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ABSTRACT

Neutral theory predicts a positive correlation between the amount of polymorphism within species
and evolutionary rate. Previous tests of this prediction using both allozyme and DNA data have led
to conflicting conclusions about the influence of selection and mutation drift. It is argued here that
quantitative conclusions about the adequacy of neutral theory can be obtained by analyzing genetic
data pooled from many sources. Using this approach, a large database containing information on
allozyme variation in over 1500 species is used to examine the relationship between heterozygosity
and genetic distance. The results provide support for the hypothesis that a major percentage of
protein variation can be explained by variation in neutral mutation rate, and a minor percentage by

strong selection.

IT has been suggested that allozyme analysis, which

is restricted in the number of genetic loci and type
of mutational change that can be investigated, lacks
the power to discriminate between selection and neu-
trality (LEWONTIN 1991). By contrast DNA sequence
analysis, which can provide almost unlimited genetic
information, has led to renewed hope of resolving the
“selectionist-neutralist” controversy. The power of al-
lozyme analysis can, however, be increased by pooling
data from many species. This approach has been used
successfully in a variety of tests of neutral theory (for
example, FUERST, CHAKRABORTY and NEI 1977,
CHAKRABORTY, FUERST and NEI 1978, 1980; NEI and
GRAUR 1984).

An analytical method that has been applied to both
DNA sequence and pooled allozyme data is the analy-
sis of the relationship between intraspecific variation
and evolutionary rate. Neutral theory makes two pre-
dictions, first that there should be a high positive
correlation between these two variables, and second
that regions of the genome having identical levels of
intraspecific variation should evolve at the same rate.
The allozyme tests provide support for the first pre-
diction (SKIBINSKI and WARD 1982; WARD and SkI-
BINSKI 1985; CHAKRABORTY 1984). The DNA tests
have, by refuting the second prediction, provided
evidence for selection. Unexpectedly high levels of
DNA variation in regions flanking allozyme loci have
been used to implicate balancing selection (HUDSON,
KREITMAN and AGUADE 1987; BEGUN and AQUADRO
1991; KREITMAN and HupsoN 1991), and unexpect-
edly high divergence in regions low in polymorphism
have been used to implicate positive directional selec-
tion (BEGUN and AQUADRO 1991; BERRY, AJIOKA and
KREITMAN 1991; MARTINCAMPOS et al. 1992; STE-
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PHAN and MITCHELL 1992). Evidence of a higher ratio
of fixed differences to polymorphisms for replace-
ment than synonymous mutations has also been attrib-
uted to positive selection (MCDONALD and KREITMAN
1991). However, some of the many comparisons of
variation between different regions of the genome
have failed to refute the null hypothesis of strict
neutrality (BRADY, RICHMOND and OAKESHOTT 1990;
LANGE, LANGLEY and STEPHAN 1990; BEGUN and
AQUADRO 1991). In general, the results of these DNA
tests suggest that variation due to amino acid replace-
ments might be influenced by selection but that silent
variation is largely neutral.

This paper describes a study of the relationship
between intraspecific variation and evolutionary rate
in a large body of allozyme data pooled from a wide
variety of vertebrate and invertebrate sources. In tests
of the first prediction, correlations between protein
heterozygosity and genetic distance are found to be
generally higher than in earlier studies (SKIBINSKI and
WARD 1982; WARD and SkiBINSKI 1985). However,
in tests of the second prediction, some proteins with
similar heterozygosity are found to differ significantly
in genetic distance. The results provide support for
the hypothesis that a major percentage of the variation
in protein heterozygosity and genetic distance can be
explained by variation in neutral mutation rate but
that a minor percentage of this variation is influenced
by strong selection.

MATERIALS AND METHODS

The analyses were carried out using a large database of
allozyme studies. Most of the data are from published
sources but some unpublished data are included. The
sources of most of the data are given by WARD, SKIBINSKI



234 D. O. F. Skibinski, M. Woodwark and R. D. Ward

and Woobwark (1992). A full bibliography can be obtained
on request from the authors. The database has 800 studies
of allozyme variation in animals. Each of these studies is a
comparison of two or more populations or species at a
sample of allozyme loci. Analyses were carried out separately
for five groups of studies: (I) the whole database (comprising
groups II to V below) containing 800 studies with a total of
3728 populations or species, (II) vertebrate intraspecies
containing 324 studies with a total of 1788 populations, (IIT)
vertebrate interspecies containing 174 studies with a total
of 599 species, (IV) invertebrate intraspecies containing 188
studies with a total of 910 populations, and (V) invertebrate
interspecies containing 114 studies with a total of 431 spe-
cies. The intraspecies studies are comparisons of two or
more populations within a species, the interspecies studies
are comparisons of two or more related species. (To avoid
repetition, the word taxon is used below to stand for both
species or populations in those circumstances where both
words are equally applicable.) The data are distributed over
many phyla and classes. For example, among the vertebrate
studies there are 282 species of fish, 94 of reptiles, 137 of
amphibians, 86 of birds and 202 of mammals. Among the
invertebrate studies there are 253 species of insects, 120
species of mollusks and 111 species of crustacea as well as
representatives from other less widely studied groups. Taxa
included in the database have been scored for at least 15
allozyme loci in 750 of the studies and between 10 and 14
loci in the remaining 50 studies, and for at least 15 individ-
uals per locus per population. In the analyses that follow,
attention is focused on those proteins scored in 50 or more
studies. Information on these proteins is given in Table 1.

PREDICTIONS OF NEUTRAL AND SELECTION
THEORY

In the infinite allele model, expected heterozygosity
(H) at a neutral locus in a population is given by H =
1 —1/(1 + 4 N,u) (KIMURA and CROw 1964), where
u is neutral mutation rate and N, is effective popula-
tion size. The expected genetic distance (D) between
this population and a sister population is given by 2ut
(NEI 1972), where t is the time since divergence of
the two populations from a common ancestor. Com-
bining the two equations gives the relationship D =
(t/2N)H/(1 — H). Given that genetic drift dominates
mutation, a test of neutral theory based on this rela-
tionship is best carried out by averaging H and D over
many independent replicate loci. With DNA data, this
can be done by using many estimates of site hetero-
zygosity and distance from each of several regions of
the genome differing in underlying neutral mutation
rate. With allozyme data, this situation can be simu-
lated by pooling information from many taxa such
that every taxon contributes data for every one of a
set of proteins. In this balanced dataset, every protein
will have the same distribution of ¢ and N,, as in the
DNA approach using two descendent taxa. Thus, the
ratio ¢t/N, will be identical for every protein, and the
form of the relationship between H and D will be a
curve of positive slope. The position of a protein on
this curve is a function of its neutral mutation rate.

The form of the relationship between D and H is

very robust to variations in the neutral model. For
example, the stepwise mutation model (OHTA and
KiMURA 1973) gives rise to a curve of positive slope,
which becomes increasingly asymptotic at high levels
of divergence (L1 1976; CHAKRABORTY and NEI 1977;
MUKHERJEE, SKIBINSKI and WARD 1987). Simulation
studies (MUKHERJEE, SKIBINSKI and WARD 1987) show
that the form of this curve is not affected by hetero-
geneity of mutation rates between replicate loci within
proteins, nor by heterogeneity of divergence times
between the pairs of taxa contributing to the genetic
distance estimates, nor by breeding system. Nor is it
affected by migration high enough to dominate drift;
thus, a test can be applied at the level of population
as well as species divergence. The robust behavior of
the relationship between D and H is not surprising,
for in a balanced dataset proteins differ in only one
parameter, neutral mutation rate. In this circum-
stance, even if the true underlying model is unknown,
a reasonable conjecture is that the relationship will be
a line of positive slope lacking inflections.

Population bottlenecks cause the rapid conversion
of heterozygosity into genetic distance (CHAKRA-
BORTY and HEDRICK 1983; CHAKRABORTY and NEI
1977). This can explain observed negative correla-
tions between D and H when the plotted points are
for different populations (LivsHITS and NEI 1990).
However, it has been argued (SKIBINSKI and WARD
1983) and shown by computer simulation (MUKHER-
JEE, SKIBINSKI and WARD 1987) that the relationship
between D and H for a set of proteins in a balanced
dataset is unaffected by population expansions or con-
tractions. Thus, a test of neutral theory is not depend-
ent on the assumption of neutral equilibrium.

In the versions of neutral theory incorporating se-
lection against deleterious mutations (OHTA 1976,
1977; KIMURA 1979), some scatter about the curve
could only occur if proteins differ in the values of the
additional parameters reflecting the distribution and
intensity of selective effects. In a model with normally
distributed selection coefficients, the relationship be-
tween substitution rate and heterozygosity follows the
neutral expectation closely with moderate selection
(selection coefficients of the order of 1/N.) or with
weak selection (TAcHIDA 1991). Thus, large differ-
ences in the strength of selection between proteins
seem to be needed to cause appreciable scatter in
these models.

From a selectionist viewpoint, few restrictions are
placed on the relationship between H and D. Strong
directional selection can cause rapid divergence of
populations at low or high heterozygosity; balancing
selection can cause high heterozygosity in the presence
of rapid divergence or evolutionary stasis. Therefore,
although a positive correlation between D and H is
perfectly consistent with selection, there 1s, in contrast
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TABLE 1

Proteins used in the analysis with numbers of studies scored for groups II (vertebrate intraspecies), I1I (vertebrate interspecies), IV
(invertebrate intraspecies) and V (invertebrate interspecies)

Number of studies in group?

Protein Code EC numbers 1I 111 v \Y%

Alcohol dehydrogenase 1 1.1.1.1 126 77 31 21
Malate dehydrogenase 2 1.1.1.37 316 172 169 105
a-glycerophosphate dehydrogenase 3 1.1.1.8 222 132 97 55
Isocitrate dehydrogenase 4 1.1.1.42 293 149 131 86
Sorbitol dehydrogenase 5 1.1.1.14 127 76 45 23
6-phosphogluconate dehydrogenase 6 1.1.1.44 249 138 122 66
Lactate dehydrogenase 7 1.1.1.27 319 171 55 36
Malic enzyme 8 1.1.1.40 173 88 127 77
Glucose-6-phosphate dehydrogenase 9 1.1.1.49 85 45 51 30
Superoxide dismutase 10 1.15.1.1 273 141 108 70
Aspartate aminotransferase 11 2.6.1.1 277 154 137 91
Phosphoglucomutase 12 5.4.2.2 299 162 156 95
Esterase (nonspecific) 13 LR 221 119 137 85
Phosphoglucose isomerase 14 5.3.19 288 143 165 102
Xanthine dehydrogenase 15 1.2.1.37 70 40 56 38
Glutamate dehydrogenase 16 1.4.1.2/3 94 51 27 11
Peptidases 17 3.4.11.» 188 95 72 47
Fumarase 18 4.2.1.2 96 51 44 32
Leucine aminopeptidase 19 3.4.11.1/2 75 60 95 62
Transferrin 20 PR RS 58 32

General protein 21 LR 175 101 49 41
Haemoglobin 22 %2 78 45 2 1
Albumin 23 x5 83 51

Adenylate kinase 25 2.7.4.3 110 37 60 40
Creatine kinase 26 2.7.3.2 134 59 7 5
Adenosine deaminase 27 3.5.4.4 89 40 16 8
Mannose phosphate isomerase 28 5.3.1.8 154 70 86 56
Acid phosphatase 29 3.1.3.2 93 41 72 50
Triose phosphate isomerase 30 5.3.1.1 18 6 20 18
Diaphorase 32 1.6.2.2 25 8 19 10
Amylase 33 3.2.1.1 13 6 18 17
Alkaline phosphatase 35 3.1.3.1 20 7 45 31
Octanol dehydrogenase 37 1.1.1.» 17 11 27 24
Glutamate pyruvate transaminase 40 2.6.1.2 24 12 18 11
Esterase-D 41 3.1.1.1 29 8 9 5
Aldolase 43 4.1.2.13 38 19 44 33
Glyceraldehyde-3-phosphate dehydro- 45 1.2.1.12 83 31 38 35

genase

Aconitase 46 4.2.1.3 60 28 26 10
Hexokinase 47 2.7.1.1 26 9 106 59
Aldehyde oxidase 48 1.2.3.1 5 50 35
Nucleoside phosphorylase 50 24.2.1 56 21 8 6
Pyruvate kinase 69 2.7.1.40 i8 6 28 i1

% The number for group I is the total for groups II to V.

to neutral theory, no strong prediction of one pattern
of variation and exclusion of others. Such models thus
provide no test; and selection theory, unlike neutral
theory, can receive no support.

In the SAS-CFF model (see GILLESPIE 1991) short-
term environmental fluctuations maintain variation
and cause substitutions through an allelic exchange
process. Periodic long-term environmental fluctua-
tions also cause episodes of substitutions. The model
has five parameters and thus can be fit to almost any
data (GILLESPIE 1989). The correlation between het-
erozygosity and evolutionary rate is negative in the

exchange process but positive in the episodic process.
Thus, the observation of a positive correlation would
discriminate in favor of the episodic process, as noted
by GILLESPIE (1991).

HYPOTHESES TESTED

The first prediction of neutral theory, that hetero-
zygosity and evolutionary rate should be highly cor-
related, is tested by carrying out regression of protein
genetic distance on protein heterozygosity. Regres-
sion analysis is used because residual deviations are
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more easily interpreted than deviations from a prin-
cipal axis. The estimated correlation can be explained
quantitatively by neutral theory (KiMURA 1989,
1991a) and provides a measure of the adequacy of
neutral theory. The coefficient of determination
quantifies the total variation in protein heterozygosity
and distance that can be accounted for by variation in
neutral mutation rate between proteins. Approaches
to testing that conclude with the rejection, or failure
to reject, a specific null hypothesis derived from neu-
tral theory might be less informative than this quan-
titative approach. In the first and second methods of
analysis (see below) a balanced dataset is used with
seven different proteins. The third method of analysis
uses a larger sample of proteins with a split half design
to simulate a balanced dataset.

The second prediction of neutral theory is ap-
proached by testing the null hypothesis that two pro-
teins that have closely similar heterozygosity have
identical genetic distance, using a balanced dataset

1 1 L H 1
005 01 015 02 025 03

Heterozygosity (H)

that contains only these two proteins. Eight pairs of
proteins are considered separately (the fourth method
of analysis). Another approach, performed as part of
the first and second methods of analysis, is to test for
significant residual deviations from the fitted regres-
sion lines.

Both linear and nonlinear methods of curve fitting
are used. The former is conservative from the neu-
tralist viewpoint because the relationship between dis-
tance and heterozygosity is unlikely to be a straight
line, except at low levels of divergence. The latter is
conservative from the selectionist viewpoint because
the best possible curve is being fit to the data. Regres-
sion through the origin is used as well as conventional
regression about the mean. The former provides an
estimate of the percentage of the sum of squared
deviations of distance from the abscissa that can be
explained by regression. It is appropriate in circum-
stances in which the fitted regression line follows the
theoretical expectation, and it is only the scatter of
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points about the fitted curve that is seen as inconsistent
with the theory being tested.

ANALYSIS AND RESULTS

The balanced dataset (the first and second meth-
ods of analysis): The amount of data in a balanced
dataset is at a maximum when the product (number
of proteins) X (number of studies) is at a maximum.
This occurs with the seven proteins malate dehydro-
genase (code 2), isocitrate dehydrogenase (4), 6-phos-
phogluconate dehydrogenase (6), superoxide dismu-
tase (10), aspartate aminotransferase (11), phospho-
glucomutase (12) and phosphoglucose isomerase (14).
These have been scored in 291 of the 800 studies, of
which 144 are in group II, 70 in group III, 42 in
group IV and 35 in group V.

As the number of taxa in a study increases, the
number of comparisons between taxa increases expo-
nentially. The number of comparisons was weighted

by study size by comparing taxon one with taxon two,
taxon two with taxon three, and so on within a study
so that the number of taxon pairs (m) is one less than
the number of taxa. Calculated in this way, the total
number of taxon pairs for the 291 studies is 1086, of
which 705 are in group II, 145 in group III, 127 in
group IV and 109 in group V.

Heterozygosity according to Hardy-Weinberg ex-
pectation was used as the measure of intraspecific
variation, and genetic distance (NEI 1972) was used
as the measure of evolutionary rate. Four basic statis-
tics were calculated. These are the genetic distance
between two taxa at an allozyme locus (d), the mean
heterozygosity of the two taxa at this locus (), and
the mean of d and of 4 for a protein across pairs of
taxa and studies (D and H, respectively). The precise
method of computation of these statistics for proteins
in the database is described in the Appendix.

In the first method of analysis, in situations where
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TABLE 2

Results of regression analysis of genetic distance on heterozygosity for seven proteins

R%.4(%) R*,; ratio(%)
Group Rin(H and d) Proteins Heterozygosity(h) H,/proteins Hy.s/proteins
First method of analysis

Whole dataset (I) 0.070 0.63 2.51 75.0 100
(0.041-0.101) (0.29-1.47) (1.71-3.80) (30.1-95.3) (55.1-100)
[0.047-0.092]

Vertebrate (II) intraspecies 0.054 0.52 4.39 53.3 65.9
(0.017-0.091) (0.26-1.81) (3.28-6.51) (1.8-97.7) (13.7-100)
[0.026-0.082]

Vertebrate (I11) interspecies 0.095 2.56 5.02 31.3 47.7
(0.006-0.196) (1.34-6.04) (3.11-9.52) (0-81.6) (0-97.6)
[0.033-0.155]

Invertebrate (IV) intraspecies 0.189 3.37 8.53 100 100
(0.082-0.274) (0.97-8.41) (5.48-17.39) (38.7-100) (40.2-100)
[0.125-0.252]

Invertebrate (V) interspecies 0.167 4.14 4.35 64.2 95.0
(0.068-0.244) (1.58-8.65) (1.91-8.92) (9.6-94.0) (38.6-100)
[0.097-0.235]

Second method of analysis

Whole dataset (1) 0.133 2.15 7.30 81.8 93.7
(0.094-0.178) (1.36-3.94) (5.10-10.80) (45.5-93.3) (59.5-99.2)
[0.111-0.155]

Vertebrate (II) intraspecies 0.147 2.58 13.92 82.6 87.6
(0.084-0.212) (1.85-6.07) (10.83-20.29) (22.1-95.7) (36.5-98.6)
[0.119-0.174]

Vertebrate (I1I) interspecies 0.182 7.45 11.91 43.2 42.5
(0.060-0.301) (4.38-15.02) (7.61-20.86) (3.2-79.4) (9.4-83.8)
[0.122-0.240]

Invertebrate (IV) intraspecies 0.247 7.04 18.76 85.5 94.2
(0.071-0.427) (1.75-20.96) (7.61-38.83) (14.3-100) (39.7-100)
[0.186-0.307]

Invertebrate (V) interspecies 0.283 8.79 9.12 89.5 100
(0.128-0.418) (3.48-21.24) (3.93-22.54) (29.2-98.9) (46.1-100)

[0.216-0.347)

95% confidence limits based on z statistics are given in square brackets, those based on bootstrapping are given in round brackets. The

first method uses random locus selection, the second method uses all loci.

two or more loci are scored for a protein within a
study, just one of the loci was selected at random as
the representative of that protein in the study. In the
second method of analysis, all loci were used for
analysis. The first method avoids bias that might arise
because of differences between proteins, within taxa,
in the mean number of loci scored. The second
method has the advantage of using all available loci
within the balanced dataset.

Analysis was carried out separately for the whole
dataset (group I) and for each of groups II to V.
Multiple linear regression analysis was used, with d
the dependent variable. The independent variables
were added to the regression equation in a stepwise
manner in the order H first, the protein codes second,
and 4 third. The nominal protein codes were used to
assign dummy variables for each protein following the
method described by NIE et al. (1975) and were en-
tered into the equation as a group. The analysis was
repeated with polynomial regression by adding H? to
the regression equation after adding H. The R? (coef-

ficient of multiple determination) values obtained on
entering variables in the regression equation were
converted to adjusted R? (R%.;) using the equation
given by SOKAL and ROHLF (1981).

Confidence intervals for the multiple regression
statistics were obtained by bootstrapping across stud-
ies. For example, for the whole dataset (group I), 291
studies were taken at random, one at a time with
replacement, from the original dataset of 291 studies
to generate the first bootstrap sample. The multiple
regression analysis was then carried out on this boots-
trap sample. The entire procedure was repeated 1000
times and the 95% confidence intervals determined
for regression statistics over the 1000 separate boots-
trap analyses. Confidence intervals were obtained by
bootstrapping in the manner described, for both the
first and second methods of analysis. For comparison,
confidence intervals were also obtained from the
analysis of z statistics (SOKAL and ROHLF 1981) based
on the total number of taxon pairs. Bootstrapping
over studies rather than taxon pairs avoids problems
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TABLE 3

Analysis of deviations from regression for seven proteins

Linear regression

Polynomial regression

Deviant Deviant
100-R?,, protein 100-R%.4; protein
Group ratio F codes ratio F codes
First method of analysis
Whole dataset (I) 25.0 (1.34-11.88) 12 0 (0.41-8.18)
(4.7-69.9) (0-44.9)
Vertebrate (II) intraspecies 46.7 (1.07-16.57) 34.1 (0.80-16.22)
(2.3-98.2) (0-86.3)
Vertebrate (I11) interspecies 68.7 (2.09-12.43) 6,12 52.3 (1.19-13.66) 12
(8.4-100) (2.4-100)
Invertebrate (IV) intraspecies 0 (0.32-5.28) 0 (0.16-5.79)
(0-61.3) (0-59.8)
Invertebrate (V) interspecies 35.8 (1.25-10.94) 10,11 15.0 (0.46-8.16)
(6.0-90.4) (0-61.4)
Second method of analysis
Whole dataset (I) 18.2 (3.34-24.29) 2 6.3 (1.28-22.07)
(6.7-54.5) (0.8-40.5)
Vertebrate (II) intraspecies 17.4 (2.29-36.55) 12.4 (1.58-39.20)
(4.3-77.9) (1.4-63.5)
Vertebrate (111) interspecies 56.8 (4.60-29.44) 12,14 57.5 (4.10-32.25) 12,14
(20.6-96.8) (16.2-90.6)
Invertebrate (IV) intraspecies 14.5 (0.86-12.67) 5.8 (0.34-11.69)
(0-85.7) (0-60.3)
Invertebrate (V) interspecies 16.5 (1.16-17.08) 0 (0.60-13.81)
(1.1-70.8) (0-53.9)

Values for R%; ratio are obtained from Table 1. F is the ratio of mean square for deviation of protein means from regression divided by
the mean square for the residual variation in d. 95% confidence limits are given in brackets. See text for proteins corresponding to given

codes.

of independence arising from uncertain knowledge of
the true phylogeny of the taxa within studies, but
gives larger confidence intervals.

Mean genetic distance (D) is plotted against mean
heterozygosity (H) for the seven proteins for groups
I to V in Figure 1 (for the first method of analysis)
and Figure 2 (for the second method of analysis).
Regression statistics for the two methods of analysis
are given in Table 2. The linear correlation (Ryn)
between H and d is positive and significantly different
from zero, as judged by the confidence intervals, for
all groups for both methods of analysis. The limits
obtained by bootstrapping (round brackets) are wider
than those obtained using z statistics (square brackets)
where standard error is a function of the number of
taxon pairs. There are significant differences in D
between proteins though the R, values are generally
small in magnitude ranging from 0.5-8.8%. The R%,;;
ratio given in Table 2 represents the variation in d
explained by regression on H expressed as a percent-
age of the variation in d explained by regression on
proteins. It is thus the percentage of the variation in
D that can be accounted for by regression on H.

Differences in the values of the percentages are
reflected in the scatter of points plotted in Figures 1
and 2. For example, this can be seen by comparing
the percentages and plots for the vertebrate interspe-

cies data (III) and the invertebrate intraspecies data
(IV). The general picture to emerge is that between
50% and 100% of the variation in D can be accounted
for by variation in H. The percentages are generally
higher in the second method of analysis, and in the
invertebrate and intraspecies datasets. The confidence
intervals are narrower in the second method of analy-
sis, which is the expected result of using data for all
loci for each protein. The percentages are mostly
somewhat higher with linear regression, which is the
more conservative test from the neutralist viewpoint,
than with polynomial regression.

Figures 1 and 2 provide evidence of a difference
between the datasets when a curvilinear function is
fitted. In line with neutral theory (MUKHERJEE, SKI-
BINSKI and WARD 1987), the relationship between D
and H is close to a linear one for the intraspecies
datasets, but more closely asymptotic for the interspe-
cies datasets.

It can be seen from Table 2 that additional variation
in d can be explained by adding % to the regression
equation after proteins have been added. The partial
regression coefficients (not tabulated) are all positive,
therefore within proteins, those loci having high het-
erozygosity will have accumulated more genetic dis-
tance on average in the recent past than those loci
with low heterozygosity.
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(Hag) for 42 proteins for the whole dataset (I). The curvilinear
function Ij..dj = 0.259 H,;*%*® derived from regression analysis is
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The R?4 ratios and their confidence intervals,
transformed by subtraction from 100, are given in
Table 3, and represent the variation in D that cannot
be explained by regression on H. Of the 20 trans-
formed ratios in the table, 12 are significant and 8
nonsignificant. To confirm this result, bootstrapping
was carried out on the F-ratio obtained by dividing
the mean square for deviations of protein means from
regression by the mean square for the residual varia-
tion in d. The confidence intervals for the F-ratio are
given in Table 3. It can be seen that only the trans-
formed ratios which have confidence intervals that
overlap zero are associated with an F-ratio in which
the lower confidence interval is less than one. Table
3 also gives the individual proteins whose 97.5% con-
fidence intervals for D fall on one side of the fitted
regression line. These deviant proteins can be seen to
be outliers in relation to the fitted linear regression
lines in Figures 1 and 2. For example in group III,
proteins 12 (phosphoglucomutase) and 14 (phospho-
glucose isomerase) have similar H values but different
D values and clearly both cannot be made to fit the
line closely. Hence phosphoglucomutase deviates sig-
nificantly in the first method of analysis and both
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FIGURE 4.—Genetic distance (D) plotted against heterozygosity
(H.y) for 31 proteins for the vertebrate intraspecies dataset (II).
The curvilinear function D,g = 0.122 H,,%% is fitted to the plotted
points. See text for explanation of protein codes.

proteins deviate significantly in the second method of
analysis.

The results of the first and second methods of
analysis support the hypothesis that a substantial per-
centage of the variation in genetic distance of seven
proteins in a balanced dataset result from variation in
neutral mutation rate. However, a smaller percentage
cannot be accounted for in this way.

The entire database (the third method of analysis):
To take full advantage of the size of the database, the
relationship between D and H has also been studied
using 42 proteins that have been scored over the
whole database in 50 or more studies. To simulate the
approach used with a balanced dataset, the values of
H and D were adjusted for differences between studies
in the pattern of representation of different proteins
(see Appendix).

Adjusted genetic distance (D,4;) is plotted against
adjusted heterozygosity (Hag) for the five groups in
Figures 3-7. For groups Il to V, fewer than 42 proteins
meet the criterion of having been scored in 50 or
more studies. The figures demonstrate a clear positive
correlation between heterozygosity and genetic dis-
tance. Greater genetic distance is accumulated in the
interspecies than intraspecies datasets. A regression
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(Haqj) for 21 proteins for the vertebrate interspecies dataset (I1I).
The curvilinear function DAadj =0.797 fl.,d,-“m is fitted to the plotted
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line was fitted to the plotted points using the curvilin-
ear function D.4; = a Hadjb. In line with the expecta-
tions of neutral theory, the relationship is close to a
linear one for the intraspecies datasets but is asymp-
totic for the interspecies datasets.

Statistics from the regression analysis are given in
Table 4. The Rzadj values for the fitted curvilinear
function (column 1) are similar in value to those
obtained in the first and second methods of analysis.
The fourth column in Table 4 gives the R%4; values
for the model with regression through the origin. The
percentage of the sum of squared D,q values about
the origin explained by regression equals 100 X (1 —
(residual sums of squares of D,g;)/(3; D2adj)). Values of
R?,4; of over 95% are obtained, indicating a very good
fit to this model.

An analysis of the deviations from regression in the
third method of analysis was undertaken in the follow-
ing way. The 800 studies in the database were sorted
into 400 matched pairs. The variables that were used
for matching the studies were the group (II to V),
heterozygosity and genetic identity averaged over all
proteins and taxon comparisons in the study, and the
number of taxa in the study. The two studies in each
matched pair were then assigned arbitrarily, one to
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FIGURE 6.—Genetic distance (D,4;) plotted against heterozygosity
(H.4) for 20 proteins for the invertebrate intraspecies dataset (IV).
The curvilinear function D,s; = 0.215 H,4>*"" s fitted to the plotted
points. See text for explanation of protein codes.

each of two sets (A and B). The regression analysis
was then repeated independently on each of sets A
and B using the same proteins as in the original
analysis. The residual deviation values, one for each
set, for each protein were calculated and the correla-
tion of residuals (R(res)) between sets across proteins
calculated for each of groups I to V. If proteins have
consistent deviations above or below the fitted regres-
sion line, there will be a positive correlation and the
values of R2,,dj(res) will reflect the amount of residual
variation attributable to deviations from neutrality. In
the split-half design used here, the expected coeffi-
cient of determination for this residual variation for
the total sample of 800 studies (R%4i(total)) can be
estimated from the equation R,4(total) = (2R?,4(res)/
(1 + R%.4i(res)) (ROSCOE 1969). The values obtained
are given in columns two and five of Table 4. For the
whole dataset and the vertebrate interspecies dataset,
the values indicate that a substantial proportion of the
residual variation does reflect true deviations from
regression and is not simply a result of the sampling
variance of loci within proteins, which in the neutral
model would be the drift variance. For the other
groups, the values are smaller and, having confidence
intervals that overlap zero, are nonsignificant. The
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FIGURE 7.—Genetic distance (D.4;) plotted against heterozygosity
(H.qj) for 14 proteins for the invertebrate interspecies dataset (V).
The curvilinear function Dug; = 0.660 H.4)°%"" is fitted to the plotted
points. See text for explanation of protein codes.

values of R%,; for the fitted curves given in columns
1 and 4 can be recalculated as a percentage of the
total variation after eliminating the variation unex-
plained by the correlation of residuals. The equation
used is R?,4(ratio) = [R?,4/[R%qj(total) [1 — R%4] +
R?,4]. The resulting values, given in columns three
and six of Table 4, are analogous to the R%,; ratios in
Table 2. The results for the curvilinear function sug-
gest that at least 60% of the variation is explained by
regression and that this percentage is closer to 90%
for the invertebrate groups. The values for regression
through the origin are close to 100% for all groups.

Failure of the correction method used in the cal-
culation of H,y and D,, should be considered as a
possible source of error in the measured residual
deviations. Moreover, the matching procedure used
in the split-half design is expected to correct only for
the effects of the variables used when assigning the
matched pairs. These factors will cause some uncer-
tainty in the values of the ratios given in columns
three and six of Table 4.

The third method of analysis allows the conclusions
of the first and second methods of analysis to be
extended to a larger sample of proteins.

Paired protein comparisons (the fourth method of

analysis): In Figures 3-7, several proteins appear to
be outliers of the fitted curve. For example, for the
whole dataset, transferrin (20), albumin (23) and py-
ruvate kinase (69) have unusually high values of ge-
netic distance given their heterozygosity values,
whereas glutamate dehydrogenase (16) has an unusu-
ally low heterozygosity. To assess the significance of
these outlying proteins, the approach used in the
fourth method of analysis has been to select a pair of
enzymes with similar mean heterozygosity and com-
pare their genetic distance values in a 2 X n balanced
dataset, where n is the number of studies across the
whole database where both proteins are scored. For
example, in Figure 3 it can be seen that malate dehy-
drogenase (2) and glutamate dehydrogenase (16) are
closely similar in heterozygosity but differ greatly in
genetic distance. These two proteins have both been
scored in 177 of the 800 studies in the database.
Values of H and D were calculated for each protein
in the 2 X 177 balanced dataset using the analytical
approach of the second method of analysis. The values
of D and H for these two proteins are plotted in Figure
8, the points linked by a straight line.

Bootstrapping across studies has been used to test
for a significant difference in distance between the
two proteins. For each of 5000 bootstrap samples, 177
studies were selected at random with replacement and
values of H and D for the two proteins recalculated.
The difference is significant if the proportion of boots-
trap samples in which the D value for the higher
distance protein (2, malate dehydrogenase) exceeds
that for the lower distance protein (16, glutamate
dehydrogenase), is greater than 0.975. The test has
been modified by dividing the bootstrap samples into
three categories according to whether the boots-
trapped H value for the protein having the highest D
value in the raw data (2, malate dehydrogenase) is
greater than, equal to or less than the bootstrapped
H value for the second protein. The results are given
in Table 5. Malate dehydrogenase (2) has a slightly
higher value of H in the raw data than glutamate
dehydrogenase (16). Thus, for a critical test emphasis
should be placed on the category containing 2718
bootstrap samples (Table 5, column 5) in which the
value of H for glutamate dehydrogenase (16) is greater
than for malate dehydrogenase (2). Of these, 2704 (a
proportion of 0.994) showed malate dehydrogenase
to have the higher D value. It can be concluded that
the two proteins differ significantly in genetic distance
though they have similar heterozygosity.

The analysis was repeated with seven other pairs of
proteins. Five of these involve one outlying protein
with respect to the fitted line in Figure 3 (20, 23 or
69) and a more frequently scored protein falling close
to the line. Although transferrin (20) appears to be
an outlying protein in Figure 3, use of a balanced
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TABLE 4
Results of regression analysis of genetic distance on heterozygosity for third method of analysis
Curvilinear function Regression through origin
Ry % R%.4 %
Residuals: Residuals: Number of
Group Fitted curve split design Ratio % Fitted curve split design Ratio % proteins
Whole dataset (I) 43.6 48.5 61.4 95.2 49.2 97.6 42
(18.4-63.1) (15.8-70.0) (90.5-97.1) (16.6-70.4)
Vertebrate (11) intraspecies 60.1 0 60.1 92.7 0 100 31
(31.5-76.8) (0-25.7) (84.0-95.9) (0-26.8)
Vertebrate (I1I) interspecies 50.2 60.0 62.6 96.4 59.9 97.8 21
(12.6-73.6) (11.8-81.7) (89.8-98.2) (11.6-81.6)
Invertebrate (IV) intraspecies 75.3 12.9 96.0 94.7 10.0 99.4 20
(44.1-87.8) (0-57.2) (84.9-97.3) (0-55.3)
Invertebrate (V) interspecies 53.9 18.9 86.1 98.1 18.5 99.7 14
(5.6-79.1) (0-67.7) (92.2-99.1) (0-67.5)

95% confidence limits derived using the z distribution are given

dataset as in Figure 8 suggests that the high D value
might simply be a reflection of high H, in line with
the predictions of neutral theory. Of the three com-
parisons involving transferrin (20), only that with
esterase (13) has enough bootstrap samples in the
critical category to allow a test. This fails to provide
evidence of a significant difference. By contrast, sig-
nificant differences are found in the comparisons of
albumin (23) with 6-phosphogluconate dehydrogen-
ase (6) and pyruvate kinase (69) with malate dehydro-
genase (2). One comparison was made involving an
outlying protein with low D (16 in the pair 2 + 16)
and as reported above a significant difference was
found. The remaining two comparisons involve pairs
in which both proteins are close to the fitted line. For
sorbitol dehydrogenase (5) and malic enzyme (8), the
proportion has a high value in the critical test, but is
not significant. For malate dehydrogenase (2) and
lactate dehydrogenase (7), the difference in D is sig-
nificant.

The fourth method of analysis provides evidence of
significant differences in genetic distance between
proteins with similar heterozygosity, even if, as with
malate dehydrogenase (2) and lactate dehydrogenase
(7), the differences in distance are quite small. These
differences between proteins cannot be attributed to
differences in neutral mutation rate.

DISCUSSION

The results of the analyses described in this study
demonstrate that most of the variation in mean ge-
netic distance of proteins can be explained statistically
by regression on mean protein heterozygosity. With
regression about the mean, the percentage is between
50% and 100%. The correlations obtained are higher
than comparable values obtained in previous studies
that employed a smaller body of data (WARD and
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FIGURE 8.—Mean distance (D) plotted against mean heterozy-
gosity (H) for pairs of proteins compared in balanced datasets.
Members of a pair are joined by straight lines. The proteins are 2:
malate dehydrogenase; 5: sorbitol dehydrogenase; 7: lactate dehy-
drogenase; 8: malic enzyme; 12: phosphoglucomutase; 13: esterase;
14: phosphoglucose isomerase; 20: transferrin; 23: albumin; 69:
pyruvate kinase.

SKIBINSKI 1985). The results provide quantitative sup-
port for neutral theory, which predicts a high corre-
lation between the variables, caused by differences
between proteins in neutral mutation rate. The results
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TABLE 5

Results of genetic distance comparisons of paired proteins

Protein codes

Heterozygosity category

e Number of
HI LO Hety; > Hetyo Hety; = Hetyp Hety; < Hetro studies
20 13 0.649 (3173) 0.625 (8) 0.426 (1819) 70
20 12 1.000 (4998) (0) 1.000 (2) 86
20 14 0.990 (4998) 0) 1.000 (2) 75
23 6 1.000 (11) (0) 0.999 (4989) 114
8 5 0.945 (787) 1.000 (9) 0.928 (4204) 146
7 2 1.000 (1064) 1.000 (38) 0.997 (3898) 567
2 16 0.999 (2245) 1.000 (37) 0.994 (2718) 177
69 2 1.000 (2056) 1.000 (16) 0.999 (2928) 61

Columns three, four and five give the proportion of bootstrap replicates in which the mean distance (D) for the higher distance protein
(HI) is greater than for the lower distance protein (LO) for replicates in which average heterozygosity (H) for protein designated HI is either
greater (column 3), equal to (column 4) or less than (column 5) the average heterozygosity for the protein designated LO. The number of
bootstrap replicates in each category is given in brackets. See text for proteins corresponding to given codes.

might also be consistent with models incorporating
moderate selection; however, variation in neutral mu-
tation rate would not be displaced as the dominant
cause of the variation in protein heterozygosity and
distance. If it is assumed that the fitted regression
lines represent genetic distance accumulated by neu-
tral evolution, so that regression through the origin is
relevant, the percentage is over 95%. In the future, it
may be possible to check this assumption by plotting
comparable data for heterozygosity and genetic dis-
tance of silent DNA variation on the same graphs as
the allozyme data.

The results are not in agreement with the view that,
although silent variation in the genome is selectively
neutral, protein variation is strongly influenced by
selection. Using an argument based on the index of
dispersion, GILLESPIE (1991) concluded that the upper
limit for the percentage of neutral amino acid replace-
ment substitutions in three mammalian orders is closer
to 10% than 90%. The allozyme data used in the
present study cover a wider taxonomic range, involve
a special subset of replacement variation and, partic-
ularly at low divergence, reflect allele frequency shifts
rather than allelic substitutions. Thus, the conclusions
from the two approaches are not necessarily in con-
flict. Other lines of evidence appear to favor selection
over neutral theory. For example, detailed studies of
individual polymorphisms frequently reveal func-
tional differences between allozyme genotypes (Pow-
ERs 1990). Yet little is known about how representa-
tive these studies are of allozyme variation in general
nor about the fitness consequences of functional dif-
ferences (LEWONTIN 1974). Thus, their relevance to
the quantitative conclusions of the present study is
difficult to gauge. Much evidence in favor of selection,
including that from the DNA tests analyzing the re-
lationship between polymorphism and evolutionary
rate, comes from the refutation of null hypotheses
derived from neutral theory. The intensity of selec-

tion required to allow rejection of null hypotheses
may however be quite small and consistent with the
quantitative dominance of neutral mutation as a cause
of the variation in mean protein heterozygosity and
distance.

This study also reports significant residual variation
in mean protein distance about the fitted regression
lines and significant differences in distance between
proteins with similar heterozygosity. This additional
variation refutes the null hypothesis derived from
strictly neutral theory and might also be incompatible
with models incorporating moderate selection. If a
fitted-line follows the neutral expectation, positive
directional selection for advantageous mutations
could shift proteins above the line (as with pyruvate
kinase), while balancing selection or mutation selec-
tion balance could shift proteins below the line (as
with glutamate dehydrogenase). However, factors
other than selection might also contribute to the re-
sidual variation, for example, biased gene conversion.

Theories of strong selection permit many parame-
ters. Thus, both the positive correlation and the de-
viations from regression are easily consistent with an
entirely selectionist interpretation. In the SAS-CFF
model, heterozygosity would be a function of the
mean and variance of allelic fitness determined by
short-term environmental fluctuations, genetic dis-
tance a function of the rate of longer term environ-
mental fluctuations in the episodic process. Polymor-
phism and evolutionary rate are said to be uncoupled
(GILLESPIE 1984, 1989), and it is not clear whether a
causal link in the form of a single parameter, analo-
gous to mutation rate in neutral theory, should exist
to explain the observed dominant positive correlation.
A possible compromise between neutral and selection
theory is that neutral polymorphism possesses latent
adaptive potential that is realized by selection when
environments change (GILLESPIE 1984; KIMURA
1991b). However, if a single parameter relating het-
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erozygosity to the probability of a selective shift is
introduced, neutral mutation rate could remain as the
dominant cause of variation in protein distance.

In neutral theory, differences in neutral mutation
rate between proteins are related to differences in
constraint. With reference to strong selection, GIL-
LESPIE (1991) uses the term “environmental chal-
lenge” to refer to the analogous propensity of proteins
to respond to or experience a changing environment.
In this context, it is important to note that in a
balanced dataset all proteins share the same overall
external environment. Thus, the search for deeper
understanding of adaptive causes of differences in
heterozygosity and distance should not be directed
outward toward a study of the ecology and natural
history of individual species but inward toward a study
of the structure, biochemical environment or other
properties of proteins, common to all species, that
might influence responsiveness to environmental
change. The observation that subunit size and number
are more highly correlated with protein heterozygos-
ity than is protein function (see WARD, SKIBINSKI and
WOODWARK 1992) points toward the importance of
structural features.

A relatively small percentage of the total variation
in locus distance (d) is accounted for by regression on
H. Some of the remaining variation, attributable in
neutral theory to genetic drift and the stochastic na-
ture of the mutational process, can be explained sta-
tistically by locus heterozygosity (k). This suggests that
loci having high heterozygosity will have accumulated
more genetic distance on average in the recent past
than loci with low heterozygosity, a result consistent
with those of an earlier study which suggested that as
species diverge, the most highly heterozygous loci
tend to be those that accumulate genetic distance most
rapidly (SKIBINSKI and WARD 1981). This correlation
of k and d within proteins is an expected historical
consequence not only of genetic drift but probably
also of strong selection, given that polymorphism at a
locus is a prerequisite for evolutionary change.

It is of interest to compare the approach used in the
present study with those used in DNA tests that con-
sider the relationship between polymorphism and ev-
olutionary rate. In DNA tests, contrasting levels of
variation in, for example, coding and noncoding re-
gions, are assumed in the null hypotheses tested to
reflect differences in underlying neutral mutation
rate. However, evidence for differential mutation
rates and complex selective pressures in synonymous
codons within genes (e.g., RILEY 1989), insertion dele-
tion polymorphism in regions flanking genes (e.g.,
AQUADRO ¢t al. 1986) and concerted evolution in
noncoding regions (DOVER 1988) throws some doubt
on the validity of estimates of DNA site variation in
tests of neutral theory. There should be less doubt

for estimates of allozyme variation, which arises from
a less heterogeneous mutational process, that of base
substitution in coding regions. Another point for com-
parison concerns the degree of independence of
linked replicate sites in, for example, a given coding
region. Within a species these may have been influ-
enced as a group by historical factors such as popula-
tion bottlenecks, migrational events or hitchhiking.
This complicates the execution and interpretation of
DNA tests of neutral theory. By contrast, the func-
tionally homologous replicate loci for a specific pro-
tein within a balanced allozyme dataset are isolated in
different taxa and will thus experience different and
independent historical influences. Over a large data-
set, the net influence should be similar for different
proteins. Finally, theoretical studies (OHTA and TACH-
DA 1990; OHTA 1992) demonstrate that variation in
population structure and effective size, in the pattern
of subpopulation extinction and recolonization, and
in spatial patterns of selection, can influence moder-
ately selected and neutral variation differently. If re-
placement variation is assumed to be moderately se-
lected, and silent variation neutral, the additional
parameters can generate those differences observed
between these two types of variation in DNA tests and
usually attributed to the contrasting influences of
strong selection and neutral evolution. If allozyme
variation is moderately selected, differences between
the results of the present study and those of the DNA
tests can be reconciled without invoking strong selec-
tion.

Because it uses pooled information covering much
of the animal kingdom, an advantage of the allozyme
database approach to the analysis of the relationship
between intraspecific variation and evolutionary rate,
compared with the taxonomically more limited DNA
approaches, is that the global relevance of theories
can be tested. To some, the pooling of allozyme
studies from diverse sources is distasteful, and alien to
the philosophy that an understanding of patterns of
variation requires careful study of the ecology and
natural history of individual species. However, what
is relevant in the testing of neutral theory is estimation
of only a few parameters. These are common to all
species, and thus the detection of their global influ-
ence is not necessarily obscured by pooling. The same
might be true with the testing of a unifying selection
theory of global relevance that incorporates few pa-
rameters.
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APPENDIX

Calculation of d and h: Genetic distance (d) be-

tween two taxa at an allozyme locus in study n is
defined as:

d =1 — 3xy;/(3x7- 3y7)",

where x; and y; are the allele frequencies for the jth
allele for taxa A and B, respectively. The mean ex-
pected heterozygosity (%) for the locus in the two taxa
is defined as:

h=[(1 = 2x7) + (1 = 7))/2.

In the first method of analysis, in situations where
two or more loci are scored for a protein within a
study, just one of the loci was selected at random as
the representative of that protein in the study. This
results in a balanced dataset in which each of the
taxon pairs in the group of studies is represented by
paired values of d and & for each of the seven different
protein loci.

In the second method of analysis, within each study,
the locus values of d and & were averaged for each
protein over all loci scored for that protein and over
all possible taxon pairs. This results in seven paired
values of mean heterozygosity and distance for each
study in the group. The symbols d and 4 are retained
for these within study protein means.

In the first method of analysis, to correct for differ-
ences in overall heterozygosity and distance between
taxon pairs, each d and % value was recalculated as:

d(corrected)= d~ d(taxon pair mean) + d(grand mean)
h(corrected) = h - h(mxon pair mean) + h(grand mean)

where (taxon pair mean) refers to the mean value of
d or h over the seven proteins for a taxon pair and
(grand mean) refers to the mean of d or % over all
taxon pairs and proteins in the group.

In the second method of analysis an analogous
correction was applied, substituting study for taxon
pair. Furthermore, to weight studies according to size
as in the first method of analysis, the seven paired
values of corrected k and d for a study were replicated
in the group by a number of times equal to the number
of independent taxon pairs in the study.

Calculation of D and H: In the first method of
analysis, mean distance (D) and mean heterozygosity
(H) for a given protein such as phosphoglucomutase
are defined as:

o-(3 5 a)/r
we(35)/n

where d.» and k.., are the values of d and 4 in taxon
pair m in study n, and M, is the number of taxon pairs
in study n. N is the total number of studies, and T the
total number of taxon pairs.

In the second method of analysis H and D are
defined in an analogous manner except that the av-
eraging is carried out over the replicated study means
rather than taxon pair means. At low to moderate
levels of levels of divergence, D is similar in value to
the standard genetic distance of NEI (1972).

Calculation of adjusted D (D.4) and adjusted H
(H.4): In the third method of analysis, independent
taxon comparisons were used as in the first method
of analysis, but for each taxon pair, & and d for a
protein were calculated as means over all loci scored
for that protein as in the second method of analysis.
H and D, the means of # and d over taxon pairs and
studies were calculated as in the first method of analy-
Sis.

Genetic distance and heterozygosity averaged over
all loci scored in a pair of taxa are defined as:

and

K
dﬁ hz dk/Ky
=1

and
K
hﬁ = kz hh/K,
=1

where K is the number of loci scored in the taxon pair
including loci for any of the 42 widely studied proteins
and for any other proteins scored. A pair of d and 4
values for a given protein within a given taxon pair
can be linked with the values of d, and %, for the
taxon pair. By substituting d, and k, for d and % in
the above equations for D and H, the analogous quan-
tities D, and H, can be calculated.
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Adjusted values of D and H are then calculated using
the equations:

Dadj = D(d(grand mean)/Dp)-
and
Hadj = H(h(grand mean)/Hp),

where dgrand meany aNd Ngrand mean) are as defined previ-

ously the means of & and d over all taxon pairs and all
proteins. D, is a measure of the amount of genetic
distance, averaged over all loci, accumulated in those
taxon pairs in which a particular protein is scored.
Thus, proteins scored in a subset of taxon pairs with
high divergence times will have a D, lower than D.
An analogous adjustment is achieved in the calculation
of Hadj-



