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SUMMARY

The relationship between locus variability and genetic identity is
analysed in pooled data from a collection of Drosophila and vertebrate
allozyme surveys. For vertebrates the analysis provides evidence that loci
with high expected heterozygosity diverge at a faster rate than loci with
low heterozygosity in comparisons involving pairs of populations and
pairs of species. This relationship is not observed in comparisons of
Drosophila species pairs.

1. INTRODUCTION

The accumulation of numerous electrophoretic surveys of enzyme variation in
animal species over the last decade has provided a large body of allozyme data for
use in testing evolutionary hypotheses. For example, many attempts have been
made to assess the adaptive significance of observed patterns of allele and
heterozygosity variation within and between populations (e.g. Johnson, 1972;
Kirby & Halliday, 1973 ; Ayala & Gilpin, 1974 ; Yamazaki & Maruyama, 1975; Nei,
1975; Chakraborty, Fuerst & Nei, 1978).

This paper considers the relationship between within population and within
species enzyme variability and evolutionary rate or divergence using data extracted
from a number of allozyme surveys. The specific hypothesis tested is that more
variable loci diverge at a faster rate than less variable loci in comparisons involving
pairs of populations or species. Corroboration of this hypothesis would be of
significance for evolutionary theory, for it would suggest that in evolution the rate
of future divergence at protein loci among taxa could be predicted from knowledge
of the contemporary level of genetic variation within taxa (Sokal, 1978; Riska,
1979). Determinations of evolutionary rates by comparing amino acid sequences
of homologous proteins in diverse organisms have been made for a small number
of proteins (see, for example, Wilson, Carlson & White, 1977), but only a few of
these are routinely screened for allozyme variation in population surveys. Thus
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a direct comparison between evolutionary rate and heterozygosity cannot be made
at present. Positive associations have been reported between within and among
population or species variation for allozyme data using a number of different
measures of variability and geneticdivergence (Johnson & Mickevich, 1977 ; Koehn
& Eanes, 1978; Pierce & Mitton, 1979). Associations have also been reported
between within and among population morphometric variation (Kluge & Kerfoot,
1973; Sokal, 1976, 1978). Riska (1979) has, however, drawn attention to a number
of potential biases in the interpretation of the relationship between variability and
divergence. In this paper we present an approach to analysis which considers the
covariation of locus heterozygosity, locus genetic identity and overall genetic
identity in pooled data consisting of a large number of paired species or population
comparisons taken from a collection of allozyme surveys. We believe the method
used is free of bias and provides unambiguous evidence that the more variable loci
are indeed those that diverge most rapidly.

2. MATERIALS

Estimates of single locus heterozygosity and identity were made for pairs of
populations and species for three separate sets of allele frequency data: Drosophila
inter-species, vertebrate inter-species and vertebrate intra-species. The mean
heterozygosity of Drosophila is two or three times that of vertebrates (Selander
& Kaufman, 1973; Powell, 1975; Selander, 1976). The Drosophila and vertebrate
data were therefore analysed separately to avoid confounding effects arising from
this difference. The vertebrate inter-species and intra-species data were analysed
separately to allow the test of a hypothesis relating to gene flow. The vertebrate
data were not differentiated into the classes of fishes, amphibians, reptiles, birds
and mammals. Members of these classes show similar overall levels of heterozygosity
and similar trends following various analyses of allozyme data (Sclander, 1976;
Fuerst, Chakraborty & Nei, 1977 ; Chakraborty, Fuerst & Nei, 1978; Ward, 1978).
Only studies screening a minimum of 15 individuals per species or population for
a minimum of 15 loci were used. Data were abstracted from the following surveys:

Drosophila (25 species plus 4 subspecies). Yang, Wheeler & Bock, 1972 (44 1);
Zouros, 1973 (4+1); Ayala et al. 1974 (5+2); Ayala, 1975 (7); Prakash, 1977 (3);
Sene & Carson, 1977 (2).

Vertebrate inter-species (153 species plus 7 subspecies). Fish (28 species plus 2
subspecies): Johnson, 1975 (5); Gorman, Kim & Rubinoff, 1976 (3); Fujio, 1977
(2); Gorman & Kim, 1977 (2); Buth & Burr, 1978 (34 2); Siebenaller, 1978 (2);
Ward & Galleguillos, 1978 (3); Kirkpatrick & Selander, 1979 (2); Kornfield et al.
1979 (6). Amphibians (24 species plus 2 subspecies): Hedgecock & Ayala, 1974
(3+1); Highton & Webster, 1976 (2); Case, 1978 (5); Feder, Wurst & Wake, 1978
(2); Larson & Highton, 1978 (34 1); Tilley et al. 1978 (2); Wake, Maxson & Wurst,
1978 (2); Duncan & Highton, 1979 (5). Reptiles (40 species plus 1 subspecies):
Webster, Selander & Yang, 1972 (4); Hall & Selander, 1973 (2); Yang, Soulé &
Gorman, 1974 (9); Gorman et al. 1975 (2); Webster, 1975 (2); Gorman & Kim, 1976
(12); Adest, 1977 (5); Bezy et al. 1977 (24 1); Gartside, Rogers & Dessauer, 1977
(2). Birds (11 species): Smith & Zimmerman, 1976 (7); Barrowclough & Corbin,
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1978 (4). Mammals (50 species plus 2 subspecies): Selander, Hunt & Yang, 1969
(14+1); Johnson & Selander, 1971 (8); Selander et al. 1971, Smith, Selander &
Johnson, 1973, Avise, Smith & Selander, 1974 (4); Johnson et al. 1972 (2); Patton,
Selander & Smith, 1972 (2); Johnson & Packard, 1974 (3); Kilpatrick & Zimmerman,
1975, 1976, Zimmerman, Hart & Kilpatrick, 1975 (6); King & Wilson, 1975 (2);
Greenbaum & Baker, 1976 (2); Patton, MacArthur & Yang, 1976 (2); Straney,
O’Farrell & Smith, 1976 (2); Cothran, Zimmerman & Nadler, 1977 (3); Nozawa
et al. 1977 (4+1); Zimmerman & Nejtek, 1977 (3); Britton & Thaler, 1978 (2);
Mascarello, 1978 (4).

Interspecies comparisons of those species typed for more than one population
were performed using the unweighted population mean allele frequencies.

Vertebrate intra-spectes. A representative selection of data was made from the
vast amount of published work. 205 sets of population data were analysed from 34
species. Fish (55 populations, from 9 species): Avise & Selander, 1972 (8);
Frydenberg & Simonsen, 1973 (2); Johnson, 1975 (3, 10, 8, 5); Ward & Beardmore,
1977 (2); Buth & Burr, 1978 (5); Merritt, Rogers & Kurz, 1978 (12). Amphibia (51
populations, from 5 species) : Matthews, 1975 (15); Nevo, Dessauer & Chuang, 1975
(11); Highton & Webster, 1976 (6); Larson & Highton, 1978 (11, 8). Reptiles (43
populations, from 8 species): McKinney et al. 1972 (13); Webster, Selander & Yang,
1972 (4, 2); Gorman et al. 1975 (9, 7); Taylor & Gorman, 1975 (2); Gartside, Rogers
& Dessauer, 1977 (3); Gorman, Kim & Taylor, 1977 (3). Birds (4 populations, from
1 species): Nottebohm & Selander, 1972 (4). Mammals (52 populations, from 11
species): Johnson & Selander, 1971 (4, 6, 5); Nevo & Shaw, 1972 (4); Smith,
Selander & Johnson, 1973 (3); Avise, Smith & Selander, 1974 (6); Nevo et al. 1974
(10); Patton, Yang & Myers, 1975 (4); Gill, 1976 (3); Browne, 1977 (5); Cothran,
Zimmerman & Nadler, 1977 (2).

3. ANALYSIS

Let z; and y, be the frequencies of the ith allele at the jth locus in populations
or species X and Y respectively. Then H, is defined as (2 —ZXx} —Xy?)/2 which is
the arithmetic mean of the expected heterozygosity, according to Hardy—
Weinberg, at the jth locus in samples X and Y. I, is defined as Zx,;y,/(Za? Zy})
which is the genetic identity value for X and Y at the jth locus. The overall
genetic identity between X and Y is defined as I = J,,/(J,J,)}, where J,,, J,
and J,, are the arithmetic means of Zxzy;, Zx}, and Zy} over all loci (Nei, 1972).

For each of the three sets of data all possible pairwise comparisons of populations
(or species) were used to calculate values of I, and for each individual comparison
values of H; and I; were calculated for the j loci.

1 is regarded as an overall measure of the amount of divergence at allozyme loci
between two populations. It is likely that the value of I is related in some way
to the time since splitting of two populations from a common ancestor, as a number
of studies have found progressively smaller / values at various taxonomic levels
from inter-population to inter-genus comparisons (forexample, Ayala, 1975: Avise,
1978). Attempts have also been made to use genetic distance values to estimate
the actual time since splitting (for example, Yang, Soulé & Gorman, 1974), though
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it is likely that the accuracy of such estimates is low. The use of I as an overall
measure of divergence in this study does not assume any particular relationship
between I and evolutionary time, and population or species pairs showing similar
levels of divergence (as measured by I) may have separated from their common
ancestors at quite different times in the past. H, is regarded as a measure of locus
variability and I; as a measure of locus divergence. A problem that arises in the
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Fig. 1. Theoretical relationship between H; and I, for two populations evolving from

Allele Pop X PopVt Allele Pop X Pop Vv
1 1-00 1-00 1 1-00 0-00
to
2 0-00 0-00 2 0-00 1-00

In allele frequency steps of 0-05. See text.

analysis of such data is that different values of I, calculated from a single published
survey are not all independent in the sense that knowledge of some I; values might
allow deduction of others. For example, with three populations fixed identically
at a locus only two of the three comparisons possible will be independent. In
general with & populations there will be k—1 independent comparisons out of a
total of k!/(k—2)!2! = k(k—1)/2. This value for the number of independent
comparisons is certainly conservative; for example, if the three populations were
fixed differently, knowledge of two I; values would not allow deduction of the third.
To take account of any bias that might arise through the use of non-independent
comparisons each of the three sets of data has been analysed twice, first using all
possible comparisons, and second using independent comparisonsonly. Independent
comparisons were made by pairing population 1 with population 2, then population
2 with population 3 and so on to obtain k—1 I values (with their associated I;
and H; values) for each individual survey. The three original sets of data thus
gave the following six sets for analysis: DROS — Drosophila, all possible
comparisons; DROSI — Drosophila, independent comparisons only ; VES — verte-
brate inter-species, all comparisons; VESI — vertebrate inter-species, independent
comparisons; VAS — vertebrate intra-species, all comparisons; VASI — vertebrate
intra-species, independent comparisons.

The hypothesis that the more variable loci diverge more rapidly than the
invariable loci cannot be tested by examining the correlation between H; and I,.
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Correlations between H; and I; are expected for non-biological reasons (Riska,
1979). The reason for this can be seen by considering Fig. 1 which plots the
minimum H; value possible fora given /;; points below the curve are mathematically
impossible. In comparing two populations with high overall similarity (high 1), H;
values of 0 will have I; values of 1 (very rarely of 0) whereas I; values between
0 and 1 must necessarily be accompanied by H; values greater than 0. Thus
sampling error alone will generate a negative correlation between I; and H; even
when samples are taken from two populations which are identical in allele
frequencies. Also, as the distribution of I; can be very different at high and low
H;, comparisons of representative values of the I; distribution (such as the mean)
for different H; values must have little biological meaning.

An attempt has been made to overcome this problem by considering how the
relationship between I; and H; changes with decreasing I. Thus instead of a two
dimensional analysis (H;, I;), a three dimensional analysis (H;, I;, I) is used. To
facilitate analysis each dimension has been divided into intervals and the data may
be visualised as a three way contingency table. Thus in each of the six data sets
pairwise population comparisons have been sorted into classes corresponding to
the following intervals for I: (a) > 09—1-0, (b) > 08—-09, (¢) >07—-08, (d)
306—-07, (¢) 305—-06, {(f) <0-5. For each of these classes the frequency
distribution of H; has been determined ; first for loci having I; values in the range
0-98—1, and second for loci having I; values in the range 0—1. Thus the first
distribution of H; is for loci which, it is assumed, have diverged little or not at
all. The second distribution of H; is for loci over the whole range of I;. This
representation of the data permits the following hypothesis to be formulated. As 1
decreases and divergence increases through classes (a)—(f), the number of loci with
high I; values (defined as N4, the first distribution) will decrease relative to the
total number of loci (defined as N, the second distribution). Thus the ratio N /N,
will decrease as I decreases. If, however, the more variable loci diverge more
rapidly than the less variable loci, the ratio will show a greater proportional
decrease with decreasing / for the higher than the lower end of the H; distribution.
That is as I decreases, loci with high H; will be ‘lost’ from the /; interval 0-98-1
more rapidly than loci with low H;. To test this hypothesis, H; has been subdivided
into three intervals: (1) H; € 0-02; with the number of loci falling in this interval
for the first and second distributions denoted N,, and N, respectively, (2)
002 < H; 2 0'1; with numbers of loci in this interval denoted by N,,, and Ny,
(3) H; > 0-1; with numbers of loci in this interval denoted by N ,, and N,. The
subscripts w, m and % stand for the weakly variable, moderately variable and
highly variable heterozygosity classes respectively. The upper limits of the w and
m intervals correspond roughly with the 0-99 and 0-95 frequency criteria for
polymorphic loci. The prediction now is that as I decreases through classes (a)-(f)
the ratios N 4,/Np, and N4, /N, will show a more rapid relative decrease than
the ratio N 4,,/Np,,.

Table 1 gives values of N, Npmy Nppy Na/Npo Naw/Npw, Nam/Npn, and
Nagp/Npp for the six data sets. N,=N, ,+Nyp+Ny and Np=
Nipw+ Nrpy+ Npy. For the intra-species sets VAS and VASI [ values lower than
0-6 were not observed. For VESI classes (¢) and (f) have been combined.

It can be seen from Table 1 that, in accordance with the hypothesis, with
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decreasing I the ratios N,,/Hp), and N4, /Ny, appear to decrease more rapidly
than the ratio N,,,/Np,. This may be seen more clearly by expressing N ,,/Nrp,
and N, /Nr, as a proportion of N, ,/Np, Thus k/w is defined as
(NAh/NTh)/(NAw/NTw) and m/w as (lvAm/NTm)/(NAw/NTw)' If’ as prediCted’
loci with high H; values are lost rapidly from high I; regions as / decreases, k/w
and m/w should decrease with decreasing /. On the other hand, in the absence of
an association between heterozygosity and divergence, /w and m/w should be
constants (see appendix for justification of this null hypothesis).

In Fig. 2 m/w and h/w are plotted against N /N for the six data sets. N,/N,
is used as a measure of the overall divergence between the pairs of populations
contributing to each of classes (a)—(f). Rank and product moment correlation
coefficients between m/w or h/w with N,/ N are shown in Table 2. Considering
Fig. 2 and Table 2 the following observations may be made. First, there is a clear
indication overall of both m/w and &/w decreasing with decreasing I as predicted.
Secondly, for VAS, VASI, VES and VESI, trends in m/w and & /w are accompanied
by high correlation coefficients. There is no obvious indication of large differences
between the results for the independent and non-independent data sets. Thirdly,
for the Drosophila data, a decrease in m/w though not &/w is apparent, and the
correlation coefficients for DROS m/w are significant.

Differences among the I classes have been analysed further by means of a ¢ test
(Sokal & Rohlf, 1969). The hypothesis that loci with higher H; values will be ‘lost’
more rapidly from the 0-98-1 I, interval could be tested by examining the relative
frequencies of N4, N4, and N4, among the six / classes. Unfortunately such
variation might simply reflect variation in the frequencies of Nyp,,, Ny, and Np,,.
(A three-way G test would not be appropriate to test the null hypothesis of equal
probabilities of loss for the three heterozygosity classes (see appendix).) To permit
a @ test with this confounding effect removed, adjusted values of N4, N ,,,, and
N4, have been calculated using the formula:

Ny =Ny X (ENp,/ENp)X (Np/Npy),

where o can be w, h, or m, * denotes the adjusted values and X. represents
summation over the different / classes. Under the null hypothesis, the ratio
N%./(N%,+N%,. +N%,) will be the same for all [ classes (see appendix).
Contingency tables have been constructed to test for variation among the I classes
in the relative frequencies of (i) Np,,, Ny, and Nopp, (i) Ny, N . N4, and (idi)
N%.u» N4, and N¥%,. For VAS and VASI these are 3(w, h, and m, H, intervals) x 6
(I classes) tables; for VES and VESI, 3 x5 tables; for DROS and DROSI 3 x 6
tables. Total and some component @ values are given in Table 3 with probability
values and also values for the contingency coefficient, a measure of association in
contingency tables (Roscoe, 1969). The following observations can be made. First,
significant G values are obtained for analysis (i) for all data sets except VASI. This
justifies our concern to correct values of N,, for variation in N,,. Secondly, for
the vertebrate data @' values for analysis (ii) are also all significant and have larger
associated contingency coefficients. The adjusted values also give significant ¢
values. Thus variation among the I classes in the H; distribution is greater for the
I; interval 0-98-1 than for the interval 0—1. Thirdly, for the Drosophila data the
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Fig. 2. m/w (@) and 2/w (H) plotted against N /N, for the six data groups. (@) Data

groups VAS (-« ----
VESI (

-}, VES (
) and DROSI (- —-).

), and DROS (- - -). (b) Data groups VASI (- -+~ -~ ),

Table 2. Product moment (r) and Kendall’s rank (R) correlation coefficients
between hjw and N /Ny, and between m/w and N /Ny for the six data sets

VAS
VASI
VES
VESI
DROS
DROSI

(hfw, N4/Nyp) (m/w, N4/Nrp)

r R r R
1-00* 1-00 099 1-00
0-97 1-00 0-65 0-33
0-96%* 1-00** 076 0-73*
0-83 0-60 0-88* 0-60
043 0-07 0-89* 0-73*

—0-06 0-00 0-51 0-26

* P <005 ** P <001.
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contingency coefficients for analysis (ii) are smaller than for the analysis (i) and
analysis (iii) gives non-significant G values. Fourthly, for the vertebrate data
partitioning of the G statistic shows that a larger proportion of the total G’ value
can be attributed to the w vs A than the w vs m comparisons. The values of
N%./(N%,+N%,, + N%,) for each [ class are given for the six groups in the final

Table 3. Analysis of G statistics for frequencies of (i) Npy, Npps Npp; (i) N 44,
Ngms Nap; and (iii) N%,,, N%,.. and N%, over I classes
(The dimensions of the contingency tables are 3x3 for VAS and VASI, 3 x6 for

VES, DROS and DROSI, and 3 x5 for VESI. C is the contingency coefficient and
equals @/(G+ N), where N is total number for the contingency table.)

Source of variation D.F. G P C
VAS N, total 4 44-18 < 0001 0-053
N, total 4 114-32 < 0001 0-092
N% total 4 5048 < 0001 0-061
wvs h 2 46-89 < 0001 —
wvsm 2 6:39 < 005 —
VASI N, total 4 1-45 NS 0019
N, total 4 11-77 < 005 0-058
N% total 4 9-30 NS 0052
wvs h 2 8-63 < 0-05 —
wvsm 2 1-20 NS —
VES N, total 10 57-04 < 0001 0-091
N, total 10 84-08 < 0001 0-139
N¥ total 10 59-76 < 0001 0117
wvs h 5 56:65 < 0001 —
wvsm 5 564 NS —
VESI Ny total 8 1892 < 005 0-085
N, total 8 30-60 < 0001 0134
N% total 8 20-73 < 001 0110
wvsh 4 1774 < 001 —
wvsm 4 4-33 NS —
DROS N, total 10 54-70 < 0001 0170
N, total 10 18-64 < 005 0159
N: total 10 10-94 NS 0124
wvs h 5 6-17 NS —
wvsm 5 4-06 NS —
DROSI Ny total 10 35-38 < 0001 0230
N, total 10 16-78 NS 0218
N% total 10 361 NS 0-105
wvs h 5 1-49 NS —
wvsm 5 1-87 NS —

column of Table 1. This is to confirm that the significant G values for the vertebrate
data groups are in large part attributable to a consistent decrease in this proportion
from I class (a) to I class (f). Taken together with the trends in m/w and h/w these
results do therefore provide evidence for the vertebrate data of the existence of
the predicted relationship between heterozygosity and rate of divergence for
allozyme loci. This relationship does not appear to hold for the Drosophila data.
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The analysis described above was repeated substituting the wider I; interval of
0-9-1 for the interval 0-98—1. The results were qualitatively very similar though
changes were somewhat less striking. The heterozygosity interval H; > 0-1 was also
subdivided in an attempt to detect more subtle changes in the H; distribution at

very high heterozygosity. The results were uninteresting because of the small
numbers of loci giving high H; values in the lower I classes.

o
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20 |-
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04 05 06 07 08
N4 /Nt

Fig. 3. h/w plotted against N /N, for the 0-0-02 I, interval for the data groups VAS
(o ), VES ( ), and DROS (- —-). Note that the ordinate is broken.

An analysis was also made substituting the I; interval 0—0-02 for the interval
0-98-1. It might be predicted that in the initial stages of divergence the more
heterozygous loci might ‘arrive’ at the low end of the I; distribution first. At this
point the proportion of H; values in the high heterozygosity interval should be
relatively high. Subsequently as divergence continues this high relative frequency
should decline. This is a less certain prediction than that for the 0-98-1 I; interval
because it includes the additional assumption that the first loci to begin diverging
will be those that are first to diverge completely.

The numbers of loci having H; values in the I; interval 0-0-02 are relatively few
and only VAS, VES and DROS provided sufficient data for an adequate test. In
Fig. 3 h/w ratios for these groups are shown plotted against N ,/N,. There is some
indication of the predicted decrease in /w with decreasing N ,/N, for VAS and
VES. Values of m/w, which are not plotted, gave no indication of trends. Analyses
of G performed in an analogous way to that for the 0-98-1 I; interval gave
non-significant values for all three data sets. There is, therefore, much weaker
evidence for trends in &A/w in the I; interval 0-0-02 than in the I; interval 0-98-1.

The prediction of changes in relative frequencies of the three H; classes asumes
the existence of a correlation in locus heterozygosity between the populations or
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species being compared. This assumption can be tested by examining the correlation
over loci between the expected heterozygosity values H;y and H;y that are
averaged to give H; for each pairwise population or species comparison. A positive
correlation is expected. By dividing the heterozygosity range into two intervals,
Z 01 and > 01, 2 x 2 contingency tables were constructed for each of the six
classes, the four cells being (I) H;, <01, H;y <01, (I1) H;x <01, H;y > 01,

09
08| ] I ] ]
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06 // l\\l / \\./ l E
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04} 1 ] !
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01}
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Fig. 4. Four point correlation coefficients (r) for locus heterozygosity plotted against
N /Npfor VAS (----- - ), VES ( ), and DROS (- --).

(III) H;x > 01, H;y <01, (IV) H;x > 01, H;, > 0-1. A positive correlation
would occur when there are greater than expected numbers in cells (I) and (IV).
Four-point correlation coefficients between H,y and H;y with 959% confidence
intervals are plotted against N,/Nr in Fig. 4 for VAS, VES and DROS. The
correlation was calculated as the determinant of the 2 x 2 table divided by the
square root of the product of the four column and row totals. Three observations
can be made. First, all correlation values are significantly greater than zero.
Secondly, for VAS and VES there is a decline in correlation with decreasing
N ,/Np. Thirdly, the Drosophila correlation values are consistently greater than
the vertebrate values.

Finally an estimate has been made of the relative probabilities for loci in the
different heterozygosity intervals of remaining within the I, interval 0-98-1 in the
transition from the high to low I classes. The method of estimation is given in the
appendix. The values obtained, which are given in Table 4, show that the values
for the A heterozygosity interval are consistently lower than for w. The values for
m are intermediate in most cases which also is in line with the hypothesis. For the
vertebrate interspecies data probabilities for the transitions (a)— (¢) (which allows
comparison with the intraspecies data) and (c)—(f) are shown. For (a)-(c) the
values for the inter- and intraspecies data are remarkably similar. If the relative
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probabilities of remaining for w and % stay the same over two stages of decline
in I the ratio of the logs of the probabilities should remain constant. These ratios
of logs are shown in the final column of Table 4. For VES and VESI the value
of this ratio is greater in the later stages of divergence ((c)—(f)) than in the initial
stages ((a)—(c)). This suggests that the probability of remaining for % is greater
relative to w in the later than in the initial stages of divergence. That is, the
difference between w and £ is less marked in the later stages.

Table 4. Probabilities of loci remaining within the I; interval 0°98~1 in the three
heterozygosity classes w, m and k for comparisons of high and low I classes

(The final column shows the ratio of the log of the probabilities for the w and % hetero-
zygosity classes.)

w m h log w/log h
VAS (a)-~(c) 0-83 0-59 035 0177
VASI (a)—(c) 083 072 0-35 0177
VES (a)-{c) 0-83 076 043 0220
VES (¢)~(f) 049 0-42 011 0323
VES (a)-(f) 0-41 0-32 005 0-297
VESI (a)-(c) 0-82 076 035 0189
VEST (c)-((e)+ (f)) 0-55 0-36 0-41 0670
VESI (a)-((e) + (f)) 0-45 0-27 014 0-406
DROS (a)-(f) 0-34 0-21 012 0508
DROSI (a)—(f) 0-38 0-28 0-35 0921

4. DISCUSSION

A relationship between within and among population variability for morpho-
metric characters has been recorded by several investigators (Kluge & Kerfoot,
1973; Sokal, 1976, 1978; Johnson & Mickevich, 1977). Attempts to demonstrate
a similar relationship for within and among population allozymic variability have
not been so successful. The analytical methods used by Johnson & Mickevich (1977)
in their test of this hypothesis have been criticized by Riska (1979) (who also
criticized their analysis of morphometric variants) and the analysis of Pierce &
Mitton (1979) appears to be subject to several of the same criticisms. In particular,
these studies do not give due allowance to the fact that intra- and interpopulation
allozymic variation might necessarily be related if these two variables are simply
plotted against each other (see text, and Riska, 1979).

We believe the analysis we have undertaken to be substantially free of such bias,
and conclude that, for vertebrate species at least, there is a clear relationship
between locus variability and locus divergence. This relationship holds for both
intra- and interspecies comparisons. These associations were far less clear in the
interspecies Drosophila data where several tests gave non-significant results. One
might have expected relationships between heterozygosity and divergence to be
more readily discernible in Drosophila than vertebrates, since Drosophila are on the
whole considerably more heterozygous than vertebrates (Selander, 1976). The
solution to this paradox may be found in the relatively small body of Drosophila
data examined (the total number of I; comparisons for DROS being 1829 and for

https://doi.org/10.1017/50016672300020413 Published online by Cambridge University Press


https://doi.org/10.1017/S0016672300020413

Allozyme heterozygosity and divergence 83

VES 6846). Possibly if further data became available, trends similar to those
displayed by vertebrates would appear.

Sokal (1978) and Riska (1979) have pointed out that gene flow between local
populations might be a cause of greater within population variation for characters
showing greater among population variation. This could be invoked in an
interpretation of the vertebrate intraspecies association reported here, but not of
the interspecies association where the amount of gene flow can be assumed to be
negligible.

Strictly speaking, the observed relationship applies only to the rate at which
loci are ‘lost’ from the I; interval 0-98-1, the highly heterozygous loci disappearing
from this interval more rapidly than the less variable as overall divergence
increases, and perhaps also to the rate at which they ‘appear’ in the I; interval
0-0-02. A comparative analysis of the more central portion of the I; range is not
informative because of the relatively small numbers of loci in this range. For
example, only 13 and 149, respectively of the total vertebrate intra- and
interspecies locus comparisons fall in the I; interval 0-02-0-98. It should also be
noted that our conclusion stands only for divergence up to the level of the genus,
a lack of data prohibiting comparisons between more distant taxonomic groupings.

Evolution results from both divergent and repetitive change. Thus if the
reasonable assumption is made that the total amount of repetitive evolution is not
greater for the less variable loci, these results also allow the conclusion that
evolutionary rate itself is greater for the more variable loci.

The results may be considered in the light of the neutralist-selectionist contro-
versy. By the neutral hypothesis neutral mutation rate is positively associated with
heterozygosity (Kimura & Crow, 1964; Ohta & Kimura, 1973) and with rate of
divergence (Nei, 1972). A number of studies have suggested that the assumption
of variable neutral mutation rate should be incorporated into neutral theory (for
example, Nei, Fuerst & Chakraborty, 1976; Fuerst, Chakraborty & Nei, 1977).
Therefore it may be predicted that the more variable loci, those having higher
neutral mutation rates, should diverge more rapidly.

Unfortunately, such an observation could also be made consistent with a
selectionist viewpoint, by suggesting that in general the more variable loci, by
providing more variation on which selection could act, will evolve and diverge more
rapidly. The argument is consistent with the observed results even if most
polymorphisms are maintained most of the time by balancing or frequency
dependent selection when the actual variance in fitness may be low. This is because
the change at a locus from a high to a low I, value may take place in a relatively
short time. Such rapid change is evidenced here by the small number of I; values
in the interval 0-02—0-98.

At first sight the evidence for the vertebrate interspecies data showing a higher
relative probability of remaining for the highly heterozygous loci in the later than
in the initial stages of divergence might be regarded as good evidence against a
neutralist interpretation of the results, which would predict the same relative
probabilities of remaining (measured as the ratio of log probabilities) at all stages
of divergence. Apart from the problem that we have been unable to attach
significance levels to these differences this result would also ‘be a predicted effect
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of and might therefore be explained by the lower observed heterozygosity
correlations at higher levels of divergence.

The extent to which the results can be extrapolated to explain the reported
relationships between within and among population variability for morphometric
characters (Kluge & Kerfoot, 1973; Sokal, 1976, 1978) depends on the genetic
architecture of such characters which is largely unknown. Even if differences in
phenotypic variation reflect differences in genetic variation, the genetic variance
of quantitative characters may be influenced by the number of segregating loci
and the phenotypic effect of substitution of individual alleles as well as by
differencesin allele frequences and thus heterozygosity at individual loci. The rates
of evolution of both structural and regulatory loci for such variation are also
unknown and it would certainly be unwise to claim that the allozyme results
obtained here can be relevant to the evolution of regulatory loci.

The use of I; as a measure of locus divergence might be questionable if
substitution of amino acids leading to a change in protein charge resulted in a
greater probability of loss from the I; interval 0-98-1-0 for highly than for weakly
heterozygous loci. Consider a locus comparison where I; = 1. Substitution of a
charged amino acid in one population would convert I; to zero for a monomorphic

“locus. Substitution at a variable locus in one population would cause a relative
shift in the allele frequency distributions in the two populations but there would
still be some overlap so that the new I; value would be greater than zero. There
is in-fact some chance that a highly variable locus would not be lost from the I;
interval 0-98-1-0. The higher probability of loss for the highly heterozygous loci
observed here would therefore be consistent with a higher rate of charged amino
acid substitutions at such loci.

The results are subject to a number of sources of error which would tend to reduce
or obscure the relationship between heterozygosity and divergence rate. These
include errors in I resulting from the sampling of both alleles and loci (Nei &
Roychoudhury, 1974; Nei, 1978), sampling errors in the estimation of allele
frequency which would lead to errorsin H, and I;, and low values for the correlation
of locus heterozygosity. A potentially serious source of error might occur if the sizes
of the samples used to estimate I; showed a consistent decrease from class (a) to
class (f). This would result in a greater ‘loss’ from the I; interval 0-98-1 for highly
heterozygous loci than for, say, monomorphic loci, because the former would show
a greater increase in sampling variance of I; as sample size decreases. To test
this possibility average sample sizes have been computed for the populations
contributing to each I class for the VESI and VASI data groups. These values are

given below:
I class

@ ©® (@ @ (e
VASI 43 33 21 - - =
VESI 68 58 78 100 54 100

For VESI there is no clear trend, and if anything it is in the opposite direction
to that required to produce an artifact. For VASI there is a slight trend showing
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a decrease from I class (a)—(c). By simulating artificial data with different sample
sizes we have confirmed that this decrease would be much too slight to explain
the results obtained.

It might also be argued that the grouping of data from a large number of surveys
(although essential for this type of analysis) has introduced several possible
confounding factors. First, there is the uneven distribution of enzymes scored in
the different surveys. This could be important because of the evidence of enzyme
specific differences in heterozygosity (e.g. Johnson, 1974; Ayala et al. 1974 ; Koehn
& Eanes, 1976 ; Zouros, 1976 ; Ward, 1977, 1978 ; Koehn & Eanes, 1978) and enzyme
specific variation in contribution to among population variation in I; (Koehn &
Eanes, 1978). Secondly, it is well known that species differ in their levels of overall
genetic variability (see, for example, Nevo, 1978), and it may be that species pairs
differ in their relationships between heterozygosity and genetic identity. The
grouping here of a large number of surveys might have been expected to have
randomized or cancelled out such influences, yet limitations on its effectiveness can
be gauged by the evidence of highly significant variation among the [ classes in
the relative frequencies of N, Ny, and Np, (Table 3).

A further potential source of error or bias occurs where pairs of populations
having identical distributions of I; may give different I values because of
differences in H; or allele frequencies at individual loci. For example, the reduction
in / caused by (1) adding a highly heterozygous locus having I; = 0 to a population
comparison will be less than (2) adding a monomorphic locus having I; = 0. This
is because the numerator of the equation for I will be unaltered while the
denominator will show a greater increase with (2) than with (1). The effect of (1)
will be to increase N, but not N,, and the effect of (2) to increase N, but not
N 4. This will result in A/w being higher for (2) than (1). Thus the comparison
of (1) and (2) (which have identical I; distributions) will show a decline in / (from
(1) to (2)) accompanied by an increase in A/w. This trend is the opposite to that
observed in the analysis of the allozyme data. Similarly the effects of (3) adding
a heterozygous locus and (4) adding a monomorphic locus both having I; = 1 can
be compared. It is easy to demonstrate algebraically that the increase in [ for (3)
is always less than for (4). As h/w will be greater for (3) than (4), the decline in
I (from (4) to (3)) is once again accompanied by an increase in A/w. The conclusion
to be drawn from the above is that a trend in A/w with decreasing I might be
observed in allozyme data as a result of differences in the numbers of weakly and
highly variable loci among paired comparisons even if such differences have no
effect on the distribution of /;. But the direction of such a trend even if of
appreciable magnitude (which is unlikely) would be in the opposite direction to
and could not explain the observed trends in the allozyme data.

The prediction of neutral theory of lower similarity between population hetero-
zygosity values for loci with lower I; values has been corroborated by Chakraborty
et al. (1978). The evidence here of a decline in correlation of heterozygosity with
decreasing N,/N, for the vertebrate data also supports this prediction. The
relatively high values of the heterozygosity correlations for the Drosophila data
particularly with low geneticidentity were also found and discussed by Chakraborty
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et al. (1978). The non-zero correlation coefficients observed for the I classes with
low values are consistent with neutral theory if the assumption of variable neutral
mutation rate is made.

Finally, while the results do not easily permit discrimination between the
selectionist and neutral theory they do fit well with an evolutionary interpretation.
A creationist would have to explain why populations or species showing greater
overall divergence, as measured by /, tend to be less similar at the more variable
loci than at those less variable.

5. APPENDIX: THE NULL HYPOTHESIS

The model considers the transition from a high I class (for example, class (a))
to a low [ class (for example, (f)) under the null hypothesis of equal rates or
probability of loss of loci from the I; interval 0-98-1 for the extreme high and
extreme low heterozygosity intervals. In class (a) let N, and N 4, be represented
by p and r respectively and let (Np,,—N,,,) and (Np,—N ;) be represented by s
and u respectively: In the transition from class (a) to (f) the probability of loss
of a locus from the I; interval 0-98 to 1 for the w heterozygosity class is equal to
that for the & class. Let this probability be x. We will also consider the probabilities
of loci ‘returning’ to the interval 0-:98-1 from the interval 0 to 0-98; let these
probabilities for the w and & heterozygosity classes be X and Z respectively. X
and Z therefore reflect a component of repetitive evolution. If N, and Ny, are
the total numbers of loci in class (a), let ¢ X N4, and kX Np, be the numbers in
class (f). The numbers of loci according to I class, heterozygosity interval, and
I; interval, can be represented by the 3 way table shown below, the numbers in
class (f) being given as a function of the numbers in class (a).

1, 0098 —1 (N ,,) 1;, 0-098 (Np,—N,,)
Weakly het. Highly het. Weakly het. Highly het.
I class (a) P r 8 Cu
1 class (f) i(p(1 —z)+sX) k(r(1 —z) +uZ) i(s(1 — X) + px) k(u(1 —Z) +rx)

For class (a),
w=p/(p+s), h=r/(r+u), and kj/w=r(p+s)/p(r+u).
For class (f),

w = i{p(l —x)+sX)/{i(p(1 —z)+sX)+i(s(1 — X)+px)} = (p(l —x)+sX)/(p+3),
h=kir(l —x)y+uZ)/{k(r(1 —z)+uZ) + k(u(l —Z)+rx)} = (r(l —x)+uZ)/(r+u),
and
hjw= (r(l —x)+uZ)(p+s)/(p(1—x)+5X) (r+u).

Thus & /w for class (a) equals 2/w for class (f) under the null hypothesis when
rp+s)/pr+u) = (r(l—z)+uZ) (p+9)/(p(1 —z)+sX)(r+u),
r/p = (r(1—2)+uZ)/(p(1 —2)+sX),
pr(l —x)+rsX = pr(l —z)+puZ.
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If X and Z are negligible compared with x then LHS = RHS, and the value of
h/w is the same for the two heterozygosity classes under the null hypothesis.
Otherwise eliminating pr(1 —z),

rsX = puZ, or X/Z = pu/rs.

For class (a) for VES, for example, p =558, w =118, s =9, and r = 104,
Substituting these values gives X/Z = 70.

Thus for the value of k/w for class (@) to be greater than for class (f) under the
null hypothesis, X must be more than 70 times greater than Z. There is no reason
to expect X and Z to differ greatly. If anything we might expect Z to be greater
than X. Thus even if X and Z are not negligible compared with z, a decline in A/w
as I decreases is extremely unlikely under the null hypothesis.

If it is assumed that X = 0, x may be estimated for the highly heterozygous class
by equating the observed numbers corresponding to p, s, ip(l—=x) and i(s—pz).
For example, for VES I class (@) p =558 and s =9, and for VES class (f)
p(l —z) = 284 and i(s+ px) = 424. Then,

558i(1 —z)/i(9 +558z) = 284/424,
x = 234036/395064 = 0-59.

The probabilities of loss for the other two heterozygosity classes may be calculated
in a similar fashion. The probability of a locus remaining within the /; interval
0-98-1 as I changes is of course simply 1 —z.

The validity of the G tests using the corrected values N¥, rests on the
assumption that under the null hypothesis the ratio N%,./(N%,+N%,, + N%,) is
the same for the different I classes. This assumption can be tested as follows.
Replacing the symbol N with n for I class (f), and where X represents the
summation over classes (a)—(f) the corrected values for [ classes (a) and (f) are:

Ni
Weakly het. Highly het.
Iclass (@)  A=N,y X ENpy/EN) X (Np/Npw) B =Ny X (ENpa/ENp) X (Np) Np)
I class (f) C =74 X (XN, /END) X (Rp/Tpy) D =ngp X ENpp/ZNp) X (Rp/nrp)

Then,
A/(A+B) = (N 4o X EN 7y X Npp) /(N aw X ENpyy X Npp) + (N gn X ENgp X Ny )),
and
C/C+D) = (nayXENpyp X pp)/ (N g X ENpyy X ) + (R X ENppy X Rpyy)).-

Substituting with p, u, r, s, z, 2, 1 and k gives

A/(A+B) = pt+1)/(pE+ 1)+ rk+1),

C/(C+D) = (p(1 —z)+sX) G+ 1)/(p(1 —x) +5X) (i + 1)+ (r(1 —2) +uZ) (k+ 1)).
Then it can be shown that 4/(4 + B) = C/(C+ D) under the null hypothesis when

-

pr(l—z)+rsX = pr(l —x)+ puZ.
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This is the same condition discussed above in relation to the ratio 2/w. Thus under
the null hypothesis a decline in, for example, the ratio N%,/(N%,+ N%,,+ N%,)
from I class (a) to I class (f) is not expected unless X is much greater than Z.

Finally we will consider the validity of computing second order interactions in
the above three way table as a method of testing the null hypothesis. Assume first
that no second order interactions exist; when this happens it follows that:

Pk(r(l —x)+uZ)/ri(p(l —x)+5X) = sk(u(l —z)+rz)/ui(s(1 — X) + pz).
With the simplifying assumption X = Z = 0, this becomes

pr(l —x)/pr(l —x) = s(u+rx)/u(s+ px),
p/s=r/u.

Substituting / class (a) values for VES gives p/s = 558/9 and r/« = 104/118. The
condition that p/s = r/u is obviously not met. This means that even if the
probabilities of loss for the w and & classes are equal a non zero value for the second
order interaction would be obtained and the interaction would in fact only be zero
under the restrictive condition p/s = r/u. To find an interaction when the
probabilities of loss are the same is disconcerting even if the interaction is
non-significant. Because of this we chose not to test the hypothesis by computing
second order interactions in the three way table.

We wish to thank Dr Bruce Riska and also an anonymous referee for their helpful critical
comments of earlier drafts of this paper.
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