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ABSTRACT

Polygenic Inheritance *
Metric Traits.

Optimizing

The interaction of random gene drift and selection was studied

by computer simulation for two quantitative traits, which were considered to
approximate stature and skin color differences in human populations. The
expected effects of gene drift, fixation of alleles and reduction of genotypic and
phenotypic variances, were found in the simulation. Stabilizing selection, which
seems to be the type of selection operating on these traits, was found to increase
the effects of gene drift. Since there seems to be no evidence of reduction in
phenotypic and presumably genotypic variability in small human populations,
the applicability of these simple genetic models to human traits raises problems

for which several possible solutions exist.

Ever since the development of the theory
of population genetics over 50 years ago,
its implications for the variability in met-
ric traits among human populations has
been a continuing problem. Most of the
concepts of population genetics pertain
to traits controlled by a single locus with
a limited number of alleles, while most
anthropometric traits are influenced by
several loci and also by the environment,
These complications must obviously be
considered in any interpretation of the
effects of mutation, selection, gene flow,
and gene drift on metric traits. In par-
ticular, random genetic drift is known
to change gene frequencies significantly
in small populations, but the question
remains as to its effect on anthropometric
traits. Some time ago Birdsell (50)
pointed out that, assuming the common
polygenic model of equal and additive
effects for all loci, one would expect very
little change in the mean of any trait
since the alleles increasing its size would
be expected to increase and become fixed
in the population as frequently as those
decreasing the trait. However, selection
would presumably have some effect on
this process of drift, and its effect would
obviously depend on how selection oper-
ated on the trait.

Beginning with the classic paper by
Fisher ('18) on the correlation of metric
traits among relatives, population genetics
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theory has been applied to quantitative
inheritance. The theory has been devel-
oped from and widely used in animal and
plant breeding, but there have been few
applications to the problems of human
evolution. To a great extent this is obvi-
ously due to a lack of knowledge of both
the mode of inheritance of anthropometric
traits and the action of natural selection
on them, but I think it is also due to a
lack of confidence in the applicability or
usefulness of the simple models of quan-
titative inheritance. Certainly the concept
or assumption of equal and additive loci
is a crude approximation and the num-
ber of loci affecting most metric traits
is not known, but the importance of these
assumptions to the evolutionary process
will only become known through a com-
parison of our crude models with data.

The models of quantitative inheritance
are also so complex that it has only been
since the development of the computer
that any attempt could be made to answer
some of the questions. Formal solutions
are frequently not possible, but simula-
tions with various sets of numerical esti-
mates for the many parameters can pro-
vide some idea of the effects of the various
forces of evolution. A great many simu-
lation programs have been developed to
study aspects of genetic change in other
organisms, particularly Drosophila. Young
(66, ’67), Hill (69), and Frankham et al.
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(’68) are some recent attempts to study
the interaction of selection and drift. For
the most part these studies have used a
model of directional selection with trun-
cation. In this model there is a threshold
value for the phenotype, and, depending
on the direction of selection, all organisms
on one side of the threshold value are
allowed to breed but none on the other
side. Although this is the usual procedure
in animal breeding, it is obviously not the
usual mode of operation of natural selec-
tion in human populations. Recent data
for some metric traits in man have begun
to show that selection most often oper-
ates according to some optimization or
stabilization scheme (for birthweight, stat-
ure, and cephalic index, see Bajema (71)
for the most recent studies). In each case
an intermediate phenotypic value close
to the mean has the highest fitness, and
fitness decreases continuously as the
phenotypic value diverges from this opti-
mum value. The most generally accepted
model assumes this decrease to be pro-
portional to the square of the difference
between the phenotype and the optimum
value, but a linear or exponential de-
crease has been suggested for wvarious
traits. In this paper fitness is assumed to
decrease with the square of the differ-
ence. Aspects of stabilizing selection have
been studied in other organisms (Latter,
’70; Latter and Novitski, '69; Scharloo
et al., ’67; Curnow, '64; Prout, '62), and
the results are comparable to those re-
ported here.

METHODS

The computer simulation represents the
population by a N X M matrix, which
classifies the N individuals as homozy-
gotes for the large or small allele or
heterozygotes at each of the M loci. The
program randomly selects two individuals
with replacement from the population and
then mates them separately for each of
the M loci. A single offspring is produced
and is either stored or discarded accord-
ing to a randomly determined scheme of
optimizing selection. There is no compen-
sation for individuals selected out. Sex,
family size, and other variables which are
known to affect the effective size of the
population have not been considered in
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order to make the results comparable to
the simplest model of genetic drift for a
single locus for which the rate of decay
of genetic variability is 1/2N. The fitness
of the optimum phenotype is 1.0, and the
fitness of any genotype with a pheno-
typic value, W, is: 1 — FIT(IWOPT — W)z,
where WOPT is the phenotypic value of
the optimum genotypes and the constant,
FIT, is used to adjust the total amount
of selection.

The loci have been assumed to have
equal and additive effects. Thus, for the
ith locus there is a plus and a minus
allele, A; and a, respectively, and three
genotypes, AjA, A ai, and aiai, which con-
tribute 2, 1 + D, and O units, respec-
tively, to the phenotype. D is a measure
of dominance and can be +, —, or O
depending on whether there is dominance
for the + or — allele or no dominance.
For any particular anthropometric trait
the phenotypic expression can be approxi-
mated by a linear function of the sum of
the effects at each locus as given above.
The model does not include the environ-
mental component, although this can eas-
ily be incorporated into any simulation
(e.g., Young, '66). This is because the
environmental component for metric traits
can be considered to introduce error or
“noise” in the process of evolution and
thus to decrease the effects of the various
forces. Since the major purpose of these
simulations was to determine the direc-
tion of the forces of evolution, the results
can be considered to be maximum effects;
and any environmental component would
tend to reduce them approximately in pro-
portion to the heritability.

At all loci the allele frequencies were
started at 0.5 and were run for 100 gen-
erations. Population size, total amount of
selection, and the degree of dominance
have been varied. For each set of these
parameters ten replications were done in
order to determine the variability of the
response. The standard deviations on ta-
bles 1 and 2 have been computed from
these ten replications.

RESULTS
Table 1 shows the results of two sets of

parameters for a trait which is determined
by four loci. The phenotypic expression
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is a crude attempt to reflect the differ-
ences in skin color among human popu-
lations. It assumes that all differences
in skin color are due to two alleles at
these four loci, such that an individual
homozygous for all plus or “dark” alleles
would have a phenotypic value of 20.0,
which is about the darkest human skin
pigmentation as measured by percentage
reflectance (20% ) of the red wave length
(Livingstone, ’69, has a more detailed
review of the data and the model). An
individual homozygous for all “light” al-
leles would have a value of 60.0. The
median value would thus be 40.0, and
this value has been assumed to be the
optimum phenotype in table 1. Two loci
have been assumed to have the light
allele dominant, and two, the dark one,
and this dominance has been set at D =
0.8. The formula for determining the
phenotype is: 20.0 + 5.0{(no. of light
alleles) + 0.8(no. of heterozygous loci
with light allele dominant) — 0.8(no. of
heterozygous loci with dark allele domi-
nant)] .

It can be seen on table 1 that there is
very little change in the mean value of
the phenotype after 100 generations even
with a population size of 50, which is
about the smallest human isolate, and
regardless of the amount of selection.
There is more variability among repli-
cates with smaller population sizes, but
nevertheless the mean remains between
35% and 45%, which is a very small
range compared to the total human range.
The mean allele frequency also does not
change appreciably, although over one-
half of the loci become fixed in the ten
replicates. On the other hand the pheno-
typic variability decreases significantly as
one would expect with increasing fixation
and homozygosity of the loci. For most
human populations the standard deviation
of this measure of skin color is about
3-5% , so that if this is a reasonable
model of skin color inheritance, there
should be a considerable amount of ho-
mozygosity in human populations. Popu-
lations at the extremes of the skin color
spectrum would also be more homozygous
and have less variance than those in the
middle. However, there are numerous
complications in the relationship of addi-
tive gene action and this reflectance per-
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centage (Harrison, '71). Nevertheless there
are extreme variations in the variance for
skin color reported in different popula-
tions, but there seems to be little, if any,
correlation between variance and extreme
mean values.

While the phenotypic variability de-
creases due to drift, as expected the ge-
netic variability increases. With the small-
er population size, there is more fixation
of alleles as expected, but since there is
also less selection for this run, this may
be a contributing factor. However, as will
be seen on table 2, stabilizing selection
actually increases the rate of fixation. In
any case, this model seems to imply that
genetic drift could result in a consider-
able amount of homozygosity for a trait
such as skin color which is controlled by
approximately four loci if the population
size has been close to the lower limits of
the human species.

In order to determine the effect of the
number of loci on the process of drift
with selection, several different runs were
made with ten loci determining a trait
with the approximate distribution of stat-
ure in human populations. Of course, the
number of loci controlling stature is not
known with any certainty, but Penrose
(’69), by an analysis of the correlations
among relatives, has estimated that six
loci are involved. Spuhler ('68), by an-
other method, estimated that as few as
six major loci could be contributing to
differences in IQ scores, so that the possi-
bility exists that fewer genes are involved
in polygenic inheritance than is generally
considered to be the case. No dominance
has been assumed for most runs. Although
Fisher’s original work seemed to indicate
almost complete dominance for stature,
Barrai et al. (64) could find no evidence
for it. The mean stature was assumed to
be 5.7 feet, and the range for the trait,
to be from 4.8 feet to 6.6 feet. These ex-
tremes would be the phenotypes of the
two completely homozygous genotypes for
the minus or plus alleles. The formula
for the phenotype is thus: 4.8 + 0.09
(no. of plus alleles).

Table 2 shows the results of 12 runs of
ten replicates each. Again there is no
systematic change in either the mean
phenotype or the average gene frequency,
and the drift in mean stature is as great
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TABLE 1

and in the mean and variance of the minus allele frequency in small

= 40.0) for a trait determined by four loci with balanced dominance (D = 0.8)1

ypic mean and variance

populations with optimizing selection (WOPT

The average change for ten runs in the phenot

Frequency of Average number

Allele frequency Allele frequency

Phenotypic
variance = S.D.

Phenotypic
mean =S.D.

Genera-

Selection

Population

selected/gen.

fixed loci

variance = §.D.

mean *=S.D.

tion

(FIT)

size

0.552

22/40

0.0407 = 0.0250
0.0799 +0.0431
0.1513 +£0.0614

0.518 =0.102
0.506 +0.110
0.485+0.118

52.70 +17.97
38.11 £21.72
20.84 =13.95

40.71 +4.20
40.86 +4.08
41.04 £4.28

25
50
100

0.005

50

2.033

6/40

0.0333 £0.0255
0.0621 + 0.0429
0.1128 £0.0512

0.508 =0.052
0.534 +0.060
0.543 +0.103

47.57+11.02
34.79 £10.55
29.85 +12.95

41.04 £2.07

40.46 +2.38
39.66+3.71

25
50
100

0.01

100
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t The phenotypic measure used is an attempt to approximate percent reflectance at 685 myt in a human population with an intermediate average for

skin color.

in the large populations as in the small
ones. This occurs despite the fact that
there is much more fixation of alleles in
the small populations. On the other hand,
the variability among replications seems
to be smaller in the large populations,
but this variability is also influenced by
selection. The maximum amount of selec-
tion (FIT = 0.01) results in slightly less
than 4% of each generation being se-
lected out, which seem minimal, but it
does seem to decrease significantly the
amount of drift around the mean value.
With a population of 100 and no selection
the average standard deviation is about
0.17 after 100 generations of evolution,
and this would appear to be close to equi-
Iibrium. The range is thus about 0.7 foot,
so an individual population could diverge
from the mean by up to four inches,
which seems rather large. ,

As expected, the phenotype and gene
frequency variances were significantly
changed during the simulation. The phe-
notypic variance declined, and this decline
was inversely proportional to the popula-
tion size. Figure 1 shows the decline in
phenotypic variance for the runs shown
on table 2. Several runs were made with
dominance (D = 0.8), and they fall with-
in the range of the runs with no domi-
nance. This indicates that dominance does
not seriously affect the decline in pheno-
typic variance. It can be seen that after
100 generations all of the runs with a
population of 25 have a greater decrease
than other runs, and all those with a
population of 50 decrease more than those
with 100. Since at all loci the initial
allele frequencies were 0.5, the initial
phenotypic variance was about 0.0425.
Thus, the decline is not linear but rapid
at first with a leveling off.

The average standard deviation for hu-
man populations for stature is 5.81 cm
(Howells, ’36), which would correspond
to a phenotypic variance of 0.0363 foot
on our scale. Howells found a range in the
standard deviation from 3.8 to 7.8 cm, or
0.0156 to 0.0655 on our scale. This range
encompasses most of the values on fig-
ure 1, although the upper limit is con-
siderably greater than the maximum with
ten loci. If the same range of variation
is assumed to be due to more loci, the
maximum variance would be even smaller;
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Fig. 1 The decrease in phenotypic variance with different population sizes and with dif-
ferent amounts of optimizing selection. The runs shown here are the same as those in table 2.
Population = 25 ({0 ), =50(A A), = 100 O
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for 20 loci it would be 0.02 and for 40
loci about 0.01. If the heritability of stat-
ure is assumed to be 0.5, which would be
a minimum estimate, one-half of the total
variance should be due to genetic differ-
ences. For the average population, this
would be about 0.018, which could be due
to ten loci with a significant amount of
homozygosity or 20 loci with almost the
maximum amount of heterozygosity. How-
ever, despite the great variation in the
standard deviation of stature among hu-
man populations, there seems to be no
correlation with population size. The stud-
ies cited in Howells ('36) and Trevor (53)
do not show any trend, and the hybrid
populations in the latter study also do not
seem to be more variable. More recent
data from a small isolated tribe in West
Africa (Gomila, '71) and from the island
of Tristan da Cunha (Marshall et al., '71)
show standard deviations larger than the
average. The population of Tristan da
Cunha has an extremely high standard
deviation; it is one of the most highly
inbred of all human populations, and,
given its spacial and agricultural limita-
tions, probably has one of the most con-
stant, restricted environments of any hu-
man population.

Figure 2 shows the increase in the gene
frequency variance, and these increases
parallel the decreases in the phenotypic
variance. The maximum variance would
be 0.25 with 50% of the loci fixed for the
minus allele and 50% for the plus allele.
After 100 generations, the populations of
25 are close to the maximum. For the
runs without selection these increases in
gene frequency variance and the decreases
in phenotypic variance can be compared
to their theoretical expectations. The rate
of increase in gene frequency variance
is proportional to 1/2N, so that after t
generations the variance would be: Vi =
p(l-p[1 — (1 — 1/2N)"] (Crow and Ki-
mura, '70:328). After 100 generations one
would expect variances of 0.2163, 0.1585,
and 0.0825 for populations of 25, 50, and
100, respectively. The averages of the
runs with no selection on table 2 are
0.1934, 0.1275, and 0.0919, which are
close to the expected values although in
some cases they are significantly differ-
ent. For any run the S.D./ VIO can pro-
vide an approximate significance test. In
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all cases selection has increased the rate
of change in the gene frequency variance,
which has resulted in larger variances
and some which are closer to the theoreti-
cal expectations.

The general formula for the decline in
the genotypic variance is: V; = V,e ¥2N
(Crow and Kimura, '70:340). After 100
generations the variance should thus be
13.5%, 36.6% , and 66% of the original
variance for populations of 25, 50, and
100, respectively. On our scale all runs
were started with the same allelic fre-
quencies and hence with the same theo-
retical phenotypic variance of about
0.0425. Since there is no environmental
component, the genotypic and phenotypic
variances are the same. After 100 gener-
ations the expected variances would be:
0.00574, 0.01555, and 0.02805 for popu-
lations of 25, 50, and 100, respectively.
The averages of the actual runs with no
selection are: 0.0060, 0.0192, and 0.0262.
As in the case of the gene frequency
variance, stabilizing selection has in-
creased the rate of change, so that the
phenotypic variance is smaller in the runs
with selection.

DISCUSSION

The simulations reported here thus seem
to be in reasonable agreement with the
theoretical expectations of the effects of
drift on metric traits. They also show that
stabilizing selection, which seems to be
operating in human populations, does not
counteract drift but instead reinforces it.
It has been known for some time (e.g.,
Haldane, '32) that stabilizing selection for
a metric trait does not result in stable
polymorphic gene frequencies. If loci with
equal and additive effects is an appropri-
ate model for stature and other human
metric traits, then a considerable amount
of homozygosity would be expected, not
only in small populations due to drift but
in large ones due to selection. However,
the maintenance of variability in small
populations and the fact that hybrid popu-
lations are intermediate for most traits
(Trevor, ’53) seem to be evidence against
much homozygosity and in addition evi-
dence against the widespread occurrence
in human populations of the evolutionary
process which has been simulated in this
paper.
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The question then arises as to why the
model does not seem to accord with the
data on human metric traits. There are
several possible answers. Robertson ('56)
has shown that if heterozygosity per se is
assumed to increase fitness, then a stable
polymorphic equilibrium would exist for
all loci. Heterozygote superiority involves
further assumptions as to the nature of
gene action and as to the determination
of genotype fitness. But if the fitness of
the genotype is determined primarily by
the phenotype, which seems to be the
most reasonable and simplest assumption,
then Robertson’s model would not seem
to be as appropriate for quantitative traits.
On the other hand, Kojima (59) showed
that with almost complete dominance and
the optimum phenotype close to the maxi-
mum a stable polymorphic equilibrium
could exist for two loci. Lewontin (64)
extended Kojima’s results to n loci, and
Singh and Lewontin ('66) showed how the
area of stability was extended by linkage.
However, Gale and Kearsey ('68a) pointed
out that this model requires the domi-
nance to be uni-directional and equal
for all loci, and this is not true for traits
in Drosophila and probably not for most
human traits. Instead they show that un-
equal effects for additive loci can also
lead to stable polymorphic equilibria. For
a trait determined by three loci Gale and
Kearsey ('68b) have shown that with sta-
bilizing selection which has the fitness of
the genotype vary linearly with its dis-
tance from the optimum, it is possible
to have polymorphic equilibria with no
linkage. If, instead of all allelic substitu-
tions contributing 1.0 units to the geno-
type as in our model, the three loci con-
tribute 0.17, 1.0, and 1.79 units, then
there will be stable polymorphic equilibria
for all three loci. If the allelic effects are
more equal than these values, then selec-
tion will tend to increase homozygosity.
Although the differences in these effects
are quite large, the smallest being five
times less than the median and the larg-
est twice as great, this model can prob-
ably explain some of the quantitative
variation in human populations. Gale and
Kearsey’s model is not the usual quad-
ratic optimum model, but Bulmer (71)
has shown that any optimum model with
equal and additive effects will not have
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a stable equilibrium with polymorphic fre-
quencies at all loci.

Kimura (65) has presented a rather
different model for the maintenance of
quantitative variation which includes mu-
tational effects. In fact, in his model
mutation is the major force maintaining
genetic variation, while stabilizing selec-
tion decreases it. Selection is proportional
to the effect of the allele, so that muta-
tion at a high enough rate may be able
to maintain several alleles with small dif-
ferences in their effects in a population.
These would act as “neutral” mutations,
and it would not seem likely that the
genetic variation in most human metric
traits, such as stature, is neutral or non-
adaptive. Nevertheless, for similar reasons
Allen ('70) has suggested that the genetic
variation in IQ not associated with mental
deficiency may be non-adaptive. The most
realistic model for metric traits may thus
be comparable to recent models of amino
acid evolutionary changes in proteins.
Some amino acid substitutions seem to
have little biochemical or phenotypic ef-
fect and thus are neutral and influenced
by drift and mutation to such an extent
that many polymorphisms would be ex-
pected, while other substitutions with
major phenotypic effects seem to be con-
trolled by selection (King and Jukes, *69).
Normal variation in metric traits would
also seem likely to be due to both kinds
of allelic substitutions.
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