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MAINTENANCE of genetic variability is a subject of great interest in popu-

lation genetics. For more than 15 years, the relative importance of the
classical versus balance hypotheses (cf. Doszaansgy 1955) has been actively
discussed among population geneticists.

Recent studies on the isozyme polymorphisms by numerous investigators,
following the pioneering works by LewonTin and Hussy (1966) in Drosophila
and Harris (1966) in man, have increased the acuteness of the problem. This
is because the amount of heterozygosity is much higher than previously thought,
although this possibility was foreseen and discussed by Kimura and Crow (1964).

To explain the high level of heterozygosity, several hypotheses have been
proposed such as truncation selection with overdominance (Svep, Reep and
Bopmer 1967; King 1967; MiLkMaN 1967), truncation selection with overdomi-
nance and linkage (WiLrs, CRENsaaw and ViTaLe 1970), frequency dependent
selection (Kosima and YarsroucH 1967), selective neutrality of isoallelic vari-
ation (Kimura 1968a, b), as well as simple overdominance.

Recently Kimura and OnTa (1971) proposed that random genetic drift of
neutral or nearly neutral mutations can account for observed protein poly-
morphisms. However, some genetic variations, even if a relative minority in
terms of the number of loci, must be selected. In this article, we will discuss
some consequences of the presence of overdominant loci as influencing the
behavior of neutral alleles. The basic idea was derived from our quantitative
studies on linkage disequilibrium in finite populations (Omra and KiMUra
1969a, b, 1970, 1971) which showed that an apparent selective force is created
at intrinsically neutral loci by non-random association with selected loci through
random drift. Actually, the apparent selection takes the form of heterozygote
advantage, ie., “associative overdominance” as it is named by FrRYDENBERG
(1963). Therefore sparsely distributed overdominant loci may keep many loci
polymorphic, other than themselves. Here, we intend to study the bearing of the
associative overdominance on the maintenance of isoallelic variations.

ASSUMPTIONS OF THE MODEL
We assume that intrinsically overdominant loci are sparsely distributed on
the whole chromosome, at each of which alleles are segregating around equi-
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librium frequencies by sufficiently strong overdominance (heterozygote ad-
vantage). We also assume that numerous neutral loci are distributed more
densely among them.

Now, our problem is to clarify the behavior of neutral mutants influenced by
linkage with overdominant loci. To simplify the treatments we assume that the
overdominant loci are equally spaced and are subject to equal selective force
with heterozygote advantage s over either homozygote (symmetric overdomi-
nance). The following consideration based on the observed inbreeding depression
will be helpful to determine the realistic number and selection coefficient of
overdominant loci. LarTer and Rosertson (1962) studied the decrease in com-

aotitive ability in Drosophila at several levels of inbreeding. The three major
components measured were: egg laying ability, larval survival and male mating
ability. Their data show that the amount of inbreeding depression in competitive
ability is expressed approximately as e%F in which F is the inbreeding coefficient.
If we assume that most of the inbreeding depression represents overdominance
load, ns amounts to about 4. For example, with 200 loci, this corresponds to 2%
overdominance at each locus. If a half of the depression is overdominance load
and the remaining half is mutational load, 7s becomes 2, and this allows 200 loci
with heterozygote advantage of 19.

In Drosophila the total map length of the genome is about 300 units (in centi-
morgans). Therefore, on the average, one overdominant locus may exist in
approximately one map unit, each with one or two percent overdominance. In
addition to overdominant loci, in a much larger number of loci, unconditionally
detrimental mutants are segregating at very low frequencies. According to
Muxkar (1969) the average number of detrimental mutants per chromosome is
only a half dozen. It is possible that most of the inbreeding depression reported
by Larrer and Rosertson (1962) is due to detrimental mutants. Actually, as
long as there exists inbreeding depression, associative overdominance will also
be caused by linked detrimentals, but this subject will be treated in a separate
paper (Omra 1971).

It is certain that some portions of genetic varlability are selected and that
overdominance exists among them. The mutant for sickle cell hemoglobin is a
well known example of overdominance. The sickle cell allele has a selective
disadvantage by producing anemia in homozygotes but gains an advantage by
giving resistance to malaria in heterozygotes. It is likely that this type of
ambivalent gene action is the main cause of overdominance (HuxLey, 1955).
When we consider two or more components of fitness, it is possible that a
deleterious effect of an allele at each fitness component is recessive so that the
overall effect comes out as overdominant. For example, if allele A, has selective
advantage s, over A, with almost complete dominance on viability, while A, has
selective advantage s, with almost complete dominance over A, on fertility, then
the average fitness with both viability and fertility combined will result in over-
dominance as follows;

genotype AA, AA; ALA,
fitness 1—s 1 1—ys,
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Essentially the same suggestion was made by HaLpane and Jayarar (1965) in
their discussion on the human genetic load. This type of mechanism works as
long as the favorable effect of each allele with respect to an individual fitness
component is dominant (not necessarily completely dominant).

It is now known that several kinds of multimer enzymes are formed in the
heterozygote and that they sometimes show differential activities (FINcHAM
1966). It is possible that many examples of gene duplication in evolution, such
as hemoglobin a, 8 and y, owe their establishment to their initial heterozygote
advantage (Sporrorp 1969).

Thus we regard overdominance as a fairly widespread phenomenon and over-
dominant loci exist sparsely distributed on the whole chromosome. At the same
time we assume that a large number of neutral loci is segregating on the same
chromosome.

THEORETICAL TREATMENT OF THE MODEL

Before we treat the effect of linked overdominant loci on the behavior of
neutral mutants, we will briefly summarize the behavior of neutral isoalleles in
a finite population. It is now well known that mutation is caused by changes in
DNA base arrangement. With hundreds of nucleotide sites per locus the possible
number of allelic states is astronomical. Therefore, in the model of KiMmura and
Crow (1964) it is assumed that the number of possible allelic states is so large
that whenever a mutant appears it represents a new, not preexisting allele.

Consider a particular locus and let 2 be the mutation rate per gamete, such
that in a population of size N, 2/Nu neutral mutants are produced each generation.
Then the average homozygosity at equilibrium (H,) is given by

H,=1/(4Na+1), (1)

where IV, is the effective population number. The reciprocal of this quantity is
termed by Kimura and Crow (1964) the effective number of alleles, 7., so that
n, =4Nq + 1. Thus, if 4N.u is larger than 1, the average homozygosity is
smaller than 1/2 and the effective number of alleles is larger than 2, while if
4N, is less than 1, the effective number is less than 2.

If the number of possible allelic states is K (finite) rather than infinite, the
expected homozygosity is

4Neu(7{—1_:—1-) e

H, (2)

- 4<Neu(—1£?) +1 .

(Kimura 1968b). Formula (1) is a special case of K = «©_ The average hetero-
zygosity (H) is given by 1 — H,. For the special case of K = 2, we have

4V .1

H=eq 71 )
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while for K = o

_ 4N u

Since 2Nu neutral mutants appear each generation in the population and
2Nu X 1/2N or u of them reach eventual fixation, u represents the rate of mutant
substitution (cf. Kimura 1968a, Kinc and Jukes 1969, Crow 1969). Thus, the
average interval of mutant substitution becomes 1/u. This means that if 4V, >
1/u or 4N .u > 1, the population is segregating most of the time.

Now, our main problem is to estimate the magnitude of associative over-
dominance at the neutral locus using the model described in the previous section.
Let us consider two loci that are separated by recombination fraction ¢. We will
assume that a pair of alleles A, and A, are maintained by strong overdominance
in the first locus, and a steady flux of neutral mutations occur in the second locus.
We will denote by p the frequency of A, at the first locus and by ¢ the frequency
of a mutant at the second, and by D the coefficient of linkage disequilibrium as
follows;

frequency (A;) =p frequency (A;) =1—p

frequency (B,) =g frequency (B,) =1—g¢q

frequency (A:B.) = g frequency (AB,) = g.

frequency (A:B,) = g; frequency (A.B.) = g.
D= 8184 7 £283

To simplify the treatment we assume that overdominance at the first locus is so
strong that p is kept at a constant value p, i.e., p = p. We will measure the amount
of non-random combination of genes between the two loci by

E{D*}
E{p(1—p)g(1 —q)}
which was termed the squared standard linkage deviation by Omra and Kimura
(1969a). This is analogous to the chi-square contingency coefficient used in

statistics. As shown by Oura and Kimura (1971b), under steady flux of muta-
tions we have

(5)

2 —
%

E{L(f)} + AmuE(f) =0, (6)

where L is the differential operator of the Kolmogorov backward equation
involved, E is the expectation operator, f is a polynomial in p, ¢ and D, and
vanishes at the periphery of the square 0 =p =1, 0 =¢ =1, and ApnuE(f) is
the constant input per generation by new mutations with respect to E(f).

For the present model, p (= p) is constant and the differential operator is
given by

{ D? &
L=-1 [qt—g)— -2
4N, [q( 7 p(i—/v):| 9q°
1 B op—1 7 @
R [ —2pp+ A 2 ] 59D
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1
+ZTV: [ﬁ(i—ﬁ)q(l—q)+(1——2ﬁ)(1—2q)p
1-3p(1—=p) 7 o 0

p(1—p) D] o~ P (7

This operator is equivalent to the differential operator of equation (9) of OHTA
and Kimura (1970) except for the factor 1/N, and except that this operator does
not contain terms giving the effect of mutation. In the present case, the effect of
mutation is given by Aumu.E(f). If we let f =2¢(1 — ¢) in equation (6) we get
2N U, n 2E(D?)
N BA—p)
where v,, is the number of new mutants that appear at the second locus in each
generation such that v, = 2Nu and we take Apu E (f) = 20/ (2NN). Notice that

2E[q(1 — q)] gives the average number of heterozygous nucleotide sites at the
second locus per individual. Next, let f = gD, then,

2E[q(1—q)] = (8)

25 —1 "
S5y ED) =2(Nee + DE@D) . (9)

Finally, let f = D?, we get
pUL—p) E{q(1—q)} — 2(1— 25)E(¢D)

. 1“3ﬁ(1—p‘) o\ — Nevw,
[4Nec+—m)__:| E(D)— —'——2]—\]—2- (10)
By solving the three simultaneous equations (8), (9) and (10), we get,
1
. E(D?) _ L 2N
;= = ~ =
FA—F) Elq(—q)] - N q
WNect J7 73T 5(A—p) (NecH1) toN
1
= . (11)
4 Nec
W+ e 3 N T D
If N,c is much larger than unity, we have
1
2~
%e~ TN (12)

with good approximation. It is remarkable that this approximation for a large
N.c is valid for all cases so far investigated (assuming no epistasis), that is, the
state of steady decay, stationary state with recurrent mutation and/or over-
dominance, and also the state of steady flux of neutral mutations (OnTA and
Kimura 1969a, b, 1970, 1971), as well as the present case.

In terms of ¢2, the apparent heterozygote advantage at the neutral locus is
approximately (OrTA and KimURa, 1970a),
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Ficure 1.—Two models used to investigate associative overdominance. In 1a, the neutral
locus is located near one of the overdominant loci (case 1), while in 1b the neutral locus is
located equal distance between adjacent overdominant loci (case 2).

1 — 5
E{w,, —w,,} = (5. F 52)t [__—”( q”) ]

(13)
E {wBlB,_, - szBz} = (s + 82)0'3 [_’)(11—-‘(’;1]
In these formulae, s, and s; stand for selection coefficients against two homozy-
gotes, A;A; and A,A;, and we assume that the frequency of mutants at the
neutral locus happens to take an intermediate frequency g not very far from 0.5.
In order to extend the above results to multi-locus overdominance, we assume
that the epistasis coming from multiplicative fitness effect among loci is not
strong enough in comparison with the recombination fraction between adjacent
overdominant loci so that a super gene of the type discussed by FrRankrLIN and
LewonTin (1970) is not formed. In the following treatments, we take logarithms
of individual fitness values for a multiplicative overdominance. Then the selec-
tion coefficient of the associative overdominance which we denote by s” becomes
in general the sum of the effects of all linked overdominant loci. Assuming
§; = s =5 (symmetric overdominance) for all overdominant loci and also
assuming ¢ =< 0.5 for a particular neutral loci, we will consider two simple cases.
First, if the neutral locus happens to be very near one of the overdominant loci
(case 1) as illustrated in Figure 1a, the coefficient of associative overdominance
becomes
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s 4 S

Y= aNe T AN

{logen, + log.n, + 2y}, (14)

where y is Euler’s constant (0.577), c, is the recombination fraction between two
adjacent overdominant loci and ¢, is that between the neutral and the nearest
overdominant locus. In deriving this equation we assume that ¢; << ¢, and
4N.c; >> 1. The first term on the right-hand side of the equation represents
the effect of the nearest overdominant locus and it is larger than the effect of the
remaining (n; + n.) loci combined since ¢, is much smaller than ¢,. Secondly,
if the neutral locus is located at an equal distance between adjacent overdominant
loci (case 2) as illustrated in Figure 1b, s’ becomes,

¢=—""__ (log.n, + logen, + 2y + 4log. 2} . (15)
4N ¢,
This is smaller than the corresponding value given by (14) because no over-
dominant locus is tightly linked to the neutral locus.

Let us consider some examples. Suppose there are 100 overdominant loci in a
chromosome one morgan in length. If the neutral locus is located at about the
middle of the chromosome very near to the 50th overdominant locus with
¢; =103, then taking ¢, = 0.01, n, = 49, n, =50 in formula (14), we obtain
Nes’ = s/2 X 10° for a neutral mutant allele with frequency near 1/2. On the
other hand, if a neutral locus is located just in the middle between the 50th and
51st overdominant loci (case 2), then NN.s’ becomes approximately s/4 X 10°
from formula (15). Thus, the value of Vs’ heavily depends on the nearest over-
dominant locus. However, as pointed out by Omra and Kimura (1970) and
Kimura (1971), the value of V,s’ is independent of the effective population size,
N.. Also it is not much influenced by the number of overdominant loci as long
as the total overdominant load per unit length of chromosome is constant because
§/co remains constant.

From these examples, we note that associative overdominance plays an impor-
tant role only when the population size is of the order of 10° or less. However,
such a small population size is realistic since the effective population size appli-
cable in the present treatment is the local size rather than that of the whole
species. This is because the migration rate is usually much smaller than the
recombination fraction and the effect of crossing over will predominate that of
migration. A more detailed discussion of this subject will be given elsewhere.

In the above discussion, we assumed that the frequency at the neutral or the
selected loci takes an intermediate value. If it takes an extreme value either
near 0 or 1, a different treatment is necessary. The analysis of the associative
overdominance due to linked detrimentals will be given in OuTa (1971).

Finally let us consider briefly the influence of the associated overdominant loci
on the heterozygosity at the neutral locus. We note that equation (8) gives the
average number of heterozygous nucleotide sites at the neutral locus. Then the
first term on the right hand side gives the number expected under neutral muta-
tion while the second term gives the amount of increase due to association with
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an overdominant locus. Therefore, if we denote the number of heterozygous
nucleotide sites in the second locus by H” then,

ON U
N

=H [1+4] (16)

H=2E[q(1—q)]= +2E{q(1—q)}d]

where H’ is the value of A’ expected without the effect of associated overdomi-
nant loci. In other words, heterozygosity will be enhanced by the fraction ¢ by
associative overdominance. If there are many overdominant loci, their effect on
enhancing heterozygosity would be proportional to the sum of o? as long as it is
small. At present, however, we are not quite sure of this effect on enhancing
heterozygosity. The reason is that when a mutant frequency is small, the large
variance of the apparent selective value at the neutral locus will reduce the
heterozygosity. Associative overdominance clearly retards the fixation of neutral
mutants having intermediate frequencies, although we are not sure of its effect
on increasing the overall heterozygosity.

MONTE CARLO EXPERIMENTS

In order to verify the results of the theoretical treatments given in the previous
section, extensive Monte Carlo experiments were performed simulating a multi-
locus Genetic system, using a TOSBAC 3400 computer at the National Institute
of genetics. The simulated population consists of /V diploid individuals each
having two homologous chromosomes represented by binary integers. In this
model there are only 2 alleles (represented by numerals 0 or 7) at each locus.

Each generation consists of mutation, crossing over, selection and sampling.
Mutation is simulated by changing 0 to 1 or vice versa at a locus and the decision
of occurrence and the determinations of an individual chromosome and locus
were made by generating pseudo-random numbers using subroutine RAND 20
in FORTRAN IV. The mutation rates are equal in both directions, since if a gene
randomly chosen happens to be 0, it mutates to 7 and vice versa.

The decision of having crossing over and the determination of the position of
exchange were again made by generating pseudo-random numbers. We assumed
equal crossing over between adjacent loci. Sampling with selection was carried
out as follows: One individual is randomly chosen and its number of homozygous
loci m is determined. Then a uniform random number between 0 and 1 was
produced and if it happens to be smaller than e*™, one of two chromosomes of
this individual was randomly sampled, otherwise we proceed to the next ran-
domly chosen individual. This process is repeated until 2/V chromosomes are
sampled to form the next generation. This model of selection corresponds to
multiplicative overdominance between loci.

Three different types of experiments were performed. In the first experiment,
the coefficient of associative overdominance was studied. Each chromosome has
23 loci and the recombination fraction between two adjacent loci ¢, ranges from
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Ficure 2.—Associative overdominance observed at the three marker loci in Monte Carlo
experiments. The coefficient of associative overdominance is shown as a function of recombination
fraction. Ordinate: the coefficient of associative overdominance s’. Abscissa: recombination fraction
between adjacent loci (c,). Curves represent theoretical predictions (formulae 17 or 18), while
dots give observed values. Parameters in the experiments are; s = 0.01, u = 0.005, NV, = 100 or
200, and the total number of loci is 23. Each experimental value is the average over 500
generations.

0.0 to 0.03. The mutation rate is 0.005 per locus per generation. Two terminal
loci, “terminal 1 and “terminal 2”, and the middle locus are used as markers,
of which terminal 1 and the middle loci are neutral. All the remaining 21 loci
are overdominant with s; = s, = 0.01 and the population size is either 100 or 200.
For this type of model, the selection coefficient of associative overdominance at a
selected locus predicted from the theory is s + ¢’ in which ¢ is given by

&= 4Ne . {log.n, + log.n, + 2y}, (17)

where n, and n. are the numbers of overdominant loci on the left and the right
of that locus (Omra and Kimura 1970). For a terminal locus, one of n; and 7.
is zero, and we have, assuming n, = 0,

s’ = 4‘Ne - (logen, + v) . (18)
Figure 2 shows the observed values (dots) and the theoretical predictions
(curves) of associative overdominance (s’) at the three marker loci. Although
the theoretical prediction seems to underestimate the true value slightly, the
agreement between the two is satisfactory. However, with much stronger selec-
tion and/or tighter linkage, the effect reported by FrankrLin and LEwoNTIN
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Fieure 3.—Distribution of gene frequencies at the neutral marker loci (the middle and
“terminal 1” loci). Histograms with solid lines show the observed frequency distribution at the
middle locus and those with dotted lines at the terminal locus. The curve represents the theoretical
prediction under recurrent mutation with rate N u = 0.1, disregarding the effects from other
loci. The experimental distributions are the results of simulation experiments extending over
12,500 generations with output at every 10 generations. Parameters are; s = 0.05, ¢, = 0.01,
N, =100 and z = 0.001 (two marker loci) or ¥ = 0.005 (remaining loci).

(1970) (formation of a supergene by epistasis) appears and our formulae be-
come less satisfactory.

In the second experiment, the gene frequency distributions at the middle and
the terminal neutral loci were investigated using the same model as before. In
this case, the selection coefficient at the overdominant loci was 5% instead of 19,
N.=100, ¢, = 0.01 and « (mutation rate per locus) were the same as before.
However, the mutation rates at the neutral loci are lowered to Vi = 0.1 to make
the detection of associative overdominance easier. The results are shown in
Figure 3. The curve represents the theoretical distribution at the neutral locus
under recurrent mutation with rate N.u = 0.1, disregarding the effects from
other loci. The observed frequency distribution is shown by histograms with
dotted lines for the terminal locus (terminal 1) and solid lines for the middle
locus. They represent the results of experiments over 12,500 generations with
outputs at every 10th generation.

As may be seen from Figure 3, the associative overdominance is effective in
increasing the chance of a neutral mutant staying at a gene frequency of around
50% at the middle locus but not at the terminal locus. Theoretically, it is
expected that Vs’ is about 3.5 at the middle locus and about 2.5 at the terminal
locus. N.s’ of 3.5 seems to be equivalent in effect to the true overdominance of
Nes =1, and N.s’ of 2.5 appears not to be effective at all. The average hetero-
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TABLE 1

Observed and expected heterozygosity in the second experiments

Expected heterozygosity Observed heterozygosity
From equation (3) Middle locus Terminal locus
0.222 0.217 0.226

zygosity over 12,500 generations at these loci was also checked in this experiment
and it turned out to be just as expected from the neutral mutation theory as
shown in Table 1.

In the third experiment, the effect of associative overdominance on retarding
fixation was measured using the same model and the same parameters as the
second experiment. In this experiment, however, the program was modified so
that whenever loss or fixation occurs at each of the neutral marker loci, the
mutant frequency at that locus is set equal to 0.5. No recurrent mutations are
assumed at these loci. Thus, the numbers of generations until fixation or loss
starting from initial frequency 0.5 were recorded. The number of generations
until fixation or loss was 398 + 70 (average of 27 replications) at the middle
locus and 325 + 45 (average of 33 replications) at the terminal (“terminal 1”)
locus. On the other hand, the theoretical value using the formula by Kimura and
OmTa (1969) for p =0.51s

T () =TI (p) = 4N, log, 2 = 277 ,

since N, = 100. Thus, again the associative overdominance is effective only at
the middle locus and it corresponds to true overdominance of only N s =1 as
before (cf. RoBerTson 1962, Kimura and Orra 1969).

We have checked only a limited number of cases. However, it is clear that
associative overdominance exists under our model and it retards the fixation of
the neutral mutants having intermediate frequencies. From the experiments it
appears as if the associative overdominance of a given Vs’ has effect only some
one fourth as large as the true overdominance having the same value of N.s,
but Vs’ may take a larger value in actnal populations than in the present simu-
lated populations. '

DISCUSSION

It is possible that the pattern of observed protein polymorphisms can be
explained, to the first approximation, by the neutiral mutation-random drift
theory (cf. Kimura and Outa 1971). However, not all loci are selectively
neutral, and as long as there exists inbreeding depression, we have to take into
account the effect of selected loci.

We believe that the associative overdominance discussed in this article will
influence the behavior of the neutral mutant alleles. Although we are not sure
if it enhances the average (overall) heterozygosity, it certainly retards the fix-
ation of mutants with intermediate gene frequencies. It is not as effective as true
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overdominance, but N.s’ could take a large value. If we use the example dis-
cussed in the section on the model, N,s* amounts to s/2 X 10° ~ s/4 X 10%. Thus
with 2%, overdominance at each locus (s = 0.02), which is acceptable from the
standpoint of load, N.s’" becomes 10 ~ 5. In the case of Drosophila, because of
no crossing over in males, Vs’ becomes 20 ~ 10 with the same parameters. The
important point is that this value is not much influenced by the number of over-
dominant loci as long as the overdominance load per unit chromosome is constant.

Such associative overdominance must be effective in retarding fixation of segre-
gating alleles in semi-isolated local populations. When a small group of indi-
viduals is semi-isolated from the main body of the species, the variation initially
present would persist longer due to assoclative overdominance than without it.
Together with the migration effect, this will bring about the constant distribution
of allelic frequencies throughout the entire species. The associative overdomi-
nance is probably ineffective in increasing overall heterozygosity of the species,
although it may influence the frequency distribution of the neutral alleles as
shown in Figure 3.

We have emphasized in the section regarding the model that there are many
components of fitness and overdominance in overall fitness may be produced
at some loci, even if there is only slight dominance for each fitness component.
Harpank and Javaker (1965) pointed out that differential gene action on mor-
tality, fertility or disease resistance is the cause of overdominance in many cases.
Even male and female fertilities are usually different components of fitness. We
consider that genes with small effects may be important in this respect, since
genes with drastic effects on viability or fertility are mostly balanced by mutation
and selection. In this respect, the sickle cell hemoglobin seems to represent an
exceptional case.

Experimental measures of fitness such as relative viability and competitive
ability represent mostly particular components or a combination of a few com-
ponents of the real fitness. With such measures, it may often be difficult to esti-
mate the actual overdominance load. Inversion polymorphisms in Drosophila
show clear overdominance on viability. This must be the sum of the effects of
many loci within the inversion, each having some dominance on viability.

If the overdominance load is the same in Drosophila and in man, associative
overdominance is more pronounced in Drosophila than in man, since the Dro-
sophila genome has fewer chromosomes and also no recombination occurs in
males. Furthermore, inversions might be more common in Drosophila than
in man.

Thus, we may infer that most of the isozyme polymorphisms are intrinsically
neutral or nearly so but a relatively small fraction are overdominant. We do
not know the actual number of overdominant and neutral loci. There might be
many overdominant loci with very small effects. The important point is that with
a tolerable amount of overdominance load, the observed genetic variations can
easily be explained. We must add also that when a small number of chromosomes
are extracted from natural populations and rapidly multiplied for an experiment,
stronger associative overdominance will result.
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Another important point is that associative overdominance does not change
the long term average of the rate of substitution of neutral mutants by random
drift. It may increase the variance of the evolutionary rates among lines, some-
times favoring and sometimes disfavoring individual mutants to multiply.

SUMMARY

The behavior of isoallelic mutants in finite populations was investigated with
special reference to nonrandom association of neutral isoallelic mutants to over-
dominant loci by random genetic drift. The overdominant loci are assumed to be
sparsely distributed along the whole chromosomes and the neutral loci are
distributed more densely among them. The behavior of neutral mutants is
influenced by the surrounding overdominant loci and the apparent selective force
takes the form of “associative overdominance”. This was treated theoretically
using a model assuming that the overdominant loci are equally spaced and have
equal selection coefficients. For this model the approximate magnitude of associ-
ative overdominance was estimated. Monte Carlo experiments proved the validity
of the theoretical prediction, although the estimated degree of associative over-
dominance is not as effective ac true overdominance. For the set of parameters
used in the experiments, it was about 1/4 as effective as true overdominance in
retarding gene fixation. The ascociative overdominance at intrinsically neutral
loci, will contribute, at least partly, to bring about a constant distribution of
neutral alleles, by preventing fixation of these alleles in local populations.
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