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and the amount of genetic variation in D.
melanogaster6.

To justify using evidence from DNA
sequence variation to show that there has
been a selective sweep involving Sdic and
Cdic, it is necessary (if not sufficient) to
demonstrate that there is less variation in
these genes than would be expected from
the background selection model for genes in
this region of the X chromosome. This was
not done by Nurminsky et al.1, and indeed it
is difficult to do. For example, although
these genes are in a region where recombi-
nation is reduced in frequency compared
with the middle of the X chromosome, the
relation between the rate of recom-bination
and the location is not known with any
accuracy2. It is therefore not easy to predict
the expected degree of variation under any
model, in contrast to the tip of the X chro-
mosome where the gradient of recombina-
tion frequency is better known6.

The gene Zw is located at position D1 on
the X chromosome, just distal to Sdic and
Cdic, and has a nucleotide-site diversity (p)
of 3.821013 (ref. 7); the gene su(f) is located
at 20E–F and has a p value of 0.521013

(ref. 8). The p values for Sdic and Cdic
(0.8921013 and 0.4521013, respectively)
are closer to those of su(f) than to that of
Zw, but the large standard deviations of
these estimates (0.7321013 and 0.5021013,
respectively) mean the true p values may lie
between those for Zw and su(f). Differences
in selective constraints on different genes
may also contribute to differences among
loci; these can be accounted for by calibrat-
ing with respect to interspecific sequence
comparisons9, which was not done here1.

The effects of selective sweeps can be
detected from departures of frequencies of
variants from neutral expectation, as mea-
sured by statistics such as Tajima’s D (ref.
10). The small numbers of variant sites at
Sdic and Cdic mean that such tests lack
power in this case. Although Tajima’s D val-
ues are negative for both loci (10.085 and
10.104, respectively), indicating an excess
of rare variants (as expected after a selective
sweep10), their magnitudes are far below
those needed for statistical significance.

We believe, therefore, that the data pre-
sented by Nurminsky et al. do not provide
convincing evidence for a recent selective
sweep. This does not imply that Sdic has not
been fixed by selection. It is possible that
the fixation event took place relatively soon
after the divergence of D. melanogaster and
D. simulans, and that variability in this
region has since returned to that expected
for its degree of recombination. Only much
better characterization of the levels of
genetic diversity and recombination fre-
quencies in this region of the X chromo-
some can resolve this question.
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Nurminsky and Hartl reply — One hallmark
of persistent strong background selection is
a severe diminution of codon usage bias1–3.
An example is the Drosophila gene rolled
(gene 1 in Fig. 1), which is located in the
centromeric heterochromatin of chromo-
some 2, where recombination is severely
restricted. Other genes shown in Fig. 1 are
located near the base of the X chromosome.
Genes 10 and 11 are AnnX and Cdic, respec-
tively, which flank the Sdic gene4. As pointed
out by Charlesworth and Charlesworth,
gene 2, which is su(f), has much less DNA
sequence variation than gene 17 (Zw). This
difference is consistent with the discordant
levels of codon usage bias and suggests
strong background selection at su(f) but
not at Zw. The degree of codon usage bias
shows an extremely sharp increase as the

gene locations progress outwards from
su(f). The transition is near genes 5 (sol)
and 6 (slgA), which are proximal to the
Cdic–AnnX region.

The result is that AnnX and Cdic are
located in a region of codon usage bias sim-
ilar to that of Zw. The cytological region
19DE might therefore support a level of
DNA sequence variation of Sdic and Cdic
comparable to that of Zw. However, based
on the amount of polymorphism observed
for Zw, the probability of obtaining a value
as low or lower than that for Sdic and Cdic
is about 0.043 and 0.008, respectively.
These estimates are based on 10,000 simu-
lations using Watterson’s formula5 for pair-
wise mismatches in the infinite-alleles
model with no recombination, so they
should be conservative. There seems to be a
statistically significant difference between
Zw and the other two genes.

The evolution of Sdic required an initial
duplication and gene fusion accompanied
or followed by three deletions, two more
insertions/deletions (including one that
created a new splice junction), 11
nucleotide substitutions (including reversal
of a chain-terminating codon), and a ten-
fold tandem reiteration of the Sdic coding
sequence. Although all these changes may
have occurred shortly after the divergence
of D. melanogaster and D. simulans, the
similarity in degree of codon usage bias of
Cdic and Zw, contrasted with the signifi-
cant discrepancy in their levels of
nucleotide diversity, provides independent
evidence in support of our original infer-
ence of at least one relatively recent selective
sweep. The negative values of Tajima’s D
statistic6 for Sdic and Cdic also support this
idea, notwithstanding their lack of statisti-
cal significance.

Charlesworth and Charlesworth are cor-
rect in pointing out that all the genes in the
region 19DE might have limited DNA
sequence variation as a result of back-
ground selection, despite the higher than
predicted level of codon usage bias indicated
in Fig. 1. We agree that a much more com-
plete characterization of the levels of genet-
ic diversity and recombination in this
region would be informative.
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FFiigguurree  11 Codon usage bias is scaled according to
the effective number of codons7. The vertical axis is
inverted because a smaller effective number of
codons corresponds to a greater bias in codon
usage. A similar pattern is seen with other mea-
sures of codon bias, such as the x2/L statistic8 (data
not shown). The genes and their accession num-
bers are: 1, rl (M95124); 2, su(f) (X62679); 3, S6kII
(L28945); 4, fog (U03717); 5, sol (M64084); 6, slgA
(L07330); 7, dod (U35140); 8, shakB (U17330); 9, run
(X56432); 10, AnnX (M34069); 11, Cdic (AF070699); 12,
Pbprp2 (U05981); 13, Pp4–19C (Y14213); 14, Mer
(U49724); 15, Cdc42 (U11824); 16, Bap (X75910); and
17, Zw (M26673, M26674).
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