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ABSTRACT

The neutral theory of molecular evolution predicts that regions of the genome that evolve at high
rates, as revealed by interspecific DNA sequence comparisons, will also exhibit high levels of
polymorphism within species. We present here a conservative statistical test of this prediction based
on a constant-rate neutral model. The test requires data from an interspecific comparison of at least
two regions of the genome and data on levels of intraspecific polymorphism in the same regions from
at least one species. The model is rejected for data from the region encompassing the Adh locus and
the 5’ flanking sequence of Drosophila melanogaster and Drosophila sechellia. The data depart from
the model in a direction that is consistent with the presence of balanced polymorphism in the coding

region.

NE of the appealing features of the neutral the-
ory of evolution is that it makes predictions not
only about properties of gene frequencies but also
about rates of molecular evolution. Indeed, as KIMURA
(1983) has stated, “Eventually, it will be found, if the
neutral theory is valid, that molecules or parts of one
molecule which are more important in function, and
which therefore evolve more slowly, will show a lower
level of heterozygosity.” This is because, under the
neutral model, the rate of fixation of mutations and
the level of standing variation within populations are
both increasing functions of the neutral mutation rate.
In fact, under the neutral theory, polymorphism is
regarded as a transient phase of molecular evolution.
Despite this feature of the theory, most attempts to
evaluate the neutral theory have focused on testing
only one aspect of the theory, either its predictions
about levels of polymorphism, primarily from allo-
zyme data, or its prediction about the mean and
variance of molecular divergences (e.g., WATTERSON
1978; NEI, FUERST and CHAKRABORTY 1976; LANG-
LEY and FrrcH 1974; KIMURA 1983; GILLESPIE 1986).
Exceptions are the studies of SKIBINSKI and WARD
(1982) and WARD and SKIBINSKI (1985). A lack of
interest in the development of tests based on the
combined predictions of the neutral theory has un-
doubtedly resulted from the difficulty inherent in
calibrating allozyme mobility differences with num-
bers of amino acid substitutions.
The advent of DNA sequence data now makes
possible a quantitative comparison of levels of nucleo-
tide polymorphism within populations and similar lev-
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els of sequence divergence between populations (spe-
cies). Thus it is now important to consider statistical
tests of the neutral theory that are based on both
kinds of data. For example, one might ask, given
different levels of nucleotide divergence between spe-
cies in two or more regions of DNA, whether the
levels of within-species polymorphism in the corre-
sponding regions differ in the appropriate way, as
predicted by the neutral theory.

In this paper, we present a conservative statistical
test of a neutral model based on its predictions about
the relationship between levels of nucleotide polymor-
phism within species and patterns of sequence diver-
gence between species. The test requires data from
an interspecific comparison of at least two regions of
the genome and data on levels of intraspecific poly-
morphism (as measured by the number of nucleotide
sites segregating in a sample) in the same regions from
at least one of the species. The statistic used to carry
out the test is a goodness-of-fit statistic that is de-
scribed in the next section. Also described in the next
section is the specific neutral model upon which the
test is based. The test is then applied to data from the
region encompassing the Adh locus and the 5’ flanking
sequence of the locus of Drosophila melanogaster and
Drosophila sechellia.

THE MODEL AND THE TEST STATISTIC

Consider data collected from two species, referred
to as species A and species B and from L (=2) regions
of the genome, referred to as locus 1 through locus
L. Assume that a random sample of n, gametes from
species A have been sequenced at all L loci and ng
gametes from species B have been sequenced at the
same loci. Let $¢ denote the number of nucleotide
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sites that are polymorphic at locus ¢ in the sample of
na gametes from species A. Similarly, let $2 denote the
number of polymorphic sites at locus ¢ in the sample
of ng gametes from species B. Let D;, i =1, --- , L,
denote the number of differences at locus i between
a random gamete from the sample from species A and
a random gamete from the sample from species B.
The 3L observations, §2, $?, and D, i =1, --- , L)
constitute the data with which the test is carried out.

The observations 5 and S? are measures of the
within-species variation, and the D; are measures of
the between-species divergence. We now consider a
constant-rate neutral model which allows us to test
whether the differences between species are statisti-
cally consistent with the levels of polymorphism within
the species. Under our model estimates of the ex-
pected values of these observed quantities can be
calculated and thus a goodness-of-fit statistic, to be
described later in this section, can be calculated. This
statistic, which measures the deviation of the observed
from the expected values, can be used to test the
neutral model, once the critical values of the statistic
are determined.

Under our model, it is assumed that: (1) generations
are discrete, (2) all mutations are selectively neutral,
(3) the number of nucleotide sites at each locus is very
large, so that each mutation occurs at a previously
unmutated site, (4) in each generation, mutations
occur independently in each gamete and at each locus,
(5) at locus i, the number of mutations per gamete in
each generation is Poisson distributed with mean u;,
and (6) no recombination occurs within the loci. Un-
der these assumptions each locus evolves according to
the standard neutral WRIGHT-FISHER infinite-sites
model. [See, for example, WRIGHT’s model of WAT-
TERSON (1975)]. In addition, we make the following
assumptions: (7) all loci are unlinked, (8) species A
and B are at stationarity at the time of sampling with
population sizes 2N and 2Nf, respectively, and (9) the
two species were derived T’ generations ago from a
single ancestral population, and the ancestral popula-
tion was at stationarity at the time of the split, with
population size of 2N(1 + f)/2 gametes, i.e., the av-
erage of the population sizes of species A and B.
Assumptions (6) and (7), as described in the pIscus-
SION, are the most conservative assumptions one can
make concerning linkage of sites.

As a measure of the goodness-of-fit of the observa-
tions to the model, we propose the statistic, X2, defined
as follows:

L

X2= 3 (52—

=1

E(8{))*/Var(st)
+ 2 (SP — E(S)7/Var(S?)

+ _i (D, - E(Di))Q/Var(Di),

where £( )and Var( ) denote estimates of expectation
and variance, respectively. The estimated expecta-
tions and variances of D;, $¢ and S? are obtained using
the following properties of this neutral model:

E(S%) = 0.C(ns), i=1,---,L (1)

ns—1

Var(§#) = E(S2) + 67 2 1/j2, i=1,---,L (2)

E(D;)) = 0(T + (1 +f)/2), i=1,.---,L (3)

and
Var(D) = E(D) + 0.1 + f)/2F, i=1, -, L (4)

where E( ) and Var( ) denote expectation and vari-
ance, respectively, and 8; = 4Nu;, T = T'/2N and
where

Cn)= 3 1/j

(WATTERSON 1975; GILLESPIE and LANGLEY 1979).
The equations for the mean and variance of S8 are
the same as for §¢ except that §; and n, are replaced
by f8; and np, respectively. The estimates of the ex-
pectations and variances of the observations needed
to calculate X? are obtained from (1)-(4) by replacing
the unknown parameters 8;, f, and T, with estimates
of these parameters. These parameters could be esti-
mated in a number of ways. For example, estimates
could be obtained by minimizing the squared devia-
tions of the observed values from their expectations
or by minimizing the value of X*. Dr. B. S. WEIR, who
pointed out to us the possibility of using least squares
estimates, has shown that simple algebraic expressions
for the least squares estimates are obtainable (B. S.
WEIR, personal communication). The estimates that
we have investigated most thoroughly are 8., f and T,
obtained by solving the following system of L + 2
equations:

L Lo
2 8t =C(na) X 0,
i=1

=1

X §F = fC(ns) z 8,

L . . Lo (5)
2D=(T+(1+f)/2) X6,
i=1 =1
S8+ 8P+ D= 64T + (1 + f)/2
+ C(na) + fC(ng)},
i=1, ..., L—1.
This system of equations is obtained from equations
(1), (8) and the analogous equations for E(S?), by
summing different combinations of the equations, and

replacing the expectations of the random variables
with the observed values. The equation for S¢ + S} +
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D, will necessarily be satisfied when the system (5) is
satisfied.

If the quantities S, $?, D; are stochastically inde-
pendent of each other, are normally distributed, and
the L + 2 parameters are appropriately estimated,
then the statistic X? should be approximately x? dis-
tributed with 2L — 2 degrees of freedom. For n,4, np
and 7 sufficiently large, all the observations are ap-
proximately normally distributed (WATTERSON 1975;
GILLESPIE and LANGLEY 1979). Since the loci are
unlinked, S is independent of §} and S?, and S? is
independent of §7, for i # j. Also, S is essentially
independent of 87, i =1, ---, L, as long as T is not
too small, so that there are no shared polymorphisms
in the two species. However, a small positive correla-
tion is expected between $2 and D;, and between $?
and D;, because a fraction of mutations that contribute
to polymorphism also contribute to between-species
differences.

Our choice of D; as a measure of the divergence
between species requires some comment. An obvious
alternative is the average of the number of differences
in all pairwise comparisons between the two species at
locus ¢. This alternative has the same expectation as
D; and has a lower variance. Qur choice of D; was
based only on the availability of a simple expression
for its variance, equation (4). In practice, it appears
from simulations that replacing D; with this alternate
measure of divergence has negligible effect on the
distribution of X2

Monte Carlo simulations were used to examine the
distribution of X2, under each of the estimation meth-
ods. For the cases examined, the statistic X* calculated
with the estimates 8;, f, and T, has an approximately
x° distribution with the expected degrees of freedom.
The simulations are described in detail in the simMuU-
LATIONS section.

AN APPLICATION

We applied this test of neutrality to data on silent
variation in the Adh locus and in a 4-kb Adh 5’ flanking
region of D. melanogaster and D. sechellia. D. sechellia
is an island endemic species closely related to Drosoph-
ila simulans (COYNE and KREITMAN 1986) and belongs
in the D. melanogaster sibling species group. The silent
sites in the Adh locus are taken to be those in the
translated portions of the three exons (192 sites in
255 codons) and the two small introns (135 sites)
(KREITMAN 1983). The polymorphism data are from
a four-cutter restriction enzyme survey of 81 isochro-
mosomal lines of D. melanogaster (KREITMAN and
AGUADE 1986a,b). Nine polymorphic restriction sites
were identified in the flanking region and eight in the
Adh locus. The “effective” number of silent sites in
the two regions are estimated to be 414 in the flanking
region and 79 in the Adh locus, numbers which reflect

the fact that only a fraction of all possible silent
changes are detectable by this four-cutter method
(KREITMAN and AGUADE 1986b; COYNE and KREIT-
MAN 1986). The interspecific data are based on a
sequence comparison of one D. melanogaster gene
(Af-S) (KREITMAN 1983; CoYNE and KREITMAN 1986)
and one D. sechellia gene (COYNE and KREITMAN 1986;
M. AGUADE and M. KREITMAN, unpublished sequence
available on request from M. KREITMAN). The D.
sechellia sequence is the only available complete se-
quence of the flanking and Adh region among the D.
melanogaster sibling species. This comparison reveals
210 differences in the 4052 bp aligned flanking se-
quences and 18 differences in the 324 Ad# silent sites
(192 silent coding sites plus 132 aligned intron sites)
(CoYNE and KREITMAN 1986). The data are summa-
rized in Table 1. These data indicate an approxi-
mately equal amount of divergence between species
for the two regions (210/4052 = 0.052 vs. 18/324 =
0.056), but an approximately fourfold higher level of
polymorphism in the Adh locus relative to the flanking
region (8/79 = 0.101 vs. 9/414 = 0.022).

Our test must be modified slightly to accommodate
these data since there is polymorphism data only from
one species and since there are different numbers of
sites for the within-species data and for the between-
species data. Let locus 1 denote the 5’ flanking region,
and locus 2 denote the silent sites of the Adh locus. D.
melanogaster and D. sechellia correspond to species A
and species B, respectively. We assume that the neutral
mutation rate for a locus is proportional to the num-
ber of sites. Thus in (1) and (2), the equations for the
within species polymorphism, we replace 8; by 41467,
where 6] is 4N times the mutation rate per nucleotide
site in locus 1, and we replace 6, by 7963, where 6} is
4N times the per nucleotide site mutation rate at locus
2. Similarly, in equation (3) and (4), 6, is replaced by
4052607 and 8; is replaced by 3246;. Since we have no
polymorphism data from species 2, we cannot estimate
Jf- We assume therefore that the ancestral population
had the same population size as species A. System (5)
becomes

St + 84 = C(na)(4146; + 790
D; + Dy = (40520 + 32465%T + 1) (6)
Dy + 8} = 40520((T + 1) + C(n4)4146;.

The observed values of Dy, D, §4 and §4 are 210, 18,
9, and 8, respectively. Solving the system (6), we find
T=6.73,6, =6.6 x107% and 5 = 9.0 X 1073, and
X? = 6.09. Monte Carlo simulations with the param-
eters set equal to these estimates show that the prob-
ability of X? > 6.09 is approximately 0.016 (which is
approximately the same as the P-value assuming a x*
distribution with one degree of freedom). The test
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TABLE 1

Distribution of polymorphism around the Adh locus in D. melanogaster and between D. melanogaster and D. sechellia

5’ Flanking Adh locus
No. sites No. sites No. sites No. sites
Length compared® variable Length® compared* variable
Within species (n = 81)° 4000 414 9 900 79 8
Between species’ 4052 4052 210 900 324 18

¢ Within-species: estimated from the product of the length of the region and the fraction of all possible nucleotide changes in a known D.
melanogaster sequence (African slow allele, Afs) that would be detected by the set of restriction enzymes (e.g., all loss of restriction site
changes and all single-site changes leading to a gain of a restriction site).

#Includes three coding regions (765 bp) and two introns (65 bp and 70 bp).

‘Based on “four-cutter” restriction data using six different enzymes to generate the 5’ data and ten enzymes to generate the Adh locus
data.

“Based on complete sequence comparison of one D. melanogaster sequence (African slow allele, Af-s) and one D. sechellia sequence.

indicates a significant departure from the expectations
of the neutral model.

SIMULATIONS

Monte Carlo simulations were used to examine the
distribution of X? calculated with each of the three
types of estimators of the parameters: (1) the esti-
mators, 01, f, and T (2) the minimum chi-square
estimates, and (3) the least-squares estimates. Some
properties of the estimators themselves were also ex-
amined. Due to the high dimension of the parameter
space, no attempt was made to examine the distribu-
tion of X? throughout the parameter space. Monte
Carlo simulations were carried out for a few cases
with two and three loci and showed that for those
cases, X2, calculated with the estimates @;, f, and T
obtained with the system of equations (5), does indeed
have an approximately x* distribution with the ex-
pected degrees of freedom. Extensive Monte Carlo
simulations were carried out with parameter values
compatible with the data described in the previous
section. For this case, we expect that X* will be ap-
proximately x* with one degree of freedom.

In these simulations, the random variables Dy, D,
§1, and §% were generated completely independently
of each other, by the method of Hupson (1983a),
ignoring the correlation between §f and D;. We expect
that the effect of the correlation is small and that
ignoring it leads to a conservative test. (A small num-
ber of simulations were done which correctly incor-
porate the correlation between these random varia-
bles, and the results, for the cases examined, con-
firmed our expectations.) Some results are given in
Table 2 and Figure 1. The parameter values used in
Table 2 are values estimated by each of the three
estimation methods using the data presented in the
previous section.

The simulation results indicate that all three meth-
ods of estimation perform about equally well in esti-
mating the parameters. However, the distribution of
X? is quite sensitive to the method of estimation, at

least for parameters in the range compatible with the
data that we analyzed. X* calculated with the least-
squares estimates does not appear to be useful as a
test statistic for our data, having a distribution that is
quite sensitive to the parameter values. The distribu-
tion of X? calculated with the minimum x? estimates
is relatively independent of the parameters but does
not have a x? distribution, so significance levels must
be determined by simulation. The distribution of X*
calculated with 61, 62, and T, is also relatively inde-
pendent of the parameters and has a distribution that
is quite close to x? with one degree of freedom, as
shown by the 0.05 and 0.01 critical values (see Table
2) and the cumulative probability curve for unlinked
loci shown in Figure 1. Thus we prefer the use of X
calculated with 01, 02 and T

DISCUSSION

The idea underlying the test presented here was
outlined by KREITMAN and AGUADE (1986b) in an
analysis of within- and between-species nucleotide var-
iation around the Adh locus. Their analysis and rejec-
tion of a neutral model was based on the assumption
that all nucleotide sites (both within and between
regions) evolve independently, an assumption which
allowed them to use conventional tests of independ-
ence. However, it is well known that tightly linked
nucleotide sites, such as those comprising small re-
gions of the DNA, are not evolutionarily independent.
As a consequence of the linkage between sites, the
observed quantities have larger variances than when
independence is assumed. This means that rejections
based on the test of KREITMAN and AGUADE may be
due to the linkage among sites rather than other more
interesting departures from the neutral model. These
considerations motivated us to develop a conservative
statistical test based on different biological assump-
tions.

Our assumptions that no recombination occurs
within loci and that free recombination occurs be-
tween loci are unrealistic but were intentionally made






