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ABSTRACT By using the distribution function of allelic
frequencies which was recently derived by Kimura and Ohta
for the model of stepwise production of neutral alleles, the
observed protein polymorphisms of Drosophila and man are
tested for fit to the theory of neutral protein variation. The
observed and theoretical distributions of alleles agree quite
well except for the excess of rare alleles in the actual distri-
butions. In human polymorphisms, the alleles with frequen-
cies less than 1% are more numerous than expected, whereas
in Drosophila, those with frequencies less than 10% are
more numerous. It is pointed out that these results support
my thesis that mutational pressure rather than balancing se-
lection -is the main cause for the maintenance of protein
polymorphisms.

The biggest controversy in population genetics in recent
years is the one between the neutral versus selection hypoth-
eses of protein variations (1-5). Several attempts have been
made to test whether the observed pattern of protein poly-
morphisms fits to the neutral theory (6-9). In these studies,
the theoretical predictions are based on the model of neutral
isoalleles originally proposed by Kimura and Crow (10). The
model assumes that whenever mutation occurs it represents
a new, not preexisting allele. On the other hand, most obser-
vations of protein polymorphisms rely on the electrophoretic
methods that can only detect charge differences of a protein
molecule. Because of such a limited detectability, it is now
generally considered that the model assuming stepwise pro-
duction of alleles is more appropriate to analyze observations
on the electrophoretically detectable alleles. In this model,
we assume that the entire sequence of allelic states can be
expressed by integers, and that if an allele changes states by
mutation, it moves either one step in the positive direction
or one step in the negative direction in the allele space (4,
11).

Recently, we have been able to obtain a formula for the
equilibrium distribution of the allelic frequencies under the
assumption of stepwise production of neutral alleles (12).
The distribution is given by

L'(a + fi + 1)#_1mF(X) = Foa)F.f+ 1) (1 - X)a-lXd-l, [1]

where
1 + 4Nev - 1+~8NeV~

a = 4NeV, /? =
e1 + 8NeV 1

and Ne and v, respectively, denote the effective population
size and the mutation rate (see ref. 12). This distribution has

the meaning that $(x)dx represents the expected number of
alleles whose frequencies in the population are in the range
(x- x + dx).
By using this distribution, it is now possible to make a

more appropriate test of neutrality than was previously pos-
sible. In the present paper, I shall attempt statistical analyses
to test if the observed allele distributions fit the above distri-
bution. Recently the step model has been criticized by John-
son (13), who claims that it is not completely realistic and
that the true situation must lie somewhere between the step
model and the Kimura-Crow model. Therefore, I shall also
include analyses using the distribution obtained under the
Kimura-Crow model.

STATISTICAL ANALYSES
For the present analyses, I have chosen the data on the Dro-
sophila willistoni group of Ayala et al. (14) and data on En-
glish human population of Harris et al. (15) because of their
large sample sizes. Since the pattern of allele distribution is
relatively uniform over the wide geographical range in Dro-
sophila species (14, 16), global allele frequencies were used
for the analysis of Drosophila data. The data of Drosophila
willistoni, D. tropicalis, and D. equinoxialis were treated
separately, whereas those of D. paulistorum and D. nebulo-
sa were not included in the analyses because of small sample
sizes. In the present analyses, the number of different alleles
for a specified gene frequency range (say, between x and x
+ Ax) were counted in each species and summed over all
loci. The corresponding theoretical number-per locus was
computed by using formula [1] as follows;

[2]
(++ Ax

n,,(x x + ax) = *eit x

The distribution contains an unknown parameter NeV (the
product of the effective population size and the mutation
rate) that has to be estimated from observations. According
to Ewens (6), the number of alleles (na) actually found in the
sample is a sufficient statistic for estimating Nev. In actual
populations, however, the value of na may be much in-
fluenced by the presence of very slightly deleterious muta-
tions. Our preliminary study suggests their presence in many
species (17). Therefore, we estimated NeV from the average
heterozygosity (He) over all available loci for each species,
since He is less dependent on rare mutant alleles. For the
step model, the relation between He and Nev is given by

He = 1+Hel- 1 +88Nev* Contribution no. 1064 from the National Institute of Genetics,
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(11). Since the value of 4 (x) rises sharply as x approaches 0,
the expected number of alleles with low frequencies may be
much influenced by the sample size. For a particular locus
of one species, the expected number of alleles with frequen-
cy less than 1% may be computed by the following formula;0ool

na(X < 0.01) = 111 [1 - (1 - x)2n}F(x)dx [4]
2N

(6, 12, 18), where n is the number of independent individu-
als in the sample and N is the actual size of the population.
The value of n varies considerably from locus to locus in all
species studied and this complicates the computation. I eval-
uated the expected number of alleles in this class for each
enzyme locus of various sample sizes using formula [4] by as-
suming 2N = 106 and summed over all loci in each species.
Actually only little difference was found whether we assume

2N = 104, 105, or 106 as long as N >> n.

Table 1 shows the observed and the expected numbers of
alleles for the four species studied. The table also includes
the expected numbers of alleles computed using the infinite
allele model of Kimura and Crow (10). It can be seen from
the table that the theoretical predictions based on the neu-

tral theory generally fit quite well to actual observations ex-

cept for the low gene frequency classes (top 2 lines of Table
1). In fact, x2 values turned out to be very large for the fre-
quency class of less than 1% in all four species. For the gene
frequency class between 1% and 10%, the observed and the
expected numbers of alleles agree well in man but not in
Drosophila, x2 being significant for the latter species. It
should also be noted that the deviations from the expectation
based on the Kimura-Crow model are also significant.

DISCUSSION
The excellent agreement between observed and theoretical
distributions of alleles, save for the excess of rare alleles, as

shown above clearly indicates that the "balancing selection"
is not the general mechanism for maintaining these alleles,
particularly the low frequency ones. It rather indicates that
the mutation pressure is playing the major role for their
maintenance. Regarding more common alleles, the observed

frequency distribution agrees remarkably well with the the-
oretical distribution both in man and Drosophila. Of course,
this is not the unequivocal proof of the validity of the neu-
tral hypothesis, since some sort of balancing selection could
be invoked to explain the distribution equally well. How-
ever, the sharp rise of observed frequency distribution
toward the origin could not be explained by any model of
balancing selection.
The present analysis confirms our preliminary conclusion

that too many alleles are actually segregating in the popula-
tion as compared with the level of observed heterozygosity
(17). Latter (19) also found the excess of rare alleles in sever-
al Drosophila species by using a different method. In fact,
we can now see the nature of this deviation; rare alleles
whose frequency is less than 1% are roughly five times as
numerous as expected from the balance between mutational
input and random extinction of strictly neutral alleles. This
tendency seems to exist both in Drosophila and in man. The
difference between the human and Drosophila polymor-
phisms is evident in the next frequency class; the alleles
whose frequencies lie in the range 0.01 0.1 are three to

four times as numerous as expected from the neutral theory
in the case of Drosophila, whereas the number of alleles in
this class is just as expected in human population.

There are two possibilities which might result in the ex-

cess of rare alleles by recurrent mutations: (1) populations
studied have rapidly expanded recently, and (2) rare alleles
are on the average very slightly deleterious and they are

maintained essentially by mutation-selection balance. The
first possibility, as pointed out by M. Nei (personal commu-
nication), predicts that these rare alleles will increase their
frequencies in future generations. Let us examine this case

using a simple model. Suppose that the population expanded
very rapidly under the condition Nev >> 1. We assume that
before expansion there was a single allele (Ao). After expan-

sion, the number of alleles increases by mutation and we

again assume the following step model:
f/'2 v/2 v/2 v/2

... A., A I Ao Al A2...
X-., X_ XO XI X.)

Table 1. The observed and expected numbers of alleles of various frequency classes

D. willistoni D. tropicalis D. equinoxialis Human (English)

Expected Expected Expected Expected
Allele Ob- Ob- Ob- Ob-

frequency served Step K-C served Step K-C served Step K-C served Step K-C

Estimated value of
Nev... 0.060 0.054 0.045 0.042 0.054 0.049 0.020 0.020

< 0.01 85* 11.15 18.79 41* 8.65 12.92 56* 10.29 16.34 59* 10.84 14.07
0.01 - 0.1 39* 12.56 15.92 29* 9.91 12.01 44* 11.75 14.46 8 7.08 8.02
0.1 -0.2 8 4.84 5.25 5 3.71 3.98 3 4.48 4.78 0 2.51 2.69
0.2 - 0.3 2 3.31 3.40 1 2.52 2.59 2 3.06 3.10 3 1.69 1.77
0.3 -0.4 1 2.72 2.70 1 2.07 2.07 1 2.51 2.47 1 1.39 1.43
0.4 -0.5 2 2.47 2.39 2 1.89 1.85 4 2.28 2.19 2 1.27 1.30
0.5 -0.6 2 2.40 2.29 2 1.85 1.79 1 2.23 2.11 3 1.26 1.28
0.6 - 0.7 2 2.51 2.36 1 1.95 1.87 2 2.36 2.19 1 1.35 1.37
0.7 -0.8 0 2.86 2.67 2 2.26 2.15 1 2.68 2.49 2 1.61 1.62
0.8 -0.9 2 3.84 3.57 3 3.12 2.95 4 3.63 3.37 0 2.34 2.34
0.9 - 1.0 23 19.19 19.54 21 20.86 21.04 21 20.02 20.43 37 36.79 36.64

The expected values were obtained by integrating the distribution function numerically. The observed values are the sum of all loci in each
species. For details, see text. K-C refers to the Kimura-Crow model.
* Significantly larger than expected.
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Then it can be shown that the allele frequencies as functions
of time are given by the following formulae,

(2k)(lI)k
xo(T) = Z(Tk

k- k! Tk-O

10= 1 - 2T + 3T2 - +

x 1(T) = (k +2-)(k1)Tk
k=1

= T - 2T2 + -T3 -2T
2k (-_)k -2

k!x+2(T) = :
hk=2

.Tk

= T2 - T3 + ..., etc.,
2

where T = vt/2 in which t represents the number of genera-
tions after the population expansion started and xj(T) stands
for the allele frequencies at time T. If T is small (for exam-
ple, 10-2), we expect a polymorphic pattern where a com-

mon allele is surrounded by rare alleles. Then, the observed
difference between human and Drosophila may be ex-

plained by assuming that T is much smaller in humans than
in Drosophila.
On the other hand, the alternative possibility of slight

negative selection predicts that Drosophila populations may
be near to the true equilibrium between mutation and selec-
tion (20, 21), whereas in human populations such an equilib-
rium has not yet been reached. Observed relative uniformity
of heterozygosity over many species and the heterogeneity

of electrophoretic alleles with respect to heat-sensitivity (22)
seem to suggest the latter possibility (23). We cannot dis-
criminate, at the moment, either one of the two possibilities
from the observed frequency distributions of the alleles.

The author would like to express her deep gratitude to Dr. Motoo
Kimura for his kind advice and encouragement throughout the
course of this work. Thanks are also due to him and Dr. Masatoshi
Nei for many stimulating discussions.
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