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Preface

The present volume contains papers read at the Symposium on
Chemotaxonomy and Serotaxonomy held at Birmingham University
on 15 and 16 September, 1967, It contains the full texts or extended
summaries of the papers presented at the meeting. Sixteen* of these
were Tead by invitation whilst six were accepted at the request of the
authors. These latter papers were presented in a shortened form in the
last session but have been distributed in the book in positions consistent
with their subject-matter. A general discussion at the end of the Sym-
posium was preceded by a summing-up by the Chairman for that session,
and the text for this is also included.

Although the Editor realizes that it would have been valuable to
present a verbatim report or summary of the discussions which took
place at the Symposium, it was felt that the delay resulting from the
transcription and collation of these discussions would not have been
justified, in view of the urgent need for rapid publication in this quickly
developing field.

In planning the Symposium, the committee divided the subject
matter into protein and non-protein studies and allocated one session
to serological and immunological work. The first session was devoted to
papers on general protein investigations, electrophoresis, ete.; the
second dealt with serology and immunology, and the third comprised
papers on nucleic acids, Session 4 was mainly concerned with bio-
chemical approaches not connected with protein studies, whilst in
session 5 the speakers were asked to assess the value of biochemical and
serological data in taxonomy. At all sessions but the third, papers were
invited on animals, plants and micro-organisms so as to cover as wide
a field as possible of biological interests. The third session, on nueleic

* A paper read by Professor 0. Westphal on the “Chemical, sorological and genctic
classification of the Enterobacterinceae’ has had to be omitted since the manuscript
was not reccived at the time of going to press.

1* ix



X PREFACE

acids, included papers of very general interest to biologists, in which
work on a wide variety of organisms was discussed.

Whilst the original intention of the organizing committee was to
present serological and biochemical techniques to the taxonomist and
to show him the rapidly developing aspeets of chomical taxonomy a8
well as the importance of chemical and serological criteria in modern
systematics, the general theme of some of the contributions veered
towards comparative biochemistry, rather than to taxonomy. However,
the speakers in the last session very ably discussed the value of these
techniques in a wider context and examined the extent to which the
data could be used to throw light on phylogeny and evolutionary
relationships.

The Symposium showed clearly the growing importance of bio-
chemical and immunological approaches in modern taxonomic work.
It also underlined the need for a greater understanding of biochemistry
on the part of the taxonomist and a greater taxonomic understanding
amongst biochemists and others in related fields who are carrying out
comparative studies on a range of different organisms.

The interest shown at the Symposium was more than sufficient to
justify the views of the committee and the Systematics Association
that the proceedings of the meeting should be published. Since it was
thought that the theme exteuded beyond the usual interests of members
of the Association and would at the same time be of interest to biologists
who were not members and who did not normally see the Association’s
publications it was decided that the book should be published by a
commercial publishing house, rather than by the Association itself.

The Editor would like to record here his very grateful thanks to
members of the committee who helped to organize the Symposium and
who subsequently kindly agreed to serve on the editorial committee-
Thanks are also due to the past President of the Systematics Associa-
tion, Professor P. Sylvester-Bradley, as well as to the botanical
secretary, Dr. J. McNeill, and members of the publishing committee
for their help and advice in steering this book through the press.

-J. G. HawgEs
Botany Department, :

University of Birmingham.
June 1968
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Foreword

P. H. A. SNEATH

University of Leicester

It is over thirty years sinee the Systematics Association was founded,
and in that time it has gponsored a wide range of symposia on topics of
interest to systematists. It has interpreted systematics in the widest
sense and has always endeavoured to combine botanical, zoological and
palaeontological aspects wherever possible. The Association is not merely
a society of systematists, but is also a forum for new ideas from other
fields. It has a responsibility to explore these, and to find out how
discoveries in other disciplines can be applied to systematic biology.
This volume, combining many applications, from the molecular to the
evolutionary, is therefore direetly in its tradition,

This volume containg the proceedings of a Symposium on Chemo-
taxonomy and Serotaxonomy held on 15 and 16 September, 1967, at
the University of Birmingham. These subjects have had a long history
(serotaxonomy dates back to Nuttall’s work at the beginning of this
century, and chemotaxonomy in scattered applications was used even
earlier): but it is only in recent years that they have come to command
the interest due to them, in large part beeause of advances in technique.
One section of chemotaxonomy has arisen in the more recent past as an
offshoot of molecular biology. The information in large molecules—
proteins and nucleic acids—is vast and fascinating. We are beginning,
also, to understand the relations between the fine genetic structure and
serology and chemistry of other kinds. In all these fields information is
now growing swiftly.

How will all this new knowledge be integrated into the body of
systematics ? And how does it relate to the scope of the systematics of
the future ¢ Deseription and analysis must precede synthesis, and today
we arc still in the first stage. We can already envisage, however, some
outlines of the second stage. This is perhaps clearest in protein sequence
studies. Here we can see how a coherent evolutionary theory and

structure at the molecular level may be built, to compare with that
XV
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based on more familiar data. We can expect advances in chemistry as
applied to fossil remains to complement it. Reading molecular detail by
electron microscopy is not beyond the bounds of possibility, and this
would open up enormous areas to expiore. There are similar trends in
the other fields covered in this volume, such as elegant chemical and
serological investigations into the wild progenitors of cultivated plants,
Indeed this new knowledge promises to redress the shortage of critical
information which has made it so difficult in the past to make consistent
and logical deductions about evolution.

Integration of this information into systematics will call for far-
sighted taxonomists who are prepared to take it into their scheme of
things. Much of it may be scattcred in unfamiliar publications. Con.
siderable cffort will then be needed to gather it together. When the data
become voluminous, computers will assist us, while biometric methods
will be increasingly needed to evaluate the significance of the new
discoveries. The future will be exciting, and the reader can capture
some of the excitement in the essays that follow. It gives me great
pleasure as President of the Association to introduce this volume, to
join the growing series of the Association’s publications.
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1. Primary Structure of Animal Proteins as a Guide
in Taxonomic Studies

Brroer Bromeack and MARGARETA BLoMBick

Department of Blood Coagulation Research,
Karolinska Institutet, Stockholm, Sweden

ABSTRACT

Studies on the primary structure of fibrinogen from different mammalian
species have provided valuable information on mammalian classification.
The amino acid sequences of the fibrinopeptides split off from the parent
fibrinogen molecule by the action of thrombin were studied in 34 different
species, mainly mammalian, Fibrinopeptides seem to be specially suitable for
taxonomic studies as they constitute genetically equivalent parts of the
fibrinogen from the different species and contain 17 amino acids, which can
be considered as the elementary building-stones of the molecules.

The classification of species according to the amino acid sequences of the
peptides agrees in general with the accepted taxonomy based on morpho-
logical data.

In the past 10-20 years we have witnessed an extremely fast develop-
ment in protein chemistry. The elucidation of a protein structure which
was just a dream 20 years ago can now, though with considerable effort,
be made in relatively short time. As all data so far indicate that the
conformation of a protein is basically determined by its primary
gtructure, i.e. the amino acid sequence of the protein, the elucidation of
protein primary structure is of utmost importance for the understanding
of the relation between structure and function of proteins. Such know-
ledge will lead to a finer appreciation of pathological processes in which
abnormal proteins are involved. Furthermore, according to current
views, the primary structure of proteins is eventually determined by
specific nucleotide sequences in the DNA of the structural genes. As it

Systematics Association Speeial Volume No. 2. “Chemotaxonomy and Serotaxonomy™,
edited by J. G Hawkes, 1968, pp. 3-20.



4 CHEMOTAXONOMY AND SEROTAXONOMY

would be expected that evolutionary events in the living material
would be accompanied by changes in the genetic message, it is, there-
fore, likely that comparative studies on primary structures of proteins
might give information with regard to taxonomy and phylogenetic
relationship, not only between molecular species but also between whole
organisms.

We have the feeling that the hypothesis of DNA as the source of
genetic information for protein primary structure is by many con-
sidered as the final truth. So far, however, no synthesis in a cell-free
system of a specific protein primed by synthetic DNA-molecules has
been ineontrovertibly proven.

Whatever the relation between protein structure and genetie message,
close or remote from the gene, the primary structure of a protein is a
gensitive instrument for the demonstration of differences between
species. Comparative studies on cytochrome C, fibrinogen and haemo-
globin, for example, have already shown that this approach has great
potentialities {Margoliash ef al., 1963; Margoliash, 1963; Doolittle and
Blombick, 1964; Blombick ef al., 1965; Blombick ef ol., 1966; Pauling
and Zuckerkandl, 1963; Hill et al., 1963; Hill and Buettner-Janusch,
1965; Florkin, 1966).

We shall here summarize the comparative studies we have made on
the primary structure of fibrinogen at the Karolinska Institutet in
Stockholm. Before we discuss the results of these investigations we
shall briefly consider the structure of the fibrinogen molecule and its
transformation to fibrin (see Blombiclk, 1967). A synthesis of all avail-
able data indicates that the fibrinogen molecule is built up of three
polypeptide chains: A, B and C.* The molecular weight of 340 000 as
determined for the protein is for a dimer, and the monomers arc aligned
in an end-to-end or similar fashion as schematically shown in Fig. 1.
From the hydrodynamic meagsurements of Haschemeyer (1963), it
geems likely that the A chains of the molecule have their N-termini at
opposite ends, equidistant from the centre, but on the same side of the
electric symmetry axis of the molecule. We have very little information
with regard to the topography of other parts of the chains within
fibrinogen.

When thrombin, a proteolytic enzyme from blood, acts on fibrinogen,
two so-called fibrinopeptides A and B are split off from the N-terminal
ends of the A and B chains respectively.

Current data indicate that splitting off of peptide A is necessary to
initiate fibrin formation. Splitting off of peptide B is slower and seems

* The nomenclature a{A), §(B) and y for the three chains hag recently been rocom-
mended by the International Committee on Haemostasis and Thrombosia (Washington,
D.C., Nov, 1967). The y chain is equivalent to the chain denoted as C previonsly.

1



1. PRIMARY STRUCTURE OF ANIMAL PROTEINS - 5
to be a secondary proeess which perhaps is of little importance for the
immediate fibrin formation. The fibrinogen molecules that have been
altered by proteolysis are generally known as “fibrin monomers’. The
fibrin monomers are extremely reactive units, which aggregate or poly-
merize into the structure we call fibrin (Fig. 1).

In its proteolytic action on fibrinogen thrombin has a narrow
specificity of action. Only a few bonds in the protein are rapidly
hydrolyzed. These are the arginyl-glycine bonds linking the fibrino-
peptides A and B in fibrinogen to the rest of the fibrinogen molecule.
These bonds are indicated by arrows in the schematic figure of the
fibrinogen molecule shown in Fig. 2. We are of the opinion that the
cleavage site is a finc reference point when comparing fibrinogen from
different species. This view is based on the following facts: (1) Thrombin

S g g

(b

Fra. 1. Model of the fibrinogen molecule (a) and initial polymerization
process {b).

has a narrow specificity of action on all mammalian fibrinogens so far
investigated. (2) When cross-reacting thrombin and fibrinogen from
several mammalian species, thrombin from different species showa
remarkably small differences with regard to its clotting action on
fibrinogen from one species (Fig. 3) (Blombick and Teger-Nilsson,
1965). These facts indicate that at least the “active site’ of thrombin
has remained essentially unchanged in the different species. The fact
that the amino acid sequence of fibrinopeptides in different species
varies makes it likely that appreciable changes have occurred during
evolution also in other parts of the fibrinogen molecule. However, the
changes which have occurred in fibrinogen have apparently not been
sufficient to induce co-adaptation of the ““active site” of thrombin. It is
therefore likely that the location of the cleavage site on the fibrinogen
molecule has remained basically unchanged. If the cleavage site had
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changed, one would expect on the basis of the narrow speeificity of the
enzyme that a change in the enzyme also had oceurred.

This reasoning leads to the conclusion that the structures in the
different species around the bond split are likely to represent genetically
equivalent portions of the molecule. Comparative studies of the amino
acid sequences of the fibrinopeptides from the cleavage site to the
N-terminal ends of the peptides would thus he expected to give valuable
taxonomic information not only with regard to the fibrinogen but
perhaps also to the species. As the fibrinopeptides are easily isolated

Thrombin

w—jp —
mnsn [ O/
(B) * / / Fibrinogen

()

/-
{B) — / / prnlec:::or
/

,‘ Fio. 2. Schematic representation of the chains in fibrinogen and fibrin.

{©

and characterized, the fibrinogen is a particularly suitable protein for
taxonomic studies.

In Fig. 4 are shown the amino acid sequences of fibrinopeptide A from
different species. T'he amino acid sequences were mainly determined by
Edman stepwise degradation. Usually only one main type of fibrino-
peptide A or B can be demonstrated. In a hybrid, however, such as the
mule, exactly cqual amounts of horse and donkey chains are present,
It is interesting to note that in the blood of one zebra roughly equal
amounts of two A-peptides with different structures are present. Is this
‘zebra a heterozygote of two fibrinogen alleles or is the zebra a fertile
hybrid? It is evident that the residues close to the C-terminal end of
the fibrinopeptide A have been rather stable during mammalian
evolution. On the other hand, the N-terminal part of the chain has
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changed much more. The C-terminal part of the chain, and especially
positions 1 and 9, thus seems to have been subjected to a strong natural

FIBRINOGEN

Man Monkey Dog Fox Horse Rab

Man 1-0 10 1-4 1-2 0-6 0-3

.| Monkey 10 0-9 13 1-1 0.5 0-3
£

£ | Dog 9 09 13 11 05 -3
E

| Fox 10 0-9 14 1-2 0-6 0-6

Horse 0-9 0-9 1-1 0-9 0-6 0-2

Rat 1-0 09 1-3 11 05 03

Man—Monkey — Phe-Leu-Ala-Glu-Gly-Gly-Gly-Val-Arg
Dog-Fox — Phe-Ilu-Ala-Glu-Gly-Gly-Gly-Val-Arg
Horse — The-Leu-His-Glu-Gly-Gly-Gly-Val-Arg

Rat — Phe-Ilu (-Asp, Glu, Gly, Ala, Gly, Ilu, Arg)

Fr1a. 3. Clotting activity of thrombin from different species. The thrombins were
assayed with bovine fibrinogen as reference. Tho activity of human thrombin on
human fibrinogen is arbitrarily denoted as 1:0. Six other mammalian specios
showed essentially the same lack of species specificity with respect to thrombin.
The amine acid sequences at the C-terminal ends of the fibrinopeptide A from
the invegtigated species are included in the figure (Teger-Nilsson, unpublished).

selection and the structure in this part might, therefore, be of im-
portance for a rapid association between enzyme and substrate or for
the activation of the enzyme. We are now, on different grounds, of the
opinion that a definite space relationship hetween position 1 arginine
and position 9 phenylalanine is of particular importance for the action
of the enzyme. A stable space relationship would be obtained if this
part of the chain had a helical structure,

1t is also evident that there is a striking resemblance in structure in
the C-terminal portion not only between different eutherian mammals
but also between marsupial and eutherian fibrinopeptide A. Even in a
species of Saurian reptile the resemblance in structure is remarkable. Tt
is to be noted that the fibrinogen from this lizard clotted fast and com-
pletely on addition of mammalian thrombin. This is not, however, a
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general situation as several non-mammalian fibrinogens do not clot
properly with mammalian thrombin, for instance lamprey fibrinogen
(Doolittle, 1965).

Figure 5 shows the amino acid sequence of fibrinopeptide B from
different species. Except for position 1, arginine, no area in the B-peptide
is ag invariable as the C-terminal part of the A-peptide. This might be
due to a lesser force of natural selection acting on the B chain. [t should
be mentioned in this connection that the release of the B-peptide is
slower than that of the A-peptide and its release is not of any im-
portance in initiating the fibrinogen—fibrin transition. However, its role
in the later process of polymerization has not yet been clarified.

The great variation in amino acid sequences in fibrinopeptides from
different species shows clearly that they can be used as a tool for
taxonomy and phylogeny. Seventeen of the 20 naturally occurring
amino acids have been identified in different fibrinopeptides. The
distribution of the 17 amino acids in the different positions in some of
the fibrinopeptides is shown in Fig. 6.

Based on properties of the fibrinopeptides, sueh as (1) chain length,
(2) point mutations and (3) sequence characteristics we can classify the
different species (Blombiick ef al., 1966). The different Linnaean orders
and suborders can evidently be well characterized by the properties of
their fibrinopeptides. To give an example of the classification procedure
we can take the subdivision of the artiodactyls as an example (Fig. 4).
The ruminants are characterized by chain length of fibrinopeptide A of
19 residues, whereas Suiformes and Tylopoda are characterized by a
chain length of 17 and 18, respectively. To give an example of a point
mutation we can look at the llama and the camel. The two peptides are
identical except for one residue. The llama has lysine in position A 12,
whereas the camel has glutamic acid. As an example of a sequence
characteristic we oan take the Ser-Asp-Pro sequence which is typical
for the ruminants.

As a further example of the great number of characteristics that can
be found among these peptides we would like to draw your attention to
fibrinopeptide B (Fig. 5). In the artiodactyls position 16 contains a
tyrosine residue which is sulphated at the hydroxyl group. In the peris-
sodactyls the tyrosine residue, also sulphated, is at position 17 (at least
in the horse and donkey). In the carnivores there is a duplication of the
tyrosine. In the dog and fox these residues occupy positions 18 and 17,
whereas in the cat they occupy positions 17 and 16. In the latter species
both tyrosines are sulphated. In the dog group, however, two types of
B-peptides are present, one where only one of the tyrosine residues is
sulphated, and one where both are present as tyrosine-O-sulphate. In
the kangaroo the corresponding tyrosine is at position 18 and is most
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likely also sulphated. In the rabbit the tyrosine sulphate has moved
along the chain in direction towards the C-terminal part. The different
location of the tyrosine residue in the different species is hest explained
by easy interconvertibility of tyrosine (tyrosine-O-sulphate} and
aspartic acid in the fibrinopeptides. One can thus visualize how, by
means of a series of reversible Asp to Tyr changes the tyrosine sulphate
can move along the chain in either direction. Such a mechanism, rather
than a deletion, explains the location of tyrosine sulphate at position 10
in the rabbit. In the primates and also rat the tyrosine sulphate is
missing. It should be noted that in those species a considerable chain
shortening has oceurred.

With regard to taxonomy we can conclude that animals considered
to be closely related within the orders show generally greater re-
semblances than those which according to the classical system are further
apart. The correspondence in sequence, expressed as a percentage, is
shown in Fig. 7. These figures do not, of course, give as much information
as the weighting of the individual residues and sequences at specified
positions in the chain, Some species which have been studied more
recently are not included in the figure. Among the primates the hahoon
has the same sequence of the A-peptide as the other monkeys. The elk
has an identical A-peptide to the reindeer, but its B-peptide differs at
two positions from this animal. The overall agreement is thus 959 of
reindeer. Of the two A-peptides found in the zebra both agree to 949,
with the donkey, but only to 80 and 73%, respectively, with the horse.
There is only one B-peptide in the zebra and this is, except for one
residue, identical with both horse and donkey. The overall resemblance
of the zebra peptides is definitely closer to the donkey than to the horse,
Among the carnivores bear and seal show 88 and 69%, correspondence,
respectively, with the dog. Unfortunately, the B-peptides of these
gpecies have not yet been analyzed. The kangaroo A- and B-peptides
show in comparison with the mammals high correspondences with
the fibrinopeptides of the dog-cat group. There are also interesting
homologies in the sequence between them. The stumpy tail lizard shows
low correspondence with all compared species,

Although in general the homologies between the fibrinopeptides agree
with generally accepted taxonomy, there are important exceptions from
this rule observed, e.g. in the case of sheep and goat in comparison to
the ox. Aecording to the fibrinopeptide system sheep and goat are more
closely related to the reindeer than to the ox. This is not in agreement
with the findings of the morphelogical taxonomists,

Based on the sequence data phylogenetic trees for the different orders
can be suggested. Figure 8 shows the phylogenetic relationship of the
artiodactyls based on the structure of fibrinopeptides. Recent analysis
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of the elk fibrinopeptides indicates that it should be on the reindeer line
in this figure. This phylogenetic relationship is, except for the position
of sheep and goat on the cervine line, in agreement with the view of
organismal taxonomists. According to the classical concept, sheep and
goat have emerged from the bovine line. Studies on the haemoglobin
structure in the artiodactyls might explain this discrepancy. If the
haemoglobin structure is in favour of the fibrinogen data, we believe
classical morphologists have most probably been misled by anatomical
convergence.

The phylogenetic ‘tree’ obtained for carnivores is shown in Fig. 9.
From the limited data so far available one might suggest that the bear
and the seal have also evolved from a dog-fox common line.

A suggestion of phylogenetic relationship between the primates is
shown in Fig. 10, This relationship was deduced from the mutations,
which have occurred at position 5 in fibrinopeptide B making use of the
following code restriction Pro = Leu = Phe, which means that proline
and phenylalanine cannot be directly converted into each other by one-
base substitution in the corresponding RNA-code word. Of the two
alternatives arrived at we have chosen that which agrees with morpho-
logical taxonomy (Alternative I).

Eck and Dayhoff (1966) have determined with the aid of computers
the most likely phylogenetic relationship between the fibrinopeptides of
a great number of the species and orders studied by us (Fig. 11). With
regard to the groups we have already mentioned, their data agree well
with our results.

With regard to the likely phylogenetic relationship between the
perissodactyls, we would like to make a few comments. The two types
of peptides in the zebra seem to be closely related to the donkey pep-
tide A, All chow striking differences from the horse peptide A. One may
wonder if these species have undergone an evolution independent of the
horse for a longer time period than is generally believed, or if domestica-
tion has accelerated mutational events in the horse. In this connection
it is interesting to note that all changes between donkey and zebra can
be explained by a one-base substitution in the corresponding RNA-code
word. However, the horse peptide cannot be changed by one base
substitution into either donkey or zebra peptides.

The bagic event in an evolutionary process may be single amino acid
changes by point mutations in & DNA codon. The agreement between
the mutations which have occurred in the fibrinopeptides and a one-
base substitution in the corresponding RNA-code words is shown in
Fig. 12, As is scen here, the correspondence increases when closely
related species are compared. Furthermore, when consideration is given
to the most likely relationship of the species, as demonstrated in the
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CARNIVORA
Car Fox Doog MINE Bapger

A A B A B A A
13 GIN — 19 GIN — — 3 Ala 3 Val
16 Gly 15 Asp

14 Ser 19 His 2Qly
4 Ala
11 Ser

15 Asn

A
2 Val
3 Gly
4 Gly
11 Gly
13 Lys
! 14 Val
oo 15 Asp
! 16 Thr

F1c. 8. Phylogenetic relationship of some carnivores. For construction of tree
see Fig. 8. According to the sequential correspondence mink and badger could
also hdvo segregated as a separate line from the carnivore common stoek. How-
ever, if consideration is given mainly to the residues A5-Al6 the phylogenstic
relationship shown in the figure is most likely. {(From Blombiéck et al., 1966.}

phylogenetic trees, a further restriction in possible mutational events is
obtained, and the agreement with a one-base substitution in the RNA-
code increases further to about 80%. These results indicate that the
genetic RNA-code given by Nirenberg and associates may apply also to
the mammalian protein system studied here.

We would like to finish our presentation with a discussion on the
randomness of amino acid substitutions in the polypeptide chains of
proteins. The fossil record, as we understand, indicates that the
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PRIMATES
ALTERNATIVE I ArTERNATIVE 11

Rhesus and Green Man Rhesus and Green Man

eynomolgous monkey cynomolgous monkey
macagque macaque
B B B B B B
5 Pro 5 Phe 5 Pro 5 Phe
B
5 Leu
B
5 Lou
B B
5 Leu or Phe 5 Leu or Pro

Fro. 10, Aliernative phylogenetic relationship of some primates. {From Blom-
biick et al., 1966.)

emergence of species is confined to certain geological periods which
indicates that the rate of change in the genetic material, and thus also
in protein primary structure, has not been constant throughout all
geological epochs. Therefore, on the basis of the surviving mutations
observed in a protein from different species, we may at best suggest
relative time scales for evolutionary events. The surviving amino acid
substitutions we have described in the fibrinopeptides are apparently
not random. We have suggested that any mutational event in the
fibrinopeptide is primarily directed towards preserving definite tertiary
structure in different parts of the chain. This means that a particular
substitution may be deleted bccause it changes the conformation in a
non-compatible way. However, it may survive if it is accompanied by
compensatory secondary mutations in the vicinity of the particular
primary mutation. This means that a single mutation may be followed
by a burst of secondary mutations. If coupled mutations do oceur,
24
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Mule Deer FIBRINOPEPTIDES

Camel 0
19) ) Rhesus Monkey

Human ,- 7/~
- * Green

Monkey

Rabbit

Fia. 11. Phylogenetio relationship of mammals. (From Eck and Dayhoff, 1966.)

/
NN
/
A-peptide B-peptide
Irn all animals In orders?“ Inall animals? In orders®
Possible substitutions 286 76 354 114
Substitutions permissible
with RNA-code 156 (559%) 54 (71%) 182 (519%,) 74 (65%,)

¢ In artiodactyls, earnivores and primates.
b Red deer B-peptide, rat A-peptide (step 1-7) and rat B-peptide (step 1-5) not in-

cluded.

Fia. 12. Substitutions in fibrinopeptides and their agreement with one-base
substitution in RNA-code. (From Blombick et al., 1966.)
Figures within brackets denote permissible subatitutions in percentage of
the possible substitutions
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closely related species may show large differences in primary structure.
Processes of this type could explain the discrepancy in the interpretation
of fibrinopeptide and organismal data with regard to the classification
of sheep and goat.

Evidence for protein conformation as the factor that eventually
determines the selective advantage of mutational events has recently
been put forward by Epstein (1967). Evidence also emerges from the
comparative studies of rat and bovine ribonuclease (Beintema and
Gruber, 1967). In these proteins about half of the amino acid residues
are different. The peptide chain of rat ribonuclease can, even so, be
folded into the same tertiary structure as that of the recently deter-
mined hovine ribonuclease.
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2. Haemoglobin in Man and Animals

R. G. HuNTsmMaN
Department of Pathology, Lambeth Hospital, London, England

ABSTRACT

Man'’s haemoglobin has been intensively studied and its intricate chemical
structure is now known. As well as the normal haemoglobin, about 100 variant
haemoglobins have been described, the great majority differing from the
normal by the substitution of only a single abnormal amino acid.

The total analysis of a haemoglobin molecule is time consuming in the
extreme and accounts in great part for the present ignorance of the chemical
structure of animal haemoglobins. Preliminary work on a few species suggests
possible corrclation between the time that two species separated and the
number of amino acid differences in their haemoglobins.

Human haemoglobin variants have proved of valuc as “racial markers”
and explanations are offered to explain the unusual findings of a recent
haemoglobin survey in this country.

It is suggested that a discussion on haemoglobin elassification will be
possible only when new information concerning the structure of animal
haemoglobing hecomes available,

DISTRIBUTION OF HAEMOGLOBIN

Haemoglobin occurs widely in nature, being, for instance, found in
the root nodules of plants and the nerve cord of a marine invertebrate
(Aphrodite). In the latter case Schafer (1898) described the colour of the
nerve ganglia as “‘intense as human blood”.

In vertebrates, haemoglobin-containing red cells are almost uni-
versally found in every species. Exceptions are the “ice fish” (Chaenich-
thyidae) which are confined to the Antarctic and can live without
haemoglobin or red cells in their peripheral blood. They appear to owe
their survival to their sluggish existence, within the cold well-aerated
water of the Antarctic in which they swim (Ruud, 1954).

Systematics Association Special Volume No. 2. “Chemotsxonomy and Serotaxonomy ™,
edited by J, G. Hawkes, 1968, pp. 21 28.
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For about 100 years it had been realized that haemoglobins of different
species were different. Kirber (1866) demonstrated that the rate of
alkali denaturation of haemoglobin was variable in selected animals and
showed also that the human foetus possessed different haemoglobin
from the human adult. Funke (1851) showed that different hacmoglobin
from different species formed different crystals, and following this
approach Reichert and Brown (1907) were able to appreciate that a
blood sample of baboon must have been wrongly labelled and correctly
identified it as cat! They appreciated that the differences in crystalline
form represented chemical differences but one has had to wait 50 years
for the analytical chemist to perfect his techniques to confirm this.

THE STRUCTURE OF THE MAMMALIAN
HAEMOGLOBIN MOLECULE

Little is known about the chemical structure of Invertebrate haemo-
globins. The molecular weight is known to be highly variable and in
some species may be as high as 3 000 000 (Keilin and IHartree, 1951).
This scetion is concerned with the structure of mammalian haemoglobin
only because it has been most intensely studied.

The haemoglobins are a group of related proteins {globins), o each
of which the same prosthetic group, hacm, is attached. The haem
remains constant in all haemoglobing. In order for it to function
effectively as a respiratory pigment, the iron atom must remain in the
ferrous (Fe**) state. Permanent oxidation of the ferrous atom to the
ferric (Fe* * *) form is remarkably retarded by the deep insertion of the
haem group into a pocket within the globin molecule. Within the pocket
the haem is suspended between two histidine amino acid residues and
the pocket itself is lined by amino acids with uncharged hydrophobic
side chains, as if to prevent the iron from “rusting”. If an amino acid
residue with a charged side chain is, as a result of & mutation, inserted
into the lining of the haem pocket, the iron atom may be permanently
converted to the ferrio form. This converts haemoglobin to methaemo-
globin which is unable to carry molecular oxygen,

Myoglobin exists as a single haem{glohin unit and this has a hyper-
bolic oxygen dissociation curve. The haemoglobin molecules of verte-
brates, with the exception of the lamprey (Rumen, 1966), are
predominantly in the form of a tetramer which gives the molecule a
more advantageous sigmoid-shaped oxygen dissociation curve. The four
sub-units of the haemoglobin molecule move closer together when the
molecule is in the oxygenated state, and when the oxygen molecule
leaves the haemoglobin the haemoglobin molecule expands. This
expansion of the molecule permits histidine amino acid residues, which
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were previously hidden, to become exposed and give reduced haemo-
globin a greater buffering potential,

The globin is composed of amino acid chains, about 80%, of which are
in a helical form, These globin units, whether single as in the myoglobin
of the sperm whale or part of a tetramer as in the « chain of human
hacmoglobin, have a certain essential fixed form which appears neces-
sary for the efficient functioning of the molecule. This is achicved,
although there are 107 amino acid differences in the 141 molecular sites
common to sperm whale myoglobin and human « chains (Zuckerkandl
and Pauling, 1965). Provided this fixed form is maintained, it is obvious
that many amino acid substitutions are permissible in the polypeptide
chain. For instance, of the approximately 150 amino acids making up a
globin unit of the haemoglobin molecule there are only 9 sites (and this
number may yet be reduced further) where the same amino acid ocours
in the haemoglobin of all the species so far examined (Jukes, 1966).

In the haemoglobin molecule, the amino acids with charged side
chains point towards the exterior (Perutz ef al., 1965), and this may help
to make the molecule soluble. The internal bulk of the molecule appears
to be composed of uncharged amino acids and the haem pocket is a
particularly hydrophobic part. 1t is probable that many amino acid
mutations, for example, the substitution of an uncharged for a highly
charged amino acid in the interior of the molecule, may result in total
disruption of the haemoglobin molecule, which would be incompatible
with life. Certain amine acid substitutions in man, whilst not lethal,
result in a haemoglobin molecule which is peculiarly unstable, the
patient presenting with a persistent anaemia (Carrell ef al., 1967). Other
amino acid substitutions, particularly involving the histidyl amino acid
residucs between which the iron is slung, result in haemoglobin which
can only exist in the methaemoglobin form (the M haemoglobing) and
which cannot function as an oxygen carrier.

It is only by the most careful and time-consuming chemical examina-
tion of haemoglobins found not only as haemoglobin variants in man
but also as normal haemoglobins in animals, that the “rules” governing
the positioning of amino acids and the function of the haemoglobin
molecule will be thoroughly understood. It is, for instance, interesting
that one of the few amino acid differences that distinguishes the
haemoglobin of an orang utan from man also oceurs in a rare human
haemoglobin variant, Haemoglobin Norfolk (Buettner-fanusch and
Hill, 1965).

CHEMICAL STRUCTURE OF ANIMAL HAEMOGLOBINS

The complete analysis of a haemoglobin molecule is immensely time-
consuming and because of this the haemoglobin from comparatively
2%+
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few species has been completely examined (Schroeder and Jones, 1965).
It is therefore too early to form far-reaching conclusions as to the
potential of the haemoglobin molecule as a species marker. It does,
however, appear that the further apart species are the more dissimilar
one finds their haemoglobin molecules. There are multiple amino acid
differenices between the polypeptide chains of carp and man (Rudloff
et al., 1966), about 20 between horse and man (Braunitzer ef al., 1964},
and only 3 between gorilla and man (Zuckerkandl and Pauling, 1962).
Taken in conjunction with other proteins and given enough chemical
information, a chemiecal classification will have future value. It is be-
cause the main emphasis has been on the chemical analysis of the human
haemoglobin variants that it is necessary to consider these rather than
animal haemoglobins in some detail. The human haemoglobin variants
have certainly proved of value in anthropology as racial markers.

THE STRUCTURE OF THE PHYSIOLOGICAL
HUMAN HAEMOGLQOBINS

Adult haemoglobin (Haemoglobin A) containg 4 polypeptide chains.
Each molecule has two chains called « and two chains called 8. Foetal
haemoglobin {Haemoglobin F) which comprises about 709%, of the
haemoglobin of the new-born and which virtually disappears by two
years, has v chains in place of the 8 chains found in Haemoglobin A,
Haemoglobin A,, found at a level of only 1-2%, in normal adults,
appears to be present only in primates (Kunkel ef al., 1957), and has in
place of the 8 and y chains differcut chains called 3 chains. The structure
of the three physiological human haemeglobins may thus be sum-
marized as follows:

Haemoglobin A = «,f8,
Haemoglobin F = ay,
Haemoglobin Ay = «,8,

‘When the haemoglobins of various primates are examined, the different
« chains appear to be more chemically alike than the different 8 chains,
This is possibly explained by the fact that the « chain nrutation would
have to be able to pair off with both the 8 and y chains to form adult
and foetal haemoglobin. Amino acid substitutions in the 8 chain would
only need to fit one partner structurally, the « chain (Hill ¢t al., 1963).

By the introduction of gaps in the polypeptide chains (probably
representing previous deletions) it becomes possible to recognize that
these polypeptide chains have certain similarities; indeed it has been
suggested that they and myoglobin may well have originated from a
common gene at some distant date in the past. Zuckerkandl and
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Pauling (1962) have attempted to produce a time scale to show when
the now separate genes for these various polypeptide chains originally
gplit away from each other, They based their time secale on the fact that
the horse and man probably had a common stock about 100-160 million
vears ago. There are about 18 amino acid differences between the « poly-
i)eptide chains of the haemoglobin of man and horse. In other words,
since they parted from a common origin, these two genes have each
undergone an average of 9 mutations, L.e, 1 mutation every 15 million
years. This interesting speculation would place the parting of myoglobin
and haemoglobin at about 600 million years ago, before the origin of the
vertebrates!

HUMAN HAEMOGLOBIN VARIANTS

Apart from the M haemoglobins, which present with ¢yanosis because
of methaemoglobinaemia, and the unstable haemoglobins which present
as congenital anaemiags, the heterozygote state for an abnormal haemo-
globin is symptomless. These people arc recognized as a result of surveys
using electrophoresis, when the protein molecules are allowed to travel
in a buffer in an electrical field. This technique unfortunately limits the
identification of variants to those where a charge change has resulted
from the amino acid substitution that has occurred. It must be recog-
nized that any survey relying only on electrophoresis will in fact be
missing the majority of mutations (for example a neutral amino acid to
another neutral amino acid) that have oceurred.

Tn England there has recently been a survey of 15000 blood
samples obtained from the umbilical cord of new-born babies. The main
purpose of the survey was to assess the frequency of y chain variants of
foetal haemoglobin and four such variants have been found. One of
these is of particular interest because it is a glutamic acid — lysine
mutation in the 121st position of the y chain, the polypeptide chain
found only in foetal hacmoglobin (Sacker ef al., 1967). A glutamic
acid — lysine mutation has previously been described in the « chain in
the adult variant O Indonesia and in the 8 chain in the adult variant O
Arab—both at similar positions to that in the recently found y chain
haemoglobin variant. It ig also of interest that a glutamic acid — glut-
amine mutation found in an adult variant Haemoglobin I} Punjab
ocecurs in the B chain at this same site. There iz at the moment no
satisfactory explanation to explain thesc numerous amino acid sub-
stitutions occurring at the same position in different polypeptide chains,

During this cord blood survey it was perhaps surprising that Haemo-
globin 8 (commonly oceurring in the Negroes) was found in a native
British family. Also a number of examples of Haemoglobin D Punjab
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{found mainly in Northern India) were also found in English and Irish
families.

HAEMOGLOBIN S

It is possible that Haemoglobin 8 (sickle haemoglobin) originated in
the Middle East and spread from there to the “sickle belt” of Africa,
The presence of Haemoglobin 8 in the New World is due to the earlier
transport of Negroes across the Atlantic. It is perhaps at first strange
that Haemoglobin 8 is found at all in so-called native English, but the
oceasional findings of this pigment might well be explained by for
instance the large number of Negro servants in this country in the 18th
century (Hecht, 1954). Dr. Johnson had a Negro servant who carried
the “HEmpire of Cupid further than most men ”. If the sexual activity of
Dr. Johnson’a servant was in any way average there is no doubt that
their genes would have been fairly Hberally sprinkled throughout the
English community of that time,.

HAEMOGLOBIN D PUNJAB

The geographical distribution of Haemoglobin D is perhaps the mosg
interesting of all the common haemoglobin variants. It is centred in the
Punjab where it occurs at a level of about 39,. It is also commonly
found (about 1in 2 000) amongst native English and Irish. For instance,
it was picked np in an English family in a survey recently carried out in,
Norfolk. It appears probable that the presence of this pigment in the
English merely confirms the bonds that existed between England and
India during the lagt 300 years. Evidence based on one regiment (105th
Madras Second BEuropean Regiment) suggests that there was a total of
400 marriages per annum between British troops and Indo-British
women (Konigsberg et al., 1965), It is of interest that the Norfolk regi-
ment was stationed in India on a number of occasions and campaigned
valiantly in the Punjab during the first Sikh war.

HAEMOGLOBIN BART’S

During the cord blood survey that was previously mentioned, a large
number of examples of Haemoglobin Bart’s (composed of four y chains)
was found in babics of recent immigrants from Asia and Africa. Only
onc example was found in a baby of a native English mother. On further
investigation it was found that this mother was an unmarried mother
and the baby had been conceived during the time that she was working
in a Chincse restaurant! (Barakat et al., 1967).

1
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The above examples are given to iilustrate some of the problems that
arose following the finding of haemoglobin variants during a recent
survey in England. I hope they have served to give the reader some
idea of the type of discussions that will result when, after further
chemical analysis has been done on the blood of various species of
animals, an attempt at a “haemoglobin classification” commences.
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3. Indoles, Amino Acids and Imidazoles as an Aid
to Primate Taxonomy
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ABSTRACT

Analysis by paper chromatography-electrophoresis of urine and blood
specitens of primates shows that distinetive species-specific patterns exist.
In blood these appear as quantitative changes whereas in urine major
qualitative differences appear, particularly in the indoles but also in the
amino acids and imidazoles.

Amino acids are the basic structural units of proteins and enzymes
hut, whereas these latter proteins have been investigated successfully
with the aim of constructing a primate biochemical taxonomy, the
amino acids themselves have been, with two exceptions (Gartler et al.,
1956; Fooden, 1961), ignored. Nevertheless, it would seem that the
circulating levels of these amino acids together with their excretory
metabolites should be equally important from the taxonomic viewpoint.
1 report here a summary of the results of a survey of these compounds
in the blood and urine of a range of primates.

COLLECTION OF SPECIMENS

ATl specimens were collected from colonies within the United States.
Specimens were obtained from the various regional and other primate
centres and were of three types, namely: (1) dried blood spots—sent by
airmail; (2) whole serum—sent by air in dry-ice containers; (3) urine—
random specimens—also sent frozen.

Altogether blood spots andfor serum were obtained from 14 species

Systematics Association Special Volume No. 2. ** Chemotaxonomy and Serotaxonomy”,
edited by J. G. Hawkes, 1968, pp. 20-37.
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and urine from 17 species. Names quoted in the text are those recorded
by the donor laboratory : Homo sapiens (man), Goréilla sp. (gorilla), Papio
8p. {baboon), Pan gp. (chimpanzee), Macaca mulatta {macaque or rhesus),
Hapale jacchus = Callvthriz (cotton-ear marmoset), Galago sp. (bush
baby), Tupaia glis (tree shrew).

BLOOD AND SERUM

Blood spots, or serum spots similarly deposited on paper, were pre-
treated as described by Efron ef gl. (1964). Each spot, equivalent to
8-10 pul blood, was then inserted into a sheet of paper and run by two-
way electrophoresis followed by chromatography in the Unikit ap-
paratus (Smith and Feinberg, 1965) as described by Smith ef al. {(1967).
In some cases, one-way chromatographic rung were also compared.
Location reagents used were ninhydrin, Ehrlich’s reagent and diazotized
sulphanilic acid (Pauly) as previously described {Smith, 1968).

The blood spot amino acid pattern of the normal human neonate
(Efron ef al., 1964) is remarkably constant following one-way paper
chromatography. I have found that the pattern of the adult human and
of each species examined is, likewise, constant on both one- and two-way
chromatograms. As far as can be observed, the same qualitative blood
amino acid pattern is obtained but relative quantitative levels of these
amino acids are different.

Thus each species produces a characteristic quantitative pattern
which is recognizably different from that of another species. Wherever
possible, both blood and serum of the same species were compared and
these yielded identical patterns but for the appearance of a single
additional spot from blood in every case. The position of this spot leads
to a tentative identification as red-cell glutathione. A representative
selection of patterns is shown in Fig. 1. These chromatograms showed
no indoles and no imidazoles except for varying amounts of histidine.

URINE

It is possible to collect 24-h specimens from most primates given
aufficient. time and freedom from other duties. However, a wealth of
experience with human urine (Smith, 1968) shows that whercas the
relative amounts of any given component may vary between random
specimens the gencral qualitative pattern remains unchanged; thus, a
random specimen never gives rise to an abnormal pattern. This was
confirmed by comparison of 24-h and random specimens obtained from
a number of different marmoset and other species in our own colony.
Further, as the normal Hapale jacchus (marmoset) pattern was
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qualitatively radically different in a number of respects from that of the
human, it was confidently assumed that random specimens ohtained
from other species would show qualitative similarity within the species
whilst retaining qualitative differences between the species.

Amino acids and imidazoles were located on the same sheet following
the two-way electrophoresie—chromatography procedure discussed
above. Indoles were located following two-way paper chromatography
as described by Jepson (1962). The electrophoresis—chromatography
procedure is equally valuable for the indoles but was not used here
because all suitable apparatus was fully employed with the other com-
pounds.

Qualitative differences between the amino acid patterns of many of
the species is readily apparent. Further work with larger numbers of
gpecimens from each species will, no doubt, confirm that they show
different and characteristic ““normal” patterns; a few examples of such
patterns are shown in Fig. 2. The amino acids present in the urine
represent the end products of metabolism plus the overflow of amino
acids derived from the total ingested protein. An interpretation of the
significance of these differences is therefore extremely difficult. Hence it
was thought worth while to endeavour to follow the metaboliec products
derived from two particular amino acids, namely histidine and trypto-
phan, whose characteristic chemieal reactions allow them, and many of
their metabolites, to be readily differentiated in the presence of other
amino acids.

Imidazoles are, presumably, all derived from histidine. After chro-
matographic separation, the only positive diazoreactor in man is
histidine, although in tropical climates imidazole lactic acid is also
frequently observed (Smith and Rider, 1967). Following electrophoresis,
however, traces of imidazole lactie, propionic and acetie acids are some-
times observed. Other primates show different patterns which may, or
may not, include a histidine spot. The interpretation is rendered
difficult due to the large number of phenolic spots which show up with
the diazo reagent but the imidazole nature of many of these may be
confirmed by re-running after ethyl acetate extraction of the acidified
specimen. Figure 3 shows a number of patterns obtained; the ringed
spots represent true imidazoles whereas the others may be taken to be
phenols, including hydroxy-indoles and phenolic amines,

Indoles are all derived from dietary tryptophan. Differences in indole
patterns (i.e. Ehrlich-positive reactors), were by far the most striking.
Every one of the 17 different species examined gave a characteristic
pattern which enabled it to be distinguished from the other species; for
examples see Fig. 4. Patterns ranged from no indoles in man (urea and
indoxyl sulphate serve as valuable markers) up to as many as ten in one



'z *17 doj sv suoripuon uonjruedag ‘sfoudyd a1 SISIC ‘SSOZBPIMIT quasaadad s1ods padury
(*ds un ) eszuedunyo ‘(susidvs owofy) uewl jo srrayyed sjozepuuL Adewdny (¢ TORA

“(snyaoni appdny) jerowmaew pue (-ds ofiv)py) Aqeq ysnq *

JoSOWID ‘99zupdwily)

. L

. Aqoq usng'; N VT



3. INDOLES, AMING ACIDE AND IMIDAZOLES 35
/}. | h
, i I ]
[
'y
I PrAm O
e I Prlm
i
¢ S i S \ —_— N
Wian BuA Q & Baboon Bet o
O O
{% | °
0 IPram o [ FrAm
or-x
oS e = &
Macoaue Bud O i Marmoset R O

Fra. 4. Urinory indolo patierns of four species, Tho starred spots indicate strongly
anionic compounds (o mloxylsulphate) which are lost on electrolytic desalting.
Colours vary greatly and inelude browns, Blues, purples, yellows, cte. The major
centrally placed spot is urca. Macague = Maecaca mulatia; marmoset = Hapale
Jacchus; baboon = Pepio sp. Separation by two-way chromatography using ise-
propanol-armmonia followed by buranol-acctic.acid-water,

of the rhesus species. This surprising result was confirmed by feeding a
second indole, 5-hydroxy-tryptamine, to a limited number of species in
our own colony. Fallowing administration of a limited amount of this
compound (in the form of pieces of banana), man and three other species
examined each excreted further indoles but these indoles were different
for each different species.



36 CHEMOTAXONOMY AND SEROTAXONOMY

DISCUSSION

The above very brief review of my results raises a number of questions,
namely:

1. Can specimens obtained from different species, often living in
different geographical locations, be compared ? I believe they can, both
because the normal human pattern remains constant over whole
continents, and also because wherever it was possible to compare
patterns from specimens of the same species obtained from different
primate centres they gave identical patterns,

2. Are dietary differences a possible explanation of the results ¢ Thig
seems unlikely. In man, the only species for whom data were previously
available, a very few dietary components are known to produce urinary
metaholite changes. Thus, dates lead to urinary 5-hydroxy pipecolinic
acid—a single substance never observed on our chromatograms—and
bananas, blue cheese and some wines yield changes in indole patterns
due, it is thought, to their tryptamine, hydroxytryptamine and tyramine
content. It is hardly likely that wine and blue cheese form part of the
staple diet in primate colonies and so precautions were taken to exclude
only bananas from the diet, except in the 5-hydroxytryptamine
administration experiment,

3. Could bacterial contamination be responsible for, at least, the
indole patterns. Again this seems unlikely because of pattern identity
from the same species derived from different colonies, Of course, the gut
flora may be the source of some of the spots observed (e.g. indoxyl
sulphate in man) but these spots would be considered part of the normal
pattern.

4. What is the taxonomiec significance of these data? It would seem
that metabolic pathways of particular compounds certainly vary from
species to species. This has been stressed for tryptophan and tryptamine
(Smith ef al., 1967). Referring back to the blood amino acid patterns in
Fig. 1 it will be noted that the levels of phenylalanine and tyrosine vary
in different species and hence, although it was not shown here, one
presumes that the levels of their urinary metabolites will vary. Other
studies on so-called phenylketonuric monkeys (Boggs e al., 1963),
confirm this view, It would obviously be worth while to follow tracer
doses of labelled single amino aecids through the different species to
determine the general validity or otherwise of this hypothesis.
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ABSTRACT

A resumé of the methods and apparatus currently used in polyacrylamide
gel electrophoresis is given. Various factors which are important in com-
parative studies are discussed, i.c. reproducibility of the method itself,
extraction and the type of material extracted. The basis for the interpretation
of band patterns is discussed both for patterns obtained using a general
protein stain and for band patterns obtained using an enzyme stain. The
potential usefulness of the technique is indicated by reference to the few data
available at the present time and it is pointed out that data obtained by this
method may often lead to misleading conclusions unless supplemented by
studies on other properties of the proteins in gnestion.

INTRODUCTION

For some years now chemical taxonomic data have slowly ac-
cumulated but, so far, no real attempt has been made to ineorporate
many of them into existing taxonomies. The main reason for this is that,
from the taxonomic point of view, many of the data have been acquired
in an unsatisfactory way. This is presumably because many of the data,
initially microchemical and more recently macromolecular, have been
obtained by chemists and biochemists who either did not fully appreciate
the necessary rigour of taxonomicmethods or had other objectives in view.

For various reasons, the real solution to the problem outlined above
lies in the taxonomists themselves using chemical and biochemical
methods alongside the more well-tried cytological and morphological
ones. For this to happen, the taxonomist must be convinced both of the
usefulness of chemical characters and of the feasibility of the methods
employed. To be useful, chemical characters must be shown to bhe
“good” taxonomic characters, i.e. they should not vary within the

Systematics Association Spocial Volume No. 2. “Chemotaxonomy snd Serotaxonomy ™,
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samples being considered, should not be susceptible to environmental
modifieation and shounld show consistency, that is correlate with existing
classifications conetructed using other characters. For the methods to
be feasible, they must be within the reach of the average taxonomist
from a technical standpoint.

Of the many compounds which are found in living systems Zucker-
kandl and Pauling {1965) maintain that semantides are potentially the
most informative taxonomic characters of an organism. These authors
clasgify semantides into three groups, primary (DNA molecules),
secondary (m-RNA molecules) and tertiary (most proteins). Thus, in
the case of proteins, apart from a certain amount of erypticity and
degeneracy (see Dixon, 1966), the same amino acid gequence in the
proteins of different organisms corresponds to the same sequence of
base pairs in part of their DNA molecules.

The main methods used at present to compare the properties of pro-
teing are (i) the determination of their amino acid composition, (ii)
fingerprint pattern of peptides, {iii) amino acid sequence, (iv) molecular
weight, (v) catalytic activity, (vi) immunological properties, (vii)
electrophoretic mobility and (viii) chromatographic characteristics,

By far the most informative of these methods is the amino acid
sequence. This method necessitates the isolation of a pure protein and
then the determination of the amino acid sequence using methods
developed by Sanger (1947) and others. It is time consuming, requires
considerable knowledge of specialized techniques and some expensive
equipment. At this stage in eomparative studies on plant proteins it is
probably only feasible with the respiratory pigment cytochrome C and
even then in only cerfain laboratories,

The other methods vary in the degree of technical expertise required,
the grade of information produced and in their suitability for surveying
large numbers of taxa. In the case of dise electrophoresis, which is the
subjeet of this paper, the method is highly feasible technically in its
applcation to systematie surveys since it is quick, simple and in-
expensive to use. The method requires a minimum of chemical know-
ledge and techniques. The method is presented here at a non-technical
level together with some of the results obtained in systematic studies in
order to evaluate the potential usefulness of the technique for such work.

METHODS AND APPARATUS OF ACRYLAMIDE
ELECTROPHORESTS

The use of polyacrylamide gels for the separation of proteins as a
substitute for starch gel was first reported by Davis and Ormnstein
(1959), and Raymond and Weintraub (1959). While developing poly-
acrylamide gels for protein separations, Davis and Ornstein introduced

i
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the technique of disc electrophoresis which exploited to maximum
advantage the mechanisms responsible for the separation of proteins in
polyacrylamide gels. Since the original introduction of disc electro-
phoresis by Davis and Ornstein (1961) many variations of the method
have appeared. Similarly, the technique introduced by Raymond and
Weintraub (1959), using a flat bed of polyacrylamide has beeu extended
and modified in various ways. The following literature references (Davis
and Ornstein, 1961 ; Davis, 1964; Raymond, 1962} deseribe the operation
of the technique in detail and need not be reiterated here.

The sample pattern produced by the separated proteins has been
given & surprising number of names (Strickland, 1966) including:
electrophoregram, electrophorogram, electrophoreogram, electrophore-
togram, electrochromatogram, electrophoretic pattern, phoregram,
pherogram, proteinogram and proteinographic chart. The term electro-
phoregram is now favoured (Strickland, 1966) which conforms to the
parent word and sound Greek usage.

Apparatus for disc electrophoresis both on an analytical and pre-
parative scale is now available commercially from numerous suppliers.
Details for the construction of such apparatus is also available in the
literature; for the construction of analytical disec electrophoresis
apparatus sce (Davis and Ornstein, 1961; Laycock et al., 1965; Rogers,
1968). Adaptations to a miero-seale have also been made (Pun and
Lombrozzo, 1964; Grossbach, 1965; Gofman, 1965; Matioli and
Niewisch, 1965) and on a preparative scale {Lewis and Clark, 1963;
Racusen and Calvanieco, 1964; Altschul et al., 1964; Radhakrishna-
murthy et al., 1965 ; Maizel, 1964; Duesberg and Rueckert, 1965).

Apparatus previously used for vertical starch gel electrophoresis is
commonly used for polyacrylamide gel electrophoresis both at the
analytical and preparative levels. Raymond (1962) has described such
an apparatus and this apparatus has found widespread use.

The chief advantages of dise electrophoresis over flat-bed methods
using polyacrylamide gel are often quoted as (see Nerenberg, 1966)
(1) unparallelled resolution of protein bands, {2) simplicity of operation
and (3) minimal cost of reagents and materials; and the disadvantages
as (1} inability to compare different samples on the same gel and
(2} difficulties encountered in guantitation of the resolved bands. In
discussion it is likely, however, that many of these points would be
disputed. Thus Allen and Moore (1966}, in & comparison of the flat-bed
method using polyacrylamide gel with dise electrophoresis applied to
human male serum protein found greater zone separation of com-
pounds, without loss of sharpness of the separated bands, using the
flat-bed method though the separation took twice as long. Again, many
of the methods described for flat-bed polyacrylamide gel electrophoresis
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are as simple or in some cases simpler to carry out than those used in
dise electrophoresis. Some workers, carrying out comparative studies,
prefer to run different samples on the same gel, and hence use a flat-bed
method employing a single gel for all samples instead of a separate gel
for each sample as in disc electrophoresis, though the reproducibility
of the dise electrophoretic method is high (sce Davis, 1964, photograph,
page 419).

Disc electrophoresis is normally performed at fixed gel concentrations
and in standard discontinuous buffers chosen to give narrow starting
zones of the material to be electrophorized. The use of such conditions
limits the choice of buffer and its pH. Hjerten et al. (1965) showed that
similar resolution to that obtained in disc electrophoresis can he
obtained in a system where a continuous buffer system is used, with
only one gel concentration, provided that the starting zones are sharp
enough. This was achieved simply by having the sample in a buffer of
lower conduetivity than that used in the eleetrophoresis chamber. Such
systems give greater flexibility of choice of buffer types and their pH’s,

Proteins separated by gel electrophoresis are usually located by using
a general protein stain, or by the enzymic activity of the separated
proteins, or by eluting the proteins off the gel followed by their esti-
mation. A stain which has found widespread use is amido-black in
acetic acid. This stain, however, is also taken up by the gel itself and
before protein bands can be located this background stain must be
removed, Thie is usually achieved either by washing the gel in & solvent
in which the dye is soluble or by electrophoresis, which is much more
rapid, though it should be realized that any unfixed protein will be lost
during this procedure. Apparatus for use in the electrophoretic de-
staining of cylindrical gels have been described by Davis and Ornstein
(1961}; a rapid electrophoretic staining and destaining process for such
gels is described by Schwabe {1966). Many descriptions for the electro-
phoretic destaining of flat-bed gels are also available (see Stanton, 1965;
Burger and Wardrip, 1965). Recently Chrambach ef al. {1967) have
described a very simple and sensitive method for the location of protein
bands on polyacrylamide gel cylinders by using Coomassie blue in
20%, (W/v) TCA solution which does not stain the gel unless protein is
present,

Many techniques have been deseribed for the location of enzymes on
polyacrylamide gels and the reader is referred to the books of Lawrence
' {1964) and Wilkinson {1965) which describe details for such methods,

REPRODUCIBILITY

Any technique used in comparative studies of the type described here
ghould be highly reproducible. Band patterns obtained when samples
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of the same protein extract are subjected to disc electrophoresis have
been shown to fulfil this requirement, provided that the electrophoresis
and staining is carried out under standard conditions. However, the
method of extracting, physiologieal state of the material and the
amount of protein subjected to electrophoresis can profoundly affect
the band patterns obtained.

Extraction

The band pattern obtained with a general protein stain will vary with
the type of extractant used, since different types of proteins have
different solubilities in different solvents. Generally speaking, plant
proteins fall into the following solubility elasses: albumins, soluble in
water and dilute salt sclutions; globulins, solable in salt solutions, but
not or only slightly soluble in water; prolamins, soluble in 70-80%), (w/v)
ethanol but not soluble in absolute ethanol or in water; glutelins soluble
in dilute acids and alkalis, but not in water, salt solutions or aqueous
alcohol. The protein pattern obtained with any given material using
these different extractants will depénd upon the relative amounts and
types of protein in the material extracted. However, these classes are
not strictly mutually exclusive. This point is illustrated by a study on
wheat grain proteins described by Barber ef al. (1967) in which the
effects of extraction with dilute acetic acid and tris/glycine buffers can
be seen.

Since proteins possess positive and negative charged groups there is
the possibility for protein—protein interaction to take place; the con-
ditions which bring about such interactions are varied and coniplex, but
important in this connection is the concentration of the protein, the
nature and concentration of ions in the environment, the pH and the
rH. In short, these factors must be controlled and this is achieved as
far as possible by extracting under standard conditions, though it
ghould be realized that, when extracting material from different taxa,
each contributes its own different components to the conditions of the
extraction procedure.

Material

Just as the extraction itself must be standardized so must be the
material extracted. In practice one must extract the same organ at the
same stage of development from plants grown under the same environ-
mental conditions. It is now well established that different organs of the
same plant give different band patterns (see Steward ef al., 1965;
Barber ef al., 1967) and also that the same organ at different stages of
development may give a different band, e.g. the protein hand patterns
observed in different aged leaves of Nicoftana (Hart and Bhatia, 1967)
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and in developing seeds of Vicia faba (Davis, 1967). Material which has
been grown under standard conditions is not always readily obtained,
and the choice of organ compared may become important. Dunnill and
Fowden (1965) have pointed out that seed composition is unlikely to be
affected by variation in nutritional and environmental factors during
growth.

INTERPRETATION

Whatever the method of locating the protein on gels after electro-
phoresis it is important at this stage to realize the usual assumptions
made when comparing band patterns. In this method, it is not the
amino acid sequence of the protein that is being compared but the
protein’s position on a gel after electrophoresis. This position de-
pends on:

1. Tts amino acid composition, not on the sequence in which the
amino acids are arranged, and

2. A molecular sieving effect which is determined by the size and
shape of the protein in gnestion.

Thus, some of the amino acid residnes of the protein will be charged,
depending on the pH at which electrophoresis is carried out; in some
cages, the charge is positive, in others it is negative. However, it is pos-
sible for the amino acid composition to vary considerably from one
protein to another and yet for the proteins themselves to carry the same
overall charges; hence if their size and shape are the same, they will
have the same electrapharetic mobility. Furthermore, proteins with
different charges may have the same electrophoretic mobility if these
differences are ecompensated for by a size and/or shape difference. Put
simply, identical gel patterns obtained with two different taxa, by no
means imply that the proteins responsible for the patterns are identical.

Thns, just as with a character such as leaf shape, where the same leaf
shape in different species may be due to the interaction of different
protein systems, so the same protein band pattern in different species
may also be due to different proteins. With closely related species, how-
ever, it is likely that similar band patterns are due to homologous
proteins. The difficulty of comparing protein bands due to doubts about
homology is to a large extent overcome by the use of a specific location
rcagent such as an enzyme stain. Recently some enzymes have been
'shown to exist in multiple forms in the same organism, and the number
of enzymes of this type is increasing rapidly. This phenomenon must be
borne in mind when comparing enzyme electrophoregrams from
different species, although homologous forms can often be recognized
as they can occur in characteristic amounts,

i
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RESULTS AND DISCUSSION

From results already obtained, and here the extreme paucity of the
existing data must be stressed, it appears that protein band data
obtained with different taxa may prove useful at different levels.

Boulter ef al. (1967) have examined the storage globulins of seeds of
a congiderable number of species from the five genera of the tribe
Vicieae and have established that a tribal protein band pattern exists
which was not detected in the other tribes of the family Leguminosae
which they examined. These authors also suggested that tribal specific
patterns might exist in other tribes of this family, although insufficient
species were examined to establish this with any certainty. Fox et al.
(1964} in a comparison of albumin proteins of a few species of the
Leguminosae found that protein band patterns of species within a genus
resembled one another more closely than did species belonging to
different genera. Again, unpublished work from this laboratory, with
various species of Phaseolus and Baptisia, indicates that when a
number of species from the same genus were examined the albumin
band patterns were the same, though this did not hold for some of the
enzymes examined. In contrast to these findings Hart and Bhatia
{1967) showed that within the genus Nicotiana the leaf proteins of each
species exhibited a distinct and characteristic pattern, and that this
was also true for various enzymes studied. Similarly, Desborough and
Peloquin (1966) from a study of the protein band data obtained with
proteins extracted from tubers of various species of Solanum, concluded
that species specific patterns existed. However, when these same
workers (Desborough and Peloquin, 1867) investigated esterase iso-
enzyme patterns in some of the same species they were unable to
establish species specific patterns. Loeschcke and Stegemann (1966)
from a study of the soluble proteins of Solenum, concluded that protein
band patterns obtained were independent of the variety examined. By
contrast, Hiltz and Schmitthenner (1966) in an analysis of proteins
extracted from the leaves of non-resistant and resistant varieties of
soybean, could find no differences between the two varieties examined.
Barber ef al. (1967) after an electrophoretic study of the glutens of three
varieties of wheat found that two of the varieties, having a common
parentage, possessed similar band patterns, while the third variety of
different parentage was characterized by a different band pattern.

As pointed out by Boulter et al. (1966) there is an urgent need to
establish the extent of ““polymorphism” for protein types in natural
populations. Although there are few data, we incline to the view that
the selection of enzyme types will be more effective under natural
conditions than in cultivation.
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Johnson and Hall (1966) in a report on electrophoretic studies on
wheat proteins state that ‘“homology between the bands of different
species, based on similarity in migration velocity, provides a criterion of
genetic affinity from which evolutionary relationships may be inferred .
Whilst these results and those of others described in this paper show the
potential usefulness in systematics of the measurement of electro-
phoretic mobilities of proteins, it is our view that attempts to establish
taxonomic relationships using this method will often lead to misleading
conclusions unless supplemented by studies on several other properties
of the proteins in question.
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ABSTRACT

A general description of starch and polyacrylamide gel electrophoresis is
given and observations on the use of these techniques for separation of
microbial cell components are deseribed. Electrophoretic analysis of proteins
and various enzymes in microbial cell extracts can provide taxonomically
valuable information, and taxonomic groupings based on electrophoretic
patterns are compared with groupings based on more conventional character-
istics.

These methods must be used and interpreted with caution and the results
must be correlated with studies of other properties of the organisms concerned.
Nevertheless, the results already available are encouraging and it is hoped
that gel electrophoretic analysis will be extended to include mauy more
micro-organisms and many more types of cell components.

The microbiologist is often faced with the need to identify a newly
isolated organism or to prepare a detailed classification of a group. To
enable him to do this he has developed a series of tests which can be
applied to his material. These include such diverse topics as observations
of morphology and motility, specific staining reactions, studies of the
antigenie cormposition of celly or their products, pathogenieity, amino
acid composition of cells, DNA base ratios, nucleic acid hybridization,
infra-red absorption spectra, cell wall composition and a very wide
range of so-called “biochemical tests’ which take the form of simple
questions of the type “Does this micro-organism have the ability to
carry out each of a series of enzyme reactions?” By examining an
organism in this way it is possible to build up a biochemical profile
which may reflect many aspects of the metabolism of the organism and

Systematica Association Spocial Volume No. 2. *Chemotaxonomy and Serotaxonomy ™,
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which may be compared with similar profiles of other organisms. Such
biochemical profiles form the basis of much of our present classification
of micro-organisms.

In preparing a biochemical profile the microbiologist is restricted in
two ways. He can only use reactions which may be tested easily under
laboratory conditions, and this precludes him from examining many
aspects of microbial metabolism. Secondly, he will obtain useful in-
formation only from those reactions which are sometimes positive and
gsometimes uegative in the particular organisms with which he is work-
ing. Thus, for instance, if we take a range of aerobic spore-forming
bacteria and test growing cultures for catalase by adding hydrogen
peroxide and looking for effervescence, or for esterase by adding
a-naphthyl acetate and testing for the naphthol residue by adding a
diazonium salt, the answer in every case will be positive and catalase
and esterase tests are assessed as reactions of no taxonomic significance
in this group of bacteria.

However, enzyme molecules are complex entities, their enzymically
active sites may concern only small areas of the molecule and there may
be extensive scope for variation in the rest of it. What the micro-
biologist is studying when he determines the biochemical profiles of
two organisms is the way in which the organisms cope with particular
aspects of their environments. If both organisms carry out the same
enzymie activity, the simple type of test usually employed gives no
indication as to whether they do so by producing exactly the same
enzyme molecules, i.e. that they are in this respect genetically related
to each other, or whether they are producing different molecules with
gimilar enzymic activities. The latter situation, of course, does not imply
any direct relationship at the genetie level. As techniques have become
available for the investigation of the molecular nature of specific
enzymes it has become possible to ask more penetrating questions about
the enzyme systems of micro-organisms and the results are proving to
be of considerable taxonomic interest.

Smithies (1955) showed that complex mixtures of biological materials
could be separated by electrophoresis in starch gels. The pore sizes of
starch gels are such that the gel matrix exercises a molecular sieving
action and the rate of migration of a molecule in such a system is
determined by its shape and size as well as by its net surface charge.
The application of gel electrophoresis techuiques to biological materials

"has showu that many enzymes exist in nature as multiple-molecular
. species. Paul aud Fottrell (1961} showed that the serum esterases of
various animals were complex when studied by starch gel electro-
phoresis and that the esterase patterns obtained for the different species
were of taxonomic siguificance. Subsequently, other gels have been
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used, particularly polyacrylamide (Ornstein, 1964) with success as
matrices for electrophoresis,

The initial impetus to explore the taxonomic potential of gel electro-
phoresis was a practical one. Bacillus thuringiensis is an unusual aerobic
gspore-forming bacterium which causes rapidly spreading disease in
insect communities. It has attracted attention for some years as a basis
for microbiological insecticides. When workers at the Agricultural
Research Couneil’s Pest Infestation Laboratory at Slough began a study
of an insecticide based on B. thuringiensis in 1960 they were surprised
to find that disease was appearing in breeding stocks of caterpillars far
removed from the site of their experiments. Cultures of B. thuringiensis
were isolated from these outbreaks but it was not possible to say
whether these were identical with the bacterium involved in the in-
gecticide work or not since little was known about the classification of
these insect pathogens.

Il cells from a young culture of B. thuringiensis are harvested and
disintegrated—by ultrasound for example—an extract is obtained which
contains numerous proteins, many of which have enzymic activity. If
such an extract is subjected to starch or polyacrylamide-gel electro-
phoresis the components are separated and particular enzymes may be
detected by subsequently treating the gel with specific indicators. There
are many suitable colour indicators for a wide range of enzymes (Pearse,
1960). Extracts of B. thuringiensis examined in this way revealed
multiple molecular forms of catalase, peroxidase, esterase and proteinase
and the resulting esterase patterns were found to be particularly
valuable for taxonomie purposes. lsolates from the Pest Infestation
Laboratory were of three different esterase types and Norris and Burges
(1963) were able to show that the outbreaks were not due to con-
tamination of breeding stocks with insecticide material. The source of
one outbreak was traced, using esterase analysis, to an infected stock
of insects introduced from a grain store in Kenya where bacterial disease
wag endemic,

The correlation between the patterns of esferases found in cell
extracts by gel electrophoresis and the results of other approaches to
the classification of the B. thuringiensis group are striking. Norris
{1964) demonstrated a close similarity between esterase groupings and
nine serotypes based on flagellar antigens. Esterase analysis has now
become a generally accepted procedure in the classification of this group
of bacteria (Heimpel, 1967). Application of the method to other mem-
bers of the genus Bacillus (Norris, 1962) has served to emphasize the
similarity of esterase groupings and groupings based on more con-
ventional criteria. Bacillus subfilis, B. pumilus and B, licheniformis
each had their own, distinctive, esterase patterns suggesting that these
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species are stable and homogeneous. The patterns derived from B, cereus
and B. megaterium indicated extensive heterogeneity among different
straing of thege species. Such results parallel closely those obtained by
immunological and other biochemical criteria. Catalases, on the other
hand, proved to be of little value since the catalagses derived from a wide
range of aerobic spore-forming bacteria had the same mobility in the
starch gel electrophoresis technique.

Cann and Wilecox (1965) compared the starch gel electrophoretic
patterns of catalase and esterase of a wide range of Mycobacterium
strains with biochemieal profiles for the same organisms. As with the
aerobic spore-forming bacteria the molecular forms of catalase were
gimilar in most of the bacteria studied but several forms of esterase
were demonstrated in all strains examined, and characteristie patterns
could be identified for each of the recognized species, Mycobacterium
phlei, M. smegmatis, M. rhodochrous and M. fortuitum. M. smegmatis
and M. fortuitum contained esterases which resisted heating at 100°
for 10 min. The authors concluded that identification of Mycobacterium
strains by their esterase patterns was much more rapid and at least as
reliable as identification by more conventional methods.

In an investigation involving 24 strains of Corynebacterium Robinson
(1966} applied starch gel electrophoresis to the esterases, catalases and
peroxidases present in cell extracts. The human pathogens, C. diph-
theriae, C. ulcerans, C. xerosis, C. hofmannii and C'. haemolyticum were
characterized by the possession of one catalagse and no peroxidase.
Three esterases were pregent in C. haemolyticum. The animal pathogens,
C. renale, C, bovis, C. ovis and C. equi, had two catalases, one identical
with that of the human pathogens. €. pyogenes showed no catalase or
peroxidase. Plant pathogenic species contained a common peroxidase
and a common catalase ag well as esterases. Robinson produced evidence
that esterase analysis was of valuc in the separation of strains or sero-
types, that peroxidases could be used as indicators of plant association
and that catalases may be used for the separation of taxonomic groups
above the species level. Several features of interest emerged from this
study. C. poinseftiae and C. flaccumfaciens, for example, gave identical
catalase, peroxidase and esterase patterns thus supporting the identity
of these two species proposed by Cummins (1962} on a basis of cell walls
and by Lelliot (1966) on a basis of their serology. C. manihot and C.
agquaticum are not plant pathogens but electrophoretic studies suggested
‘that they were closely related to the C. poinsettiae/flaccumfaciens
organisms. The anomalous position of C. pyogenes has already
been noted by other workers and its place within the genus is
insecure.

Lund (1965) used polyacrylamide gel electrophoresis to examine

[l
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esterases and proteins in extracts of streptococei. Streplococcus faecalis
strains showed similar esterase patterns which differed from the pattern
typical of S. durans. 8. faecium failed to show a definite esterase
pattern.

Williams and Bowden (personal communication} obtained similar
results using starch gel separation of glucose-6-phosphate dehydro-
genase and glyceraldehyde-3-phosphate dehydrogenase of streptococci.
These authors also concluded that S. faecalis and S. faecium were
distinct groups with S, durans closely related to S. faecium. They were
tentatively able to identify three strains which did not fall into the
conventional taxonomiec scheme.

Cell extracts contain many different proteins, some of which have
enzymic characteristics while others do not. Staining methods based on
enzyme reactions are often highly sensitive and reveal the presence of
an enzyme where no protein can he detected by direct staining in a
gtarch or polyacrylamide gel. Many of the proteins present in extracts
can, however, be located by staining with non-gpecific protein stains
guch as naphthalene black. Lund (1965) in her study of streptococei
employed this technique using polyacrylamide for separation and
naphthalene black for staining. Polyacrylamide is a better medium than
starch for studies of proteins, as opposed to enzymes, since it gives
better resolution of individual proteins and it is possible to detect much
lower concentrations of protein in the transparent polyacrylamide than
can be seen in the opalescent starch. Lund’s protein results were
complex but strikingly informative and showed that her streptococci
fell into two groups; 8. faecalis and its varieties, on the one hand, and
the S. faecium/durans group on the other. Both in the protein and
esterase techniques one streptococeal strain proved to be unlike all the
others, Tt also differed in being motile and was clearly a different type
of 8. faecium.

The potential of gel electrophoresis of proteins for species identifica-
tion has been demonstrated in fungt, for example, by Clare (1963) using
starch for Pythium species, by Chang ef al. (1962) using polyacrylamide
in the genus Neurospora and for Septoria species by Durbin (1966) using
polyacrylamide. Gottlieb and Hepden (1966) wsed polyacrylamide
electrophoresis to study the proteins of various streptomycetes
and concluded that the method could be used to separate or
identify one atreptomycete from another or a few other closely related
species.

Since the work of Smithies (1955) demonstrated the potential of
starch gel electrophoresis for the separation of proteins, gel electro-
phoretic techniques have contributed extensively te our understanding
of proteins, enzymes and other large molecules. For the taxonomist
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these techniques provide new means of characterizing organisms at the
subeellular level, For the microbial taxonomist they have, perhaps, a
special significance. Traditionally the microbiolegist has asked questions
about the metabolism of his organisms without enquiring too closely
about the nature of the enzymes produced to bring about the reactions
involved. The resulting ‘“biochemical profiles’’ provide useful de-
scriptions of miero-organisms which enable new isclates to be identified
by means of character keys. However, it has long been recognized that
such descriptions cannot form a basis for suggesting relationships of
organisms at the genetic level. It follows, therefore, that we know little
of possible evolutionary development in microbial groups. With the
advent of gel electrophoresis and the demonstration that it may be
applied successfully to the characterization of microbial proteins the
microbiologist is now able to compare enzymes and other cell com-
ponents at the molecular level and relationships so defined reflect
similarities in the genetic material controlling synthesis of the molecules
concerned.

The potential of this approach to taxonomic problems is well illus-
trated by studies in fields outside microbiology such as the impressively
successful work of Vaughan and his colleagues on the seed proteins of
various species of Brossica and Sinapis (Vanghan et al., 1966; Vaughan
and Waite, 1967a, 19687h). By a combination of serclogical and gel
electrophoretic techniques these studies have thrown considerable light
on the taxonomic status of several plants and indicated possible phylo-
genetic relationships.

The field opened up by these techniques is enormous. So far very few
enzymes have been examined and these only in a handful of different
micro-organisms. Nevertheless, the success which has already attended
the application of gel electrophoresis to microbial classification is
encouraging, and it is to be hoped that many more groups of micro-
organisms and many more enzyme systems will soon be examined in
this way. It will only be when we can build up a picture of the distribu-
tion of various types of molecules in many more microbes that we shall
be able to assess the full potential of these newer analytical methods for
microbial taxonomy. The least we can expect is a series of new methods
for characterizing micro-organisms which will lead to the quick and
accurate identification of certain isolates. It could be that, just as we
learn something of man’s evolutionary development by studying the
.tools he has produced, rather than the operations he performs with
them, so we shall obtain an insight into the evolution of groups of
micro-organisms by studying the molecular tools which they have
developed to enable them to carry out their various metabolic pro-
cesges.
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6. Species Differences in the Amino Acid Sequences
of Bacterial Proteins

R. P. AMBLER
Department of Molecular Biology, University of Edinburgh, Scotland

ABSTRACT

The feasibility of comparing the chemical structure of proteins by amino
acid analygis of purified preparations, by peptide maps, and by amino acid
gequence determination is discussed. Comparative results obtained by these
methods are described for a number of bacterial protein systems, including
azurins, penicillinases and flagellins.

The study of the amino acid sequences of bacterial proteins is likely
to be a useful aid in taxonomy. If two or more species contain proteins
with apparently homologous sequences, an evolutionary connection
between the species is suggested. The complete determination of the
amino acid sequence of a protein still involves considerable effort, but
the ditticulties are commonly exaggerated, and methods currently
available are rapid enough to enable taxonomically interesting data to
be accumulated.

Bacteria contain some enzymes with activities analogous to those of
enzymes in higher organisms, but in no case is it yet accepted that the
bacterial protein and the plant or animal protein are homologous. The
similarities between Pseudomonas cytochrome c¢-551 (Ambler, 1963) and
higher cytochromes ¢ are so slight (Sackin and Sneath, 1965) that an
independent origin is credible, and there seems to be no homology
between the pancreatic and the Bacillus subtilis DFP-gensitive pro-
teases (Smith, 1967). The sequences of two bacterial and two higher
plant ferredoxins have been determined; there are some similarities
between the spinach and the clostridial protein (Matsubara et al.,
1967}, but the latest report (Margoliash ef al., 1967) is that the sequences
at the active sites of the plant and the bacterial proteins do not conform.

Systematics Association Special Volume No. 2. “Chemotaxonemy and Serotaxonomy,”
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There is little published information about how corresponding pro-
teins from different bacterial species, orders or genera differ from each
other. A gelection of antigenically different Salmonella flagellins have
been examined by amino acid analysis and peptide mapping (Ambler,
1960; MeDonough, 1965; see below and Table 1), Smith (1967) has

TasrE 1. Amino acid composition differences between related proteins

% Difference

Minimum (from Actual {from

amino acid sequence)
eomposition)
Replicate analysis of identical samples 1-3
Flagellins
antigenically identical 14
antigenically related but distinct 3-5
phases of natural diphasic strain 7
most differont Salmenelle typea 15--20
Salmonella] Proteus 15-20
Azuring (between genera) 9-13 32-39
Penicillinase
Bacillus licheniformis strains . 2 1-2
B. licheniformis/S. aureus 16 ? no homology
Penicillinase/flagellin 14

shown that the DFP-sensitive proteases from two strains of B, subtilis
(Carlsberg subtilisin and Nagarse) differ in 84 out of 275 amino acid
positions; the remaining 191 matching amino acids are distributed
throughout the molecule.

There are several levels at which comparisons of proteins from
different organisms can usefully be made. These are:

(a) physical or enzymic properties {e.g. electrophoretic mobility or
enzyme kinetic parameters) of the intact protein molecules, which need
not necessarily have been purified;

(b) amino acid analyses of the pure proteins;

{¢) peptide maps;

(d) partial or complete amino acid sequence determination,

Investigations at the first level are dealt with in other papers at this
symposium (e.g. Norris, this symposium, p. 49). Comparisons based on
amino acid composition differences are difficult to interpret, and reliable
data are difficult to obtain. The results may be completely invalid if
each protein is not completely pure, and meticulous care is necessary to
attain sufficient accuracy to deduce correctly the number of each type
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of amino acid residue in even a small protein. The results shown in
Table 1 demonstrate that the differences in amino aecid composition
between proteing that differ in less than two-fifths of their amino acid
positions are likely to be nearly as great as the composition differences
between randomly selected proteins. The accuracy of amino aecid
analysis is insufficient to distinguish between proteins which differ in
only 1-2% of their amino acid positions. Peptide maps are satisfactory
for comparing very similar proteing or for detecting the results of some
one-step mutations, but are useless for showing similarity between
proteins that have many differences.

The technical difficulties in investigating the chemical structure of
proteins are sufficiently great to limit the choice of systems for com-
parative studies. The proteins to be investigated should be as small as
possible, since although present methods are certainly adequate for
solving the structure of proteins of molecular weight up to about 40 000,
much faster progress can be made with smaller molecules. The proteins
must be available in adequate amounts (hundreds rather than tens of
milligrams), and the purification methods should be so simple that
preparations from a number of different organisms can be performed
in parallel.

In Table 2 the properties of some bacterial protein systems are sum-
marized. The investigations have been continued over several years, and
during this period the techniques of protein chemistry have developed
very greatly, and the difficulties that caused systems to be abandoned
may now be soluble.

Salmonella FLAGELLINS

The flagella can be removed from motile Salmonella by shaking, and
purified by differential centrifugation. The organelles are disagoregated
by dilute acid or urea to form a soluble protein, flagellin, which probably
has a molecular weight of about 40 000 (the evidence is not quite un-
equivocal). At the time of investigation the size of the molecule was
considered too great for complete sequence determination to be
attempted, and so the results obtained were derived from amine acid
compositions and peptide maps {Ambler, 1960; McDonough, 1965).
Antigenically related proteins were found to be similar in both com-
position and peptide maps, whilst some flagellins (which do not cross-
react immunologically) showed little or no peptide map resemblance,
and differed in composition as much as randomly selected proteins
would. Experiments of this type were incapable of providing any evi-
dence for homology between the two types of flagellin produced by
diphasic Salmonella.
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Pseudomonas ¢-TYPE CYTOCHROMES

Cytochrome ¢, recognized and defined by a highly characteristic
absorption speectrum, occurs in higher organisms, and widely though
discontinuously in bacteria. The complete amino acid sequence of one
bacterial protein, Pseudomonas fluorescens cytochrome ¢-551 has been
determined (Ambler, 1963). In this one organism there are in addition
at least two other e-type cytochromes, which all differ in isoelectric
points, terminal residues, amino acid composition, and seguence around
the haem group (Ambler, unpublished results). It seems that there is
neither homology between the cytochromes in the one organism, nor
between any of these cytochromes and the proteins from higher
organisms,

PENICILLINASES

Penicillinases have been purified from Staphylococcus aureus, Bacillus
lickenformis, Bacillus cereus, Fscherichia coli and Klebsiella spp. The
enzymes from the first two organisms have very similar molecular
weights and enzymic properties (Citri and Pollock, 1966). There are at
least two antigenically distinet types of staphylococeal protein (Rich-
mond, 1965), but the chemical differences between them seermn to be
small. The amino acid sequence of one type has been determined
(Ambler, to be published), and the amino acid alterations in some
mutenes located. Natural isolates of B. lickeniformis produce one of two
enzymically distinet penicillinase types, but present evidence is that
these enzyme types differ in only a very small number of amino acid
residues. There is no evidence at present for any homology at all
between the S. aureus and the B, licheniformis proteins (R. J. Meadway,
unpublished work).

AZURINS

Azurins are a class of blue copper-containing proteins with a function
in electron transport that has not yet been precisely defined. The protein
was first found in Pseudomonas {Verhoeven and Takeda, 1956; Horio,
1958), but has since been found to oceur in several other genera, in-
cluding Bordetella, Alcaligenes and Agrobacteriwm (Sutherland and
Wilkinson, 1963; Sutherland, 1965). The different azuring have guite
widely different isoelectric points and amino acid compositions, but
similar molecular weights. When the amino aecid sequence of Pseudo-
monas fluorescens azurin had been determined {Ambler and Brown,
1967}, peptide maps of other azurins were examined, but no similarities
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P B D F P B D F
Ala Ala Ala 66 Ber Ala Ala Ala
Gln Glu Glu Ala Gly--————=--omm———
Cyg— e ———— Leu———-————————— ———~—
Ser Ser Glu Asp Asp Aap Ala Asn
Vol Val Ala Yal 70 Lys Asn Gln Asn
Agp Agp Thr Ser Asp Gln ABp Asp
Ilp——— = e Tyr—————————————————=—
Glu Ala Glu Glu Leu Leu Val Val
Gly Gly Ser Gly Lys———— =~ ——
Asn Thr Asn Asn Pro Ala Ala Ala
ABp——— e o Agp Gly Gly Gly
Gin Gln Ala Ser ABp-———m—
Meb-——— -~ ——————————— Ser Thr Thr Glu
Gln—--—— e Arg———————————— - ——
Phe Phe Tyr FPhe 80 Vol - —-———————————————
Asn Asp Asp Asn Tle Leu Ile Tle
Thr Lys Leu Thr Aa~--—-————-————————— -
Asri Lya Lyw Lys Hg-—————————— = —————
Ala Ala Glu Ser Thr -———————————— ——— ——
Ile Ile Mot Ilo Lys Lys Lys Sor
Thr Glu Val Val Leu Val Val Val
Val- - - e Tle Leu Ile Ilo
Agp Ser Asp Asp Gly- - - — —— -~ —
Lys——————- o ————— Ser Gly Gly Gly
Ser Ser Ser Thr 90 Gly - - —— - —
Cydm Glu-—————— - —————— =
Lygw e e e - Lys Ser Ber Thr
Gln Gln Gln Glu ABp————— -
Pho——————— Ser—————— e ————
Thr—————————————— Valm——m -
Val Val Yal Ile Thr——————— — - mmmem—————
Asn Agn His Agn Phoe——————————— -~ ———
Len-~———————————————— Agp——————— - ——— ——
Ser Lys Lys Lys . Valm e e m e
Hig—~m——— - — ——— 100 Ber Ala Ser Ser
Pro Thr Val Thr Ly——————mm e e ——
Gly -~ ———————————————— LeU-m e e e e —
Asn Lys Lys Lys Lys Ala Thr Lys
Lou Leu Met Leu Glu Ala Pro Glu
Pro Pro Ala Pro dly--—————-——-——— - ———=
Lys Arg Lys Lys Glu Asp Glu Glu

Asn Aln Ala Gln Agp Ala Asp
Val Val Yal Ala Tyr—————————————— ———=
Mot—-————————————————— Met Thr Ala Ala
Gly - e e 110 Phe Phe Tyr Phe
Hig——— - oo Phe---—-—-———- o ————
Asn Asgn Asn Ser Cys————————————— -~ = =
Trp Trp Trp Val Thr Ber 7
Yal- — o - e - Phe Pho ?
Leu Leu Lou Val Pro Pro *
Ser Thr Thr Agp Gly Qly 7
Thr Lys Lya Lys Hia His ?
Ala Thr Glu Lys Ser Gly 1
Ala Ala Ala Ser Ala Ala 1
ASp—~ e — e 120 Leu Leu 1
Met Met Lye Glu Mot —~—————— e —_— —
Gln Gin Glu Ser Lys————————————— e — =
Gly Ala Gly Ala Gly Gly Qly
Val-————m e Thr Thr Thr
Val Glu Ala Ala Leu Leu Leu
Thr Lya Thr Thr Thr Lys Lys
Asp—— e Leg— - m e e e
Gly - ——————————————— —— Lys Val Ber
Mot Ile Met Met Asp Asn
Ala Ala Asn Lys (C-terminus)

P = Pseudomonas fluorescens B = Bordetella bronchiseptica
D = Alcaligenes denitrificans F = Alcaligenes faecalis

. Amino aeid sequences of bacterial ezurina. A broken line indicates that the residue is the
same in all four proteins,
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were apparent. The amino acid sequence of three further azurins have
since been investigated (Fig. 1), and it is now clear that about half of the
sequence is common to all four proteins. Each appears to differ from
each of the others in about one-third of the amino acid positions, and
the gimilarities and differences are distributed throughout the poly-
peptide chain. The differences in overall amino acid composition are
almost as large as between randomly selected proteins (Table 1).

CONCLUSION

Peptide maps or amino acid analysis are able to indicate the differ-
ences and similarities between proteins that are nearly identical. When
the amount of difference is greater, as between corresponding proteins
of different bacterial genera, it may be necessary to determine the
complete amino acid sequence before any chemical similarity can be
detected. Present-day methods are sufficiently rapid to enable the
complete structures of a series of proteins from different organisms to
be determined, and such results will soon be available for taxonomic
assesgment,
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7. Serotaxonomy of Vertebrate Soluble Proteins
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ABSTRACT

Serotaxonomy is considered under two aspeets: as applying to the evolu-
tion of whole organisms, and to that of single functional types of maolecule.
For the first type of investigation, immuno-electrophoresis is especially
applicable, combined with absorption methods. For the second, in addition
to these gel tests, enzymatic digestions with analysis of fragments and
ultimately full sequence analysis with evaluation of homological runs of
aminc acids are necessary. Examples of both these kinds of research are
given.

In this digeussion I hope that it will be understood that I write as an
immunologist. Although I have not been able to resist some taxonomic
speculations I am aware that I am an amateur, indeed an ignoramus, in
this field ; T hope that any naiveté here will be treated with sympathetic
toleration.

The field I want to consider is a large one, and I have to ignore much
early work which would be included in a full-scale review, to describe
only a few illustrative examples from recent studies. In my title I have
confined myself to soluble proteins, so I omit a wvery large body
of work on cells, particularly red cells and leucocytes.

The bhasic methods of such work are, first, the immunization of
animals with antigens to raise antibodies and then the analysis of the
reactions of the antibodies so raised with preparations of related anti-
gens. This can be done by quantitative precipitation methods in
solution, but the newer methods of gel-precipitation are so much simpler
and give so much more information that I shall deal only with these. If
antigen A (Fig. 1) aud antibody to it diffuse towards each other from
holes in agar, a line of precipitation is formed between them; if in an
Systematics Associntion Special Volume No. 2. ** Chemotaxonomy and Serotaxcnomy ”’,

edited by J. G. Hawkes, 1968, pp. 67-76.
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adjacent hole antigen, A’, related to A is allowed to diffuse it also will
form a contingent precipitation line; but since some of the antibodies
will react only with A and not with A’, a spur will be formed on the line
of A whose intensity gives a measure of the difference. If the antiserum
is saturated with A’, so that no further interaction occurs with it, a
serum will result strictly specific to A. This is an absorption test (Fig. 1).

Where we have multiple antigen-antibody systems, as when an
antiserum is raised against a crude plant extract or whole serum, that
is, against a mixture of many different sorts of protein, this is con-
veniently displayed by immuno-electrophoresis, where a preliminary
separation in agar of the proteins of the mixture according to charge is
performed under the influence of an electric current and the antiserum

VG

Fic. 1. Spur formation and absorption.

is put in a long trough instead of a hole. Comparison of the patterns
formed by two antigen mixtures against an antiserum against one of
them gives information as to the presence of a whole range of reci-
procally similar proteins, though no information as to whether they are
actually identical is given by this technique. Absorption of the serum
can however be done with A’, and the presence or absence of reactivity
with another antigen mixture, say B, can give a measure of the relative
similarity of A’ and B to A. In fact we can never tell by immunological
methods whether two antigens are entirely identical, only that they are
more or less similar. I must emphasize that a pure protein is composed
of many, ten or a hundred, potentially antigenic sites, that is, sites
which react with and can stimulate antibodies. These gites, which we
call determinants, are wholly different from one another chemicaily,
and are of the order of molecular weight of 500—1 000, whether they are
composed of amino acids of a peptide chain, of carbohydrate groups, or
of attached chemical determinants. Thus the unit system we are
dealing with is really an antibody-determinant reaction, rather than an

1
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antibody-antigen reaction. What determinants actually do stimulate
antibodies depends a little on chance individual differences, but mainly
on the immunization situation. When a rabbit is immunized with say
human gamma-globulin (IgG), sites on one part of the molecule, the
Fo piece (Fig. 2), are most powerful in stimulating antibodies; when a
rabbit is immunized with the gamma-globulin of another rabbit, these
particular sites do not funetion, being identical on the two individuals;
instead, sites on another part of the molecule, the Fab piece, stimulate
antibodies.

We can thus set our point of discrimination at any required level,
according to which question we wish to answer. For example, rabbit

b locus allotypes
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Fro. 2. Diagram of IgG molecule: modification of model suggested by R. R.
Porter. (From Kelus and Gell, 1967.)

antiserum can tell quite easily the difference between human and bovine
Ig(; it cannot usually tell the difference between human and chimpan-
zee Ig(z. To pick out this difference we have to immunize a chimpanzee
with human IgG, or vice versa. To pick out with the greatest precision
differences between individual humans’ proteins, dependent on genetic
differences, we have to cross-immunize humans. Antibodies appearing
by chance as a result of multiple blood transfusions have been shown
(Allison and Blumberg, 1961) to discriminate between genetic markers
on human lipoproteins, for example. A similar situation can be easily
demonstrated for immunoglobulins in rabbits and other experimental
animals, whom we can immunize much more intensively than we can
men ; these are the so-called allotypes, which I shall discuss below.
For purposes of serotaxonomy we can take tissues, such as the seeds
or tubers of plants, or the sera or eye lenses of animals, make soluble
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preparations, and immunize rabbits with them. We shall find with such
substances evidence of the presence of many antigens; the number of
antigens shared between species can be identified and counted. We may
find that certain antigens or groups of antigens appear or disappear as
the species evolve from the more to the less primitive, and we can then
correlate these changes with the morphologist’s hypotheses as to the
inter-relations of those species, This is the straightforward approach in
which we ignore and discount: as far as we can small differences between
the individual antigens. Intermediate forms in which a protein of one
gpecies is very slightly like the analogous protein of another, so that
only some antisera may give very weak cross-reactions, are more a
nuisance than anything else.

On the whole it is wise to keep this essentially pragmatic approach
separate from the approach in which we consider each functional
molecule as a separately evolving system, although we can sometimes
analyse the same experimental material in the two opposed ways.
Evolution does of course actually happen by means of the accumulation
of small changes of this sort, by the alteration of DNA base
triplets and their corresponding amino acids. But the way the zoologist
regards evolution, as speciation, seems almost a different science from
that studied by the biochemist, ultimately on the basis of the total
sequence analysis of proteins, which one may call molecular evolution.
The evolution of particular kinds of molecules in this sense may be quite
out. of step, either faster or slower, than the morphological evolution of
the species as a whole; while some molecules, such as insulin or eyto-
chrome, may change slowly, others such as the immunoglobulins may
change rather fagt. I suppose this is correlated with the tightness of the
specification of various sorts of molecule, whether or not it has to keep
its pattern relatively uniform in order to perform its function efficiently.

In summary, therefore, in tackling a taxonomic problem by serology
we need to keep three things in mind: (i) that there are mauy deter-
minants on antigens which may or may not “register’’ according to our
immunization set-up; (ii) that some kinds of molecules or tissues will
a priori be likely to show greater alterations during evolution than
others; {iii) that in practice we can concentrate either on all-or-none
changes in mixtures of many antigens (in which case immuno-electro-
phoresis is the method of choice), or on single kinds of molecule,
preferably pure and of known function, in which case a careful study of
gpur-formation, absorption, and ultimately chemical analysis will be of
most use.

What seems to me, as an immunologist, to be an extremely elegant
geries of studies using the first approach was published by Manski,
Halbert and co-workers in the International Archives of Allergy (1967).
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This is concerned with the proteins of the lens of the eye, which, though
multiple, seem to have evolved together and comparatively slowly,
presumably because they serve essentially an identical purpose in all
eyed animals; or to be precise, certain groups of antigens persist
apparently unchanged while new groups appear at each stage of phylo-
geny. In the paper I am quoting rabbits were immuuized with lens
extracts from a number of marine animals, ranging from the lamprey to
the shark and carp. By immuno-electrophoretic analysis of the antisera
against lens extracts from a wider group of animals including mammals
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Fic. 3. Phylogeny based on lens antigens (adapted from Manski e al., 1967).

and birds, and elaboratc absorption procedures into which T cannot go,
they identified the various groups of antigens appearing at each level of
evolution; from these the composition of the lenses of extinot groups
could be deduced and a phylogenetic tree constructed. Their results are
summarized in Fig. 3, adapted from their recent paper. Tt will be seen
that some of the antigens of the lamprey persist throughout, while
certain groups of antigens appeariug in the extinct placoderms and
gnathostomes are deducible from those present in the families which are
presumably derived from them. My own knowledge of piscine taxonomy
is far too sketchy for me to be able to judge whether such conclusions
are acceptable, or even helpful, to zoologists or not. But these studies
do seem to me to be a clear demonstration of the way to use sero-
taxonomy at this level of discrimination.
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Ancther example is from a paper published by Kirsch and Poole
{1967). They immunized grey kangaroos living in eastern Australia
with serum of those living in western Aunstralia, and vice verse. About
three serum antigens were found to be uniformly mutually immuno-
genic; though mixed populations did not interbreed, sera from hybrids
bred in captivity reacted with antisera against both groups. This is a
pretty example because it illustrates a case intermediate between an
allotype and a biochemical species. One might easily find by chance
among rabbits, say, groups in which one allotype (that is a Mendelian
determinant on analogous proteins, see below) was mutually lacking in
almost all members of the group. But, assuming that there is no linkage
in the genes coding for these different proteins, the fact that several are
uniformly lacking is evidence for the evolution of a geographical species
at a very early stage.

T do not wish to quote more examples of this sort of approach al-
though there may be other and better ones of which I am ignorant, T
should Lke to consider now the immunoglobulin molecule, in which as
an immunologist I have of course a proprietary interest, and start off
with an example from our own laboratory, which is taxonomically
trivial but illustrates the relevance of considering the part of the
molecule which is acting as immunogen. There exists in man an auto-
antibody, oceurring in rtheumatoid arthritis, and known as Rheumatoid
Factor. This reacts with slightly damaged human IgG, the damage
having occurred in the Fe part of the molecule (Fig. 2), where, as I have
mentioned earlier, the “species” determinants lie. It will also react to a
greater or lesser extent with IgG from a number of other species
damaged in the same way (Fig. 4) (Stanworth and Henney, 1964)—that
is, by moderate heating. Here we have a new determinant revealed by
the damage, common in some degree to several mammalian species.
Although the species producing the antibody is that synthesizing the
antigen, the determinant recognized is to all intents and purposes
equally ‘“foreign” to all species. It will be seen from Fig. 4, which
includes data also for a rabbit anti-human gamma antibody, that this is
consistent with the experimental results, since diserimination between
species is not very different for the so-called “auto-immune’ human
antibody as compared with the hetero-immune rabbit antibody. This
sort of result has its significance for taxonomy, but for the taxonomy of
one part of a single kind of molecule, not for the organism as a whole,
It is at this point that the taxonomy and evolution of molecules begin
to contragt sharply with the taxonomy and evolution of organisms.

1 want now to diverge to a field which, though sufficiently related to
the taxonomy of species to be I hope relevant, is more properly that of
the phylogeny of functions, such as muscular contraction or, in this
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case, immunological reactivity. For this I will try to summarize a great
deal of still speculative and preliminary work on the evolution of the
immunoglobulins. In the mammals, immunoglobulins are mainly IgG, the
ordinary gamma-globulin comprising most antibodies, with a sedi-
mentation constant of 7, and four chains in identical pairs as in Fig. 2.
There is also IgM, sedimentation constant 19, with five or six pairs of
chains; the light chains are similar or identical to those of IgG but the
heavy chains are very different. There is also IgA, basically with the
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Fra. 4. Comparative amounts of precipitate produced by heat-damaged IgG of
various species with a rabbit anti-human IgG anfiserum and a human “rheu-
matoid factor” serum (also latex-fixation test with the latter serum). {(From
Stenworth and Henney, 1964.}

chain structure of IgG but again a characteristic heavy chain; it tends
to associate in pairs of molecules to make a 108 complex. There are at
least one and possibly more other types also present in low concentra-
tion,

The lowest organism in which immunological reactivity can be
identified is the lamprey. In this such antibodies as can be produced
appear in a fast y or a slow 8 fraction of about 95; perhaps something
like an IgA. In higher fishes antibody appears associated with macro-
globulins of various sizes; in amphibia the pattern approaches that of
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birds and mammals. This lightning survey is based on the paper by
Pollara et al. (1966), in a recent book ““The Phylogeny of Immunity”,
which containg a great deal of fascinating new data which T have to
ignore for lack of space.

Now current hypotheses on the evolution of the immunoglobulin
molecule are based on the structural, chemical and immunological
analysis of still a limited number of species, nearly all mammals, be-
cause even the identification of immunoglobulins in key species such as
the lamprey is, as I have indicated, only tentative. However, one theory
is put forward by Hill ef al. (1966). Their assumption is that the basic
unit coded for a 104-residue chain. This was duplicated to form the
light chains, and quadruplicated to form the heavy chaings, of all types
of immunoglobulins.

The evidence for such events is still tenuous, but there are a few facts
which make it reasonable. First of all, it seems clear that about half the
light chains, and rather more than half the heavy chains, at the C-
termina] ends, are fairly constant in composition; but the other bits are
very variable, not merely between species, and between individuals of a
species but also between molecules in a single individual. Tt is this
variability at the N-terminal ends which makes possible the hetero-
geneity of binding sites needed for antibody formation. If however one
compares amino acid sequences in these constant bits, there are
significant runs of identically ordered amino acids, not merely when one
compares Fe pieces or L chains of species as different as man and mouse,
but also even when one compares licht with heavy chains. Some
homologies also appear if one compares the two halves of the heavy
ohain or of the Fe piece with one another. Many of the most recent
data on this were presented at the Cold Spring Harbor Symposium
in 1967, vol. XXXIT, and is too complex for me to quote.

Not much of this extremely laborious sequence work has been done
on immunoglobulins other than IgG. The evidence that the heavy chains
of other immunoglobulins werc involved in the same evolutionary pro-
cess comnes from work on the allotypes. Here we return to studies rather
closer to serotaxonomy, and I should like to outline current studies in
this field before completing the argument.

Back in 1902 Schutze cross-immunized rabbits with each other’s
serum and obtaiued precipitins, but it was not until 1948 that Oudin
(1956) at the Pasteur Institute demonstrated clearly that the purified
'gamma globulins of one rabbit injected into others were often immuno-
genic. Much work by him, and by Dubiski, Kelus, Dray and others over
the last fifteen years, has heen devoted to this phenomenon, which
Oudin named Allotypy, and the determinants, Allotypes (reviewed by
Kelus and Gell, 1967). It is now known that the rabbit has two gene loci

0
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determining allotypic determinants, one for the light and one for the
heavy chain, There are three known alleles for the heavy chain and
probably four for the light chain; these genes are not linked and are
inherited in straight Mendelian fashion. The allelic products can be
detected by antisera raised in rabbits lacking that determinant, by
ordinary precipitation methods. (I may mention in parenthesis that we
are in process of analysing the serum of hares for determinants related
to these allotypes, but the system is highly complex; there is however
a species determinant in hare Ig(G which can immunize rabbits, and a
number of other serum proteins are also immunogenic.) To return to
the evolution of immunoglobulins—it seems almost certain that the
allotypic determinants of IgG molecules are all present on IgM and TgA
molecules as well. The light chains of all types are identical, and under
the control of a single gene——the chains are put together in the cell
cytoplasm, not evidently on the ribosome—and so for the light chain
allotypes this is not surprising. But for the various sorts of heavy chaing
this is paradoxical sincc they are immunologically and chemically
different from one another, and clearly under the control of quite
different genes. Moreover the IgM of the rabbit has itself another system
of allotypic determinants in addition, gnite different from the TgG
determinants and not represented on IgG molecules (Kelus, in prepara-
tion). The same may well be true of IgA.

We are ignorant as yet abont the location on the IgM and IgA chains
of their allotypie determinants, and indeed of the class specific deter-
minants too, and without this knowledge it is profitless to speculate as
to how the suggested gene duplications fit together., We can however
deduce that the allotypic determinants characteristic of IgG but present
on all immunoglobulins (with some exceptions which I need not discuss),
are more primitive than both the class-specific determinants which
correlate with the physical properties of the IgM and IgA molecules,
and the allotypic systems which are confined to them. Thus the order of
evolution would be duplication to form light and then quadruplication
to form heavy chains, followed by the development of the IgG allotypic
systems on them. Finally, differentiation of the heavy chain classes and
development of the class-specific allotypic systems would ocecur.

I should like to close by drawing attenfion to one other type of
reaction, conventionally included as immunological, which may well
have great possibilities for taxonomy, and this is the mixed normal cell
reaction. If under appropriate cxperimental conditions one mixes to-
gether mammalian lymphocytes of different genotypes, a mutualstimula-
tion occurs and hlast cells are formed. Cooper (1967) has shown mutual
stimulation between the cells from two species of lamprey which are
virtually indistinguishable in the ammocete or larval stage, even though
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individuals do not readily stimulate one another. Immunologists are
getting a surfeit of lampreys at the moment! This shy and unambitions
creature has often to leave its native mud to bathe in the pure ichor of
research. This phenomenon can be quantitated, and it seems possible
that its application to the taxonomy, especially of lower organisms,
might be of very great valne.
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ABSTRACT

The first stage of a serotaxonomic revision of the family Solanaceae is
described in which seeds have been used as the source of saline soluble pro-
tein. Two contrasting classifications of the family are outlined and a pre-
liminary survey of the serological relationships between 15 genera is briefly
referred to. The scoring of morphological characters is also mentioned.

Examples are given of the way in which the experimental method is
providing valuable data on serological relationships within Dafura and
within Solanum ; these are followed by a discussion of the systematic position
of certain genera closely similar to Solanum. The serological affinity of
Cestrum is then discussed. Finally, the little understood boundaries of
Solanaceae with Scrophulariaceae and other famihies are dealt with., The
controversial position of the solanaceous genus Schizanthus is outlined and
illustrated by experimental results. Serological data show a somewhat
distant relationship of Schizanthus to the rest of the genera investigated.

The taxonomic significance of serological results is discussed.

INTRODUCTION

Plant serology has successfully heen employed as a taxonomige aid in
this department in the study of tuber-bearing solanums (Gell et al.,
1960), Three years ago facilities were provided for an extension of the
work to cover the whole Solanaceae, utilizing seed rather than tuber
proteins, and a preliminary survey was started to see if the method was
suited to an investigation on a family scale.

The Solanaceae, a family of some 88 genera, is badly in need of
taxonomic revision, as we shall see shortly. It is a family of great com-
mercial importance, containing many food- and drug-producing plants.
Figure 1 shows the arrangement of the genera according to Bentham
and Hooker (1876) and according to Wettstein (1895) in Engler and

Bystematics Association Spocial Volume No. 2. “ Chemotaxonomy and Serctaxonomy’,
edited by J. G. Hawkes, 1868, pp. 77~%§.
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the right.
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Prantl. These two systems are the most comprehensive and detailed
classifications of the family. Although both systems utilize much the
same floral characters to delineate the tribes, and even allowing for the
fact that one system arranges the genera in five tribes and the other
system in ten tribes, there are a great number of differences between the
two. Part of the present work is to assess the relative value of the two
classifications and to use the serological data, together with other in-
formation, in establishing a more satisfactory and natural classification
for the family.

Seed harvested from plants grown at the Botanic Garden was used as
the source of saline-soluble antigenic protein. The seeds contained oils
and alkaloids which were removed during the preparation of the extract.
A certain amount of seed was ground in a mill and then used to prepare
an oil-free and water-free “acetone powder” (Nason, 1955). Saline-
soluble protein was extracted by shaking the powder with 0-54 Molar
phosphate buffered saline at pH 7-5 for 30 min and the supernatant was
removed by centrifuging. To purify, it was removed from solution by
adding ammonium sulphate to saturation. The protein was.redissolved
in saline, dialysed against saline overnight and then centrifuged to
clarify. The extracts were then free of oil and alkaloid. The protein
content was estimated colorimetrically by the production of biuret
{Gornall, 1949) and adjusted to 0-29, by dilution or concentration (the
latter by dialysis against Carbowax, ses Kohn, 1535}. Sodium azide was
used as a bacteriocide and those extracts not required immediately were
frozen,

Pairs of antisera were raised in New Zealand white rabbits. Initially
the injections were intramuscular and incorporated Freund’s complete
adjuvant (Freund and Bonanto, 1944). Later on, 0-2%, protein solution
was given intravenously.

The main bleed was taken when the breathing rate following in-
jections approached 380 per min. The duplicated antisera matched each
other exactly in content, and were very close in strength. The antisera
which were raised to different genera were also all of similar strength.

Antigen-antibody interaction was studied by double diffusion in agar
gel, using 0-8%, lonagar No. 2 veronal buffered at pH 8-6. The double
diffusion plates were dried and stained with Ponceau S. We should like
to record our grateful thanks to Miss 8. Marsh for growing the plants
and Mrs. A. Fergusen for technical assistance during the course of this
work,

PRELIMINARY SURVEY

A preliminary serological survey of 15 genera was first carried out,
using double-diffusion techmiques in agar gel. The terms used by
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Ouchterlony (1960) have been followed in the details of analysis of the
plates. The results indicate a number of strong serological relationships
and certain weak relationships between the genera investigated. By the
phrase “serological relationship” we mean the ability of proteins or
other similar substances of one species to form a series of precipitin lines
in the agar against the antiserum raised to those of another species.
The degree of relationship is judged by the intensity of the lines and
their number. We are, therefore, in fact judging the ability of various

Fra. 2. Results of the preliminary serological survey. Antisera were raised to
those genera underlined. For further explanation see text.

species to produce identical or closely similar proteins or other antigenio
substances, and the tentative inference (to be verified by reference to
other information) is that this serological relationship is indicative of a
genetic or evolutionary relationship. This, of course, will be a matter
for discussion at the present conference.

The preliminary survey i8 too lengthy to describe in detail. A sum-
mary of some of the results is shown in Fig. 2.

Species from 15 genera were extracted, and antisera were ratsed to 7
of them (underlined in the figure). Cross-reactions between each anti-
serum and the other 14 antigenic extraets were studied, and arranged

b
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in a list of order of closest similarity to the homologous reaction. The
cross-reactions which were closest to the homologous reaction are shown
in the diagram in the form of an arrow pointing to the antigenic extract
concerned. The douhble lines present between genera to which antisera
were raised indicate that strong ecross-reactions oceurred in hoth
directions. The diagram shows strong serological relationships between
the genera Dature, Hyoscyamus, Nicotiuna, Salpiglossis and Solanum
since they are connected to each other by double lines. In fact they
possess a total of from seven to twelve “‘connecting lines” to other
genera. We would interpret this as indicating that, of the genera tested,
these form a kind of “central core™ in the farily, related strongly to
each other, and in various ways related to other ' peripheral”’ penera.
At the other end of the scale lie Capsicum and Afropa, with five con-
nections only. Apart from the group to which antisera were raised and
which stand a better chance of connecting, both as antisera and as
antigens, we have the other group of genera which were used as antigens
only, not as antisera. Of these. Salpichroa shows 4 connections. Physalis,
Saracha and Lyecopersicon 3, Nicandra 2. Browallia 1 and Schizanthus 0.

(learly, more verificatory work needs to be done in this sphere but
we have shown enough, we hope, to give some indication of the lines
along which we are working in this broad general survey.

We shall now continue with some examples of how the experimental
methods are providing data on species relationships within a genus and
the arrangement of genera into tribes, as well as the probahle boundaries
of the family with its neighbours.

EXAMPLES OF RESULTS

(a) Species relationships within a genus

Our first example shows the type of cross-reaction within a genus that
we have come to accept as normal. Tt concerns two species and two
varieties of Datura, and an antiserum to one of the species, D. stra-
montum. This latter has an erect spiny fruit and the flowers are white
and trumpet-shaped. Variety tafule is the same, except that the flowers
are purple. Variety inermis has a purple flower. but the fruit lacks
spines. Dature inoxic shows a number of differences: the flowers are
much longer, the plant is very pubescent. and the fruit is pendulous.
Extracts were made of the seed of these four plants, and an antiserum
was raised to D). sframonium. The homologous reaction, indicated by
the arrows in Fig. 3(«¢), is seen to consist of four lines. The two varieties
of D. stramonium, inermis and fatula, produce a cross-reaction differing
very little from the homologous one. The extract of D). inoxia, however,
differs significantly in that line 2 is missing.

4+
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This clearly demonstrates that in Datura, small variations at varietal
level are not accompanied by any great change in the saline-soluble
seed proteins, while large differences involving several characters
between two taxa classed as different species are apparently accom-
panied by a clear change in the seed protein content,

{b) Range of cross-reactions within Selanum

The genus Solanum is the largest in the family, with at least 2 000
species. It shows a wide morphological range in habit, leaf form,
pubescence and armament, though the corolla and fruit form remain
relatively constant.

Some of the types of Solanum growing at the Birmingham University
Botanic Garden are as follows (classification based on Seithe, 1962):

A. Subgenus Solanum
1. Sect. Solanum {=Morella). 8. nigrum.
This has sinall stellate flowers and soft pulpy berries.
2. Sect. Pseudocapsicum. 8. hendersonii.
The species of this section possess brightly coloured berries
similar to those of Capsicum but in other respects are clearly
identifiable as solanums.
3. Sect. Jasminosclanum. 8. seaforthianun.
This is rather similar to 8. dulcamara, with stellate purple flowers,
divided lecaves and vine-like habit.
4. Sect. Tuberarium. S. phureja.
This is a cultivated tuber-bearing species with pinnate leaves and
an artieulated pedicel.
B. Subgenus drchaesolanum
8. simile. This is an example of the Australian group of species
with a rotate corolla and leaves with strap-like segments or some-
times with an entire lamina.
C. Subgenus Stellatipilum
1. Sect. Brevantherum. 8. mauritianum.
This species is characterized by a covering of woolly stellate hairs
but no spines.
2. Sect. Androceras. S. Aeferodoaum.
The stellate hairs are not so pronounced and needle-like spines
are developed. There is a slight tendency to zygomorphy in the
corolla.
3. Sect. Oliganthes. S. topiro.
This species also possesses stellate hairs, has a woody stem,
stetlate white flowers and firm red berries.

Extracts have recently been made of all these types, and some are
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illustrated in Fig. 3(), where the homologous reactions are again
indicated by arrows. The cross-reactions are very varied but consist of
at least two spurs in all cases. so the much wider morphological range is
accompanied by great variation in the seed proteins.

Our preliminary results thus indicate that some of the differences
between sections in the genus Solanum are serologically equivalent to
inter-generic differences elsewhere in Solanaceae. This lends strength to
the argument that Selenum ought to be divided into several smaller
genera on the basis of leaf and pubescence characters,

{c) The inter-relationship of certain genera and their systematic position
in Bentham and Hooker’s and in Weitstein’s classification

(i) In Fig. 1 it is seen that Bentham and Hooker place Lycopersicon,
Solanum and Cyphomandre together at the beginning of the list in the
tribe Solaneac. In Wettstein’s system, however, Cyphomandra is placed
in another group. This is because the stamen filament is attached to the
back of the anthers. instead of to the base. Though the corolla structure
is very similar to that of Selanwm, Lycopersicon is separated from
Solanum by virtue of the anther dehiscence and the sterile anther tip,
hut has often been included in it. When extracts of these plants are
plated out next to the homologous reaction of Solanum tuberosum, as
shown in Fig. 3(c), the cross-reactions are found to be very strong.
Lycopersicon produces some lines of identity, while Cyphomandre
produces a number of very strong spurs. The three genera arc thus
shown to possess closely similar saline-soluble seed proteins.

This close serological relationship of the genera Solanum. Lycopersicon
and Cyphomandra agrees best with Bentham and Hooker’s system.

(if) The genius Cestrum has been separated from Nicotinna and Vestin
Iy Wettstein because the fruit is a berry, while the other two genera
possess capsules. In Clestrum, the style and stamens are not exserted,
whilst in Nécotinna, the filament of one stamen is frequently shorter
than the rest, and in Vestinr the style and stamens are strongly exserted.
Bentham and Hooker have jdaced all three in the same tribe because of
their otherwise overall similarity. In the experimental work, antisera
have been raised to species from 13 different genera from all parts of
the family, including Nicotiane and Vestia.

In Fig. 3(d), the trough contains an antigenic extract of Cestrum
eleguns, while the cups each contain a different antiserum. The cross-
reactions with Cestrum are faint except with the antiserum to Vestia,
indicating that the proteins of these two taxa have an overall similarity.
If this is taken to indicate a close relationship between the two, then
again it is contrary to Wettstein’s scheme.
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(d) Serolagical relationships between Solanaceae and other flowering
plant families

The Scrophulariaceae is generally considered by taxonomists to be
the family most nearly related to the Solanaceae. Although the flowers
of Serophulariaceae are mostly zygomorphie, whilst those of Solanaceas
are actinomorphic for the most part, there are certain exceptions. Thus,
Schizanthus is a solanaceous genus with highly zygomorphic flowers,
whilst those of Verbascum in Scrophulariaceae are almost actine-
morphic. Schizanthus is of particular interest to us, not only because of
its zygomorphie flower, but because in the general survey it showed no
strong serological relationships to any other solanaceous genus tested.
1t had been at first classified in Scrophulariaceae, but when it was dis-
covered that the ‘‘typical’ solanaceous pgenera possessed internal
phloem and that the wall dividing the carpels was set obliquely to the
floral axis, these two criteria were used to separate Sclanaceae from
Scrophulariaceae. Because Schizanthus also possessed these two features
it was re-classified into Solanaceae. ‘

As we have seen, of all the extracts made of the seed of Solanaceae,
Schizanthus alone fails to produce a good cross-reaction with any
solanaceous antiseruni.

We therefore began to wonder whether it would show more sero-
logical relationships to Serophulariaceae and whether this latter and
even other families might show cross-reactions to solanaceous antisera.
It became important to lknmow what, in fact, were the serclogical
houndaries of Solanaceae.

Antisera were raised to Schizanithus and Selpiglossis, and extraets

Fic. 3. Deouble-diffusion plates showing eross-reactions with antisera raised to
selected species in the Solanaceae. The homologous reactions are indicated by
arrows. Antiscra are normally placed in the troughs and antigens in a series of
cups on either side.
{(a) Cross-reactions within Datura.
(b} Cross-reactions within Solanum.
Cross-reactants as follows. Top row, loft to right: .S, kendersonii, 8. tucu-
manenge, two unidentified species, S. fopiro. All five species are repre-
sentatives of the woody species, descrihed in the text. The extracts in the
bottom row are the same as the top row. The middle row contains examples
of the Morolla section and others. Left to right 1 8. aethiopicum, 8. tuberosum,
8. mauritianum, S. wigrum, 8. tuberosum, S. wmawritionum, 8. rigrum var,
guineense, S. tuberosum. )
{¢) Cross-reactions of Lycopersicon and Cyphomandre with Solanum tuberosum.
{d) Cestrum elegans tested against all the antigera.
{e) Cross-reactions with Salpiglessis and Schizanthus.

4%
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from species belonging to several different families were plated out
against these and six other solanaceous antisera.

We chose Scrophulariaceae for obvious reasons, and also an example
from Boraginaceae and Convolvulaceae, which are placed with Sola-
naceae and Scrophulariaceae in the order Tubiflorae. Finally, we chose
Lupinus, a genus in Leguminosae, very far removed in all conventional
classifications from Solanaceae. The extracts tested were as follows:

Antirrhinum majus

Digitalis purpurea

Pentstemon confertus Scrophulariaceas
Nemesia strumosa

Veronica latifolin

Solenanthus apenninus Boraginaeeae
Calystegia sepium Convolvulaceae
Lupinus polyphyllus Leguminogae

All these extracts produced faint, extremely faint or no cross-reactions
with the antisera. As examples, the reactions with the Salpiglossis and
Schizanthus antisera are shown in Fig, 3(e).

The Schizanthus homologous reaction is much fainter than those of
the other twelve antisera; however, three precipitin lines can be dis-
tinguished. The cross-reaction of Schizanthus with the Salpiglossis anti-
serum, and of Salpiglossis with the Schizanthus antiserum are both faint
arcs, indicating that their saline soluble seed proteins are mostly
different.

Lupinus extracts produced no cross-reactions and thus agreed with
the distant relationship between Leguminosae and Solanaceae pos-
tulated by taxonomists. On the other hand, Solanaceae, Scrophulari-
aceae, Boraginaceae and Convolvulaceae are generally classed in the
order Tubiflorae and should be expected to show some degree of relation-
ship. In fact, Calystegia (Contvolvulaceae) showed no cross-reaction with
Schizanthus, whilst Solenanthus (Boraginaceae) showed only an ex-
tremely faint one with Schizanthus. Neither gave any cross-reaction
with any of the other antisera.

The remainder of the cross-reactions are with extracts of the
Serophulariaceae and they are all faint. Veromica shows no cross-
reaction with the Salpiglossis antiserum and Nemesia produces no
reaction with the Sechizanthus antiserum.

The results indicate that there are at least three types of eross-reacting
extracts present here, i.e. Schizanthus, Salpiglossis and Scrophulari-
aceous genera. None of them cross-reacts strongly with the others, but
the fact that they produce faint cross-reactions shows that they have
something in common, and must be to some extent serologically related.
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DISCUSSION

The results we have obtained so far are, we think, very promising.
We have used simple double-diffusion techniques in the present work
because these miethods enable us to sketch in a broad general picture.
In more detailed studies at the species level or below, the more delicate
techniques of parallel immuno-electrophoresis are clearly more relevant,
as the work of Lester (1965) and Hawkes and Lester (1966) has shown
for the tuber-bearing species. We plan to use such methods also in the
present work when the main outlines have been completed and we can
turn to detailed studies in certain selected genera, notably in other
areas of the genus Solanum.

By and large, our serological information correlates well with morpho-
logical characters and sometimes lends weight to Bentham aud Hooker’s
elassification and sometimes to that of Wettstein.

In all newly discovered or applied techniques in taxonomy there is a
strong temptation to extol them in the first flush of enthusiasm as of
greater importance and thus able to provide characters of greater weight
than ones hitherto in use. This temptation must be, of course, firmly
resisted. Even though it might be said that we are dealing with proteins
which could be considered as a direct expression of the genotype, sero-
logical data are nevertheless characters worthy of taxonomiec con-
sideration but of not necessarily greater importance than other
characters, as Fairbrothers (1966) has pointed out,

Serological information should therefore be used as one more in-
dependent criterion to help provide a worthwhile clagsification based
on maximum correlation of characters and should not be given @ priori
weighting at the expense of other characters. Having sounded a note of
caution, we are nevertheless cenvinced that the perspectives for the
future in serological work are vast and immensely promiging. At one
end of the secale one can establish fine differences between species or
infraspecific taxa, and at the other one can even begin to elucidate
relationships between families,
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9. Serotaxonomy in Ranunculaceae

UwE JERSEN

Institut fir Pharmakognosie, University of Kiel, West Germany

{Extended summary)

For a long time the main classification of the family Ranunculaceae
wag based essentially on fruit characters. The primary distinction was
between genera with multiovular follicles and those with uniovular
achenes, apart from Paeonig, which is now generally removed from
Ranunculaceae altogether.

The first karyological works by Langlet (1932) and Gregory (1941)
were the beginning of an extensive new examination of the systematics
of thig family.

We have undertaken the examination of serological characters and
for this purpose we have restricted our work to the proteins of ripe seeds
at the time of dormancy. The method used was the presaturation (or
absorption) technique, which is well known from the literature. Such a
technique aliows comparison of two antigenic systems (for example,
X and Y) with respect to an antiserum (for example against A, Caltha
palustris), and shows which of these antigenic systems have the greatest
similarity to the antiserum (and hence the antigenic system of Caltha
palustris). Insubsequent experiments we compared our antigenic systems
with anti-B, anti-C, anti-D ete., instead of anti-A (i.e. anti- Delphinium,
anti-Adonis, anti-Clematis, ete. instead of anti-Caeltha).

The important question is how to interpret the serological data.
From all these individual results we can build up a system of the
serological similarities between the genera of the Ranunculaceae
(Fig. 1) (see also Jensen, 1966). I wish to emphasize, however, that this
is not a phylogenetic system based on a single character or a group of
characters. In the first place, we have no evidence as to what is primitive
and what is derived. This means, in effect, that we do not know the
starting point of our system. If we based our system on non-serological

Systemntics Association Specinl Volume No. 2, * Chernotaxonomy and Serotaxonomy’,
edited by J. G. Hawkes, 1968, pp, 89-91.
89
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characters, we should place the starting point between T'rollius,
Cimicifuga and Calthe, and should arrive at the scheme shown in
Fig. 2 (Jensen, 1966).

It is interesting to note that on the whole the agreement between
systems based on serological and non-serological data is rather high. In
gpite of this, the system shown in Fig. 2 cannot yet be the natural
system of relationship, because we have only considered some other

Eranthis Hydrastis

Anemone

Caltho

Clematis
Leplopyrum

Adonis

Actaea
Cimiclfuga

Callianthemum
Aconitum
Myosurus

- Ranunculus Helleborus Delphinidm

Nigelia
Fic. 1

aspects of the “primitive” genera.

To provide a real eontribution to systematics, serotaxonomie work
should be regarded as a biological task which should draw in and
evaluate all available characters, without over-emphasizing the sero-
logical data at the expense of the others. It should thus examine the
relationship of plants and animals in their entirety.
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Eranthis
Hydrastis Thalictrum
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Aquilegia
Aconitum
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We <hiadl now consider tfie disteihution of bath proteins i dittervet
species of the genus Phoscalis and 1o different cullivars of P padgares
and P oeorconens as well as their inhertance in bhyvbrids bhetween these
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First Iy we shal! consider protein [ which is expressed strongly i the
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Colombia), but is expressed less strongly in 2. roccinens. All these are
species which we suppose to be inter-related. Protein 1 is absent {rom
other speetes, auch os Pooacatifolins, Pohunatus. Poopolystuchyus. P
wlropurpureas, Poarens, ete. (ree Fig, 2).

Protein L is alse lacking in other investigated representatives of the
tribes Phaseoleae, Vicieae and Hedysarveae, Therefore 1t vould be said
that the protein | is speeific for the vranp of species related o /2
el

During subsequent work we contirmed our former findings that
protein [ is present in varving decrees in different cultivars of /7,

coccinens, whilst 10 some it fs completely absent. Ficure 3 shows =ome

e e s

datterend
(ST ERRTR

2 oraeede nx

<) Jurtaosiis

i 30 Several exanaples of ealtivars of £ cocednens aelected Trony 22 cases
strdid ) with diffevently developed provein 1 {darent ransitions).
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exantpedes of this vaciation, based on innm-clectropharetio araly

single seeds of different coltivars. A whole range i protemn chiracters
van be seen between the species P valyareis ool Poocoreinens. We
suppose that these transitional types arve cither sivviving intermediate
stages hetween two taxa which have diverged from a commaon ancestor

ur are due to recent ar ancient hvhridization,

v Wornpo
Sachimvng o

Fieo 40 Twao escepions, where protein | 1= nodified or absent, fooad o G654
10 pndyarss culnivars: eve Los Angoles | protein I seetns 1o dieane hivhend

nrgin: ov. Borupnaga sachiarnaa protemn 1is wholly fnefomne

1. evddgei s

Ius A [Inheridance of |)l'01(=i|) Vi hybrids of Poovulgeris ev. Veltruska Saxa
D cucetniues Bore rabeg sepiine wigrn.
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[Par Tegend sea fucing puge.

We Jivve alsa analysed 859 culiivars of the species P oralyaris,
Protein 1is very evident m oall but fwo of the enltivars examined (see
Fiv. 4). In one eultivar it = completely absent and we cannot esplain
this ntherwise than as a loss mutation of a profein character. In the
otlier cultivar protein 1 was not tully developed s when we analysed tnis
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Fie 6. Several examples showing polymorplusm in Protem [1 found in a sarvey
Gl 639 cullivar~ of 120 sl is

case in more detail we foundd again that different transitional forms of
this chiaracter were present in singfe seeds of the cultivar. We suppose
that in this last case the variahility conld be due to hybridity.

1t ean be concluded that protein | ig specific for P. ewdgeris and
closely related species but that it js also possible to find an interesting
exeeption to this amongst 659 lines examined.

We also analysed protein [ in hybrids between . rulguris and
P coceinens. This protein is of intermediate tvpe in the F; genervation
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il segreoates i the Py nor ol 1o the pure parental tyvpes bt adso b
many transilionad 1y pes between both parents (see 1900 35 This prote

chiaracter may thus he polveenically contralled,

~ivad

P, 70 Example of polymerplosin of protein T m £, coeejprns var. athondiins
v. Déaprde. This is an example of the variation between zingle sceds of 1
varlbvar from |,)(J[Hl]{11;f"[|_

We shall nest consider protein I (see Fig, 1)

When we studied the distribution of this character in our specics
vollection of Phaseolus. we again found that it ocenrred only in the
species related to P rwlgaris (e, Pooodguris ssp. vadgaris, Poovalgeris

sp. aboriginews, . polganthus. P dwnosis, Phaseolws sp. from Bogota
wnid £ coceinens (see Fip, 2}

Further analyses of single seeds of P, eulgaris cultivars have show
Lt in most eases protein [ is present hut in many it = wholly lacking.
T'o he exact. nut of 6539 cultivars studied it is present in G111 hut lacking
48, 0e. 7-269,. We have nof yvet found any corvelation hetween this
protein character and other characters, and we suppose that this mus:
i a simple case of polvmorphism (see Fig. G).
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The Czechoslovalk eultivar Déveniekds of the species £ ealgoris wis
itamned by means of iredividund selection from the enltivar Prosident
Jonsevelt (fermer e lor the caltivar Rapitin Weddimeenh How
ever, according to our analyvses protein 11

15 abment (e the enltivar

the coltivar Dotenicki. For 1hjs
reason we were obliged to sappose that e

Privsident Roosevelt hot presend o

'rasident Roosevelt wis nat
Bomaoveneons in recacd to protein T We anadvsed single secds from
samples of diffevent avigin hat coald not Hnd anv polvmorphison in
protein L in this enlovar, Finallvowe found the expeeted polvmorphi=m

i a =ample of seeds sent by the Brn Vatter of Bern, We analyvsed us
=itule seeds of this sample altogether: 71 seeds possessed protenn T
20 secds beeked it and in ene case the pratein was of intermediate forn.

The vafio was 228000 As we have sadd before, we consider thns 1o he o

L enlyreeis o Veltrnslad Nasa

.

Fire & hiheritanee of proleay T hybeuda of Poenlprle v, Yelbrnsha Sasa

}}
valyoree ev Olviagpia.
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case of polvinerphism of protein [ T the coltivar Prisident Roosevelt
his polymarphiam was evidently removed in some samples by oe-
casional selection Nram an originally heterogenecns population, Thus,
polvimorphisng i protetn IT1is more freguent and we can postulate that
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such heterozygosity might be found frequently in land races and in
cultivars obtained by means of mass selection.

Recently we have even found polymorphism in protein IT between
different seeds in a population of the cultivar Désirée of P. cocetneus
(see Fig. 7). This is not so surprising because F. vulgaris and P. coceineus
are closely related species (or subspecies ?) and gene introgression might
be expected.

Finally, we have analysed protein TT in intraspecific hybrids between
types of P. vulgaris with (+) and without (—) this protein (see Fig. 8).
In the ¥, gencration | P. vulgaris ev. Veltruskd Saxa (+) x P. vulgaris
c¢v. Olympia (—)] the (+) type was dominant. In the I, there was
segregation to both tvpes in the ratio 564( +) types: 161{—) types, i.e.
3-50:1. This ratio agrees with the theoreticalratio 3:1, = 3-01, P = 20°(,
which shows that protein 11 is controlled by a single gene.

In summary it may be said that our results on the occurrence of two
protein characters in Phaseolus {1.e. existence of polymorphism. loss
mutation, transitional types, inheritance of two protein characters) can
help in the evaluation of the taxonemic importance of single protein
characters. They can also help in the selection of proteins in plant-
breeding research.
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ABSTRACT

The seed proteins of B. campesiris, B. oleraceq and B. nigra have been
analyzed with serological and acrviamide gel electrophoresis techniques and
the results arc in good correlation with the established taxonomy. Further
studies have been made of varietal status, generic status and amphidiploidy
in Brassica and Stnapis using serological techniques and isoenzynie identifica-
tion in starch gel.

The genus Brassica contains a number of species of great economie
importance. These species are of interest to the plant taxonomist in
terms of problems of speciation and hybridization (Bailey, 1930). In
addition to studies of external morphology, data have also been
accumulated concerning cytology (e.g. Moringa, 1934: U, 1935), com-
parative anatomy (e.g. Berggren. 1962) and volatile oil production
(e.g. Vaughan ef al., 1963). Serclogical techniques, particularly those
involving gel diffusion methods, have recently produced interesting
results in connection with studies of angiosperm systematics (e.g. Gell
et al., 1960) and. consequently, it was felt that the application of these
techniques to a study of Brassice might possibly further knowledge of
the taxonomy of this difticult genuas.

Although phytoserological methods are heing niore widely used by
taxonomists. it was considered advisable in the first instance to apply
these methods to a well accepted system of DBrassica taxa (Vaonghan
et al., 1966). Good correlation would support their further application
to the more difticult problems of taxonomy. Three species were in-
vestigated in the first instance— B. nigra (Black Mustard}. B. oleracea
{(Cabbage) and B. campestris {Turnip Rape). These species are well
accepted as distinet taxa on morphological and eytologieal grounds,

Systematics Association Special Volume No. 2.~ Chemotaxonemy and Serotexonomy ™,
edited by J. G. Hawkes, 1068, pp. 93-102.
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Antigera were rmased in rabibite fo sahine exiract= of fhe seed prateins
of il'u--.- |:“rl]11' = _:'.ll >‘[|:-\(‘l]||&-'l'7i.\' ze“.::i_\'%--| I11_\ PRI oy Wi ii i ('I-l{‘.i
danbite diffusion amd mmmmo-el --:|'n|;f aretie methunls, To elfeer o

('(i!"l‘ili!p:l‘ sevalogion] coniparison bhetween Fhue Eliree spoctes. Hoawas (-

siclered necess

“to prodhiee nnantizermn for cach tasorn, Comparisoys
af the three species in double diffusion plates imdivated spectficiny Tor

e

Fra. 10 Double diffusion plate. Antiserum (A=) miade 1o Brssica oferacen oxtra
(O Heterologons anigens are 22 e pestris (00 and 30 wigra (N)L Speeitic
preciputin lines are shown against (he bomologons exiract,

each Laxon i tenns ol non-identical precipitin lines and spurs f1fg 1
but the large nurebe of aptigen—antibody svstems produced made o
detailed comparison of the protein extracts very difficult. As expected.
immuno-electrophoretic analvsis gave a better resolution of the sero-
logical reaction: hut, with unabsorbed antisers. taxonomic comparison
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was again difficult because of the large number of precipitin arcs. How-
ever, with all antisera produced, it was possible to distinguish B. nigra
from B. campestris and B. oleracen in that it formed a strong arc
towards the negative pole (Fig. 2, x). Similar strong arcs were formed
by B. campestris and B. oleracea but cither at the point of origin or
slightly away from it.

To effect a more complete serological comparison, absorption of each
antiserum was carried out with each of the heterologous extracts and
the resulting antiserum analysed by double diffusion and immuno-
electrophoresis against the homologous extract. The results of these
experiments are presented in Table 1. Using differences in numbers of

TaprLe 1

Antiserum (As) absorbed with No. of precipitin lines
heterologous antigen mixture developng against

{Ag) homologons antigen

mixture

AsC -

Ag() o

AsC

— 09-10

AgN

A0 12

AgC

As(

AgN +-6

AN .

H‘ 3-5

AsN

Ash 3-5

Ap()

' = B. campestris, 0 = B. oleracea, N = B. nigra

precipitin lines as a guide to taxonomic affinity. it would appear that
B. campestris and B. oleracea arc closer to each other than either is to
B. nigre. This confirms the relationship based on the positions of the
strong precipitin arcs obtained with the unabsorbed antisera.

In the same investigation (Vaughan ef al., 1966) a parallel study of
the seed proteins of the three taxa was carried out by Boulter and
Waiters using dise acrylamide gel electrophoresis. Their taxonomic
results, based on a comparison of Rp values, confirmed those of the
serological investigation. Tt would thus appear that the findings of this
seed protein study are in agreement with taxonomy based on mor-
phology and eytology not only in distinguishing the three species but
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absa o indicating a closer relalionship between B ocampestris and
B.oleraeca (Schulz, 19110),

s the result of this vood correlation. the serolovical technicues
deseribed were next applied to morve difficnlt problems of  SBrassicn
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taxonomy. The various forms of B. campestris have been the subject of
much taxonomic discussion. Of these forms, turnip (5. campestris var.
rapa) and turnip rape (B. campestris var. autumnalis) have sometimes
been given varietal status, sometimes specific status (Musil, 1948). The
seed proteins of these plants were analyzed serologically in conjunction
with those of B. oleracca and B. nigra (Vaughan and Waite, 1967a;
Table 2). In comparison with the other taxa. little serological difference

TARLE 2

Antiserum (As) No. of precipitin Antiserumn (As) No. of precipitin
absorbed with lines developimg absorbed with Iines developing
heterologous against homologous heterologous  against homologous
antigen mixture antigen mixturc antigen mixture antigen mixture
(Ag) (Ag)
fAs T As O
- 2 — 2
AgC Ap T
Aa T _ As O
s 5] — I
J Ap O Ap C
As T As C
As T §-9 As O 5
Ag N Ap N
As T 1
LAgsC, 0 & N
rAsC 1 {very faint) As N .
Ap T reaction} AgT 3
As C g 0
25 46 As ¥ 3
Ag O ApgC
As s N
A -8 As N 1
Ag N Ap O
T = B. campestris var. rapa C = B. campestris var. qubhwmnalis
0 = B. oleracen N = B, nigra

was demonstrated between turnip and turnip rape and consequently
varietal status seemed to be indicated for these plants. Other serological
relationships that appeared as the result of this work were that B. nigra
gseemed closer to B. campestris than to B. oleracea and that there was a
closer relationship between turnip rape and B. olerucea than between
turnip and B. oleracea.

The genus Sinapis has long been associated with Rrassica. Linnaeus
{1737) placed black mustard in Sinapis together with §. alba (white
mustard). Schulz (1919) descrihed black mustard as B. rigre but left
white mustard in Sinepis. Bailey (1930) saw no reason for generic
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distinction and included both forms in Brassica. Vaughan and Waite
(1967a) compared serologically the seed proteins of S. albu with those
of B. nigra, B. campestris and B. oleracea (Table 3). S. alba was closer to

Tanrw 3
Antiserum {As) No. of precipitin Antiserum (As) No. of proeipitin
absorbed with lines developimg absorbed with lines developing
heterologous against homologous heterologoua  apainst homologous
antigen mixtare antigen mixture antizen mixture antigen misture
(Ag) (Ag)
As S . As O .
AgC Ag 8
As 8 - As O 1
Ag O AgC
As S . As 0
- 4] - -0
Ag N Ag N
As As N
s 6 As N 6
Ag s Ag S
AsC s N
5 0 As 3
Ag O : Ao C
AgC 5 As N 3
Ag N ' Ap
N = Sinapis alba (' = RBrassica cam pestris var. autumnalis
N = B, nigra 0O = B, oleracea

B. nigra than to B. campestris and B. oleracea but B. nigra was closer
to 8. campestris and B. oleracea than to 8. alba. It is dithicult to define
the limits of a genus but these serological results suggest that any re-
placing of B. nigra also requires movements of B, campestris and
B. oleracea.

These serological investigations were accompanied by starch gel
electrophoresis studies of certain enzyme systems (esterases, S-gluco-
sidases and fS-galactosidases). No differences were revealed between
turnip and turnip rape and, as this is in contrast to the enzyme variation
shown between the other taxa, it would seem to support the serological
indication of the varietal status of these plants. Apart from one esterase
system shared with all the other taxa, S. alba had no esterases, S-gluco-
sidases or p-galactosidases in common with the other taxa, support
possibly for its generic status as indicated by the serological work. The
distribution of esterases between B. campesiris, B. oleracea and B. nigra
indicated specificity but gave no information on relationships. However,
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the distribution of S-glucosidases and B-galactosidases supported the
gerological and acrylamide gel results in demonstrating a close relation-
ship between B. eampestris and B. oleracea and a closer relationship
between £. nigra and B. campestris than hetween it and B. oleraceu.

Vaughan and Waite (1967b) investigated B. carinata (n = 17),
B. juncea (n = 18)and B. napus (n = 19) which have been regarded as
anmphidiploid hybrids of 5. mgra (n = 8), 5. oleracea (1 = 9} and
B. campesfris (n = 10). Seed esterases. f-glucosidases and S-galacto-
sidases of all the taxa were compared by starch gel electrophoresis. The
results strongly indicated that these cnzyme systems of B. carinata,
B. juncea and B. napus are essentially a summation of some of the pro-
teins of the putative parents suggested by other botanical work, al-
though a few specific proteins did appear.

The seed protein work described is being continued with special
reference to the chemical identification of antigens of taxonomic im-
portance and the protein changes occurring in species synthesis experi-
ments.
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12. The Fluorescent Antibody Technique for the
Identification of Plant Pathogenic Fungi

T. . Prucy
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University of Leeds. England

- ABSTRACT

Serotaxonomic studies of fungi at Leeds include the production of specific
rabbit gamma-globulins for the identification of fungi. Results obtained by
labelling with fluorescein isothiocvanate are deseribed. Such cross-reactions
as do oceur when the fluorescent antibody technique is used may be direct
microscopic taols in taxonomy.

It has often bheen difficult to learn many details of plant disease
epidemiology because of problems of distinguishing similar fungi. The
mycelia of many, very different, fungi look similar when examined by
direct light nticroscopy. and detailed cultural and biometric studies are
needed for identification. Work at Leeds has concentrated on the
utilization of the fluorescent antibody technique to determine specific
fungi, without the need for culturing, on and in plants, and in seil.

Since the work of C'oons and co-workers in the United States 20 years
ago, when pneumococcal antigen in tissues was demonstrated by the use
of an antiserum labelled with a fluorescent dye, this technique has been
the subject of hundreds of papers concerned with a wide variety of
topies: the fluorochromes themselves and their union or conjugation
with proteins: the peculiar properties of conjugated serum proteins;
the use of ultra-violet light microscopy to detect the unjon of labelled
antibody with antigen, together with the immunological tracing of
particular proteins, tissue antigens and antibodies, and of particular
micro-organisms. The fluorescent antibody technique (I¥.A.T.) has been
especially useful with the identification of bacteria. To a much lesser

Syﬁtﬁl‘,ln&tics Asgsociation Special Volume No. 2. " Chernotaxonomy and Serotaxonomy ™,
edited by J. G. Hawkes, 1958, pp. 111-114.
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extent it has heen wutilized in the immunological tracing of protozoa,
helminths. viruses, rickettsinse—and probably least of all. with fungi.

We have used, in the main, fluoresceiti-iso-thiocyanate (Baltimore
Biologieal Laboratories F.1.'T.CC.) as our Huorochrome. Mycelium and
spores of fungi may be detected by the corresponding fluorescein
labelled antiserum.

The steps in the procedure for producing the tracer reagent, and its
snbsequent use are outlined in Tahle 1. Obligate plant pathogenic fungi

TArLE 1

Flow Diagram: Production and wse of F.I.T.C. labelled Antbody for
the Detection of Plant Dathugenie Fung!

PREFARATION OF ANTIGENS Isolate fungus in purc culture
Bulk up in liguid medium
Filter off mycehum ; grind.

PRODTCTION OF ANTIBODIES  Inoculate rablit with formalized suspension of
mycelium
Deteet extent of reaction with anfigen by agar
gel diffusion,

CONJUGATION WITH
FLUORESCEIN-180-
THIOCYANATE

SPECIFIC STAINING

Add dilute serum to F.LLT.C in the cold
Remove unreacted F.I.T.C. with charcoal
Cross absorption may be necessary.

Fix slide culture of fungus with acetone

Btain some preparations with F.L.T.C. conjugated
antisernm
Wash 1n buffered saline; drv.

MICROSCOPY Mount slide in glveerol-saline
(1l to eondenser (IJ.V. incril immersion oil)

Examine using U.V. light and dark-ground.

PHOTOMTCROGRAPHY

33 mm film colour or black and white,

cannot be grown in culture. ln these cases spores harvested from the
surface of infected plants must be used to immunize the rabbit. Many
nnportant pathogens can be grown in artificial culture however. Once a
suitable medium is foond, preferably with a simple wmitrogen souwrce
such as di-caleium glutamate, and glucose as a carbon source, the fungus
ig bulked up in liquid culture. Shaking the flasks has not helped greatly.
The mycelium is filtered off with a Buchner funnel and the dry weight
of an aliquot determined so that rabbits may be inoculated with a
known dry weight of mycelium. A dense suspension of the mycelium is
made by grinding a portion of wet mycelium, This is frequently difficult
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and ultrasonic disintegration has not helped. Grinding by hand in a
Griffith’s tube often turns out to be the most satisfactory. Rabbits are
injected with the formalized myecelial suspension hoth intravenously
and subcutaneously, together with Freund’s adjuvant, for a period of
several weeks. When a suitable titre 1s obtained, or after about 4 weeks,
the animal ig bled by cardiac puncture. On ocecasion low titres have
given guite sensitive reagents after conjugation with F.L.T.C. and a high
titre is not, it seems, essential. The titre is most conveniently obtained
by the use of the Ouchterlony agar gel diffusion plate method. At first
only gamma-globulin fractions of rabbit serum were used, but tests
showed that these were no better as diagnostic reagents than conjugated
whole sera, and these are in use for several pathogens now. In the early
work, the protein concentration of the serum was determined by a
maodification of the IFolin and Ciocalteau colorimetriec method so that an
amount of F.LLT.C. could be added which was proportional to the protein
content. Now we add an excess of F.LLT.C., ¢. 1 mg/ml and remove the
excess, after conjugation, by charcoal absorption. The charcoal process
Jeads inevitably to slight loss of antibody content and this may be
reduced by using as little activated charcoal as possible, less than
150 mgjml of original serum, and better still, by the use of a Sephadex
eolurnmn.

Bacteriologists are easily able to heat fix their organisms on a slide.
Thig iz not applicable to fungi. Cousiderable distortion results from the
heating in a Bunsen flame. and more important still, the hyphae are
difficult to locate and easily washed off. Techniques developed here by
Mrs. Dorothy Cooper have surmounted this difficulty by the use of
special micro-slide cultures. The mycelium, when grown on a slide, is
very difficult to remove, and stains well with the F.LT.C. conjugated
antiserurm.

The slide is fixed in acetone and the F.I.T.C. labelled antiserum left
on the slide for 30 min, This is then washed off by two changes of
buffered saline, followed by a rinse in distilled water. The dry prepara-
tion is covered with glycerol saline beneath a cover glip and examined
by darkground microscopy using a Vickers H.B. 200 mercury lamp in a
dark room. Control specimens of other fungi are used, and the unstained
fungus itself checked for autofluorescence. Where necessary, cross-
reacting antibodies to antigens of other fungi are removed by absorp-
tion.

Photomicrography in colour of the apple green stained hyphae on
High Speed Ektachrome usually requires an exposure of 10 min. The
hest black and white results have been obtained by using HP3 Ilford
film, exposures being about Y min. Typical photomicrographs show, for
example, the mycelium of Bolrytis cinereq stained with an F.LT.C.

6+
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conjugated antiserum, on HP3 Tlford film, exposure 5 sec, magnifica-
tion x 250, Unstained mycelium of the fungus was invisible under
1.V, microscopy. This result is quite typical.

Detecting the fungus in tissue has other problemns, notably the auto-
fluorescence of plant tissue. The use of eoloured counterstaing seems
likely to overcome this difficulty,
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13. Taxonomic Applications of DNA Hybridization
Techniques

D. E. KouNE

Department of Terrestrial Magnetism, Carnegie Institution,
Washington, D.C., U.S. A,

ABSTRACT

DNA hybridization provides a means for detecting the DNA sequences
held in common between two species. The experimental technique for these
gtudies depends upon separating unreassociated DNA (single strand) from
DNA which has reassociated {(double strand). The propertics of calcium
phosphate crystals (hydroxyapatite) provide a simple tool for separating
single-strand from double-strand DNA. Several DNA comparison experi-
ments illustrate the usefulness of this technique.

DNA from different life forms varies in its eomplexity. Bacterial and viral
DNAs are composed almost entirely of DNA sequences which are present
only onee per virus particle or bacterial cell. A major portion of higher
organism DNA, however, is composed of DNA sequences which are repeated
a large number of times. The implications of this complexity to existing
DNA relationship data are discussed.

Methods have recently been developed in our laboratory which allow
accurate and reproducible DNA comparisons among different life
forms (Britten and Kohne, 1967). Since these techniques utilize physical
properties of the nucleic acid molecules it will be helpful to describe
briefly the structure and properties of the DNA molecule which allow
these DNA sequence comparisons to be made.

DNA is in the form of long double-stranded molecules. These
molecules are termed “native” as long as the two strands have not
been separated in witro. The single strands of the DNA molecule are
composed of long linear sequences of the four hases A, G, C, T (adenine,
guanine, eytogine and thymine). These sequences contain information
written in the language of the genetic code. '
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The two single strands of the native DNA molecule are held together
principally by specific interactions between complementary nucleotide
pairs, A and T pair only with each other just as G and C only interact
together. A and T, and G and C are referred to as complementary base
or nucleotide pairs.

The DNA molecule then, consists of two polynucleotide strands,
arranged in a helical configuration, in which the bases of one strand are
joined with complementary bases in the second strand (Marmur ef af,,
1963). The two strands in a double-stranded DNA molecule are referred
to as complementary strands.

The two complementary strands of the double-stranded DNA
molecule may be completely separated (dissociated) from each other
(Fig. 1). Under the proper conditions the dissociated complementary

DISSOCIATE REASSOCIATE
—_— —
Native Single Reaséociated
DNA strand DNA
DNA

T1a. 1. A schematic view of dissociation and reassociation of DNA.

gtrands will reassociafe and form stable double-stranded molecules with
a helical structure similar to that of native DNA.

Since the reassociation reaction involves the collision of two comple-
mentary strands the rafe of the reaction is dependent upon the con-
centration of appropriate DNA strands. At high concentration of a

A High Concentration of Non- A Very Low Concentration of Radio-
radioactive DNA from Species A. active DNA from Species B. Thixy
This DNA Will Reassociate Rapidly  + DNA will Reassociate Only if There
and Completely. are Similar DNA Scquences in the

Non-radioactivo DNA of Species A.

Dissociate and Incubate Under Reassociating Conditions
}
Separate Reassociated DNA from Dissociated (single-stranded) DNA

The Amount of Radicactivity Present in the Reassociated
Fraction is a Measure of the Extent of DNA Relatedness

Betweoen the Two Species

Fi1q. 2. The basic experimental procedure used for DNA comparison studies.
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DNA (and therefore a high concentration of each complementary
sequence) the reassociation reaction is relatively rapid. At very low
concentrations of DNA the reaction is very slow.

The reassociation reaction pravides a means for detecting the DNA
gequences held in common between two species. The technique is
simple and straightforward (Fig. 2). A small amount of radicactive
DNA from species B is mixed with a large amount of non-radicactive
DNA from species A, The DNA in the mixture is dissociated and then
placed under conditions where the complementary strands may re-
associate. The concentration of the radicactive DNA is made very low
in order that it cannot reassociate with itself. A strand of radinactive
DNA can under these conditions only reassociate if it has a comple-
mentary strand in the non-radioactive DNA from species A. The con-

Double-Stranded
_K\ Adsorbs to Column
{4 —

Mixture of Double-
Stranded and Single-

Stranded DNA Slﬂng Strands
Cto Through
Pour Mixture Through

& Hydroxyapatite Column

F1e. 3. A schematized view of the use of a hydroxyapatite column to separate
gingle-gtranded DNA from double-atranded DNA,

centration of the species A DNA is made very high and therefore reacts
rapidly and completely.

At the end of the reaction the reassociated DNA is separated from
the non-reassociated DNA. Since the radioactive DNA could not react
with itself the amount of radicactivity in the reassociated fraction is a
measure of the DNA sequences held in common between the two
species, A and B.

A simple technique has been developed to separate reassociated
double-stranded DNA from dissociated single-stranded DNA (Britten
and Kohne, 1967). Crystals of calcium phosphate (hydroxyapatite)
have the ability to discriminate between double-stranded and single-
stranded DNA. Under the proper salt and temperature conditions
hydroxyapatite will adsorb double-stranded DNA but not single-
stranded DNA (Fig. 3). To separate rcassociated double-stranded
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DNA from single-strand DNA the DNA reassociation mixture is
passed through a hydroxyapatite column. The non-reassociated DNA
(i.e. single-stranded DNA) passes through the column while the re-
associated DNA adsorbs on to the hydroxyapatite. The reassociated
DNA is readily recovered from the column by either salt or temperature
elution,

The usefulness of the technique just described can be illustrated
further by econsidering an experiment carried out by Brenner and
Cowie (unpublished). This experiment was designed to ask two ques-
tions: 1. What is the extent of DNA sequence relationship detectable
between the DNAs of several species of bacteria? 2. When relatedness
is detected between two bacterial DNAs are the interacting strands
completely complementary to each other?

For this experiment a small amount of radicactive DNA was mixed
with a large amount of non-radicactive DNA from other bacteria. These
mixtures were then dissociated and incubated for an appropriate time.
At the end of the incubation the mixtures were passed over hydroxy-
apatite fo isolate the reassociated fractions. Table I presents the
measured relatedness observed between Escherickia coli and several
other bacteria.

We have seen in Table 1 how much of the E. coli DNA is held in

TaprLE 1. Observed relatednoss of K. coli DNA to the DNAs of different bacterial
species. The percent relatedness is the ratio of the fraction of the labelled E. coli
DNA which reassociates with the DNA of another species over the fraction of
labelled E. coli DNA which reacts with unlabolled F. coli DNA x 100. The ro-
association conditions for all samples were comparable.

BACTERIA Relatedness to . cold
E. coli 1009,
Shigella flexnerd 859
Salmonella typhimurium 35%,
Aerobacter aerogenes 359%,
Proteus mirnbilis 2-5%,

common with other bacteria. The next question to be asked was: Are
the DNA sequences which are held in common between these bacteria
really identical 2

It is possible to measure the degree of similarity between the DNA
strands of helical double.stranded DNA (reassociated or native)
(Britten and Kohne, 1967). The thermal stability (i.e. the temperature
at which the double strands separate into two single strands) of
perfectly base pair matched double-stranded DNA is higher than that
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of double-stranded DNA which has some degree of base pair mis.
matches. The greater the degree of base pair mismatching the lower
the thermal stability of the reassociated DNA. Native DNA is, of
course, assumed to have perfect base pair matching.

In bacteria the intraspecies reassociated DNA has a thermal stability
which is virtually identical to that of native bacterial DNA of that
species. It is possible to determine the precision of base pair matching
of the interspecies reagsociated DNA (e.g. one strand of the reassociated
double-stranded molecule came from E. coli and one from Salmonella)
by comparing its thermal stability to that of the reassociated K. colj
DNA.

Hydroxyapatite is also a useful tool for measuring the therma)
stability of douhle-stranded DNA. Double-stranded DNA binds to
hydroxyapatite while single-stranded DNA passes through the column,
If the temperature of the hydroxyapatite is raised above the tem-
perature at which the double strands separate, the single-stranderd
DNA can be washed off the hydroxyapatite column and recovered antg
measured. A thermal elution profile for a double-stranded DNA can be
obtained by raising the temperature of the hydroxyapatite column in
successive steps and washing away all of the DNA rendered single.
stranded after each temperature rise (Britten and Kohne, 1967).

Figure 4 presents the thermal elution profiles of reassociated &. colj
DNA and the reassociated double-stranded molecules composed of both
E. coli and Salmonella DNA strands. The reassociated E. coli DNA hag
a much higher thermal stability than does the interspecies double.
stranded hybrid. This indicates that the base pair matching in the
interspecies fybrid is fess than perfect. The detectable sequences held
in common between E. coli and Salmonella are then, similar enough te
react together to form a stable product but are not identical. Therefore
extensive changes in the DNA of E. coli and Salmonella have occurred
since their divergence from one another.

Comparison of DNAs from different higher organisms can also be
accomplished by using the techniques already described. DNA from
higher organisms is, however, more complex than bacterial DNAs in
two ways. 1. Higher organisms coutaiu much more DNA per cel]
(McCarthy, 1965). 2, Many individual DNA sequences in highey
organism DNA are repeated a very large number of times with soms
sequences being repeated as much as one million times while other
DNA sequences in the same genome are unique.

The repeated DN A sequences are readily detected by their rapid rate
of reassociation relative to the rate of reassociation of the DNA which
is not repeated. Two complementary strands must collide in order tg

reassociate. DNA sequences which occur more frequently than othey
g
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DNA sequences will collide with complementary strands more often
and will therefore reassociate more rapidly than the less frequent
sequences. For example, if a sequence is present 100 000 times per cell
it will reassociate 100 000 times more rapidly than a sequence which ia
present only once per cell,

The hydroxyapatite method also provides a tool with which to
separate rapidly reassociating DNA from slowly reassociating DNA.,

’_I'%— T T

E. coli™/5.typhimurium
66° (T, =755°%

E. coli */E coli 60°
{1, = 83%

36
E.coliy

32l 5 Hyphimurium
80° (T, =73°5%)
28—

i —
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Fia. 4. Thermal elution profiles of reassociated bacterial DNAs from hydroxy-
apatite. Broken lines: thermal elution profile of reassociated DNA composed of
labelled . coli DNA and unlabelled E. coli DNA. Solid lines: thermal elution
profiles of reassociated DNA composed of onc strand of labelled E. coli DNA and
one strand of unlebelled Selmonella DNA. Inecubations were performed at two
termperatures, 60° C and 66° C,

The techmique simply involves: (a) dissociating the DNA; (b) re-
agsociating the DNA for an appropriate time; (c) passing the re-
association mixture through hydroxyapatite where the rapidly
reagsociating DNA (which has reassociated) is adsorbed while the
single-stranded slowly reassociating DNA passes through the column.
These isolated DNA fractions can then be further characterized and
fractions from different organisms can be compared and characterized.

The DNAs of a variety of creatures have been examined in order to
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determine the distribution of repetitious DNA among life forms. The
species of bacteria and blue green algae (. coli, Clostridium perfringens,
Plectonema boryanwm) that have been examined do not contain repeti-
tious DNA dctectable by these methods (Britten and Kohne, 1968).
The list of higher organisms containing repetitious DNA is presented
in Table 2. All organisms ‘“higher” than baecteria contain repetitious

Tasre 2. A list of higher organisins whose genomes contain sizeable repeated
DNA fractions. All higher organisms checked thus far contain repeated DNA.

PROTOZOA
Dinoflagellate {Gyrodinium cokrii)®
Euglena gracilis®

PORIFERA
Sponge (Microciona)®

COELENTERATES
Sea anemone (Metridium) (tentacles)s

ECHINODERMS
Sen urchin (Strongylocentrotus) (sperm) -b.c
Sea urchin (4rbacia} (gperm)= ¢
Starfish (Asterias) (gonads)®
Sand dollar (Echinarachnis)®

ARTHROPODS
Crab (Cancer borealis) (gonads)®
Horseshoe crab (Limulus) (hepatopancreas)®

MOLLUSCS
Squid {Leligo pealii) (sporm)®

ELASMOBRANCHS
Dogfish shark (liver)*

OSTEICHTHY ES
Balmon (gperm)s-*- ¢
Lungfigh®- ¢

AMPHIBIA
Amphiuma (liver, red blood cells, muscle)®
Frog {Rana pipiens)®
Frog { Rana sylvatica)® .
Toad (Xenopus laevis) (heart, liver, red blood cella)
Axolotl {(Ambystoma Hgrinwm)®
Salamander (Triturus viridescens)e
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TABLE 2-—continued

AVES
Chicken (liver, blood)®-"¢

MAMMALS
Tree shrew®
Armadillo®
Hedgehog®
Guinea-pig®
Rabbitc
Rat (liver)®?-¢
Mouse (liver, brain, thymus, spleen, kidney)®".©
Hamster®
Calf {thymus, liver, kidney)>°

PRIMATES
Tarsier®
Slow Loris®
Potto
Capuchin®
Gelago®
Vervet®
Owl monkey®
Green monkey*
Gibhon®
Rhosugt-¢
Baboon®
Chimp?: ¢
Human?®- b0

PLANTS
Rye (Secale)®
Tobacco (Nicotiane glauca)®
Bean { Phaseolus vulgaris)®
Vetch (Vicia villosa)®
Barley (Hordeum vulgare):?
Pen (Pisum sativinn var. Alaska)s.?
Wheat (Triticum aestivum)™©
Onion (All#wem sp.)*

@ Rate of reasdociation measured directly by hydroxyapatite fractionation andjor
measurement of optical hypochromicity as a function of time.

& Labelled, shearod fragments bind to DNA from the same species imbedded in agar.

¢ Sheared non-radicactive fragments of DN A from the listed organism compete with
the DNA-agar reaction [b) of a relnted specios, reducing the amount of labslled DNA
which binds to the imbedded DNA.,
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DNA. Virtually all of onion and salmon DNA is repetitious while
repeated DNA comprises about 30-50%, of mouse and cow DNA. The
fraction of the DNA observed as repeated DNA varies with the species.
The pattern of repetition of DNA sequences of mouse DNA is presented
in Fig. 5. This shows the amount of DNA which occurs at different
repetition frequencies. One fraction of about 10%, of the DNA is com-
posed of a DNA sequence which is repeated about one million times.
About 15%, of the DNA has an average repetition frequency ranging
from 1 000 to 100 000 while the majority of the DNA is composed of
unique sequences.

Karly studies on DNA comparisons were carried out by Bolton,
Hoyer and McCarthy (1964) among creatures whose taxonomic
relationships are well established. The method they used (Hoyer ef al.,

50 K sheared mouse DNA
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Fia. 5. A repetition frequency spectrogram for mouse DNA. The relative
quantity of DNA is plotted againat the logarithm of the ropetition frequency.
The broken segments of the curve represent regions of some uncertainty. The
evidence strongly suggests that the peak at the right is composed primarily of
unrepeated DNA sequences (Britten and Kohne, 1967). These data were derived
from the measurements of the quantity and rate of reassociation of fractions
separated on hydroxyapatite.

1964) involves immobilizing long DNA strands from one animal in an
agar matrix and reacting this trapped DNA with shorter strands of
DNA from another source. At the end of the reaction the shorter strands
of DNA which did not react with the trapped DNA are washed away
?;d the amount of labelled DN A adsorbed to the DNA-agar measured
ig. 6).
Tahle 8 presents data obtained from a series of these reactions in
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-which immobilized mouse DNA was reacted with short radioactively
labelled DNA strands from different vertebrates.

Labelled mouse DNA fragments react with mouse DN A-agar to an
extent of about 309,. This 30%, fraction represents the rapidly re-
associating DNA of the mouse. This result illustrates the fact that only
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Tasre 3. Observed relatedness of mouse DNA-agar with labelled DNAs from
other vertebrate species (see Fig. 7),

Animal DNA 9% Relatedness to Mouse

RAT T4
HAMSTER 60
MAN 35
BHESUS 29
BOYINE 27
CHICKEN 6

the repetitious DNA of higher organisms can reassociate under the
conditions used for the DNA-agar technique. The data presented in
Table 3 then represent the degree of relatedness observed among the
repeated DNA sequences of various vertebrates.

Figure 7 presents these same data in a different way and shows the

100-0 T T T T T

i:\. Rat é‘

- enNHamster -

B + Man N

L . . _
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- N,
é - t
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Fia. 7. The reaction of differcnt vertebrate DNA fragments with mouse DNA-
agar, The percent relatedness given here is the ratio of the extent of inferspecies
binding to the extent of intraspecies binding (mousc on mouse} x 100. Values for
the time since divergence of the various animals were obtained from the palaeonto-
logical literature.
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observed loss of relationship among the repetitious DNA fractions with
evolutionary time. On this graph there appears to be a linear correlation
between the degree of DNA relatedness observed and the time since
divergence of the different vertebrates. The straight-line aspect of this
graph has obvious systematic implications and further work of this
type is in order.

When it became possible to fractionate higher organism DNA and
isolate and purify the slowly reassociating fraction of a higher organism
DINA it was of great interest to compare the slowly reassociating DNA
fractions of various animals. For these experiments isolated labelled
slowly reassociating DNA from the mouse was reacted with un-
fractionated DNA from the cow and rat. After an appropriate in-
cubation time the reaction mixtures were passed over hydroxyapatite
and thermal elution profiles of the reassociated DNA were ohtained.
Figure 8 (a, b, ¢) present data obtained from these experiments. About
609, of the labelled mouse slow fraction DNA is able to react with rat
DXNA. The precision of base pair matching between the sequences held
in common between mouse and rat however is very poor. Little if any
mouse slow fraction DNA is able to reassociate with cow DNA. These
results indicate that very extensive sequence changes have occurred in
mouse and cow DNA since their divergence while, as expected, mouse
and rat DNAs are much more similar,

Relatively little has been done towards utilizing DNA comparisons
as a tool for taxonomic and systematic studies. The development of the
hydroxyapatite technique for measuring DNA hybridization now pro-
vides a simple, powerful tool with which to attack these problems. In
addition to the work reported here DNA comparisons have been done
for viral (Cowie and Szafranski, 1967), bacterial (De Ley and Park,
1966) and plant {Bendich and Bolton, 1967} DNAs. The results of all
these experiments further suggest the immense potential of this tech-
nique as a tool for taxonomy and systematics.
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14. Evolution of Ribosomal RNA
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ABSTRACT

Past studies have shown that ribosomal RNA molecules from diffcrent
gources display differences in size, composition, secondary structure, and
mode of biosynthesis. Ribosomal RNA, together with the associated pro-
teins which make up ribosomes, occurs in all living organisms, Thus it
should be possible to trace the development of these molecules over the
widest possible evolutionary span. This type of study ultimately neces-
gitates the determination of the complete nucleotide sequence of ribosomal
RNA from a range of organisms. The determination of the complete nucleo-
tide sequence i8 a huge task, at present out of reach. A sensitive new method
described here, however, may reveal whether two speeics of RNA have the
same sequence or not. The method involves limited digestion of the RNA
with nueleases and separation of the fragment by polyacrylamide gel eleetro-
phoresis. The molecular weight range for which polyaerylamide gels are
applicable and the factors which determine the degree of resolution are dis-
cussed together with results on ribosomal RN As isolated from bacteria, plant
and animal species. Preliminary results on the characterization of ribosomal
RNA fragments afier separation on polyacrylamide gels are presented. These
results lead to & number of generalizations about the nature of evolutionary
changes in ribosomal RNA.

Ribosomes catalyze protein synthesis by the same basic mechanism
in all cells. It is interesting therefore that ribosomes from various
sources display structural differences. I wish here to examine the nature
of these differences and speculate on their evolution. I will focus
attention only on the RNA components of the ribosome with which my
own work has been primarily concerned. In any ease, studies on the
proteins and other constituents of ribosomes have not been carried out
on a sufficiently wide variety of organisms to permit general conclusions,

Syﬁtt?mu.tics Association Special Volume No. 2. *Chemotaxonomy and Serotaxonomy ™,
edited by J. G, Hawkes, 1968, pp. 131-156.
131
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After reviewing the earlier work bearing on the subject, I will describe
some of our recent results using a new technique for characterizing and
comparing RNA molecules. This technique involves limited digestion
of RNA by nucleases and separation of fragments by polyaerylamide
gel electrophoresis. Hence it is similar in principle to the “finger-
printing” of proteins (Ingram, 1958) which, owing to ity contribution
to amino acid sequence studies, has helped to place the science of tax-
onomy on a molecular basis.

PROPERTIES OF DIFFERENT TYPES OF RIBOSOMES

It has been recognized for some time that there are at least three
distinet classes of ribosomes, differing in size and in the relative pro-
portions of RNA and protein (Petermann, 1964; Taylor and Storek,
1964; Taylor et al., 1967; Stutz and Noll, 1967). Bacterial, mito-
chondrial and chloroplast ribosomes together form one class distin-
guished by their relatively small size (Table 1). As Kiintzell and Noll

Taprr 1. Propertios of ribosomes,

Bource Boow® MW x 10-° % BRNAe
E. coli 70 3-1° 63
Yeast 80 4-1¢ 40
Pea seedlings B0 4:1¢ 40
Rabbit reticuloeyto 80 4-1¢ 40
Rat liver 83 5-0f 45

¢ Potermann (1064)

® Tissiéres et al. (1959)

¢ Chao and Schachman {1956}
4Tg'0 et al. (1958)

t Dintzis ef al, {1958)

f Tashiro and Yphantis (19635)

(1967) have demonstrated there is a gradation in size, indicated by the
sedimentation eoefficients, Siq,%, even within the class of bacterial
ribosomes, ranging from what is considered to be the most primitive
organism gtudied, a photosynthetic bacterium Rhodospirillum rubrum

(S35, = 66), to the more advanced species Bacillus licheniformis
(S;(l.w = 73)

Ribosomes contain two ribonucleoprotein subunits each with a single
RNA chain. The size of the RNA in the larger subunit is approximately
2-5 times that of the smaller, It is of interest to note that the ribescmal
RNAs of animal and plant cells, like the ribosomes themselves, are
larger by 20-40%, than the corresponding species in bacteria (Table 2).
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Tanre 2. Molecular weights of ribosomal RNA.

Molecular weight x 108

SO'L].I‘CB -_-—
Large component Small component
E. coli¢ 11 05
Yoast? 1-4 a-7
Raf liver® 1-7 Q-6

8 Kurland {1960)
? Maoda (1961}
© (ieror {1958)

Significant variations in the base composition of ribosomal RNAs
have also been observed. A general survey (Petermann, 1964) reveals
that the larger RNA component of animal cell ribosomes containg a
higher proportion of both guanine and cytosine than that of bacteria
and yeast ribosomes (Table 3}. An exception to the rule is the ribosomal
RNA of Drosophile melanogaster, which has an unusually low G4-C
content {(Hastings and Kirby, 1966) (Table 3).

TabsLE 3. Base compositions of ribosomal RNA.

Bage composition

Base Large component Small component

E.coli® Yeast® Rabbit Drosophila H.coli® Yoast® Rabhit Drosophila

raticula- wmelanogasier® raticulo- melanagasterd
oytes oytes
A 0-26 027 0.17 0-31 0-25 0-27 0-22 0-29
U 0-22 026 016 0-27 021 0-29 0-21 027
G 0-31 027 0-37 0-23 032 0-24 0-32 0-24
C 021 0-20 4-31 a-20 0-23 0-20 0-24 0-20
G+ C 052 047 068 0-43 0-55 044 0-56 0-44

@ Spahr and Tissitres (1959)

® Bpencer et al, (personal communication}
® Gould et al. (1966)

4 Hastings and Kirby (1966)

Ribosomal RNA possesses segments of double helix in which the
bases are paired as in DNA (Spirin, 1963; Spencer ¢! ¢l., 1962; Spencer
and Poole, 1965). The stability and composition of these regions may
also be compared (Table 4). The guanine plus cytosine (G + C)
content in the double helieal region, like that of the overall base com-
position, increases in the order yeast < bacteria < rabbit reticulocyte.
Concomitant with this, since GC base pairs are more stable than AU
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pairs, we find the midpoint of the thermal transition from the paired to
the unpaired state of the bases in 0-01 M phosphate buffer for E. col
ribosomal RNA is 46°C compared to 54°C for rabbit reticulocyte ribo-
somal RNA (Cox, 1966).

TABLE 4. Base composttions of paired and unpaired regions of ribosomnl RNA.

Base composition

Base E. coli® Yeast® Rabbit reticuloeyto®

Paired Unpaired Total | Paired Unpaired Total | Paired Unpaired Total

A 022 0-38 027 0-15 11 26 017 0.19 0-18
u 0.22 018 0-20 0-15 11 026 017 0-21 o-18
G 0-28 0-33 29 014 014 0-28 0-33 0-43 0-36
C 0-28 12 23 014 0-05 0-19 0-33 0-17 0-28
G+ C| 056 0-45 52 028 0-19 0-47 66 60 0-64

“ Cox (1966)
» McPhie (1966)

The mode of hiosynthesis of ribosomal RNA may be contrasted in
animals and bacteria. The evidence suggests that ribosomal RNA in
animal cells is derived from precursors about twice the size of the
mature molecules (Perry, 1962; Scherrer et al., 1963; Rake and Graham,
1964; Penman, 1966; Perry, 1967, Warner and Soeiro, 1967). While
still in the nucleus the precursor appears to be split into one or two
molecules of ribosomal RNA plug some low molecular weight “waste”
products which are not transported to the cytoplasm (Jeanteur, et al.,
1968). The funetion of the latter, representing one to two-thirds of the
mass of the precursor, is unknown. The synthesis of ribosomal RNA in
bacteria seems to proceed in a more straightforward manner since no
high molecular weight precursors have been found to date.

Several workers have demonstrated the multiplicity of genes within
a single cell which code for ribosomal RNA (Spiegelman and Yanofsky,
1965; Attardi ef al., 1965a, b; Birnstiel ef «l., 1966; Dubnau ef al.,
1965a, b; McConkey and Hopkins, 1964; Oishi and Sueoka, 1965;
Ritossa el al., 1966; Ritossa and Spiegelman, 1967; Takahashi ef al.,
1967; Wallace and Birnstiel, 1966; Yanofsky and Spiegelman, 1963a, b).
E. coli with a DNA content of 0-4 pug contains approximately 10 genes
for each of the two components of ribosomal RNA. In reticulocytes
with a DNA content of 6 ppg DNA there are estimated 1 600-2 400
genes for each of the two components (Wallace and Birnstiel, 1966).
Whether or not these genes have evolved separately, resulting in a
heterogeneous population of ribosomes within a single cell, has heen
the subject of intense speculation. As yet no direct evidence has been

i
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presented concerning the existence of sequence heterogeneity within
ribosomal RNA from any organism. Some of the results described below
are relevant to this question.

If ribosomal RNA has been modified in the course of evolution by
mutation and selection of ribosomal genes, this should of course be
directly indicated by changes in the nucleotide sequence. Hence it is of
interest to study the nature and position of such changes and their
effects on the structure and function of the ribosome.

The sequences of five transfer RN As (Holley e al., 1965; Zachau et al.,
1966, 1967; Madison et al., 1967; and Raj Bhandary ef al., 1967) and 3
58 ribosomal RNAs (Brownlee et al., 1967; Forget and Weissman, 1967)
have been determined, but these are much smaller molecules (77-86
and 120 nucleotides, respectively) than the components of ribosomal
RNA (approximately 3 000-5000 and 1 500-2 000 nucleotides, re-
gpectively, for the larger and smaller components). Presumably it will
be a long time before the sequences of these are known. One must there-
fore seek a simpler method for revealing sequence differences between
high molecular weight RN A species. For this purpose we have developed
what I shall term the ““fingerprinting "’ method. This method appears to
be particularly sensitive to the fundamental conformational nature of
the RNA, which, within limits to be defined, overrides details of
sequence alone.

“FINGERPRINTING” RNA

The basis of the method is the observation that the RNA chain is
preferentially cleaved by certain nucleases in a relatively few and well-
defined positions (McPhie ef al., 1966; Gould, 1966a, b). In the early
stages of digestion the pattern of fragmentation is found to be quite
characteristic of the RNA species. To analyse the resultant mixture of
fragments a fractionation procedure of high resolution, sensitive
essentially to molecular size, is required. Neither analytical centrifuga-
tion (Huppert and Pelmont, 1962) nor gel filtration (Zachau, 1965)
offers anything like sufficient resolution and sensitivity. We have found
that electrophoresis in polyacrylamide gels best meets the requirements.

Ag applied to proteins, gel electrophoresis fractionates both according
to the size and charge of the molecules. With RNA, however, only the
size is of relevance because all RNAg have the same ratio of charge to
mass, there being one negatively charged phosphate group per residue.
Therefore, it is possible to obtain an estimate of the size of RNA from
its mobility on polyacrylamide gel electrophoresis once the relation of
mobility to molecular weight or other suitable eriterion of size is experi-
mentally established (see below).
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F1c. I{a). Fractionation of rabbit reticulocyte ribosemal RNA on 2-29% poly-
acrylamide gels. Experimental details are deseribed by Loening (1966). Com-
parable separations of ribosomal subunits have been reported by Hjerten et al.
(1965).
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F1e. 1(b). Fractionation of rabbit reticulocyte ribosomal subunits by zonal
centrifugntion in suerose gradients. The curves from bottom to top represent
increasing loads of material applied to the pradient under otherwise constant
conditions. Experimental details are given by Klucis and Gould (1866).
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F1c. 2. Migration of oligonuecleotides of
defined length on 159, polyacrylamide
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We have found that gel electrophaoresis is applicable over an enormous
range of size extending from molecular weights of several millions down
to mononucleotides. The concentration of acrylamide monomer used to
make up the gels determines the effective pore size and hence the sieving
properties of the gel. To achieve optimal resolution of particular RNA
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species the appropriate gel concentration must be selected. For
example, very dilute 2:5%, polyacrylamide gels may be used to separate
the components of ribosomal RNA (Fig. la; cf. & for comparable
separation by zone centrifugation in sucrose gradients), while more
concentrated 159%, gels must be used to scparate mono- and di-
nucleotides (Fig. 2). To separate all the components of a complex

3% :
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F1a. 3. Thoe relation between eloctrophoretic mobility and sedimentation co-
efficient for polyacrylamide gels of various concentrations. B, is the mobility of
BRNA relative to the anion {C1-) front in the discontinuous tris-barbiturate
systern recommended by Richards et al. (1965),

mixture several runs in gels of different concentrations may be required.

‘Criteria for selecting the appropriate gel concentration are described
here.

Tt has been shown experimentally that the relative mobility of RNA

in polyacrylamide gel electrophoresis is linearly related to the sedi-

mentation coefficient 83, ., over a wide range of gel concentration. The
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results of four independent calibrations of B, in terms of Sy, ,, for gels
of various concentrations are shown in Fig. 3 (Richards et al., 1965;
McPhie ef al., 1966; Gould ef al., in press; Bishop and Spiegelman,
1967; Gould, unpublished). The molecular weight (M) of randomly
coiled linear polymer chains is in turn related to S5, ,, by an equation
of the type S50, = kM® The values of £ and e for fragments of calf
liver ribosomal RNA produced by thermal degradation are 2 x 1072
and 0-5, respectively (Hall and Doty, 1958). Thus log M is likewise
related to the electrophoretic mobility of RNA. It should be pointed
out, however, that the exact values of ¥ and a will in general depend to
gome extent on the conformation of the RNA so that the moleeular
weights determined in this manner must be interpreted with caution.

T i T
151 -]

20

i ! ! ]
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Fra. 4. Optimal acrylamide concentration for resolving RNA specics. Optimal
resolution of two RNA species occurs when their mean B, = 0-6 (Richards et al.,
1965). Sedimentation coefficients corresponding to R, = 0-6 for gels of various
concentration taken from Fig. 3 are plotted here against the gel concentration.

Optimal resolution of two RNA species seems to occur when their
mean E; ig around 0-6 (Richards et al., 1965). As a rough guide Fig. 4
(based on Fig. 3) shows the gel concentration which should be selected
o separate any two given RNA species close in size. For most purposes,
however, this choice is not critical as long as the concentration is
sufficiently low to allow the RNA to enter the gel and sufficiently high
to give an appreciable pore-sizc effect {Fig. 3).

At least two factors account for the higher resolution which this



140 CHEMOTAXONOMY AND SEROTAXONOMY

method affords, compared with other methods. First, despite the
application of relatively large sample volumes, the RNA enters the gel
in a very narrow zone by virtue of a sharpening effect operative in the
discontinuous buffer system which we employ. (Ornstein, 1964;
Williams and Reisfeld, 1964.) A second advantage is the lack of ap-
preciable diffusion of the RNA as shown by the following experiment.
After electrophoresis of three identical samples, one gel was stained
immediately, the second after 3 h, and the third after 16 h (Fig. 3).
Diffusion is seen to be shight for all but the fastest migrating species.

Zones are detected by staining and removing excess dye (Richards
et al., 1965), by direct ultra-violet scanning (Loening, 1966; Tsanev,
1965), or, if the samples are radioactive, by autoradiography (Fig. 6;
Fairbanks ef al., 1965) or by “fractionating” the gel and measuring the
radioactivity of fractions (Maizel, 1966). These methods are very
sensitive: a few pg in a single zone can easily be detected by staining
with acridine orange or pyronine Y. The method offers preparative
possibilities in principle (see Hjerten et al., 1965), but up to the preseut
time no systematic attempt has been made to explore the limits of
resolution employing fractionation of RNA on a significantly larger
gcale. Preliminary experiments with the apparatus described by Gordon
and Louis (1967) have given promising results (Gould e/ al., in press).

For the isolation of RNA from zones we have resorted to prestaining
the RNA and, after electrophoresis, excising the prestained zones,
grinding the slices in buffer to extract the RNA and removing the
polyacrylamide by ecntrifugation (Gould, 1967). Although this method
is time consuming and involves several manipulations, the extracted
RNA was apparently undegraded.

TAXONOMIC RELATIONSHIPS

The first use of this method in ““fingerprinting ”” revealed the existence
of striking differences in the nuclease digestion patterns of ribosomal
RNAs from various species (Could ef al., 1966). In this study un-
fractionated ribosomal RNAs from X, coli, yeast, Xenopus laeviz odcytes,
pigeon reticuloeytes, mouse myeloma oGeytes tumour, rabbit liver and
rabbit reticulocytes were compared (Fig. 7). All the samples were
digested with T ribonuclease under standard conditions and the digests
were subjected to electrophoresis on 5%, polyacrylamide gels. Tt will be
recalled (Fig. 3) that 5%, gels resolve RNAs in the range of 2-5--158
(corresponding molecular weights approximately 1-5 x 10%-5:5 x 10%).
Approximately half the mass of 308 RNA from rabbit reticulocytes is
resolved into fragments in this molecular weight range under these con-
ditions (Gould, 1966b). Smaller fragments including the remaiuder of 308



T RYVY WM

Vo

Fra. 5. Diffusion of RNA in polyacrylamide gels. Three samples of T, ribo-
nuclease digest of rabbit reticuloeyte ribosomal RNA were subjected to electro-
phoresis on 5%, polyacrylamide gels in the tris-harbiturate system (Richards et al.,
1965). After electrophoresis for 40 min the first gel (top) was stoined immediately,
the second gel {middle) after 3 h and the third gel (bottom) after 16 h. Densi-
tometer traces are shown above the photographs of the stained gels.
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same genetic constitution. Reticulocyte ribosomal RNAs isolated from
the phylogenetically distant gpecies, pigeon and rabbit, on the other
hand could clearly be distinguished on the basis of their “finger-
prints .

We have recently been able to strengthen and extend these observa-
tions. Through the use of 159, polyacrylamide gels it has been possible
to analyse the products of fragmentation of the larger component
of ribogomal RNA in their entirety, to examine the “fingerprints”
given by the smaller RNA component from various organisms, and
to compare ribosomal RNAs from microbial species. The following
preliminary results may be reported (Gould, Pinder, and Smith, unpub-
lished).

Digestion of 305 RNA from rabbit reticulocytes and from liver ribo-
somes isolated from several mammalian species gave in addition to
specific fragments of high molecular weight a series of relatively low
molecular weight fragments { < 10 000} resolvable in 157, polyacryl-
amide gels. The digestion patterns of rabbit reticulocyte and rabbit
liver 308 ribosomal RNA were similar, as in the case of the high
molecular weight fragments (Gould ef af.. 1966). The patterns displayed
by the three species. rat, mouse, and rabbit liver 308 RNA showed
small but reproducible differcnces, particularly in the high molecular
weight range,

Whereas the fragments of 198 ribogsomal RNA from rabbit retienlo-
cytes were for the most part too small to be resolved in 5%, polyacryl-
amide gels, a series of well-resolved zones appeared on electrophoresis
of a T, digest in 15%, gels. In contrast to the case of 308 RNA, the
patterns seen on comparing 198 RNA from rat, mouse and rabbit liver
ribosomes were indistinguishable.

Ribosomal RNA was isolated from two species of yeast ribosomes,
Saccharomyces fragilts and Saccharomyces cerevisine. The RNAs were
digested with three enzymes of different specificities, pancreatic ribo-
nuclease {which attacks only pyrimidine residues), T; ribonuclease
(only guanosine) and an enzyme purified from Saccharomyces cerevisiae
{attacking preferentially the adenosine residues). The digestions were
performed over a wide range of enzyme concentrations using standard
incubation conditions (10 min at 25°C}. Kach of the three enzymes
yielded a characteristic pattern with both 175 and 288 components of
yeast ribosomal RNA. However, the RNAs from the two strains were
indistinguishable under any of the conditions we employed.

Similar results were obtained with the two closely related bacterial
species B, sublilis and B. miger. Although T, ribonuclease digestion
patterns of 168 and 235 components differed appreciably, RNAs from
the two species could not be distinguished,
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HYPOTHETICAL NATURE OF RIBOSOMAL RNA MUTANTS
AND METHODS OF STUDY

The results with B. subtilis and B. niger were of particular interest in
view of the hybridization studies carried out by Dubnau et al. (1965a, b)
in which the “homology’ between these two species was found to be
only 509, (rows 1-3 and columns 4 and 5, Table 5). It may be supposed

TapLe 5. Interstrain and interspecific hybridization
with Bacillus subtilis RNA fractions.

DNA % 43 168 238 Pulse  In witro
G+ C

B. subtilis SB19 STE'M" 43 100 100 100 100 100
100 100
B. subtilis 6633 ErMrS” 43 89 121 107 19 26
22 27
B. niger E*ST 43 40 52 56 14 —
16 —
B. pumilus MS" 40-41 52 75 71 4 11
11 11
B. lickeniformis M"ST  45-46 87 118 113 23 —
23 —
B. megaterium TErS° 39-40 65 121 118 0 10
1 20
B. polymyza B° 4748 26 43 36 1 —
1 _
B. macerans S° 52-53 47 78 78 i 3
E. coli W 50 16 19 20 — 2
0 b
Phage T, 34 0 0 0 - —

Experimental details described by Dubnau ef al., 1965b.

that this figure represents an upper limit, indeed probably a very con-
siderable over-estimate, in sequence differences between the two species
for the following reason: if two mutations in the RNA corresponding to
ribosomal RNA are sufficiently close together (separated by less than
about aix nucleotides} then owing to the instability of short double
helices it will not be possible for the RNA-DNA hybrid to form be-
tween these points. Thus eight rather than two phosphodiester
linkages will be digested in the ribonuclease step. The hybridization
technique is therefore capable of amplifying sequence differences be-
tween two ribosomal RN As.

Any restrictions on the variation of base sequences in ribosomal RNA
would tend to increase the probability of finding any two mutations
close together and hence the discrepancy between the genetic homology

7
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as measured by the hybridization technique and the actual number of
base sequence changes.

It is easy to see how such restrictions might arise. The funetion of the
ribosome in protein synthesis is undoubtedly dependent on the con-
formation of the rihosomal RNA constituents. In practice this entails
the relative orientation of the numerous short helical regions of riho-
somal RNA (Cox, Gould and Barkai, unpublished). A single mutation
in any of the paired residues (which constitute 75%, of the total} would
result in mismatching according to the Watson-Crick base pairing
scheme and could prevent helix formation. If the resultant ribosome
were inactive or less efficient in protein synthesis, natural selection
would tend to eliminate organisms bearing mutations at points corre-
sponding to such paired residues in ribosomal RNA.,

Further restrictions on the variability of base sequence might he
envisaged if the precise sequence in either paired or unpaired regions
is important for the interaction with ribosomal proteins, methylating
enzymes or nucleages engaged in the biosynthesis of ribosomes or the
supernatant proteins, nucleic acids (58, ribosomal RN4, messenger and
transfer RNAg) and coenzymes which participate in protein synthesis.
Because of these likely restrictions one might predict that variations in
sequence will be found to occur in relatively restricted portions of the
sequence mainly situated in the unpaired or amorphous regions where
the precise bage composition may be unimportant.

The multiplicity of ribosomal RNA cigtrons, if these are indepen-
dent, may promote evolution by allowing mutations to accumulate in
nonfunetional ribosomal RNA molecules. These molecules may be used
with selective advantage subsequently in a different environment or
when a number of mutations have occurred in other gene products
which interact with ribosomes in protein symthesis,

Unlike the hybridization technique, ‘““fingerprinting” appears to be
sensitive primarily to the conformation of the RNA. Tt is likely that the
conformation is determined in large degree by the nuclectide sequence,
but that it ean accommodate appreciable sequence variations, as in the
cage of proteins, particularly in unstructured regions. Since also the
digestion would tend to occur preferentially in these latter regions it is
not surpriging that similar “fingerprints™ are obtained on comparing
closely related species. We conclude that mutations do not result in
drastic changes in the overall structure of ribosomal RNA, but such
changes may evolve gradually.

HOMOGENEITY OF RIBOSOMES IN A SINGLE ORGANISM

“TFingerprints”’ are capable in principle of yielding information about
the homogeneity of ribosomes within a gingle organism. There are
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approximately 2000 cistrons for each component of ribosomal RNA in
reticulocytes. The nnmber of different ribosomal RNA sequences could
be correspondingly large. Under certain circumstances one might there-
fore anticipate a very complex “fingerprint” with fragments in very

Fie. 8. Microdensitometer tracing of polyaerylamide gel shown in Fig. 9 (0}
The R; values reported in Table 2 are calculated from peak distance from the
origin relative to that of the unresolved matemal (R, = 1). The areas indicatec
beneath the peaks relative to the total area under the curve give an approsimate
estimate of the weight fraction of (he fragment in the digest.

low molar yields compared to the intact RNA. That sequence changes
can in fact be revealed by “fingerprints” is evidenced by the com-
parison of ribosomal RN As from various species (Fig. 7).

In order to test whether ribosumal RNA from a single organism is

e
[
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homogeneous, we have examined the molar yields of nuclease frag.
ments. Figure 8 shows the way in which this information was obtained
from a microdensitometer tracing of a gel containing a T'; ribonuclease
digest of rabbit reticulocyte ribosomal RNA stained with acridine
orange. Since the fragments appear in molar yields approaching unity
the RNA would appear by this eriterion to be homogeneous (Gould,
1967). We have now obtained similar results on analyzing low molecular
weight fragments of 308 and 198 ribosomal RNA from reticulocytes
and from the three microbial species examined on 159, gels,

These observations do not rigorously prove that the ribosomes within
a given organism are homogeneous for. as we have seen in the case of
B. subtilis and B. niger, sequence differences can be masked by the
overall conformational similarity of different RNAs. Moreover, the
technique is not sufficiently sensitive to detect a small minority of
mutant RNAs. 1t is of interest however that Birnstiel (personal com-
munication) has obtained independent evidernce based on the kinetics
of formation of ribosome RNA-DNA hybrids that ribosomal RNA is
homogeneous.

PROPERTIES OF RIBOSOMAIL RNA FEAGMENTS

In order to pursuc the structural differences between ribosomes
further, we are now attempting to discover something about the nature
of the fragments which we obtain. With this object we have isolated
fragments of 308 rabbit reticulocyte ribosomal RNA (Fig. 9) and exam-
ined their thermal melting profiles (Table 6). The melting curves provide

TaBLE 6. Properties of isolated ribosomal RNA fraginents from rabhit reticulocytes.

Fragment  Yield I Ao Aoy AAze AAze! AArel GC
we) 20 AL A w0 TTERAAg, GO+ AU

1 104 9-7 0-587 0-605 0-282 0-314 0-314 79
2 74 —_— 0-500 0-787 0-252 0-277 0-804 82
3 70 — 513 0-775 0-218 0-261 (-835 81
4 67 — 0670 0-7T10 0-173 0-215 0-805 82
H 104 — 0-540) 0-720 0-180 0227 (-893 79
L] 136 — 0-570 0-642 0-164 0-188 0870 80
7 134 — 0-575 710 0-168 0187 0-900 79
.3 243 4-0 0-523 675 0209 0207 1-01 73
9 1750 2-0 (-482 0604 0145 0-112 1-29 63

308 RNA . 30-0

0515 0-553 0-290 0-249 1-16 68

information on the stability and the composition of the helical regions
of RNA. The GC content of the helical regions is obtained approxi-
mately from the equation

foc = Y[0-81{AAyq0/AAz50) — 1:46]
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Fic. 9. Isolation of nbosomal RNA fragments. Ribosomal RNA was digested
with Ty ribonueclease. Pyronine y was added to stain the RNA and the digest was
then subjected to electrophoresis in 59 polyaervlamide gel. The electrophoretic
pattern obtained is shown at the far left together with the scale relating the
mobility to molecular weight (McPhic ef al., 1966). RNA was extracted from nine
separate zones and re-run on polyvacrylamide gels as shown to the right of the
original pattern. Further experimental details are reported in Gould {1967).

TasLE 7. Molar yields of ribosomal RNA fractions from rabbit reticuloeyvtes,

Fragment  Weight I Molecular MW Moles F
(F}) fraction weight (MW) 16 x 10 Moles 308
1 0-161 0-294 254 000 0159 1-00
2 0-043 (-380 206 000 0-129 0-33
3 0-065 0(-435 178 000 0-111 0-58
4 0-059 0-500 148 000 0-093 0-68
5 +076 0-594 112 000 0-070 1-08
Ba 0-042 0-650 92 000 0658 0-72
6h 0-089 0710 72 000 0045 1-98
7 0-069 0-850 36 000 0022 310
8 (9% 0-920 22 000 0-014 7-00
9 0-575 1-000 10 000 -

3058 RNA — - 1600 000 1000 —
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{Cox, 19ti6). The high meiting temperature (Ty} {(Fig. 10) and the (3
content (Table 7} of the fragments of 308 ribosomal RNA lsolated from
5% polyacrylamide gels (Fig. 9) is reminiscent of the upper melting
phase of the intact RNA (Fig. 10:0). Since also the proportion (about
40°3) of the total RNA is consistent, it is reasonable to conclude that
we have thus isolated these regions intact.

The thermostable GC-rich sequences of ribosomal RNA from higher
organisms therefore seem to be concentrated in confined regions of the
molecule. 1t will be recalled that RNA from higher organisme is 20~-440,
higger than that of hacteria (Table 1). We suppose therefore that
insertions were made at specific points (or additions at the end) of the
ribosomal genes in the course of evolution. It would be of interest to
determine the relative position of these new sequences both in terms of
the primary sequence of the RNA and the topology of the ribosome,

COMMENTS ON THE EVOLUTION OF RIBOSOMAL PROTEINS

We may bricfly consider what may be deduced about the evolution
of the ribosomal proteins. Multiplying the molecular weight of the ribo-
some by the percentage of protein in the ribosome (Table 1) we obtain
the total contribution of the ribosomal proteins to the molecular weight
of the ribosome. The values calculated in this way are 1-2 x 106 for
E. coli, 2.5 x 109 for yeast and 2:7 x 10° for rat liver ribosomal pro-
teins. Closely similar values are obtained by subtracting the molecular
weight of the RN A components (Table 2) from that of the corresponding
ribosomes (Table 1), The average molecular weights of the ribo-
somal protems of E. colt (M, = 23 000: Méller and Chrambach, 1967)
and of rat liver (M, = 26 000: Hamilton and Ruth, 1967) are essentially
identical. Therefore the number of proteins in K. coli is 50-65 and 100
i rat liver. Thus about 3350 new protems have been added to ribo-
somes in the course of evolution. Thus both the length of RNA and the
number of proteins have increased on the evolution of higher organisms
from bacteria. It is tempting to speculate that the “young’ proteins
and RNA are associated together and the two evolved in tandem.

FUTURE PROSPECTS

The more difficult problem for the future is to elucidate the mecha-
nism of protein synthesis in all essential detail, and to interpret in
mechanistic terms the significance of the evolutionary changes. Much
is already known about the mechanism of protein synthesis (Schweet
and Heintz, 1966; Attardi, 1967). However, though the structural
features which differentiate ribosomes appear to be correlated with



151

14. EVOLUTION OF RIBOSOMAT. RNA

ruosrmdun:
J0y puad q3e1 zoddn ey W uwmoys Bl sowIosoq oyLoo[nonar 1qgBa Jo queucdwod gog oy Jo orgoad
Bungew oy, *(L061) Pmoy) £q PoqLIsop s¥ pamswouw 910 Juryeel Uo sedueyd eourqiosqr o3 puw ‘9., Hd
“aepmq oqeydsoyd W [(-( Ul POAOESIP daéa g ‘S Ul usmoys spuowdeyy oyy Jo sejgoid JumpERr 0 ‘D14

{J.) 34NLYHIdAIL

oL Gl 05 52 §¢ 05 S7 5L 05 §7 St 0§
T T T T T T T T

14vaH0SEY




152 COEMOTAXONOMY AND SEROTAXONOMY

modifications in the exact mode of function (Takeda and Lipmann,
1966; Kiintzell and Noll, 1967; Parisi ef al., 1967) the uature and
selective advantage of the functional differences remain to be dis-
covered.

From the taxonomic viewpoint the study of RNA seems to have g
number of advantages, in particular, that unlike most proteins, and
certainly most experimentally accessible proteins it is a very ‘“‘old”
molecule which is common in its occurrence and function to all formsg
of life. The work which J have prescnted should be viewed as only the
beginning of the arduous road to a fuller understanding of the structure
and funetion relationship in ribosomes, and the differences which
evolution has generated,
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ABSTRACT

Comparisons of the bile salts of representatives of vertebrate groups whose
taxonomic affinities are not fully understood may be useful. Examples are
hagfish and lampreys; holocephalans and selachians; primitive osteichthyeans
and teleosts; crossopterygians, dipnoans and amphibians; certain lizards and
snakes. Bile salts studies suggest. that Ranidae are heterogeneous and bio-
chemically more advanced than Bufonidae. They support the idea that
chelonians have a long history separate from that of other reptiles; they may
aleo be valuable in snake classification, may indicate an earlier (more
vegetarian) history for some groups of mammals now having “unique” bile
acids and might be valuable in investigating the “‘radiation” of entheriang
having glycine conjugates.

INTRODUCTION

The use of a biochemical character for taxonomie purposes implies,
above all, that the mechanistic nature of the character be understood.
Tt is very well to say that ““everything is in the DNA*’, but between the
DN A and its biochemieal expression lie complex controls and regulators
that must be elucidated before the full meaning to taxonomy of the
differences can be appreeiated. Fortunately in the case of hicchemical
characters there seems no technical reason why this end cannot ulti-
mately be attained.

In chemical bile salt differences we are considering the significance of
variations in physiologically active molecules, secreted for a digestive
purpose and shaped by evolution in most large vertebrate groups to a
common pattern. We are not, as yet, in a position to be able to discuss

Bystematics Association Speeial Volume No. 2. “ Chemotaxonomy and Serotaxonomy”,
edited by J. G. Hawkes, 1968, pp. 159-172.
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the mechanism of this evolution or even to examine the enzymes con-
cerned in bile salt formation. This paper will therefore attempt to
discuss chemical bile salt differences, as they exist, where possible
taking into account the modifications in the primary bile salts (made in
the liver from cholesterol} brought about by intestinal micro-organismsg
during the enterchepatic circulation.

Comparisons will be made in vertebrate groups to the taxonomie
study of which bile salt differences may be relevant. Except where
otherwise indicated, references to the chemistry and biochemistry of
bile salts and to their occurrence in different species are given by
Haslewoad (1967a).

AGNATHA

According to Heintz (1962) “Kiaer and his supporters regard the
recent cyclostomes as a monophyletic group and are of the opinion that
the Petromyzontia and Myxinoidae diverged from one another eom-
paratively recently”. This seems to be a minority view amongst
taxonomists and it receives no support from the bile salt chemistry,
Myxinol disulphate, the chief bile salt in both Myzine and Eptatretus
(Bdellostoma) is 38,70¢,16a,26(or 27)-tetrahydroxy-5e-cholestane 3,26
{or 27} disulphate {formula 1: Anderson ef al., 1967).

O, CH,- 0804~
CH-CH,CHy' CH, CH
CH,

(1) Myxinol disulphate

Myxinol disulphate is the most primitive bile salt known, in the sense
that it is biochemically nearest to cholesterol, having the 27 carbon
atoms and 38 hydroxyl group of that substance and only four —OH
groupsin all. All other chief bile alcohol C,, sulphates have at least five
hydroxyl groups {three in the 3,7,12 positions), only one sulphate ester
group and, with the exception of latimerol {mentioned below), have
the —-OH group at C-3 in the «-configuration.

The chemistry of the bile salts of Petromyzon muarinus has been
elucidated to show that the chief component has a molecule with
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only one sulphate ester group, the ba-configuration and three of
its —OH groups in the 3«,7«,12x positions. Nuclear magnetic resonance
(n.m.r-) and mass spectral examination of the bile aleohol (“petro-
myzonol ) suggested 3a,7a,12e,24-tetrahydroxy-5a-cholane (2) as a
ossible structure. Chemical confirmation followed (Haslewood, and
Tokés, 1968) and it seems clear that Petromyzon bile salts are entirely
different from and also biochemically more advanced than those of

the myxinids.

CH,

qH "
O CH-CH,-CH,-CH,0H

“OH

(2) Petromyzonol

CHONDRICHTHYES

Bile salt chemistry may be relevant to the relationships of the
Holocephali to the Selachi. Patterson (1965} in discussing this question
says that: “there is evidence of genetic affinity between the holo-
cephalens and selachians, but no evidence of any direct relationship
between the two groups’. Between groups already recognized as
related, similarities in bile salt chemistry might be taken to be in-
dicative of the expression of homologous genes. In the present case,
chimaerol {3e,7c,120,24¢,26(or 27)-pentahydroxy-58-cholestane (Ior-
mula (3), now confirmed by n.m.r. examination by Dr. L. Tékés) has
been found to be a prineipal bile alecohol of Chimaera monstrose and also

CH, CH,0H
? CH-CH,-CH, OHOH-OI\I
CH,

HO™ “OH

(3) Chimaerol
8+
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present in minor amounts in the bile of at least two selachians, the ray,

Dasyatis akajer, and dogfish, Mustelus manazo (references in Haslewood

1967h). ’
The chief bile alcohol in selachians seems to be scymnol, which differy

24
from chimaerol only in having the terminal side-chain v*CHOH_éf{

25

(CH,OH), instead of —CHOH.CH(CH,)0H,0H as shown in Formul,
(3). If the steric configuration at C-24 is identical in chimaerol ang
seymnol (a point yet to be determined), it is hard to resist the gop-
clusion that chimaerol is a biosynthetic precursor of scymnol and coyld
give rise to it by the action of a single hydroxylating enzyme. Thus, in
their bile salt chemistry (and probably biochemistry} the chimaeroidg
are primitive selachians. Their bile probably also contains a little
scymnol.

PRIMITIVE O3TEICHTHYES

A chief bile salt in the coelacanth Latimeria chalumnae (now gon-
firmed for a second specimen) is 38,7«,120,26,27-pentahydroxy-5e-
cholestane (latimerol).

H <|JH3 CH,OH
G CH-CH, CH, CH, (H
CH,0H

HO : “OH

H
{-1) Latimero}

Assuming that latimerol is biosynthesized from cholesterol and pro-
vided that the 38-OH group is not a result of the intervention of in-
testinal micro-organismas (i.e. latimerol a secondary bile aleohol), this is
a primitive substance, in accord with the position assigned to Latimerin
by taxonomists. The 3« epimer of latimerol, 5«-cyprinol (5), also occurs
in minor amounts in eoelacanth bile and is a chief bile aleohol in
dipnoans and certain freshwater teleosts.

The latimerol/cyprinol hydroxylation patteru (3,7,12,26,27) in a
5e-cholestane seems to be characteristic of freshwater osteichthyeans;
this fiuding provides further support for the views of paleontologists
that the coelacanths, though now marine, were originally freshwater
forms,
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No latimerol has been detected in the bile of Neoceratodus, Lepidosiren
or Protoplerus; the lungfish are distinctly more advanced in their bile

g s CH,0H
Q  CH-CH, CH, -CH,-CH
CH,0H

HO™ ~oH

{3} 5a-Cyprinol

galt chemistry than Latimeria. Neoceratodus bile salts are a mixture
including the sulphate esters of 5a-cyprinol and Se-bufol (3a,7e,12¢,
25¢,26(or 27)-pentahydroxy-5a-cholestane (6).

- ?Ha . CH,0H
QO  CH-CH,-CIL,-CH, C

HO™ Ol

(6) S5z-Bufol

The bufol pattern of hydroxylation is found also in certain amphibia
and js discussed later.

CHONDROSTEI

Sturgeon (three species of Acipenser) and paddlefish (Polyodon) bile
salts agree in consisting mainly of taurocholic and tauroallocholic acids,
as in most teleosts, and a small proportion of bile alechol sulphates. The
biochemical picture is of mainly advanced bile salts but with obvicus
primitive characters, in accord with the position assigned to chondro-
steans by taxonomists.

TELEOSTEI

In all the instances cited above, tliere is no essential conflict between
the taxonomic indications of hile salt chemistry and the views of
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gystematists enumerated on other grounds. However, among the
teleosty bile salt indications do not always appear to agree with present.
day taxonomie ideas.

For instance, in all the cyprinids examined (12 species of Cyprinidae
and one each of Catostomidae and Cobitidae), the chief bile salt is the
sulphate of da-cyprinol (5). This substance i3 undoubtedly a primitive
bile aleohol.

If the teleostean biosynthetic stages between cholesterol (proved to
be a source of the bile salts in Cyprinidae} and the bile salts are the
same as those in mammals, the later steps so far elucidated probably
are:

3a,7er, 120, 26-tetraltydroxycholestane  (A) — 3e,7a,12a-trihydroxy-
cholestan-26-al (B) - 3e,7e,12a-trihydroxycholestan-26-oic acid (C) —»
3a,7a,12q,24-tetrahydroxycholestan-26-oic acid (D) - 3«,7a,12¢-trihy-
droxycholanoic acid (B} + propionyl CoA.

Sa-reduction of the cholesterol double bond at a stage previous to
substance (A) would lead to 3e-cyprinol via the Se-epimer of (A), and
5f-reduction as above would give cholic acid (7) as the acid (E).

L OH,

0 CH-CH, CII,-COOH

/ . TOH
N H
; - (7) Cholie acid

Thus, stripped of its chemical detail, the biosynthetic relationship
between cholic acid and 5e-cyprinol may be as shown in Fig. 1.

5cc-bufol (6) S5a-eyprinol (5) Path (1)

t t

|
— —— — (Bar) — {A) — {B) — () — (D) — allocholic acid {8)  Pazh (3)
Choloesterol
—— —— (58} — (A) — (B) — (C} — (D) — cholic acid (7) Path (2)

' | 4
58-bufol { BB-cyprinol
chimaerol (3) — scymnol

Fig. 1. Possible pathways for biosynthesis of bile alcohols and bile acids
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Path (1) is mainly followed in cyprinid fishes, but it is evident that
Path (2) is also activated in these forms. In almost all other tele-
osts, Path (2) is the only one detected.

The evidence for saying that Path (1) is primitive is that 5z-cyprinol
is a bile alcohal of unquestionably primitive osteichthyeans. There is
also a progression amongst the Ostariophysi, for the silurids seem more
advanced than the cyprinids, some having a little Sa-eyprinol but most
containing only cholic acid.

Thus, there is a strong case for holding that, in their bile salts, the
cyprinids and silurids are primitive teleosts and that the cyprinids are
the more primitive of these two groups.

A gimilar view was at one time held by some taxonomists; for instanece
Newman (1939) says: “The carps are often cited as being the most
generalized or most nearly anocstral of all surviving teleosts”. In their
recent classification, Greenwood ef al. (1966) very tentatively assign the
Ostariophysi a position close to the origin of their Division III, but
ahove the salmonids. No Sa-cyprinol has yet been found in salmonoid
bile: two species (Plecoglossus altevelis and Oneorhynchus rhodurus) have
been very carefully examined (references in Haslewood, 1967b} and I
have found only taurocholate and taurochenodeoxycholate in Coregonus
clupeoides.

The separation of teleosts into separate possibly polyphyletic groups
by Greenwood and his eolleagues finds some support from bile salt
studies, for traces of 58-cyprinol (3e,7a,12¢,26,27-pentahydroxy-58-
cholestane) have been found in the bile of certain eels. 58-Cyprinol
conld arise by a single step from the 53 epimer of {A). It is one of the
bile aleohols in sturgeons.

The holostean Amia calva (bowfin) contains only taurocholate.

1t seems very probable that bile salt studies will be able to contribute
to our understanding of teleost taxonomy.

AMPHIBIA

Amphibijan bile salts are complex, containing both bile alcohols and
bile acids. 5a-Cyprinol (5) is present in Megalobatrachus japonicus
(Cryptobranchidae), Se-bufol (6) in Diemyctylus pyrrhogaster (Salaman-
dridae) and the 58-epimer of (6), 58-bufol (3e,7e,12a,25¢,26(0r 27)-
Pentahydroxy-58-cholestane) seems to be characteristic of species of
Bufo. As mentioned above, both 5a-eyprinol and 5«-bufol are present
in the dipnoan Neoceratodus (it is not determined whether 5a-bufol
oceurs also in Lepidosiren or Protopterus) and an animal with bile salts
like this would be an acceptable amphibian ancestor. Indeed, there is a
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striking resemblance between Neoceratodus and Diemyetylus bile, fop
the newt also contains Se-cyprinol (Hoshita ef al., 1967). If amphibiang
inherited genes for the production of 25-hydroxylating enzymes from
fishes, as seems likely, Latimeria is apparently excluded as a forbear,
for 5a-bufol has not been demonstrated in this coelacanth. The bufonidy
might have gone over fo the 53 series (Fig. 1), whilst still retaining the
bufel type of bile alcohol; they seem to possess no ability to proceeg
along Path {2} further than stage {C) and do not make cholic acid.

Megalobatrachus is also using Path (3) (Fig. 1) and makes allocholie
acid (3¢,7a,12e-trihydroxy-5e-cholanoic acid (8)); this is also true of
Salamandra salamandra and of many lizards.

CH,
H
Q CH-CH, C11,-COOH

HO~ O

H
(&) Allocholic acid

The Ranidae (frogs) have remarkable bile salts. Small amounts of
cholic acid are found and also of the 58-epimer of substance (C) (Path
(2), Fig. 1); however in the species examined thoroughly (Rana
catesbiana, R. nigromaenlata, B. temporayia) bile aleohols are prominent,
in R. nigromaculata 58-cyprinol is present, but R. catesbiana and R,
temporaria have respectively the 58- and 5a-ranols (3e,Te,12¢,24£,26-
pentahydroxy-5e- or 58- 27-norcholestanes) as their C-24 sulphates (9),

The biosynthetic origin of these, in relation to Fig. 1, awaits clarifica-
tion. It is, however, abundantly clear that the ranids are heterogeneongs

CI’I:;
24 25 26
O o1 CH,-OH,-¢H-CH, - CH,0H
080,”

HO™ “OH
{9) Ranal sulphates

4
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in their bile salts and it would not be nureasonable to suppose that the
ranols are biochemically more advanced than 58-cyprinol. There ig
clearly no close relationship between Rana and Bufo in bile salts and
Bufo has the more primitive type.

REPTILES

The bile salt evidence accords with the idea (Partington, 1962) that
the chelonians perhaps arose from a stock (Diadectomorpha) distin-
guishable from the Captorhinomorpha from the earliest fossil records,
for no bile acid has yet been found common to chelonians and other
tetrapods. An acid, 3e,7¢,12a,22¢-tetrahydroxy-58-cholestan-26(or 27)-
oic acid {10) identified in turtle and tortoise bile can be regarded as both
primitive and gpecialized.

- CH, COOH
0 CH-CHOH-CH, CH, CHl
i P A

Cl,

HO “oH

T
(10} 3u,7a,120,22¢-Tetrahydroxy-38-cholestan-26 (or 27)-oic acid

The acid (10} could arise by 22-hydroxylation of the 58 epimer of
compound (C) (Fig. 1), i.e. 3u,7a,12c-trihydroxy-58-cholestan-26-oig
acid (11).

g 5 COOH
Q' CHCH,CH, CH,(H
CH,

HO™ “OH

It
(11} 3e, 7,12« Trihydroxy-53-cholestan-2G-oie acid

The acid (11) itself is found as a chief constituent of crocodilian bile
and may possibly represent the primitive Cyy,58 bile acid from which
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arose not only the chelonian bile acid {10) but also the 3ex,7¢,12¢, 24¢.
tetrahydroxy-58-cholestan-26(or 27)-oic acid ({D) of Fig. 1) of Varanuy,
and Heloderma. Thus, the bile acid evidence accords with the picture

Ancient stock — Archogaurs

id (C) 5
(aci ¢( ) ﬁ)\

Chelonians Platynotans

On this view, snake ancestors could have been precursors of the
platynotans, for snakes contain almost entirely C,,,58 acids derivable
(Fig. 1) from acid (C) {58).

In other words, snake ancestors perhaps had already taken the 58
pathway, in contrast to the precursors of most of the lizards examined
(except Varanus and Heloderma), which have (U, 5¢, bile acids.

There are certain secondary bile acids in snakes which may eventually
be useful for classification. Pythocholic acid (3,12, 16a-trihydroxy-
58-cholanoie acid (12) is derived by 16u-hydroxylation of deoxycholic

g O
¥ CH-CH,-CH, COOH

(o
HO

/ H
A {12} Pythocholic acid

acid {3«,12«-dihydroxy-58-cholanoic acid (13) which in turn is made
from cholic acid {7) by intestinal miecroflora (Bergstrim et al., 1960),
Pythocholic acid is present in at least 12 speciegs of Boidae and

CH,
I
©Q  CH-CH, CH, COOH

(13) Deoxycholic acid
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probably also in Cylindrophis rufus (Aniliidae): thus 16«-hydroxylation
seems to be a primitive snake character. It is remarkable that it was
not found in the boid Corallus enhydris, although of course this may
have been due to the absence of micro-organisms making deoxycholic
acid in this animal,

Perhaps, however, the “patchy” oceurrence of a biochemical
character like this is of taxonomic significance, for the occurrence of
(-23 hydroxylation in several more advanced snakes appears at present
to make limited systematic sense. Bitocholic acid (3e«,12¢,23¢-tri-
hydroxy-5ﬁ-cholanoic acid (14) may, like pythocholic acid, be surmised
(Underwood, 1967) also to be a secondary bile acid, made from
deoxycholic acid (13).

CH,

I3 »
O (CH-CH, CHOH-COOH

{14) Bitocholic acid

Bitocholic acid and C-23 hydroxylated cholic acid {3a,7e¢,120,23¢-
tetrahydroxy-58-cholanoic acid) were first isolated from DBitis species
and have since been detected in most of the Viperinae examined. This
(-23 hydroxylation, however, is absent from Cerastes cerasies and Echis
enrinatus (Viperinae) and from all the Crotalinae examined (11 species),
Tt also oceurs in some colubrid snakes.

There is no instance of two species of the same genus having different:
bile acids, but the oceurrence of (-23 hydroxylation seems to transgress
gome of the wider boundaries drawn by Underwood (1967) and other
snake systematists in a manner that strongly invites further (especially
biochemical) investigation.

BIRDS

8o little is known about bird bile salts that speculation about them ig
hardly justified, No specifically ‘reptilian”’ bile acids have been found,
except perhaps the unusually large amounts of allocholie acid (8) in two
species of penguins. Allocholic acid, as already mentioned, is the chief

bile acid in many lizards. The presence of this substance (if not a
BE®
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dietary artifact in penguins) might conceivably be a primitive bio-
chemical character but could not be classed as such on the present
meagre information about bird bile.

MAMMALS

Nothing has been found in monotremes that would suggest any bio-
chemical bile salt difference between these animals and the remaining
mammals. Glycine conjugates are absent from monotreme bile and are
also apparently missing or minimal in marsupials. They first make their
appearance in eutherian mammals. In these, the enzymes for the
reaction:

+

R.CO.8.CoA + HN.CH,.C00- > R.CO.NH.CH,.CO0" + CoA. SH
+ H*

Bile acid Glycine Glycine conjugate CoA

CoA derivative

are active and functional in many species, but apparently dormant or
missing in others. Further biochemical study might be useful in rclating
glycine conjugation to mammalian systematics, especially in rodents.
As an example, the chief bile salt difference between Myocastor coypus
and Thyronomys swindereanus is the apparent absence of glycine con-
jugates in the latter animal.

Unique bile acids are found in some eutherians. For example, pigs
(Suidae) all have 6a-hydroxylated bile acids, like hyocholic acid
(3a,6a,7a-trihydroxy-58-cholanocic acid (15)).

CH,
CH-CT,-CH, COOH

(15) Hyocholic acid

All the Pinnipedia apparently have phocaecholic acid (3«,7¢,23¢-
trihydroxy-58-cholanoic acid (16)) and Murinae have small amounts of
68-hydroxylated-58-cholanoic acids.
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CH,

| =
CH- CH,-CHOH-COOH

o~ 0TI

11
{16) Thocaecholic acid

All these acids can be regarded as derived from chenodeoxycholie
acid (3«,7e-dihydroxy-58-cholanoic acid (17))

e
CH-CH, CH,*COOH

HO™ “QH
H

(17) Chenodeoxycholic acid

and have heen in some cases shown to be made from this substance.
Now chenodeoxycholic acid is the second principal ¢, bile acid and its
biosynthesis probably differs from that of cholic acid (Danielsson and
Tchen, 1968). Moreover, there is a clear tendency to dihydroxy (rather
than trihydroxy) C,, bile acids in several animal groups, especially
mammals having herbivorous dietary habits, Thus, it is possible that
acids like hyocholic and phocaecholic might have arisen by rehydroxyla-
tion of chenodeoxycholie acid in animals requiring trihydroxy bile acids
in place of chenodcoxycholic acid. A taxonomic implication would be
that the ancestors of suids and pinnipeds included more strictly
vegetarian forms. It would be interesting to have the views of mamm-
alian systematists on such a question.

CONCLUSION

When the primary bile salt relationships are set out stepwise as in
Fig. 1, one is tempted to think of them as mediated by enzymic
gequences of the operon type in the Jacob-Monod sense: i.e. controllable
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by regulator genes. If this were so, bile salt evolution could consist of
the “switching on” of whole gene sequences leading to physiologically
improved bile salts and the repression and eventual degradation of more
primitive gene sueccessions. Such ideas may be helpful in assessing the
taxonomic importance of the differences discussed in this communica-
tion.
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16. The Use of Secondary Chemical Characters
in the Systematics of Higher Plants

J. B. HARBORKE _
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University of Liverpool, England

ABSTRACT

It is shown that secondary plant constituents have an important place in
the application of chemistry to higher plant systematics. Plant to plant
variation is discussed and the valne of replacement over presence/absence
characters ig stressed. The three main methods of chromatographie analysis
used in the sercening of plants for secondary constituents are described
briefly. The use of chemistry in the identification of species and of species
hybrids is outlined. An example is given of the identification of a Primula
plant incorrectly assigned on morphological grounds to the F. rosea group
but shown by paper chromatography to be identical with P. warshenewskiana.
The verification, through a study of the leaf alkaloids, of an unusual Solanwum
tetraploid hybrid which arose by double chromosome reduction from the
hexaploid 8. demisswm and the tetraploid 8. stoloniferum is deseribed.

Tile use of secondary constituents at higher levelis of plant elassification is
also discussed. A survey of the flavonoid pigments in the family Gesneriaceae
is shown to support the recent classification proposed by Burtt on morplio-
logical grounds. Differences in pigment type at the subfamily level indicate a
correlation between chemistry and plant geography, which has been traced
to the different pollinating mechanisms in the contrasting habitats of the Old
and New World gesnerads, Some results of a chemical survey of the tribe
Caucalineae of the Umbelliferae are presented and it is shown that examina-
tion of the polyphenols reinforces the ecnclugions from protein studies about
generie delimitations in the group.

INTRODUCTION

Secondary plant constituents

Plants, unlike animals, accumulate in their cells 4 considerable range
of low molecular weight substanees, the majority of which have no

Systernatics Association Special Volume No. 2. “Chemotaxonomy and Berotaxonemy ™,
sdited by J. G. Hawkes, 1968, pp. 173-191.
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distinct funetion in primary metabolism. These substances, the so-called
secondary constituents, are often present in congiderable quantities and
are sometimes regarded, incorrectly in my view, as waste produets of
plant metabolism. They range from the toxic alkaloids and the odori-
ferous essential oils to the cathartic anthraquinones and the coloured
anthocyaning and flavones of flower petals. These substances, because
they are not directly involved in the essential metabolic activity of the
plant, vary immensely both qualitatively and quantitatively in their
digtribution and offer an excellent range of characters for use in a
chemical approach to plant systematics.

The rapid development of biochemical systematics in the last ten
years (see Swain, 1963, 1966) has owed much of its impetus to the study
of these secondary constituents, Compared with the large molecules of
plants, they have several advantages. For example, there is rarely any
ambiguity about their structures. Many are chemically complex, e.g.
the alkaloid strychnine (Formula 1), but the labour involved in

(1) Strychnine

structural identification using the modern physical methods now avail-
able is considerably less than that required for elucidating the amino
acid sequence of the simplest protein. Their biosynthesis requires a
range of enzymes above the normal complement for essential meta-
bolism, and to study the distribution of strychnine in Strychnos species
is in effect to make an enzymic comparison between species. Thus, any
conflict between the use of large and small molecules in higher plant
systematics is largely illusory,

There are several different ways of assessing the results of surveying
plants for secondary constituents. One can regard it simply as an
exercise in comparative biochemistry, a perfectly valid approach. One
can also make use of the information so gained for unravelling hio-
synthetic pathways in plants, Again, one may regard the vast body of
chemical information available about plants from the phyletic point-
of-view and construct chemo-evolutionary trees from such data. I wish
here to concentrate on a more down-to-earth approach; to indicate the
value of surveying plants for secondary constituents to the taxonomist
concerned with plant identification and with establishing taxonomic
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hierarchies among restricted plant groups. I hope to show that chemistry
can provide gignificant systematic information not available from any
other approach and that chemistry can solve, on oceasion, a systematic
problem that has failed to yield to ¢ytological, anatomical or morpho-
logical techniques.

Before giving some examples of the use of chemistry in plant
systematies, 1 must say a few words about how secondary constituents
vary from plant to plant and about the techniques required for deter-
mining their distribution patterns.

Plant to plant variation

The occurrence of a chemical in a plant can be assessed by the
chemotaxonomist in three ways: (a) gualitatively, i.e. as a presence
absence character; (b} quantitatively; and (c) biosynthetically, as one
character replacing another. The majority of surveys are carricd out at
the qualitative level and one obtaing data in the form shown in Table 1.
Quantitative studies become necessary when analysing plants for
essential oils and leaf waxes, since the same spectrum of terpenes and

Tapik 1. An example of presence/absence characters:
the flavonoids of Pine heartwoods

Subgenus and subsection Flavones Flavanoncs Flavanonols
(no. of species surveyed = —— - - ~ . —_——
in parenthesis) 1 2 3 4 5 & 7 8
HAPLOXYLON
Cembrac (3) 4+ 4 - + o+ _ + —
Flexiles (1) + o+ - 4+ 4+ - + _
Strobi (8) + () (+) + () (+) o (+)
Cembroides (1) + 4 - + o+ - + —
Gerardianac (2) - — + 4 {+) + 4
Balfourianae (2) +  + -~ +  + - + -
DIPLOXYLON
Leiophyllae {2) - - - 4+ - - + -
Longifoliae {2} - - 4 o~ - + _
Pineae (1) - - — + - - + _
Lariciones (7) . - — + = — (+) -
Australes (9} - - — + - — =+ _
Tnsignes (12} — - + - - 4 -
Macropae (2) - - - T — - + -

Key: 1, ehrysiu; 2, tectochrysin; 3, stroboehrysin; 4, pinocembrin; 5, pinostrobin;
6, strobopinin; 7, pinobanksin; 8, strobobanksin. +, uniformly present; {4 ) not present
in all species; —, absent. Data adapted from Erdtman (1956}, Subsectional nemes aro
derived from type species within the subsection, e.g. Cembrae after P. cembra L.,
Flexiles aftor P. flexilis Jam., etc.

{ Reproduced by kind permiseion of Academic Press)
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hydrocarbons tends to be present uniformly thronghout a given group
of plants. Concentrations may vary significantly from species to species
and these are usually given as a percentage of the total volatiles
(Table 2). The systematic assessment of quantitative variation is

Tasre 2. Turpentines of some Mediterranean pinea

SPECIES TERPENE COMPOSITION
.
«-Pinene Comphene A-Pinene 3.Carene DMyrcene Limoncno ;5‘-Phel-ﬁ
landrene
P. eldarica 58-0 0-5 4-0 29-0 I-5 05 I-0
P. stankewiezii  57-0 trace 65 26-5 1-0 0-6 trace
P. brutia 795 1-0 6-0 40 trace 1-5 0-3
P, pityusa 69-8 — — 23-6 — — —
P, halepenasis 95-0 - — — — — —
F. sylvestris 60-6 — 17-4 16-9 — — —

Figures aro given as 9%, of total turpentine. The first four species are all considered by some
taxonomists to be synonymous with P. halepensis but the terpene results indicate that they are
chemically distinct. Data from Mirov, Zavarin and Snajberk (1966).

difficult and much thought still needs to be given to the analysis of
such data.

Presence/absence characters have certain disadvantages: for example,
it is not usually possible to prove that a chemical iz completely absent
from a plant; one can only write down ““not detectable at a given con-
centration by the technique used’. This difficulty vanishes when one

+ chemical character oceurring in some species is uniformly replaced by a
related character in other species and one is then in a particularly strong
position to apply the results to systematics. Unfortunately, few such
unambiguous situations have so far emerged during chemotaxonomic
studies. The hest known example is that of the replacement of the
widespread purple anthocyaning {(e.g. Formula 2) by the similarly
coloured nitrogenous betacyaning {e.g. Formula 3} in just one order of

Gle—0O

@
OH HO N C0,®

HO N
0O—Gle L | COH

Gle—0 H
{2} Delphin {3) Betanin
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higher plants, the Centrospermae. The two classes of pigment have
never yet been found to co-oceur, with one possible exception, in the
same plant. Although they differ considerably in biosynthetic origin,
their visual effect is very similar. The situation is interesting taxonomic-
ally since the presence of betacyanins in two families once separated
from this order, the Cactaceae and the Didieraceae, has been used to
confirm their inclusion in the order. There is, however, one apparently
good centrospermous family, the Caryophyllaceae, which retains antho-
cyanin pigmentation and there is thus chemical justification for re-
examining its affinities.

A simpler example of a replacement character is that of the rare
anthocyanin pigment, hirsutin (Formula 4), which replaces the much
more common anthocyanin, malvin (Formula 5), in several subgenera

OMe

{4} Hirsutin {5) Malvin

of the genus Primula. Hirsutin only differs from malvin in having an
extra methyl group and is presumably synthesized from it by a single
enzyme-catalysed methylation. My recent surveys (Table 3) show that
while hirsutin occurs characteristically in the subgenera Auriculastrum,
Primada, Craibia and Aleuritia, it is replaced by the simpler malvin in
the subgenus Awuganthus, which includes three popular ornamental
species P. obconica, P. sinensis and P. malacoides. 1 am following here
Wendelbo’s recent reclassification (1961) of Primula and it is pleasing
to find the chemistry of the flower pigments agrees for the most part
with his subgeneric revisions.

The chemical analysis of plants is complicated by the presence of
“chemical races™ in some species, by genetic variation in others and
environmental effects in yet others. I have no time to dwell in detail on
these complications but it is true to say that chemical characters by
and large are no less stable than most so-called ‘reliable” biologieal
characters, Just as leaf shape, a very plastic character in some ciroum-
gtances is universally used in taxonomic assessments, so anthocyanin
pigmentation, subject to considerable genetic variation in some
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TABLE 3. An example of a replacement character—flavonoid pigments

in the genus Primula \

Subgenus  No. of spp. Anthocyanins Yellow pigments
examined ’ . N s -~ ~
Common 7-Mothylated Carotonoid Flavonoid
Sphondylia 1 — — present —
Aurisulastrum 5 — hirsutin {5) — —
Primula 4 — hirsutin (1) traces gossypetin
(4)
Auganthus 5 malvin (5} — — —
Cratbia 3 — hirsutin (3} - -—
Aleuritia 29 malvin (1)  hirsutin (13) present goBssypetin
eyanin (3)  rosinin (2) (7) (3) (in secticn
Sikkimen-
sis only}

Classification after Wendelbo (1961); chemical results from unpublished work of the
author, Numberg in parentheses indicate number of species with the character indicated,
o dosh indicating that the charactor is absent. Hirsutin is, however, often accompanicd
by common anthoeyaning ng trace constituents,

ornamental plants, may be used with confidence as a chemical marker
in most plant groups.

Methods of chemical analysis

The screening of plants for secondary constituents—once a very
laborious and esoteric art—is now a simple, speedy process, due to the
advent of chromatography. Present-day techniques are well within the
capacities of biologists, although of course, whenever new substances
are encountered, it 1s as well that a chemist should be at hand to 1solate
and identify them. There are three main types of chromatography —
paper, thin-layer and gas-liquid—and I shall give brief examples in
turn of the results obtained from each technique.

PAPER CHROMATOGRAPHY

Paper chromatography—the technique which twenty years ago won
a Nobel Prize for its inventors—is now being steadily replaced by the
more versatile thin-layer chromatography for many separations. It is
however still the technique of choice for examining water-soluble plant
constituents such as sugars and amino acids, and its use is illustrated
here with reference to the flavonoids and related phenolic constituents.
Figure 1 shows two-dimensional paper chromatograms of leaf and petal
extracts of two common British plants, the cowslip P. veris and the
primrose P. vulgaris. The phenolic compounds are detected by examina-
tion of the paper under ultra-violet light where they appear as dull or



16. THE USE OF SECONDARY CHEMICAY, CILARACTERS 179

fluorescent spots in a range of colowrs from black, brown, yellow to
green and white. As ean be seen, there is a considerable number of
phenolic constituents in these Primulas, some of which oceur in both
species and others of which are species-specific. Chromatograms so
produced remain unchanged almost indefinitely and could be stored in
herbaria for reference purposes alongside plant specimens.

F. vulgars
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Fre¢. 1. Two-dimensional paper chromatograms of Primule species. Key:
1 = kaempferol 3-pentiotrioside; 2 = quercetin 3-gentiotrioside; 3,4 = goss-
ypetin glycosides. Solvenis: in upward direction, butanol-acetic acid-water
(4:1:5) from left to right 5% aqueous acetic acid. L = leaf extract, F = Hower
extract. Hatched spots: compounds common to both species. Open spots: species-
specific compounds.

THIN-LAYER CHROMATOGRAPHY

Thin-layer chromatography is really only a modification of paper
chromatography and is more versatile simply because a range of
adsorbents besides cellulose may be used. The adsorbent is spread as a
thin layer on a clean glass plate and the plate is then developed in just
the same way as a paper chromatogram. T.L.C. is the most imporfant
technique for separating substanees such as alkaloids, guinones and
coumaring, Typical one-dimensional separations on silica gel of the
anthraquinones in aloe samples from different parts of the world are
shown in Fig. 2 (see Horhammer et al., 1965).
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Fiac. 2. Thin layer chromatogram of anthraquinones in alocs (Hérhammer e al.,
1965). Adsorbent: silica gel. Solvent: ethyl acetate—methanol-water {100:17:14).
Plate sprayed with methanolic alkali and examined under ultra-violet light.
A, B = cape aloe (Aloe spp. and hybrids); C = East African aloe; I) = Socotra
aloe (A. perryi Baker); E = Indian aloe (Aloe spp.); F = West Indian aloe
{(A. barbadensis Miller); G = Natal alce (4lve spp.). Various shadings indicate
colours in u.v. light as follows:

e STy
00.0000

. LRGN
= yellow; 0‘;’0:020:0:0:0‘ =red;
Vistetelololely

[m = blue green; ——] = brown violet.

GAS-LIQUID CHROMATOGRAPHY
Gag-liquid chromatography is the technique of choice when dealing
with the volatile plant constituents and the method has the advantage
that the results are given in both qualitative and quantitative terms.
The volatiles are separated on an inert column coated with a silicone at
a temperature of 150° or so and appear ag a series of peaks on a chart,
the heights of which are related to the concentrations. The gas-
chromatograph traces of the essential oils of three species of catmint
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(Fig. 3) indicate the large amount of information produced by this one
technique. Each of the three species can immediately be distinguished
by a major oil character: citronellol in Nepela citriodora, nepetalactone
in N. cafaria and epinepetalactone in N. mussini (see Regnier ef al.
1967).

N. cataria

N. mussini

N citriedora

MMJHU U L

Fic. 3. Gas chromatograph traces of the essential oils from Nepela species.
a, camphor; b, carophyllene; ¢, nepetalactone (Regnier ef al., 1967). Separation
on an 05-138 polyothyl other column, Ordinate: recorder response; abscissa;
temperature and titne, increasing from left to right.

(Reproduced by kind permission of Pergamon Press).

CHEMISTRY AND PLANT IDENTIFICATION

Species identifications

The identification of higher plants solely on morphological characters
is not. always straightforward; every system of classification has its
“difficult” groups. While chemistry can never compete with the
elaborate morphological keys used in plant identification, it might
profitably be used at the species level in difficult cases. Chromato-
graphic tests, which can often be carried on a fragment of dried leaf
and give a result within an hour, might eventually become part of the
taxonomist’s armoury in some plant groups.

Special difficulties attend the identification of drug plants, because
only a portion of the plant is usually available for study. Here, chemistry
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has already taken over from anatomical studies and thin-layer chro-
matography is widely used in pharmacies, especially in Germany, for
checking the authenticity of herbal supplies and for looking for con-
taminating materials in root and leaf samples. The correct identification
of plant varieties is a matter of some economic importance, especially
now that patent laws are being introduced in England. This is often
tricky, since so few clear-cut morphological characters are available.
Chemical variation in secondary constituents occurs in most cultivated
crops (see, e.g., Rowlands and Corner, 1963) and such differences may
well be sought when carrying out cultivar identifications.
Phytochemical experience indicates that one could find in every wild
plant species one or more species-specific constituents, which could be
used potentially for purpose of identification. Let me quote one example
from my own survey of the genus Primula, a taxonomically confusing
group of over 500 species. In surveying the collection of plants growing
in the University of Liverpool Botanic Giardens at Neston, T came across
a plant labelled “ P. aff. rosea’, which had been collected on one of the
Furze Himalayan expeditions. It had the characteristic rose pink petal
colour of P. rosea and was so gimilar morphologically that there seemed
no reason to doubt its affinities. I had, however, earlier found a very
rare anthocyanin, rosinin (Formula 6), in P. rosea which was quite

OMe

{6) Rosinin {7) Cyanin

characteristic of the speeies (Harborne, 1960) and on examining the
P. aff. rosea plant, I immediately became suspicious, since it lacked this
pigment, having the much maore common anthocyanin, cyanin (Formula
7), instead. Pink flower colour is relatively rare in the genus, but there
is another species P. warshenewskiana with this colour in the same
section. Examination of the chromatographic patterns of petal extracts
of P. aff. rosen and P. warshenewskiana (Fig. 4) showed them to be
identical, both having cyanin and six other flavonoid components in
common. By contrast, P. rosea is very different, having only three of
the seven constituents of P. warshenewskiona and in addition three
further compounds, including rosinin. This chemical comparison rules
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Fic. 4. Identification of Primule aff. rosea by chemistry of its petal pigments.

out the possibility of simple genetic variation and indicates that the
Furze material is identical to P. warshenewskiana; it certainly shows
quite unambiguously that it is not a form of P, rosea.

Hybrid identification

The identification of plant hybrids by means of morphology and
anatomy is sometimes very difficult and the fact that hybridization
readily occurs in a particular plant genus considerably confuses any
taxonomic treatment of that group. Cytology has helped considerably
in this situation in distinguishing hybrids from true species and evidence
is aceumulating that chemistry can play an equally useful role in hybrid
gtudies.

Hybrid plants generally contain, at least in their leaves, the chemical
constituents of both parents, and chromatographic studies of a hybrid
extract will show a pattern of spots more or less identical to a synthetic
mixture of extracts of the two parents. Such chromatographic studies
of leaf phenolics have been used extensively for identifying hybrids
among natural populations of the legume genus Baptfisia by Alston,
Turner and their co-workers in Texas. These authors claim (Alston and
Turner, 1963} that the chemical studies succeeded in proving the
parentage of some hybrids where morphological, anatomical and eyto-
logical measurements had completely failed.

Occasionally, completely new chemical compounds are found in plant
hybrids. Nybom (personal communication), for example, in examining
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the anthocyanins of currants, found two new anthocyaning in the
berries of a cross between Fibes sativum and E. nigrum (Fig. 5). The
two “hybrid” pigments are clearly related in structure to those of the
parents and their presence is very useful from the point-of-view of
confirming that hybridization had occurred.

My own example here is from a study by Marks et al. (1965} of an
unusual Solanwm hybrid, produced by crossing two South American
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Fia. 5. Anthocyanins in the fruit of a Ritbes hybrid and of the parent species
(F. Nilsson and N. Nybom; unpublished data).

tuber bearing species, §. demissum and S. stoloniferum. It was of im-
portance to establish the hybrid nature, becaunse the cytology was
unusual; indeed, this hybrid proved to be the first fully documented
case of double chromosome reduction in higher plants. The plant was a
tetraploid produced from crossing a tetraploid and 2 hexaploid and
morphologically it was close to the hexaploid parent and showed no
obvious characters of the tetraploid parent. It could conceivably have
arisen by male or female parthenogenesis. However, chemical studies
of the leaf alkaloids (Fig. 6) showed quite incontestably that it was a
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8. demissum x S. stoloniferum by Hybrid, M. 271

6x = 72 4% = 48 eduotion. 4% = 48
Demigsidine Solanidine Demissidine and Solanidine
Glutl:ose Glutlzose GluLoae
Gala,«l:tose Galaitose Galactose
Xylloae Rha,nlmose Xy{ose
Rh&rrlmose

Fig. 6. Leaf alkaloids of Solanum parents and hyhbrid.
{Note: alkaloid glycosides arc of more complex structure than shown here.)

true hybrid, having alkaloid-bases and combined sugars coming from
both parents. In fact, the plant contained a new “ hybrid” alkaloid, the
structure of which has not vet been determined. Tt is worth pointing
out here that the study of the phenolics in flowers and leaves in this
cage, although of value in showing that other related Solanum species
were not involved in the cross, failed to indicate its hybrid nature. Thus
in the general situation, it is necessary to examine more than one class
of chemical constituent to be sure of tracking down a suspected hybrid
plant.

SECONDARY CHEMICAL CONSTITUENTS
AND PLANT CLASSIFICATION

Besides providing a means of naming plants, higher plant systematics
is concerned with expressing plant relationships in classificatory terms
and fitting taxa into a hierarchic system, usually constructed on an
evolutionary basis. Here, chemistry obviously has a place and has
indeed contributed, admittedly to a very minor extent, to the well-
known systems of Engler and Prantl and Bentham and Hooker.
Taxonomists from classical times have taken into account the scent of
a plant and the colour of ite petals. Now that we are no longer dependent
on sniffing a plant to determine its essential oil content or on crude
colour tests to identify its flower pigments, we are in a much stronger
position to apply chemistry to systematic ends. Certainly, a unique
chemical feature should merit the same importance as an odd chromo-
some number or an unusual leaf shape in determining plant relation-
ships,

There i8 understandably some resistance from taxonomists to using
chemical characters and indeed, one can point to many examples (see
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Hegnauer, 1966) where, say, alkaloid occurrences * obscure rather than
illuminate plant relationships. However, many of the difficulties are
either due to incomplete knowledge of alkaloid distribution and bjo-
synthesis or due to attempts to draw chemical conclusions at the higher
taxonomic levels. More will be learnt at the present stage by restricting
phytochemical surveys and the discussion of results to the smaller plant
groups of the genus or the tribe.

Here, chemists have already shown that chemical characters can
correlate in generic surveys most satisfactorily with one or more bio-
logical characters. One of the first such correlations to be observed wag
that of Erdtman (1956), in his now classic survey of the heartwood
constituents of over 50 pine species. He found (see Table 1) that the
flavonoid pattern was exactly correlated with the morphological division
of the genus Pinus into two subgenera Haploxylon and Diploxylon,
based on the number of vascular bundles in the pine needles. The
flavonoid pattern in the more primitive Haploxylon series is complex,
while that in the more advanced Diploxylon is simpler. I wish to discuss
two more recent examples taken from my own work to illustrate the
type of systematic data oue may obtain from the chemical standpoint.

Pigments of the Gesneriaceae

One situation where chemisiry can aid faxonomy is to confirm or
otherwise the reclassification of a particular plant group. An example
of this is in the family Gesneriaceae, which was divided into two sub-
families by Fritsch in 1893 on the basis of whether the ovary is inferior
or superior. More recently, Burtt, after prolonged study of the family,
felt the need to alter this classification and proposed a division based on
a rather unusual seedling character, the development of the plant from
a single cotyledon {anisocotyly). Burtt’s new division (1962} followed
the geography of the family, the Old World species being anisocotylous,
the New World species isocotylous. I have studied the chemistry of leaf
and petal pigmentation in some 80 species, representing 40°%, of the
genera, using material generously supplied by B. L. Burtt, and I have
found four chemical characters {Table 4), the distribution of which
clearly follows the new classification of the family by Burtt but cuts
across the earlier system of Fritsch. Perhaps the most interesting of
these is 3-deoxyanthoeyanin, a class of pigment which occurs in almost
all the isocotylous species but is lacking from every anisocotylous
' species so far examined. I was at first puzzled why 3-deoxyantho-
cyanins such as apigeninidin (Formula 8} and luteolinidin {Formula 9)

* Alkaloids in any case are such a hetorogeneous group of secondary constituents that
it ig probably not wise to treat them as a single type of taxonomic character, but as
several, depending on their particular biogenetic origin,
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TaBLE 4. Correlations between pigment chemistry and systematics
in the Gesneriaceae

Pigment classes Distribution in the subfamily

Gesnerioideane Cyrtandroideae
(New World, isocotylous) (0ld World, anisocotylous)

Red deoxyantho- Present in 29 of 36 species  Absent from all of 37
cyanin species

Yellow carotenoid Present in 5 of 36 species Not detectod

Yellow chalcone or  Not detected Present in 12 of 37 species
aurone

Yellow or red quinono Not detected Present in 8 of 37 species

Generic coverage = 40%,. Taxonomy after Burtt (1962). Chemical data from Har-
borne (1966, 1967b).

ghould only be present in New World species and then it occurred to me
that the produetion of these orange-red pigments might be a refleetion
of natural selection in these mainly tropical plants for the red colour

{9) Luteolinidin

OH OH
0—Gle
HO > 0 [
S
Gle—0 0 HO O
(10) Lutcolin 3-glucoside (11) Lutcolin 4’-glucoside

favoured by the bird pollinators. Although bird pollination in the
clogely related Bignoniaceae is well recorded (see van der Pijl, 1961),
I could at first find no account of it in the Gesneriaceae. However, I was
able, by making enquiries, to obtain two independent confirmations
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{Sutton, personal communication; Morley, 1966) that Jamaican
gesnerads, such as Gesneria and Achvmenes, are visited by the Banana-
quit and other Humming Birds. By contrast, Old World species, such
as Streptocarpus, must be ingect-pollinated flowers and hence their blue
and mauve petal, with colours produced by ordinary anthocyanins such
as delphinidin and its derivatives.

In the Gesneriaceae, the reason why chemistry is related to geography
is clearly a matter of natural selection for different pollination mecha-
nisms. Other examples of correlations between chemistry and geo-
graphy have come to light in recent years but in most cases it is not at
all evident why such correlations should occur. For example, in the
Eueryphiaceae, which eonsists of a single genus of five species, the two
South American species, K. glutinosa and E. cordifolia, are very clearly
distinguished {Table 5) by their leaf flavonoids from the three Austral-

Tapre 5. Distribution of flavonoids in the Eucryphiaceas

Flavonoid? Tdentification Distribution in Hucryphia
P

cordifelia glutinosa®  moorei  milliganis  lucida
Caryatin
Az 3-galactoside
Az 3-dighicoside
Az 3-grabinosylgalactoside
Azaleatin (Az)
Unidentified flavonone (%)
Quercetin 3-galactoside
Quercetin 3-rhamnoside
Quercetin 3-diglycoside
Querceotin 3-triglycoside
Dihydroguercetin
3-glycoside{s)
L Keaempfeorol 3,7-dirnethyl
ether —~
B Cordifolia constituent + —
U Unidentified flavan + + -
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@ Colours in w.v. light without and with NH,: C, blue (green); A 1-3, blue fluorescence (yellow};

. A 16, B, yellow fluorescence (yellow fl); Q 1-3, dark ochre (dull green}; L, dark ochre {(dull

yellow}; B, eolourless (green); U, absorbing (absorbing).
® The hybrid E. nymansensis is similar to glutinosa and, in addition, has component A 3.

(From Bate-Smith, Davenport and Harborne (1267). Reproduced by kind permission of Per-
gamon Preas)

*agian species, K. moorei, E. lucida and . milliganii, All five are very
similar morphologically—-all have white flower colour—and it is difficult
to see why the flavonoid pattern should be so distinetive. Qther examples
of correlations between flavonoids and geography occurring in the
Rosaceae (Pyrus) (Williams, 1964) and in the Itidaceae (Crocus) (Bate-
Smith and Swain, 1965) are equally difficult to explain unless the
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flavonoids have some as yet unidentified protective funetion which is
related to the habitat of the plant.

Chemosystematics of the Umbelliferae

In conclusion, I wish to say a few words about the chemosystematics
of the Umbelliferae. A tribe of this family is being intensively studied
at Liverpool from every viewpoint, as part of a multivariate approach
to the numerical taxonomy of higher plants. One of the main features
of the chemical programme is that we are concerned with studying every
possible class of secondary constituent that varies in distribution and
gtructure within the group. So far, we have concentrated on flavonoids
and other water-soluble constituents but we are developing screening
programmes for the lipid soluble constituents, especially furocoumarins,
acetylenic compounds and terpenoids and for the seed proteins. The
surveys of the family are by no means complete, but some interesting
results have already come to light and I will mention briefly the
relationship of the flavonoid pattern in leaf and flower to the system-
atics,

In choosing the spiny-fruited umbellifers to work on, we immediately
run into the difficulty that there are two contrasting classifications from
which to choose. While Bentham and Hooker place all these plants into
a single tribe, the Caucalineae, Melchior in the latest revision (1964) of
Engler’s syllabus divides them into two quite separate groups, in part
of the tribe Scandiceae and in part the Dauceae. That we are justified
in considering the group as one follows from an extensive study of the
distribution of the flavonoids and coumarins in vmbellifer leaves. The
Caucalineac sensu Bentham and Hooker stand out as a distinet chemical
group. While the general rule in all the other tribes is the presence of
kaempferol andfor quercetin as the major leaf flavonoid, in this tribe
the flavonols are almost completely replaced by flavone and luteolin is a
ubiquitous constituent. Again, furocoumarins, widely distributed in
seed and root of most umbellifer tribes, are relatively rare in the
Caucalineae. Chemistry thus tends to support the homogeneity of the
Caucalineae and does not fit in with the Fngler treatment.

Flavonoid chemistry has also been of value in illuminating relation-
ships at the generic level in the Umbelliferae. For example, a very rare
luteolin glycoside, the 5-glucoside galuteolin (formula (10}), has been
detected in leaves of just two genera Chastosciadium and Torilis of the
Caucalineae (Harborne, 1967a). Superficially, the genera appear different,
ginee fruit morphology—mormally a key character—separates them;
Chaetoscia diwm has hairs on the fruit surface instead of spines. However,
the chemical relationship is clearly significant since there are some good
biological reasong for putting them close to each other. In particular,
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they are the only genera in the group with a chromosome number of 12
and are very similar in their fruit anatomy. Again, a second rare
luteolin glyecoside, the 4'-glucoside (formula (11) has been found in the
seed of the monotypic Turgenia latifolia, a plant which was once united
with Caucalis but which our numerical analysis confirms as a separate
genus. Again, there is a correlation with eytology, as Turgenie stands
apart from the other taxa in having a chromosome number of 16.
Very recently, Dr. R. K. Crowden, who is working in my laboratory,
has examined protein patterns in the seeds of members of the Cauca-
lineae by acrylamide gel electrophoresis using the slab technique, and
it is most satisfying to find that his studies confirm in most details the
flavonoid results. Thus, in the chemical classification of this tribe of
umbellifers the macromolecular and low molecular weight data support
each other in indicating where the generic limits should be drawn.
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ABSTRACT

. Attention is drawn to recent publications by R. Hegnauer which cover this
gubject very fully.

From the historical point of view, chemistry has been used in plant
taxonomy to a greater extent than is usually appreciated. Thig is especially
true of the classification of the fungi, particularly as regards odour. Examples
are given of the systematic distribution of specific odorous substances,

The interpretation of chemical data is helped very much by an under-
standing of the function of particular classes of substances in plants, especially
in cases where the function is concerned with growth and differentiation. As
an example, the recent discovery of the part played by the mono- and di-
hydroxyphenolic constituents in the control of auxin action in plants is
discussed, and related to the systematic distribution of phenolic compounds.

This subject has recently been dealt with so adequately by Hegnauver
(1967) that I propose merely to summarize his treatment and elaborate
two or three of the points he raises,

Hegnauer has the advantage of being a pharmacognosist, that is, he
has an equal interest in the chemistry of plants and in their identifica-
tion, which of course requires a knowledge of taxonomy. He is the
author of the first ever treatisc of chemotaxonomy, four volumes of
which have already been published (1962-66). Needless to say he is
“sold”” on chemotaxonomy, otherwise he would never have embarked
on guch an exacting task.

In his article (1967), which deals with both the possibilities and the
limitations of chemical characters in plant taxonomy, Hegnauer
attributes to de Candolle (1804) the first expression of a belief in the

Systematics Association Speeial Volume No. 2. **Chemotaxonomy and Serotaxonomy ™,
edited by J. G. Hawkes, 1968, pp. 193-199.
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future value of chemical characteristics to plant taxonomy, reaffirmed
in a quotation by Greshoff in 1890. From among many examples that
might now be quoted in justification of their belief, Heguauer cites the
chemical evidence in favour of revised positions proposed for three
dicotyledouous families, the Callitrichaceae, the Cornaceae and the
Hippuridaceae, by a number of systematic botanists. Under the head-
ing of chemieal characters as aids in delimitations he discusses the
monocotyledonous families Liliaceae and Amaryllidaceae, and then
gives a number of examples of their help in unambiguons identification
of species. That he iz equally well aware, however, of the need for
caution is indicated by the space he devotes to the factors which limit
the taxonomic value of chemical characters: to parallel evolutionary
trends; to evolutionary convergence and divergence; and especially to
the incorrect identification of plant samples!

A HISTORICAL PRECEDENT

The first of Hegnauer’s points 1 propose to take up is the historical
one. In the world of botany, chemical characters have always been
freely used by the taxonomist, even though they may not have been so
regarded by him. Any specific distinetion based on colour is a chemical
distinction; even more so is one based on taste or odour, In the more
familiar taxonomy of the higher plants these characters aro not often
regarded as critical, but in the case of the fungi they form an essential
element in classification and differentiation. I am going to discuss the
case of the fungi in some detail because this makes my point that
chemotaxonomy does already exist, and in the narrowest and most
conservative meaning of the term taxonomy.

As a matter of faet, I cut my own taxonomic teeth on the fungi, many
years ago, and the first thing 1 learnt, from Cooke’s textbook (1871),
was that the agaries are classified according to the colour of their gills
and spores. Going a little further, the colours of the pileus and stem are
specific characters, and very often the odour of the plant is specified,
At this stage, of course, it would be wrong to talk about chemo-
taxonomy, but these are the raw materials out of which chemotaxonomy
can be—and is being—constructed. For instance, the distribution of the
naphthaquinone and anthragninone pigments in the Fusariae, the
Boletaceae, the Polyporaceae and the Cortinariae has been extensively
studied if only because of the obtrusiveness of these pigments and the
consequent attraction of chemists to work on them. As might be
expected, similar pigments to these present in fungi are found in
lichens. Litmus, for instance, is chemically related to cinnabarin, the

i
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striking orange-red pigment of Trametes cinnabaring and Polystictus
cinnabarinus (Seshadri, 1966).

CH,0H COOH

QO JOCKY,

) Cinnabarin 2) Chromophore of litmus

Commenbmg on the usefulness of chemlstry in lichen systematics,
Dahl (1950) remarked “most of the more important sub-divisions of
Parmelia are confirmed and decisive arguments may be found in many
dubitable cases’. He cites this as a ‘“beautiful” example. Character-
istically, the only recorded comment on his paper (IL. des Abbayes) was
““il faut étre trés prudent dans la généralisation de cette méthode™.

At least as much as colour, odour is employed in the taxonomy of the
fungi as a distinctive character. From the broadest point of view it is
possible to speak of a “fungal” odour—or of a musty odour especially
characteristic of Actinomycetes. These are not just subjective charac-
ters, they are truly chemical characters, since the substances responsible
for the odours are specifie—in a number of instances, already known—
chemical substances. One such substance, the odour of which is easily
recognizable as the characteristic odour of mushroom, has been isolated
from Armillarie matsutake and identified as vinylamylcarbino! (Mura-
hashi, 1936, 1938):

CH,—{CH,),—CH(0OH)-CH=CH, CH,—CH,-CH=(CH—CH,(H,0H
“*Matsutake alcohol™ * Leaf alcohol”
The vinylethyl compound has an odour very similar to that of Sclero-
deyma vulgare, It i3 interesting to note that the smell of the leaves of
higher plants is often due to the presence of hexenol and hexenal, known
in German ag Bléitteralkohol and Bldfteraldehyd. Those distinetive con-
stituents of the fungi and the angiosperms are truly chemotaxonomic
charactors referable to taxa at a very high level. It is, however, at the
gencric and specific level that odour characters are most employed by
mycologists. In “Les Champignons d’Europe”’, Roger Heim (1957), the
Director of the Muséum National d’Histoire Naturelle writes: ““ certain
naturalists, especially French ones such as Quélet, have successfully
employed olfactory characters in the diagnosis of the higher fungi.
Others, e.g. Gilbert, have endeavoured to use these properties in the
systematisation of species, or to define the odours of fungi in chemical
terms.” I have myself, during the last few years, in collaboration with
an experimental psychologist and a biochemist, been struggling with
the problem of the interpretation of odour in chemical terms, and I am
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optimistic that before very long we shall be able to do this, and that
“olfactory characters” will be incorporated into chemical taxonomy,
Before this can be done, however, it will be necessary to devise a bio-
taxonomy of the chemical constituents, that is the replacement of the
traditional chemical classification of the constituents of living organisms
by one which takes into account the manner of their formation and the
mechanism of their physiological action. So far as the first of these is
concerned, the “premier pas” was taken by Charles Mentzer (in
Mentzer and Fatianoff, 1964; Mentzer, 1966) in his *Actualitéds de
Phytochimie fondamentale”. Of the sensory properties of matter,
odour and taste are the most intimately concerned with chemistry. The
specific olfactory characters of plants, which are as easily observable ag
colonr and form, are due 1o the presence of specific chemical substances
in those plants, and it is very much worth while, therefore, making an
attempt to identify the substances responsible for such specific olfactory
characters, and to relate their presence to processes which are peculiar
to the organisms that fabricate them. We can, for instance, try to
discover why hexenols and hexenals are elaborated by angiospermous
plants and vinylearbinols by fungi, and relate the biosynthetic processes
so disclosed to the particular life-forms of the two kinds of plants. There
is, in this connection, a tendency to shift the onus of responsibility on to
the enzymologist to identify the enzyme systems operating in the
formation of specific constituents; for the enzymologist to shift the
responsibility on to the molecular biologist to designate the RNA
gystem operating in the cytoplasm, the DNA system operating in the
nucleus, and the genetic code which determines the kind of plant the
plant is. The chemical taxonomist can, however, make use of the ample
information at present available in the array of substances actually en-
countered in plants, so long as the information is appropriately recoded.

In the case of odour, ecoding has at present to be done more in terms
of odour qualities than of specific chemical substances; although there
are, of course, cages where odours can be attributed to specific sub-
stances. Examples of this are clove, attributable to eugenol, vanilla,
coumarin and violet, the last attributable to a small group of substances
of which «- and B-ionone are the most familiar. Chemical identification
is the soundest—in fact the only unexceptionable—basis for the em-
ployment of odour in chemotaxononiic exercises. Many of the epithets
applied to the olfactory characters of fungi (see Heim, loc. cit,, for a
detailed discussion of such epithets) are of this kind, but few of the
odorous constituents have as vet been rigorously identified. Therc are
many instances, however, where the odour is restricted in its incidence
to particular groups of fungi which are regarded as nearly related. One
such instance, quoted by Heim, is that of three neighbouring genera,
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Cortinarius, Hebeloma and Inocybe, where the characters of odour of
radish, fruit and piperidine are distributed, approximately, so that each
is present only in two of the three genera.

Sinece by their nature odorous substances are volatile, and since many
are released at particular times or in particular circumstances, it may
be that it is a complex precursor in the plant rather than the odour
itself which should be looked for to provide taxonomic information. A
case in point is the odour of eugenol which becomes apparent when the
roots of Gewm wrbanwm are bruised. This arises from a glycoside of
eugenol, gein, present in the roots and not as a constituent of an
essential oil, the form in which eugenol usually occurs, and as such
probably having quite a different biosynthetic origin.

A TOPICAL EXAMPLE

The usability of chemical taxonomic information will be greatly
inereased as more comes to he known about the funetion in the plant
of the so-called secondary constituents. Until quite recently, phyto-
chemistry has been little more than a catalogue of what substances
occur in what plants. The principles, if any, guiding their systematic
distribution have been completely hidden. As particular categories of
substances become linked with particular aspects of anatomical struc-
ture or physiological function, those categories, and individual members
of them, will automatically fall into place as evidence upon which
systematic relationships can be adduced. A striking example of this is
actually happening at the present moment.

Two years ago (Bate-Smith, 1965) it was known (Tomaszewsky,
1963) that p-coumaric and caffeic acids:

HO

HO@—OH =(CH.COOH HO@-OH=OH- COOH

(3} p-Coumaric acid {4) Caffeic acid

had opposing effects on the activity of indoleacetic acid oxidage, as also
had the flavonols kaempferol and quercetin (Smith et al., 1961; Furuya
et al., 1962):

OH
HO 0 :
| OH HO O | OH
OH OH
OH O OH O

(5) Kaempferol (6) Quercetin
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Since that date, Tomaszewsky and Thimann (1966) have produced
detailed evidence of the mechanism of the effect in the case of the
phenolic acids, concluding that their experiments “point to a major
role for phenolase in controlling hormone balance, since the intng.
duction into a phenolic molecule of a second, adjacent hydroxyl group
changes the action from auxin-destroying to auxin-preserving. Thyg
the phenol oxidizing enzymes must act as general growth controllers*,

The recent results of Jaffe and Galston (1967) are even more exciting
Yollowing indications previously reported by Tronchet (1981), they
have shown that pea tendrils contain high concentrations of glycosideg
of kaempferol and quercetin in which the sugar residue has a highly
specific and unusual configuration, viz. triglucosyl-p-coumaratc. When
the tendrils are stimulated, and during their coiling, the concentratipn
of the quercctin glycoside falls to as little as 309, of its original valye,
that of the kacmpferol glycoside remaining almost unchanged. Gond
reasons are presented for considering that the qucrcetin glycoside ig
actively concerned in the movement of the tendril by way of an ATPp
enzyme system.

From the systematic point of view, the significance of this obscrvg-
tion lies in the fact that the presence or absence of quercetin and
kaempferol is highly correlated with the systematic position of the
plants in which they oceur, or do not oceur. When they are absent thejr
place is taken (or appears to be taken) by other flavonoid conipounds
differing in such respects as the abscnce of a hydroxyl group in the
3-position (flavones): reduction of the central ring (flavanones); absence
of a 5-hydroxyl group (restricted to the Leguminosae, Anacardiacepe
and Compositae); presence of additional hydroxyvl groups: or. of
especial significance, C-glycosylation in the 6- or 8-posifion. Like the
flavonols, these substances all occur in the plant as glycosides and they
also all oceur, like kaempferol and quercetin, in mono- and dihydroxy
substituted form. Their configurational modifications may therefore he
seen as devices for restraining some, while retaining most, of the fune-
tions which the flavonols normally fulfil. Different plants employ
different devices, according to their kind.
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ABSTRACT

The commonest metabolic pathway for the oxidative dissimilation of
aromatic compounds, the f-ketoadipate pathway, is widely distributed
through groups of aerobic bacteria which, on other phenotypie grounds, do
not appear to be closely related. A comparative analysis of the regulatory
mechanisms governing synthesis of the inducible enzymes operative in this
pathway has shown that Pseudomonas spp. all share a particular system of
regulation which is diffcrent from the system of regulation employed by
Moraxella (Acineiobacter) to govern the enzymes of this pathway. It seems
likely that the comparative analysis of control systems may provide a new
and valuable parameter for the study of biochemical evolution. By the use
of antisera prepared against specific enzymes of the pathway, it could also be
shown that antigenic homology with regpect to some enzymes of the pathway
ir broadly correlated with homology of the regulatory machinery.

INTRODUCTION

The very heterogeneous collection of micro-organisms termed “bac-
teria” offers tantalizing but formidable challenges to the taxonomist
and the evolutionist alike. Although there is no fossil evidence on which
to basc a history of this group, the extreme antiquity of the bacteria is
suggested by their distinctive and relatively undifferentiated internal
cellular organization, termed procaryotic. The proecaryotic type of cell
occurs only in bacteria and in blue-green algae; all other contemporary
biological groups have cells of the more familiar, eucaryotic type
{Stanier and van Niel, 1962; Stanier, 1964). Another trait indicative of

Systematics Association Speeial Volume No. 2. “ Chomotaxonomy and Serotaxonomy’,
edited by J. G. Hawkes, 1968, pp. 201-225,
201
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antiquity (as well as of major internal diversity) is the remarkably wide
span of DNA base composition, ranging for the bacteria as a whole
from approximately 30 to approximately 70 moles 9 of guanine and
cytosine (Hill, 1966).

From the earliest days of bacterial taxonomy, it has been recognized
that structural characters alone are insufficient to permit a satisfactory
subdivision of the bacteria (Cohn, 1872). Nor has the advent of electron
microscopy caused any substantial change in this situation. The insights
into cell structure obtained by the use of the electron microscope proved
indispensable for the definition of the general properties of procaryotic
cells, but have not greatly increased the number of structural characters
available for the internal subdivigion of bacteria. For this reason,
bacteriologists have been forced to use functional characters far more
extensively than has hitherto been customary in other branches of
biclogy to describe phenotypes and to achieve workable taxonomic
subdivisions.

The task of selecting functional attributes appropriate for taxonomic
purposes i8 a delicate one, which must be guided by the insights
obtainable from biochemistry and genetics. It was not always wisely
performed in the early days of bacterial taxonomy. For cxample, the
ability to ferment the disaccharide lactose has been used as an im-
portant generic trait among the coliform bacteria, but is completely
unsuitable for this purpose, since it is the expression of a single strue-
tural gene, governing production of the enzyme S-galactosidase. The
kinds of funetional attributes which are appropriate as major taxonomic
markers among bacteria are distinctive mefabolic unit processes; namely,
complex functions that are determined by integrated, multienzyme
gystems, subject to multigene control. As examples, one could cite the
possession of a specialized fermentative pathway, the capacity to
perform photosynthesis, the capacity for chemo-autotrophy, the nature
of the respiratory electron transport system.

In recent years, molecular biology has provided a completely un-
expected and extremely wvaluable control on the homogeneity of
bacterial taxa previously recognized in terms of structural and func-
tional attributes. T have already alluded to the exceptionally wide span
of DNA base composition characteristic of the bacteria as a whole. The
very extensive hody of analytical data concerning DNA base ratios of
bacteria that is now awvailable (Hill, 1966) has revealed that many
genera or generic clusters earlier reeognized by bacterial taxonomists
show a rather narrow and characteristic internal span of DNA base
composition, Thig is true, for example, of the coliform bacteria, the
actinomycetes, the sporeformers, the fruiting myxobacteria. Since
DNA base composition appears to be a stable character, as evidenced
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by its essential uniformity within a species (Mandel, 1966), we can begin
dimly to perceive amongst the bacteria certain genera, or occasionally
generic clusters, which may well represent evolutionary units as well as
taxonomic ones.

THE PROBLEM OF HIERARCHICAL CLASSIFICATION
AMONG BACTERIA

The taxonomists who believe that the construction of suprageneric
hierarchies among bacteria is a uscful operation have always faced a
dilemma: what relative weight should he assigned to struectural and to
functional attributes in the creation of families, orders and classes ! The
dilemma arises from the fact that the linkage between major structural
and functional properties among bacteria is loose and irregular; not
uncommonly, a distinetive funetional attribute occurs in two or more
groups that have markedly different structural attributes. For example,
the capacity for dissimilatory sulphate reduction (the ability to perform
an anacrobic mode of respiration with sulphate as terminal electron
acceptor) characterizes two genera of anaerobie bacteria, Desulfovibirio
and Desulfotomaculum, which differ from one another markedly in cell
structure, and each of which shows structural rescmblances to other
bacterial groups which are not sulphate-reducers (Postgate, 1965}, For
the creation of bacterial families, it is accordingly necessary to decide
whether these two genera should be united into a single family based on
the rare and distinctive attribute of sulphate reduction, or placed in
separate families, defined in terms of structural properties. One can
argue interminably and froitlessly about such taxonomic pseudo-
problems. This explains why hierarchical schemes of bacterial classifica-
tion are so unstable. The genus, defined on a combination of structural
and physiological properties, and characterized by a relatively limited
span of DNA base compasition, at present appears to be the highest
bacterial taxonomic unit that is definable in a logically consistent and
useful fashion. It should be emphasized, however, that what the
bacteriologist recognizes as a genus is almost certainly incommensurate
with the taxon bearing the same designation in a more recently evolved
biological group, such as the vertebrates or the spermatophytes. This is
a point to whieh I shall return at the end of this paper.

The pseudo-problem of bacterial hierarchies does conceal a real and
interesting problem concerning physiological evolution. Throughout the
bacteria, so diverse in their functional attributes, rare and distinctive
metabolic unit-processes like dissimilatory sulphate reduction crop up
sporadically in groups which do not appear closely related to one
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another in terms of other criteria. Two different evolutionary inter-
pretations of this fact are possible. Conceivably, each of these metaboke
unit-processes could have been a unique invention of early biochemical
evolution, still preserved in two or more lines which have undergone
marked divergence in other respects. Alternatively, a given metabolic
unit-process, which appears homologous on gross biochemical examina-
tion, might have arisen independently, out of totally different genetic
backgrounds, in two or more biological lines. Is it possible by more
refined analysis to achieve the vital diserimination between analogy and
homology with respect to a widely distributed bacterial metabolic unit-
process ? That is the question which I propose to examine here,

THE OXIDATION OF AROMATIC COMPOUNDS BY BACTERIA

Some ways of approaching this general problem are illustrated by the
work from our laboratory on the bacterial utilization of aromatic com-
pounds as substrates for respiratory metabolism. The capacity to use
any aromatic compound as a source of carbon and energy implies
possesgion of a complex and specialized piece of metabolic machinery,
since it requires the operation of a large array of specific enzymes,
acting in sequence, to convert the primary substrate into intermediates
that lie on the universal pathways of cellular intermediary metabolism.
These specific enzymes are all typically under inducible control, The
ability to grow at the expense of aromatic compounds is a property that
is widely dispersed among aerobic bacteria.

Our gtudies were initially undertaken on the members of the genus
Pseudomonas: Gram-negative, polarly flagellated rod-shaped bacteria
with a DNA base composition in the range of 60-70 moles %, guanine
and cytosine. Among these bacteria, the most commonly utilized
aromatie compound is p-hydroxybenzoie acid, which can support the
growth of many different species. However, we have found that this
shared nutritional attribute does not even always reflect possession of a
common biochemical machinery. Complete metabolic divergence can
oceur after the first step-reaction, as a result of differences among
pseudomonads in the enzymatic mechanism of aromatic ring cleavage
(Fig. 1). Furthermore, the divergent pathways for the metabolism of
p-hydroxybenzoate have a very clear cut taxonomic distribution within
the genus Pseudomonas, as shown in Table 1. Two related species,
P. acidovorans and P. testosteroni (comprising a subgeneric cluster
termed the acidovorans group), invariably employ the mefa-cleavage
pathway; all other Pseudomonas spp. the ortho-cleavage pathway. P.
testosteroni and P. acidovorans likewise differ from other members of
the genus with respect to the pathways that they employ for the

1
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Tarre 1. Mechanisms for ring cleavage of protocatechuate
among Pseudomornas spp.

Species-group Species Number of Number of strains showing
straing examined ortho-cloavage meza»c[eava,ge

P. aeruginosa 5 5 0

Fluorescent P. fluorescens 62 62 0
P, putida 34 EE1 0

P. muliivorana 8 8 0

P. stutzery 3 3 0

Pseudo- I, pseudomatlei 5 5 0
mallei {P. mallei 13 13 o
Acidovorans {P. a,cq,'dovoran.s 15 0 15
P. testosteroni 9 0 9

metabolism of henzoate and tryptophan, respectively, as shown in
Figs. 2 and 3. Analysis on the simplest biochemical level accordingly
reveals profound differences in enzymatic constitution between two
groups in the genus Pseudomonas, differences which are hidden in terms
of nutritionally defined phenotypes. The acidovorans group shares with
other Pseudomonas species many additional nutritional characters that
have not yet been analysed in terms of their underlying biochemical
mechanisms, and it geems very likely that future work will bring to
light additional biochemical dichotomies. If the total metabolic map of
the acidovorans group is as singular as the presently known fragment
of it suggests, it would seem reasonable to conclude that the acidovorans
group represents an evolutionary line quite different from the main
Pseudomonas line, for which separation on the generic level might well
be desirable,

In other groups of aerobic bacteria where the mechanism of p-
hydroxybenzoate oxidation has been studied biochemically (Hydrogeno-
monas, Moraxella*, Mycobucterinm-Nocardia, Bacillus, Azofobacter), the
data (although often fragmentary) suggest that dissimilation proceeds
through the ortho-cleavage pathway. This particular reaction-sequence
is one component of a very complex set of convergent reaction sequences
which are used by such bacteria for the oxidation of a variety of primary
substrates, aromatic and hydroaromatie. In all cases, the six carbon
atoms of the ring in the primary substrate eventually give rise to the
six carbon atoms of B-ketoadipic acid (Fig. 4). f-Ketoadipic acid is the
last specific intermediate, since it is cleaved to succinate and acetyl-
CoA. For this reason, the whole metabolic network is termed the
B-ketoadipate pathway. By no means every primary substrate shown

* Seo noto on p. 220.
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Fic, 2. Differences between the acidovorans and fluorescent groups with respect
to the pathway for benzoato dissimilation.

in Fig. 4 can necessarily be attacked by any given bacterial strain or
species that utilizes this pathway; but the heart of the metabolic net-
work, comprising the parallel reaction-sequences leading from catechol
and protocatechuate, together with the terminal sequence that gives
rise to succinate and acetyl-CoA, are almost universally present.
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F1a, 4. A general view of the convergent reaction-sequences of the B-ketoadipate
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THE SIGNIFICANCE OF CONTROL MECHANISMS

Does the wide taxonomic distribution of this somewhat complex
piece of biochemical machinery mean that the S-ketoadipate pathway
has had a single evolutionary origin among aerobic bacteria, or is its

104
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appearance in groups as diverse as Pseudomonas, Hydrogenomonas,
Moraxella, Bacillus and Mycobacterium a consequence of parallel, con-
vergent biochemical evolution ? In attempting to analyse this question,
we have found that the study of the control mechanisms governing
synthesis of these inducible enzymes provides very useful information.

This approach to the problem was made possible as a result of the
detailed analysis of the regulation of the S-ketoadipate pathway in a
fluorescent pseudomonad, P. putida, by Ornston (1966h). The regulatory
map which he established for this species is shown in detail in Fig. 5.
One striking feature is the coordinate preduct-induction by 8-keto-
adipate {or possibly f-ketoadipyl-CoA) of a group of three enzymes that
catalyse three sequential reactions immediately preceding the formation
of B-ketoadipate itself. Two of these enzymes, carboxymuconate
lactonizing enzyme and earboxymucenoclactone decarboxylase, are
specific to the protocatechuate branch of the pathway, while the third,
enol-lactone hydrolase, mediates the first common step-reaction follow-
ing metabolic convergence of the catechol and protocatechuate branches
of the pathway. This curious regulatory linkage has an obvious physio-
logical consequence: cells grown on any precursor of the catechol branch
(e.g. benzoate) synthesize high levels of the last two enzymes specific to
the protocatechuate branch, even though the two enzymes in question
are non-functional under these conditions of growth. This feature of
control can be very easily examined. We have found that it always
oceurs in other Pseudomonas species that employ the reactions of the
B-ketoadipate pathway: specifically, the two other species of the
fluorescent group, P. aeruginose and £. fluorescens, P. stulzerd and
P. multivorans. Some of these species can use adipate as a carbon and
energy source, and induction of the last two enzymes of the proto-
catechuate branch is also elicited by this substrate, presumably as a
result of the formation of B-ketoadipate (or g-ketoadipyl-CoA) as an
intermediate in adipate metabolism (Table 2).

However, induction of carboxymuconate lactonizing enzyme and
carboxymueconolactone decarboxylase by S-ketoadipate does not oceur
in representatives of other genera using the 8-ketoadipate pathway that
we have examined so far. In strains of Hydrogenomonas and Morazella,
these enzymes are not measurably induced as a result of growth on
benzoate or adipate (Table 2). We have now explored in detail the
regulation of the B-ketoadipate pathway in Moraxells calcoacetica
(Canovas and Stanier, 1967). This bacterium is a Gram-negative, non-
flagellated rod-shaped organism quite similar in its nutrition and ecology
to the aerobic pseudomonads. However, it has DNA of very different
Dhase composition, containing 40-45 moles percent of guanine and eyto-
sine. The regulatory map for the 8-ketoadipate pathway in M. calco-

10* +
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TaABLE 2, Influence of the growth substrate on synthesis of CMLE, CMD

and ELH by several species of bacteria

Organisme Enzvme activities Growth subsirates
Succinate p-Hydroxy- Benzoate Adipgge
benzoate
— -
Psendomonas fluorescens,
biotypes A, B, D, E CMLE, CMD, — + + not yged
ELH
Pseudomonas putida,
biotypes A, B
Peeudomonas aeruginosa
Paeudomonas fluorescens,
biotypeo C CMLE, CMD, - + + +
ELH
Peeudomonas multivorans
Hydrogenomonas eutropha CMLE, CMD - + — -
Morazella calcoacetica ELH - + - -

— = basal lovel; + = induced activity at least 20 times basal lovel. CMLYE = carl,l,x},_
muconate lactonizing enzymo; CMD == carboxymuconolactone decarboxylase; ELH = B-koto.
adipate enol-lactone hydrolase,

acetica is shown in Fig. 6. The differences from the regulatory map for
P. putide are numerous and profound. They can be summarized ag

follows:

1. Co-ordinate regulation is much more pronounced in M. erlcoaceticy,
Enzymes of both the catechol and the protocatechuate branches are
synthesized co-ordinately with later enzymes that mediate the termina],
common step-reactions of the pathway.

2. Rigorous physiological specificity of control over the enzymes of
the two branches of the pathway is maintained by a biochemical device
not found in P. putida: synthesis of two sets of isofunctional enzymes,
under different inductive control, to mediate the terminal, eommon
step-reactions. One set is synthesized co-ordinately with enzymeg
specific to the catechol branch of the pathway, the other set co-
ordinately with enzymes specific to the protocatechuate branch.

3. There are major differences with respect to the intermediary
metabolites that function as inducers, as well as the specific enzymeg
whose synthesis they control. 8-Ketoadipate, which has a carding|
inductive function in pseudomonads, cannot serve as an inducer of any
enzymes of the pathway in M. calcoacetica. As a consequence of itg
failure to serve as an inducer in this species, it cannot support growth
and is, accordingly, a powerful agent for the selection of constitutive
mutants. Protocatechuate, which in P. putida elicits synthesis of only
one enzyme (protocatechuate oxygenase), acts in M. calcoacetics as the
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inducer of an extensive co-ordinate block, comprising no less than five
enzymes,

Accordingly, a more refined biochemical analysis has revealed that
the B-ketoadipate pathway, identical on the metabolic level in Pseudo-
monas spp. and M, ealcoacetica, is markedly dissimilar with respect to
its regulation, and even in part with respect to its enzymatic mediation,
It is difficult to avoeid the conclusion that this particular piece of big-
chemical machinery has had different evolutionary origins in the twg
groups. At first sight, this conclusion may appear gurprising, Much of
the speculation about biochemical evolution has been based on the
assumption (implicit or explicit) that complex metabolic pathways do
indeed serve as useful markers of evolutionary relatedness. 1t has never
been sufficiently emphasized that strictly chemical considerations set
gevere constraints on the manner in which natural selection can solve
apy given biochemical problem. For example, if the goal of natursl
selection is to endow an organism with the ability to eonvert aromatic
compounds into intermediates of the TCA cycle (essential for their
utilization as sources of carbon and energy), the chemically permissible
solutions may be very few in number. At the present time, the only
known chemical means of performing this operation involves ortho-
cleavage of the benzene ring, a device also widely adopted among
micro-organisms, Ag already mentioned, however, in the acidovorang
group of pseudomonads natural selection has discovered one additional
solution of the problem (meta cleavage) which has not yet been achieved
by the organic chemist. The ortho- and meta-cleavage pathways probably
represent. the only permissible solutions of this specific biochemical
problem, and may well have been separately evolved in many different
biological groups,

TMMUNOLOGICAL EVIDENCE FOR THE HOMOLOGY
OF ENZYMES IN THE S-KETOADIPATE PATHWAY

Since a key control mechanism (co-ordinate product-induction of
carhoxymuconate lactonizing enzyme. carboxy-muconolactone de-
carboxylase and enol-lactone hydrolase by B-ketoadipate) is charac-
teristic of all Pseudomonas spp. that einploy the 8-ketoadipate pathway,
it is conceivable that within thig genus, the enzymatic machinery of the
B-ketoadipate pathway may have had a single evolutionary origin. This
hypothesis is plausible, since the species in question share many other
phenotypie traits, and are quite similar in DNA base composition. We
have therefore attempted to obtain other kinds of evidence that bear an
the question of infra-generic homology.

During his work on the pathway in P. putida, Ornston (1966a)
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muconolactone isomerase, respectively. Ornston found that carboxy-
muconate lactonizing enzyme and muconate lactonizing enzyme, as
well as carboxymuconolactone decarboxylase and muconolactone iso-
merase, constitute chemically similar pairs of proteins in terms of gross
chemical criteria: molecular weight, thermal stability, pH optimum.
Coupled with their catalytic resemblances, this led him to suggest
that two pairs might be related in primary structure, having arisen
from common protein precursors in the evolution of the species. How-
ever, the immunological findings provide no support for this hypothesis,

These two antisera were tested qualitatively for their ability to cross-
react with extracts from apypropriately induced cells of other strains
and species. On each gel diffusion plate, two antigen wells were furnished
with extracts of the homologous strain, prepared from cells grown on
benzoate and sucecinate. respectively. Adjacent antigen wells were
furnished with extracts of the strain to be tested. grown on the same
two substrates. In all cases, antigen wells furnished with extracts from
benzoate-grown cells contained equal unitages of enzyme, and antigen
wells furnished with extracts from succinate-grown cells contained
equivalent amounts of total protein. The extracts of succinate-grown
cells never vielded precipitin lines with either antisernm. They accord-
ingly provided an extremely useful control, since if cross-reactions did
oceur with extracts of benzoate-grown cells, it was immediately evident
that the cross-reacting materials had been specifically induced as a
result of growth on benzoate.

Before presenting the results of these experiments, I must digress
briefly to describe presumed taxonomic relationships within the genus
Pseudomonas, recently studied in great detail by Stanier ef al. (1966),
Redfearn et al. (1966) and Mandel (1966). Pseudomonas pulida is a
member of a subgeneric cluster known as the fluorescent group. distin-
guishable from other Pseudomongs spp. by many common phenotypie
properties. Within this cluster, we have recognized three species.
FPseudomonas aeruginosa is internally very uniform, and easily distin-
guishable from the other two species by many phenotypic traits, as well
as by DNA base composition. Pseudomonas putide and Pseuwdomonas
fluorescens are far less uniform internally, and the phenotypic distine-
tions between them are relatively few in number. The internal hetero-
geneities led us to recognize two hiotypes of P. putida (A and B} and
no less than seven hiotypes of P. fluorescens (A to G). The biotypes
differ from one another in minor phenotypic respects, and also in some
cases by small differences in DNA base composition. Some of the
characters that distinguish species and biotypes in the fluorescent group
are listed in Table 3. Outside the fluorescent group, the A-ketoadipate
pathway occurs in two phenotypically isolated Pseudomonas species,
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TasLe 4. Quantitative immuneological relationships of two enzymes of tp,
B-ketoadipate pathway among Pseudomonas spp., determined with antiserg
directed against pure enzymes isolated from a strain of . putida biotype A

Species and biotype Number of Index of dissimilarity=
straing — e —
examined Muconate Muconolactons
lactonizing isomeragss
enzyme

P. putida biotype A 7 0-95-2:25 1-0-1-6

. putida biotype B 6 13-17 »>120

. fluorescens biotype A 3 12-20 > 120

P. flucrescens biotype B 3 2i-5-22 > 120

£, fluorescens biotype C 3 34-60 > 120

. Auorescens biotype 1 3 10:5-20-5 >120

P. fluorescens biotype E 3 10-5-16 =120

P. aeruginosa 3 11-12 2-8-3-0

P. stuizeri 5 10-21 100—> 120

¢ A value of I indicates antigenic identity; velues greater than 1 indicate incrcasing
degrees of dissimilarity.

vielded by a cell-free extract containing the enzyme used as immunizing
antigen. A value of 1-0 indicates complete antigenic identity; values
greater than 1-0 indicate increasing degrees of dissimilarity.

The quantitative data reveal many interesting facts not evident from
the qualitative experiments, In the first place, different strains of each
gpecies or biotype examined show reasonable constancy with respect to
the antigenic properties of the two enzymes examined. Secondly,
although muconate lactonizing enzyme and muconolactone isomerase
are closely linked in terms of both synthesis and function, it is evident
that they have evolved at markedly different rates in the various species
of the Pseudomonas group. As a rule, antigenic divergence from the
reference strain has been more pronounced for the isomerase than for
the lactonizing enzyme, although this rule does not hold for P. aeru-
ginosa. Thirdly, it can be seen that a substantial divergernce between
two species with respect to the base content of the DNA does not
necessarily result in modifications of protein structure that abolish
antigenic homology. . putida biotype A and P. aeruginosa differ by
nearly 5 moles ", in the guanine + cytosine contents of their DNA; but
. both enzymes retain relatively high antigenic homology between the
two gpecies,

When compared with similar immunoiogical data for enzymes of
vertebrates, these data begin to show us just bow different in evolu-
tionary terms the ‘“species” of the bacteriologist and the zoologist
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TaBLE 5. Quantitative immunological relationships of several enzymes among vertehrates
determined with antisera to pure enzymes of the chicken. Data of Wilson ef gl. (1954) '

Class Species Index of dissimilarity

" Heart lactic Muscle lactic Triose-P Aldolpge ®
dehydrogonese dehydrogenase dehydrogonase

Chicken 1-0 1-0 10 10
Turkey I-4 1-2 10 10
Aves Duck 15 43 12
QOstrich 1.9 31 1-3 )
ye Coiman 33 4-2 3-8 85
Roptilis  pointed turtle 4.0 5-2 42
Amphibia  Bullfrog 14 40 30 18
Sturgeon 80 20 12 25
s Halibut > 200 > 50 > 100
Piscos Dog fish > 160 > 200 > 50
Lamprey 30 =50

really are. In Table 5, { have summarized some of the data of Wilson
et al. (1964), also obtained by the technique of micro-complement
fixation, on enzymes from vertebrates. In these experiments, the
chicken served as the immunological reference point. It is necessary to
look beyond the classes Aves and Reptilia, to the Amphibia, in order
to find indices of dissimilarity as great as those that separate Pseudo-
monas putida from Psewdomonas fluorescens. Yet as I have pointed out
previously, these two bacterial species are very similar in gross pheno-
type, and their taxonomie differentiation is not pasy. This comparison
between vertebrates and bacteria muset not, of course, be taken too
literally. The data do not necessarily imply that P. putide and P.
Sfluorescens are separated by the same absolufe time span as that which
separates the bullfrog from the chicken, since the tempo of protein
evolution is probably much more rapid in bacteria than in vertebrates.

It can be concluded that despite the inherently difficult biological
material with which he works, the bacterioiogist does have at his dis-
posal biochemical and immunological methods that can be used to
explore effectively problems of evolutionary affinity at the lower end
of the contemporary biological scale.
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19. The Assessment of New Types of Character
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Before one ean talk about the assessment of the taxonomic value of
new chemical, biochemieal, serological or in fact any techniques, cne
must be fairly clear about what is meant by taxonomic value, and what
is the value of the so-called old or classical taxonomy. Some biochemists
perhaps treat classical taxonormy with rather more than necessary
defererice; others seem convinced that whatever their findings are, and
on however narrow a basis (presence or absence of a single chemical
compound, single speeimens of single species taken as adequate samples
of a whole order, class or phylum} the cld taxonomy is superseded since
their epoch-making labours. Such attitudes are less common than they
were twenty years ago (they are in fact very old attitudes) and most
people probably take a stand somewhere between these two extremes.
Taxonomists are largely to blame for these attitudes. Even now there
are a number that work on in the old traditional way with little com-
prehension of the reasons for it, and though there are several very useful
books (for example Blackwelder, 1967; Mayr e al,, 1953; Sokal and
Sneath, 1963; Simpson, 1961; Davis and Heywood, 1963) there is still
no satisfactory account of taxonomic principles. I am not going to try
to produce one in the space of this short paper, only to indieate some
of the most important features.

First of all the point should be made that although the *0ld”
taxonomy is traditionally based on the examination and dissection of
preserved material, this is in fact a very wide basis. If there were in
each organism one pair of chromosomes carrying all the genes for the
anatomy, another for those involved in digestive processes, yet another
for those controlling reproduction, and so on, it might well be that to
look only at anatomy might give a very insufficient sampling of the

Systematics Associstion Specisl Volume No. 2. * Chemotaxonomy and Serotaxonomy *,
edited by J. G. Hawkes, 1968, pp, 220-234,
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genotype; as things are, there is no trace of such a limitation and it ig
likely that a classification bhased on a really careful study of anatomy
is a better one than any on, say, proportions of two different lipids in
the central nervous system. Such classifications on very restricted hases
have been known for a long time. Darwin (1859}, whose treatment of
the whole subject in his Chapter 13 is masterly, puts it very clearly:
*The importance, for classification, of trifling characters, mainly
depends on their being correlated with several othier characters of more
or less importance. The value indeed of an aggregate of characters js
very evident in natural history. Hernce, as has often been remarked, 5
species may depart from its allies in several characters, both of high
physiological importance and of almost universal prevalence, and yet
feave us in o doubt where it should be ranked. Hence, also, it has been
found that & classification founded on any single character, however
important that may be, has always failed; for no part of the organtzation
is invariably constant.” This is perfectly true. Except in devising
classifications for the purpose of identification, ie. keys, all the
characters that can be examined must be taken into account. Un-
fortunately, since the work of museum taxonomists containg a great
deal of identification, and this is greatly facilitated when good short
snappy, easily used, definitions can be given of the groups in question,
there is a strong tendency to erect “natural’” groups which are at least
in part really key groupe, and a truly natural classification is not then
produced,

The word “natural” in relation to classification has been uged in
many different ways (Cain, 1954, 1959, d, 1962a, b, 1963; Cain and
Harrison, 1858, 1960). It means here a classification based on many
characters as against one on few, the latter being an artificial or a key
clagsification. In the last century, however, it has usually been used to
mean a classification in accordance with the actual course of evolution—
a phylogenetic or phyletic classification. Such has been the prestige of
the theory of evolution that many have felt compelled to erect the most
remarkable family trees on the least possible evidence—often selecting
variation in only one particular sort of characters as the basis because,
on very dubious principles, it was thought to be of greater evolutionary
importanee. It eannct be too strongly emphasized that the only secure
basis for a pbyletic classification is & good fossil record; moreover, the
successive stages in a given phyletie line are recognized by putting
together those specimens found which are in all respects most like each
other, in other words by a natural classification in the sense given above.
To contrast this natural classification with phyletic classifications made
on some special bagie, Cain and Harrison (1960) called it phenetic
classification or arrangement, because it usges without weighting any
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gort of available character that appears in the material, including, of
course, genetic characters. Incidentally, it is a striking example of the
prostitution of terms that already phenetic is being used in taxonomie
contexts as a mere abbreviation of phenotypic. Where only a poor fossil
record is available, as in most groups of the animal kingdom, a phenetic
classification is the only possible ““natural’ one. Often the groups found
can be arranged in a sort of dendrogram, but it must be pointed out that
a dendrogram, especially one based only on modern forms, is not a
family tree and cannot be, except by the most unlikely coincidence.

In making comparisons between different forms (or specimens) it is
essential to compare only homologous characters, as Woodger has
pointed out (see Cain and Harrison, 1958 for discussion) and the
material iy arranged so that there is the maximum number of homo-
logous correspondences between the specimens in hand. In taxonomy
we do not start comparing one lizard from the snout backwards with
another examined from the tip of the tail forwards (though this might
be useful for some special purpose). Erdtman {this volume) has raised a
most important point here. He shows that some very complex com-
pounds may be synthesized by different pathways and should then not
be regarded as homologous in different organisms uniess the pathways
are shown to be the same. But in fact even this is not sufficient. Haemo-
globins occur sporadically in the most diverse groups of the animal
kingdom; eytochromes are an exceedingly widespread if not universal
constifuent of living matter and the derivation of haemoglobins and
similar compounds from them by the same enzymic pathways may
therefore have oceurred independently many times. It is impossible that
a few freshwater snails, some Chironomus gnat larvae (but not all), one
or two genera of marine annelids, and the vertebrates are a natural
graup hecause they all contain haemoglobin, and still less could we
include with them root nodules of some legumes which also {as I learnt
from our Chairman) contain haemoglobin. Here is a fine example of the
absolute necessity of checking against the “old” taxonomy before
coming to conclusions. The same could be said for as different a character
as chromogsome number (Cain, 1958a).

What does actually govern the distribution of a particular character
in living things? I have given reasons elsewhere (Cain, 1959d, 1964) for
believing that the power of natural selection is far greater than has been
thought hefore; that, with a lag which is appreciable but trivial on the
scale of geological time, characters are evolved as they are wanted; that
the very general explaining away of characters as due to their occurrence
in remote ancestors is simply based on the true fact that the author
indulging in it does not know anything about the selective forces bearing
on the characters concerned; and that ignorance is a poor foundation for
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a very definite conclusion. On the positive side it is certainly true thag
whenever the most apparently trivial or neutral or non-functional or
ancestral characters have in fact been investigated, it has been found
either that they have a very definite funetion or at least that selection
coefficients greater than what is necessary to dominate their distribution
are in fact acting on them in the wild. The papers in the symposium on
Function and Taxonomic Importance published by the Systematics
Association, especially that by Dr. 8. Manton, make this point, as do
many others referred to by Cain (1964). But the moment we accept this
point we are faced with considerable possibilities of eonvergence (Cain
1959a, b, d). If a particular struzeture or compound is needed, it will be
evolved as in the case of the haemoglobing mentioned above—and
Huntsman (this volume) shows beautifully how even the fine details of
the haemoglobin molecule are highly functional and therefore subject to
intense selection {(even more in the wild than in the laboratoryj. If a
structure or compound is highly functional, then it is likely to be as we
find it because 1t is needed, not at all merely because an ancestor had it;
its present distribution, therefore, need give us no clue at all to the
course of evolution. When far-reaching changes in the accepted view of
the relationships of major groups of vertebrates seem to be implied by
biochemical or serological studies (e.g. Blombéck and Blomback, Gell,
this volume), especially when they seem to disagree with a fossil record
of some importance, it is worth while stopping and asking whether
similarities in large molecules have with absolute certainty no funetional
explanation at all but are pure potted history. Equally, when Haslewood
(this volume) in the course of a fascinating review of bile salts in
vertebrates suggests that there is some connection between certain salts
and a vegetarian diet, we immediately wonder what other associations
between a particular diet (and possibly the medium in which it is
engulfed ?) and a given chemical structure may exist, or how far a
particular bile salt must be fitted in with other bile constituents to be
effective. All demonstrations of possible function mean that we can no
longer simply interpret resemblances as historical without giving in-
dependent evidence that this is indeed the case. A great deal of the
development of taxonomy {(Cain 1958b, 1959%a, b, 1962a, b) has been
through the eliminating of principles (logical, physiological, and now
evolutionary) that have been used to produce unwarranted conclusions;
and the principle that any character must show in its variation the
course of history if on a casual inspection no function for it can be seen,
is at least as invalid as any of its predecessors.

No doubt if we could get at the actual arrangement of the genetic
material of each organism, we might in some sense be able to make a
more fundamental classification. But even here, I wonder if the genetic

+
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arrangements have not themselves come under selection. Suppose that
we knew for any form the whole genetic coding and could decipher it.
It might be the best shorthand deseription of the whole phenotype.
Work with this in mind is intensely exciting. It should be pushed for-
ward as vigorously as possible. But there is some danger of expecting too
much from it for taxonomy. In the first place the extinet animals seem
beyond its reach, yet we cannot omit them from our classification.
Secondly, we may find convergence there as much as elsewhere. At the
present day the remarkable methods described by Kohne (this volume)
do seem to allow us to get some value of overall resemblance between
two forms; and anything that will do this will be welcome to the
taxonomist who does not relish the prospect, even with computer aid,
of having to examine many hundreds or thousands of characters in
every speeimen in order to get a good phenetic arrangement. But so far
we have been thinking of positive comparison. Kohne’s methods do
indeed give us some indication of at how many points along two strands
identical bases occur—that is, there is some measvre of amount of
identity. But where there is no pairing, all we know is that the bases are
different, and as there are more than two alternatives at each site, we
may be in some difficulty here. These methods tell us the amount of
identity (disregarding convergence) but not the amount of difference. To
caricature this situation in order to make it clearer, one might be told
that two animals were identical (at the accuracy of investigation) in one
character, but in all the rest all one could say was that one was not the
other. It is a sitnation not unknown in orthodox taxonomy, in which 1
know one or two groups whose only real definition is that they are not
membhers of some other group.

All that the really competent taxonomist needs is to know everything
about his subject and about the groups he works on. Since this iz hardly
possible he must go to others for help. The new taxonomy is peculiarly
a field in which team work is necessary, and as this conference has so
well shown, team work by taxonomists, chemists, biochemists and
anyone else with special knowledge can be stimulating, profitable and
delightful.
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ABSTRACT

Chemical constituents of organisms are taxonomically valuable and have
the advantage over classical characters that they can be exactly described.
At the present time they are not as useful in some taxa as in others but most
of the chemical screening of taxa still remains to be done, Their advantage is
somewhat reduced by the fact that chemically identical compounds may bhe
biosynthetically different. Moreover, the use of chemical characteristics is
essentially limited to extant species.

Whenever possible, constituents occurring in homologous organs in different
specics should be compared. In molecular taxonomy, patterns of compounds,
preferably covering a range of biosynthetic origins, are much more useful
than solitary compounds. The elucidation of the biosynthesis of compounds
used for taxonomic purposes is vitally important for the further development
of molecular taxonomy.

INTRODUCTION

In the areas where sciences overlap there can be considerable diffi-
culties in communication hetween different specialists. The areas where
biological systematics and organic chemistry merge are no exception.
However, it is my experience that biologists find it easier to understand
organic chemists than wice versa. The results of structural organic
chemistry can be presented in simple constitutional symbols and the
relationships between these are intelligible to most biologists, probably
because of their training in comparative anatomy and morphology.

To chemists, on the other hand, systematic biology mostly appears to
be an enormous collection of more or less unrelated facts. Their under-
standing of the evolutionary changes which life has undergone is
Systematics Association Special Volume No. 2. *“ Chemotaxonomy and Serotaxonomy’,
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hampered by their lack of appreciation of the length of time required
for the earliest forms of living organisms to give rise to the present florg
and fauna,

TAXONOMY AND CHEMISTRY
General remarks

Our theories and ideas about evolution during the ““biological” era,
the last 500 million years, are the result of the labour and the con-
structive ideas of a very large number of different scientists, particularly
botanists, zoologists, geneticists, geologists and palaeogeographers.
However, as is reflected by the different classifications that are proposed
from time to time there iz still no definitive understanding of phylo-
genetic relations,

The nnravelling of the evolutionary processes is one of the most
difficult problems that natural science has faced. Present views,
particularly with regard to plants, have been admirably summarized
by Stebbins (1851, p. 513). He writes: ‘““Mutation, recombination, and
selection, as well as isolation and extinction, are responsible for groups
and categories at all levels. As we go higher up the secale, reproductive
isolation becomes less important as the basis for the limitation of
categories, and extinction more 8o, but this is a gquantitative rather
than a qualitative change. Once species have appeared, the origin of
genera and families, as well as the orders, classes and phyla, is largely a
matter of time and further genetic plus environmental change.”

However, the genetic tree, so popular among nou-biclogists, and for
that matter also with some biclogists, is a model of doubtful value, A
more realisti¢ picture is probably that of a group of bushes with spread-
ing branches. The branches themselves might be compared with bundies
of interlacing fibres. The composition of the present flora and fauna
would be represented by the growing tips of the branches.

At a generic and frequently also at a family level we may be right in
speaking about monophyletic relations, but on the level of orders,
claszes etc. phylogenefic relations are unknown or at least wvery
speculative.

1t may appear surprising that chemistry has played only a very minor
role in taxonomy and phylogeny, particularly since it is obviouns that,
for example, morphogenesis has chemical causes and that, ultimately, it
should be possible to describe the ontogenesis of an organism in chemical
terms. Moreover, chemical characters have the great advantage that
they can be described exactly by molecular structures and configura-
tions. However, unfortunately, chemical constituents cannot be used
for the characterization of fossils except in very rare cases,

The lack of contributions from chemistey is, of course, conditioned in
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part by the later development of organic chemical techniques. Until
recently the structural elucidation of even fairly simple organic
molecules was & long, laborious and costly affair. Many groups of com-
pounds of great general interest have long remained unknown simply
because the substances did not exhibit any conspicuous physical or
physiological properties or because they did not readily crystallize from
crude extracts.

The recent introduction of new and powerful chemical, physical and
analytical methods has completely changed the situation and has made
the isolation and structural elucidation of natural products very much
easier. The number of substances of known structure is therefore at
present increasing at a fantastic rate.

The spectacular advances in biochemistry and molecular biology and
the increasingly clear picture of the strmctura)l and configurational
relations between different groups or ““families” of natural products are
giving rise to an interest in biological problems among a growing
nwnber of organic chemists. There are two main fields of current interest
in biological organic chemistry, the biosynthesis of natural products and
the investigation of the use of chemical characteristics in taxonomy.

Chemotaxonomy ? Biochemical systematics? Molecular taxonomy ?

The hybrid science “chemotaxonomy™ has passed through a long
induction period, but the “sterility barriers’ caused by the divergerit

- development of biology and chemistry are now steadily being broken

down. The term chemotaxonomy is old and like many similar terms
rather loose. Some authors prefer “‘biochemical systematics’ or even
“chemical systematics” though the latter term is hardly acceptable to
organic chemists who have their own systematic problems. Gther
authors avoid the words systemafics and taxonomy altogether using
instead comparative phyto- or zoo-chemistry but this is to put too much
emphasis on the chemical side of the problem. The discussion is
obviously due to the fact that taxonomy and systematics are used as
synonyis in some circles whereas in others they are differently defined.
Personally I prefer the term molecular taxonomy because what we are
dealing with is very definitely molecules in relation to taxonomy (or
systematics). However, it matters little which term is used as long as
there is agreement on what it means.

CHEMICAL CHARACTERISTICS
Primary and secondary products
Some of the molecules of which a plant is composed are high-

molecular weight compounds serving structural purposes, constituting
nutritional reserves or being eomponents of the enzymatic machinery
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of the cells. The low-molecular weight substances are frequently divided
into primary and secondary products but it is imposgsible to give an
exact definition of these terms. The primary products are those involveq
in the fundamental metabolic proecesses and they are normally not
accumulated. The secondary products however are often stored, some-
times in large amounts, within the living cells or may be deposited in
glands or resin ducts or in tissues such as the bark or heartwood. They
are often “metabolic by-products” and are particularly common in
plants, which do not have the same possibilities as animals for getting
rid of waste products. Some of these products are not definitively
expelled from the metabolism and can undergo further changes. Thig
sometimes gives rise to diurnal or seasonal variations which occasionally
haveled chemists to draw false conclusions from analyticalinvestigations,

The question of whether the secondary products have, or have had,
any function has been much discussed but clearly many of them are of
considerable value to the organismes producing them. Among these are
the colouring matters of flowers, insect repellent or attracting com-
pounds, pheromones, the waxy exudates from the preen glands of
certain birds and the cholic acids of vertebrates. Poisonous or bitter
plants are mostly avoided by animals but usually such compounds are
not esgential for the life of the plant and cultivated races of such specieg
sometimes do not contain any of these obnoxious principles. However,
whether all these substances can be properly included among the so-
called secondary products is debatable.

Because of their availability and economic value, many of the
gecondary products of metabolism have long aroused the interest of
the organic chemist., Indeed the structural problems they present
and the methods required to solve thern have heen a basic theme in the
development of a large part of organic chemistry.

There is a natural tendency for the organic chemist to regard the
secondary products as particularly important from a taxonomic point
of view but this is certainly wrong. The primary processes and the
enzymatic and other factors governing them will probably prove to be
of more fundamental value in taxonomy. However, we still know too
little about them to be able to include them in molecular taxonomic dis-
cussion. For the time being, therefore, molecular taxonomy largely rests
on the biochemically less interesting secondary products.

Families of chemical constituents

The observation that taxonomically related plants often contain
identical or at least closely related compounds is the very foundation of
molecular taxonomy. Recognition of this has practical consequences,
and for instance the purposeful search for certain useful compounds in

4
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related taxa has been of great interest to the pharmaceutical and food
jndustries.

Chemists, particularly in the alkaloid field, have recognized a number
of groups of compounds more or less characteristic of particular families
and talk about “Senecio alkaloids”, “Lupin alkaloids”, “Amaryl-
lidaceae alkaloids”, “Lycopodium alkaloids” and so on. However,
there are very many taxa lacking such chemical characterization, at
least at present. Sometimes identical or chemically closely related
secondary products occur in hiologically quite unrelated organisms.
Examples are nicotine in Nicotiana and Equisetum, anabasine in
Nicotiana and Anabasis, bufotenine in the toad, Bufo, and in Piptadenia
(Leguminosae). The sesquiterpene dendrolasin produced by Lasius, an
ant, for defence purposes also occurs in the wood of T'orreya nucifera.
Even such a common terpene as a-pinene iz used by arthropods
(Nasutitermes) as a repellent. Facts of this kind have been used as argu-
ments against molecular taxonomy. Parallel development or con-
vergence are accepted phenomena in phylogeny. Why should not
similar phenomena be acceptable in molecular taxonomy ?

Distribution of chemical characteristies and their taxonomic value

Compounds which are ubiquitous or nearly so are obviously of little
taxonomic value and thus many biochemically important substances
are taxonomically useless. Nobody would deny that compounds such
as cellulose, lignins, chlorophyll ete. have taxonomie interest but their
importance is limited to the delineation of higher categories.

‘With the exception of the suborder Caryophyllineae all plants belong-
ing to the order Centrospermae (including Cactales) appear to produee
nitrogenous colouring matters instead of anthocyaninsg. Examples are
betanidin (1) from red beet and indicaxanthin (2} from Opuntia ficus

HO
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{1) Betanidin (2) Indicaxanthin
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indica. These “betacyaning’ contain a characteristic pyridine maje;

combined with amino acids. The anthocyanins belong to the class of
flavonoids and are common colouring matters of the flowers of mogg
angiosperms including Caryophylilineae. They are algo found in gymne.
sperms, ferns and some mosses. The lack of anthoeyanins in thg
betacyanin-producing plants is interesting particularly because they are
able to synthesize other types of flavonoids. It has been suggested thag
the Caryophyllineae should be removed from Centrospermae on the
basis of this single chemical difference only. Although a very large
number of the Centrospermae has been tested, the majority still remaiy,
to be investigated. It is particularly interesting from a taxonomic poing,
of view that betacyanins are common to Centrospermae and Cactales,
orders which have long heen considered to be phylogenetically related

It is possible that the Centrospermae and Cactaceae have developeg
from primitive cormophytes producing nitrogenous colouring matter
of betacyanin type and that they have retained this peculiarity through-
out the ages because the betacyanins serve the same purpose as the
anthocyaning and just ag efficiently. The possibility that the Centro.
gpermae is a biphyletic order cannot be excluded.

Unique or very rare compounds are often of little taxonomic interest
but the sitnation may suddenly change as the result of unexpected diy-
coveries. Ricinine (3) from castor bean, Ricinus communis, was long
considered to be an odd compound of no taxonomic interest. However,
recently a chemically related alkaloid, nudiflorine (4) was discovered in
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(3} Ricinine (4) Nudiflorine

Trewia nudiflora. Both Ricinus and Trewia are monotypic genera and
for that reason not very suitable for molecular taxonomie investigations.
The genera are botanically closely related, both belonging to the tribe
Acalypheae of the subfamily Crotonideae of Euphorbiaceae and this js
obviously reflected in their alkaloids. There are several similar cases but
‘it may suffice here to mention only calycanthine (5) and chimonanthine
{6}, chemically related alkaloids from the very closely related genera
Calycanthus and Chimonanthus (both Calycanthaceae). One Calycanthus
species in fact contains alkaloids of both types.
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Carbon skeleton
(5) Calycanthine common to 5 and 6 {6) Chimonanthine

The oceurrence of such closely related compounds in botanically
related plants cannot be accidental. However, if by chance ricinine
should be discovered in a grass this would be a curious coincidence but
not a finding of any taxonomic value.

Chemical complexity and faxonomic value

Compounds of restricted distribution are taxonomically the most
interesting, Simple flavones {7) are widely distributed but iscfiavones
(8) have been found only in a few plant families. Thus the isoflavones
have greater taxonomic value than the favones,

e ©
O

{7y Flavone {8y Tsoflavone

There are also many flavones which have hecome more or less modi-
fied by reductive, oxidative or substitution processes. The same is true
of isoflavones, eoumaring and many other simple structural types. The
rotenoids (9) of Leguminosae, eycloartocarpin (10) from Moraceae and
certain complex coumaring from TUmbelliferae, Guttifereae and
Rutaceae can serve as examples. Such “unusual” compounds have
mostly a restricted distribution and therefore greater taxonomic
interest than their simpler ““parent compounds™. The very complex
steroids, however, are almost omnipresent. Obvionsly it is not the
structural complexity as such that makes a compound valuable in
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{9) Rotenone (10) Cycloartocarpin

molecular taxonomy but the complexity and number of the biosynthetic
pathways involved in its formation.

Patterns of constituents

In most comparative chemical investigations attention is paid very
unfortunately only to a single group of compounds. Like their biclogical
colleagues, chemists are often very specialized as regards interests and
techniques. No taxonomist, however, would endeavour to claseify a
plant simply on the basis of a single characteristic. It has already been
mentioned that eertain compounds of restricted distribution do occur
in widely different plants and that this has been used as an argument
against molecular taxonomy. This is as unjustified as many similar
proposals by over-optimistic chemists whe on the basis of a single
compound suggest that a genus should be split into two subgenera or
that a species should be transferred from one genus to another,

Taxonomic conclusions of any value must be based on a large body of
evidence and chemical characteristics are by no means superior to the
classical characters. Moreover, the biological classification on the level
of genera and subgenera is often subjective and sometimes simply serves
practical purposes. It is useless to force doors open. A brief consultation
with an experienced taxonomist, would, it is hoped, save chemists from
such calamities,

Nicotine has been found in plants belonging to several families in-
cluding Equisetaceae, Lycopodiaceae, Rosaceae, Leguminosae, Ascle-
piadaceae, Solanaceae and Compositae. This does not however mean
either that nicotine is taxonomically useless or that these families are
related. The important point is that in these cases nicotine is accom-
panied by guite different chemical constituents.

The heartwood of several Sorbus species contains unusual hydroxy-
diphenyl derivatives, the aucuparins, as well as a lignan xyloside
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lyoniside. The latter compound oceurs also in the leaves of an Ericaceae,
Lyonia ovalifolic and aucuparin has been found in the wood of a
Guttiferae, Kielmeyera coriacen. There is no lyoniside in the latter
species but a series of xanthones common to many other species of
Guttiferae. Many similar examples could be mentioned. It is clear that
the co-cccurrence of a compound and a simple derivative of it, e.g. a
favone and its methyl ether or glucoside, is taxonomically much less
jnteresting than its co-oecurrence with guite different types of com-
pounds, e.g, a flavone and an alkaloid, a tropolone or an acetylene.

It sometimes happens that a compound which at first appears to be
characteristic of a genus is lacking in one or mnore species. Such gaps can
often be bridged with other types of compounds.

The value of the chemical approach to taxonomy ig that it brings
additional and independent evidence to a taxonomie discussion. How-
ever the botanical classification of plants, although not infallible, is the
result of very careful considerations of classical characteristics and it is
necessary to use equal care before drawing any taxonomic eonclusions
from chemical results. The chemist has therefore to investigate the
widest possible range of compounds and their oceurrence in several
different organg of the group of plants concerned.

Chemically and biologically identical compounds

In molecular taxonomy the criterion of identity of chemical charae-
teristics is different from that for chemical compounds. Two compounds
from different species may have the same structure and configuration
but they must be considered to be biologically different if they are
produced along different bioaynthetic routes. A single example will
suffice to illustrate this point.

The amino acid lysine is formed in bacteria and biue-green algae from
aspartic acid via ¢.e-diaminopimelic acid but in yeast and Neurospora
it is produced by a complex series of reactions involving the trans-
amination of acetate-derived «-ketoadipic acid.

(learly, the lysines fromn hacteria and yeast are hiologically different
compounds, Chemically identical eompounds derived from these lysines
are thercfore biologically different. However, if the analogous lysines are
coupled with biotin, forming biotin enzymes of identical catalytic
properties, then the origin of the lysines is at the present stage a matter
of little taxonomie interest since they are incorporated in the bio-
chemical machinery, not in a secondary product.

It can be very difficult to say at what stage biosynthetic reactions
begin to diverge from those of primary to those of secondary meta-
bolism. The problem of biochemical identity or dissimilarity is still very
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unclear and the elucidation of the biosynthesis of natural products ig
therefore a matter of fundamental importance in molecular taxonomy,

MOLECULAR TAXONOMIC INVESTIGATIONS

Most molecular taxonomic investigations originate and develop ag
follows. A mnovel type of organic compound is, rather accidentally,
isolated from a natural source, It is often found to co-occur with com-
pounds of similar chemical structure. They may differ as regards state
of oxidation, number of hydroxyl groups or methoxyl groups but they
all very obviously constitute a variation on a theme. This naturally
arouses curiosity as to whether or not members of the new family of
compounds also cccur in related organisms. This is frequently found to
be the case. One of the minor constituents in one species may be a major
one in another. If the interest of the investigator is great enough, he will
include more and more species in his research and perhaps ultimately
cover the whole genus, If this is large and eontains the same or clogely
related constituents throughout, then the results may be of very con-
siderable taxonomic value, If the genus is large and pandemic the
acquisition of starting material is difficult and the investigation is often
discontinued in an incomplete state. It may be resumed later by workers
in other parts of the world, to whom the remaining species are more
easily accessible, This makes the screening of large taxa an irritatingly
slow and haphazard process. The situation is familiar to biologists who
often somplain about the lack of medern, thorough, monographic treat-
ments of entire genera or families.

At the present stage molecular taxonomy mainly involves the
systematic sereening of taxa for the oceurrence of secondary metabolites
and compilations of the distribution of compounds or types of com-
pounds using some biological classification as a background. It thus
differs Little from phyto- or zoo-chemistry.

Much of this essential pioneering work requires a chemist but it will,
no doubt, increasingly be taken over by biologists as analytical methods
are improved and gimplified. Cloge collaboration between bioclogists and
chemists is needed for the sound development of molecular taxonomy.
The chemist needs advice of biologists in choosing topics that are of the
greatest taxonomie importance as well as assistance with the correct
identification of biological starting materials.

Valuable chemical investigations have sometimes been published on
compounds isolated from a plant identified simply by a local or trade
name! Interestingly, on more than one occasion, phytochemists have
been able to disclose erroneous identifications of plants on the ground
that the reported constituents did not fit in well with phytochemical
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experience—and have been able to suggest, correctly, which plant was
actually investigated. Such incidents strengthen confidence in molecular
taxonomy (cf. Hegnauer, 1967).

Small plants are usually extracted as such but of large plants fre-
quently only a special organ is investigated. It therefore happens that
much is known about the chemistry of the root or bark of one plant,
the heartwood of a closely related species and the seeds of a third. It is
necessary to keep this in mind when comparisons are made. In the wood
of most species of the family Pinaceae resin ducts occur containing resin
acids such as abietic acid. The wood of the true cedars (Cedrus) normally
does not contain resin ducts and abietic acid is absent. Here the abietic
acid is confined to the cones.

In this connexion it should perhaps be mentioned that we know
almost nothing about the chemistry of the individual cells of an
anatomically homogeneous tissue, Many compounds differing for
example as regards state of oxidation may well be produced in different
cells. Present-day cyto-chemists are usually more interested in mole-
cular biology than in secondary metabolites.

Parasitism and symbiosis sometimes give rise to interesting metabolic
changes. The ascomycete Ceratostomella fimbriata, when grown on
Ipomoen batates, produces a series of unusual isoprenocid compounds,
among others a sesquiterpene, ipomoeamarone. Lichens almost regularly
contain peeuliar acids, both aliphatic and aromatic. They are sometimes
produced in very large amounts and are useful for the identification of
lichens. Compounds related to lichen acids have occasionally been found
in fungi and it is generally believed that the fungal component of lichens
is responsible for their formation. However, it is obvious that the sym-
biosis between fungus and alga greatly stimulates the synthesis of
lichen acids. Certain orchids such as Orchis and Laroglossum, live in
gymbiosis with fungi ( Rhizoctonia) and this symbiosis is regulated by the
production of specific phenols of phenanthrene type (orchinol, hircinol).
Wood of Prunus jamasakura contains flavonoids. When iufested by
Polystictus (Coriolus) versicolor, however, it contains large amounts of
the lignan iso-olivil. This compound is foreign to both host and parasite
but iz a normal constituent of Olea cunninghamia. Infections are not
always easily detected, at least not by chemists, and may cause grave
mistakes.

AN EXERCISE IN MOLECULAR TAXONOMY. THE CONIFERS

1. Pinus
1 should like to illustrate a few of the above points by some work on
the conifers which has partly been carried out by our group in
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Stockholm. For various reagons the pines were the first to be investj.
gated, and of the different organs the heartwood was chosen because
it is dead and not subjeet to seasonal variation and other external
influences.

The genus Pinus, embracing some 80-100 good species, has been
carefully studied by several taxonomists. It is a very sharply defined
genus and there is general agreement that it should be divided into two
subgenera, Haplozylon and Diploxylon. The former pines have needles
containing one vascular bundle, the latter have two. These subgenera
have been further divided into sections and subsections. At this level,
however, the various authors do not agree.

The first pine heartwood investigated by us was our common Pinyg
stlvestris, Scots pine, a member of the subgenus Diploxylon. 1t containg
a series of phenolic compounds of which only the stilbene derivative
pinosylvin (11) and the dihydroflavones pinocembrin (13) and pino-
banksin (14) will be mentioned here. Several hundred samples of Scots

HO Ho
HO Ho
(11) Pinosylvin (12) Dihydropinosylvin

pine were investigated (Erdtman et af., 1951). Most of them were of
Swedish origin but pine wood from Ireland, Spain and Poland and non-
European plantations has also been investigated. All samples contained

(13) {R=R!=R*=H): Pinocembrin (18) Chrysin
(14) (R=R!'=H; R*=0H): Pinobanksin

{15) (R*=R*=H; R=CH,): Strobopinin

(16} (R=CHj; R'=RZ=H}): Cryptostrobin

( )

17) (R=R!'=CH,; R*==H): Demcthoxymatteucinol

the above phenols. Some small quantitative differences could be noticed
between pines from southern latitudes and from northern Sweden. This

A
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is not surprising. Morphologically the pines vary considerably and
several geographical “races” are known.

A few other pine species were then investigated and the results were
go promising that it was decided to include ag many species as possible,
This work was undertaken by Dr. . Lindstedt (ef. Lindstedt, 1951)
and it was found that all diploxylon pines investigated (35 species)
contained pinosylvin and the above dihydroflavones, Thus, from the
point of view of heartwood phenolics the diploxylon pines all look very
much alike.

In hisrevision of the genus Pinus Shaw (1914) recognized two sections
and seven subsections in hploxylon and two sections and six subsections
in Haploxylon. Lindstedt also investigated fourteen haploxylon pines.
The diploxylon phenols were present in practically all of them, but pine-
gylvin was accompanied by its hydrogenation product, dihydropino-
sylvin {12) and pinocembrin by its dehydrogenation product chrysin
(18). There were also some interesting C-methylated flavonoids, e.g.
strobopinin (15} and cryptostrobin (16) which oceurred in species
belonging to Shaw’s section Cembra, subsection Strobi and section
Paracembra, subsection Gerardianae,

If from these results we had endcavoured to suggest a classification
of the pines {which, of eourse, we did not do} we would have separated
the pine genus into two subgenera, identical with Diploxylon and
Haploxylon, That corresponding to Haploxylon would have been further
divided into two sections.

Chrysin and chrysin glycosides have been found in Populus, Prunus,
Pyrus, Docynopsis and Scufellaria, pinocembrin and its glycosides in
Prunus, Sarothamnus, Aniba and Xanthorrhoea and it would not be
surprising if pinosylvin was found for example in a Leguminosae. The
important thing is that all these substances co-occur in the piues.
Together with the ligning of the pines, which are of the * conifer type”
and differ from those of the angiosperms, the pine heartwood phenolics
differentiate the pines from all other plants.

Nevertheless it seemed advisable to subject a hiochemically entirely
different class of pine constituents to a complementary comparative
study. The most suitable group was the terpenoids. Mnch was already
known about the diterpene aecids (“‘resin acids’’) of the pines and the
monoterpenes had been systematically studied by Mirov (1861). The
dominating monoterpenes are the pinenes but P. conforéa for example
produces S-phellandrene. Crosses between this pine and the e-pinene-
producing P. banksiana produce mixtures of these terpenes. P. jeffrey:
which Shaw regarded as being a variety of P. ponderasa { Diplozylon,
subsection Australes} produces a strange turpentine consisting alnmost
entirely of n-heptane, a hydrocarbon which is in no way related to the
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terpenes. In I. ponderose Mirov found no heptane but a mixture of .
and f-pinene and A%-carene. For this reason Mirov regards P. jeffrey;
as a good species and since P. sabiniana, which was placed by Shaw in
the subsection Macrocarpae is a great heptane producer, Mirov (1961)
suggests that P. jeffreyi should be transferred to the Macrocarpae,
P jeffreyi hybridizes easily with P. ponderosa and the offspring containg
constituents from both parent species. It would be a matter of great
interest to investigate whether there are any differences between the
resin acids of heptane and terpene producing pines. Several pines be-
longing to Shaw’s Macrocarpae contain mixtures of heptane (and
undecane) and terpenes and this is also true of several haploxylon pines,
Possibly most pine turpentines contain at least traces of paraffin hydro-
carbons. There are some recent indications that this may be the cage
(Smith, 1964). Mirov’s work has shown that pines produce specific,
constant, patterns of monoterpencs but they do not aid in distinguishing
between the haploxylon and diploxylon pines.

During these important studies Mirov also paid some attention to the
sesquiterpenes of the pine oleoresins. Before the gas chromatographic
era this was an extremely difficult task. Nevertheless several important
sesquiterpenes were characterized. Sesquiterpenes have more varying
gtructures than monoterpenes and for that reason should be more
interesting from a taxonomic point of view since one would expect that
the formation of sesquiterpenes requires more complex enzyme systems.

Dr. Westfelt (1967) has recently subjected the turpentine fractions of
Pinus silvestris to an extensive investigation. Prior to his work only a
few neutral sesquiterpenes were known from this species and only a
single neutral diterpene. Westfelt isolated 15 sesquiterpcnes and 13
diterpenes. This shows net only the efficiericy of modern methods but
also the amount of chemical characters of terpene type we can expect to
know when the whole genus has been covered. With present day
analytical methods this can be done fairly easily.

We were, of course, anxious to see if there was any indication of
differences between the higher terpenes in Diploxylon and Haploxylon
and therefore Westfelt investigated also the neutral sesqui- and
diterpene fractions of one haploxylon pine, P. albicaulis. The sesqui-
terpene fraction was simpler than that of P. silvestris. The main
diterpene hydrocarbon was the macrocyclic thunbergene (Mirov's
cembrene) which perhaps is a characteristic congtituent of at least some
groups of pines.

Much work is now being done in different laboratorics on the con-
stituents of pine barks, needles and seeds and the results have been very
interesting. When the distribution of the new chemical pine character-
istics is known we shall possess a chemical map of the genus which
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together with biological evidence may enable us to produce an improved
classification of the pines (Mirov, 1967).

2. Pinus or Ducampopinus?

After having gained some experience in the chemistry of the pines we
were anxious to investigate that of Pinus krempfii. This is a most
unusual pine, possessing broad leaves in pairs. The leaves have a gingle
vascular bundle and the tree consequently should be a haploxylon pine.
However, it is 80 aberrant that some taxonomists have raised it to the
rank of a subgenus or genus of its own, “ Ducampopinus krempfii”.
Some authors apparently have even considered it to be a hybrid of a
pine and Keteleeria or Pseudolariz (Dallimore ef al., 19866). P. krempfii
grows in the Nhatrang region of Viet-Nam and under the prevailing
circumstances it was not easy to obtain a wood sample. However, a
small piece containing sapwood as well as heartwood was ultimately
secured. The amount was suflicient only for an examination of the
phenolics and the resin acids. The latter were those commonly en-
countered in pine heartwoods and the phenolics were typical of
Haploxylon (Erdtman ef al., 1966b). There was only one new compound,
demethoxymatteucinol (17) formerly isolated from a fern (M afteucia).

The pattern of phenolics isolated from P. krempfit was so similar to
that of Shaw’s subsection Gerardianae (and some of the Strobi) that a
reinvestigation of some of these species was undertaken (Erdtman e al.,
1966a). It turned out that both P. bungeana and P. gerardiana (Gerardi-
anae) as well as P. peuce (Strobi) contained demethoxymatteucinol.
Hence from a chemical point of view P. Lrempfii undoubtedly falls
within the subgenus Haplozylon. Taxonomically this is, of course, a very
minor result but it shows the value of chemical characteristics when
there is sufficient background information.

I have dealt with pine chemistry at some length because it shows:

1. That the whole genus possesses a characteristic heartwood chemistry;

2. That there are clear-cut chemical differences between the botanical
subgenera;

3. That all the heartwood constituents taken together eharacterize a
pine;

4. That there are indications that in future one may be able to charac-
terize categories of even lower rank than the subgenera, particularly
when more is known about the chemistry of other organs of the pines,

These results will probably not impress a botanical taxonomist and if
he coneludes that nothing new of taxonomic interest has come out of
this work I am quite ready to agree. Qur investigation should be



250 CHEMOTAXONOMY AND SEROTAXONOMY

regarded primarily as an examination of the scope of moleculay
taxonomy rather than as a practical application.
Taxonomists (or systematists) would be much more interested to
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learn if it is possible to say anything about the interrelations of the
genera, of the family Pinaceae on the basis of their chemical constituents.
Based on morphological and anatomical evidence, hotanists have recog-
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nized Pinaceae as being a natural group. The other genera of Pinaceae
have not yet been nearly as extensively explored as Pinus, but there is
nevertheless much chemijcal evidence (flavonoids, lignans, resin acids)
showing that this family is, indeed, a natural one differing distinctly
from other conifer families (Erdtman, 1952, 1956, 1963).

3. Cupressales

There are very great chemical differences between the orders Pinales
and Cupressales—and some similarities. The chemistry of Cupressales
has recently been reviewed (Erdtman and Norin, 1966) and abounds in
interesting features. There are several types of sesquiterpenes which
appear to be limited to Cupressales such as those belonging to the
selinane (19), guaiane (20), cedrane (21), thujopsane (22) and cuparane
(23) types.

Common to Pinales and Cupressales are sesquiterpenes with cadinane
(24) and longifolane (25) skeletons. Unique, so far, for Cedrus are
sesquiterpenes of himachalane (26) and allohimachalane (27) type.

Toxic tropolones of modified terpene type such as S-thujaplicin (28)
and nootkatin (29) have only been found in the Coniferae and then only
in certain genera of the family Cupressaceae, never in any of the
heterogeneous family Taxodiaceae. There are, however, several other
compounds which one would call typical of the Cupressaceae which do
oceur in Taxodiaceae, e.g. cedrol in Sciadopitys and Cunninghamia. The
more complex tropolone nootkatin seems to be restricted to Cupressus
and Juniperus, the sole exception known being the “Alaska yellow
cedar®, Chamaecyparis nootkatensis, a conifer of somewhat uncertain
systematic position that was formerly regarded as constituting a mono-
typic genus and called Callitropsis nootkatensis. There are several
chemical differences between Ch. nootkatensis and other Chamaecyparis
species and it might be worth while undertaking a botanical re-
consideration of the taxonomic position of Ch. nootkatensis.

The presence or abscnce of tropolones is an important molecular
taxonomic character in the Cupressaceae even though tropolones are
absent from some species of genera where tropolones are to be expected.
An example is Juniperus virginiana. However here the terpenoid con-
stituents, which are closely similar to those of the other juniper species
that have been investigated, serve to bridge the tropolone gap. The
reagon for these occasional anomalies is unknown but there is of course
the possibility that the tropolone content is so low that none can be
discovered even with our most powerful present day methods. The
conifer tropolones are undoubtedly biochemically related to the
terpenes. Presumably rclatively small mutations can block the chain of
reactions leading to the tropolones,
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BIOSYNTHESIS
Biogenetic hypotheses

It has already been mentioned several times that a knowledge of the
biogynthesis of secondary produets is essential for the development of
moleeular taxonomy. Early attempts by organic chemists to throy
some light on the biosynthetic processes led to the ‘“biogenetic” ¢p
“intuitive” hypotheses proposed by Winterstein, Robinson, Ruzicks,
and many others. They were based upon comparisons of the molecular
architecture of natural compounds and intelligent ““dissections” of their
gtruetures into “building stones’ of biologically acceptable nature,
They also included some taxonomie and biochemical elements. It wag
never claimed, however, that they were anything more than indicationg
of general trends along which Nature probably worka.

Although highly speculative and, naturally, rcceived with great
seepticism by biochemists, the biogenetic hypotheses had and still have
an enormous impact on structural organic chemistry. They could be
used so successfully in very different domains of natural product
chemistry that there wag little doubt that many of them contained
fundamental principles in biosynthesis. They could frequently be used
for sorting out the most probable of several possible structures;
Robinson’s interpretation of the structure of morphine is the classical
example. Several structures for this alkaloid had been proposed but
none appeared to be quite acceptable. Robinson suggested the correct
structure because it could be dissected into two identical halves derived
from phenylalanine molecules and combined as in several papaver-
aceous benzylisoquinolines (30-31). Some of these hypotheses have been
put on a much firmer basis by biosynthetic studies.
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(30) Identical benzyl isoquinoline (31) Basic skeleton
structures of morphine

General pathways in the biosynthesis of secondary metabolites
1. PATTY ACID PATHWAY

As the result of brilliant investigations by several groups of bic-
chemists many aspects of primary metabolism have been elucidated and

i
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gome general routes of particular interest in relation to the biosynthesis
of secondary products emerged. They include the fatty acid route lead-
ing from acetate-malonate to fatty acids. Liynen has shown that the fatty
acid synthesis takes place in highly organized multienzyme complexes,
so-called fatty acid synthetases, as illustrated very schematically below.

OH,—COOH CHa(C00M:  cH,—CO—CH,—COOH — —
CH,—CH,—CH,—COQH CB:(C00M):
OH;—CH,—CH,—C0—CH, CO0H — —»
CH,—CH,— CH,—CH,—CH,—COQH CH:(CO0H),
ete. ete.

The “fatty acid pathway’ appears to be very general and leads
directly to fatty acids which would not be characterized as secondary
products although they are often accumulated or stored. Secondary
transformations of the primary fatty acids sometimes give rise to the
formation of compounds of taxonomic interest, e.g. unsaturated fatty
acids of unusual types, acetylene derivatives, hydroxy acids ete,

2. MEVALONIC ACID PATHWAY

Another very general route is the mevalonic acid route leading from
acetic acid via mevalonic acid (32) to the isopentenyl units (33) which
are the building stones of terpenoids, steroids, rubber ete,

OH

|
HO—CH,—CH,—C—CH,—COOH — HO—CH,—CH,—C—=CH, —
|

CH, CH,
— terpenes, steroids, eto.
(32) Mevalonic acid {33) Isopentenylalcohol

3. SHIKIMIC-PREPHENIC ACID PATHWAY

The shikimic-prephenic acid pathway leads from carbohydrates via
shikimic acid (34) to a large variety of aromatic compounds, e.g.
phenylalanine (35) and lignins.

4. POLYKETIDE PATHWAY

There is one general route, leading from acetic and malonic acids {or
an acid: R—COOH and malonic acid) to a very large number of natural
products, which has essentially been inferred from comparisons of the
structure of naturally occurring substances, the so-called polyketide
pathway. The hypothesis originated from Collie’s early speculation on
the role of acetic acid in biosynthesis, was further developed by Robin-
son and was much used by him in his lectures as early as 1930 (as far as
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the author’s experience goes). It was greatly extended and generalized

by Birch (1957). The polyketide hypothesis is still to a large extent
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“biogenetic’” but has received much support from biosynthetic experi-
ments by many chemists including Birch himself. The essence of the
polyketide hypothesis is best illustrated by some simplified examples
(in which the role of malonic acid is left out).

Four molecules of “acetic acid” are condensed to form orcellinic acid
(36-37).

In an analogous manner a molecule of another acid, for example
cinnamic acid, is condensed with three molecules of acetic acid (38).
Cyclization of 38 can take place in two different ways, leading (a) to a
flavonoid (39) and (b) to a stilbene {40).

It appears that the polyketide and the fatty acid routes are related
and Lynen (1967) tentatively suggests that the polyketide syntheses
take place in multi-enzyme complexes.

There are, of course, many additional enzymatic systems operating
which produce variations of the main themes, condensations, reductions,
oxidations, hydroxylations ete. Among such modifying factors are the
enzymes that give rise to the oxidative coupling of phenols (e.g. 41)
leading to diphenyl (42) or diphenyloxide (43) derivatives. Such
reactions presumably involve the intermediate formation of free
radicals (Barton and Cohen, 1957; Erdtman and Wachtmeister, 1957).

o - rom e Con —
(41)

{42) 41) Phenol
e
(43)

Some examples of biosyntheses of secondary metabolites

Most of the hiochemical work on primary metabolism has been done
using mutants or radioactively labelled compounds but as soon as the
latter became available many organic chemists began to test the bio-
genetie hypotheses for the biosynthesis of secondary products. Some-
times these hypotheses were confirmed, at least in principle, sometimes
they were rejected. The methods used are simple in theory. Specifically
labelled compounds presumed to function as precursors in the bio-
synthesis of & natural product are administered to an organism known
to produce it. After some time the produet is isolated. If labelled the
compound is systematically degraded in such a way as to permit the
examination of all its component atoms separately. (At least in the ideal
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cage.) In this way it is possible to locate the label derived from the
introduced and incorporated *precursor”. Such investigations, simple
as they look on paper, require refined experimentation. Many very
elegant studies of this type have now been carried out.

The results must be considered with great care. Failure to accept an
introduced substance does not necessarily mean that it cannot serve ag
a precursor. Racial and seasonal variations, external influences such ag
light and temperature may cause complications. Perhaps the greatest
trouble is the low incorporation which is often observed, frequently
amounting only to a small fraction of a per eent. This sometimes makeg
one uncertain whether the product isolated has been synthesized along
a main route or comes from some minor, alternative pathway. Low in-
corporation is often ascribed to slow diffusion of the labelled compound
into the active centres of the cell. The situation is much simpler if it can
be introduced in a biologically more normal way as when micro-
organisms are “‘fed”’ or animal organs are perfused via the blood stream,
Often, however, an excised leaf or stem is simply dipped into a solution
of the labelled compound or the compound is injected into a tissue or
below the bark. In such cases one cannot exclude the possibility that the
compound is largely taken up by cells not normally involved in the
reaction studied. What they will produce when compounds strange to
them are forced upon them, and how the reaction products will affect
the normal metabolism, is unknown.

Sometimes the introduced substance is first biologically degraded into
simple molecules which are then used for syntheses. In such cases the
isolated secondary product will be more or less randomly labelled and
this is mostly easily detected. If compounds carrying several suitably
located labels are used it is possible to find out whether the whole
molecule or only part of it is incorporated. Sometimes several different
molecules can be accepted and transformed into the same end-product.
This may indicate that there are several biosynthetic paths to the same
product. Mostly such molecules are chemically closely related and are
congidered to be “biochemically equivalent”. It is important to
remember that the successful incorporation of a molecule does not
necessarily mean that it constitutes a natural intermediate in a chain
of biological syntheses.

1. CONIINE

From a biogenetic point of view it appeared possible that coniine (45)
is derived from lysine and some early experiments indicated that this
could be correct. However, feeding Conium maculatum with
CH,—COOH gave rise to coniine labelled as indicated by dots in
the formula (45) and it is now believed that a polyketide formed from

.
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four molecules of acetic acid (44) is involved in the synthesis. Ap-
parently many other alkaloids have a similar origin. There are also
alkaloids which must be derived from mevalonic acid.

O
0 O NH
{44} (45} Coniine

2. ANABASINE

Nicotiana glauce is a plant which appears to form lysine from
2,6-diaminopimelic acid. It produces anabasine (47), an alkaloid
structurally resembling nicotine, Tt has been suggested that the
piperidine ring (B) of anabasine is derived from lysine. (The biosynthesis
of the pyridine ring (A) will not be discussed here.) Feeding Nicotiana
glauca with lysine labelled as shown in formula 46 gave anabasine

labelled as 11 fOIIIllIlEL 4; .
E\
L\

E\L((JOOH —
NH, XH,

N, "NH,

(46) Lysine (47) Anabasine (48) Cadaverine

It follows that it is the carbon atom next to the carbonyl group which
becomes attached to the pyridine ring. Cadaverine, a decarboxylation
produet of lysine, singly marked as in formula 48 was an “excellent pre-
cursor’” to the B-ring. The resulting anabasine, however, was equally
labelled at C{2} and C(6) and it can be concluded that the route from
lysine to anabasine does not proceed via the symmetrical “lysine
equivalent” cadaverine.

3. NICOTINE

Most other Nicotiana species produce nicotine but not anabasine.
By analogy with the biosynthetic route postulated for anabasine it
would be expected that the pyrrolidine ring of nicotine is derived from
the next lower homologue of lysine, ornithine, and ornithine is in fact
incorporated in feeding experiments. There is one unexpected featnre,
however. Ornithine labelled as in formula 49 gives nicotine (50) labelled
in position 2 as well as in position 5 and this requires that a symmetrical

12+
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entity is interposed between ornithine and nicotine. This can he
explained in terms of mechanistic organic chemistry—which are
supposed to be applicable also in biologiecal reactions,

“Biological equivalents” of ornithine, e.g. putrescine (51), proline
and glutamic acid (52) are incorporated into nicotine in the same way
ag ornithine.

These results look straightforward and most organic chemists have
accepted them as providing answers to the biosynthetic problem under
discussion.

NH,

HOOU COOIL
(52) Glutamic acid

:COOH

NH, “NH,

—

NH, “NH,

(49) Ornithine {50} Nicotine {(31) Putrescine

There is one snag, however, and that is the feeding technique itself.
Under natural conditions plants are not “fed’” and it is not cerfain that
the alkaloid producing cells are normally provided with prefabricated
amino acids synthesized in some more or less distant cells. In order to
arrive at a true and detailed picture of the alkaloid synthesis it would be
necessary to follow the example of Calvin during his brilliant researches
on the path of carbon in photosynthesis.

The path of carbon in nicotine synthesis has recently been in-
vestigated by Rapoport (Liebman ef al., 1967). Short time exposure of
plants to 1*CO, gave nicotine whose pyrrolidine ring was labelled in a
manner which greatly differed from that obtained in feeding experi-
ments (53).

(53) Distribution of *C-labelling of the
pyrrolidine ring of nicotine after short
time feeding with MCO, :
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This uneven labelling pattern is not in agreement with the assumption
of a symmetrical intermediate, Rather it indicates that the nicotine is
formed in two or more different ways, the observed uneven labelling
being due to a summation of the specifie labellings.

Alternatively a precursor of nicotine, e.g. glutamic acid (52), is bio-
synthesized in Nicotiono by a novel route. Some very recent results of
an investigation of the biosynthesis of glutamic acid in Nicoliana
rustica using **CO, seem io indicate that this may be the case (Burns
et al., 1967). Whatever the ultimate solution of this confused problem
may be it clearly demonstrates the care required in drawing conelusions
from feeding experiments using postulated precursors. It will now be
necessary to check many biosynthetic theories using labelled carbon
dioxide.

Anabasine is structurally related to nicotine and occurs in a few
Nicotiana species (Solanaceae, Tubiflorae) sometimes together with
nicotine. The possibility has not been ignored that the N-methyl groups
of nicotine could be incorporated into the piperidine ring of anabasine
by some biochemical reaction, for cxample an oxidative process, but
there is no biosynthetic evidence for this.

Anabasine is a constituent of Adrabasis aphylla {Chenopodiaceae,
Centrospermae) where it co-occurs with alkaloids otherwise found in
gome Leguminosae. Clearly a detailed knowledge of the hiosynthesis of
nicotine and anabasine in unrelated plants would be of great general
taxonomic value.

4. MORPHINE

Farly 7n vifro syntheses modelled to simulate probabie biosynthetic
reactions in this field were carried out by Robinson and Sugasawa in
1932. They oxidized laudanosoline (54) in the hope of obtaining the
aporphine, shown in formula 56. However, the reaction took another,
@ priovi equally probable, route and the substance shown in formula 55
was formed. Interestingly, compounds of this type have since been
found in nature.

Among the most beautiful biosynthetic investigations which have
been made using feedings with postulated precursors are those by
Barton and Battersby and their groups on the opium alkaloids (Barton,
Battersby ef al., 1965).

Laudanosoline was found to be incorporated into morphine. Tt zeems
first to be methylated to reticuline (57) which is then oxidized to the
dienone salutaridine (58). Reduction and elimination of water follows
(59), leading to thebaine (60) which is finally demethylated and reduced
via codeine to morphine {61).

The various steps in the conversion of amino acids such as phenyl

12#*
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OH

{84) Laudanosoline

CHO H,O
O H
HO HO ™0
_— _—
N N \ N
| | l\v | |
CH,O CH, ¢H0 Hs  ono . CH;

OII 0 OH
(57) Reticuline (58} Salutaridine {59)

(61) Morphine (60) Thebaine
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alanine and tyrosine to morphine are so well documented using labelled
and multilabelled precursors that it seems probable that the natural
biosynthesis essentially proceeds as indicated. Perhaps in the cell some
of the intermediates never become liberated but are further transformed
in sitw. It is hard to believe that all these reactions take place in a single
multi-cnzyme complex.

Reticuline was first discovered in Annona reficulafa (Annonaceae) and
salutaridine in Crolon salutaris (Euphorbiaceae), plants of widely
different systematic positions. It is obvious that these plants and
Papaver somniferum have some alkaloid constructing enzyme systems
which are elosely analogous or perhaps even homologous. Interestingly,
it has recently been found that reticuline as well as salutaridine also
occur in the poppy.

5. COLCHICINE

The Colchicum alkaloid colehicine (62) is most unusuval and its strue-
ture long remained a mystery. Fair guesses were that colchicine is some-
what related to the benzylisoquinolines and that an oxidative phenol
coupling takes place at some stage during the biosynthesis. The com-
pound contains a tropolone ring and it has been suggested that this is
formed from a benzene ring by addition of a C;-unit followed by ring
expansion. However, it appeared likely that the additional earbon atom
originated from a side chain. Just as the missing link Archaeopteryx was
needed to give a clearer understanding of the rclations between reptiles
and birds the compound androcymbine (63) from Andrecymbium
melanthioides, a close relative of Colchicum, was needed before the
cofchicine structure could be properly appreciated.

CIL0 CH,0 /}b
O. NII- COCH, Oe N—CH,
CH,O HO O

CH,0 ' CH,0

0
CH,0 Lo
{62) Colchicine {63) Androcymbine

When fed to Colchicum autuwmnale androcymbine methy! ether was
transformed into colchicine in the extraordinarily high yield of 15%,
(Battersby, 1967). The bond between the carbon atoms a and b is
cleaved and a takes part in the formation of the tropolone ring. The
carbon atom b is eliminated as is the CH, of the N-methyl group. In
these extremely beautiful studies the multilahelled compound shown in
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formula 64 was synthesized and its biological transformation tq
colchicine (10%, yield) was carefully investigated. It appears that

HO /]
O N—cil,
C11,0
o B
OH

CTLO
(64)

Colchicum and Androcymbium have several enzymes in common sinee
Androcymbium also produces colchicine. Androcymbine is apparently
not entirely strange to Colchicum and is therefore willingly accepted and
transformed into colchieine.

Examples of compounds believed to be produced by several pathways
1. ANTHRAQUINONES

Anthraquinones are found both in animals (crinoids and insects) and
in numerous systematically unrelated plants,and their taxonomic value
has been much discussed.

Endocrocin {66) occurs in some lichens and fungi and there is strong
biosynthetie evidence that it is of polyketide origin (65).

Its decarboxylation product, emodin (67) and varicus analogues
containing CH,OH, CHO or COOH instead of the methyl group and
methyl ethers have also been found in lichens and fungi. Emodin is a
constituent of many angiosperms: Rheum, Bumex, Polygonum (Poly-
gonaceae), Khamnus (Rhamnaceae) and Sonnerafia (Sonncratiaceae).
Anthraquinones with a variety of hydroxylation patterns are known
from several plant orders: Myrtales, Liliaeflorae, Polygonales, Rham-
naleg, Rubiales, Rosales and Tubiflorae, Formally they can all be derived
from the hypothetic polyketide precursor (65) by simple oxidative and
reductive changes and decarboxylations. As a rule the hydroxylation
patterns of the fungal anthraquinones fit in better with the simple
polyketide hypothesis than those of the anthraquinones from angio-
sperms—anthraquinone itself is known from Schinopsis (Quebracho,
Angeardiaceae). 1t has therefore long been suspected that there is more
than cne route to the anthraquinones.

Teak wood (Tectona grandis, Verbenaceae) contains the anthra-
quinone tectoquinone (68) as well as the naphthoquinones lapachol and
deoxylapachol (69) and the structural relations of these co-occurring
compounds are immediately evident.
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0
0 CH, HO s
O O 0O l
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7 Oy eoon i
0O 0 0 o_ 0 0
(653) Polyketide 0ol

(66) (R==COOH). Endocrocin
(67) (R=H). Emodin

0]
SOSAENG O
O 0
(68) Teetoquinone (69) Deoxylapachol

The lapachols are isopentenyl derivatives of naphthoquinones; very
probably the isopentenyl groups are of mevalonic acid origin. {There is,
of course, a theoretical possibility that lapachol is formed by a cleavage
of the tectoquinone molecule but this is most improbable.} Because of
the occurrence of anthraguinones in erinoids it is of interest that several
echinoderms produce a large variety of naphthoquinones.

Anthraquinones are common in Rubiaceae, alizarin (70) from Rubig

H_

0 O
0

{70) Alizarin

OH

tinctorum being the classical example. Leistner and Zenk (1967) have
shown that acetate can be incorporated into ring C but that ring A is
probably of shikimic aecid origin. This is a further indication that
anthraquinones can be produced in different ways in different plants.

2. XANTHONES

Like the anthraquinones, xanthones have been found in micro-
organisms as well as in higher plants (e.g. Anacardiaceae, Guttiferae,
Gentianaceae). Formally, lichexanthone (72) from Parmelia formosana
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can be derived from a single polyketide (71) containing seven “acetate
units’ or one unit less than that proposed for the endocrocin precursor,

H
CH, 0 0O ¢, 0 0

1L LI

HO
(

(71) Polyketide 72) Lichexanthone

It has been believed that some xanthones may be derived from
anthraquinones by oxidative fission of the central ring. Benzophenone
carboxylic acids would then constitute intermediates. The benzo-
phenone carboxylic acid ester sulochrin (73) from Aspergillus terreis

Ho CHCOO OH

———— S

(73) Bulochrin

CH,

could be derived from emodin by an oxidative fission of the central ring
and thus from a single polyketide chain. However, hissynthetic experi-
ments uging mutants indicate that, in fact, sulochrin is derived from
two separate, acetate-derived polyketide precursors (Curtis et al., 19686).
Ergoflavine co-oceurs with endocrocin in ergot. It is a symmetrical
double xanthone (74) in which the carboxyl group involved in the
lactone ring may originally have been part of the central ring of an
anthraquinone. The structures of some other ergot constituents are also
consistent with formation by oxidative fission of anthraquinones.
- Xanthones are common in the angiosperm family Guttiferae and for
example the xanthones (75 and 77) co-occur in the heartwood of

{74) Ergoflavine -

¥
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Symphonia globulifera. It is believed that they are formed from benzo-
phenone precursors by oxidative eoupling of the phenol-diphenyl ether
type. The Symphonia xanthones can be accounted for as oxidation
products of the benzophenone (76) in which ring A is presumably of
ghikimic acid origin and ring B of acetate origin. Coupling can take
place in two ways either * to b, giving (75) or * to a, giving (77).

There are several examples of similar relations between benzo-
phenones and xanthones, e.g. in Gentiana, Kielmeyera, Mesua and
Maclura and moreover, the benzophenone (78) has been oxidized in
vitro to the xanthone (79) in high yield,

Many examples of possible or probable different roads to chemically
identical or related compounds from other groups of natural products
could be mentioned but a mere enumeration of the various hypotheses
proposced would serve no purpose. What is needed are experimental
studies of the actual biosyntheses. The results will be of great interest

from a molecular taxonomic point of view.
! OH
)

0
OH ]
‘ HO 0
(7
HIGH MOLECULAR WEIGHT CONSTITUENTS

79
The biosynthesis of natural products is the result of ehemical re-
actions catalysed by specific proteins, enzymes. These are sometimes
orgamzed as multi-enzyme complexes and may be localized in intra-
cellular organelles. It is only recently that methods have been elaborated

1O OH
(78)
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for the separation and isolation of individual proteins and for the
elucidation of their structures and molecular morphology, but progregs
in this field is now rapid and it can be expected that in a decade or so the
number of structurally known proteins of similar biological funetion
from species of different taxa will have increased to such an extent that
detailed comparisons of extensive material will be feasible. Undoubtedly,
some types of proteins will prove more suitable for taxonomic purposes
than others. It is already known that in some proteins there are regions
in which the amino acid patterns can vary within certain limits, Other
regions are identical and essential for the tertiary structure of the
proteins as well as for their enzymatic activities. The more variable
sections in protein molecules appear to be particularly interesting in
relation to taxonomy since their differences refleet mutational
changes.

Serological techniques, which are based on specific propertics, parti-
cularly of proteins, have been much employed for taxonomic purposes,
in the beginning over-optimistically, as is often the casc. However, great
strides have becen made in this field and the technigques have become
highly refined. Although the results cannot yet be interpreted on a
molecular basis serological results no doubt have taxonomic significance,
just as spots and peaks of unknown compounds obtained in chromato-
graphic studics can be useful, for instance for the characterization of
hybrids. However, knowledge of the exact nature of chemical charac-
teristics is always to be preferred. Cheap and rapid chromatographic
screening methods are much used in modern taxonomy but fortunately
the tendency is to favour more exact investigations.

The biosynthesis of the enzymes and their organization in the cells is
governed by the DNAs from whose structural elucidation much in-
formation of taxonomie importance is expected. The supreme hicr-
archical position of the DNAs is, however, much debated. The inclusion
of the high molecular weight substances in the description of species
increases the basis for comparative studies more quantitatively than
qualitatively. It is clear that a greater number of characteristics obtained
from researches utilizing quite different techniques should enable
gystematists to draw increasingly well founded conclusions as to the
interrelations of species.

Tt is still, howover, beyond our ability to describe the dynamics of the
evolutionary processes in terms of physies and chemistry, but scientists
have not failed to speculate on the possibility of solving such problems
by comparative studies of amino acid sequences in proteins and, for
example, it has been suggested that it should be possible to ‘“‘re-
consgtruct”™ the amino acid sequences of ancestral proteins. Pending
such dramatic events it may be advisable to focus attention on the
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chemistry of hybridization and allopolyploidy, factors controlling
hormone balance and morphogenesis ete.

Life can accomplish the synthesis of an enormous variety of molecules
but its synthetic achievements are limited by the laws of physics and
chemistry, If life is truly polyphyletie, i.e. has originated from several
primitive beings independently formed from non-living matter, differ-
ences in the chemistry of the earliest organisms may have determined
their further evolution along separate lines. A chemical theory of
evolution is needed but there is as yet little experimental basis for such
a theory. It is possible that the chemistry of speciation can be deseribed
but no chemist, I presume, would deny that selection has the final word
in evolution.
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ABSTRACT

From the earliest days, bacteriology has relied on the results of simple bio-
chemical and serological tests by which to characterize different taxa. Newer
and more complex methods yield more information, and the analysis of cell
walls and the GC (guanine—cytosine) rafios of nucleic acids have done much
to confirm and extend classifications made on other grounds. However, the
information given by biochemistry and serology is not used in a uniform way
to fix the rank of micro-organisms in a hierarchical system, and the relations
between characters and categories are compared in several so-called genera
(Streptococeus, Salmonella, Arizona, Escherichia). Although the experts differ
in what they regard as specics among the enterobacteria, the majority
characterize both genera and species on biochemically-determined characters,
while the serological subdivisions are regarded as subspecific serotypes, This
comparison leads to a set of guiding principles to serve as a basis for dis-
cussion on the correlation of characters with taxonomic rank. Finally, the
whole basis of a hierarchical system of classification for bacteria is questioned,
and the idea of a speetrum of intergrading forms is welcomed a8 wholesome
food for future thought.

In medicine there is an adage “Use a new drug while it works”, and
we cannot be blamed if we apply the same scepticism to some of the
brilliant results obtained by the sophisticated techniques of modern
biochemistry and serology. Before this symposium I made lists of bio-
chemical and serological tests that have been applied during the last
seventy or eighty years to microbes to assist in their classification and
identification; I tried to keep the two lists separate but, as Professor
Westphal’s contribution has shown, serology is really a physical
Systematics Associntion Special Volume No. 2. ** Chemotaxonomy and Serotaxonomy ™,

edited by J. G. Hawkes, 1968, pp. 260-278.
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demonstration of chemical similarity or difference. Briefly, biochemistry
has been used to characterize bacteria, to study their nutritional require.-.
ments and abilities, their metabolism, and their respiratory preferences,
and to identify the chemical nature of structures that make up the ceJ|_
Serclogy also has been a too} for the characterization and identification
of bacteria by analysing reactions that take place not only on the ce]]
surface, but with antigenic constituents liberated by disruption of the
cell membrane. The metabolic products of some bacteria are pharmaco-
logically active, toxie, and antigenie, and toxin—antitoxin reactions can
be used to classify these bacteria. The lists are not exhaustive but give
some indication of the uses to which biochemistry and serology have
been put in microbial, and particularly bacterial, systematics.

Both serology and biochemistry have helped us to understand the
physical and chemical nature of the various morphological structures
that make up the bacterial cell. We visualize it as made up of a nucleus
containing DNA and perhaps RNA; the cytoplasm may contain globuleg
of fat or fat-Hke substances, and also enzymes that can be released by
mechanical disruption of the cell. Either within the eytoplasm or in the
cell membrane are constituents not released by mechanical means but
which can be liberated by enzymie action or hydrolysis. Next is the cell
wall, made up of chemical elements that can be isolated and identified
by chromatography; the physico-chemical nature of this wall deter-
mines its reactivity to differential stains such as Gram’s method.
Sometimes the cell wall contains a capsular polysaccharide that is con-
tinually being released or secreted into the surrounding medium. Finally
there are the superficial structures such as a slimy covering, finger-like
processes called fimbriae, and longer processes (flagella) which are
involved in the movement or motility of most bacteria. Cell walls and
capsules form what are known as surface or somatic antigens, in sero-
logical shorthand they are the O antigens of organisms in the S {crigin-
ally smooth) form, and their determinant groups can be shown to be on
the surface, or exposed, because the intact cell will react with antibody
in gimple agglutination tests. Cell walls are made up of a basal muco-
peptide unit upon which a pattern of mucopeptides and mucopoly-
saccharides is superimposed, and we know from the work of Cummins
and Harris (1956) with the Gram-positive bacteria, and of Westphal
with the enteric organisms, that the superimposed pattern is character-
istic for a taxconomic group.

Flagella act as antigens, called H antigens in gerology and they are
independent of S - R form variation, and because they are superficial
in position, they also are shown by agglutination tests. Deeper antigens
such as the group polysaccharides of streptococei cannot be shown by
agglutination of intact cells; the cells must be broken up in some way 8o
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that the deeper antigens are released, freed from cell debris to leave the
antigen(s) in a clear solution in which it can be detected by precipita-
tion, complement fixation, or cell diffusion methods. The location of
antigens has been improved by immunofluorescence techniques, in
which antibody is coupled 1o a fluorescent dye; the site of the antigen—
antibody reaction is seen by fluorescence under ultra-viclet light.
Fluorescence can also be used to locate DNA in microbial cells and to
detect parasitization by bacteriophage.

CHARACTERIZATION OF MICRO-ORGANISMS

Only the crudest descriptions of bacteria consist entirely of morpho-
logical features and staining reactions, but fungi have a much greater
variety of eellular structure and arrangement. Since the earliest days of
the discipline, bacteriofogy has relied on simple biochemical tests to
provide the diagnostic and distinguishing criteria. At first, differentia-~
tion of species might depend merely on the ability to produce acid in
milk or to liquefy gelatin. Many of our early deseriptions were based on
the results of tests made before we knew how to isolate organisms in pure
cultnre, with the result that the descriptions were not the characters of
one organism but the combined (and sometimes interacting or sym-
biotic) characters of several organisms. In gpite of this well-known fact,
bacteriologists have been foolish enough to follow the botanists by
accepting 1753 as the starting date for nomenclature and they receive
almost uncritically any description made after that date. Many of us
have protested and we would prefer a starting date in the twentieth
century; to effect this would necessitate a change in the Bacteriological
Code, and this is the kind of amendment that would raise opposition
because, without wholesale conservation of specific epithets, it might
involve a large number of changes of name. And although bacterio-
logists are much more ready to conserve names, both specific and
generic, than the botanists, discussions on a change in starting date
always get bogged down in detail.

Biochemical characters are used in making the major subdivisions of
micro-organisms, such as the divisions into aerobes and anaerobes, into
autotrophs and heterotrophs, and classifications have been based on the
metabolic products (e.g. acetic acid, lactic acid) or the chemical
activities (such as the reduction of sulphur, nitrification). Some bacteria
produce toxins that are specific and therefore taxonomically useful,
others produce pigments that are pathognomonie, or seem to be so,
Antibiotics are produced by some micro-organisms but this may be a
strain peculiarity rather than a characteristic of a taxonomic group.

Studies of the nutrition and respiration of bacteria can help in their
classification, and one tazon is distinguished at generic level by
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dependence on accessory food substances or vitamins which, in nature,
may be provided and made available when organisms grow in symbiosig_ -
In this connexion we bear in mind the essential parasitism of Vituses
and of some bacteria never found outside the cell or the body of the
host and apparently incapable of obtaining all their requirements from
lifeless media. Tissue cultures are proving useful in growing such
organisms in vitre and this should lead to their better characterizatior,

NUCLEAR MATERIAL AND GENETICS OF MICRO-ORGANISMS

The most characteristic feature of any organism will be imprinted in
the nuclear material of the cell, for it is in the nucleus that we have the
genetic apparatus, which must determine the maintenance of the
organism’s specificity. In bacteria and most viruses the genetic material
consists of DNA, and in some viruses of RNA. The GC ratio (gua-
nine 4 cytosine: all bases) is significant not only to the geneticist (for
it is those bacteria with the greatest similarity of GC ratio that are most
likely to hybridize} but also fo the taxonomist, for the production of
hybrids is surely the best of all tests of relatedness. However, similarity
of GO ratio does not necessarily imply relatedness but, more signifi-
cantly, dissimilar ratios show complete absence of genetie similarity and,
therefore, indicate unrelatedness,

Experimental hybridization and other evidence of the passage of
genetic material from one organism to another may be found in bacteria
that are obviously very similar and probably clogely related. Since some
of the hybrids are crosses between so-called genera, this gives us reason
to question the basis of our generic differentiation. Some of the artificial
hybrids are very like natural groups that are awkward to classify and
seem to oceupy positions intermediate between more clearly defined
taxa; members of a naturaliy-occurring group of bacteria known as the
A-D group (meaning alkalescens-dispar, epithets of speecies that were
once accepted) are intermediate between Fscherichia and Skigella, and
these organisms very closely resemble the artificially-produced hybrids
of Escherichia and Shigella. In the same way, the naturally-occurring
Arizona cannot be distinguished from hybrids of Salmonella and
Escherichia. Although Escherickia, Shigella, Salmonelle and Arizona are
usually regarded as genera, the experts who work with these organisms
are by no means unanimous about their classification, and the debate is
long, detailed and acrimonious.

SPECIFICITY OF SEROLOGICAL REACTIONS

The short answer to the question of the specificity of serological
regetions is that tliey are not specific; an antiserum will react not only
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with the homologous antigen(s) but also with partial antigens (haptons)
that have some of the same or very similar determinant groups; for
example, a pneumococcus type I1 antiserum cross-reacts with the
capsular antigen of Friedlinder’s bacillus type B (which is a very
different kind of bacterium from the pneumococcus) and also with a
polysaccharide from gum arabic.

When cross-reactions occur between heternlogous antigens and anti-
bodies we have to distinguish between the sharing of the same antigen
by two different organisms and cross-reactions due to haptens and non-
specific factors, Absorption will usually make the position clear but it
may be necessary to do mirror tests and to test the antigenicity of each
organism. An apparently single reaction in some of the cruder methods
(e.g. ring precipitin tests) may, by the optimal proportions method or
by agar diffusion, be shown to eonsist of several antigen-antibody
gystems reacting in the same mixture, and it is obvious that the more
elaborate technigues will yield the most information, We have known
for a long time that organisms may share antigens, and when they share
the same antigens in different proportions it is a fair assumption that
the organisms are related. The complex sharing of antigens among the
salmonellas and other members of the Enterobacteriaceae is g0 wide-
spread that it is difficult, on serology alone, to say more than that these
bacteria are (untaxonomically speaking) a “happy family”. But we
have other and simpler examples: the bacteria that cause brucellosis
share two antigens, labelled A and M, in different proportions; the one
that causes undulant fever in the Mediterranean area has much M and
little A; the one that causes undulant fever in man in this country and
abortion in cattle has mostly A and a little M; the pig organism has only
slightly more A than M. These bacteria have many cultural characters
in common and there is continual discussion about their rank; are they
three separate species or three varieties of one species, Brucella meli-
tensis? There are die-hards on both sides and serology alone eannot
settle the argument.

NUTRITION, METABOLISM AND EVOLUTION

Stanier et al. (1966) described studies on psendomonads in which both
the nutrition and the metabolism of the organisms played a big part in
their classification. When an organism needs a particular substance for
its nutrition or as an accessory food factor, it is reasonable to argue that
it cannot synthesize that substance; from this it is casy to speculate on
the relative positions of the microbial gourmands and gourmets on an
evolutionary scale. Taxonomnists who believe that a classification should
indicate evolutionary trends will be attracted to schemes based on
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nutritional requirements but, as nearly always, there are at least two
ways of interpreting known facts; for example, Knight believes thag .
evolution followed a line of inecreasing complexity of nutritiona]
demands, while van Niel reverses the order, and regards the photo-
synthetic organisms as the most highly developed with the leagt
dependence on external reducing factors.

Within recent years bacteriologists have paid more attention to what
might be called the respiration of the organism, particularly the way in
which it assimilates glucose, and a convenient subdivision of bacterig
can be made into “oxidizers” and “fermenters”. This leads to a prac-
tical difficulty; microbiology being an applied science, most micro-
biologists had a basic training in some other subject such as botany,
zoology, medicine or engineering, and few of the older members have g
good enough grounding in chemistry to take advantage of all that the
biochemist can offer. It is essential, therefore, that relatively simple and
preferably rapid methoda should be developed; there is a simple test for
the oxidation/fermentation character (Hugh and Leifson, 1953) but it
can be applied only to organisms that can grow in the basal medium
and other methods must be used for more fastidious bacteria such as the
Neigseria spp.

SEROLOGY AND BIOCHEMISTRY IN FIXING RANK

In general, the high ranks (such as order) of hacteria are distinguished
by morphology (i.e. cytology and staining reactions) and by major
pPhysiological features such as photosynthetic pigments. At lower levels
(family) differentiation is based on the type of respiration, metabolism
and metabolic products. Within a family, generic differentiation is
oceasionally based on morphology {as in Nitrobacteraceae) but more
often on additional physiological and metabolic differences. Speciation
iz made on the minutae of biochemical differences; sometimes habitat
and pathogenicity are introduced, but in microbiology these are not
very useful taxonomic eharacteristics. Subspecies may be defined on
even smaller biochemical differences (e.g. the fermentation of a single
sugar) or by serology and/or phage sensitivity when these are applicable,
as, for example, in Staphylococcus.

Bacteriologists are blessed (if that is the right word) with only the
vaguest ideas on taxonomic rank, and the species in one genus ig not
necessarily comparable to species in another. I will illustrate this by
describing and comparing the subdivisions of some so-called genera in
two families (Lactobacillaceae and Enterobacteriaceae) that have heen
well characterized both by serology and by biochemistry. To keep the
picture relatively simple I will confine the comparison to Streptococcus
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in one family, and to.Salmonella, Arizona and Escherichia in the other.

Streptococens 15 divided into species partly on biochemical {B)
differences and partly on serclogical (8) groups based on the Lancefield
precipitin tests made with polysaccharides from the hydrolyzed bac-
terial surface. These serological groups are labelled by letters, but new
groups are continually being found and the alphabet will soon be
exhausted. Most of these serological groups have different major bio-
chemical characteristics, and some of the groups correspond with
species defined earlicr in biochemical terms. In other serological groups
(of the Lancefield series) there are hiochemical subgroups, and these are
somctimes graded as species, and sometimes as subspecies or varieties.
Comparable to the Lancefield groups, and distingunished from them by
ancther polysaccharide antigen, is a species, Streptococcus pneumoniae,
commonly called the pneumoccoccus. Finally, serclogically and bio-
chemically distinet, but not yet sorted out, is another and hetero-
geneous group which is given the honorary title of Streptococcus viridans,

Of the groups labelled by letter, A has been most thoroughly studied,
followed closely by B, C and G (all thesc can be human pathogens).
Group A has the species name S. pyogenes, and the taxon is subdivided
into numerous serological types by the M and T antigens. Group B
{S. agalactiae) is subdivided by precipitin and agglutination tests into
four main types and several subtypes. On biochemical characters
group C is divided into four species (S. equi, 8. equisimilis, 8. zo00-
epidemicus, 8. dysgalactice) and is further subdivided into serological
subtypes. The enterococei and S. bovis form group I); there are about
40 serological types of the enterococci, which are alsec divided on bio-
chemical grounds into several species and/or varieties.

I do not intend to go down the alphabet; enough has been said to
show that the freatment of the different taxonomic groups is diverse.
§. preumoniae is not in the lettered series; indeed, in the U.S.A., largely
because of the great influence of “Bergey’s Manual of Determinative
Bacteriology ™ (1923-57), this is held to belong to a separate genus
(Diplococcus). The pneumococcus has a polysaccharide capsule which
determines its serological type, and there are about 50 types.

In the family Enterobacteriaceae the so-called genera are disfin-
guished by multiple but minor chemical reactions or characteristics;
the O antigens are shared both among genera and divisions of genera,
There are several hundred known (and naturally occurring) combina-
tions of Salmonella O antigens and the permutations seem cndless; at
one time, when the diseovered combinations were fewer in number, each
combination was regarded as a species; Kauffmann still holds this view
but the majority of those who now work with the Salmonella group treat
the different antigenic combinations as serotypesor subspecies. Salmonella
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O antigens are shared with Arizona (which itself is variously regarded
as a subgenus or a species of Salmonella), and with Escherichia. There are-
about sixty serotypes of Arizona, and more than a hundred of Escherichig,
in which only one species is now recognized.

The parts played by biochemistry (B) and serology (8) in the charac-
terization of the different ranks are shown in Tahle 1, and the gub.-
divisions made possible by bacteriophage (I} typing have been added.
It is clear that here is a fertile field for discussion of the meaning of
taxonomic rank in bacteriology. The firgt queation that arises is: gshould
the species and subspecies of one genus be comparable to the species
and subspecies of another genus? If we think that they should be com-
parable, are the hundreds of serotypes of Escherichia, of Salmonella,
and of Arizona to be given the status of species, or should they, like the
serotypes of the pneumocoecus or of group A streptococei, be regarded
as subspecies ¢ Dr. Westphal has told us that the third component of the
deeper antigens of different “genera’ among the Enterchacteriaceae
may differ, and this new evidence is bound to influence our thinking.

Tanie 1. The main characteristics of taxonomic rank in some bacteria

Rank Streptococcus Salmonella Arizona  Escherichia

/_Aﬁ
Kauf Others

Genus B B B B B
Species B andjor 8 5BI B B B
Subspecies S/B 8 8 8
Sub-subspecies S P .

Kauf = according to Kauffmann

== biochomical characters

= bacteriocphage typing

= serological characters or antigenic structure

B

P

8

If we assume that taxa of the same rank are to be comparable we

should be able to draw up lists of the qualities that distinguish the

different ranks, but this is not an easy task and may be an impossible

one. In its place I have drawn up a set of guiding principles that could
form the basis for discussion.

1. Groups with the same basic biochemical characterization should
form a genus.
Such a genus might be characterized by its nutritional requirements,
respiration {aerobic or anaerobic), metabolism {assimilation of glucose),
and taxonomically useful characters such as catalase and oxidase.
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2. (enera should be distinguished by the possession of one or more
uncommon (preferably unigue) characters.
The distinguishing features will consist of the mucopeptides and muco-
polysaccharides of the cell wall. At this stage can be included the DNA
base ratio.

3. Within the genus, species should be distinguished by multiple

minor differences in biochemical characterization.

The kind of biochemical differences I have in mind here is that shown
by simple everyday tests used in all laboratories in the identification of
bacteria, tests that do not need to rely on the expert help of the bio-
chemist; examples are the tests for indole, nitrate reduction, lique-
faction of gelatin. When these differences are supported by differences
in serology (e.g. the Lanceficld grouping of streptococei), so much the
better, as the addition evidence lends weight to the speciation so
made,

4. Tn general, gerological subdivisions should have subspecies status.
This needs qualification because some antigens, especially those deep in
the cell and not detectable by agelutination tests, may be shared on a
broader, possibly generic, bage. We know that the pneumococcus has
deep protein and polysaccharide antigens that are found also in other
streptococel. Taxonomic groups that share the same surface antigens
(H and O) in different proportions or different combinations should
have the status of subspecies,

Most bacteriologists are splitters and it is extraordinarily difficult to
find the bases on which the different taxonomic ranks rest. A little
rationalization would produce a good deal of clumping and ultimately,
a happier breed of bacteriologist. But before that utopian state arrives
we shall have to consider seriously the suggestions that bacteria cannot
be put into hierarchical schemes of classifieation and that, anyway, not
more than two ranks can be justified. Kauffmann (1954) deseribed the
Enterobacteriaceae as being “made up of interrelated haeteria which
do not lend themselves to sharp divisions”, and Waksman (1957) wrote
of actinomycetes that ‘ the species are so gradually linked that it is very
difficult to say where one species ends and another beging”. Abd-el-
Malek and Gibson (1948) thought that staphylococei and miecrococei
could be arranged in a virtually continuous series, a concept modified
by Shaw et af. {1951} by likening it to a spectrum,

This idea of a spectrum expresses both the biochemical and sero-
logical characteristics of bacteria. The DNA base composition charts
published by Hill {1966) go even further and suggest that when bacteria
are arranged (by % GC) in a spectrum or series, the clusterings and
separations make logical sequences. While it is obvious that all organisms
with the same GC ratio cannot be related, it is possible that a series of

13+
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GC charts conld be made to bring out spectra to reveal new taxonomic
groupings. :

To arrange bacteria in a spectrum or a series of spectra to include
bacteria of all kinds, would mean the abolition of a hierarchical scheme
and a complete break with classical taxonomie practice. For a long time
bacteriologists have grown restless with the restraint imposed by
classical nomenclature, based as it is on a hierarchical system of classifi-
cation, and there is at present a great rethinking of the whole problem
by those whose work brings them closest to the problem. All are aware
that serology and biochemistry have contributed much to microbial
taxonomy and, together with microbial genetics, must form the basig
of any classitication, whether it takes the form of a hierarchical pyramid
or a linear spectrum.
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22. Chairman’s Summing-Up

J. HEsLop-HARRISON

Institute of Plant Development, University of Wisconsin,
Madison, Wisconsin, U.S.A.

Traditionally a chairman is allowed to begin his sammarizing remarks
with a comment on the difficulty of his task, and after a symposium as
wide-ranging as this one, I suppose I would be justified in declaring the
job practically impossible. Our organizers have brought together an
outstanding cast of contributors from many different fields, and these
contributors have expounded techniques and discussed results of a
diversity beyond the capacity of any one to assimilate and evaluate on
a first hearing. However, the common thread is the relevance for
taxonomy, and it is to this aspect I propose to address my remarks. I
am suve that in the minds of many taxonomists in the audience the
central question concerns the true significance of the new sources of
comparative data for their trade. Can it be said that any of the novel
criteria have In consequence of their nature such special value for
classificatory purposes that they transcend in significance those that
have hitherto provided the main basis for the classification of organisms #
Or should taxonomists accept the new data sources as welcome addenda
to those already available, and treat the evidence they offer in eszentially
the same manner ?

In commenting on this problem at the first International Symposium
on chemical plant taxonomy in Paris five years ago, I emphasized that
there was in essence no guality inherent in chemical data differentiating
them as a class from others available as classificatory criteria. Both
chemical and morphological properties of the phenotype are the out-
come of biogynthetic processes governed by the genome, and so far as
it can be said to be the taxonomist’s aim to classify genotypes (a point
to which we will revert), he is likely to find as reliable guides in the cne
as in the other. At the time of the 1962 meeting we were discussing
primarily the classificatory value of the data accruing from plant

Systematics Association Special Volume No. 2. “Chemotaxonoemy and Scrotaxonomy ™,
edited by J. G. Hawkes, 19068, pp. 279-284,
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product chemistry. In this meeting we have been delving still further,
and considering not only the final products of biosynthetic pathways
but more direct manifestations of the genome, and indeed the chemistry‘
of the genome itself. Evidently the question needs reconsideration, lest
it indeed be true that some of the newer approaches have such over-
whelming power and preeision that they are destined to revolutionize
taxonomy.

The scheme set out in Fig. 1 shows some of the relationships between
the classes of compounds congidered in this symposinm, and places them

o Genome: .\
] . | DNA o
Evolutionary history Replication

<—Transcription

Classes of
RNA

<~—Translation

. Enzymic
Proteins
Structural
Products
" Materials
; e ¥nergy
. Material cl 8y
Natural aoefr}c?lecljﬁzi%ﬁiflfms Morphogenetic
gelection YP influences
Environment /
Fig. 1

Fic. 1. Inter-relationships of classes of compounds with potential taxonomic
usefulness. DNA, some classes of RNA and proteins are information-carrying
polymers. The micromolecules useful as taxonomic diseriminants are products of
metabolism; their presence in cells and tisgues must indicate the existence of bio-
synthetic pathways governed by specific enzymes, and these in turn must be
coded for in the genome. The environment is shown as affecting (1) the genome,
through the feed-back loop provided by natural selection, and (2) the ontogeny
of the individual, through the supply of materials and energy and the variety of
secular influences directly influencing development.

in the biochemical hierarchy. A distinction one may immediately make
in congidering this scheme is between macro- and micromolecules, or
perhaps more precisely between polymeric and non-polymeric mole-
cules. Dr. Harborne has suggested that this distinction may not be of
great importance in the present context. In respect to biological role,
however, it is the difference in potential for information storage which
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is profoundly significant. Nucleic acids, proteins, perhaps some poly-
saccharides, carry information in the form of a quasi-alphabetical code,
and their flexibility and capacity in this role is potentially unlimited. In
contragt, diversity in the non-polymeric molecules is limited: the
number of “bits”’ of information that can be carried in the structure of
the molecule is really quite small, even with such classcs as the steroid
and gibberelloid hormones, and in any event it seems always necessary
for there to be a polymer in the cell to recognize and translate such
information as these small molecules might convey. In studying macro-
and micromolecules in relation to taxonomy we are therefore concerned
with quite different things. The small molecules are assuredly present
or absent because their synthesis is either coded for or not in the genome,
but they do not reflect the genetic code directly; in contrast, the proteins
represent translations of the code itself.

However, it certainly is true that the distinetion has not been very
meaningful in the use made of chemical information hitherto in
taxonomy. In practice, this has involved the seeking ont of resemblanices
and differences, often on the simple basis of “prescnce” or. “absence”.
For the smaller molecules this has depended upon identification and
usually, although not always, full characterization; and for proteins,
comparison of certain properties such as molecular size and electro-
phoretic mobility, immunogenic properties and, in a few instances,
fingerprints and amino acid composition. In all cases the particular
molecules to be compared have been selected because they do show
variation within the major group under investigation, and as Dr. Bate-
Smith has pointed out, this has meant the selection of metaholically
inert molecules of considerable structural diversity. ‘Without entering
too deeply into discussion of what are and what are not adaptive
characters, one may say that in general this must mean molecules that
are either in some sense dispensable for the organism, or if not dis-
pensable, then free to vary within certain limits structurally without
prejudicing biological function. The chemical properties adopted for
taxonomic purposes thus represent forfuifous characteristics, in the sense
in which Wernham applied the description to morphological features
ugeful in taxonomy because they were not too strongly correlated with
the capacity for survival itself.

Perhaps more clearly than ever before we are shown the meaning of
“fortuitous” variation in the facts concerning haemoglobin structure
discusged by Dr., Huntsman. The shape of the molecule is the deter-
minant of its function as a respiratory pigment, and this is determined
in turn by the amino acid sequence. But at nine sites a gubstitution is
tolerable because the pattern of folding is not affected. Diversity at
these nine ‘“‘free’ sites then provides the inter- and intra-group
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variation that assumes taxonomic—and phylogenetic—significance,
Presumably the same principle applies in large measure to the serum
and storage proteins discussed by Professors Gell and Hawkes, to
Professor Blombick’s fibrinogens, and to the ribosomal RNAs of Dr,
Gould. The diseriminating characteristics these investigators have been
able to detect are probably for the most part in properties of the
molecule where variation is permissible without prejudice to funection,
Where this is true, the accumulated variation may preserve the record
of accidental evolutionary change, and provide some of the evidence for
reconstructing part at least of the réseau of evolutionary relationships,
We may note one special advantage of studying such fortuitous features
in macromolecules, namely that they are likely to possess that great
merit in the eyes of taxonomists, consistency in expression. If a parti-
cular protein, let us say, has a biological role, it will be present in all
individuals of a lineage; and if an “error” is coded in it by the genome,
this error will also be expressed in all individuals. This is not necessarily
true with micromolecules of the metabolically inert type mentioned by
Dr. Bate-Smith. The enzymes coneerned in the biosynthetic pathways
are genome determined, but whether the pathways function is some-
thing established during development. So far as non-essential products
are concerned, substantial environmentally-conditioned variation will
almost always ocecur, since the less vital a funetion is to survival, the
less likely that it will have become protected against chance fluctuation
by the establishment, under selection, of buffering gene systems.

Although we may suppose that within comparatively narrow circles
of affinity it is chemical variation of the ““fortuitous” type that is likely
to provide evidence of the greatest taxonomic value, this is not to
suggest that chemical differences of obvious funetional significance may
not offer themselves as criteria. Professor Boulter has mentioned iso-
enzymes as providing one dimension of variation in plant protein extracts.
Changes inisoenzyme patterns commonly accompany differentiation, and
they may thus be tissue specific; correspondingly, it is obviously a
possibility that related taxa with similar overall metabolism could
reveal enzymic heterogeneity in this same manner. The case is different
only in degree from that of the haemoglobins: variation in the enzyme
complements, and in the DNA base sequences determining them, is
tolerable while the substituents continue to discharge their biological
function.

When comparisons are made between more remote groups of
organisms, it is to be expected that, as with morphological features,
chemical differences will be apparent at more profound levels of
organization—and not only will the differences be more profound, but
there will be more of them. This is the natural outcome of the lesser
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community to be expected between the genomes of groups with long
independent evolutionary histories, It is noteworthy that such differ-
ences may be attributable not only to divergent adaptive evolution, but
to the erosion of similarities in the heritage from the last common
ancestor by fortwitous changes in genome code not directly concerned
with adaptive change. Here we have the possibility—indeed probability
—of a curiously paradoxical situation, where the phenotypes provide
better guides to evolutionary affinity than the genetic codes themselves.
Mitochondria look much the same, and function in essentially the same
way, in widely diverse organisms: but who is to say whether their
structural and enzyme components are now encoded in the same base
sequences in the nuclear or mitochondrial genomes of all groups with
these organelles? Indeed, what evidence there is suggests that this ig
not so. Selection—both progressive and stabilizing—is for the pheno-
type, and therefore only indirectly for genome coding; if the same
phenotype can be coded by different sequences, then these will all be
equally acceptable. It is exactly as with polygenically determined
guantitative variation: if the same phenotypic expression can be
established by different polygene combinations, selective factors in the
environment cannot distinguish them, and all will be equally viable.

At this level of analysis, the definition of “homology” given by Dr,
Gaylord Simpson as “resemblance due to inheritance from a common
ancestry’’ loses much of its meaning, and the distinction between
homology and analogy fades away. Perhaps more disturbing is the
implication that the commonly accepted aim of classifying “genotypes™
is not necessarily the most appropriate one for taxonomists, even could
it be achieved, when a genomic difference may have less meaning as an
index of “degree of affinity” than a phenotypic resemblance.

These considerations lead me to feel that my conclusion of 1962
really needs no amendment; whatever their source, chemical data, as
taxonomic criteria, are to be treated as indicators of similarity or
difference in the particular context of each group, and evaluated on the
same bagis as any other characteristics of the organism. It seems to me
that this conclusion applies as well to the evidence of DNA hybridization
discussed by Dr. Kohne as to any other; DNA homology provides
simply one more special test of affinity, comparable, say, to genetic
hybridization, and does not offer a definite assessment of “similarity ”
of transcendental taxonomic importance. Since resemblance at this
level is not obligatorily correlated with resemblance at all other levels,
this would be so even if the genome were laid out as inear, non-repetitive
sequences, and if the experimental techniques were such as to give un-
ambiguous measures of identity—conditions certainly not fulfilled for
higher organisms,
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This eonclusion is, of course, far from being a rejection of chemica)
data as being irrelevant for taxonomy: if anything is certain it is thag
they will in the future provide an increasing part of the evidence gvai.
able to the working taxonomist in all groups. As such they have many
potential advantages, including for some classes of compounds the
particular merits of consistency, ease of assay and unambiguity; angd
this aspect has emerged particularly clearly in the present symposium
from Dr. Erdtman’s review of the recent history of chemical plant
taxonormy. We have also the lesson of the microbial groups before us,
The contributions of Dr, Norris and DProfessors Westphal and Stanier,
and the review of Dr. Cowan, show that chemical data now form morea
than ever the principal source of criteria for micro-organism classifica.
tion—as indeed is to be expected, since they constitute the most readily
observable expressions of the genome with organisms revealing so little
in the way of structure. It is improbable in the extreme that com-
parative morphology should ever be superseded as the prineipal source
of taxonomic eriteria for the higher organisms, but if the proper aim of
taxonomy is to produce classifications based upon the maximum
correlation of attributes—Professor Cain’s phenetic classifications—it is
inevitable that chemical data will contribute increasingly. Whether this
will lead to a massive re-shaping of existing classifications is an open
question. My own opinion is that should this happen, it will only be
because the chemical data have been misused. The most satisfactory
parts of our present classifications are based upon the correlation
patterns shown by many attributes of organisms. The availability of
new criteria is bound to alter the emphasis in some cases, particularly
where existing taxonomy has been founded upon inadequate evidence;
but for the better-known groups it is to me inconceivable that the
addition of another random sample of genome-expressions should alter
in any radical manner the patterns of similarity and difference manifeat
in the sample already taken into coneideration in traditional taxonomic
practice.
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Flavonoid pigments, 175-90, 197, 240,
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Leguminosae, 44, 45
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Maclura, 265
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Marmoset, 30, 31, 32, 34, 35
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Matteucia, 249
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Mesua, 265
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Microciona, 123
Miecro-organisms, characterisation of,
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Mink, 8, 12, 16
Monkey, 8, 10, 12, 13, 17, 32, 34, 35, 36,
69, 73, 124, 127; see also Baboon,
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Morazells, 206, 211, 212, 213, 214, 221
Morphine, 252, 25961
Mouse, 124-29, 140, 143, 144
Mustelus, 162
Mutation,
n amine-acid, 14-19
coupled, 17-19
in haemoglohin, 22-23, 25-27
in ribonucleic acid, 135, 14546
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Muycobacterium, 52, 206, 211
Myocastor, 170
Myoglohin, 22, 23, 24, 25
Myxine, 160
Myxinol, 160

N
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Natural selection, 230-33, 267, 280,
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Neurospora, 53, 243
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Nicotine, 239, 242, 257-59

Nucleases, 135-52

Nucleie acidg, 3, 14-16, 40, 70, 117-130,
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acid, Ribonucleic acid

Nutrition, in bacteria, 271-72, 273-74,
276

O

Oils, volatile, 180-81, 197
Olea, 245

Olfactory characters, 194-97
Oncorhynchus, 165

Opuntia, 239

Orchis, 245

Ox, 8, 10, 12, 13, 15, 73
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Paeonia, 89
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Parmelia, 195, 263
Penicillinase, 64, 61
Penguin, 169, 170
Pentstemon, 84, 86
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mapping of, 58-59
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Phyletic classification, 230-33
Phylogenetic relationships,
of mammals, 13-19, 71, 72
in plants, 54, 89, 174, 240
Physalis, 80, 81
Pig, 8, 10, 12, 15, 170, 273
Pigeon, 140, 143, 144
Pinosylvin, 246, 247, 254
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251
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Pisum, 124
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Plecoglossus, 165
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Polygonum, 262
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114
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lens, 69, 70-71
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polymorphism, 45, 93-102
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sced, 77, 93, 104, 282
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storage, 45, 282
synthesis of, 146, 280
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Rumex, 262

8

Saccharomyces, 133, 134, 140, 143, 144,
243
Salamander, 123, 166

SUBJECT INDEX

Salmon, 123, 125
Salmonelle, 58, 59, 60, 121, 122, 272,
273, 275, 276
aureus, 58 .
flagellin, 58, 59, 60
typhimurium, 120, 122
Salpichroa, 80, 81
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