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ABSTRACT

The study of phenotypes and their variation often provides evidence for phylogenetic in-
terences in plant systematics. Therefore, it is critical that the phenotypes analyzed reflect as
directly as possible the underlying genotypes. The equation between phenotype and genotype
is simpler and better understood for evidence obtained by electrophoresis of plant enzymes
than tor most morphological characters. This article discusses the advantages and limitations
of electrophoretic evidence to test hypotheses in plant systematics and evolution. It also sum-
marizes the results of a large number of studies which have utilized this evidence. Three gen-
eral observations from these studies are: (1). Conspecific plant populations are extremely
similar genetically as documented by their veryv high mean genetic identities, 0.95 + 0.02.
This result suggests that one or a few populations often constitute an adequate sample of a
species. (2). Congeneric plant species have strikingly reduced mean genetic identities, 0.67
+ 0.07. However, certain pairs of annual plant species have genetic identities similar to those
of conspecitic populations. In these cases, the species have been shown to be related as
progenitor and derivative with the derivative being of recent origin. (3). The amount of
genetic variability within plant populations appears closely correlated with their breeding
system, with outcrossing populations substantially more variable than inbreeding ones. The
article also describes a number of actual and potential applications of electrophoresis in plant

systematics.

lividence obtained by electrophoresis ot enzymes has not been widely utilized
by plant systematists although it has dominated the research of many of their
zoological counterparts and population geneticists (Manwell & Baker, 1970:
Lewontin, 1974; Nei, 1975; Ayala, 1976). This has meant that the strengths and
weaknesses ot such evidence tor solving systematic and evolutionary questions
in plant biology have not been sutticiently discussed. The present article is de-
signed to facilitate an etticient evaluation, and emphasizes the unique charac-
teristics ot electrophoretic evidence, the requirements for its analysis, and actual
and potential applications in plant systematics and evolution.

F.LECTROPHORETIC EVIDENCE: ADVANTAGES AND LIMITATIONS

The systematist analyzes phenotypes and their variation and often uses this
evidence tor phylogenetic interence. Such inferences require that observed
phenotypes have a specitiable relationship to unobserved genotypes. The equa-
tion between phenotype and genotype is simpler and better understood for
electrophoretic evidence than it is for evidence obtained from morphological
characters or chromatographic comparisons ot secondary metabolites. This fol-
lows from the colinearity ot amino acid sequence and nucleotide sequence as
well as the speciticity ot enzyme catalysis. It also retlects the fact that electro-
phoretic evidence is used to answer a very ditterent kind of question than has

usually been posed by systematists.
Morphological analysis answers a question such as: Are flower petals with
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conspicuously lobed limbs present in taxon A and taxon B? Chromatographic
analysis asks, for example: Is apigenin present in both taxon A and taxon B?
In contrast, electrophoresis answers a question of a different kind: Does gluta-
mate dehydrogenase have the same electrophoretic mobility(ies) in taxon A
and taxon B? Such a question probes the physical properties of particular en-
zymes or other proteins on the hypothesis that these properties reveal, to a large
degree, the record of accumulated mutations that have taken place in the gene
specifying the enzyme. And that when a number of enzymes are considered
simultaneously, this record can be evaluated with more precision and objectivity
than highly complex morphological teatures.

The primary observed evidence in studies of electrophoretic variation in
natural populations is bands of color in a slab of starch or acrylamide gel. These
mark the positions reached by different molecular forms of an enzyme (or other
protein) which have migrated through the gel under the intluence ot an electric
field. The enzyme variants are separated because they have ditterent electrostatic
charges (a function of the relative number of amino acids with positive and nega-
tive charges on their surface). Their migration through the gel may also be dit-
ferentially affected by their size or configuration. Following their physical sepa-
ration, the enzymes are identified by a staining reaction based on their catalytic
activities. The combination of electrophoresis and staining specificity makes it
possible to distinguish particular enzymes among hundreds that may be present
in a crude tissue extract.

The different molecular forms of an enzyme that catalyze the same reaction
are called isozymes if their polypeptide constituents are coded by more than one
gene locus (e.g., lactate dehydrogenase, human ADH). They are called allo-
zymes if their polypeptides are specified by ditterent alleles at a single gene
locus; the majority of enzymes routinely studied in natural populations have
different allozymic forms.

Allozymes are the biochemical consequence of the substitution, deletion, or
addition of amino acids in the polypeptides which comprise the enzyme, and they
can be distinguished if these changes atfect their electrophoretic migration. Since
the amino acid sequence of a polypeptide is colinear to the nucleotide sequence
of its coding structural gene locus, allozymes result from gene mutation. Thus,
an analysis of protein structure using electrophoresis is, to a first approxima-
tion, an analysis of a gene. It is precisely this simple relationship between the
bands of color on the gel and the nucleotide sequence of genes that makes pro-
tein electrophoresis a powerful analytic tool for systematics.

A major advantage of electrophoretic evidence is that colinearity assures that
systematic comparisons can be made between products of genes which are
homologous (have a common origin), thus, avoiding problems of convergence
and functional correlation often prevalent with morphological characters. An-
other important advantage is that electrophoretic evidence is precise and di-
rectly quantifiable in terms of the number and kinds of enzymes studied, per-

mitting the amount of genetic information utilized to be stated exactly. This
is seldom possible with morphological or other characters. A third significant
advantage is that comparisons are made with enzymes that are generally always
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present (with the exception ot those selectively turned on or off during develop-
ment) and little influenced by environmental factors. This avoids the frequent
situation that occurs with both morphological and chromatographic data in which
the absence of a character in one taxon is interpreted as an indication of a less
close phylogenetic relationship between it and other taxa that display the charac-
ter even though independent evidence is lacking regarding the cause of the charac-
ter's absence. Another advantage is that problems of a priori character weighting
do not occur with electrophoretic evidence because all enzymes examined are
accorded equal value in similarity matrices or other methods of evaluating di-
vergence.

The theoretical advantages of electrophoretic evidence, to be sure, are offset
by certain shortcomings but, fortunately, these are reasonably well defined. The
tirst problem is that a small number of enzymes is sampled and these may not
represent enzymes in general since they are most often involved in some aspect
of glycolysis, intermediary metabolism, or in the catalysis of certain general
types ot bonds (esterases, phosphatases, peptidases). Lack of representativeness
is probably less serious for systematics, which has not confined itself to charac-
ters thought to be representative, than it is for genetic studies which attempt to
estimate the total amount and kind of genetic variation in different kinds of or-
ganisms. In any event, the enzymes that are examined comprise a sufficiently
large category to give meaningful information about many kinds of evolutionary
changes.

A problem which is more critical for systematics is that, even for those en-
zymes examined, the redundancy of the genetic code means that only about 30%
ot the substitutions ot nucleotides are expected to result in the substitution of
amino acids that cause changes in electrophoretic mobility (Shaw, 1970). In
addition, allozymes that have identical mobilities do not necessarily have identi-
cal amino acid sequences. In fact, recent studies utilizing amino acid sequenc-
ing (Boyer et al., 1972), heat denaturation (Bernstein et al., 1973; Singh et al..
1974), and variation in gel pore size (Johnson, 1976) suggest that a single mo-
bility class on a gel may sometimes contain more than one enzyme. This requires
that more weight be given to evidence of electrophoretic difference than to evi-
dence of similarity. Additional biochemical tests, however, are available to de-
termine whether allozymes with the same mobility have different amino acid
sequences. All in all, electrophoretic evidence should be regarded as providing
an underestimate ot the actual amount of cenetic ditterence between taxa.

Electrophoretic evidence does not include any information on the number
of amino acid ditterences, or mutational steps, that cause differences in enzyme
mobilities. A ditterence in mobility can reflect a single nucleotide substitution
or numerous changes in nucleotide sequence. Thus, electrophoresis can demon-
strate that two taxa have ditterent allozymes of phosphoglucoisomerase, but it
does not provide intormation about the amount of difference. This is likely to
be greater with increasing phylogenetic distance.

Thus, the equation between phenotype and genotype remains acceptable even
when the limitations of electrophoretic evidence are considered because they can

be specitied and the direction of bias is generally known.
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FLECTROPHORETIC EVIDENCE: A FRAMEWORK FOR ANALYSIS

When tissue extracts are subjected to electrophoresis in a starch gel, the pat-
tern of enzyme bands (number, spacing, and intensity) is an expression ot the
particular enzyme system assayed and its mode of inheritance. For some en-
zymes (usually esterases, phosphatases, and peroxidases), single individuals dis-
play complex patterns with as many as 10 to 15 bands because they possess
numerous gene loci that code different molecular forms. In contrast, other en-
zymes are specified by a single structural gene and individuals might display
only a single band following electrophoresis. The number of polypeptide sub-
units of each enzyme and the allelic state of the coding gene (homozygous or
heterozygous) also determine the number of enzyme bands displayed. Thus,
for an enzyme composed of a single polypeptide, an individual heterozygous
at the coding gene displays two allozyme bands, but if the enzyme is dimeric
(composed of two polypeptides), three allozymes are displayed, and if it is
tetrameric, five are displayed (Fig. 1). In other cases, the polypeptide constit-
uents of an enzyme are coded by different nonallelic genes, for example, alco-
hol dehydrogenase in maize (Freeling & Schwartz, 1973) and in suntlower (Tor-
res, 1976 ), producing still additional variants.

The number of enzyme bands can be reduced if enzymes specitied by dit-
ferent genes overlap on the gel because they have similar mobilities, or if an
individual is homozygous for a “null” allele (an absence of activity which genetic
analysis demonstrates to be allelic to genes that specify active forms of the en-
zyme). Artifacts that might result from procedures of extraction or electrophore-
sis can also change band number. In addition to these biochemical factors, the
pattern of enzyme bands displayed by different individuals in a population is a
function of the amount of genetic variation for the enzyme system.

The presence of so many factors which influence the appearance of the electro-
phoretic phenotype means that the systematist must reject the temptation to com-
pare electrophoretic data from different taxa by direct inspection, i.e., simply
counting the number of bands with similar and dissimilar mobilities. Not only
would this approach be biochemically faulty, but it nullities several ot the im-
portant advantages of electrophoresis, particularly the inference of enzyme
homology, and the precise and quantifiable form of the evidence. The frequent
complexity of the electrophoretic phenotype means that, at least for the complex
systems that have a number of electrophoretically separable enzyme variants,
a genetic analysis is necessary.

Such analysis demonstrates which variant forms of an enzyme system are
specified by allelic genes and which by nonallelic genes; i.e., it distinguishes
allozymes and isozymes. In addition, in many cases, it rules out the possibility of
biochemical artifacts. Genetic analysis also leads directly to a quantitative speci-
fication of the electrophoretic data that usually is ordered as follows: the num-
ber of structural genes specifying the enzymes examined; the proportion ot genes
that show variation or, as the geneticist says, are polymorphic in that they have
more than a single allele; the number of alleles per gene in the population; and
the mean proportion of genes which is heterozygous per individual.

The protocol of formal genetic analysis can often be simplitied with electro-
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Ficure 1. These diagrams present three examples of electrophoretic patterns in parents
and their hybrids to illustrate that differences between individuals in the number of enzyme
bands often do not equal the number of their genetic differences. Case 1 presents a cross be-
tween two individuals, homozygous for different alleles at a gene coding an enzyme. The num-
ber ot bands per individual in their F: hybrids depends on the subunit structure of the enzyme.
Note that tor a dimeric enzyme, a heterozygous individual differs from each of its par-
ents by two bands, but one allele; for a tetrameric enzyme, it differs from them by four bands,
but one allele. Case 2 illustrates the same point but uses a cross between individuals homozy-
gous for the same allele at one gene and homozyvgous for different alleles at a second gene.
The F. phenotype depends on the subunit structure of the enzyme. In this example, poly-
peptides specitied by the two genes do not have affinity for one another. Case 3 presents a
cross between two individuals whose enzyme phenotype is also determined by two gene loci.
In this case, the enzymes are considered to be dimeric, and polypeptides specified by both
ditterent alleles and different genes associate to form “hybrid” or heteromeric enzymes. The
cross is a test cross between a double heterozygote and a double homozygote. If the genes
assort independently, the four progeny classes are produced in equal numbers; if they are
linked, the parental phenotypes are more frequent than the recombinant ones. Note that the
double heterozygote differs from the double homozygote by six bands but only one allele at
cach gene. The polypeptide structure of each enzyme band is given on the left and the geno-
type of each individual is given below.

CASE 1 Number polypeptides
In enzymes
1 2

1

Parents Iy phenotypes

CASE 2

|

X —_ — —
Parents I'; phenotypes
LCASE 3
lala —— —_—
lalb —— —_—
I1b1lb
la2a —_—
1a2b + 1b2a X —
1b2b —— _—
2a2a - —
2a2b —— _— —
2b2b
la 2a Ib 2a la 2a 1b 2a 1b 2a la 2a
1b 2b 1b 2a 1b 2b 1b 2a Ib 2b Ih 2a
Parents Progeny phenotypes

phoretic data because enzyme bands, with few exceptions, show codominant in-
heritance and segregate as single Mendelian tactors (sce reviews by Scandalios,
1969, 1974; Jacobs, 1975). This makes it possible to utilize progeny tests to re-
place tormal crosses between individuals with ditterent phenotypes, examine F,
progeny phenotypes, and analyze phenotypic segregation patterns in the I,
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generation. In the progeny tests, individuals are grown from open-pollinated
seeds collected on single plants in nature. Since these individuals all have one
parent in common, they necessarily have in common its alleles. For many enzyme
systems, study of the segregation pattern of the ditferent variants in such prog-
enies can indicate which of them are specified by allelic genes and which by
different gene loci ( Brown et al., 1975). However, for very complex systems in
which several polymorphic genes and overlaps in the migration ot ditterent en-
zymes are involved, formal analysis is still required. Figure 1 presents examples
ot such analysis.

Before the introduction of the electrophoretic technique, the study of genetic
variation in natural populations was unsatisfactory because it depended on the
identification and enumeration of rare recessive mutants that, when homozygous,
yielded visible morphological changes. The genetic basis of many ot these charac-
ters is simple and clearly demonstrable, but they constitute only a very small
proportion of the genetic variation in populations. The vast majority ot pheno-
typic characters are apparently controlled by many genes each of which may have
different individual effects. These so-called quantitative characters are also otten
strongly influenced by environmental variation. The result is that the contribution
of individual genes of this type cannot be ascertained, and the extent to which
they vary one from another in different individuals is undetectable. Thus, one
studied either those rare characters controlled by one or two genes with major
effects or the much more common characters controlled by many genes that are
neither individually identifiable nor distinguishable from environmental in-
fluences. In consequence, the traditional methods ot studying genetic variation
were stymied by the impossibility ot equating phenotypes with genotypes.

The electrophoretic procedure avoids most of these problems. In addition,
it identifies genes which do not vary on the basis that their enzyme products do
not vary in their electrophoretic mobility (within the limits mentioned in the
previous section), making it possible to determine the proportion ot genes that
show variation. This advantage has been considered the “cornerstone” of the
method (Hubby & Lewontin, 1966) because previously it was not possible to
equate lack of variation with monomorphism at particular genes.

The determination of how many individuals and populations to sample betore
a confident statement can be made regarding the amount of genetic divergence
between taxa is another important consideration in the use of electrophoretic evi-
dence. A definition of the meaning of divergence greatly simplities this prob-
lem. Thus, maximal divergence between two taxa at a gene locus means that they
have no alleles in common. Minimal divergence at a gene locus means that the
two taxa have similar complements of alleles in similar frequencies. Although
the two extreimes are connected by a wide variety of intermediate situations,
the amount of divergence at a set of genes can often be fitted into a general pic-
ture. Thus, it a large number of genes is studied, about 30-50% ot them are
likely to be monomorphic, another 30-40% will be moderately polymorphic (two
or three alleles), and the remaining genes will be highly polymorphic.

The distribution of genes in monomorphic and polymorphic categories per-
mits the systematist to decide, at the outset of a study, the amount of sampling













































