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ABSTRACT

Natural selection for an intermediate level of gene or enzyme activity has
been shown to lead to a high frequency of heterotic polymorphisms in popula-
tions subject to mutation and random genetic drift. The model assumes a sym-
metrical spectrum of mutational variation, with the majority of variants
having only minor effects on the probability of survival. Each mutational event
produces a variant which is novel to the population. Allelic effects are assumed
to be additive on the scale of enzyme activity, heterosis arising whenever a
heterozygote has a mean level of activity closer to optimal than that of other
genotypes in the population. A new measure of genetic divergence between
populations is proposed, which is readily interpreted genetically, and increases
approximately linearly with time under centripetal selection, drift and muta-
tion. The parameter is closely related to the rate of accumulation of muta-
tional changes in a cistron over an evolutionary time span.——A survey of
published data concerning polymorphic loci in man and Drosophila suggests
than an alternative model, based on the superiority of Aybrid molecules, is not
of general importance. Thirteen loci giving rise to hybrid zones on electrophor-
esis have a mean heterozygote frequency of 0.22 + .06, compared with a value
of 0.23 + .04 for 16 loci classified as producing no hybrid enzyme.

ELECTROPHORETIC techniques have recently provided valuable details of

the extent of allozyme variability in natural populations of man (HArgis
1969a), Drosophila (Praxasu, LEwonTiN and Hussy 1969; GiLrespie and
Kosmma 1968; O’'Brien and MacINTyrE 1969), mice (SELANDER and YaNG
1969) and other organisms (ManwtLL and Baker 1970). A striking feature of
the more extensive surveys is the similar pattern of variation detected at particu-
lar loci in widely separated populations (Prakasu, LEwonTtin and Hussy 1969;
O’Brien and MacINTyYre 1969), suggesting that natural selection is involved in
the determination of the observed allelic frequencies. Clines have been reported
for a serum esterase in Catostomid fish populations (KoEHN and RasmMuUsseN
1967; Koean 1969) and for 6-phosphogluconate dehydrogenase and larval alka-
line phosphatase in Drosophila melanogaster (O'BrieN and MacINTYRE 1969).
GrLLespie and Kosima (1968) have also provided preliminary evidence for the
greater stability of allelic frequencies in Drosophila ananassae at loci coding for
enzymes involved in energy metabolism, by comparison with non-specific en-
zymes with broad substrate specificities.
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The functional significance of most electrophoretically detectable variation in
natural populations is at present largely unknown. However, a number of studies
have shown that naturally occurring enzyme variants may differ appreciably in
their biochemical properties. At least 50 variants of glucose-6-phosphate dehy-
drogenase are known in man, distinguishable by a combination of electrophoretic
and enzymatic properties (Kirkman, Kmpson and KenNepy 1968; YosHIpA
1969). The allelic variants of red cell acid phosphatase give rise to five common
phenotypes in man which differ substantially in their mean levels of enzyme
activity, and significant differences in thermostability have also been detected
(Harris 1966; Harris, Hoprinson and Lurrman, 1968): heterozygotes for the
common alleles are intermediate in activity, and allelic effects are essentially
additive (Harris 1966). The electrophoretic variants of alcohol dehydrogenase
in Drosophila melanogaster have also been shown to differ in specific enzyme ac-
tivity, in loss of activity on heating, and in the percentage increase in activity ob-
served in the presence of ethancl: the heterozygote is intermediate in enzyme
activity, and in the percent change in activity induced by heat or alcohol (Ras-
MUsoN, NiLson and Rasmuson 1966; Gisson 1970).

The genetic model discussed in this paper involves biochemical variants which
can be graded on a single scale of activity, with additive allelic effects. A fixed
intermediate level of activity is supposed to be optimal, so that a heterozygote
may be favoured by natural selection if its mean activity is closer to the optimum
than that of other genotypes present in the population. This simple model is ca-
pable of accounting for a substantial proportion of the balanced polymorphisms
observed in natural populations (Larrer 1970), and is compatible with present
knowledge of the functional and adaptive significance of enzyme and protein
variants.

Three aspects of population behaviour under centripetal selection are exam-
ined:— (1) the rate and pattern of long-term evolutionary change; (ii) the sta-
bility of allelic frequencies over shorter time periods; and (iii) the expected char-
acteristics of present-day natural populations. Of particular interest are the
expected levels of heterozygosity in surveys of loci subject to similar intensities
of selection, and the predicted frequencies of heterotic polymorphisms.

THE MODEL AND METHODS

The genetic model has been discussed briefly in the final section of the previous paper of this
series (LaTrer 1970). The following assumptions are made: (i) inheritance is disomic, and mat-
ing of surviving individuals is at random; (ii) a very large number of alleles A;,i =1,2,..., o0,
can be produced by mutation at the autosomal locus concerned. each spontaneous mutational
event generating an allele which is novel to the population; (iii) the effective population size, IV,
is constant from generation to generation, so that random changes in the allelic frequencies p;
have an expected variance of p; (1—p;)/2N; (iv) allelic effects are additive on a scale measuring
the functional differences among genotypes which are of adaptive significance (e.g. temperature
or pH optima, catalytic activity, substrate binding capacity, etc.), a heterozygote having a mean
level of “activity” equal to the average of those of the corresponding homozygotes; (v) the
allelic effect of a new mutant is @; 4 8a;, where q; is that of the parent allele, and 8«; is a ran-
dom normal value with mean zero and variance ¢2,,; and (vi) the relative selective value of a
genotype A ;A ; is proportional to

w*;; =1—1%BC* (d*,;/e%,) (1)
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TABLE 1

Definition of symbols and relationships

Symbol Definition
N Effective breeding population size.
w Rate of spontaneous mutation.
p; Frequency of allele 4;.
a; Allelic effect of A;, coded so that =p;a; = 0.
a2, Variance of mutational changes in allelic effect.
z Population mean on the scale of allelic effects.
a?, Genetic variance on the scale of allelic effects.
a2, Non-genetic variance on the scale of allelic effects.
o2, Phenotypic variance on the scale of allelic effects.
a2, A parameter specifying the decline in fitness with deviation from optimum.f
C Coefficient of centripetal selection.t
c* Defined to be equal to Co?,,/02,,.
n, Mean number of alleles at equilibrium.
H Mean frequency of heterozygotes at equilibrium.

+ LaTTEr (1970); equation 2.
I Given by C == ¢2,/ (02, + o) for a single locus model (LaTrer, 1970).

where d;; is the deviation of the mean activity of A,;A; from optimal. In a population homozy-
gous for an allele of optimal activity, approximately two thirds of newly arising mutants would
then have relative selective values greater than 1 — 14C* as heterozygotes, and selective values
greater than 1 — 2C* as homozygotes.

The computer techniques used are described and justified in full by LaTter (1970). The sim-

ulation of centripetal selection involves a transformation of the vector of allelic frequencies p;,

pi=p; [ — $C* (2 + 230+ + Yho?) /0" @

where I is the mean of the population on the scale of allelic effects, cyg2 is the corresponding gen-
otypic variance (Table 1), and @* = 1 —14C* (72 + 02,). The scale of measurement is defined
by o2, = 1.0. Drift in gene frequency due to finite population size is introduced each generation
by the use of a pseudorandom number generator to draw a random sample from a multinomial
distribution with parameters 2N; p,, i =1, 2, . . . , n, where n denotes the number of alleles
segregating. The mean number of mutant alleles per generation is 2Ny, where g is the spon-
taneous rate of mutation. The actual number of mutants is determined in each generation by
sampling from a Poisson distribution with mean 2Nu. The mutational events are allocated at
random to the existing alleles in the population, weighting according to their frequencies after
selection and genetic sampling.

The measurement of genetic divergence: For a neutral locus subject only to random drift in
gene frequency and continual mutation to novel alleles, the change 8p; in the frequency of an
allele A; over a period of ¢ generations has expectation — tup; for tu<1 and p; 5 0. Denote the
level of heterozygosity in a cross between the ancestral and derived populations, with frequencies
P;» p;* respectively, by

Hy=1—p;p,* 3)

and the mean frequency of heterozygotes in the two populations by H. Then
Hp— H =4%3Z(p; — p;*)? (4)

The expected level of within-population heterozygosity in an equilibrium population under
random mating has been shown by Kimura and Crow (1964) to be

E(H) = 4Np/(1 4 4Ny) (8)
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where the expectation is most usefully interpreted as an average over independently segregating
loci with the same mutation rate u. If equation (5) is satisfied, we may write

E(Hy—H) =%E [Zp;** —Zp;* (1 — 2tn)]

=t [l —EH)] 6)
In such an equilibrium situation, we may therefore define a parameter, v, given by
Yy=EH;—H)/[1 — E(H)] (7

which is equal to #u for populations separated in time by ¢ generations, provided only that tu<1.
Estimates of v may be used as a convenient measure of genetic divergence over relatively short
periods of time: the statistic has a range of values from zero to unity and measures directly the
rate of accumulation of mutational changes at a locus, expected to be p per generation (Kimura
1969). Isolated contemporary populations are similarly expected to diverge at a rate given by
vy = 2tp, if individual population sizes remain constant before and after the splitting process, and
the parent population is in equilibrium under drift and mutation.

Choice of parameter values: It is well known that many aspects of the behaviour of finite
populations subject to selection and mutation are dependent on the magnitude of the parameters
Ns and Nu respectively, where s and u denocte the selection coefficient and mutation rate (WRIGHT
1931; L1 1955; Kimura and Crow 1964). In this study the coefficient of centripetal selection C,
or its derivative C* (Table 1), determines the relative selective values of genotypes segregating
in the population, so that the parameters of importance are NC* and Ny (LaTTer 1970).

Numerous experiments with higher organisms indicate that the average mutation rate per
gene per gamete is of the order of 10-5 (Drakr 1969). If mutational changes of minor effect
are also included, however, the total rate of spontaneous mutation could be at least as high as
5% 10-5 (Mugar 1964; Kinc and Jures 1969). Effective population size in Drosophila pseudo-
obscura is probably of the order of 1,000 or less (NEr 1968). Analyses of the major racial groups
of man, based on a model of drift in gene frequency due to sampling effects alone, tentatively
lead to a figure of 2,000-5,000 for the effective population size during the period of differentiation
(CavaLLI-SForzA, Barrar and Epwarbps 1964; Cavarri-Srorza 1969). A value of Ny equal to 0.05
has therefore been chosen in most of the regimes simulated in this study, since it covers a range
of parameter combinations from N = 5,000, g = 105 to N = 1,000, ¢ = 5 X 105 which are of
potential interest in discussions of the genetics of natural and human populations.

Operationally it is not necessary to simulate populations with IV as large as 5,000, in view
of the overriding importance of the values of NC* and Ny in the determination of population
structure. In this paper NV =500 has been used throughout—computer time rapidly becomes a
limiting factor at higher values of N. Extrapolation to NV = 1,000 or N = 5,000 must involve a
corresponding reduction by a factor of 2 or 10 respectively in the estimated total and inbred
genetic loads at equilibrium (LarTer 1970).

RESULTS

Long-term evolutionary changes under centripetal selection: The rate of am-
ino acid replacement in a protein in the course of evolution is a fundamental
parameter in molecular population genetics. (Kimura 1969; Frrca and Mar-
coL1asH 1969). The rate of gene substitution, i.e. of the complete replacement of
a predominant allele by a mutant derivative, is a closely related concept which
ignores the number of mutational changes involved in the derivation of the mu-
tant allele concerned. Meaningful estimates of both these parameters can be de-
rived from computer populations spanning periods of the order of 100V genera-
tions, which is the routine time span involved in this study. For populations of
effective breeding size in the range 1,000-5,000 this represents the passage of
from 100,000 to 500,000 generations.
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Freure 1.—Observed levels of heterozygosity at a neutral locus (C* = 0.00) with Ny — 0.025,
N =500, in four replicate populations each initially homozygous for a single allele. The dotted
line indicates the mean value averaged over all replicates (H = 0.083 % .015). Arrows mark the
completion of a single gene substitution at the locus. The rate of gene substitution is estimated
from these data to be 0.025 per NV generations.
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Ficure 2.—Observed levels of heterozygosity at a neutral locus (C* = 0.00) with Ng = 0.05,
N =500 (c.f. Figure 1). The mean over the four replicates was H = 0.164 = .014. The rate of
gene substitution observed was 0.058 per NV generations.
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Figures 1 and 2 present the salient features of long-term evolutionary change
at neutral loci with Ny equal to 0.025 and 0.050 respectively. The observed level
of heterozygosity is plotted at 2/V-generation intervals, and arrows indicate the
completion of a single gene substitution, i.e. the generation at which a mutant
allele first reaches a frequency of 100%. The rate of amino acid replacement (or
the rate of accumulation of mutational changes) is in each case close to the ex-
pected value of Vpu replacements per NV generation for a neutral locus (KiMmura
1969); and the equilibrium values of H (mean heterozygosity over the inter-
vals 10N-60N; 70N-120NN) are in close agreement with the prediction H =
4Np/ (1 + 4Ny) given by Kimura and Crow (1964).

Of particular interest is the distribution of heterozygote frequency observed
over time in these simulated populations, since present-day populations may be
expected to show similar distributions of frequency in surveys of independently
segregating loci. The heterozygote frequency distribution is markedly skew for
equilibrium values of H < 0.10, long periods at very low levels of heterozygosity
being interspersed with comparatively short intervals at extremely high values
(Figure 1).

The effects of low intensities of centripetal selection on population behaviour
can be deduced from Figures 3, 4 and the data of Tables 2-4. The populations
concerned were each initially homozygous for a different allele with effect ran-
domly chosen in the range *(0.005/C*)%, to give an initial population fitness

75r

Rep.1 Rep.2

HETEROZYGOSITY

80 100

GENERATIONS (xN~)

Frcure 3.—Levels of heterozygosity and completed gene substitutions observed in four popu-
lations subjected to centripetal selection (C* — 0.005) favouring an optimal level of gene or
enzyme activity, N = 500, Ny = 0.05. Comparisons with the populations of figure 2 are given
in Tables 3-8.
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Ficure 4.-—As for Figure 3, with C* = 0.010.

of at least 0.99. The scale of measurement of gene or enzyme activity has been
defined to have origin at the optimum and unit equal to the mutational variance
o2 . The rates of gene substitution and accumulation of mutational changes can
be seen from Table 2 to be significantly reduced by roughly 759 with an inten-
sity of centripetal selection corresponding to C* = 0.05. Averaging over the four
values of C* = 0.005, 0.01, 0.02 and 0.05, the observed rate of amino acid re-
placement is 0.024 = .005 per N generations, by comparison with the theoretical
value for a neutral locus of 0.05 (1.e. Np).

TABLE 2

Observed rates of gene substitution and amino-acid replacement in simulated populations with
N =500, Nu = 0.05. Standard errors are based on between-replicate variation

Substitutions per N generationst

Intensity of
centripetal selection Gene Amino acid
c* substitutions replacements
0.000 0.058 =+ .002 0.063 * .003
0.005 0.028 = .010 0.031 + .011
0.010 0.020 + .011 0.024 = .013
0.020 0.028 + .005 0.028 + .005
0.050 0.011 = .004 0.012 + .005

+ Based on the number of substitutions observed in four replicate populations over a 100 V-
generation period. The initial populations were each homozygous for a randomly chosen allele

with effect in the range +

0.005
C*
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Comparison of Figures 2, 3 and 4, with C* = 0.000, 0.005 and 0.010 respec-
tively, and NVp == 0.05, suggests the importance of the following two phenom-
ena: (1) the periods at low levels of heterozygosity are substantially increased in
duration by centripetal selection, due to the retention of an allele of near-optimal
activity and continued rejection of mutant alleles; and (i1) the duration of pe-
riods of above-average levels of heterozygosity is also increased by centripetal
selection, due to selection for the heterozygote in polymorphisms involving
alleles of above and below optimal activity (WricaT 1935).

Table 3 summarizes the available data on the duration of polymorphisms with
the heterozygote closer to optimal activity than either of the corresponding
homozygotes, by comparison with those in which a homozygote has the highest
selective value. A polymorphism has been defined in this study as the occurrence
of a variant at a frequency of 0.05 or greater for at least 0.2/V generations
(Larrer 1970). Such an operational definition confines attention to those alleles
which can readily be detected in surveys involving samples of the order of 100
individuals, and which are in addition likely to be represented in each isolate of
a recently subdivided population.

The mean duration of such polymorphisms at a neutral locus (C* = 0.000;
Ny = 0.05) was observed to be 1.24/V generations, with a variance of 1.52 (Table
3). Under regimes of centripetal selection with C* in the range 0.005-0.05, the
overall average duration of polymorphisms is unaltered, but the variance is
greatly incrcased by comparison with that at a neutral locus (last column, Table
3). Polymorphisms maintained by selection for the heterozygote have a mean
duration which appears to be essentially independent of C* over the tested range,
averaging 2.14/V generations: the remaining polymorphisms in which selection
favoured one of the two homozygotes, had a mean duration of only 0.84N. Over-
dominance is therefore a potentially significant feature of the model under exam-
ination, despite the fact that mutant alleles must ultimately arise with homozy-
gote selective values greater than that of the current overdominant heterozygote.

The nature of isoallelic variation: We turn next to an examination of the prob-
ability of a polymorphism existing at a randomly chosen locus at the time of sur-
vey, based on the model of centripetal selection for an optimal level of gene or

TABLE 3
The duration of polymorphisms observed in simulated populations with N — 500, Nug = 0.05

Duration of polymorphismst with

Intensity Superior Superior
of selection heterozygote homozygote Total
c* ean Variance Mean Variance Mean Variance

0.000 — — 124+ .09 152
0.005 2.03 + 40 7.88 0.88 = .10 1.31 1.22 + 14 3.46
0.010 243 + 68 1249 0.84 = .12 1.38 1.21 + .19 4.34
0.020 192 = 33 415 090 = .13 123 126 + 15 250
0.050 218 = 56 5.56 0.72 = 12 0.68 1.12 = 19 238

1 A polymorphism has been operationally defined as the occurrence of a variant at a frequency
of 0.05 or greater, with a duration of at least 0.2 IV generations. The duration is expressed in each
case as a multiple of V.



GENETIC DIVERGENCE WITH CENTRIPETAL SELECTION 483
TABLE 4

Incidence of polymorphisms in simulated populations with N — 500, Nu = 0.05

Intensity Heterotic polymorphisms}
of selection Probability of Mean Mean heterozygote
c* polymorphism duration (N) superiority (percent)  Probability

0.000 0.426 + .032 — —_ —
0.005 0.388 + .058 359 + 0.66 030 + .05 0.210 * .063
0.010 0.312 £ .043 4.08 £ 1.05 025 + .05 0.147 £ .053
0.020 0251 = .042 2.88 = 0.46 032 = .06 0.138 + .039
0.050 0.175 + .046 3.29 + 0.73 026 + .11 0.080 = .039

1 Heterotic polymorphisms are those in which the heterozygote concerned is superior in fitness
to both homozygotes, which have persisted in the population for at least N generations: this
operational definition effectively restricts the classification to those overdominant polymorphisms
which become established in the population.

enzyme activity. The data of Table 4 show that the total probability of polymor-
phism is reduced at high values of C*. However, in a survey of independently
segregating loci, roughly one half of the polymorphisms detected would be ex-
pected to be “heterotic polymorphisms™ as defined in Table 4; viz. polymor-
phisms maintained by overdominance for V generations or more, and hence
classifiable operationally as established overdominant polymorphisms. The mean
duration and mean heterozygote superiority of the heterotic polymorphisms are
both largely independent of the intensity of selection over the tested range of
values of C* (Table 4): the duration as a multiple of NV was 3.46 *= .38 N gen-
erations, and the mean superiority in fitness of the heterozygotes was 0.28% =
.049, relative to that of the homozygotes.

The equilibrium statistics of Table 5 show the mean number of alleles segre-
gating (7,) and the mean level of heterozygosity (H) to decrease with increasing
selection intensity, though the effect is slight for C* < 0.01. The observed values
of H, with C* in the range 0.005-0.05, correspond to the levels of heterozy-
gosity found for electrophoretic variants in natural populations (PrakasH, LEw-
onTiN and Husey 1969; Harris 1969a; SEranDer and Yaneg 1969). Of partic-
ular interest. then, are the data concerning the total genetic load due to departure
from optimal activity, viz. L = 14C*(2* + o2), where Z denotes the deviation of
the population mean from the optimum, and ¢? the genetic variance in activity
about the mean (LarTer 1970). The available estimates suggest that L is largely
independent of C* over the tested range, though the standard errors are large.
The same is true of estimates of the inbred load carried by an equilibrium popu-
lation, viz. L, = 14C* o

The distribution of heterozygote frequency observed in the simulated popula-
tions (Table 6) is of interest for two reasons. On the one hand, direct compari-
sons can be made with the distribution observed over loci in a survey of present-
day populations: major discrepancies may indicate that the model under discus-
sion is inappropriate, or that important facets of population behaviour are being
ignored. On the other hand, an understanding of the shape of the distributions
is essential in discussions of the relationship between observed rates of amino-
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TABLE 5

Equilibrium statistics for simulated populations with N — 500, Ny — 0.05. The figures are means
over four replicate populations, based on the survey periods 10N-60N, 70N-120N

Equilibrium statisticst
Intensity
of selection
Ct

n, H e, 2 L(x 10 L(X10%)

0.000 248 = .05 0.164 = 014 0.149 = .024 — — —

0.005 238 = .08 0.154 = .022 0.118 = .038 0549 = 113 16.7 £ 3.0 295 + .95
0.010 226 = .09 0129 £ .021 0.056 = .016 0.128 = .047 92 =25 280 * .80
0.020 219 = .08 0099 = .021 0.028 = .006 0.168 = 036 19.6 = 3.7 2.80 x .60
0.050 1.83 £ .07 0.065 = .021 0.007 = .001 0.029 = .012 9.0 =*=3.0 175+ 28

1 1, denotes the mean number of alleles segregating; H the mean level of heterozygosity; o2,
the within-population genetic variance; 72 the mean squared deviation of the population mean
from the optimum; L is the total genetic load and L; the inbred load, i.e. L =14C* (22 ¢?,);
L, = %C*q?,

acid replacement in the course of evolution, and current estimates of population
variability (Frrca and MarcoLiasa 1969). Apart from the reduction in mean
heterozygosity with increasing C*, the frequency distributions of Table 6 are
essentially similar, being markedly skew, with a very high probability of fre-
quencies less than 0.05

Calculations of the probability of heterozygosity at a particular locus in a
present-day population may be misleading if based only on the expected level
of heterozygosity in an equilibrium population. While the observed rate of amino
acid replacement in a protein in the course of evolution may be used to deduce
a value of y, the “neutral” mutation rate, and the corresponding value of Npu
used to predict H, it should not surprise us if the actual frequency of heterozy-
gotes is very different from expectation, as in the case of fibrinopeptide A dis-
cussed by Frrca and Marcoriasa (1969). For a locus with a value of H of the
order of 0.15, for instance, the data of Table 6 show a chance greater than 509
that a present-day population would be found to have a level of heterozygosity
less than 0.05.

TABLE 6

The distribution of heterozygote frequency in simulated populations with N — 500, Ng = 0.05

Distribution of heterozygote frequency as a function of C*
0.005 0.010 0.020

Frequency interval 0.000 0.050
0.00 - 0.05 0.486 0.518 0.584 0.644 0.755
0.05-0.15 0.127 0.129 0.125 0.118 0.081
0.15 -0.25 0.101 0.082 0.062 0.062 0.046
0.25 -0.35 0.080 0.068 0.057 0.051 0.037
0.35 - 0.45 0.078 0.070 0.062 0.049 0.030
0.45 - 055 0.091 0.100 0.085 0.061 0.048
0.55-0.65 0.033 0.026 0.018 0.014 0.003
0.65-0.75 0.005 0.006 0.007 0.002 0.000

Mean (H) 0.164 0.154 0.129 0.099 0.065
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TABLE 7

Mean values of Hg—H and vy in simulated populations with N = 500, Ng = 0.05. The parameter
v, defined by equation 7, is a direct measure of the degree of genetic divergence

Hp—H in populations separated byt
Intensity of

selection C* N generations 2N geunerations 3N generations 4N generations
0.000 0.047 = .012 0.074 = .020 0.104 + .029 0.214 = .056
0.005 0.026 + .006 0.047 = 015 0.108 = .032 0.103 + .039
0.010 0.017 = .005 0.057 + .027 0.078 + .025 0.052 %= .027
0.020 0.016 = .006 0.038 £ .025 0.094 = .039 0.086 = .015
0.050 0.021 £ .013 0.040 £+ .021 0.018 = .012 0.090 = .053
Mean y 0.029 + .005 0.059 = .011 0.093 + .015 0.126 x .021

+ Each 10N generation interval has been subdivided to give non-overlapping periods of duration
N, 2N, 3N and 4N generations. The estimate of Hy,—H is %2 (p;~—p;*)2, where p;, p;* denote
1

the frequency of allele 4 at the beginning and end of the period concerned.

Rate of genetic divergence: The theory leading to equations (6) and (7) is
concerned exclusively with neutral loci. However, the data in Tables 7 and 8
indicate that the measure of genetic divergence, y, may be equally useful in spe-
cifying the rate of genetic divergence in populations subject to centripetal selec-
tion in addition to drift and mutation. The statistic can be seen to increase
linearly with time, and is closely related to the rate of amino acid replacement
(i.e. accumulation of mutational changes) observed throughout the long-term
evolutionary history of the populaticns concerned (Table 8).

The angular distance between pairs of populations, 26/, defined by Cavarrr-
Srorza and Epwarps (1967) for a pure model, is based on the following relation-
ship

cos 6 = 2 (pipi*)* (8)

Estimates of 2¢/= have been calculated for comparison with the values of y in

Table 7, and are presented in Table 9. The angular measure can be seen not to

change linearly with time, and gives estimates of genetic distance over periods
TABLE 8

The rates of genetic divergence and of amino acid replacement in
stimulated populations with N = 500, Ny = 0.05

Intensity of Genetic divergence Rate of amino acid replacement
selection C* per N generations () per N generations}
0.000 0.051 = .007 0.063 = .003
0.005 0.033 £+ .005 0.031 = 011
0.010 0.024 = .005 0.024 = .013
0.020 0.024 + 005 0.028 * .005
0.050 0.019 = .006 0.012 + .005
Means 0.030 + .003 0.032 = .004

+cf. Table 2.
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TABLE 9

Mean values of angular distance, as defined by Cavalli-Sforza and Edwards (1967 ), derived
from the same allelic frequencies as the statistics of Table 7

2¢
—— in populations separated by

Intensity of 7
selection C* N generations 2N generations 3N generations 4NN generations
0.000 0.229 + .014 0.226 £ 024 0.254 + .032 0.393 =+ .066
0.005 0.167 = .027 0.187 = .022 0.261 £ .024 0275 + .043
0.010 0.135 x .015 0.187 = .042 0219 = .035 0.182 = .042
0.020 0.125 + .013 0.149 + .029 0.223 + .031 0.220 + .015
0.050 0.137 = .014 0.130 = .025 0.108 = .022 0.199 + .066

26

Mean — 0.159 £ .008 0.176 = .013 0.213 = .013 0.254 + .022

i

of short duration which substantially overestimate the true rate of gene substi-
tution.

DISCUSSION

The evolutionary model explored in this paper has been shown to have many
of the properties required to accommodate both the experimental data concern-
ing the extent and stability of isoallelic variation in present-day populations, and
the estimated rates of evolutionary change based on amino acid sequence data.
A value of Ny = 0.05 has been used in most of the simulated populations, based
on current estimates of total mutation rates and effective breeding population
size in Drosophila and man. A population size of V = 500 with y = 10-* has been
chosen for reasons of economy, though the results can be considered as equally
applicable to a range of parameter combinations such as V= 1,000, p = 5 X 10-%;
N =5,000, . = 1075; etc., with appropriate adjustment of the estimates of genetic
load.

Centripetal selection for a fixed optimal level of gene or enzyme activity, su-
perimposed on the effects of drift and mutation, has been shown to lead to the
following changes in the genetic structure of a random breeding population:

(1) The stability of allelic frequencies is greatly increased by selection intensi-
ties in the range of 0.005 < C* < 0.05: the enhanced stability can be expressed
in terms of the rate of long-term evolutionary change observed, or in terms of
genetic divergence measured over periods of the order of NV generations (Table
8).

(i1) The mean duration of all polymorphisms arising in a population is vir-
tually unaffected by centripetal selection over the range of intensities investi-
gated: however, those in which a homozygote has highest selective value are
decreased in duration, while those showing heterozygote superiority have a sub-
stantially longer life than average (Table 3).

(iii) The probability that a randomly chosen locus will be polymorphic at the
time of sampling is reduced at high intensities of centripetal selection, but is of



GENETIC DIVERGENCE WITH CENTRIPETAL SELECTION 487

the order of 0.28 for 0.005 < C* < 0.05. Approximately half of these polymor-
phisms can be expected to be maintained by selection for the heterozygote over
periods in excess of /V generations (Table 4): the mean duration of this group
of stable polymorphisms is close to 3.5 IV generations.

(iv) The mean frequency of heterozygotes decreases with increasing selection
intensity, averaging 0.11 for 0.005 < C* < 0.05 (Table 5): if the chosen value
of N proves to be an appropriate figure when improved estimates of effective
population size and total mutation rates are available, the tested range of values
of C* appears to be of the right order to account for isoallelic variation found in
surveys of natural populations.

King and Jukres (1969) and Kimura (1969) have argued that most evolution-
ary changes in the amino acid sequence of a protein must be due to the passive
fixation of effectively neutral mutations. However, a model allowing for only
two types of mutations, viz. deleterious changes which are eliminated by natural
selection, and effectively neutral mutations which may be fixed by chance in a
finite population, does not appear to explain the observed patterns of allozyme
frequencies in geographical surveys of natural populations (PraRAsH, LEWONTIN
and Hussy 1969; May~arp Smita 1970). The model examined in this paper
has been shown to introduce the additional phenomenon of selection for the het-
erozygote at a high proportion of loci, and provides for the maintenance of stable
patterns of allelic frequencies at polymorphic loci over extended periods. It is
potentially applicable to populations which have been geographically isolated for
something like 2/V generations or less, where /V denotes the effective size of each
population. The effects of migration on the stability of allele frequencies with
centripetal selection have not yet been examined.

One of the attractive features of the model of King and Jukes (1969) and
Kimura (1969) is the deduction that the rate of amino acid substitution is ex-
pected to equal the rate of mutation to neutral alleles: for constant p and constant
generation interval, therefore, the number of mutational changes in a protein is
predicted to be proportional to evolutionary time. The centripetal selection model
has been shown to possess similar properties of regularity, provided NC* also re-
mains constant over the period of observation (Table 8). The rate of genetic
change measured by the distance parameter y over relatively short periods has
been shown not to differ significantly from the long-term rate of accumulation of
mutational changes in the simulated populations of this study. The use of y as
a measure of differentiation among populations should therefore make possible
the accurate comparison of rates of recent and long-term evolution.

We turn now to the question of genetic load under centripetal selection, drift
and mutation. The data of Table 5 suggest that, for constant /V, both the total
load, L, and the inbred load, L,, are largely independent of the intensity of cen-
tripetal selection over the range of values tested, viz. 0.005 < C* < 0.05. We may
therefore use the mean values, viz. L =13.6 X 10 = 1.5 X 10*and L, = 2.58 X
10 = 0.35 X 10 in predicting average levels of the genetic load. Provided
effective population sizes in Drosophila are of the order of 500-1,000, the calcu-
lations summarized in Table 10 indicate that 10,000-20,000 loci would have a
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TABLE 10

Predicted values of total genetic load per locus in a random breeding population,
and of the inbred load per locus, for populations with Np = 0.05

Total load Inbred load
Population Intensity of per locus per locus Number
size IV selection C* L(X10%) L, (X104 of locit
500 0.0050 - 0.0500 13.6 = 1.5 2.58 + 35 8,900
1,000 0.0025 — 0.0250 6.8 = 0.8 1.29 + 18 17,800
2,000 0.0012 - 0.0125 3.4 £ 04 0.65 = .09 35,600
5,000 0.0005 — 0.0050 1.4 £ 02 0.26 = .04 89,000

+ Number of independently segregating loci necessary to give a summed inbred load equal to
230 * 0.13 (LarTer 1970). The standard error in each case is approximately 15% of the esti-
mated number of loci.

combined inbred load equal to that observed under competitive conditions in D.
melanogaster (Larter and RoBertsoN 1962; Larter 1970). The actual num-
ber of loci in Drosophila is not known with any precision, but it is almost cer-
tainly less than 40,000, and must be greater than 3,000 (Kinc and Jukes 1969).
The consequences of the model are therefore roughly in accord with expectation.

The foregoing discussion indicates that the intermediate activity of heterozy-
gotes will have important consequences in terms of population structure, if selec-
tion favours an optimal level of gene activity. It is relevant here to consider
briefly an alternative model based on the ability of some heterozygotes to form
hybrid molecules. Approximately half of the enzymes studied by electrophoretic
methods in heterozygous individuals have been shown to form hybrid bands, in-
dicating the presence of a heteropolymer in addition to the parental homopoly-
mers (SHAW 1965; Harris 1969b). Is there any evidence to suggest that hybrid
molecules confer a selective advaniage on their carriers in natural populations,
providing the selective mechanisms for the maintenance of stable balanced poly-
morphisms? Current knowledge of the evolution of proteins with biquaternary
structure, such as haemoglobin and lactate dehydrogenase, indicates that they
are coded for by the equivalent of fized heterozygotes, produced by gene duplica-
tion and subsequent co-evolution of the two loci concerned (MaRKERT 1968).
It may therefore be surmised that some hybrid molecules formed by heterozy-
gotes will be found to have an adaptive advantage by comparison with the cor-
responding molecules produced by homozygotes. However, a survey of poly-
morphic loci in man (Harris 1969a), and in North American populations of
Drosophila pseudoobscura (Pargasua, LewonTiN and Huesy 2969) and D. mel-
anogaster (O’BriEN and MacIntyre 1969) fails to show any conspicuous dif-
ference in the mean level of heterozygosity at loci with and without hybrid
bands. Thirteen loci giving rise to hybrid zones on electrophoresis have a mean
frequency of heterozygotes of 0.22 = .06, compared with a figure of 0.23 = .04
for 16 loci classified as producing no hybrid enzyme.
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