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ABSTRACT

In order to clarify the nature of “near neutrality” in molecular evolution and polymorphism,
extensive simulation studies were performed. Selection coefficients of new mutations are assumed to
be small so that both random genetic drift and selection contribute to determining the behavior of
mutants. The model also incorporates normally distributed spatial fluctuation of selection coefficients.
If the system starts from “average neutrality,” it will move to a better adapted state, and most new
mutations will become “slightly deleterious.” Monte Carlo simulations have indicated that such
adaptation is attained, but that the rate of such “progress” is very low for weak selection. In general,
the larger the population size, the more effective the selection becomes. Also, as selection becomes
weaker, the behavior of the mutants approaches that of completely neutral genes. Thus, the weaker
the selection, the smaller is the effect of population size on mutant dynamics. Increase of heterozygosity
with population size is very pronounced for subdivided populations. The significance of these results
is discussed in relation to various observed facts on molecular evolution and polymorphism, such as
generation-time dependency and overdispersion of the molecular clock, or contrasting patterns of

DNA and protein polymorphism among some closely related species.

HE neutral theory of molecular evolution [see
KIMURA (1983) for review] now provides a pow-
erful framework for a theoretical interpretation of the
evolution of DNA sequences. However, there still
remain several unsolved problems relating to the neu-
tral theory. As has been recognized for many years,
the neutral theory has two aspects, molecular evolu-
tion and polymorphism, and the problems are related
to both phases. If the neutral theory is valid, the
generation time effect (L1, Luo and WU 1985; SHARP
1989) and the large variance of evolutionary rate
among species (GILLESPIE 1986, 1987) should faith-
fully reflect the mutation rate per year. The other
problem is whether the pattern of within-population
DNA polymorphism, for which data are rapidly ac-
cumulating, fits the neutral theory (KREITMAN 1987;
LANGLEY and AQUADRO 1987; AQUADRO, LADO and
Noon 1988).

All these problems are much related to the nature
of “nearly neutral” mutations, since even mild selec-
tion has significant effects on the rate of substitution
and polymorphism. Behavior of such mutants is influ-
enced by both selection and drift, but the interaction
of the two processes is not yet fully understood. Under
the strictly neutral theory, it is expected that evolu-
tionary rate is equal to the neutral mutation rate, and
that heterozygosity increases with effective population
size (KIMURA 1983). Available data on protein evolu-
tion suggest that evolutionary rates are similar be-
tween organisms whose generation lengths are greatly
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different, and that there is an upper limit to virtual
heterozygosity of a species (KIMURA 1983; L1, Luo
and Wu 1985; NE1 1987). Do these facts imply that
the mutation rate per year is so similar among orga-
nisms, and that the effective population size never
becomes so big as to give high virtual heterozygosity
beyond the limit? We proposed that, if a class of
mutations that are nearly neutral but very slightly
deleterious, substantially contributes to molecular ev-
olution and polymorphism, the above curious facts
may be satisfactorily understood (OHTA 1972a,b;
1973; 1974; 1977; 1987). This theory is based on the
following consideration. Organisms with short gen-
eration times tend to be small and to maintain large
population sizes. This relationship is thought to hold
roughly when long-term effective size is taken into
account. Then the proportion of effectively neutral
mutations, and hence the evolutionary rate, is de-
creased, since selection becomes more effective in
large populations. If the mutation rate depends on
generation time, this effect of population size would
be partially cancelled by the generation time effect.
Furthermore, the upper limit of heterozygosity is
predicted to be due to negative selection.

The slightly deleterious mutation theory is not com-
pletely satisfactory, and has been criticized by various
authors. The assumption of constant selection coeffi-
cients is thought to be unrealistic (e.g., NEI 1987).
Thus, we now revise the model by incorporating
fluctuation of selection coefficients over space. We
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consider this to be realistic for nearly neutral muta-
tions with small effects. In this report, we present
results on substitution rates and polymorphisms found
from extensive Monte Carlo simulation studies. Some
analytical studies will also be included.

NEARLY NEUTRAL MUTATION MODEL

The definition of near neutrality is that the product
of effective popuiation size (N) and selection coeffi-
cient (s) is not larger than unity. Then the behavior
of mutants is influenced by both random drift and
selection (KIMURA 1968, 1983). With this kind of
small effect, selection coefficients for mutants are
assumed to vary among local areas, i.e., spatial fluc-
tuation. This is a new aspect of the nearly neutral
model, and comes from the consideration that selec-
tive forces are likely to fluctuate depending on both
genetic and environmental backgrounds. HARTL and
DYKHUIZEN (1985) reported that naturally occurring
enzyme variants in Escherichia coli usually produced
no detectable effects on growth rate under normal
conditions, but that many of them produced signifi-
cant effects when conditions were altered.

The selection coefficient of a new mutant in a local
colony is assumed to follow the normal distribution
with mean g, and variance ¢,”>. Two kinds of popula-
tion structure are considered; panmictic populations
and subdivided populations in a linear habitat with
limited migration between adjacent colonies (stepping
stone model). In both structures, we assume there are
! habitats for the total population, and that each
colony occupies a habitat when subdivided. Let s;; be
the selection coefficient for the kth mutant in the ith
habitat for a subdivided population. We assume that
sx; are independently chosen from a common normal
distribution irrespective of k and i. Thus there is no
correlation among s;’s with respect to k or i. This
assumption may not be quite realistic, but for the
present purpose of clarifying the effect of fluctuating
selection, the model is useful. This kind of fluctuating
selection is different from the previous model of vary-
ing selection [see HARTL and CLARK (1988), pp. 529~
530, for review], in which coefficients fluctuate from
one generation to the next. The present model is built
to demonstrate long-term effects of various changes
of genetic and external backgrounds. Note that there
is considerable genetic differentiation among local
groups in mammals (NEI 1987) and even in fruit flies
(CHOUDHARY and SINGH 1987), and differentiation of
the genetic background would influence biochemical
processes such as the enzyme kinetics studied in detail
by KAcCsSER and BURNs (1981), and hence selective
forces.

Our model is also different from the landscape
model of GILLESPIE (1983), since we are concerned
with the interaction effect of random drift and natural

selection, whereas GILLESPIE treated the situation of
strong selection and weak mutation. Thus, in GILLES-
PIE’s model, the shift of population occurs by selection
and is theoretically tractable. However, in our model,
the process of population shift is complicated and the
population fitness fluctuates with time because of ran-
dom drift, as will be shown later. This is the reason
we resorted to Monte Carlo simulations.

Let N be the effective population size of a local
colony, and Ny = [N be the total size. For panmictic
populations, only the total size matters, and the selec-
tion coefficient, now denoted by sy, is assumed to obey
the normal distribution with the same mean, u,, as
before, but with the variance, ¢,2/l. This is because
the mean selection coefficient of { habitats follows this
distribution. This model is based on the assumption
that the behavior of mutants is determined by the
selection coefficients averaged over habitats. The se-
lection coefficient (s;) of the kth allele in the total
population is the average of the selection coefficients
{(six) over habitats and thus the variance of s; is ob-
tained by dividing o,° by [. The present study is
concerned with the two extreme situations; panmictic
populations with average (constant) fitness, and struc-
tured populations with the most favorable condition
for local differentiation.

The most important parameter is the product of
population size and selection coefficient, and 2N, is
assumed to be in the range 0 ~ 1 (nearly neutral).
The value 2Nyo, and 2Nra,/ Vi may be considerably
larger than unity. The initial population is assumed to
be free of mutations. It should be noted that our
model differs from the previous models of OHTA
(1976), Kimura (1979) and others, since the distri-
bution of selection coefficients is fixed regardless of
the allelic state occupying the population. Let us call
it the “fixed model.” Note that this is the same as
KINGMAN’s (1978) house-of-cards model, if random
drift is ignored. In contrast, the distribution of selec-
tion coefficients is assumed to shift in the previous
models, as the population fitness remains unity, even
after substitution of mutants. We call this the “shift
model.” The fixed model corresponds to that adopted
by ZENG, TACHIDA and COCKERHAM (1989) and the
shift model corresponds to that adopted by HiLL
(1982) in their studies of the effect of mutation on
selection response.

In the shift model, proteins can improve (deterio-
rate) indefinitely by successive advantageous (delete-
rious) mutations while their chance of improvement
diminishes (increases) as advantageous (deleterious)
mutants are fixed in the population in the fixed model.
The shift model appears to be unrealistic since there
must be a limit for the improvement of proteins. The
fixed model also appears unrealistic since any mutant
(deleterious or advantageous) can be obtained by a
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single step mutation from any allele in this model.
Considering the fact that there are many amino acids
in a protein, it is not likely that good alleles could be
obtained by a single step mutation from any other
allele. Thus, both models are unrealistic simplifica-
tions and considered to be extreme models between
which the real situation lies. Here, we want to incor-
porate the retardation of substitution as the gene
evolves and that is why we adopt the fixed model. In
a study of hemoglobin genes, GOODMAN, MOORE and
MaATsupa (1975) suggested that evolution had accel-
erated after gene duplication, but slowed down in
later phylogeny, and they argued that this reflects
improvement of gene functions. The fixed model
would fit this situation.

The average selection coefficient, u,, of the present
fixed model is the mean selection coefficient of new
mutant alleles. Another meaning of g, is that it rep-
resents the initial condition of the system, since all
individuals are free of mutation with fitness 1 at the
beginning. The value of g, is assumed to be in the
range 0 to —2¢,. When u, = 0, the system starts as
“average neutral.” For negative pu,, the system is
“slightly deleterious,” such that the average selection
coefficient of new mutations is negative. Such a situ-
ation is expected for proteins or nucleic acids that
have existed for a long time and have already attained
a desirable function. The average neutral case is for
genes newly arisen presumably by duplication, or for
old genes but after drastic change of the environment.

SIMULATION EXPERIMENTS

Two sets of Monte Carlo experiments were per-
formed; for subdivided populations and for panmictic
populations. A subdivided population consists of /
linearly arranged colonies and ten cases of [ in the
range 1 to 10 were examined. The effective popula-
tion size of each colony is N, and the total size, Nr =
{N. The haploid model was used here. Migration was
assumed to be between adjacent colonies only with
considerably limited rate, m, such that 4Nm = 0.5. In
order to compare the results for subdivided structure
with those for random mating populations, ten cases
of the population size (N = IN, 1 <[ < 10) were
examined for panmictic populations.

A model of 100 alleles was adopted, so that every
mutation is unique until more than 100 mutations
were generated in an experiment for the total popu-
lation. In practice, mutants are numbered from 1 to
100, and the number is increased by one at each
mutation, If the number reaches 100, the mutant is
made 1 again. Since highly polymorphic populations
are not considered in the present study, new mutants
rarely are the same as existing alleles, and hence this
model closely approximates the infinite allele model.

The selection coefficient of the kth mutant in the

ith colony, s;, was determined by sampling from a
normal distribution with mean g, and variance ¢,%. At
the beginning of each experiment, all values of s; (1
< k = 100, 1 < i < [) were drawn. For panmictic
populations, 100 values of s, were drawn from a
normal distribution with mean g, and variance ¢,%/I,
when the population size is [N. Sampling and selection
were done simultaneously by letting the survival prob-
ability of a sampled individual (haploid) equal the
fitness, w;. In practice, the decision on survival is made
by using uniform random numbers; if the fitness is
less than unity, a single random number determines
its survival, and if the fitness is greater than unity, the
sampled individual gives at least one progeny and the
decision on giving one more progeny is made by a
uniform random number.

Because we are concerned with nearly neutral mu-
tations, the value of 2Ny, is assumed to be between
zero and one. The case of 2N, = 1 was examined in
most detail. As for the mutation rate, it was set to
treat a segment of DNA that corresponds to an exon
or a region smaller than an exon. Let v be the muta-
tion rate for this region of DNA of a gamete per
generation. According to KIMURA (1983), the muta-
tion rate per base pair is around 107® per year. If the
long-term effective population size of a typical mam-
malian species is in the range 10* to 10° and if an
exon contains about 100 base pairs, the product of
mutation rate and population size becomes in the
range 0.01 to 0.1 for this region, provided that one
generation corresponds to 1 year. Thus the value of
Nv = 0.01 was used in this study. In the simulations,
we used N = 10 and v = 0.001, preserving the value
Nv = 0.01. Thus Nyv varies in the range 0.01 to 0.1.
Each experiment was continued for 11,000 genera-
tions, and the number of mutant substitutions was
counted in the whole period. If the mutants are com-
pletely neutral, the expected number of substitutions
becomes 11 when v = 0.001. In practice, when the
frequency of a mutant reaches 90% or more, the
mutant is counted as it has substituted the previous
one.

Heterozygosity and actual number of alleles in a
colony and in the total population were recorded in
every generation in the range 1,001 to 11,000 gen-
erations, and average values were printed. This time
interval may not quite represent equilibrium. As will
be shown later, the rate of approach to true equilib-
rium is low, and an enormously long time is required
to reach this state, particularly in subdivided popula-
tions. Therefore, the results on both the number of
substitutions and polymorphism are thought to apply
to a transient phase. It should be noted that, if it takes
a long time to get to equilibrium, most loci are likely
to be in a transient state. Note that the period exam-
ined here corresponds to tens of millions of years if
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TABLE 1

Number of mutant substitutions in 11,000 generations of the subdivided population

No. of o, = 0.05 (2N, = 1) g, = 0.025 (2Ng, = 0.5)
colonies e g, = 0.01 2N¢, = 0.2)
) —0.1 —0.05 —0.025 0.0 -0.05 —0.025 ~-0.01
2 0.98 +1.76 348 £ 2.15 5.30 £ 2.62 5.53 + 2.32 5.50 + 3.42 5.93 +£ 2,51 10.63 £ 3.42
3 0.05 + 0.22 255+ 1.74 3.83+£2.00 420+ 2.13 1.53 + 2.26 5.68 £ 2.82 7.85 +2.99
4 0.03 £0.16 1.88 + 1.67 340+ 1.43 3.98 +£2.08 0.85 + 1.90 3.53 £ 2.70 6.80 £ 2.75
5 0.00 1.10x 1.17 2.43 £ 1.38 2.88 + 1.54 0.08 £ 0.27 3.08 £ 2.00 6.08 £ 2.47
6 0.00 0.565 + 0.85 1.98 £ 1.00 2,18+ 1.13 0.08 £ 0.35 2.55 + 1.88 4.60 £ 2.16
7 0.00 0.45 + 0.64 1.25 £ 0.74 1.85 £ 0.92 0.00 1.75 £ 1.46 4.13 = 1.59
8 0.00 0.30 £ 0.65 1.15+ 0.83 1.25 + 0.95 0.00 1.10 + 1.37 2.95 + 1.55
9 0.00 0.20 £ 0.46 0.68 £ 0.76 0.85 + 0.86 0.00 1.10 £ 1.15 2.45 +1.26
10 0.00 0.08 £ 0.27 0.60 + 0.67 0.58 + 0.55 0.00 0.53 + 0.68 200x1.13

Figures are the mean % standard deviation of 40 replications. Other parameters: N = 10; v = 107%,

time is measured by the unit of 1/v generations.
Remember that the DNA unit in this study evolves by
the rate of 107° per year, and the period is 11 times
the reciprocal of that value. Thus, the equilibrium is
unlikely to be attained in the real world. How far the
state is from equilibrium depends on the stability of
genetic and external environments. Just after gene
duplication, or a drastic change of environment, the
genetic system is not well adapted, and genes are in a
transient state far from equilibrium. However, in a
stable gene system, the state may be close to equilib-
rium. The initial condition, u,, represents the situa-
tion.

In all experiments, 40 replications were performed
for each set of parameters. The number of mutant
substitutions and polymorphisms were examined, and
will be presented in the next sections.

GENE SUBSTITUTION

Tables 1 and 2 give the results of the number of
mutant substitutions in the experiments; Table 1 for
the subdivided populations, and Table 2 for the panm-
ictic populations. In Table 2, the substitution numbers
under the shift model are also included for compari-
son. In this model, the distribution of mutant effects
is made the same by assigning zero for the selection
coefficient of the presently dominant allele. This
model is the same as those adopted by OHTA (1976)
and KIMURA (1979) except that we employed the
normal distribution instead of the gamma distribution
(theoretical values for the fixed model are difficult to
obtain and cannot be included in the table). When
2N7v < 1, the population is mostly monomorphic
experiencing infrequent fixation of mutant alleles.
Then the rate of substitution per generation for the
shift model, k;, is the total number of mutants in one
generation multiplied by the expected fixation prob-
ability (KIMURA 1983) and expressed by,

_ " 1 — exp(—2x)
k, = 2N7v J:wf(x) T — exp(—aN:) dx, (1)

where f{(x) is the distribution of the effect of mutation.
The values tabulated in Table 2 are computed by
numerically integrating this formula and then multi-
plying this value with the total generation numbers.
When the number of substitutions is small, both
models behave similarly as can be seen when pu, < —g,
in the table. However, if multiple substitutions occur
and the population fitness becomes higher than the
initial value in absolute sense, a slowdown of the
substitution rate ensues in the fixed model whereas
no slowdown occurs in the shift model. Thus, the
number of substitutions for the shift model is larger
than that for the fixed model when u, > —o,, especially
when u, = 0.

As pointed out before, the expected number of
substitutions of completely neutral mutants in the
period of our simulations is 11. As can be seen from
the tables, the number of substitutions is considerably
smaller than the neutral prediction, and it becomes
less by increasing the total population size. The result
agrees qualitatively with previous models of slightly
deleterious mutations (OHTA 1976; KiMURA 1979,
1981; L1 1979, 1987; FOLEY 1987). By examining the
results of Tables 1 and 2, it can be said that the effect
of population size on mutant substitution is more
pronounced for larger value of 2No,. Thus, the neg-
ative correlation between substitution rate and popu-
lation size is expected to be higher for mutations with
larger effects under the present model of fluctuating
selection.

Another problem is the overly dispersed molecular
clock (GILLESPIE 1986, 1987; TAKAHATA 1987), when
the variance of the number of amino acid or base
substitutions among various species is too large. If the
total population size (N7) as well as environmental
changes (u,) vary among these species examined, the
variance of evolutionary rate is expected to be larger




Nearly Neutral Theory

223

TABLE 2

Number of mutant substitutions in 11,000 generations of the panmictic population

! 0. =0.05/V1 o, = 0.025/VI
WNr=IN) \ g 0, =0.01/V1
-0.1 -0.05 —-0.025 0.0 -0.05 —0.025 —0.01

1 O 3.73 + 2.82 5.13 £ 2.38 5.70 £ 2.51 6.30 + 2.68 7.08 £ 3.25 8.23 £ 2.86 10.45 + 3.46
E 1.992 5.830 9.166 13.627 4,207 7.289 12.490

2 O 0.60 = 1.06 3.28+2.16 3.90 £ 2.19 4.95 + 2,53 3.55 + 3.80 6.85 + 2.66 10.00 £ 3.00
E 0.316 3.200 7.830 16.149 1.372 4,718 10.240

3 (e} 0.20 £ 0.61 2.25 + 1.89 3.83 £ 2.49 3.63 £ 2.52 1.65 £ 2.55 5.08 £ 2.82 8.756 + 3.40
E 0.048 1.789 6.705 18.327 0.413 3.030 8.334

4 O 0.00 0.93 +1.07 3.63 £ 1.88 3.83 £ 1.66 0.25 £ 0.54 3.83+£2.77 7.25 + 2.88
E 0.007 1.013 5.753 20.276 0.117 1.934 6.735

5 O 0.00 0.60 + 0.67 2.35 £ 1.39 2.85 + 1.49 0.00 290 + 224 7.63 £ 2.45
E 0.003 0.579 4,945 22.055 0.043 1.228 5.410

6 O 0.00 0.18 £ 0.45 1.75 + 0.90 3.35 + 1.59 0.00 210+ 2.24 7.45 % 3.55
E 0.00 0.33% 4,257 23,702 0.009 0.777 4.320

7 O 0.00 0.30 £ 0.65 1.70 £ 0.91 2.73 +1.80 0.00 0.98 £ 1.48 5.70 £ 2.78
E 0.00 0.238 3.670 25.244 0.02 0.490 3.435

8 O 0.00 0.28 + 0.60 1.58 £ 0.96 2.35 + 1.08 0.00 0.63 £1.72 6.10+3.13
E 0.00 0.129 3.168 26.698 0.00 0.308 2.715

9 O 0.00 0.13 +£0.33 1.53 + 0.88 223 +£1.03 0.00 0.10 £ 0.50 5.38 £ 3.18
E 0.00 0.069 2.737 28.079 0.00 0.193 2.135

10 O 0.00 0.05 £ 0.22 1.48 £ 0.78 2.65 + 1.33 0.00 0.33 +0.76 4.75 £ 3.40
E 0.00 0.036 2.368 29.395 0.00 0.013 1.675

= Q, observed (mean + standard deviation); E, expected, under the shift model. Other parameters: N = 10; v = 107"

than that of the simple Poisson process. Note here
that it is quite difficult to distinguish the effect of
weak selection from that of the variation of mutation
rate itself. It is known that the mutation rate depends
much on enzyme system of DNA replication (KUNDEL
and ALEXANDER 1986). Since a shift of the enzyme
system may occur in evolution, it may have a signifi-
cant effect on variation of evolutionary rate (BRITTEN
1986). In addition, some genes used by GILLESPIE
(1987) are members of multigene families, in which
amino acid substitutions are often accelerated, possi-
bly caused by positive selection (OHTA 1988).

POLYMORPHISM

Heterozygosity and actual number of alleles in the
total population and in a colony of the subdivided
population were studied in the range 1,001 to 11,000
generations of each experiment, and average values
over 40 replications were obtained. Tables 3 and 4
present results for subdivided and panmictic popula-
tions respectively. Means and standard deviations of
heterozygosity and actual numbers of alleles over 40
replications are presented. Note that, under complete
neutrality, heterozygosity increases from 0.039 to
0.286, and the actual number changes from 1.14 to
3.14 as 4N;v moves from 0.04 to 0.4 according to
EWENS’ (1972) sampling theory by regarding 2Nr as
the sample size. In the average neutral case, both

heterozygosity and the number of alleles in the sub-
divided, total population are larger than the values
expected under strict neutrality, but, heterozygosity
and the number of alleles in a local colony do not
increase by making larger in the range 4 to 10 colo-
nies. In general, under the slightly deleterious muta-
tion theory, as the population size becomes large, the
mutant substitution slows down and heterozygosity
approaches the upper limit of mutation-selection bal-
ance. This principle holds roughly for the present
model.

In each colony, selection works more efficiently in
a subdivided structure than in a panmictic population.
This can be seen from frequency spectrum of the total
population. Figure 1 gives the frequency spectrum of
the same simulations as before, that was obtained by
averaging 40 replications. Only the case of { = 2 is
given. The figure shows that one peak exists. When
the selection coefficient of a mutant differs between
neighboring colonies, the frequency of a mutant stays
at intermediate values for a while.

DISCUSSION

The present study is a quantitative evaluation of the
previous intuitive argument of the importance of weak
selective forces that fluctuate spatially (OHTA 1972b,
1987). The idea is that, in a stable environment, a
random mutant needs be beneficial only under re-
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TABLE 3

Heterozygosity and actual number of alleles in subdivided populations

o, =0.05 (2No, = 1) g, = 0.025 (2N¢, = 0.5) a,=0.01
AW {2No, = 0.2)
-0.1 —0.05 —0.025 0.0 —0.05 —0.025 -0.01
Total population

1 R 0.019£0.006 0.023 £0.006 0.023 +0.005 0.029 +0.005 0.029 +0.006 0.030 = 0.007 0.035 £ 0.008
n, 1.078+0.020 1.087 £0.019 1.0890.016 1.090+0.015 1.106+0.018 1.108 + 0.021 1.122 + 0.022

2 A 0.039%£0.021 0.077 £0.031 0.092 +0.041 0.082 +0.030 0.081 £0.025 0.083 £0.016 0.103 £ 0.022
n, 1.184+0.051 1.285+0.073 1.322+0.097 1.299 +0.072 1.307 +0.069 1.316 % 0.044 1.381 £ 0.060

3 A 0.038%£0.021 0.139%0.066 0.161%0.067 0.143+0.060 0.081 £ 0.037 0.148 = 0.041 0.153 £ 0.036
n, 1.254+0.060 1.536x0.173 1.599+0.175 1.544+0.158 1.405+0.112 1.594+0.112 1.623 + 0.103

4 h 00380015 0.205x0.100 0.275%0.069 0.272+0.089 0.094 £0.052 0.190 £ 0.054 0.225 + 0.038
n, 1.326 £0.050 1.825+0.259 2.022+0.182 2.004*0.236 1.536+0.159 1.843 +0.166 1.969 + 0.126

5 h 0.038+0.010 0.227+0.102 0.319%0.080 0.325+0.103 0.083 £0.022 0.247 % 0.060 0.299 + 0.046
n, 1.404=x0.039 2,026 £0.304 2279 £0.236 2.300+0.303 1.614 +0.072 2.147 + 0.207 2.347 £ 0.156

6 A 0.043%x0.016 0.255+0.128 0.394 £0.098 0.391 £0.122 0.094 + 0.048 0.300 = 0.086 0.339 + 0.058
n, 1.500%0.070 2207 £0.350 2.674+ 0.310 2.664+0.360 1.753 +0.164 2.463 + 0.274 2.639 +0.218

7 ko 0.038x0011 0.299%0.126 0.419+0.095 0.459 £ 0.097 0.087 +0.028 0.327 + 0.094 0.400 = 0.061
n, 1.550+0.052 2517 +0.405 2.947+0.316 3.086 £0.340 1.841+0.111 2720+ 0.114 3.034 + 0.250

8 ko 0.039x£0.009 0.300£0.122 0.494 £0.086 0.535+ 0.059 0.092 +0.023 0.319+0.113 0.434 + 0.086
n, 1.639*+0.050 2.684 £0.441 3464 +0.362 3.520 £0.283 1.968 £ 0.101 2.857 * 0.406 3.387 £ 0.367

8 k00390011 0298x0.121 0.538£0.081 0.572+0.065 0.088+0.022 0.354+0.126 0.483 £ 0.056
n, 1719+ 0.065 2.842+0.446 3.790 £0.408 3.848+0.349 2.072+0.104 3.176 £0.512 3.776 + 0.304

10 & 0.040£0.010 0.327 £0.137 0.566 £ 0.104 0.592+ 0.066 0.090 +0.024 0.421 £0.115 0.493 + 0.059
7, 1.801 £0.066 3.091 £0.527 4.155 £ 0.555 4.193+£0.346 2.178+0.122 3.608 + 0.503 4.028 x0.270

Colony

2 ko 0.026 £0.010 0.043 £0.013 0.050+0.015 0.046 = 0.014 0.050 £0.015 0.052 = 0.010 0.066 = 0.014
n, 1.103x0.032 1.159+0.044 1.185%0.054 1.168+0.044 1.179+0.046 1.185+ 0.032 1.228 + 0.042

3 ko 0.024£0.009 0.072+0.026 0.079 £0.031 0.077 £0.029 0.049 % 0.018 0.086 £ 0.023 0.094 = 0.021
n, 1.104£0.035 1.265£0.092 1.290 £0.105 1.273+£0.096 1.185+0.061 1.302*0.074 1.326 + 0.067

4 kh  0.024 +£0.007 0.085+0.032 0.114+0.034 0.113£0.037 0.051 £0.024 0.095 + 0.027 0.119 + 0.021
n. 1.010£0.024 1.315£0.115 1.406+0.108 1.409+0.130 1.190 +0.080 1.337 £ 0.088 1.413 + 0.068

5 k  0.024£0.005 0.084+0.030 0.110x0.035 0.113 £0.037 0.045+0.011 0.102 £ 0.023 0.134 +0.021
n, 1.100£0.016 1.311+0.109 1400%£0.123 1.413+£0.133 1.172+0.036 1.360 +0.077 1.466 + 0.071

6 h  0.024 £0.008 0.076 £0.029 0.101 £0.037 0.117 £0.037 0.048 £0.014 0.113 +0.032 0.131 +£0.023
n, 1.100=0.029 1.282+0.106 1.371+0.126 1427 £0.123 1.178 +0.044 1.401 £0.107 1.457 £ 0.077

7 ko 0.024+£0.007 0.092+0.034 0.109+0.034 0.113+0.037 0.047 +£0.013 0.119 = 0.031 0.133 £ 0.021
n, 1.101£0.022 1.336+0.123 1.403+0.123 1.419+0.133 1.175+£0.042 1.418 £0.107 1.464 + 0.071

8 & 0.024+0.007 0.087+0.032 0.128%x0.035 0.114*x0.029 0.048+£0.010 0.101 £0.026 0.136 % 0.023
n, 1.102+0.021 1.322+0.109 1464 *0.122 1.418+0.101 1.179*0.033 1.361 +0.088 1.474 £ 0.078

9 h 0.023 +0.007 0.083+0.025 0.114*0.036 0.108+0.032 0.047 £0.012 0.106 + 0.032 0.145 + 0.027
n, 1.096+0.023 1.305+0.092 1.415+0.126 1.401 £0.115 1.175+0.039 1.379x0.110 1.503 = 0.088

10 h 0.024 £0.007 0.082+0.028 0.119 £0.041 0.115+0.033 0.047 £0.012 0.109 +0.029 0.138 £ 0.021
n, 1.101 £0.022 1.299+0.096 1.434+0.140 1.419+0.112 1.176 £ 0.038 1.385 % 0.099 1.484 + 0.072

? h, heterozygosity, n.: actual no. of alleles, for the range 1,001
replications.

stricted circumstances, whereas in a more variable
environment, a mutant must be beneficial in many
circumstances. Usually, the smaller the population,
the more restricted the environmental variability.
Based on these considerations, selection coefficients
of new mutations are assumed to be normally distrib-
uted, i.e., they fluctuate around the mean, y,, although
for any mutant, the coefficient stays constant over
time. The most important parameter, is the variance
of the normal distribution. Our model treats nearly

to 11,000 generations. Figures are the mean % standard deviation of 40

neutral mutations, and the product 2No, is 1 or less.
In this regard, it is different from MANI's (1984)
model in which selection coefficients fluctuate but the
product is assumed to be large.

In several previous attempts to formulate the nearly
neutral mutation theory, the selection coefficients of
new mutations were assumed to follow a certain dis-
tribution such as exponential (OHTA 1976) or gamma
(KiMURA 1979). These distributions have no proba-
bility density for s > 0, i.e., all mutations are slightly
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TABLE 4

Heterozygosity and actual number of alleles in panmictic populations

i 0. =0.05/1 o, =0.025/v1
(Ny=IN) \ p: o, =0.01/V1
~0.1 —0.05 —0.025 0.0 -0.05 —0.025 0.1

2 ke 0.027 £ 0.006 0.037 +£0.010 0.036 £ 0.012 0.040 + 0.013 0.042 +0.013 0.055+£0.011 0.069 + 0.011
n, 1.146 £0.020 1.192 £0.036 1.188 +0.040 1.202 +0.040 1.215+0.041 1.250 +0.032 1.295 + 0.035

3 h 0.021 £0.005 0.047 =0.014 0.054+0.019 0.046 £ 0.015 0.046 +0.018 0.074 £ 0.015 0.097 + 0.020
ne  1.202 £0.021 1.297 £ 0.047 1.321 +0.065 1.296 + 0.054 1.297 + 0.060 1.398 = 0.051 1.468 + 0.066

4 A 0.019+0.0038 0.045+0.011 0.063 £0.015 0.061 = 0.018 0.044 +0.012 0.086 £ 0.019 0.119 + 0.026
ne  1.254 £0.020 1.376 £ 0.043 1.437 £0.061 1.427 +0.067 1.378 +0.046 1.530 = 0.068 1.638 + 0.084

5 E 0.019+0.003 0.046%0.009 0.062=0.018 0.066+0.022 0.040+0.007 0.088 £0.024 9.147 + 0.025
n, 1316%0.026 1.460+ 0.045 1.525+0.081 1.532+0.083 ].440+ 0.033 1.636 +0.086 1.849 % 0.088

6 B 0.018 +0.002 0.045+ 0.009 0.067 = 0.017 0.070 + 0.026 0.040 + 0.006 0.095 + 0.026 0.166 + 0.032
ne 1368 £0.021 1.548 + 0.048 1.631 = 0.078 1.638 +0.112 1.531 +0.041 1.776 £0.101 2.022+0.115

7 B 0.018+0.002 0.046 +0.009 0.070+0.018 0.079 +£0.024 0.040 + 0.006 0.093 +0.022 0.177 + 0.036
n. 1433 £0.027 1.624 + 0.058 1.737 +£0.083 1.770 +0.106 1.618 + 0.041 1.870 £ 0.088 2.189 + 0.128

8 A 0.019+0.002 0.051 +0.014 0.087 +£0.024 0.076 + 0.021 0.040 + 0.006 0.094 + 0.029 0.198 + 0.040
na  1.501+0.027 1.742+0.065 1.897 +0.112 1.856 +0.089 1.697 + 0.044 1.978 £0.116 2.378 +0.153

9 h 0.018+0.002 0.046 +=0.009 0.094 + 0.027 0.081 +0.026 0.038 = 0.005 0.083 £0.016 0.212 + 0.048
ne  1.550 £ 0.033 1.803+0.045 2.036 £0.127 1.982+0.119 1.773 +0.044 2.037 £0.077 2.566 + 0.171

10 A 0.019+0.002 0.044 +0.007 0.096 £ 0.026 0.104 = 0.029 0.039 + 0.005 0.085%0.014 0.212 + 0.054
n, 1.619+0.030 1.881 0051 2.160+0.136 2.196+0.148 1.862 +0.047 2.158%0.070 2.696 + 0.219

“ h, heterozygosity; n,, actual no. of alleles, for the range 1,001 10 11,000 generations. Figures are the mean + standard deviation of 40

replications.
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deleterious. The present model incorporates very
slightly advantageous mutations for the region s > 0
and is basically different from the previous models. In
this regard, our study is an attempt to expand the
concept of near neutrality to the realm of the selec-
tionists (e.g., ZUCKERKANDL 1987). Note here that the
population moves to a “better” state through selection
and drift, and once it has moved, the relative advan-

tage of new mutants becomes negative. However the
rate of such “progress” of a population is very low. In
Table 5, some typical sample paths for progress of
simulated populations are presented in terms of the
selection coefficients of successively fixed mutants.
For subdivided populations, the values are the aver-
ages of s, over [ colonies (1 < i < [). As can be seen
from the table, the selection coefficient varies greatly



226

T. Ohta and H. Tachida

TABLE 5

Selection coefficients of successively replaced mutants

Run No.

Subdivided population
1

0.0170 —0.0032 0.0452
2 -0.0210 0.0353 0.0688
3 0.0368 0.00555 0.0115
4 0.0469 0.0071 0.0467
5 0.0064 0.0442 0.0225

Panmictic population

1 0.0241 0.0226 0.0632
2 0.0671 0.0687 0.0400
3 0.0510 0.0668
4 —0.0166 0.0215 0.0542
5 0.0620 0.0660 0.0699

0.0029 —0.0032 0.0206 0.0390
~-0.0217 0.0383 0.0764 0.0482 0.0764
0.0147
0.0415 0.0733
0.0600 0.0510
0.0553 0.0542
0.0216 0.0393 0.0153 0.0393 0.0699

Five sample paths for each of subdivided population (2Ne¢, = 1, [ = 3, u, = 0) and panmictic population (o, = 0.05/«/5, p = 0, Nr = 30)

are given.

with time, but on the average, it tends to increase.

ZENG et al. (1989) have shown that, under the fixed
model that is similar to the house of cards model
(KINGMAN 1978), selection is very efficient in bringing
the equilibrium population fitness to a high value.
Using their weak mutation approximation and assum-
ing an infinite number of alleles, the expected selec-
tion coefficient in the equilibrium state is shifted up-
ward by 4N7e? = wo, from the mean (u,) of the
distribution where = = 4Nra,. Roughly speaking, mu-
tant alleles whose selection coefficients are more than
s, — 1/(2N7) have significant chances of fixation,
where s, is the selection coefficient of the presently
fixed allele. Suppose the expected equilibrium selec-
tion coefficient is the selection coefficient of the allele
fixed in the equilibrium state. Then in order to have
a significant chance of fixation, mutant alleles should
have selection coefficients, s;, with

s> <7r - %)GS + u. 2)

If, for example, 7 = 4N7o, = 4, they should have
selection coefficients greater than 3.50, plus the mean
of the distribution. Such mutants are very rare and
evolution is stagnated in this case. However, as noted
before, it takes a long time to attain equilibrium and
equilibrium may not be realized in nature. That is
why we investigated nonequilibrium states in the pres-
ent paper and why we do not have this stagnation for
larger = when p, is small in Table 2.

We now examine various observations in the light
of our finding. Recent studies on DNA polymorphism
in natural populations of Drosophila reveal several
facts that are unexpected from knowledge of protein
polymorphisms. For example, the level of DNA poly-
morphism at the alcohol dehydrogenase (Adh) locus and
the region around it seems to be too high compared
with that of protein polymorphism (KREITMAN 1987).

HubpsoN, KREITMAN and Aguade (1987) carried out
extensive statistical analyses, and suggested the pres-
ence of at least two selected polymorphisms in this
region. Such candidates for “balancing” selection
could be viewed as an expanded form of the fluctuat-
ing selection modeled here, i.e., selective differences
between the local environments happens to be large
in this particular locus. Even if the migration rate is
not as low in Drosophila melanogaster as in this study,
the frequency spectra in Figure 1 may be attained at
Adh locus, provided that selection coefficients are
larger than the present model.

Another interesting example is the contrasting pat-
terns of DNA polymorphism at the rosy region in D.
melanogaster and Drosophila simulans reported by
AQUADRO, LADO and NooN (1988). These authors
found that, unlike protein polymorphisms, DNA se-
quence variation in this region of D. simulans is esti-
mated to be several times greater than that of D.
melanogaster. Note that the average heterozygosity
over many protein loci is almost the same in D. mela-
nogaster and D. simulans but that geographic differ-
entiation is more pronounced in the former than in
the latter (CHOUDHARY and SINGH 1987). AQUADRO,
Lapo and NooN (1988) suggested that differences in
species effective population sizes may be responsible
for the pattern. AQUADRO (1989) studied more loci,
and found the same contrasting pattern in all three
loci examined between D. simulans and D. melano-
gaster; per in the X chromosome, Adh in the second
chromosome in addition to rosy in the third chromo-
some. Although this finding needs to be expanded to
more loci in order to be general, it is highly desirable
to examine this remarkable pattern from a theoretical
standpoint. Our results show that the species effective
size as well as population structure influences the
pattern of polymorphism when selection intensity fluc-
tuates spatially. Suppose that the important parame-
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TABLE 6

Possible sets of parameter values corresponding to the
contrasting pattern of protein and DNA polymorphisms

Species Protein DNA
D. simulans
Panmictic, { = 5 0. = 0.05/v5 o, =0.01/v5
u, = —0.05 u, = —0.01
h =0.046 h =0.147
n, = 1.460 n, = 1.849

D. melanogaster

Subdivided, I = 2 o, = 0.05 g, = 0.01

u,=—0.05 us=—0.01
Total population

h =0.077 h =0.103
n. = 1.285 n, = 1.381

Colony

h =0.043 h = 0.066
1, =1.159 n, = 1.228

ter, 2Na,, is larger in protein loci than in loci detect-
able by DNA analysis. The extent of polymorphism
may be much different, if the population of a species
is large and panmictic, and that of another species is
not so large and subdivided (CHOUDHARY and SINGH
1987). For example, suppose that the following sets
of parameter values correspond roughly to the values
of the two species. Then the extent of polymorphisms
would be as in Table 6, by using data of Tables 3 and
4. Then the contrasting pattern may be understood.
Of course, the comparison of the theoretical predic-
tion and actual data merely indicates the direction of
the difference of the parameter values between the
two Drosophila species, and more detailed examination
is needed for exact understanding.

LANGLEY and his associates extensively studied
DNA polymorphisms at the white-locus region of D.
melanogaster (LANGLEY and AQUADRO 1987; M1vAsH-
1TA and LANGLEY 1988). They found that there is no
difference in the level of DNA polymorphisms be-
tween loci on autosomes and on the X chromosome.
From this, they argue that negative selection would
be uncommon for molecular variation. However, if
the selection is so mild that 2No, is unity or less as
studied here, it would not matter whether the gene is
single-dose (X chromosome) or double-dose (autoso-
mal) since there is almost no dominance for mutations
with small effects (MUKAI and YAMAGUCHI 1974; Kas-
CER and BuUrNs 1981).

Another important subject related to our study is
that of the rate of molecular evolution. The molecular
clock has been controversial for more than 20 years
involving both population geneticists and molecular
evolutionists (see a collection of papers in the special
issue of Journal of Molecular Evolution; JUKES 1987).
One problem is the dependency on generation time
(LAIRD, MCCONAUGHY and McCARTHY 1969; KOHNE

1970; Wu and L1 1985; BRITTEN 1986; MORIYAMA
1987; SiBLEY and AHLQUIST 1987). In our nearly
neutral mutation model, as well as in the strictly
neutral model, the evolutionary rate is highly depend-
ent on mutation rate (usually measured per cell divi-
sion) [see ALBERTS et al. (1989), p. 96]. A recent report
on male-driven evolutionary rate (MIYATA et al. 1987)
also suggests that evolutionary rate is determined by
the number of germ cell cycles. In mammals, both
male and female primordial germ cells divide early in
embryogenesis, and are stored until sexual matura-
tion. At maturation, only in males, the cells begin to
proliferate, attaining an ability to divide indefinitely
[ALBERTS et al. (1989), pp. 862-865]. Thus, if the cell
cycle of the male germ cell line is important, the
evolutionary rate would be mildly dependent on mat-
uration time and hence on individual generation time.
Data on DNA hybridization and synonymous changes
strongly indicate that animals with short generation
time evolve rapidly (for reviews, see L1, Luo and Wu
1985; SHARP 1989). However, the rate of amino acid
substitution seems to be less dependent on generation
time (LI, TANIMURA and SHARP 1987; GILLESPIE
1989).

Our results show that the effect of total population
size on the substitution rate is larger when 2Ng, = 0.5
and 1 than when 2Ng, = 0.2, indicating that the
cancellation between generation time effect and neg-
ative selection would be more pronounced for amino
acid substitutions than synonymous changes. Data of
L1, TANIMURA and SHARP (1987) suggest that the
generation time effect is stronger on synonymous
substitutions than on amino acid replacement substi-
tutions, agreeing with our results. By using data of L1,
TANIMURA and SHARP (1987), GILLESPIE (1989) ob-
tained weighting factors, which are the ratios of the
numbers of substitutions of the three branches for
each mammalian orders, artiodactyls, rodents and pri-
mates. Let w,, w, and w, be the weights for the above
three orders, respectively. For replacement substitu-
tions, they turned out to be

w, = 0.885, w, = 1.279, w, = 0.836.
For the synonymous substitutions,
w, = 0.762, w, = 1.611, w, = 0.627.

Thus, amino acid replacement substitutions are less
dependent on generation time.

As repeatedly emphasized, the generation time ef-
fect is coupled with the population size effect. An
interesting example that shows the population size
effect is the differentiation of mitochondrial genome
among Hawaiian Drosophila reported by DESALLE
and TEMPLETON (1988). These authors examined the
rate of mitochondrial evolution in two closely related
lineages of Hawaiian Drosophila that have different
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histories, and found that the rate is three times higher
in lineages with repeated founder events than in lin-
eages without bottle necks. Thus mitochondrial evo-
lution fits the prediction of our model.

The final problem is concerned with the assumption
of fluctuating selection coefficients. Results of DYKHU-
1ZEN and HARTL (1980) suggest that many naturally
occurring enzyme polymorphisms in E. coli. are neu-
tral or nearly neutral, but a latent potential for selec-
tion can be observed in the polymorphism at the 6-
phosphogluconate dehydrogenase locus of E. coli,
SAWYER, DYkHUIZEN and HARTL (1987) estimated
that the average selection coefficient for that locus is
approximately —1.6 X 1077. This estimate corre-
sponds to our g,, and local values of selection coeffi-
cient may be larger. DEAN, DYKHUIZEN and HARTL
(1988) examined the fitness effect of newly obtained
amino acid substitutions at the fB-galactosidase locus
of E. coli, and again found that the majority of amino
acid changes have minor effects on fitness. This would
imply that the “Dykhuizen-Hartl” effect applies not
only to naturally occurring polymorphic alleles but
also to many newly arisen mutant alleles. DEAN, Dy-
KHUIZEN and HARTL (1988) also argue that the amino
acid replacements have negligible effects on fitness in
their lactose-limited chemostats, but that they may
well have slightly deleterious effects in natural popu-
lations.
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