were 
sought. It is now believed that there are some genuine ones. Care has to 
be exercised in the definition of gene and enzyme. The former is taken 
as the entity in the wild type dcfined by one physiological function and 
delimited by the complementation test as described previously. The enzyme 
may be defined as being one protein, normally catalyzing one reaction. 
However, difficulty is encountered in delimiting what is a single reaction 
and in many cases, as with tryptophan synthetase, an enzyme may com
monly be described as bifunctional. Often, however, such dual functions 
are not separate from one another under physiological conditions. 

Multiple effects of simple metabolic 1csions. Le., inactivity of single 
enzymes, may arise in various ways, and some of these were at first taken 
as exceptions. Two examples will illustrate the possihilities. 

In the biosynthesis of aromatic compounds, it appears that all arise 
from a common source from which they diverge. One mutant, arom-l, 
was discovered by its reguirement for four compounds simultaneously, 
phenylalanine, try rosine, tryptophan, and fJ-aminobenzoic acid. Later 
(Gross and Fein, 1960) it was found possible to replace these four with 
one compound, shikimic acid. The multiple rcguiremcnt was the simple 
consequence of the absence of a common precursor at, or prior to, a branch 
in a system of biosynthetic pathways. 

It was also found that the arom-l mutant accumulates dchydroshikimie 
acid. and also 'Some protocatechuic acid. The former of thc~c i~ to be ex
pected, as being the precursor precedent to shikimic acid. The mutant also 
differs from the wild type in possessing the enzymes dehydroshikimic acid 
dchydra~e and protocatechuic acid oxidase. These arc not present in de
tectable amounts in the wild type grown under similar conditions. How
ever, both of these enzymes arc inducible. When the normal conversion of 
dchydroshikimic acid is blocked by the absence of the reductase, the acid 
accumulates and in so doing induces the formation of detectable levels of 
the "new" enzymes. both involved in the degradation of dehydroshikimic 
acid. The dehydrase degrades shikimic acid to protocatechuic acid and as 
this accumulates tlJe oxidase is induced to form. 

Secondly, a single enzyme may catalyze similar reactions in two path
ways, in which the intermed.iates and the terminal products are analogue,:,. 
The best instance concerns the biosynthesis of isoleucine and valine, in 
which a series of four enzymes, each specified by a different gene, is COI11-
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man to the two pathways (sec, for instance, Myers and Adclberg, 1954: 
Wagner el al., 1960; Bernstein and Miller, 1961). 

A simHar behavior is found where one enzyme, cantroUed by one gene, 
catalyzes two distinct reactions in the same pathway. In adenine biosyn
thesis, all mutants at the w/-4 locus arc alike in lacking two enzyme activ
ities; (1) the splitting of 5-amino-4-imidazolc-(N-succinylocarboxamidc) 
ribotide (SAICAR) to the desuccinylatcd derivative AICAR) and (2) 
the splitting of adenylosuccinatc to adenosine monophosphate (Giles e( al., 
1957; Giles, 1959). Fractionation of extracts of wild type has not resulted 
in separating these two activities, and they general1y remain in constant 
ratio in mutants in which adenylosuccinasc activity is reduced. Conse~ 
quently, it is highly probable that the two activities arc functions of a 
single enzyme and that the same active site is involved in both activities. 
In one instance, it appears that a mutant which had regained adenylosuc
cinase activity by reversion had done so in such a way as to result in differ
ent relative activities townrd the two alternative substrates. This secondary 
mutant has a disproportionally low activity in the splitting of SAICAR. 

This situation may be compared with the unique case in Salmonella 
where one gene specifics two enzymes, one (histidinol dephosphorylase) 
being provided by the monomer of the protein specified by the gene and 
the other (imidazole glycerol phosphate dehydrase) being provided by the 
tctramcr (Loper, 19(1). In Neuros{Jora, these two enzymes arc controllcu 
by distinct unlinked genes, perhaps one being evolved from the other. 
Whether any similar diversity of composition attends the two enzymic 
functions determined by ad-4 remains to be discovered. 

Definite exceptions appear to be pre,entcd by the following cases. One 
gene in Neurospora. his-3, appears to ':'.pcclfy at \ea~t two enzymlc actl\l
ities, perhaps borne by the same protein. One enzyme is histidinol dehy
drogenase, and the other is the enzyme that catalyzes the second step in 
histidine biosynthesis. All mutants which afTect one or other or both of 
these enzymic activities arc allelic by the physiological test of comple
mentation in heterokaryons (Cateheside, 1960b). There is a large group 
of noncomplemcnting mutants, which lack both enzymic activities. It is 
the existence of this large group of mutants, many at least due to point 
changes, as may be demonstrated genetically, which shows that a single 
gene is involved. The correlations between these properties arc shown in 
Fig. 2 in which, it should be pointed out, the complementation map is but 
one of sixteen possibilities. 

The early steps of biosynthesis of histidine arc not yet very well under
stood, and there is a possibility that two or even three early enzymic 
steps, the second and third (and perhaps fourth), in biosynthesis of his
tidine are controlled by his-3 '1-. Moreover, these enzymes have yet to be 
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FIG. 2. Complementation map of his-3 in Neurospora crassa showing the enzymes 
of histidine biosynthesis possessed by the groups of mutants (Catcheside, 1960b and 
unpublished) . 

isolated and examined to sec whether they are proteins distinct from 
histidinol dehydrogenase. Alternative interpretations of the system as an 
operon have been put forward by Giles (1963). 

There arc also cases of two genes being concerned in the specification 
of the structure of one enzyme. For example, there is an enzyme (an 
isomerase), concerned in the biosynthesis of leucine (Gross, 1962), which 
converts j3-earboxy-j3-hydroxyisocaproate to a-hydroxy-j3-carboxycaproate. 
There is evidence to support the view that this enzyme is constituted of at 
least two proteins, each specified by a distinct gene. Mutation at either 
of the loci leu-2 and leu-3 leads to loss of the isomerase. Many of the 
leu-2 mutants complement one another. Double mutants, involving one of 
the complementing leu-2 mutants (R86) with leu-I, leu-3, and lell-4, re
spectively, have been prepared and examined for their ability to comple
ment 26 different /eu-2 mutants with which R86 can normally complement. 
It was found that most of the combinations with leu-2 (R86) /eu-3 showed 
a marked reduction in efficiency of complementation. No such dramatic 
reduction would be expected if /eu-2 and /eu-3 determined the structure 
of two different enzymes or if complementation involved some kind of 
recombination of protein fragments or protein forming systems to form 
completely normal protein. 

A more comp1ex situation is presented by a case in which two genes 
cooperate to produce one protein which appears to have two enzymic 
functions. These are malate dehydrogenase and aspartate aminotransferase 
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(Munkres and Richards, 19(4). In /v'cllros(Jora this bifunctional enzyme is 
composed of two distinct polypeptides, each determined by a distinct gene, 
ma-l and lna-2, respectively. Both enzymic activities remain together in 
constant proportions during purification of the protein. The protein has 
been shown to consist of three units of the kind determined by one gene, 
combined with one unit of the kind determined by the other gene. 

In tryptophan biosynthesis, it is probable that anthranilic acid syn
thetase, which catalyzes the conversion of chorismic acid to anthranilic 
acid (Gibson and Gibson, 1964), is composed of two heterologous poly
peptides, determined respectively by try-l + and try-2+. Moreover, try-I + 
also determines the structure of the enzyme, indole glycerol phosphate 
synthetase, whieh catalyzes the conversion of phosphoriboanthranilic acid 
to indole glycerol phosphate. It has been found (Dc Moss and Wegman. 
1964) that some try-I mutants lack both of these enzymes, while others 
lack only anthranilic acid synthetase. The latter are those found (Ahmad 
and Catcheside. 1960) to be able to grow on anthranilic acid. It is also 
possible that some other mutants have only an impaired indole glycerol 
phosphate synthetase. 

These various instances, which refine the theory of one gene being re
sponsible for one enzyme, provide valuable evidence about metabolic econ
omy and also about possible routes of enzyme and gene evolution. It is 
perhaps too early to speculate much about possible connections, but on 
the kind of evolution of biosynthetic sequences by the reverse process 
proposed by Horowitz (1945), one would expect relationships between 
successive enzymes in a biosynthetic sequence since these have substrates 
in common and so might be expected to be similar in structure. Evolu
tion, it now appears, may also involve production of a new enzymic 
activity by (I) a different degree of aggregation of the same basic protein 
unit, (2) the aggregation of two different protein units, or (3) the fusion 
of two units so that they are then determined primarily as one polypeptide. 
It may be predicted that the higher aggregates of the same protein units 
and the hybrid aggregates will be found to be more characteristic of the 
earlier steps in intermediary biosynthesis, than of latcr steps, i~ the Horo
witz principle of reverse evolution applies. 

VII. GENE INTERACTION 

Genes control steps in biosynthetic reactions, by determining the specific 
enzymes. Each discrete step makes chemical sense. Organization is 
imposed on the system, even in homogeneous solution, by the specificity 
of the enzymes. Even in solution a highly ordered series of reactions can 
occur because of this speciJicity. Not only arc the individual reactions 
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linked together by common substrates or products, but the difIerent 
multi-enzyme systems may be linked together by their use of common 
substrates, by their use of common enzymes, by mutual inhibition, or by 
other mechanisms. Examples of several of these bave already been de
scribed above. lndccd the whole of the metabolism of an organism is an 
interrelated system even though it is often convenient to consider the parts 
separately. 

Some special propertics of metabolism may be revealed by the ways 
in which metabolites act upon mutants. Inhibition of growth is an instance. 
Arginine mutants are inhibited by lysine and lysine mutants by arginine. 
Histidine mutants are inhibited by certain combinations of amino acids, 
including a basic amino acid stich as either arginine or lysine together 
with one of a number of others, including tryptophan, methionine, leucine 
and phenylalanine. In this case, there is inhibition of uptake of histidine 
Mathieson and Catcheside, 1956), presumably by preventing histidine hav
ing access to a permease whieh provides an essential pathway into the cell. 
The same property is shown by the wild type, which is not dependent 
upon histidine for its growth. Competitive reactions are discussed by 
Emerson (1950). There are also negative feedback mechanisms in which 
the end product of a series of reactions acts to inhibit one or more of the 
earlier steps in the chain, thereby controlling the rate of its own forma
tion. The inhibition may be either of enzyme formation (repression) or 
of enzyme aetion through allostery or inhibition. Very little is known about 
the genetics of these relations in fungi; the leads given by work on 
Escherichia coli need following. Inhibition of enzyme activity by genet
ically determined inhibitors has been found for tryptophan synthetase by 
Hogness and Mitchell (1954), but the mechanism is not understood. 

If genes control the step reactions of metabolism which are themselves 
organized into multi-enzyme systems and if these systems interact, then 
the genes whieh control the step reactions will also appear to interact. 
Gene interaction in these cases is not really an interaction of the genes 
themselves, but is instead an interaction of the gene-controlled step rcac
tions in nongenic parts of the organism. 

It will be the purpose of this section to incJicate two levels at which 
interaction may occur in noogenic parts of the organism. One <?perates at 
the level of the reactions catalyzed by the enzymes, the other at the Icvel 
of the construction and shaping of the enzymes themselves. 

A. Interaction of Reactions: Suppressors 

It is a fairly common experience to find that a requirement for a growth 
factor caused by mutation of one gene may be relieved by mutation of 
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another gene. The 1atter is a suppressor mutation, and often this is its 
only obvious property. Closer study of various systems has disclosed a 
variety of mechanisms. 

Suppressor genes do not duplicate the activity of the normal gene. 
Although suppressed mutants have enzymatic activity not present in the 
nonsuppressed mutant, the specificity of the system still resides with the 
mutant gene responsible primari\y hx the absence or abnormality of the en
zyme. Among IryplophulI-3 mutants, many have been found able to yield 
revertants through the action of suppressors. These are highly specific to 
individual Ir1'-3 allcles. The nutritional properties and growth character
istics of the four possible combinations of Ir)"-3 and the suppressor, su, 
are as follows: Ir)"-3 + requires tryptophan for growth; Iry-3 su grows 
without tryptophan, but often less vigorously than normal; + su nearly or 
quite like wild type in growth, in absence of tryptophan; + + wild tyre 
growing well without tryptophan. 

There is a suppressor which acts on the temperature-sensitive allele 
Id-24 (Suskind and Kurek, 1959); the enzyme produced is sensitive to zinc 
in a way similar to the enzyme formed when td-24, Jacking the suppressor, 
is grown at a temperature above 30Q C (see p. 66g). In this case it appears 
that the enzyme may be shielded from the inhibitory action of zinc by a 
reaction which occurs above 30° or, at a lower temperature, in the presence 
of the suppressor gene. It is the inhibitor concentration that is altered, 
rather than the nature of the enzyme. 

A fairly general method of suppressor action is the introduction of a 
second genetic block into the metabolic system, the second lesion in some 
way compensating for the elTect of the first. 

Strauss and Pierog (1954) described mutants of Neurospora which 
require acetate for their growth. They are inhibited by hexose sugars such 
as glucose, but will grow with pentoses if acetate is added to the medium. 
Two different nonallelic suppressors, or modifiers, relieve the inhibition 
by glucose and also permit some growth in the absence of acetate. Both 
suppressors lower the activity of pyruvic carboxylase. This is apparently 
merely a quantitative effect, without any qualitative change in the pyruvic 
carboxylase, which is indistinguishable from that of the normal. Lowering 
the pyruvic carboxylase activity reduces the amount of acetaldehyde 
formed from glucose by the mutants, and it is likely that the acetaldehyde 
or some derivative of it is the cause of the glucose inhibition. The small 
amounts of acetaldehyde still formed in the suppressed acetate mutants 
are oxidized directly to acctate, thus providing a bypass of the blocked 
reaction and permitting some growth in the absence of exogenous acetate. 
The suppressor genes restore the organism towards normal by introducing 
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a second block which lowers the production of an inhibitor, which tends 
to accumulate because of the primary lesion. 

A famous and intricate case is presented by the suppressor of pyrimi
dine-3 discovered by Houlahan and Mitchell (1947). This was found to 
be specific in its action to some, but not all, pyr-3 mutants. The combina
tion pyr-3' su-pyr-3 was able to grow without uridine, but this rclief of 
the requirement of the metabolite was reversed by addition of arginine 
to the medium. Later, further complexities were disclosed, including cases 
in which certain pyr-3 mutants, but not any suppressible by su-pyr-3, 
acted as suppressors or modifiers of the properties of mutants in the 
arginine pathway (Houlahan and Mitchell, 1948; Mitchell and Mitchell, 
1952). This complex situation long lacked any apparent unifying principle, 
until it was suggested that certain pyr-3 mutants were abnormally sensi
tive to arginine and that the su-pyr-3 gene led to a relative deficiency in 
the synthesis of arginine (Davis, 1961). 

It was also found that pyr-3 mutants fell into three major classes in 
respect of their biochemical properties (Davis, J 960; Davis and Wood
ward, 1962; V. W. Woodward, 1962). All members of one of these classes 
(I), the largest group, arc unable to complement one another or, indeed, 
any members of the other two classes. Members of the two smaller classes 
(II and III) are able to complement one another, II with III, but not 
pairwise within either class. The members of classes I and III lack the 
enzyme aspartic acid transcarbamylase, by which the synthesis of ureido
succinic acid from aspartic acid and carbamyl phosphate is catalyzed 
(Davis, 1960). All of the members of class II possess aspartic acid trans
carbamylase, and it is these that are suppressible by su-pyr-3. It has 
become clear that these are impaired in the production of carbamyl phos
phate, required specifically for the synthesis of pyrimidine. Thus the 
pyr-3 + gene controls two enzymic functions, or an enzyme with two 
functions, namely the synthesis of carbamyl phosphate and its utilization in 
the aspartic acid transcarbamylasc reaction resulting in the formation of 
ureidosuccinic acid. 

Carbamyl phosphate is also used in the biosynthesis of argininc, spe
cifically in the synthesis of citrulline from ornithine catalyzed by ornithine 
transcarbamylase (OTC). The action of su-pyr-3 and the relation of the 
arginine and pyrimidine syntheses is accounted for by the two separate 
sources of carbamyl phosphate. One is specific for arginine synthesis and 
its production is catalyzed by carbamyl phosphate kinase, determined by 
arg-3 + (Davis, 1963; Davis and Thwaites, 1963). The other source is 
used for pyrimidine synthesis, the specific enzyme being determined by 
pyr-3+ (Davis and Woodward, 1962). The su-pyr-3 mutant has an un-
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usually low ornithine transcarbamylase activity (Davis. I 962a.b), only 
about 30;} of that characteristic of the normal org'anism. This means that 
normally much of the potential production of carbamyl phosphate in the 
pJth\vay of arginine biosynthesis is not utilized for arginine synthesis in the 
su-pyr-3 mutant. Those pyr-3 mutants that arc suppressible thcrdorc have 
this unusual source of carbamyl phosphate made available to them and so 
arc enabled to grow. This source of carbamyl phosphate is, however, ex
tinguished in the presence of arginine, because the latter represses carbamyl 
phosphate kinase. 

The relations of the known genes to the relevant enzymes and reactions 
are shown in Fig. 3. 

O:N} su-pyr_3 
(= arg-12) 

CIT 
aYf{- 1 

ASA 
arg-IO 

AHG 
arg-3 oTe 

CAP 
CPK 

pyr-3(1I) 

CAP} CS + pyr - 3 (III) 
US ·UR 

ATe 
A3P 

FIG. 3. Interaction of arginine and uridinc biosyntheses. The arrows indicate thl 
mutant genes which are suppressed and the mutant genes which suppress them 
Abbreviations; Substmtes; OR}V, ornithine; CAP, carbamyl phosphate; CIT, cilrul 
line; ASA, arginino succinic acid; ARG, arginine; ASP, aspartic acid; US, urcidosuc 
cinic ucid; UR, uridine. Fnzymes: CPK. carbamyl phosphate kinase; UTC, ornithin 
transcarbamylase; CS, carhamyl :-.ynthetase; ATC, aspartic acid transcarbamylase. 

It has been noted that suppressors are generally specific for each allele 
a given suppressor acting on some alleles, but not all. If the nature of th 
defect in the enzyme were specific for each allele, the specificity in th 
kind of suppressor mutant which could ameliorate its clTeets would b 
expected. This idea is particularly attractive partly because it avoids th 
necessity of supposing that two or more or many genes could directl 
affect the structure of the same enzyme. It also avoids the suppositio 
that there are several equivalent potential pathways of biosynthesis an 
that a trivial change in a gene may result in opening up a pathway p" 
viously inoperative. 

In the instances of suppressors considered so far, no change has 0( 

curred in the mutant enzyme, the nutritional effects of whieh have bee 
relieved by an adjustment elsewhere in the genotype. In other case 
significant amounts of normal enzyme are produced as well as lar~ 
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amounts of homo]ogous inactive prokin, detectable by its cross reaction 
with antiserum. This is true for the suppressed combinations td-2 su-2 
(Yanofsky, 1952) and td-20 I * 511-20 I (Yourno and Suskind, 1963). Sev
eral of these suppressors, when alone in wild type, actually depress growth 
to a small degree. Their precise mode of action has not been established, 
but possible modes of action include correction of the primary structure of 
the protein, by replacement of the wrong amino acid at the relevant posi
tion in the polypeptide, and correction of the tertiary structure without 
correction of the primary fault. The latter possibility has usually been dis
missed on the assumption that a given primary structure couJd give rise 
to no more than one stable tertiary configuration. However, there are 
now several instances of mutants with no apparent change in the primary 
structure, and mutation of a regUlatory gene affecting the tertiary structure 
assumed by a polypeptide may be suggested. There arc other considerations 
which suggest that the tertiary structure assumed by a given polypeptide 
may change with other conditions. These include temperature, pH, and 
salt concentration. It is therefore not unlikely that genetic factors could 
influence shape and therefore activity. by modifying the cellular environ
ment. 

Some supprcssors may act on more than one reaction. For exampJe, 
in the biosynthesis of methionine (Giles, 1951; Fischer. 1(57) the same 
suppressor restores activity to two nonallelic mutants (H98 at the me-2 
locus and 4894 at the me-7 locus) concerned with the different stages in 
the pathway. The loci arc in ~cparatc linkage groups, me-2 in IV and me-7 
in VII; the normaJ <.lllcJcs control distinct cystathiol1<.lscs, ~lS shown jn 
Fig. 4. The mechanism in this case is unknown. 

mc-7 mc-2 

cysteine ~=I=:;::: cystathionine homocysteine 

cystathionase r cystathionase II 

homoserine methionine 

FIG. 4. Stages in methionine hiosyn:hesis in N£'llro.\,{)()ra cras.\"(/ affected hy the same 
suppressor gene. 

In Escherichia coli. Yanofsky et al. (1962) have been able to show 
that similar suppressors act by normalizing enzyme structure. While some 

~, ("-20 I is a new designation of A 7~: the latter should be used. 
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of these might act by correcting tertiary folding. the only direct evidence 
points to there being an alteration of the amino acid sequence of some 
of the polypeptide chains of the enzyme, but in an unspecific and acci
dental manner. 1t is suggested that such suppressors have a primary effect 
on one of the enzymes catalyzing the transfer of amino acids to transfer 
RNA, or else on a transfcr RNA itself, since the latter is presumably 
also under the control of a gene. Such alterations would have the effect 
of resulting in one amino acid being incorporated in place of another. How
ever, since such alterations would have general effects upon all proteins 
formed in the cell, some restrictions would be required to permit the ccli 
to be viable. Onc suggestion is that the error is made only in a portion 
of cases, namely that only a small proportion of a given tRNA receives 
the wrong amino acid B instead of its correct one A. Now, if the primary 
alteration in a given suppressible mutant were missense, instructing the 
substitution of the amino acid B in the norma] by the amino acid A in 
the mutant, it would be possible to make a small amount of normal pro
tein if the suppressor mutant resulted in the occasional insertion of the 
amino acid B. That is, although the transfer RNA would be obeying the 
instruction of the messenger R~A at the site of the mutation, it would 
sometimes insert the wrong amino acid because it had been wrongly 
charged. For some mutants the mistake would result in the production 
of a small amount of normal enzyme, enough to promote growth in the 
absence of the growth factor. Naturally, all proteins would be affected 
and the organism could tolerate this general effect only if the probability 
of error were relatively small and perhaps only if the error affected the less 
common amino acids. 

In yeast, Hawthorne and Mortimer (1963) have described supersup
pressors, which act simultaneously upon several nonallelic mutants. There 
are several supersuppressors each with a nearly identical action spectrum; 
that is, all act similarly on the same series of mutants. They arc specific 
in their action in that they act upon only a fraction of the dilTcfl.'nt alleles 
at a given locus, but they do so at several different loci. The super~sup
pressors act upon about a quarter of all the gene mutants examined. 

Although the mechanism postulated above for missense mutations might 
act on a number of allelic and nonallelic mutants, it is believed that the 
class of mutants affected by the supersuppressors is different and that 
these suppressible mutants are nonsense mutants. ] n nonsense mutants, the 
mutational alteration is supposedly to one which resulls in an interruption in 
the polypeptide chain when it is being formed on the mcs~cnger RNA. 
Thus only a fragment of the protein is produced. The action of the sup
pressor would be to altcr a transfer RNA so that it would detect the noo-
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sense site as onc at which to attach and so provide an amino acid for 
the developing protein. The effect would be to form a complete protein. 
sometime.s like the normal and sometimes of a missense type sufficiently 
like the normal to possess enzymic activity. 

B. Resistance to Inhibitors 

Growth of wild-type Neurospora crassa, like that of many othcr organ
isms, is subject to inhibition by a variety of agents, including analogs of 
amino acids. The most extensive studies conCCrn reaction to sulfanilamide 
(Emerson, 1947), which presumably often acts by interfering with meta
bolic reactions dependent upon p-aminobenzoic acid. Resistance to the 
analog usually appears to dcvelop through an enhanced production of the 
normal metabolite, but occasionally bizarre relationships arc found. Thus 
there is one mutant, sfo, which requires sulfanilamide for its growth, 
though its nutritional requirements arc also met even more satisfactorily 
by the provision of threonine. 

A-futants exhibiting resistance to analogs of amino acids arc of particular 
interest since they may involve mutation of One or other of the elements 
of the system concerned in the building of amino acids into proteins. In 
the normal organism, which is sensitive to various of these analogs, it is 
found that the analog is incorporated into proteins replacing a certain 
amount of the amino acid which it resembles. The protein containing the 
analog is defective in character and unable to perform the function that 
it would have ,in the absence of the contaminating analog. Hence the or
ganism is unable to grow satisfactorily. 

Stadler (1963) has reported mutants which arc resistant to 4-methyl
tryptophan and in which resistance is due to inability of the analog to 
enter the cells. The mutation affects a gene which determines the presence 
of the permease which is necessary to bring tryptophan and the analog 
into the cell. In this case resistance ariscs by exclusion of the analog from 
the cell. 

Canavanine is an analog of arginine and several resistant mutants are 
known. Resistance is apparently due to the negligible replacement of 
arginine in the proteins of the resistant strain, whereas such replacement 
OCClirs significantly in the sensitive strain (Bauerle and Garner, 1963). 

In a Coprinus mutant which is resistant to cthioninc, there is good evi
dence that mutation has occurred of the structural gene for the enzyme that 
activates methionine (Lewis, 1963). In this mutant, there is almost no 
activation of cthionine, in contrast to the normal in which ethionine can 
replace methionine. 
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C. Intera{'tion hetween Alleles 

In this ~:ection there will be considered interactions which may oce 
between similar products of allelic genes, probably as a rule betwe 
proteins, but perhaps also between the nucleic acid systems rcsponsil 
for protein synthesis. Broadly, two kinds of such interaction have be 
detected, but only one of them, allelic complementation, is known to OC( 

in fungi, in which it was discovered. 
The proportions of primary products, in the form of enzyme or p 

tein, may not always be equivalent to the proportional representation 
different alleles in the nuclei and cells. This has been observed with c 
tainty only in relation to the formation of hemoglobins in man. Thus, 
allelic genes for A and S hemoglobins, respectively, the normal and sic 
types are in the ratio of 1: 1 in heterozygotes, but there is 6( 
of A and 40% of S in the hemoglobin. The disproportion is not alw 
in favor of the normal, e.g., the A I heterozygote shows only 30% 01 

compared with 70% of I hemoglobin. The mechanism of this interacl 
is obscure. 

Secondly, in many cases, pairs of alleles, each producing inactive 
zyme, may together produce an active enzyme (Catchesidc, 1962). 1 
is the complementation between alleles noted at the beginning of this cl 
tcr, and for which complementation maps, representing some kind 
functional relationship, may be drawn. 

The principles may be illustrated by reference to a particular exam 
namely ti'Yl't0l'!wn-l (Ahmad and Catcheside, 1960; Catcheside, unpul 
Some 120 Neurospora crassa mutants at this locus have been classifie( 

A B C D E F G H No. in group 

A 0 0 0 0 0 0 0 0 43 

B 0 + + + + + + + -- 14 

C 0 + a a 0 + + + 2 

D 0 + 0 0 a a + + 1 

E a + a 0 0 0 0 + 14 

F 0 ., 0 0 0 0 0 0 38 

G 0 + + 0 0 0 0 0 

H 0 + + + 0 0 0 0 

I 0 + + + + 0 0 0 6 

120 

FIG. 5. Matrix and complementation map of Ncurospora cra.\'WI try-l Inl 

Catcheside (unpubl.). 
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complementation tests. These tests divide the mutants into nine groups 
(Fig. 5) distinguished by the patterns of complementation which are shown 
by each of them. In the matrix, the members of one large group, 43 in num
ber, show no complementation with one another nor with any member 
of any of the other eight groups. As previously noted, it is this substan
tial group of noncomplcmcnting mutants which provides the common factor 
holLiing the whole group together as alleles, representing various different 
alterations of one normal integrated function, presumably the determina
tion of a protein with enzymic functions. The matrix of interaction of 
thc group of alleles provides information about the organization of the 
function. The complementation map is a diagram which represents the 
information in the matrix in a more readily grasped pictorial form. The 
diagram assumes that the normal function can be represented by a geo
metrical figure, in which various parts are represented as defective in each 
of the distinguishablc kinds of mutants. It has been found that in the 
majority of Cases the normal may be represented by a line in which each 
kind of mutant may be shown as a singlc continuous segment of defect, 
eithcr short or long (sec Fig. 5). It is a very general finding that the 
map of function can be represented in one dimension, with onc defective 
region for each mutant, even though the numbcr of distinguishable seg
ments may become relatively high. 

Instances in Neurospora in which linear complementation maps have 
been found include arg-l (Catcheside and Overton, 195H), arg-IO and 
(/rg-6 (Catcheside, 1960a); his-I, his-2, his-3 and IIis-5 (Catcheside, 
1960b; unpuhl.); Iry-I; Iry-3 (Ahmad and Catcheside, 1960; Lacy and 
I3onner, 1961); /y.,-5 (Ahmad and Catcheside, unpub!'); pan-2 (Giles, 
1959; Case and Giles, \960); (i(/-3B (de Serres, 1963, 1964; Brockman 
and de Serres, 1963). In a few cases, matrices which require two di
mensions for their representation as complementation maps have been 
found. However, thc one first reported for his-I (Catcheside, \ 960b) is 
incorrect. A circular complementation map has been reported for leucine-2 
(Gross, 1962). The matrix for ad-8, which controls adenylosuccinate 
synthetase, is consistent with a circular complementation map (Ishikawa, 
1 <;62; Kapuler and I3ernstein, 1963). The data reported by Hernstein and 
Millcr 1961) for iv-3 are also compatible with a circular or polygonal 
map, subject to what some of the interactions not reported may bc. 

Simijar beh3vior is ~llso known to be characteristic of severLlJ genes in 
yeast, e.g., try-5 (Manney, 1964) and ad-5,7 (Roman, 1956); there are 
reports also of nonlinear maps. 

Complementation between alleles does not restore the heterokaryon 
completely to the wild-type characteristics. Indeed, a wide range of vigor 
is shown. This may be measured in terms of the time taken for a mixture 
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of conidia to form a heterokaryon on minimal medium, the growth fa 
or the amount of growth in a given time on minimal medium, and tl 
level of enzyme activity, in those cases in which this can be assaye 
Where enzyme activities have been measured, they have never exceed! 
25% of that in a comparable specimen of the wild type (Fincham, 1959 
Giles, 1959). Commonly the activities have been much smaller. The 
low activities arc in marked contrast to the 50% levels found in hcter 
karyons made between nonallelic mutants. Moreover, the enzymes in heter 
karyons formed by alleles arc usually unlike the normal enzyme in resp' 
to various physicochemical properties. . 

In some cases, allelic complementation may occur by a process anal 
gous to the pooled metabolism shown by pairs of nonallelic mutants 
hetcrokaryons. One mutant, partially blocked at one stage of a biosy 
thesis, is able to produce a compound whieh can be utilized by anoth 
mutant also partially blocked, but in a different manner, at the same sta 
of the biosynthesis. Thus, there are Iry-3 mutants which can produ 
indole upon which other try-3 mutants can grow (Ahmad and Catchesi" 
1960; Suyama et al., 1964). A similar situation is shown by Iry-I mutar 
with respect to the accumulation and utilization or anthranilic acid (Ahmi 
and Catchcsidc, 1960). However, many try-3 mutants neither accumu\n 
nor grow upon indole, but yet pairs of them complement. Similarly, mm 
of the try-1 mutants that accumulate anthranilic acid complement 01 

another in heterokaryons (Fig. 5). Hence not all complementary int' 
actions can occur at the level of intermediary metabolism. 

It may be assumed that the site of interaction of the alleles is in tl 
cytoplasm, barring the possible movement of gene products betwcl 
nuclei leading to interactions. More direct interaction between nuclei, lea 
ing to effective recombinants, is excluded by the failure to find recor 
binant nuclei in the hctero~{aryons. In every case wherc the compone 
nuclei have been recovered from the heterokaryons they have been foUl 
to be unaltered by the association. Hence the interaction must be betwc( 
genc products. 

Several kinds of such interaction may be considered (Cateheside a 
Overton, 1958). The two principal levels of interaction are (I) the for 
tion and action of the templates upon whieh the polypeptides, out 
which enzymes are fashioned, are built; (2) the final shaping of enzym 
including the folding of polypeptides into their tertiary shapes and 
aggregation of these units into a polymer. 1n either case, complemcn 
tion must involve the cooperation or aggregation of two or more hom 
gous, though somewhat different, gene products (ribonucleic acids) 
derivatives (proteins). 

Of the two kinds of cooperation possible, actual or effective recomb' 
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tion between differently defective ribonucleic acids or polypeptides seems 
unlikely, for it seems impossible to construct any consistent system whereby 
rccomhination could occur in some cases hut not in others. A priori, it 
would seem that a rccombinational mechanism ought to operate between 
all pairs of mutants which are defective at different genetic sites. This 
is not foued cspecial1y bct\vecn many mutants whose sites of mutation 
are far apart. Indeed, there arc reports of complementation between mu
tants altered at the same site, presumably in different ways. Also, there 
are reports of different mutants, artered at the same site, only one of which 
will complement some other individual mutant. The effect therefore seems 
to depend upon qualitative rather than positional properties. 

These considerations therefore rule out all hypotheses which entail actual 
recombination between ribonucleic acid templates or polypeptides, or any 
mechanism which is effectively similar in its results. An example of the 
latter would be the partial formation of a polypeptide on one imperfect 
template and its completion on a complementarily defective template. 
The most probable hypothesis is that the interactions are between poly
peptides or more particularly the protein units formed when the polypep
tides have folded to form their tertiary structure. This theory of inter
action at the protein level (Catcheside and Overton, 1958; Brenner, 1959; 
Fincham, 1960; Crick and Orgel, 1964) supposes that complementation is 
possible only when the normal enzymes arc aggregates of two or morc 
homologous units, associated together to make the quaternary structure of 
the protein. 

An alteration at a site in the deoxyribonucleic acid of a gene would be 
expected to cause a corresponding alteration in a ribonucleic acid and 
this, in turn, to cause a change in the sequence of amino acids specified in 
a polypeptide. In any particular case this may be merely the substitution of 
one amino acid for another at a particular site; more drastic effects resulting 
in the formation of a deficient polypeptide arc less likely to allow allelic 
complementation. In a standard cellular environment, the tertiary shape 
assumed in a protein unit will depend upon the sequence of amino acids in 
the pOlypeptide. A change at any point in the seguenee could mean a 
change in shape, a possible lack of correct mutual fitting in homogeneous 
aggregates and so a possible lack of enzyme activity. The precise change of 
shape, its extent and its effect on aggregation and function would depend 
upon the precise position and nature of the substitution in the polypeptide. 
Some changes would be fairly slight and others more drastic. In the 
heterokaryons, there would be the opportunity for formation of mixed 
polymers, any particular one of which might contain cgual or unegual 
numbers of the two kinds of defective protein unit. 

Several sorts of interaction might occur in such polymers. Defects in 
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two units might corrcct one another mutually. For examp1e a defect in onc 
monomer might, after aggregation, be situated beside a complemeotary 
defect in the other type of monomer, so that the two compensate mutually 
and active enzyme is formed. Such mutual local correction of the effects of 
two mutations is possibly responsible for some cases but, if it were at all 
common, circular and morc complex complementation maps would be very 
frequent. In fact maps other than linear are the exception. 

It is more likely that complementation is usually due to the correction, 
at least partially, of the misfolding of one monomer by an unaltered part of 
the other monomer. It is perhaps casier to conceive how such correction 
could occur if the misfoldcd region were in ncar contact in the regions 
where the monomers adjoin onc another in the polymer. But the possi
bility of a folding correction being transmitted through the monomer to a 
morc distant region of it, not in the contact zone but on the outer surface, 
should be kept in view. It is plausible that it is the precise shape of the 
active site on the surface of the polymer which is important. 

Side-chain interactions between stretches of polypeptide chain adjacent 
to each other appear essential for protein shape and stability. In a polymer 
these interactions would be partly between different stretches of the same 
polypeptide and partly between stretches of different polypeptides. It is the 
latter which permit or determine correction of local misfolding and which 
may lead to correction of distortions of the shape which have occurred in 
morc remote parts of the monomer. In general it would appear likely that 
the only mutants which should complement are those which distort the 
shape in those regions that arc contact surfaces between monomers. Com
plementation might Occur in pairs of mutants, one or both of which have a 
distorted shape in this region that may be corrected by a normal stretch of 
the other's protein. 

Construction of a detailed hypothesis of complementation is handi
capped by the general lack of knowledge of the architecture of proteins 
which show the effect. Our only model is the hemoglobin molecule and if 
its type of symmetry is general, the usual elements of symmetry would be 
axes of rotation. Crick and Orgel (1964) argue that to achieve com
plementation the misfolded region must lie so tllat it can only be corrected 
by part of the homologous region, correctly folded, in one of the other 
monomers of the polymer. This is most likely to occur in the regiom 
adjacent to the axes of rotation of the polymer. 

Mutants which complement would be expected to produce a proteir 
homologous with the enzyme. Among tryptophan-3 mutants, Lacy am 
Bonner (1961) have found that complementation occurs only betweer 
mutants which produce a protein immunologically similar to the enzyme. 0 
course, only some pairs of such mutants do complement. 
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If the enzymes produced by heterokaryons were hybrid proteins of the 
kind suggested, they would be expected to differ from the normal by 
various physicochemical properties. Fincham. who has contrihutcd most to 
knowledge of these matters, has pointed out that at least one of th(: 
components of a complementing pair produces an enzyme which, though 
virtually inactive, is capable of activation by appropriate treatments. These 
features have been well demonstrated (Fincham, 1957, 1962) for various 
aminatioll (am) mutants, which arc defective for the glutamic dehydro
genase which is dependent on NAOPH:,: (reduced nicotinamide adenine 
dinucleotide). The heterokaryon formed of tim' and tim' produces an 
enzyme with 10% or less of the activity of the wild type at 20 c C and has a 
very low stability at 60 'c. This enzyme differs from the normal in its 
capacity for thermal activation when the temperature is raised to 35 0

• 

Quite brief heating at 35 C fully activates it, but the increased activity is 
lost gradually following cooling to 20 0

, to be regained by further heating. 
The heterokaryon of amI with am:1 produces an enzyme with about 20-
25% of the activity of the wild type and is more thermolabile at 60° than 
is the wild type, though less so than the enzyme of lim' + lim'. It also 
exhibits a lower aninity for glutamate. 

It may be predicted that conditions can be found in which complementa
tion may be secured in \·;tro hetween preparations made from mutants 
grown separately. Probably the necessary conditions would be different 
for each enzyme and possibly show variations for different pairs of alleles. 
Nevertheless considerable Success has attended the experiments of D. O. 
Woodward (J 959) with adenine-4 mutants and of Fincham and Cmkling
ton (1963) with lImina/ion mutants. For adenylosuecinase (lId-4) Wood
ward found that reducing conditions were particularly favorahle. For 
glutamic dehydrogenase «(lfIl), Fincham and Coddington found that acid 
conditions favored hybridization in vitro: indeed, interaction in vitro occurs 
at any pH removed from neutrality. 

The reaction system catalyzed by glutamic dehydrogenase may be repre
sented by the equation 

a-ketoglutarate + NAIJPH~ + NHI ~ glutamate + NADP 

in which the equilibrium position is normally well to the right. The protein 
isolated from am I shows no activity for the reaction in either direction. but 
am" may be activated by NADP and high concentrations of glutamate to 
catalyze the back reaction from glutamate to a-ketoglutarate. When eluted 
through a chromatographic column of DEAE-eellulose by means of a 
linear gradient of phosphate buffer, the anr": protein appears somewhat 
sooner than docs the am 1 protein. A mixture of the 1\',:0 may therefore be 
~eparated to a significant extent, though their distributions overlap some-
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what. The hybrid protein comes through the column with intermediate 
speed. Thus the separation of the three, while imperfect, is sufficient for 
recognition. When purified amI and amO! proteins arc mixed at pH 7.4 and 
passed through the column, only these two arc observed. However, if the 
mixture is first acidified to pH 5.8 and then returned to pH 7.4 before 
chromatographic separation, the hybrid protein, with activity in the forward 
direction from a-ketoglutarate to glutamate, is formed in substantial yield. 
Experiments in which the proportions of the two mutant protcin~ were 
varied, showed a well-defined optimum ratio of about 5 parts of am' protein 
to 2 parts of am" protein, if the concentration of protein was held con
stant. However, the optimum ratio could be further raised to 5 parts of am' 
protein to 1 part of am' protein, if the concentration of the latter was held 
constant. It appears as though the am' enzyme were being replaced pro
gressively by complementation enzyme, the latter being very greatly more 
effective in the forward reaction and slightly more effective in the back 
reaction. 

The mechanism whereby activation of one defective protein by another 
occurs is obscure. Although there is evidence that glutamic dehydrogenase 
consists of a number of units, probably identical and six or eight in number. 
there is no indication of dissociation of either mutant protein at pH 5.8. 
A1though it is believed that complementation enzyme is formed as a re
sult of the exchange of units between the interacting proteins, there is as 
yet no direct evidence that the complementation enzyme docs contain both 
types of unit. 

Genetic maps arc linear representations of the relative positions of suh
stitution of nucleotide pairs in a filamentous molecule, deoxyrihonue1cic 
acid. They will also be reflected in substitutions of single amino acids at 
particular sites in another filamentous macromolecule, the polypeptide 
chain, in the case of missense mutations. In the case of non~ense mutations, 
the sites of genetic change will represent points where polypeptide forma
tion has ceased; this sort of mutant will usually be incapable of taking part 
in allelic comp1cmentation. On the other hand, comp1cmentation maps arc 
representations of matrices which record the pairs of mutants that are able 
to complement one another. It is believed that the segments shown by a 
complementation map represent regions of misfolding of the tertiary struc
ture of the protein, due to the genetically determined substitution of " 
"wrong" amino acid for the "correct"' one of the normal. The segments will 
be separable according to the degree to which misfolJings of JitTerent ex
tent and different, overlapping distribution arc capable of correction by 
different regions of the normally folded parts of the complementing protein. 
Comparison of genetic and complementation maps may be expected to 
show in a general way how the tertiary folding is organized. If the segments 
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of the complementation map followed the same order as the sites of muta
tion in the genetic map, so that the two could be described as colinear, the 
type of folding would be a fairly simple zigzag. However, the folding is 
more likely to have a winding character leading to intercalation of segments 
of the polypeptide chain between other segments which arc relatively 
closer together as measured along the stretched chain. This should be dis
closed by the comparisons. 

Construction of genetic maps is a much more difficult and time-con
suming task than is the construction of complementation maps. Conse
quently, the available information is limited, in Neurmpora, to pan-2 
(Giles, 1959; Case and Giles, 1960), try-3 (Suyama ef al., 1964), me-2 
(Murray, 1960, 1963), pyr-3 (Suyama ef al., 1959), ad-8 (Ishikawa, 
1962; Kapuler and Bernstein, 1963), his-5 (Smith, 1965), his-1 (Jessop 
and Catches ide, 1965), and his-3 (Catcheside, unpub!.). The generaliza
tions that may be made and any individual peculiarities that may be noted 
must be accepted with the reservation that the genetic maps cannot be ac
cepted with complete confidence. 

The sites of the noncomplementing mutants are fairly generally dis
tributed along the genetic map, though they do show some clustering and 
some stretches of the genetic map may have few or nonc. Exceptions to this 
general distribution are that (1) in his-1 the noncomplementing mutants 
are in the left quarter of the map, the complementing mutants being in the 
right three-quarters; (2) in his-3 the noncomplementing mutants arc in 
the left half of the map intermixed with mutants defective for the earlier 
stages of histidine biosynthesis, the mutants defective only for histidinol 
dehydrogenase being in the right half of the map. 

Complementing mutants belonging to the same complementation group 
are generally situated in the same region of the genetic map and are not 
intermixed with mutants belonging to other complementation groups which 
do not overlap it. This is in agreement with the expectation that mutants 
affecting the same region will usually be close together on the genetic map 
and not complement one another. Two kinds of exception may be noted. 
Mutants belonging to complementation groups which do overlap may be 
intermixed in the genetic map. It appears that the extent of misfolding 
depends upon the particular mutational change and the site at which it 
occurs. Secondly, in pan-2, mutants belonging to the rightmost comple
mentation group M (with a "short" defect) arc widely spread over the 
right half of the genetic map. They are separated into three groups by two 
mutants which belong to two overlapping complementation groups (I and 
J) in the middle of the map. The I and J mutants do not complement one 
another, but both arc complemented by M mutants. The order of the 
genetic sites is, from left to right, MMMMJMlM. There is a strong indica-
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tion that the physical basis of the M complementation group is composed 
of three separate regions of the polypeptide chain, presumably brought into 
association by folding. 

Genetic maps sometimes appear to be colinear with complementation 
maps to a first approximation. but there arc distinct exceptions. No com
parison can be made for me-2 and his-l since these do not have unique 
complementation maps. In his-5, mutants belonging to four complementa
tion groups have been mapped. The order of the groups is G, B, H, and I 
with H and I overlapping one another. The order in the genetic map of the 
mutants, which belong to these groups, is BBGGGGIH. The two orders 
arc not colinear, but indicate that the polypeptide chain is bent to bring the 
B region between the G and H-I segments. In ad-8, which has a circular 
complementation map, good correlation with the genetic map may be 
secured by coiling the latter into a spiral, in which contributions to some 
complementation groups are made by two more or less remote regions of 
the polypeptide chain (Kapuler and Bernstein, 1963). However, it cannot 
be easily supposed that the protein is merely a simple spiral. The clues 
provided by correlation of the genetic and complementation maps cannot 
be regarded as providing more than hints of the projection of the poly
peptide chain on the complementing surface of the protein unit. 

VIII. REGULA nON OF GENE ACTION 

Jacob and Monad (1961) have developed a comprehensive theory of 
gene action and regulation. Thcy established for bacteria two kinds of gene. 
structural and regulatory. The latter, it is believed, determine whether and 
to what extent a given protein shall be formed, in a given set of circum
stances, by the specific gene responsible for the enzyme. Cells of bacteria 
can adapt in enzyme content in two ways in response to environmental 
changes. One is enzyme induction, in which synthesis of an enzyme i~ 

evoked by presence of its substrate, usually an energy source or nutrimenl 
which cannot be utilized without the enzyme in question. The other i, 
enzyme repression, in which formation of an enzyme, or a series of them 
involved in the biosynthesis of a particular metabolite, is repressed by th' 
metabolite. Enzyme repression is distinct from the inhibition of existin~ 
enzymes by feedback inhibition. In the latter case, the excess of a metabolitt 
combines with enzymes in the biosynthetic pathway, often the ear lies 
enzyme in the pathway, and prevents it forming more intermedia\< 
compound. 

However, induction and repression are basically two aspects of the sam( 
mechanism. In enzyme induction, there is release of a repression, ar 
inducer antagonizing thc action of a rcpressor, presumably by forming' 
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complex which is no longer active in preventing formation of the structural 
enzyme. In enzyme repression, it is the complex of repressor and metabolite 
that is active in preventing formation of the structural enzyme, subject to 
repression. The repressors appear to be specific, either for single enzymes or 
for groups of enzymes involved in the same process. In the latter case, in 
bacteria, the structural genes for all these enzymes are often in a closely 
linked group, e.g., the tryptophan and the histidine genes in Salmonella, 
and show coordinate repression, all being switched on or off together. A 
group of structural genes SUbject to coordinate repression by a common 
repressor is an operon (Jacob and Monad, 1961). Nevertheless, genes 
whieh are not closely linked may also be repressed by the same repressor 
and aU freed from repression by mutation of a single gene, e.g., the arginine 
genes in Escherichia coli, which show coordinate repression. 

The specific repressors are products of genes, recognizable by mutation. 
The repressors are apparently proteins, though at one time it had been 
thought that they were not, but instead perhaps ribonucleic acids. Adjacent 
to the structural gene or genes, subject to repression or to induction, is an 
operator gene, a segment of the genetic material which normally detects 
the repressor (or repressor-metabolite complex in the case of repression) 
and so acts to stop the structural genes of the operon from producing 
messenger material. The operator may itself mutate to a state in which it is 
insensitive to the repressor. 

The three elcments are therefore the structural gene, or genes, the adja
cent operator, and repressor genes which need not be closely linked to 
the operon. So far no corresponding systems have been found in higher or
ganisms, but systematic search needs to be made. It is highly important 
for several reasons. One is to determine whether the principles of metabolic 
regulation, elucidated in bacteria, apply to higher organisms. If they do 
then regulatory circuits of this kind, variously elaborated, would provide 
workable mechanisms for orderly development and differentiation (Monod 
and Jacob, 1961) and the disorderly and uncontrolled processes of cancer 
(Pilot and Heidelberger, 1963). 

In Neurospora, as in higher organisms generally, there are very few 
eases of genes belonging to the same biosynthetic pathway being adjacent 
to one another in the genetic map. Two instances where this may be the 
case are arginine-l and arginine-3 and adenine-3A and udenine-3B. Most 
cases of closely linked, biosynthetically related, genes in Neurospora show 
greater dispersion, e.g., the isoleucine-valine-l and iv-2 genes which are 
four units apart in chromosome V and the four aromatic genes in chromo
some Jl (Gross and Fein, 1960). Of the aromatic genes, arom-3 is rela
tively distant from arom-l and arom-4, which are 0.3 units apart. The 
fourth gene, arom-2, does not complement arom-l and arom-4 and lacks 
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four enzymes of the path\vay, two of these being those missing in llrom-I 
and arom-4, a different enzyme in each mutant. A rom-2 may be a deletion 
covering yet other unknown arom genes, all part of the same tight cluster. 
However, it could also be a mutation in an operator gene controlling a 
tight cluster similar to the iJ-galactosidase one in E. coli. 

Fairly recently, the hislidine-3 region in Neurospora has been interpreted 
as an operon (Giles, 1963). Certainly the gene governs at least two 
enzymic functions, viz., histidinol dehydrogenase and one or more of the 
stages by which phosphoribosyl adenosine triphosphate is converted to 
phospho ribosyl formimino aminoimidazole carboxamidc ribotidc. How
ever, it is as yet unknown whether these functions arc borne by the same 
protein or by separate ones. So far, however, no operator nor repressor 
mutants have been recognized. The interpretation is based in part on the 
position in the genetic map of the noncomplementing mutants and in part 
on other mutants which appear to show a polarity with respect to the re
gions for which they are defective. 

In Neurospora, quantitative effects are produced by some genes. Thus in 
the case of tyrosinase (Horowitz el af., 1960), there arc several alleles of T, 
producing structurally different enzymes, with characteristically different 
properties, especially of thermostability and electrophoretic mobility. In 
addition, there are recessive genes, ty-l and ty-2, not allelic to one another 
nor to T, which drastically reduce the amount of tyrosinase, but without 
affecting its specific structure. Thus strains pure for ty-l or ty-2 can be in
duced to form tyrosinase by addition of an aromatic acid to the culture 
medium, and in these conditions the tyrosinase produced depends upon the 
T allele present. The mutants ty-l and Iy-L could be regarded as producing 
repressor substances, blocking activity of the T gene, unless an inducer com
pound (such as an aromatic acid) is prescnt to complex with them and 
render the repressors inactive. 

Metzenberg (1962) has described a case in which the levels of produc
tion of several enzymes has been affected by what appears to be a single 
gene alteration. In the wild type, invertase and trehalase are repressed to 
different degrees by different monosaccharides, man nose being the most 
effective. In the derepressed mutant, the specific activities of these enzymes 
arc several times higher; smaller effects of the gene arc shown in the 
amounts of maltase. 
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Fungicides, 
contact (eradicant), 530 
evaluation of, 531 
factors alfecting, 529-531 
inhibition of action of, 527 -528 
residual (protectant), 530 
site of action of, 525-527 
systemk, 530 
types of, 532-536 

Fungine,49 
Fungisporin, 211 
Fungus stone, 5 
Furan ring compounds as fungal metabo· 

lites, 192 

Fusaric acid, 215 
Fuscin, 208 

Gallic acid, 200 

G 

Gallium requirements of fungi, 173 
Gametes, mOlile, 105 
Gene, 

action. 659-693 
regulation of, 688 
interaction, 672-688 

Gene, the, 660-661 
Genes, suppressor, 673-679 
Genetic maps, 686 -688 
Gentisic acid. 198, 199 
Gentis),l alcohol, 198, 199 
Gibberellic acid, 201, 202 
Gladiolic acid, 197 
Gliotoxin, 17,218 
Glucans in cell watls, 65-66 
'Glucose effect', 412 
Gtucuronate~Xylulose pathway, 258 
Glycogen, detection of, 382, 384, 386 
Glycolysis, 229-268 

methodology, 23l-251 
inhibitors of, 233~237 
pathways of, 

factors affecting, 26t 
significance of, 259 

G!ycolytic system, 400 
Glyodin as fungicide, 533, 536 
Glyoxylate pathway, relationship of tricar

boxylic acid cycle to, 279 
Griseofulvin, 220-221, 533, 536 
Growth, 

chemical inhibition of, 525-537. 679 
control of, 413 
curves, 603--606 
exponential. 414--415 
kinetic analysis of, 603 
kinetics of, 599 -610 
measurement of, 600-603 

by cell number, 602 
by cell volume, 602 
by compositional changes, 603 
by dry weight, 601 
by growth in three dimensions, 607 
by linear growth, 600, 606 
by metabolic activity, 602 

phases of, 605 
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rhythms of, 625~-645 
synchronous, 647-652 

Growth factors, 
definition of, 491 
dispensable, 494 
ecological aspects of, 498 
environment affecting, 497 
indispensahle, 493 
taxonomic aspects of, 498 
unidentified, 512--513 

Growth promoting substances, transloca
tion of, 459 

H 

Hallucinogenic fungi, 4 
Haustoria, 28, 112-114 
Helminthosporin, 207 
Hemin as a growth factor, 496, 510 
Hemoglobin in fungi, 313 
Heterocyclic compounds, 

as fungal metabolites, 212-217 
as fungicides, 536 

Heterokaryons, 33, 660 
Heterokaryosis, 33 
Heterothallism, 33 
Hexadecenolc acid, 188 
Hexose monophosphate pathway (HMP), 

230, 255-257 
reactions and enzymes involved in, 234-

235 
role of, in synthetic reactions. 260 
enzymes in fungal extracts, 240 

Histidine as a growth factor, 496, 511 
L-Histidine uptake by BOfryfis jabae, in-

hibitors of, 370 
Hoiocarpic thallus, 23 
Homokaryons, 33 
Homoprotocatechuic acid, 197 
Homothallism, 33 
Hormones, sec Growth promoting sub-

stances 
Host elrect on fungicidal action, 530-531 
Hydroaspergillic acid, 216 
Hydrogen essential for fungi, 166 
Hydrogen-ion concentration, 

affecting, 
alkali metal transport, 437 
chemical inhibition of fungal growth, 

529 
synchrony, 650 

of fungal celis, 470 

of media, 469-471 
organic acids and, 445-446 

2~Hydroxomcthyl f uran-5-carboxylic acid, 
193 

Hydrostatic pressure, 551 -556 
affecting distribution of fungi, 552 
effect of all physiological activities, 552-

556 
p-Hydroxybenzoic acid, 197 
Hydroxylamine reductase, 362-364 
3-Hydroxyphthalic acid, 197 
Hydroxyquinol derivatives as fungal me-

tabolites, 199 
8-Hydroxyquinoline, as a fungicide, 536 
Hyphae, 21 

apex of, 613, 614, 615, 619 
aseptate, 24 
branching of, mechanism of, 617, 621-622 
cellular extension of, 619 
diameter of, 26 
dominance of apex of, 619 
growth pattern of, 617 
septate, 25 

Hypha! bodies, 24 
Hypo!1itrite reductase, 360-362 

Indigo, 213, 214 
Indole derivatives as fungal metabolites, 213 
Inhibitors of growth, resistance to, 679 
rnositol as growth factor, 492, 496, 509-511 
Ion antagonism, 165-166 
lridoskyrin, 208 
Iron requirements of fungi, 171 
Islandicin, 207 
Isobutyl acetate, 187 
Isocitric dehydrogenase, 270, 284, 285 
Isocoumarin. 20[, 202 
Isosterigmatocystin, 193 
Isotopes, use of, to study, 

cellular metabolism, 182, 184, 185, 213, 
242. 383 

tricarboxylic acid cycle, 277 
translocation, 460 
uptake of fungiddes, 526 

Itatartaric acid, 187 

.lavanicin, 206 
Junipal,217 

J 
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K 

Karyochorisis, 109* 
a-Ketoglutaric dehydrogenase, 270, 286 
Kojic acid, \95 
Krebs cycle, see Tricarboxylic acid cycle 

Labyrinthulales,41 
Lactaroviolin, 203 
Lactarazuiene, 203 

L 

Leucine, as a growth factor, 496, 511 
Lornasomcs, 30, 111 *-

Light, 
affecting, 

growth rhythms, 628. 634-637 
fungal growth, 559-574 
pigment production, 563 

mechanism of responses to, 570-·571 
nonorientcd responses to, 559-563 
oriented responses to, 559, 563 ·569 

Lignin in cell walls, 68 
Lignoceric acid, 188 
Linoleic acid, 188 
Lime sulfur as a fungicide, 533 
Lipids in cell walls, 68 
Lithium chloride, inhibition of spore germi

nation by, 174 
Lysergic acid, 213, 214 

Macrocysts, 40 
Macronutricnts,465 
Magnesium. 

M 

content of fungi, 170 
sources in media, 475 

Malic dehydrogenase, 270, 2R9 
Mall extract affecting growth rhythms, 611 
Manganese requirements of fungi, 172 
Mannans in cd! walls, 66 
Media, 466-476 

affecting growth rhythms, 628, 629 
agar, 468 
balanced, 472 
impurities in, 476 
liquid, 468 
natural, 466 
semisynthetic, 467 
synthetic, 468 

unbalanced, 471 
units of concentration for components of, 

469 
Meiosis, 

nuclear behavior at, 143 '5~ 
in Lower Fungi, 145 
in ascomycetes, 147 

Melanins in cell walls, 69 
Melzer's reagent, 57 
Mercury, toxic action of, 452 
Mercury, Organo-, fungicides, 5~4 
Metabolism, 

as energy source [or active transport, 449 
integration of cellular, 377---425 

Metals in media, technique for removing, 
164 

Methionine biosynthesis in Ne/l/'D.\pora, 677 
Methionine as growth factor, 496, 51 t 
5~Methoxycoumarone, 198, 199 
5-Methoxy-5-methylbenzoquinone, 204 
Methylamine, 209 
Methyl anisate, 197 
n-Methylbutyric acid, 187 
Methyl cinnamate, 196 
Methyl mercaptan, 217 
6-Methyl~1 A-naphthoquinone, 206 
p-Methylnitrosamine benzaldehyde, 210 
i--y-Mclhyltelronic acid, 194 
),-Mcthyltetronic acid, 192 
Mevalonic: acid, 186, 187 
Micelles, 55 
Microconidia, 37 
M icrodements, 

essential for fungi. 170 
in media, 476 

Micronutrients, 465 
Microsomes, isolation of, 380, 381 
Miniolutcic acid, 188 
Mitochondria, 282. 398-400 

Bavine enzyme 01',321-323 
isolation of, 380--381 
lipids of, 328, 330 
origin of fungal, 337-338 
quinones, 325-328 
replication of, 406-407 
structure of fungal, 336-337 
TeA cycle reactions localized in, 273 

Mitosb. 
in somatic nuclei, 119-139 

Mollisin, 206 
Molybdenum requirements of fungi, 172 
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Monocentric thalius, 23 
Muscarine, 209, 210 
Muscaridine. 209, 210 
Muta~aspcrgillic acid, 216 
Mycelial pressure, 459 
Mycelium, 21, 24 
Mycophcnolic acid, 187, 198 
Myo-inositol as growth factor, 509 
Myristic acid, 188 
Myxamoebae, 40 

N 

Naphthoquinones as fungal metabolites, 
205 

Niacin, see Nicotinic acid 
Nicotinic acid as growth factor, 496, 501-

502 
Nidulin, 220 
Nitrate, 

reductase, 356-360 
utilization by fungi, 350 

Nitric oxide utilization by fungi, 360 
Nitrite, 

reductase, 360 
utilization by fungi, 351 

Nitro compounds, organic, reduction of by 
fungi, 367 

Nitrogen, 
content of fungi, 167 
containing fungal metabolites, 208-217 
metabolism, 349 
sources for media, 473 
utilization by fungi, 473-474 

Nitrogen, inorganic, compounds, 
heterotrophic oxidation of, 367 
utilization by fungi, 349 

~-Nitropropionic acid, 110 
Nonanal stimulating spore germination, 512 
Non electrolytes, uptake of, 441 
Nornidulin, 220 
Nuclei, 

behavior of, at meiosis, 143-159 
cooperation between, 396-397 
isolation of, 380 
membrane of, 133 
migration of, 133 
motility of, 133, 134 
replication of, 394, 406 

Nucleolus, behavior of, at mitosis, 132-133 
Nucleotides, uptake of, 447 
Nystatin, 533, 537 

Ochracein, 197 
Octacosane, 188 
Oleic acid, 188 

o 

as growth factor, 512 
Oligopeptides as fungal metabolites, 210 
One gene-one enzyme hypothesis, 663 

exceptions to, 669-672 
Oogonium, 36 
Oosphcre, 36 
Oospore, 36 
Oosporein, 204 
Organic acids, uptake of, 445 
Orsellinic acid, 184, 185, 194 
Oxidative phosphorylation, 334-335 
Oxygen, 

content of fungi, 168 
in media, 469, 473 

p 

PABA, see p-Aminobenzoic acid 
Pachybasin, 207 
Palmitic acid, 188 
Pantothenic acid as growth factor, 502-504 
Parasexuality, 33 
Parathiotrophy.475 
Parenthcsomcs, 55, 103 
Pasteur effect, 335 
Patulin, 195 
Pencolide, 212 
Penicillic acid, 185, 194 
Penicillin, 17,218,501,545 
Periodic acid-Schiff stain, 384 
Perithecia, 38 
Peroxidase in fungi, 3 t 3 
Petite yeasts, 315, 316, 317, 318, 338 
pH, see Hydrogen-ion concentration 
Phalloidin, 211 
Phalloin, 211 
Phenol derivatives as fungal metabolites, 196 

Phenols as fungicides, 535 
L-Phcnylalanine anhydride. 216 
Phocnicin, 204 
Phomazarin, 215 
Phosphate uptake, 439-440 
Phosphorus 

content of fungi, 168 
sources in media, 475 

Photoreceptors, 568-569, 570 
Phototaxis, 563 
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Phototropism, 564 
Phylogeny, 

flagellation and, 90-91 
Physcion, 207 
Pigments, light affecting production of, 563 
Planogametcs, 77 
Plasrnodiocarp, 40 
Plasmodium, 23, 39 
Pleomorphism, 9 
Polyacetylenic metabolites, 185, 191 
Polycentric thallus, 23 
Polyenes as fungal metabolites, 189 
Polyenynes as fungal metabolites, 190 
Polyyncs as fungal metabolites, 190 
Polyporic acid, 204 
Polysaccharides, neutral, in cell walls, 66 
Polystictin, see Cinnabarin 
Polyuronidcs in cell walls, 67 
Potassium, 

sources in media. 475 
uptake, 435--438 

Predacious fungi, 29-30 
Prokaryotic cells. 22 
Protein synthesis, 397--398 
Proteins in cell walls, 67-68 
Protocatechuic acid. 197 
Protoplasmic streaming, 31-32,457 
PseuJopiasmodium,41 
Pseudosepta, 24, 55 
Psilocin, 213, 214 
Psilocybin, 213, 214 
Puberulic acid, 203 
Pubcrulonic acid. 203 
Pukherrimin, 216 
Pulcherriminic acid, 216 
Purpurogenone, 208 
Pycnidium, 35 
Pyrazine derivati-ves as fungal metabolites, 

216 
Pyridine derivatives as fungal metabolites, 

214 
Pyridoxine as growth factor, 492, 496, 504-

505 
Pyrocatechol derivatives as fungal mt!tabo~ 

lites, 197 
Pyrogallol, 200 
Pyrogallol derivatives as fUngal metabo~ 

JjtL'S, 20D 
Pyrones as fungal metabolites, 195 
Pyrroie derivatives as fungal metabolites, 

212 

Q 

Quaternary ammonium compounds as fun
gal metabolites, 209 

Quinones as, 
fungal metabolites, 203 
fungicides, 535 

'Race' tubes, 600 
Radiation, 

R 

effects of on fungi, 575-597 
see also Radiation, ionizing; UV; X~rays 

Radiation, ionizing, 
effect of on fungi, 576-585 
'genetic' effects of, 579 
mechanism of action of, 576 
nongenetic effects of, 577 

Reaction kinetics, 408 -410 
Rhizoids, 23 
Rhizomorphs, 27 
Rhizoplast, 85 
Rhythms, 

endogenous, 628-637 
exogenp:.lS, 626-628 

Riboflavine as growth factor, 496, 501-502 
Ribosomes, 

isolation of, 380, 381 
origin of, 407 

Ringworm, 13 
RNA, 69, 385, 392-395, 397,405,407,412-

414,649,650,651,659,662,663,678 

s 
st. Antony's Fire, 5 
Salicylanilide as a fungicide, 535 
Scandium requirements of fungi, 173 
Sclerotia, 27 
Sderotiorin, 220 
Selenium utilization by AspergillllJ, 169 
Septum, 24, 55, 98* 

in basidiomycetes, 103 
Shikimic acid metabolic pathway, 182, 183* 
Skyrin, 208 
Silicon content of fungi, 169 
Sodium L'hJoride, inhjbi!jon of spore sermi

nation by, 174 
Sodium uptake, 435--438 
Sodium yeast. 163 
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Sorbose utijization by fungi, 488 
Spermogonia, 37 
Spiculisporic acid, 188 
Spinulosin, 204 
Spontaneous generation, 9, 17 
Sporangiospores, 34 
Sporangiophore. 

responses of, to light, 561, 565-570 
'Spore groups', 13 
Spores, 33-38 

asexual, 34 
germination of, controls of, 413 
resting, 36 
sexual, 36 

Sporidesll101idc I, 211 
Sporogenesis, 105-111 
Steady state, 414-415 
Stearic acid, 188 
Stearyl alcohol, 188 
Stcrigmatocystin. 192, 193 
Sterilization of media, 471 
Stipitatic acid, 203 
Stipit<ltonic acid, 203 
Stroma, 38 
Succinic dehydrogenase, 270, 286 
Sugars, uptake of, 441-444 
Sulfate uptake, 440 
Sulochrin, 200, 201 
Sulphur, 

containing fungal metabolites, 217-211.} 
content of fungi, 168 
fungicides, 533-534 
sources in media, 475 

Supersuppressors in yeast, 678 
Suppressor mutations, 673-679 
Swarm cells, 40 
'Sylloge FllrgorUm'. 13 
Synchronous, 

development, 651 
division, 648 

Synchrony, 647-652 

T 

2,4,5-Trihydroxyphenylglyoxylic acid, 199 
Teloschistin, 207 
TCI111azonic acid, 212 
Terminal oxidation and electron transport, 

301 
Terreic acid, 192 
lcrrestric acid, 194 

Teleutospores, 38 
Temperature, 

affecting, 
cellular reactions, 543 
chemical inhibition, 529 
enzymes, 667 
growth rhythms, 628 
metabolism, 544 
suppressor genes, 668, 674 

cardinal poiJ1ts for, 544, 555 
coefficients, 546 
high, survival at, 548 
low, survival at, 547 

Tetronic acids as fungal metabolites, 192 
Thallospores, 36 
Thallus, 23 

types of, 23 
Theca, 9 
Thi<Jmine as a growth factor, 492, 496, 499-

501 
Tin, organo-, fungicides, 534 
Translocation, 457-463 

rnethods for ddccting, 458-461 
Transpiration pathway, 459 
Traps, 29 
Tricarboxylic acid (TeA) cycle, 269-300 

biological significance of, 273 
cJlzymes of, 270, 280-291 
in fungi, 273, 291-292 
relationship to glyoxylate pathway, 27'-) 

Trichogync,37 
Trimethylarsinc, 221 
Tropoloncs as fungalmctabolites, 202 
Truflles, 4, 7, 11 

u 

UbichromenoI, 326, 327 
Uhiquinone, 325, 326 

in fungi, 327 
Uptake, 429-455 

inhibitors of, 451 
Uranium inhibiting fermentation, 451 
Urediospores, 38 
Ustic acid, 149 
Ustin, see NorniduljJl 
UV raJiation, 

effect of, 
on fungi, 585 
on uptake, 452 

genetic effects, 589 
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mechanism of action, 585 
non genetic effects, 586 
photoreactivation phenomena, 591 

v 

Vacuoles, 
function of, 403-404 
origin of, 407-408 

Vanadium requirements of fungi, 173 
Vanillic acid, 197 
Vegetative structures, 

responses of, to light, 560 
Viridicatic acid, 194 
Viridicatin, 214, 215 
Vitamin BG, see Pyridoxine 
Vitamin Bl~' as growth factor, 509 
Volucrisporin,204 

w 

Water, 
bound, in fungus cells, 161 
content 

of fungi, 166 
of spores, 166-167 

dfect of on hypha\ apex, 616 
far media, 473 
see also Hydrostatic pressure 

Whitfield's ointment, 533 

x 
X-rays, 

effect of, on fungi, 577-585, 588, 590 
use of, to detect cellulose, 64-65 

y 

Yeast, 
extract affecting growth rhythms, 629 

Yeast, bakers', 
cyanide difference spectrum, 314 
'difference' absorption spectrum of, 304 
see also Saccharomyces celoevis;ae 

Yeast, 'magnesium', 170 
Yeasts, 

first observation of, 6 
karyology in, 135 
lactate-oxidizing flavine enzymes of, 323 
nature of, 16 
petite mutants of, 315, 316, 317, 318, 338 

cytochromes of, 316 
supersuppressors in, 678 

z 
Zinc, 

effect of, on carbon utilization, 483 
Zinc requirements of fungi, 171 
Zonation rhythms, 633-642 

genetic determination of, 637 
Zaaspo~', 34, 77, 106 
Zygospore, 37 
Zymase, 16 
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to Fungi, Lichens and Actinomycetes 

An asterisk t*) after a page number indicates an illustration. 

A 

Absillia,61 
AbsiditI ('orymbi!eru, 327 
Absidia lylindro.\Pora. 307 
Ab_\;dia g/(Illra, 307, 461 
AclJlya, 65, 147 
Achlya ('{1I/Spj"fU, 26 
Aclll.va klebsiana, 47\ 
Achlya rndh}sa, 307 
ACJ'tostelium, 65 
Agaricus, 11. 61, 621 
Axari£'lIs biSp(lrtts. 459, 565 
Agaricrr,'! ('WIII)('SIJ"s's, 4, 158. 327, 510 
Agaricus pnmullls, 10 
A~ro(ybe dUnl, 191 
Afbllgo, 139 
A/hugo clIJfJidr.J, 28. 11\ 1 14*, 1~5 
Akflria repanda. 565 
A/e-liria fUli/ans, 152 
Aleuria vesicllJosa, 565 
,W,'sdleria, 505 
4I!olll)'ces, 
alkrna~jon of generation in, 143 
ccii division in, 96, 111 
cd! wails of. }&O 
chilin of, 56", 61 
cuhic growth of, 608 
ellLymc systems of. 384, 385, 391 
flagellum of. 80, 86 
latHeHa of, 53 
mo;:iosis in. 14f1 
melanin in ccli waH of, 69 
mitochondria of, 337, 380 
mitosis in, 129, 133, 139 
planogametes of, 77 
pscudoscpta of, 14 

respiration in, 310 
ribosomes of, 407 
rhizoidal system of, 23 
RNA in spores of, 393 
'succinoxidase' in, 3J3 
syn(.:hron~ ill, 652 
TCA cycle in, 292 

Aflomyces arhu.\·cll/u, 80. 82. 87. 106, 129, 
130*, 165, 170, 290, 293 

AJlomy('es jm·al1i('U,~. 105, 101, 146\ J07 
Allomyres jav(1/1icu.\' var. macrogYl1l1S, 471 
Allomycl's macmgyllus, 

cell wall of. 51*, 54·, 58, 66, 68 
effect of hydrostatic pressure on, 553 
flagellum of, 8 t, 87 
garn<!tes of, 105, lO1 
mitDchondria of. 334 
mitosis in, }:12"', 121.), LH * 
septation in, 98 
TCA cycle in, 282, 290, 292 

A/umaria c/uysuJlflremi, 58A 
Alternaria so/ani, 173, 355 
Alreruariu remiis, 

attcrnariol from, 200. 201 
growth rhylhms in, 6211, 62&. 629, 6319 

633-636*,638-641 
tenuawnic add from, 211, 213 

Alternaria tomato, 488 
Amanita caeSare(I, 4 
AmalJila citrinu, 214 
Amanita [tI[va, l59· 
Amunitu mappa, see A. tifriUU 
Ammriru mU,w·oria. 209, 210 
Amaniru omidt'o. 5 
AJ1l(//liw phaJ/llides, I8S. 21t 
AmOlt;la rubegcllJ, ) 66 
Anguillospora gigallfeo, 469 

737 
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Anguil/().\pora /oJlgis::;;n/a, 469 
Aphanomyces, 34 
AphaJlomyces eUfeic/tes. 475 

Apoduch/ya. 24, 65 
Armillaria, 62 
Armillaria mellea, 27, 101*, 102", 111. 112 
Arthrobotrys oligo~pora, 29 
Ascobolus, 71, 565 
Ascobolus immersus, 621, 622, 626, 628, 634, 

637 
Ascobolu.\' sfercorarills, 37 
AscochYlu cllrysClllthemi, 626, 628, 629, 634 
Asc(}chyfa tabiei, 626, 628 
A.I'codesmis, 99, 107 
Ascoidea rubescens, 496, 504, 506 
Ascomycetes, 

absorption spectrum of, 307 
chromosome number in, 156 
hyphae of, 25 
meiosis in, 147-156 
response- of, to light, 565 
septum of, 99 
TCA cycle in, 290 

Ashbya, 509 
Ashbya gmsypii, 17, 290, 310 
Aspergi/{lIs, 

apleal growth of, 606 
chitin in cdl wall of, 61 
dimethyJpyruvic acid from, 187 
first description of, 7, 8 
mitochondrja of, 381 
mitosis in, 123 
mutants of, 495, 501 
nitrate reductase in, 358 
streaming in, 32 
TeA cycle in, 273 
zonation in, 626 

Aspergillus amstelodami, 184 
Asper!(illus (II/reus, 367 
Asper!(illI/s batatlle, 367 
Aspergillus cilricl(s, 206 
Aspelxilllus claW/Ills, 251, 488 
Asperxillus elegans, 488 
Aspergif{us ji.w'hefi, 66 
Aspergiffw jf(lvipes, 200 
Aspergillus jla),lIs, 181, 195.209.210.216. 

327, 367, 458, 548 
Aspergillll,\',Hm}/o'-o/y=ae, 254, 255, 327 
Aspergillus fumigatus, 191, 192, 204, 213, 

290, 327 
Aspergillus gJallcW', 198, 199,207 

Aspergillus mel/ells, 197, 588 
AspergUlus l1idll/alls, 119, 121, 187, 220, 307, 

487, 495, 591, 661 
Asper!(il/lls niger, 

absorption spectrum of, 307 
p-aminobcnzoic acid requirement of, 493 
ascorbic acid from, 194 
biotin requirement of, 497, 506 
calcium not required by, 173 
catalase in spores of, 316, 578 
citric acid production by, 17, 180 
copper requirement of, 172 
cytochrome oxidase in, 331 
m-dinitrobenzene fungistatic for, 237 
ED pathway in, 257 
EM pathway in, 251, 254 
enLymes of, 240, 241 
galactosamine in cell waH of, 6:) 

gallium requirement of, 173 
glucose utilization by, 4g4, 485 
glucuronate-xylulosc pathway in, 251-: 
hydrogen content of. 166 
2-hydroxymethyl furan-5-carboxylic acid 

from, 193 
H MP pathway in, 254, 255 
magnesium content of, 171 
manganese requirement of, 172 
molybdenum requirement of, 172, 356 
mutants of, 481 
mycelium production in, factor affecting, 

472 
nitrate utilization by, 355, 356 
organa nitrogen compounds, utilization 

of, by, 366 
phos»horus contcl)t of, 16B 
potassium content of, 170 
phosphite and hYPoj1hosphite P not uti-

lized by, 475 
respiration, cyanide sensitive, in, 310 
rhythms in, 629, 631, 633, 634, 638, 639 
scandium requirement of, 173 
selenium utilized by, 169 
silicon content of, 169 
sodium replacing potassium for growth 

of,165 
sorbose utilization by, 488 
sucrose utilization by, 482, 485 
TeA cycle in, 280, 283-285, 287, 290, 293, 

294 
time course rlol!'> of labelled glucose 

metabolism, 244, 245 
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translocation in, 458, 459, 461 
UV radiation atTecting, 585, 586, 588 
vanadium requirement of. 173 
vitamin B12 !;ynlhesized by, 174 
water content of, 167 

Aspergilll/,I' ()ch/"{/cclls. 197, 629, 631, 633, 
634, 63R, 639 

A.lpergiflus (Jr_r=lle, 209, 282, 290, 306, 310, 
316,317,333,334,355,458 

Aspergillus parasiticlls, 167,239 
Aspergillus quadrWneatus, 207 
Aspergillus l"t>/}{ws, 355 
Aspergillus sojae, 264 
Aspergillus ,Iydowii, 167,209,210 
Aspergillus lerrells, 187, 191·-192,200 ·202, 

236, 254, 327, 579, 584-585, 5R8, 591 
A.~pergilflts US/liS, 199 
Aspergillus versicolor, 192, 193,307 
AspergiJlu,I' welllii, 367, 368 
Allreoba.l'idium ptil/Illalls, 276, 291, 563 
Auricularia. 103 
Auricularia (luricl/la, 25 

B 

Badhamia Ifiriclilaris, 337 
Bm.idiobolll.I', 24, 61, 104, 123, 127·, 128·, 

132, 1 JJ, 565 
Bu!)"idiomyceles. 

absorption speetrulll of, 307 
basidial development in, 157., 159* 
hyphae of, 25 
meiosis in, 156-159 
response of, to light, 565 
septum of, 99 
TeA cycle in, 290 

BeatH'eria bassiana, 15 
Blasloc/adia, 23, 292 
Blas/oelat/ia priflK.I'heimii, 293, 475, 495,502, 

508 
Blwitoc/wlia /"{/mos(/, 502 

Bla,I'(Oc/wlie//a, 61,132,384,415,560,563, 
571 

B/as/oc/adiella emers(mii, 106. 239, 241, 290, 
292,310,337,370,560,651 

Blaslomyces, 62, 505 
Blas/omyces dermlJlifir/is, J 89, 290 
BoIe/m', ll, 62, 499 
Boletus edulis, 4, 211 
Botryti,~. 7. 8, 537. 547. 591, 606, 607, 609 
Botrytis allii, 28, 221, 307, 355 

BotrYli,I' cinerea, 28, 63, 167, 54S, 564, 569, 
5RR 

BOlryti.I' filbae, 369, :no 
DaIry/is K/adi%rum, 627 
BretlwlOmyce.l· bruxellans;s, 496 

BYJ,wclt/amys lulva, 548 

c 
Ca/carisporiuf1I [)(//"{/silicllm, 466 
Cald(/riomyce.l' fimwKo, 219, 220, 232, 233, 

237, 240, 252, 254, 257, 290 
Calvaria, 103 
Ca/~'(lria Kigal1lea, 102·, 103 
Candida, 

amino acid uptake in, 387 
biotin essential for, 506 
dimorphism in, 403 
division less mutant of, 405 
mitochondria of. 380 
niacin heterotrophy in, 502 
nucleotides of, 392 
succinic dehydrogenase in, 384 

Candida a/bieam, 15, 68, 71. 133, 282, 290, 
310,506,507,509,511,615 

biotin essential for, 506, 507 
cell wall constituents of. 68, 71 
dirnorphism in, 615 
methionine essential for. 511 
nuclear membrane of, 133 
respiration of, cyanide insensitive, 310 
TeA cycle in, 282. 290 
thrush caused by, 15, 6g 
vitamin B,~ deficiency in, 509 

Calldida kruse;, 291 
Cant/it/a piJmkru.)·{>i, 496 
lal/dida psell"orropic(/Ii~·. 496 
Cam/ida plIlcharima, 216 
Calldid(lllti!i.I', 166,213,252,254,261,277, 

288,291,292,293,312,327,407,498, 
586, 58?' 

amino acid transformation in. 467 
carbohydrate metabolism in. 277 
cobalt and nickel accuillulation in, 166 
Cytochrome C in, 312 
D~O affecting nutrition of, 498 
fumarase in. 288 
glucose cuwboJism in, 252 
glycolysis in, 254, 261 
isoleucine in, 213 
TeA cycle in, 291, 292, 293 
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ubiquinone in, 327 
UV radiation affecting, 586, 587* 

C(//uhare/lus, 62 
CellococclIm granifhrme, 371 
Ceplw/olhecium roseum, 548 
Cephalosporium, 218, 219 
CeratiomyxG,40 
Ceratiomyxa [rutfeu/osa, 145 
Cerafos/omella, 504, 509 
Cercospora nicotianae, 172 
Cerebella pulealla, 307 
Clwt'(omium, 173,461,505,547 
Chaetornium COIH'o/utum, 472 
Chaetomium globosum, 470, 585, 604, 607 
Chaetomium indicum, 196 
Chaos, 11 
Cheilymenia vinacea, 565 
ChOGnep/lOra cucurbitarum, 488 
Chytridillnl, 61, 86 
Ciborillia, 500 
Cifiaria sClifellata, 565 
Citromyces, 273 
Cladonia cristatella, 113 
Cladonia deformis, 217 
Cladosporium julvlIm, 307 
Cladosporium herbarum, 355, 547 
Cladosporium m{/Ilsollii, 563 
C/arhrus, 7 

Clavaria, 11 
C/aviceps, 505 
C/aviceps paspali, 544 
C/aviceps purpurea, 

alkaloids of, 213 
choline in, 209, 210 
enzymes of, 240, 323 
glucose catabolism in, 252 
glycolysis in, 254, 255, 261 
growth promoting substances for, 507, 

512 
lysergic acid in, 214 
phospholipids of mitochondria of, 330 
sclerotia of, 28 
TeA cycle in, 290 

Clitocybe, 499 
Clitocybe candida, 191 
Clitocybe diatreta, 191 
ClilOcybe ohbata, 191 
Clitocybe suaveo/ens, 210 
Clitopilus pl"llnu/us, 10 
Coccidioides, 61 
Coccidioides immitis, 96*, 97 

Co/emporium, 158 
Co/eosporium w:'rtlOJliae, 155*, 158 
Co/lybia, 505 
Collybia fuberosa, 500 
Collybia ve/ufipes, 112, 307 
Conidiobo/us, 123, 132, 565 
Conidiabo/lis villosus, see Entomopfllhora 

('oranata 
Caniop/wra cerebella, see Cerebella pute(ll/a 

Coprilllls, 8, 62, 351, 471, 499, 500, 565, 679 
Coprinus atmlll(:'ll(arius, 209 
Copril/liS disseminatlls, 31,337,619,620 
Coprinus ephemeris, 471 
Coprblwi jimetarius, 497, 545 
Coprinus lagopus, 102, 560 
Coprinus micaceus, 209 
Coprinus nil'ellS, 565 
Copril/us quadrijidus, 191, 192 
Copril/us similis, 204 
Cordyceps milf/aris, 104, 107, 109* 
Corio/lis S(lnguillells, see Po/ySfictus .\'(/11-

guillet/s 

Cortieium CraCelll11, 190 
Corficillm ~-oIal1i, 17,25,27, 98,99, 102*, 

174, 307,460,488 
Cortil1arius, 508 
Cortinal'ius JanKllillells, 207 
Cryptococcus nif{ricall.l', 474 
C/(!llOmyC(!.\', 61 
CIIlIlliIlK/wme/{{/,61 
ClIllllblKlwmel!(I ('cllioll/(/t(/, 307 
Cyathus, 139 
Cya/flUs ,\'triafuS, 307 
Cytosporbw, 307 

Dacrymyces, 25, 103 

D 

Dacrymyces deliqllescells va" millor, 101 * 
Dactylaria emit/ida,' 30 
Daety/aria gracilis, 30 
Dactylefla, 29 
Daeda/('(I jUlIiperilla, 197, 217 
Do/dillia, 637 
Daldillia cOllcell/rica, 626 
Da'\'Y~'eyplllls, 99, 107 
Debaryomyces, 6J, 505 
Deuteromycetes, 

absorption spectrum of, 307 
hyphae of, 25 
TeA cycle in, 290··291 
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Diaporthe phase%rum, 371 
Dictyoste!ium, 65, 563 
Dictyostelium discoideum, 329 
Dictyostelium mtlcoroides, 563-564 
Dicryuchus monmporus, 147 
Didymium fligripes, 86 
Dip/oascus, 37 
Dip/ocarpon, 509 
Diplodia "ala/ells;s, 355, 544 
Dipodascus, 505, 506 
Drosophila subatrata, 220 

E 

Elvela, 11 
Empusa, 123, 132 
Elldoconidiophora caeru/eseells, 187 
Endomyces, 61 
Endomyccs ma~Il/lsii, 500 
Endomycopsis, 61 
Endothia, 506 
Entomophthora, 61, 565 
Entomophthora apfel/lala, 498 
Entomophthora corona/a, 498, 570 
EpicJdoe, 509 
Epidermophyton, 61 
Eremascus, 37, 61 
Eremothecillrn, 387, 509 
Eremorlu'cillnt (1.I'hhyii, 371, 492, 496, 497, 

511 
Erysiphe, 591 
Er)'sipfle cichoracearum, 155*, 167 
Erysiphe Kram;n;s, 167 
Erysiphe po/y!(oni, 167 
Exidia,99, lOt, 103 
Exobasidillm, 495, 498, 499 
Exobasidium cassiopes, 498 

F 

Fornes, 62 
Fomes annosus, 307 
Fornes fomelltarius, 167 
Fomes' officil/(ltis, 4, t88, 511 
Fungi, 

chemical constituents of, 163--174 
chemical products of, 179-222 
classification of, 11 
interaction of, with host plants, 112-114 
life cycles, 32 
nomenclature of, 12 

nonmycelia). 23 
predacious. 29 
status of, 21 

Fungi Imperfecti, see Deuteromycetes 
Fusarium, 27, 57, 61, 211, 215, 230, 253, 

381,391,402,500,501,606,620,637 
Fusarium cu/morum, 307,488 
Fusarium disc%r surjilreum, 626, 627 
FlImrillm fl'llctigellum, 628 
Fusarium graminearum, 352, 353, 355 
Fwarium jawmicllm, 206 
Fusarium lilli, 167, 240, 252, 254, 261, 291, 

306, 333 
Fusarium lycopersici, 470 
Fusarium Iliveum, 351 
Fusarium oxysporum, 32, 172,241,282,291, 

546,615,616',617 
Fusarium oxysporum f. fini, 307 
Fusarium oxysporum var. ni('o/ianae, 173 
FU.l'arium rhizophilum, 167 
Fumrium roseum, 588 
Fusarium solalli. 256, 264, 291 
Fusarium msinfec/um, 472 

G 

Geastrum, 7 
Gelaslno,\'pora, 132, 505 
Gelasinospora tetrasperma, 134, 135, 307, 

311 
Gibberellafujikuroi, 201. 202, 215 
Gihberella =eae, 290 
Gliodadillm, 204, 588 
Glioc/adium jimhriatllm, 218 
Glioc/adillfll ~'irell_\" 17 
G/oeocercosporu, 506 
G/oeo.l'porium, 505 
G/omerella, 506 
Glomerel/a cingulata, 290, 333, 502 
Gonupodya, 24 
GOllatobotrys simplex, 512 
Graphillm, 504 
Gro,\'smwlIlia, 505 

H 

Hal/.I'l'lIllla, 61, 505 
Hall.\'eIlU/a (lllomala, 290, 293, 357, 581 
Hall.\'el1llla wingei. 72 
Harposporium, 29 
He/mintho.l'porium, 123 
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Helmilll/tOj'porium aVenal', 588 
Helmillfhosporium catenaril/m, 207 
HelmilH/lOSporillll1 grumineHm, 205, 207 
He/vel/a, II 
Hemifric/tiu w:.\'pariul11, 145, 146* 
Histoplasma, 62, 505 
HislOp/asma capsula/urn, 291,495 
Hydllum (lurCJllliacum, 204 
Hyme!1()!(aSfer iutells, 27 
HypllO/oma, 62 
Hypholama faseiell/are, 307 
Hyphomycetes, 10 
Hyplwmyces so/ani, 156 
HYPO:(Y/OII, 505 

/saria, 506 
lsaria cretacea, 507 
/saria j(.lrinosa, 307 

Kloeckera, 502, 509 

K 

Kloeckera apfel/lata, 510 
Kloeckera hrel'is, 496, 500, 506 

L 

Lahyrilllllll/a (/{geriel/sh, 41, 563 
Lahyril/lhll{u vitellillu, 329 
Lac/mum, 506 
Lactarius, 62, 500, 508 
Lac/uriu.\' delicioslIs, 4, 203 
Lugel1idium, 65 
LentillllS lepideus, 196, 197,527.565 
Len=ites (rahea, 498, 546 
Leprographium, 370, 504 
Leptomillls, 23, 24 
Lepromitu.I' !acteu.\·, 310, 370, 482 
Leptosp/weria mic/wtii, 629, 634, 637 
Lop/lOdermium, 505, 509 
LopllOdamilim pill{i.l"fri, 496 
Lichens, 7 
Lipomyces, 121, 123, 133,385 
Lipom},ces /ipoIa, 138 
Lycoperdon, 11 

Lycoperdoll gemmalum, 337 

M 

Marasmills, 500, 505 
MlirasmiliS alldrosacells, 307 

Mara.smius fulvobulbillosus, 500 
Marasmiw' xraminellm, 206, 307 
Marasmius pers(}jwfus, 307 
Marasmiils perforal/s, 498 
Melanconillm, 505, 509 
Melampsorll lilli, 584 
Melallospora desfmens, 496, 505 
Melastiza miniata, 565 
Memllonie//a, 505 
Memnoniella ecllil/ala, 506, 507 
Meria,29 
Merulills lacrymalls, see SerpllieJ lacrimalls 
MerulillS niveus, 276, 290 
Mewlius sylvester, 545 
Merulius lremelloslls, 25, 111,290 
Micrmporum, 61 
Microsporum audollill;;, 502 
Microsporum canis, 240, 251, 291 
Mitrula, 505 
Mol/isia, 99, 101 *, 107 
Mol/i.I'la caesia, 206 
Monilia jiJril1osa, 19\ 
MOI/i/inill fructicola, see Sclera/ill;a Jructj~ 

cola 
MOl1ob/epharella, 61 
MOl1oblepitarella faylori, 310 
MOlloblep/wris, 36, 61, 96 
Mortiere{/a, 61, 500 
Mucor, 7, 8, 11, 37, 61, 123, 132, 385, 

500 
Mucor corymbifer, see Ab .... idia corymbljera 
Mucor disperslls, 588 
Mucor hiemalis, 189, 307 
Mucor malldschIlriclls, 170 
Mucor muado, 147 
Mucor ramol/l/ianl1s, 307, 355,488,500 
Mucor rOHxii, 26, 38, 57, 58,62,68,69,12, 

403,498,617 
Mu/iIlIlS, 387 
Mycelia, 500 
Mycl!J1l1 rubronwrgilllllu, 371 
Mycoderma cerevisiae, 16 
Mycoderma vin;, 306, 511 
Mycosphaerella, 37 
Myculorula, 502 
Myrothecium verrucaria, 282, 287, 291, 310, 

353, 355, 495, 609 
Myxomycetes, 11, 39-40 

flagellation in, 91 
phylogeny of, 91 

Myxomycota, 39 
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N 

Nudswlia, 61 
Nndsnniu ji!fw»n'Il'>, 336 
Nf'crd", 61. 501 
Nemawc/om/.\" ("Olu·(/rrell.~, 29 
Nemmmpor(l go.\',lypii, 496 
Neobulgadu, 107 
Neobulgaria pum, III * 
Nl!urosJ)01'u. 18,301,373 

aging in, 415, 4\6 
amino acid meta.bolism in, 368, 371, 372 
ammonia utilization by, 364 
asci of. staining It:chnique for, 143 
ascospore germination in, 241, 333, 609 
biotin requirements of, 505, 501 
branching in, 622 
carbohydrascs of, 40\ 
cell waH of, 69. 7 t 
chromosome number of,"'152., 15S 
compit:meillation maps of, 681 
cystathionine in, 4J7 
cytochemistry of. 388. 390 
cytochrome <11 in mutant of, 318 
cytochrome oxidase in. 384 
DNA in, ,85, ,95 
crgoslaol in, 387 
cm:ymf,!S of, 670 
,a·galactosidase in, 3R5 
gent! elfccts., 690 
genetic lIlaps of, 687, 6S9 
glycogen in, 384, 386 
growth. 

cubic of, 608 
linear of. nD6 

hcmoglobin~iike pigment in, 315 
hydroxylamine reductase in, 362, 363 
hyphae of, 31. 50 
hypnal growth of, 404 
meiosis in, \5\, 153. 158 
mi'.;foconidia of, 37 
microsomes of- JS I 
mitoch,muria of, 337, 38l, 382, 384, 399 
milosis in. 119,121,123 
mutants of. 495, 501, 545, 665. 674, 690 
nitrate reductase in, 357-359 
nitrite reductase in, 360 
nudd of, 381. 407 
nucieotides in, 391 
organic nitro compoultds reduced by. 

365, 366 

peroxidase in, 384 
phosphatase in, 3S4, 385 
pigmt:"tH of, 563 
po\),phosphates in cd\ .... aH oL :t.7S., ~79, 

,81 
polysaccharides of, 384 
protein synthesis ir1, 39.\ 391, 398 
proteins of, 3&4 
ribosomes of, 38 I, 391 
RNA in, 3~2. 385, 395, 407 
septum of. ~9 
sorbose atfcc{ing. gro"\\·th of, 403 
succinic dehyd.rogenase in. 384 
translocation in, 46J 
tryptophan s}"mhesis in, 213, 411 
turgor pressure in, 614, 615 
UV radiation affecting, 589 

Neurospora cr(lssa, 
a~orp\ion specuum of, 307 
amines~ hydroxy!ated, from 209 
amino acid. 

metabolism in. 368, 371. :'72 
transformalions in. 467 

ammonium utilization by, 350 
captan uptake hy, 529 
complementation maps of, 671, 680 
cyto.:hrome m .. idasc in, :B3 
cytm;hromes of, 311. 316, 317. 321 
dethiobiolin utilization by. 506 
diphosphopyridinc nuclcotida~c in, 28t 
EM pathway in. 252, 254 
galactosamine polymer in wall of, 63 
g~uc<ln~ in wan of> &6 
glutamat\! dl!hydrogenasl' in, 259 
giycol>sis in, 237 
growih inhibitors aifl.'Ctil1g, 679 
growth rate of, 414 
hemoglobill~lik.~ pigment in, 315 
histidine biosynlhcsi~ in, 665 
HMP pathway in. 152, 254, 255, 156, 261 
hydroxy acius fmn1, 187 
hydroxylamine reductase from, 172 
malic dehydrogenase from, 289 
meiosis in, 14i1, 151*, 155, 156 
methionine biosynthesis by, 677 
mitochondria of, 306, 336, 337 
mitochondrial lipids of, 330 
molybdenUll1 requirements of, 173 
mutants of. 187, {Q7, 237,3.17,321,330, 

337. 36-1. 416, 563, 591, 629, 637, 
6tiO, 663, 666, 671, 680 
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nitrate reductase in, 173,356,304 
nitrite affecting growth of, 350, 352 
nuclei in hyphae of, 30 
pho::>phomonoestcrase from, 233 
pigments of, light affecting production of, 

563 
polysaccharide in wall of, 70 
protocatechuic acid from, 197 
rcductascs in, mdal deficiencies affecting, 

363 
respiration, endogenous, in, 263 
rhythm, endogenous, in, 629, 631, 633, 

636 
shikimic acid pathway in, 182 
sodium selenite not affecting, 617 
sorbose utilization by, 72 
succinic dehydrogenase from, 287 
TeA cycle in, 274, 277, 282, 290, 292 
temperature affecting growth of, 546 
tryptophan re4uirement of, 660 
tryptophan synthetase production in, 416 
Ubiquinone in, 327 
UV radiation affecting, 585, SSR, 589, 591 
vanillic acid from, 197 
zinc requirements of, 17\, 172 
zonation in, 631, 633, 637 

Neurospora sitopltila, 63, 237, 333, 526 
Neurospora lelm.\·perma, 69, 256, 290, 316, 

333 
Nigr().\pora, 505 
NOell/'diu, 608 

o 
OnosporllS, 9 
Oidiodendrotl juscllm, 208 
Olpidium, 36, 80, 86 
O/pidillm bra.\"sicae, 82, 84 
Oospora colorw/s, 204 
Omp,}ra sll/phllreu-ochrac-ea, 20~), 201 
Ophi(HlOma, 495, 504-507 
Ophiostoma mll/timllllllafwl1, 494, 496. 502, 

504 
Ophiostoma pilli, 497 

p 

Pucflybwium cardidllm, 207 
Pueci/omyce:'i vi('(oriae, ]99 
Palms stipticll.\·, 588 
Paracoccidjojde~. 62 

Pannelia cupera/(/, 188 
Pel/jell/aria f...o/eI"OKu, 497 
Penicillium, 

ch~tin in cdl walls of, 61 
dipicolinic acid from. 215 
early illustration of, 7 
growth of, 606 
hemoglohin-like pigment in, 315 
mitosis in, 120,121, 123, 133 
nitrate utili,l;alion by, 367 
pigmenb> of, 415 
polysaccharides in, 384 
streaming, in, 32 
TCA cycle in, 273 
zonation in, 626, 627 

Penicillium atrm'enetllm, 201, 209, 210, 367 
Penicillium brericaule, see ScopuJuriopsis 

brevicau[is 
PellicilJillm brevi-comp{/crum, 198, 202 
PClIidilium clturlesii, 193, 194,254 
Penicillium chrysogenum, 

o-(a-aminoadipoyl) cysleinylvalinc from, 
218 

ammonium nitrate utilization by, 355 
carbon utilization by, 481 
cell wall polysaccharides of, 67 
cytochrome spectrum of, 310 
EM pathway in, 251, 252, 254, 260 
endogenous respiration in, 263 
glucuronate-xylulose pathway in, 258 
glycoly~is in, 240 
HMP pathway in, 252, 254, 255, 260 
mitochondria of, 325 
penicillin from, 218, 545 
sorbose utilization by, 488 
TCA cycle in, 275, 276, 278, 281, 284, 

287,291 
UV radiation affecting, 592 

Penicillium cinerasc('Il.\", \94 
Pellicil/iwu citrillum, 201 
Pellicillium cyc{opiwn, 1H5, 194, 148, 207, 

214,254 
Penicillium digi[(lfllnl, 167, IS7, IS9, 252, 

254, 291, 487, 502 
Penicillill/ll dllPOlllii, 547 
Penicillium gladioli, }97 
Penicilliu/II [(/al/Cllm, I fl, 17 
Pelliciliiwll gl'iSeojllb'Wll, 184, 109, 220, 221, 

352, 353, 355 
Penicillium herquei, 202 
Penicillium islalldiclIlJI, 197,207,208 
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Penicillium janczewskii. 220, 221 
Penicillium !uleum, 628 
Pelliciilillm minio/utf!lIm, 188 
Penicillium 1III1IIic%r, 212, 213, 220 
Penicillium lIif.{ricaIlS, 216, 217 
Penieil/illm Iwtarum, 

aspartase in, 371 
cytochrome system of, 306, 311 
cytology of, 120 
gycolysis in, 230 
a-methylbutyric acid from, 187 
respiration, cyanide sensitive, in, 310 
stearyl alcohol from, 188 
translocation in, 458 
UV radiation affecting, 585, 591 
yeast glucan in wall of, 65 

Penicillium patti/urn, 195, 197, 199,200,205 
Penicillium phoellicium, 204 
Penicillium puberu/urn, 194,203 
Penicillium purpurogenum, 208, 284, 291 
Penicillium resricu/osum, 211 
Penicillium roscopurpureum, 196 
Penicillium sc/('Yo/iorllm, 220 
Penicillium spiculi:.porum, 188 
Penicillium ~pil/ulosum, 204, 307 
Penicillium stipitatum, 203, 327 
Penicillium rerreslre, 194 
Penicillium urticae, 221, 254 
Penicillium vinijerllm, \"j\ 
Penicillium viridicurum, 167, 194, 214, 215 
PelliapJlOra, 500 
Peniop/wra giganrea, 167 
Permrospora, 35 
Perollospora de.\'tructor, 167 
Peronospora mam'hurica, 29, J 12,114* 
Peronvspora parasitica, 28 
Peronospora tabacil/a, 627 
PestalOlia allllulata, 628, 629, 634, 637 
Peziza, 11 
Phlycforhiza variahilis, 502 
P/w/iota aurea, 502 
Phragmidillm mucrollatum, 7 
Phycomyces, 61 

chitin in cell wall of, 61 
mitosis in, 132 
photoreceptor of, 569, 570 
sporangiophore of, 51-53, 68, 71, 561-

562,566-568,571, 579, 582, 606, 621 
Phycomycl's blakesleeanlls, 

apical growth of, 614 
asparagine utilization by, 370 

chitosan in cell wall of, 62 
chlorides inhibiting spore germination of. 

174 
gallic acid from, 200 
growth factors for, 496 
magnesium requirements of, 170 
medium for, 472 
meio~is in, 147 
mitochondria of, 329 
pH and growth of, 470 
protocatechuic acid from, 197 198 
sorbose utilization by, 488 
thiamine requirements of, 499 
translocation in, 460, 461 

Phycomyces Ilircns, 147,290,307,461 
Phycomycetes, 

absorption spectrum of, 307 
first delimited, 12 
flagella in, 77 
hyphae of, 24 
TeA cycle in, 290 

Phyiactillia corylea, 155* 
Phymatotricllum omllh'orum, 28, 351 
Pltysalospora, 466 
Physarum, 385, 394 
Physarum po/ycep/wlum. 39, 306, 310, 312, 

333,626,649,651 
Physoderm£l bulbosum, 88 
Phy!ophthora, 

apical growth of, 606 
cell wall of, 57, 64, 65, 67 
hyphal swellings in, 26 
meiosis in, 147 
oospores of, 37, 466 
thiamine requirements of, 500 
zoospores of, 34 

Phytuphthora citrophthora, 544 
Phytophrhora caefarum, 460 
Phylophrhora capsid, 88 
Phytophrhora cillllamomi, 27 
Phyfophrlwra cryprogrca, 27 
PhytoplztllOra /ragariae, 24 
PhylOplit/wra ill/eS((llls, 14, 80, 83, 84, 85*, 

88, 290 
Phytopilt/lOra parasifica, 475 
Phytophthora ferrestris, 544, 546 
Picllia, 61, 509 
Pi/abo/us, 71, 171, 466, 510, 566-570, 626, 

637 
Piricuiaria, 505 
Piricularia oryzae, 259, 370 
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Pilobolus kfeillii, 496, 560, 569, 570 
Pit/wmyees char/arum, 98, 99,211,212 
Pify/,().\porllm,512 
Pily/,mporum ovule, 497,512 
Plu.\·modiopltora hrassicue, 83 
Plempora herharum, 627, 628 
Plelltiopi£'(l gaeumwIIIU, 99 
PleumKt', 565 
Plel/rollls osfreallls, 166 
P{l'lImw.~ ulmarim, 191 
Pot/ospora, 506 
Podospora wlJerillu, 629, 637 
Po/yp/WgIlS, 36 
Polyporus, 7, 62, 103, 500, 512 
Po/yporu5 ahietiltus, 494, 502 
Pv/yporus adaslus, 500 
Poiyporus befuiillllS, 25, 307 
Polyporu5 bi/armis, 192 
Polyporlls brumu/is, 32, 460 
Po/yporus circiJ1atus~ 258 
Poiyporus mylitfae, 28 
Po/ypoms nit/u/alls, 204 
Polyporus palus/ris, 290 
Po/yporus suljwewi, 209 
Po/yporus leX{/III1S, 502 
Po/yporus tuberwter, 5 
Polj'Pol'lIs fumll!o,\'US, 198-199 
Po/ySlicfus, 62,101,139 
Po/y.stictu.s sallguill(,IIS, 67, 216 
Po/ystictus versicolor, 112, 307, 311, 333 
Poria sinuosa, 191 
Poria vai//alltii, 496, 501, 511 
Psi/ocybe mexicalla, 213, 214 
P.I'ilocybe sarcocephala, 191 
Puce/,lia corOIl(JIa, 547 
Puccillia dispersa, see p, r('condita 
Puccinia gramillis, 113, 282, 290, 333, 547 
Puccinia gramil1is f. sp. trifid, 29, 189 
Puccillia mellf"{l(', 28 
Puccillia podophylli, 96, 97, 111"', 113 
Puccinia recoltdita, 290, 294, 547, 561, 564 
Pliccillia triticina, see P. reemu/ita 
Plil/ularia, 349 

see also AUI"('o/)asitiillm 
Pyronema, 37, 38, 600 
Pyronemu crmj{I/('I/S, see P. omphaiodf's 
Pyrollenw omp/Ill/ot/es, 152, 621 
Pythiacystis dtrophtllOl"a o see Pityfop/Il//O/"{J 

cilroplll/wra 
Pythium, 34, 37, 57,65,85, 147 
Pythium ap/ullliderma:llm, 80, 84 

Pylhillm butleri, 497 
Pythillffl debaryal1l1m, 121,290 
Pylltitlm irregll/are, 172, 174 
Pyl/tilll11 {Ol'lI/osllm, 85 
Pythill'" tlltimllfn, 307 

R 

Rltipidillm, 23 
Rhi=idiomyces, 57, 58, 61, 65 
Rfti::idiomyces birellattts, 56 
Rhi;octonia, 291, 606 
Rhi::octollia solalli, see Corticillm solani 
Rhi:.:ophydium, 36, 37, 61 
Rhi;opltydillm sphaerolheca, 52"' 
Rhi;;ophlyctis rosea, 290, 333, 351 
Rhi;;oPIIS, 7, 9, 31, 32,61,240,487,500,546, 

606,621 
RhizaplIs chillem;is, 546 
Rfti:oplIs MX, 240,~252, 254 
Rhi:opus nigricans, see R. stolol1iJer 
Rhi:opus oryzae, 252, 254, 290, 458, 459 
Rhi:opus slo/anifer, 

absorption spectrum of, 307 
meiosis in, 147, 148*, 276 
TeA cycle in, 276, 280, 290, 293 
temperature for growth of, 546 
thermal death point of, 548 
uptake in, 45S, 460 
UV radiation alTecting, 586, 588 
zirlC affecting metabolism of, 483 

Rhi:::opus SUiIlUS, 586, 583 
k/lOdotorula, 62, 104, 349, 384, 508 
RllOdotom[a auralltiuca, 496 
Rhodotoru/a gracili.~, 167, 168, 276, 291 

5 

Saccharomyces, 9, 18 
budding, in, 25, 586 
cell fractions of, 380 
cell wall composition of, 68 
chitin in cell wall of. 61 
DNA in nuclei of, 392 
enzyme systems of, 384, 385 
growth factor requirements of, 502, 503, 

505,506, 510 
lamellae of, 53 
mitosis in, 104, 121 
origin of name, 16 
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sexual fusion in , 37 
synchrony in, 649 

Saccharomyce,l' car/hergellsis, 166, 501, 504, 
507, 510 

Saccharomyces cerevisiue, 
cell wall composition of, 58 
cytochrome 590 (S. cC'revisiae) in, 320 
fermentation by, elucidation of, 229 
glycolysis in, 244, 245, 252, 254. 260, 26 1 
growth factor requirements of, 497, 498, 

504, 506, 508, 512 
hydrostatic pressure etft.'Cts on, 553 
mitosis in, 133, 135, 136· 
radialion effect s in, 578- 581, 584, 5R5 

587, 590, 591 
synchrony in, 649 
TCA eycle in , 2&4, 290 
ubiquinone in , 327 
uptake by, 443 
see also, Yeast , bakers' 

Saccharomyces tirosophi/arllm, 290 
Sacclraromyces globoslls, 507 
Saccharomyces logos, 496 
Saccharomyces marximHl,f, 290 
Saprolegllia, 14, 65, 123. 132, 307, 382, 384, 

399 
Sapro/ellgia dic/illa, 84 
Sapro/ellgia Ierax, 80, 82, 84 
Sapromyces, 65 
Sapromyces e/ol/gatll,~~ 370 
ScIJi:ob/asrosporiol/, 62 
Schi:opilyllllm, 125, 133 
Schi:oplryllwlI commlllle , 

a bsorption spt!ctrum of, 3061 
chromosome number of, 159 
indigo from, 213. 214 
lomaso mes of. I I 1 • 
maximum temperature for growth of, 546 
nuckar migration in , 10 1, 102, 134 
permeabilit>' in. 275 
respiratory system of, 333 
sulfur metabolites o f, 217, 222 
TCA cycle in , 282. 290 

Schi:OJacchammyces,26, 104,380 , 385, 503, 
510 

S chizosaccharomyces octoSf/Of/l,I', \ 26, 496, 
5 11 

Schi;asaccilaromyces pambe, 126, 128, 502, 
590, 649 

Schizosocclwramyces versa/ilis, 125', 126· , 
128, ) 32 

Sclera/illia, 37, 62 , 66, 509, 629 
Sclerotillia camelliae. 545 
Sclemlillia frUClico/a, 167, 21JO. 527, 528. 

626,631*, 632*, 633 ·640 
Sclerotillia fml'tigella, 527, 629,634 . 637 
Sclt:rotillia It/at/ioli, 28 
Sc/ero/illia laxa, 629, 634.637 
Sclerotillia libertialla. 320 
Sclemlinia sclemtiorum, 467, 488 
Sclerotium cepivortllrt, 28 
SciI' rot i 11m ro/fsii , 28, 172 
Scopli/ariopSiJ' brevicaulis, 167, 169, 351-

355, 359 
Seped{lIIillm, 506 
Serpula /acrimal/s, 545, 618 
Sommerstorjjia spinosa, 29 
Sordurio, 50S, 506, 565 
Sort/aria fimico/a , 144', 152, 156, 307, 626, 

634 
Sort/aria macrosporu, 156 
Sorosphal'fa, 133 
Spat/III/aria, 506 
Splzaeroho/lls stellallls, 307 
Spollgospora subterrallt'a, 80, 83, 86 
Sporitit'smium bakeri. see Pithomyces {'har-

((/fum 
Sl'oroholomyces, 62 
Spol'{)triclllll1l , 62 
5(11cllyboll'),s, 50 5 
S{lIchyhotr)'.f iltro. 506, 507 
Stemonilis, I I 
S tel1lphy/iulII mla/ri. 29 1 
Sterelll1l frw'lll/asllm. 500 
Stereum rugOStl lll, 546 
Slereum subpi/('(I(um, 196, 199 
Stilbum , 107 
Streptom}'ce.~, 26, 552 
Streptomyces coelie%r, 240, 254, 37il 
Streptomyces grisells, 244, 245, 252, 254, 

260,261.588.591 
Stref/wmyces o/ivacells, 254, 258 
Streptom)'ces rericu/i , 254 

Streptomyces rimosus. 240 
Streptomyces "i%ceorllher, 96", 97,98 
StrDpiwria cllbell,~is , 2 t 3 
Sty/opage grant/is, 29 
SYllceplra/astrttm spillosa, ]07 
SYllc/ryrrium, 146 
SYllchylrilllll hrowllii, 88 

SYIIl'lrytrilim elldobiOlicum, 80, 83., 88 
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Synchytrium [II/gens, 146 
Syzgi/es mega/ocarplls, 10 

T 

Taphrina, 37, 38 
Teloschistes jluricons, 207 
Thamnidium, 562. 566-568 
Thamnidium eieg(1I1.\', 307, 561, 614 
1'hul1(lfophorU5 cuel/meris, 120 
Thieiariopsis basic'vla, 172 
Thraustorfteca (lureum, 337 
Thraustotheca roseum, 337 
Thralulochytrium globosum, 509 
Thraus(ochytrium motivum, 474 
ThrauslOchytrium mu!/irudimenta!e, 474 
Thrallstochytrillm rosel/m, 560 
Tillelia caries, 14,240,252, 254, 255, 257, 

498 
Til/etfa COlltraversa, 252, 254, 255 
Til/etia trifiei. see T. caries 
To,uio, 9, 502, 503, 505 
Torula cremoris, 497,507 
Torula .~pIUlerica, 496 
Torula IItj}is, see Candida l(tilis 
Toru/opsis, 9, 62, 505, 509 
Toru/opsis cremori.~, 584 
Toru/opsis darrila, 504 
Torulopsis rqsea, 585 
Trametes rubescetls, 307 
Trichoderma, 61 
Trichoderma viride, 17, 174,219,307,355, 

626, 628, 629, 634 
Tricholoma, 500 
TricllOloma gambosum, 370 
Tricholoma grammopodillm, 185, 191 
Tricl/Oloma imbricatwl1, 370 
rricholoma nudum, 307 
Trichophyton, 61,133,498,505,510 
Trichophyton concemricum, 500 
Trichophyton discoides, 500, 504 
Trichophyton equillum, 496, 497,502 
Trichophyton meg/linii, 511 
Trichophyto/l melttagrophyres, 29 t, 585, 588, 

591 

Trichophyton persicolor, 370 
Trichosporon, 62, 506 
Trichothecium roseum, 626-628 
Trigonopsis, 62 
Tuber, 4 

u 

Uromyces, 107, Ill, 591 
Uromyces ca/adii, ]13 
Uromyces appel/dicu/alus, 167,290, 291,294, 

547 
Uromyces phaseoli, see U. appelldicu/ata 
Ustilago, 62, 498 
USli/ago J01lgissima, 500 
Usrilago maydis, 240, 241, 254, 255, 256, 

290, 306, 327, 487, 585, 588 
USlilago spitaerogeflQ, 171, :no, 312, 333 
Ustilago slrii/ormis, 482 
U.Hilago violacea, 498 
Ustilago zeae, see U. maydis 

v 

Va{sa, 50S, 509 
Verticillium, 307, 505 
Verticilli«m alboarrum, 252, 254, 261, 291, 

475, 546 
Verticillium lateri/ium, 626, 627 
Vol«crispora auralltiaca, 204 

x 
Xallthoria luI/ax, 207 
Xy/aria hypoxyloll, 12 

z 
Zooplwgus illsidians, 29 
Zygorhynclws moellfri, 237, 254, 263, 276. 

290, 292, 307 
ZygorhYJlclllls vuillemillii, 307 
Zygosaccharomyces, 61, 503, 510 
Zygosaccharomyces bakeri. 507 
Zygosaccharomyces japoniclls, 496 
Zygosaccharomyces prioriallus, 496 
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