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Abstract. Evidence from a variety of sources indicates
that selection has influenced synonymous codon usage in
Drosophila. It has generally been difficult, however, to
distinguish selection that acted in the distant past from
ongoing selection. However, under a neutral model,
polymorphisms usually reflect more recent mutations
than fixed differences between species and may, there-
fore, be useful for inferring recent selection. If the an-
cestral state is preferred, selection should shift the fre-
quency distribution of derived states/site toward lower
values; if the ancestral is unpreferred, selection should
increase the number of derived states/site. Polymor-
phisms were classified as ancestrally preferred or unpre-
ferred for several genes ofD. simulansandD. melano-
gaster. A computer simulation of coalescence was
employed to derive the expected frequency distributions
of derived states/site under various modifications of the
Wright–Fisher neutral model, and distributions of test
statistics (t and Mann–WhitneyU) were derived by ap-
propriate sampling. One-tailed tests were applied to
transformed frequency data to assess whether the two
frequency distributions deviated from neutral expecta-
tions in the direction predicted by selection on codon
usage. Several genes fromD. simulansappear to be sub-
ject to recent selection on synonymous codons, including
one gene with low codon bias,esterase-6.Selection may
also be acting inD. melanogaster.
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Introduction

Several studies have suggested that synonymous codon
usage inDrosophila reflects, in part, the influence of
natural selection. Shields et al. (1988) first presented
evidence for this, perhaps most notably that the dis-
proportionally used codons end in either C or G, though
the apparent mutational bias inD. melanogasteris
toward A and T. Divergence betweenD. melanogaster
and D. pseudoobscuraat synonymous sites was found
to correlate negatively with codon bias (Shields et al.
1988; Sharp and Li 1989; Moriyama and Gojobori 1992),
as would be expected if most silent mutations produced
an unpreferred codon. Various population genetics
models predict that natural selection will be less effec-
tive in regions of low recombination (Hill and Robert-
son 1966; Felsenstein 1974; Charlesworth et al. 1993),
and codon bias is significantly lower in regions
presumed to have little or no recombination inD. mela-
nogaster (Kliman and Hey 1993a). Akashi (1995)
has found patterns of synonymous substitution inDro-
sophila consistent with directional selection on codon
usage.

In several unicellular organisms, codon bias is clearly
correlated with level of gene expression [e.g.,Esch-
erichia coli (Gouy and Gauthier 1982);Saccharomyces
cerevisiae(Bennetzen and Hall 1982), andDictyostelium
discoideum(Sharp and Devine 1989)]. Defining “high
expression” in a multicellular organism is difficult,
though anecdotal evidence suggests that codon bias cor-
relates with expression levels of paralogous members of
multigene families (Shields et al. 1988). Codon bias
might also, or instead, arise from selection on fidelity of
translation (Akashi 1994).
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Little of the evidence that supports a selective basis to
codon bias inD. melanogasterand its close relatives can
be used to infer recent selection on this character (but see
Akashi and Schaeffer 1997). High codon bias might
mainly reflect past selection, allowing the possibility that
selection no longer has much effect. For example, it is
possible that extantD. melanogasterarose from an an-
cestor with a substantially higher effective population
size; if selection coefficients for differential codon usage
are sufficiently low, it is possible that genetic drift sub-
sequently overwhelmed the effect of selection (e.g., see
Akashi 1995). On the other hand, if selection is still
acting on synonymous codon usage, selective neutrality
may be rejected by appropriate analyses.

When comparing orthologous DNA sequences, it is
customary to distinguish fixed differences sampled
among populations and polymorphisms sampled within
populations. A fixed difference will be sampled when a
derived character state rises to sufficiently high fre-
quency (if not to fixation) in one population, such that all
orthologous sites in gene copies sampled from one popu-
lation differ from all those sampled from the other popu-
lation. A polymorphism will be sampled when a newly
derived character state rises to a frequency high enough
to be sampled, but not so high as to present itself as a
fixed difference. Under a neutral model, polymorphisms
are thought to be due, on average, to more recent muta-
tions, with the expectation that either the ancestral or the
derived state will ultimately be fixed. Thus, analysis of
patterns of polymorphism may be used to infer generally
more recent evolutionary processes than analysis of fixed
differences.

A number of statistical methods have been devised to
compare observed patterns of DNA sequence polymor-
phism to those expected under neutral evolutionary mod-
els (Tajima 1989; Hudson et al. 1987; Fu and Li 1993).
The test statistic devised by Tajima (1989) compares
average number of pairwise sequence differences among
gene copies per site to the value expected under a neutral
model given the number of alleles sampled (Watterson
1975). If most mutations are deleterious, then purifying
selection should result in fewer average pairwise differ-
ences per site than expected for the number of gene
copies sampled.

A test of neutrality will be more powerful if polymor-
phic sites can be classified, a priori, as ancestrally pre-
ferred or unpreferred. In other words, the test is more
powerful if it is known that selection should either in-
crease or decrease the frequency of derived character
states. If the common ancestor for all sampled gene cop-
ies had the preferred character state, then sites in the
unpreferred state should be removed by purifying selec-
tion. If, on the other hand, the common ancestor had the
unpreferred state, sites showing the preferred state
should be found in a frequency greater than expected
under a neutral model. Sawyer et al. (1987) were the first

to apply a test comparing frequency distributions of two
classes of mutations (synonymous and nonsynonymous),
and Akashi and Schaeffer (1997) first used such an ap-
proach to compare distributions of ancestrally preferred
and unpreferred synonymous mutations.

In this paper, a parametric test is used to compare
observed frequency distributions of synonymous muta-
tions to those expected under a Wright–Fisher neutral
model. Evidence is found for recent selection having
acted on codon usage of individual genes inD. simulans;
that is, selection on codon usage seems to have influ-
enced codon usage subsequent to the most recent com-
mon ancestor of the gene copies sampled. However,
there is little evidence supporting recent selection inD.
melanogaster.

Materials and Methods

Data Used in Analyses

Synonymous polymorphic nucleotide sites were identified in aligned
sequences for each of severalDrosophilagenes. The genes were cho-
sen because several gene copies had been sequenced in bothD. mela-
nogasterand D. simulans.Only polymorphic sites segregating two
character states, one associated with a preferred codon and one asso-
ciated with an unpreferred codon [based on Akashi’s (1995) identifi-
cation of preferred codons inDrosophila], were used in the analyses.
The ancestral state for eachD. melanogastersite was inferred from the
character state inD. simulans,and vice versa; each site was then
classified as being presumed ancestrally preferred or ancestrally un-
preferred. BecauseD. melanogasteris generally less polymorphic than
D. simulans,and because codon bias limits the potential number of
ancestrally unpreferred polymorphic sites, some of theD. melanogaster
genes lack ancestrally unpreferred sites and can not be used in the
analyses.

For n homologous sequences, the number of derived states at a
polymorphic site can range from 1 ton − 1. Tables 1 and 2 give the
frequency distributions of ancestral:derived states for ancestrally pre-
ferred and ancestrally unpreferred polymorphic sites inD. melanogas-
ter andD. simulans,respectively. The number of gene copies analyzed
ranged from four (est-6in D. simulans) to 33 (Zw in D. melanogaster).

Statistical Tests

If selection has not been influencing the frequencies of derived char-
acter states in a population, then one should expect the same frequency
distributions of derived states for sites classified in advance as either
ancestrally preferred or ancestrally unpreferred. Frequency distribu-
tions of ancestrally preferred and unpreferred character states were
compared using a parametric test (thet test) and a nonparametric test
(the Mann–WhitneyU test). To calculate the numerator of thet statistic
(Sokal and Rohlf 1981, p. 226), the mean for data points from ances-
trally preferred sites is subtracted from that for ancestrally unpreferred
sites, i.e., the value oft is expected to be positive. Thus, statistical
significance is always based on a one-tailed test.

Because the expected frequency distribution of derived states is not
normally distributed, data points fort tests were transformed as de-
scribed in the next section and in Table 3. The test statistic can be
directly compared to the Studentt distribution. However, because one
of the assumptions of this test is equal variance in the two samples, it
is useful to comparets, as well asU, to the distributions of these test
statistics derived from simulated data sets; the simulated data sets, of
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the same size as the actual data set, were constructed by sampling with
replacement from the expected frequency distribution (see below). In
general,P values obtained from the two methods are in close agreement
(see Table 4), though the Monte Carlo approach should be more ac-
curate.

An alternative to estimating statistical significance involves using a
bootstrapping approach. Data from ancesetrally preferred and unpref-
fered sites were pooled to give the probability of obtaining each pos-
sible number of derived states; for example, the probability of observ-
ing two derived states at a site inAdh in D. melanogasterwould be (3
+ 1)/14 (see Table 1). Simulated data sets, of the same size as the actual
data set, were produced by sampling with replacement using this prob-
ability distribution. Thets statistics for the actual data and simulated
data were calculated following data transformation, and statistical sig-
nificance fort tests andU tests were estimated as described above.

It should be noted that, by sampling with replacement to produce all
simulated data sets, tests using a Monte Carlo approach implicitly
assume independent assortment of polymorphic sites. The tests are
automatically conservative to tests that assume linkage, as linkage
would lead to covariance between the number of derived states per site
of ancestrally preferred and that of unpreferred sites without changing
the mean.

Expected Frequency Distribution of Derived Character
States Under a Neutral Model

The statistical tests described here (other than those using a bootrap-
ping approach) takes into consideration the expected frequency distri-

bution of derived states under a Wright–Fisher neutral model, assuming
constant population size. Letn be the number of homologous gene
copies from which polymorphisms are identified. A rooted, bifurcating
genealogy forn homologous nucleotide positions can be described by
n-1 coalescent events (i.e.,n lineages descending ton-1 ancestral lin-
eages,n-1 lineages then descending ton-2 lineages,. . . , 2 remaining
lineages descending to a single ancestor). Under a Wright–Fisher neu-
tral model with a constant population sizeN (of gene copies), ifN is
substantially larger thann, the probability that no two gene copies share
a common ancestor in the previous generation is very nearly 1 − [n(n
− 1)/2N] (Hudson 1983). The topology of the rooted genealogy is
independent of the timing of coalescent events.

For any number ofn sequences, the probability of a site havingd
derived states (whered can range from 1 ton-1) under a constant-N
Wright–Fisher model is given by

P^d& = Sd (
i=1

n−1 1

i D−1

(1)

[see Eq. 22 of Fu (1995)], as long as mutations are Poisson-distributed
and appear at a rate proportional to the total branch length of the
genealogy.

Alternatively, if it assumed that every polymorphic site is produced
by a single forward mutation and no back mutation, then the expected
frequency distribution of new mutations can be derived by simulation.
When simulating coalescence, the frequency of the derived state de-
pends on the location of the mutation on the genealogy for the nucleo-

Table 1. Synonymous polymorphic sites inD. melanogastera

Locus Source of data

Ratio of
ancestral:derived
states

Ancestrally
preferred
sites

Ancestrally
unpreferred
sites

Adh Laurie et al. (1991) 10:1 2 0
9:2 3 1
8:3 1 0
6:5 2 0
5:6 3 0
4:7 0 1
2:9 0 1

Zw Eanes et al. (1993) 32:1 6 0
31:2 2 0
30:3 0 1
28:5 1 0
26:7 2 0
22:11 1 0
21:12 2 0
15:18 1 0
12:21 0 1
10:23 1 0
5:28 1 0
1:32 0 1

est-6 Cooke & Oakeshott (1989) 12:1 9 2
11:2 2 0
10:3 1 1
9:4 0 1
7:6 1 0
6:7 1 0
5:8 1 0
4:9 2 0
3:10 2 0
2:11 1 0

a For each gene, data are provided only for those sites that (i) could be categorized as ancestrally preferred or ancestrally unpreferred on the basis
of comparison to an outgroup and (ii) were segregating one preferred and one unpreferred character state.
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tide site. Each random genealogy is constructed by first establishing the
times (in units ofN generations) separating successive coalescent
events (Hudson 1990). Pairs of lineages are randomly chosen at each
coalescent event to establish the branching pattern (i.e., topology) of
the genealogy. Once the genealogy is constructed, a mutation is ran-
domly placed onto it, the probability of it appearing on a particular
branch being proportional to its length. In all of the analyses described,
107 iterations of the simulation were performed to estimate the ex-
pected frequency distribution of derived states.

Data Transformation

From Eq. (1), it should be clear that the different numbers of derived
states at a site are not equally likely; the probability decreases asd goes
from 1 ton-1. The same is true when no back mutation is assumed. To
perform at test on the distributions ofd, values ofd are normalized by

considering the values ofP(d) for n gene copies under a given model.
Hastings (1955, p. 192) provides a formula that estimates quite well the
area under the normal distribution,P(x), covered by the range −̀to x,
wherex is measured in units of standard deviation from the mean:

x =
c0 + c1a + c2a

2

1 + d1a + d2a
2 + d3a

3
− a (2)

where

a =Î 1

P^x&

c0 = 2.515517, c1 = 0.802853, c2 = 0.010328

d1 = 1.432788, d2 = 0.189269, d3 = 0.001308

Here the normal distribution is divided vertically inton-1 sections
equivalent in size toP(d), the expected frequency ofd.The transformed
value ofd, f (d), is calculated from Eq. (2) byf (d) 4 x, where

P^x& = (
i=1

d−1

P^i& +
P^d&

2

An example of this transformation for six gene copies is given in Table
3. For values ofP(x) greater than 0.5, the value of 1-P(x) is used in
place ofP(x) and the resulting value is multiplied by −1.

Table 2. Synonymous polymorphic sites inD. simulansa

Locus Source of data

Ratio of
ancestral:
derived
states

Ancestrally
preferred
sites

Ancestrally
unpreferred
sites

per Kliman & Hey (1993b) 5:1 18 1
4:2 3 0
3:3 3 0
2:4 2 1
1:5 1 2

Adh McDonald & Kreitman (1991) 5:1 6 0
4:2 1 0
3:3 0 2

Pgi McDonald & Kreitmanb 5:1 5 2
2:4 0 1

Zw Eanes et al. (1993) 11:1 1 0
10:2 2 0
8:4 1 1
7:5 1 1
6:6 0 1
4:8 0 1

boss Ayala & Hartl (1993) 4:1 12 5
3:2 4 0
2:3 3 0
1:4 0 2

est-6 Karotam et al. (1995) 3:1 11 10
2:2 1 6
1:3 1 5

a See Table 1, footnote a, for details.
b UnpublishedPgi sequences can be found in GenBank (accession numbers L27547–L27552).

Table 3. Example of data transformationa

db P(d)c (
i=1

d−1

P(i) P(x)
Transformedd
[x from Eq. (2)]

1 0.4379562 0.0000000 0.2189781 −0.7754292
2 0.2189781 0.4379562 0.5474453 0.1189394
3 0.1459854 0.6569343 0.7299270 0.6122469
4 0.1094891 0.8029197 0.8576643 1.0699090
5 0.0875912 0.9124088 0.9562044 1.7086217

a The transformation for analyses involving six gene copies is shown.
b The variabled represents the number of derived states.
c P(d) is the expected frequency ofd based on Eq. (1).
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Results

The results of tests are given in Table 5. The analyses
indicate that selection has influenced codon usage in the
relatively recent past, especially inD. simulans.The one-
tailed significance values were below 0.05 in four of six
D. simulansgenes (per, Adh, est-6,andZw) regardless of
the test statistic used or method of estimating statistical
significance. The one-tailed tests based on expected fre-
quency distributions were significant for theZw locus,
but not for the other two loci, inD. melanogaster;the
Mann–WhitneyU test [as employed by Akashi and
Schaeffer (1997)] was not significant forD. melanogas-
ter Zw.There is little effect, in general, of changing the
assumption regarding back mutation on significance of
the t tests. In some cases, statistical significance was
greater using the bootstrapping approach (particularly for
theU tests); however, the findings were not qualitatively
different.

It is possible that a significant test for any of these
genes (i.e., a test that givesP < 0.05) is spurious, espe-
cially given the fact that multiple tests were performed.
The probability that one or more of nine tests would be
significant, by chance alone, is 0.299. There is a 0.063
chance of performing two or more spuriously significant
tests. However, while only the test onD. simulans Adh
can be declared significant after correction using the se-
quential Bonferroni method (Rice 1989), it is reasonable
to suggest that at least three of the tests are nonspuriously
significant.

Applying Fisher’s test for combining probabilities of
independent tests (Sokal and Rohlf 1981, p. 780), the
data fromD. simulansstrongly reject the Wright–Fisher
neutral model. Applying the test to one-tailed probabili-
ties from simulation tests using the expected frequency
distribution based on Eq. (1),x2 4 43.289 (12 df,P 4
2.0 × 10−5). Highly significant results were also obtained
using the probabilities based on the alternative tests (e.g.,
tests using frequency distributions in the absence of back

mutation and tests using the bootstrapping approach); the
least significant combined test used theU tests for simu-
lated data sets based on Eq. (1) (x2 4 36.862, 12 df,P
4 2.36 × 10−4). Thus, theD. simulansdata, overall,
indicate strong departure from the neutral model em-
ployed.

The two data sets previously compiled by Akashi and
Schaeffer (1997) were also analyzed, and results of the
tests are given in Table 5. One of these is a composite
data set of five gene copies for severalD. simulansloci
(111 polymorphic sites in all). Consistent with their
analyses, the null hypothesis is rejected using thet test,
regardless of the sampling algorithm. The second data set
used by Akashi and Schaeffer was composed of poly-
morphic sites from 99 copies of theAdhandAdhr loci of
D. pseudoobscura(93 polymorphic sites in all). Again,
the t test is consistent with their findings, as the neutral
hypothesis is rejected by thet test. For both data sets,
however, the significant Mann–WhitneyU tests reported
by Akashi and Schaeffer may be misleading. When theU
distribution was derived using simulated data sets, nei-
ther test was significant at theP < 0.05 level, though they
were nearly significant (Tables 5A and 5B). However,
the U tests on both composite data sets were significant
when the bootstrapping approach was used (Table 5C).

Discussion

The analyses reported here are consistent with a history
of natural selection on synonymous codon usage of mul-
tiple genes inD. simulans.There is also evidence for
possible selection on codon usage atZw in D. melano-
gaster.At polymorphic sites segregating a preferred and
an unpreferred codon, the average frequency of the de-
rived preferred codons is greater than that for derived
unpreferred codons. Because polymorphisms represent
mutations that have occurred since the time of the most
recent common ancestor of gene copies sampled, the

Table 4. Proportion of test statistic values exceeding critical valuesa

4 df 20 df

Critical
value

t
distribution

Simulated 3
anecestrally
preferred:
3 ancestrally
unpreferred

Simulated 4
anecestrally
preferred:
2 ancestrally
unpreferred

Critical
value

t
distribution

Simulated 11
ancestrally
preferred:
11 ancestrally
unpreferred

Simulated 20
ancestrally
preferred:
2 ancestrally
unpreferred

7.173 0.001 0.0042 0.0089 3.552 0.001 0.0013 0.0022
3.747 0.01 0.0149 0.0199 2.528 0.01 0.0106 0.0163
2.132 0.05 0.0401 0.0562 1.725 0.05 0.0501 0.0635
1.533 0.1 0.1023 0.1199 1.325 0.1 0.0992 0.1126
0.941 0.2 0.2127 0.1989 0.860 0.2 0.1989 0.2019
0.000 0.5 0.5341 0.5014 0.000 0.5 0.5026 0.4740

a For unequal sample sizes, the simulated distribution is based on the larger sample having the larger mean. At higher (i.e., more significant) critical
values, the percentage exceeding the critical value is lower when the larger sample has the smaller mean.
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results indicate (on an evolutionary time scale) fairly
recent selection. One should not conclude that selection
is only recent (i.e., that selection was not in effect before
the time of the common ancestor). The tests provide no
information regarding the influence of selection prior to
the time of the common ancestor of gene copies sampled.

There are two main reasons that one might expect that
those genes with high codon bias (i.e., with high usage of
preferred codons) would be those for which the statistical
tests would reject the neutral model. First, one might
assume that recent selection on codon usage, inferred
from these statistical analyses, might mirror past selec-

tion inferred from overall codon usage bias. Second, as
Akashi (1999) has shown, the power of various tests,
including the Mann–WhitneyU test, to detect selection
increases as preferred codon usage increases (i.e., until
about 90% major codon usage is reached).Adh shows
high codon bias in theD. melanogasterspecies complex,
and theZw and per loci show moderately high codon
bias. However,est-6,for which theD. simulanstest is
significant, is one of the least biased genes (Kliman and
Hey 1993a). Of the genes analyzed, it is the only one
with more ancestrally unpreferred sites than ancestrally
preferred sites. In fact, because of its lower usage of

Table 5. Results of one-tailed testsa

Locus Species df

Mann–WhitneyU test

t

t test

P
(U distribution)

P
(simulation)

P
(t distribution)

P
(simulation)

A

per D. simulans 29 0.0132 0.0175 2.8144 0.0044 0.0069
Adh D. simulans 7 0.0072 0.0095 5.0210 0.0008 0.0030
pgi D. simulans 6 0.0984 0.2463 1.3693 0.1100 0.1132
est-6 D. simulans 32 0.0205 0.0233 2.0560 0.0240 0.0228
Zw D. simulans 7 0.0236 0.0221 2.3842 0.0243 0.0271
bos D. simulans 24 0.0992 0.4695 0.5838 0.2824 0.2773
Adh D. melanogaster 12 0.0769 0.0838 1.4311 0.0890 0.0941
est-6 D. melanogaster 22 0.7705 0.7764 −0.7346 0.7352 0.7586
Zw D. melanogaster 18 0.0597 0.0671 1.9302 0.0348 0.0397
— D. pseudoobscurab 91 0.0429 0.0540 1.7373 0.0432 0.0438
— D. simulansb 109 0.0436 0.0540 2.0076 0.0236 0.0256

B

per D. simulans 29 0.0132 0.0160 2.7926 0.0005 0.0076
Adh D. simulans 7 0.0072 0.0092 4.9802 0.0008 0.0037
pgi D. simulans 6 0.0984 0.2447 1.3693 0.1110 0.1160
est-6 D. simulans 32 0.0205 0.0217 2.0639 0.0236 0.0224
Zw D. simulans 7 0.0236 0.0215 2.3749 0.0246 0.0274
bos D. simulans 24 0.0992 0.4690 0.5611 0.2900 0.2858
Adh D. melanogaster 12 0.0769 0.0830 1.4178 0.0909 0.0963
Est-6 D. melanogaster 22 0.7705 0.7756 −0.7260 0.7378 0.7554
Zw D. melanogaster 18 0.0597 0.0667 1.9172 0.0356 0.0408
— D. pseudoobscurab 91 0.0429 0.0540 1.7482 0.0419 0.0429
— D. simulansb 109 0.0436 0.0520 1.9938 0.0244 0.0267

C

per D. simulans 29 0.0132 0.0087 2.7425 0.0052 0.0106
Adh D. simulans 7 0.0072 0.0062 5.2637 0.0006 0.0099
pgi D. simulans 6 0.0984 0.1332 1.3693 0.1100 0.1700
est-6 D. simulans 32 0.0205 0.0194 2.0831 0.0227 0.0211
Zw D. simulans 7 0.0236 0.0225 2.5368 0.0194 0.0210
bos D. simulans 24 0.0992 0.4673 0.4772 0.3188 0.3107
Adh D. melanogaster 12 0.0769 0.0843 1.8156 0.0472 0.0489
est-6 D. melanogaster 22 0.7705 0.7694 −0.6895 0.7511 0.7409
Zw D. melanogaster 18 0.0597 0.0658 1.8934 0.0372 0.0426
— D. pseudoobscurab 91 0.0429 0.0428 1.7368 0.0429 0.0454
— D. simulansb 109 0.0436 0.0430 1.9727 0.0255 0.0289

a A Expected frequency distribution from Eq. (1).B Expected frequency distribution derived from 10,000,000 simulations of coalescence assuming
no opportunity for back mutation.C Expected frequency distribution based on observed frequency distribution after combining ancestrally preferred
and unpreferred sites (i.e., bootstrapping).
b Combined data for multiple genes (Akashi and Schaeffer 1997).
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preferred codons, the power to detect selection inest-6
might, from Akashi’s (1999) analyses, be lower than that
for the other genes analyzed.

It is possible, of course, that the test onest-6 in D.
simulans is spuriously significant. In general, though,
there does seem to be more evidence for selection on
codon usage inD. simulansthan in D. melanogaster.
One possibility is that selection for preferred codon us-
age has become stronger inD. simulanssince its diver-
gence fromD. melanogaster.The est-6gene product is,
in fact, found at higher levels inD. simulanshomog-
enates at certain stages of the life cycle (Karotam and
Oakeshott 1992). However, this may not reflect an in-
crease in expression inD. simulans;it could also reflect
a decrease inD. melanogaster.Alternatively, if selection
failed to produce codon bias inest-6before the diver-
gence ofD. simulansandD. melanogaster,it might sug-
gest thatNe for this locus was previously low and has
since increased, at least inD. simulans.It is improbable
that ancestralNe was low for all loci (i.e., for the popu-
lation in general), since this would be expected to dimin-
ish codon bias across the genome. Thus, if selection has
been influencing codon usage inest-6,another explana-
tion for its low usage of preferred codons is required.

The effectiveness of selection on codon usage atest-6
in the more distant past may have been reduced by a
temporary decrease in recombination in the vicinity of
this gene. As predicted by various population genetic
models, codon bias is significantly lower in regions of
the D. melanogastergenome characterized by very low
or zero recombination (Kliman and Hey 1993a). In that
analysis of 385D. melanogasterloci, the average value
of the Codon Adaptation Index [CAI (Sharp and Li
1986)] was 0.439 for genes outside suspected regions of
low recombination (i.e., the tip of the X chromosome,
centromeres, telomeres, and chromosome 4). All of the
genes in the vicinity ofest-6 (polytene map position
69A) have values of CAI below this mean, indicating
lower usage of preferred codons. With the exception of
arf (CAI 4 0.470), all genes located between polytene
map positions 68C and 73D have values of CAI below
that mean. While this is an a posteriori analysis, it might
be noteworthy that the average CAI for genes in this
interval is 0.335 (n 4 16), lower than the average value
for genes in the presumed hitchhiking regions (0.354),
though not as low as the value for genes in hitchhiking
regions after excluding genes near autosomal telomeres
(0.258) (Kliman and Hey 1993a).

It would be interesting to see if tests reject neutrality
at D. simulansgenes close toest-6,and subsequent stud-
ies on polymorphism in this species ought to include
such loci. With such analyses, it may be possible to
assess whether or not the significant test atest-6 is in-
dicative of a relatively recent change in the effectiveness
of weak selection on this region of theD. simulansge-
nome.

In general, while rejection of the neutral model is
consistent with selection, alternative neutral models
might conceivably explain some of the findings pre-
sented here. In particular, changing population size will
affect the expected frequency distributions of derived
states and, by extension, the distribution of the test sta-
tistics employed. In a population of gene copies of con-
stant sizeN, the most recent common ancestor for all
extant copies of a given site is expected to be found
approximately 2N generations into the past. Forn
sampled copies, this value will generally be less than,
though still close to, 2N (Kliman and Hey 1993b). If the
history of a population is such that it has relatively re-
cently expanded to sizeN, the common ancestor is ex-
pected to have existed more recently. This is because the
lengths of the deepest branches in the genealogy of the
sampled gene copies will be shortened relative to the
lengths expected in a population of constant size, since
coalescent times will decrease asN decreases. Genetic
hitchhiking will produce a similar effect on the geneal-
ogy of sites closely linked to the target of strong, positive
selection. For a derived state to be common, it needs to
result from a mutation on an internal branch of the ge-
nealogy, and any change in genealogical patterns that
decreases internal branch length relative to external
branch length will decrease the frequency of derived
states.

In contrast, derived states will generally be more com-
mon if the population size was greater in the relevant
past, such that deeper branches of the genealogy are dis-
proportionately long. While there is no reason to assume
that such a population model is applicable toD. simu-
lans,such a population history has been suggested forD.
melanogaster(Akashi 1995). Long branches deep in the
genealogy are also associated with population subdivi-
sion and with balancing selection maintaining a poly-
morphism.

At this time, there is no reason to suspect a recent
increase (gradual or sudden) in the effective population
size of eitherD. simulansor D. melanogaster.Regard-
less, if there has increase inN over time, then a test based
on the assumption of constantN should be conservative;
because deep branches are shortened, the mean and vari-
ance of derived states per site should decrease. This was
confirmed for the case ofest-6by modifying the simu-
lation to include a severe bottleneck 0.25N, 0.5N, N,and
2N generations in the past, whereN is the population size
of gene copies. When simulating the timing to successive
coalescent events, the time to subsequent coalescent
events was set to zero generations once the bottleneck
period was reached. Rows 2–5 in Table 6 give the ex-
pected frequency distributions of derived states for
simulated coalescence of four gene copies, incorporating
severe bottlenecks at 0.25N, 0.5N, 1.0N, and 2N genera-
tions in the past. The last two columns in Table 6 give the
P values for t tests andU tests, using the simulation
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method, based on the revised frequency distributions.
The more recent bottlenecks are associated with consid-
erably lowerP values for both thet test and theU test,
and allP values are below those shown in Table 5b for
this data set. Thus, the significance of theest-6findings
is not an artifact of there being a smaller ancestral popu-
lation.

If the population size was greater in the past, then the
t test assuming a constantN tends to be somewhat liberal.
This is also expected, since the mean and variance of the
number of derived states per site will increase as deeper
branches in the genealogy are lengthened. The simula-
tion of coalescence was modified such that the popula-
tion size was increased 10-fold 0.25N, 0.5N, N, and 2N
generations in the past, and frequency distributions as-
sociated with each of these models are given in the last
four rows in Table 6. The results of tests based on these
revised frequency distributions are shown forD. simu-
lans est-6,as before, in the last two columns in Table 6.
P values were slightly elevated when the change in popu-
lation size occurs 0.25N, 0.5N, or N generations back.
However, the effect is minimal. It might be noted that the
effect was greater on theU test than on thet test. How-
ever, there is no evidence that an ancestrally larger popu-
lation could explain the significant departure from neu-
tral expectations atest-6in D. simulans.

Still, for cases of borderline statistical significance,
one needs to consider the possibility that the current
population size is less than the past population size. Aka-
shi (1995) has suggested that apparent loss of selection
on codon usage inD. melanogastersupports a model of
decreased effective population size of this species since
its divergence fromD. simulans.The nearly significant
test onD. melanogaster Adhneeds to be considered in
light of evidence for balancing selection acting at this
locus (Hudson et al. 1987; Kreitman and Hudson 1991).
However, given the lowP value for the test onD. me-

lanogaster Zwand the small effect on statistical signifi-
cance of a 10-fold larger past population size, the sig-
nificance of this test should not be simply dismissed as
an artifact.

Finally, the analyses described here bring attention to
a more general problem associated with tests of neutral-
ity. Rejection of null hypotheses is inferred from the
likelihood of obtaining a particular value or greater of a
test statistic deemed suitable for the analysis. Akashi and
Schaeffer (1997) used the Mann–WhitneyU test to com-
pare frequency distributions of derived preferred and un-
preferred codons in composite data sets forD. simulans
andD. pseudoobscura;in both cases, standard applica-
tion of theU test indicated significant departure from the
expectation of the null hypothesis. However, the findings
presented here indicate that the null distributions of theU
and t statistics are affected by changing the basic popu-
lation genetic model employed. For that matter, the use
of anymodel has an effect. By employing the commonly
used constant-N Wright–Fisher model to derive the ex-
pected frequency distributions, and sampling from this
distribution to construct data sets from which to derive a
null U distribution, the statistical significance of their
earlier results is lost.

As shown earlier forest-6in D. simulans,the statis-
tical significance of theU test (and thet test) is also
affected by changing population size. The tests were re-
peated for Akashi and Schaeffer’s (1997)D. simulans
composite data set, after deriving expected frequency
distributions of derived states when the population is
10-fold larger in the past. WhileP 4 0.0520 with the
Monte Carlo approach using a constant-N model (see
Table 5B),P > 0.057 when the expected frequency dis-
tribution was derived assuming a population size 10-fold
larger 0.25N, 0.5N and 1N generations back, andP 4
0.0536 when the increase was 2N generations back. Sta-
tistical significance was actually slightly greater, relative
to that from the test based on a constantN model, for the
t tests under the same conditions.

As an alternative, a boostrapping approach was used.
In effect, the method assumes an implicit model that
perfectly explains the frequency distribution obtained by
combining ancestrally preferred and unpreferred sites.
This removes certain confounding influences, such as
changing population size, that would drive both fre-
quency distributions away from that expected by a given
neutral model. For example, if the population is growing,
we expect both frequency distributions to shift toward
fewer derived states; if simulated data sets used to pro-
duce a test statistic distribution are sampled from the
constantN frequency distribution,P values might be
misleading. However, even if one finds a neutral model
for which the expected mean number of derived states
per site equals that of the combined observed data, one
can still be criticized for using a model that does not give
the samedistribution. On the other hand, it is hard to

Table 6. Expected frequency distributions of derived states with
changing population sizea

Change in
population
size P(d 4 1) P(d 4 2) P(d 4 3)

One-tailedPb

t test U test

No changec 0.575657 0.261477 0.162866 0.0224 0.0217
Ancestor small

0.25N 0.828359 0.144713 0.026928 0.0132 0.0036
0.5N 0.730025 0.203173 0.066802 0.0179 0.0104
1N 0.636102 0.243233 0.120665 0.0204 0.0178
2N 0.586349 0.258774 0.154877 0.0224 0.0211

Ancestor large
0.25N 0.483322 0.304136 0.212542 0.0240 0.0260
0.5N 0.470077 0.301664 0.228259 0.0240 0.0265
1N 0.505480 0.283062 0.211458 0.0236 0.0252
2N 0.555728 0.266928 0.177345 0.0226 0.0228

a All simulations of coalescence were performed 107 times. Simula-
tions did not permit back mutation.
b Tests were performed onD. simulans est-6data.
c P values for “no change” are taken from Table 5B.
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rationalize a model that predicts only polymorphic sites
of the 5:1 and 2:4 type and none of the 4:2 and 3:3 type
(as seen withpgi in D. simulans;see Table 2). Thus,
while bootstrapping may have certain advantages, it is
not the ultimate solution to the problem of choosing an
appropriate neutral model.

As a general rule, tests of selective neutrality based on
comparison of frequency distributions, while clearly in-
formative, should be used with appropriate caution. Cer-
tainly, blind comparison of test statistics to standard
probability tables is risky;P values from Monte Carlo
approaches are probably more accurate. Nevertheless,
comparison of frequency distributions of ancestrally pre-
ferred and unpreferred synoymous codons, regardless of
the choice of specific test statistic or population model,
indicates significant departure from neutral expectations
for genes ofD. simulans.The findings are parsimoni-
ously explained by recent, if not ongoing, selection on
codon usage.
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