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Several recent studies have estimated that a large fraction of amino acid divergence between species of Drosophila was
fixed by positive selection, using statistical approaches based on the McDonald-Kreitman test. However, little is
known about associated selection coefficients of beneficial amino acid mutations. Recurrent selective sweeps
associated with adaptive substitutions should leave a characteristic signature in genome variability data that contains
information about the frequency and strength of selection. Here, I document a significant negative correlation
between the level and the frequency of synonymous site polymorphism and the rate of protein evolution in highly
recombining regions of the X chromosome of D. melanogaster. This pattern is predicted by recurrent adaptive protein
evolution and suggests that adaptation is an important determinant of patterns of neutral variation genome-wide.
Using a maximum likelihood approach, | estimate the product of the rate and strength of selection under a recurrent
genetic hitchhiking model, XZNE,s~ 3 x 1078, Using an approach based on the McDonald-Kreitman test, | estimate that
~50% of divergent amino acids were driven to fixation by positive selection, implying that beneficial amino acid
substitutions are of weak effect on average, on the order of 10~> (i.e., 2N,s ~ 40). Two implications of these results
are that most adaptive substitutions will be difficult to detect in genome scans of selection and that population size
(and genetic drift) may be an important determinant of the evolutionary dynamics of protein adaptation.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GenBank under accession nos. EU216760-EU218523.]

Rates of evolution vary considerably among proteins (Li 1997),
and the causes of this variation are the topic of continuing con-
troversy. In the view of the neutral or nearly neutral theories, the
rate of protein evolution largely reflects a balance between the
level of selective constraint on a protein (i.e., negative or purify-
ing selection) and the efficacy of selection (Kimura 1983; Ohta
2002). An opposing view posits that rates of protein evolution
depend primarily on the rate at which new advantageous amino
acid substitutions arise and how efficiently they can become in-
corporated (Gillespie 1991).

Several recent studies have used a population genetic ap-
proach based on the McDonald-Kreitman (hereafter, MK) test to
distinguish between these two models (McDonald and Kreitman
1991). The MK approach is based on comparing levels of poly-
morphism and divergence of a putatively neutral class of sites
(often synonymous sites) with a putatively selected class (e.g.,
amino acids). The general conclusion has been that a large frac-
tion of the protein divergence between Drosophila species is
driven by positive selection (Fay et al. 2002; Smith and Eyre-
Walker 2002; Sawyer et al. 2003, 2007; Bierne and Eyre-Walker
2004; Andolfatto 2005; Welch 2006). However, little is known
about the associated selection coefficients (s) of beneficial amino
acid mutations. This is an important quantity in population ge-
netics, as the magnitude of s determines the efficacy of natural
selection relative to genetic drift in incorporating beneficial mu-
tations and our ability to detect positive selection in genome
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scans using closely linked neutral sites (Andolfatto 2001; Eyre-
Walker 2006).

Models of genetic hitchhiking predict that regions closely
linked to sites experiencing positive selection should harbor re-
duced levels of neutral polymorphism (Maynard Smith and
Haigh 1974; Kaplan et al. 1989; Wiehe and Stephan 1993). In
Drosophila melanogaster, levels of diversity are reduced in regions
of the genome with low rates of crossing-over, suggesting an
interaction between selection and linkage (Aguadé et al. 1989;
Berry et al. 1991; Begun and Aquadro 1992). The correlation be-
tween levels of diversity and recombination rate has been used to
estimate the frequency and strength of positive selection under a
recurrent hitchhiking model (Wiehe and Stephan 1993; Stephan
1995; Kim and Stephan 2000; Andolfatto 2001; Innan and
Stephan 2003; Eyre-Walker 2006; Kim 2006). However, as
pointed out by Charlesworth et al. (1993), a similar relationship
between levels of diversity and recombination rates is predicted
by the effects of recurrent deleterious mutations—the so called
“background selection” effect.

The relative importance of recurrent hitchhiking and back-
ground selection has been vigorously debated (for review, see
Andolfatto 2001), and attempts to distinguish between these
models continue to prove difficult (Braverman et al. 1995, 2005;
Zurovcova and Eanes 1999; Kim and Stephan 2000; Langley et al.
2000; Andolfatto and Przeworski 2001; Carr et al. 2001; Jensen et
al. 2002; Innan and Stephan 2003; but see Bachtrog 2004). This
difficulty largely arises from the fact that the predictions of two
models can be quite similar (Charlesworth et al. 1995; Gordo et
al. 2002), depending on the precise values of parameters (such as
recombination rates and the distribution of selection coeffi-
cients) that are generally not known. A further difficulty arises
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from the recent finding that a large fraction of noncoding sites in
the Drosophila genome shows evidence for being under direct
selection (Andolfatto 2005; Bachtrog and Andolfatto 2006),
calling into question the suitability of noncoding DNA as neu-
tral sites from which to estimate selection parameters at linked
sites.

If adaptive turnover of amino acids is common, more rap-
idly evolving genes are expected to harbor lower levels of linked
synonymous site diversity due to hitchhiking effects associated
with linked beneficial amino acid substitutions. I document such
a pattern in D. melanogaster, and I use a maximum likelihood
approach to estimate parameters of adaptive protein evolution
under a recurrent hitchhiking model. I then discuss several alter-
native linkage-selection models that may predict a similar corre-
lation between levels of synonymous diversity and rates of amino
acid evolution.

Results

Reduced synonymous site diversity at rapidly evolving
proteins

To detect predicted hitchhiking effects associated with recurrent
fixation of beneficial amino acid substitutions, I surveyed levels
of nucleotide polymorphism in 137 coding regions scattered
across the X chromosome of D. melanogaster and their level of
divergence to D. simulans. Since a strong effect of recombination
rate on both polymorphism levels (Begun and Aquadro 1992)
and amino acid divergence (Betancourt and Presgraves 2002;
Haddrill et al. 2007) has been documented in D. melanogaster, the
regions surveyed here are drawn from the highly recombining
portion of the X, for which there is little evidence of recombina-
tion rate variation (Charlesworth 1996). To detect hitchhiking
effects, I used linked synonymous sites. Previous work has noted
selection for codon usage in Drosophila, and thus their use as a
neutral marker in the genome has been questioned (Akashi 1995;
Akashi and Schaeffer 1997). However, there is little evidence for
ongoing selection on codon usage or selective constraint on syn-
onymous sites in the D. melanogaster genome (Akashi 1995;
McVean and Vieira 2001; Andolfatto 2005; Nielsen et al. 2007),
suggesting that synonymous polymorphisms may be a suitable
“almost neutral” marker for tracking hitchhiking events in this
species.

In Figure 1A, I show that levels of synonymous site diversity
(w,) are reduced in coding regions with higher levels of amino
acid substitution (K,; R= —0.19; P = 0.025, rank correlation
test). K,, is significantly positively correlated with rates of substi-
tution at synonymous sites, K; (data not shown; R = 0.44;
P = 3.4 x 107, rank correlation test), raising the possibility that
variation in mutation rate among genes drives rates of protein
evolution (see Discussion). However, variation in mutation rates
(quantified as K;) weakens the negative relationship between
and K, rather than strengthening it. Indeed, the strength of the
correlation between w, and K, improves when variation in K; is
removed as a confounding factor (Fig. 1B; partial regression re-
siduals of m; and K,; R = —0.45; P < 1.3 X 10~ 7; see also Supple-
mental materials 2). When loci are binned into three equally
sized groups based on levels of amino acid divergence (partial
regression residuals), a consistent reduction in average levels of
7, is observed with increasing average K, (P = 0.01 for all com-
parisons, Wilcoxon two-sample test; see Fig. 4 below), suggesting
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Figure 1. Reduced levels of synonymous site diversity associated with
in high rates of protein evolution in D. melanogaster. (A) Raw estimates of
synonymous site diversity () vs. nonsynonymous divergence (K,). (B)
Partial correlation residuals of g versus K,, correcting for K. Negative
residuals have been set to zero. (Dashed lines) Weighted average diversity
across loci.

the correlation between m; and K, is not driven by a few rapidly
evolving genes.

Reduced codon usage bias at rapidly evolving proteins

The reduction in local N, associated with repeated selective
sweeps is predicted to reduce the efficacy of selection on very
weakly selected sites (Hill and Robertson 1966), such as synony-
mous sites experiencing selection to maintain codon usage bias
(Akashi 1995; Akashi and Schaeffer 1997). In line with this pre-
diction, the level of codon usage bias as quantified using the Fop
index (frequency of preferred codons; Ikemura 1981) is signifi-
cantly negatively correlated with K|, (Fig. 2; Fop vs. partial regres-
sion residuals of K,;; R= —0.32, P = 1.6 X 10~ %, Rank correlation
test). This confirms previous findings of Betancourt and Pres-
graves (2002), who used an independent data set and a different
codon usage table (see Methods). While there is also a strong
negative correlation between Fop and K|, accounting for variation
in K, among genes suggests this correlation is driven by the cor-
relations between K, and K; and between Fop and K, (Fop vs.
partial regression residuals of K; R = —0.09, P =0.31, Rank cor-
relation test). Though Fop and m, are also significantly correlated,
no significant residual correlation remains after accounting for
correlations between Fop and K, and between w, and K, (data not
shown). The observation of reduced levels of codon bias at rap-
idly evolving genes is consistent with a long-term reduction in
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Figure 2. Reduced levels of codon usage bias associated with high
rates of protein evolution. Plotted is the frequency of preferred codons
(Fop) versus partial regression residuals of K, (corrected for K;). (Dashed
line) Average Fop across loci.

N,, and reduced efficacy of selection maintaining codon bias,
associated with elevated K, (Kim 2004). However, it should be
noted that gene expression pattern is also a covariate of both K,
and codon usage bias and may also contribute to the observed
correlation (Akashi 2001; Betancourt and Presgraves 2002; Marais
et al. 2004).

Estimating parameters under a recurrent hitchhiking model

Reduced levels of linked synonymous site diversity and levels of
codon bias in rapidly evolving proteins are predicted by a model
that posits recurrent adaptive amino acid substitutions, with
more such substitutions per unit time in rapidly evolving genes
(Kaplan et al. 1989; Kim 2004). In what follows, I estimate pa-
rameters under such a model and then discuss alternative possi-
bilities.

The expected reduction in levels of linked neutral variability
under the recurrent hitchhiking model (see Methods) primarily
depends on two properties of beneficial mutations: the rate at
which they occur (\) and their average selection coefficients (s).
If we assume that all hitchhiking is caused by adaptive protein
evolution, and that there is no heterogeneity in the fraction of
adaptive divergence among genes (Sawyer et al. 2003, 2007;
Bierne and Eyre-Walker 2004; Welch 2006), N can be directly
related to «, the fraction of protein divergence driven to fixation
by positive selection (i.e., N = aK,/2T, where T is the species di-
vergence time; see Methods). I implement a maximum likelihood
approach to estimate parameters under a recurrent hitchhiking
model, using observed levels of synonymous site diversity (m,) as
a function of K, (see Methods). In Figure 3, I show a joint likeli-
hood surface for 6, the neutral population mutation rate, and the
product as. The maximum likelihood estimates for 6 = 0.031
(95% CI 0.028-0.037) per site, and as=6 x 107° (95% CI
4-12 X 10 °). Figure 4 shows the fit of the recurrent hitchhiking
model to the observed data, using maximum likelihood estimates
of 6 and as and locus-specific parameters.

In the recurrent hitchhiking model employed here, s and «
(or N\) are estimated jointly. The relationship between « and s
(Fig. 5) implies that the average genome-wide diversity reduction
due to recurrent hitchhiking is compatible with either very
strong but infrequent selection (i.e., large s and small o) or very
common but weak selection (i.e., small s and large ). The aver-

age intensity of selection on fixed amino acid mutations, s, can
be estimated given an independent estimate of a. Using the
maximum likelihood method of Bierne and Eyre-Walker (2004),
I estimate o = 50% for my data set (95% CI 38%-59%; see Sup-
plemental materials 4), a value that is in agreement with sev-
eral previous estimates of o in D. melanogaster (for review, see
Eyre-Walker 2006). This estimated value of a implies that
s=1.2 X 10°, and the scaled intensity of selection 2N,s ~ 40
(estimating NE, =1.78 X 10° from 0 = 3N, = 0.031 and assuming
u=5.8 x 107 per site per generation; see Methods). While the
95% confidence interval on the estimate of « is relatively large, it
is consistent with a narrow range of selection coefficients (i.e.,
1.0-1.6 X 10~ 5; Fig. 5). If « is closer to 1, as suggested by Sawyer
et al. (2003, 2007), we would infer s ~ 6 X 10~°, and 2N,s ~ 20
(Fig. 5). Since X = aK,,/2T, we can also estimate \2N,s =3 X 10~°
(& = 0.50, K, = 0.028 per site, K, = 0.147 per site, T = 107 genera-
tions). This estimate is remarkably similar to estimates of A2N,s
inferred from the relationship between levels of polymorphism
and recombination rate in D. melanogaster (Wiehe and Stephan
1993; Stephan 1995; Innan and Stephan 2003; Kim 2006).

Discussion

Distinguishing positive and negative selection models

Strongly reduced diversity at synonymous sites closely linked to
rapidly evolving proteins is unexpected under a strictly neutral
model and points to an interaction between linkage and selec-
tion. A difficulty arises in correctly interpreting this pattern,
however, because this correlation is qualitatively consistent
with several, very different, types of linkage-selection interaction
models. On one hand, elevated K, in rapidly evolving genes may
reflect the recurrent fixation of adaptive amino acid substitutions
(the recurrent hitchhiking model). Under this model, amino acid
substitutions themselves contribute to local reductions in linked
neutral variability (Maynard-Smith and Haigh 1974; Kaplan et al.
1989) and relaxed purifying selection at closely linked synony-
mous sites (Kim 2004). In support of this view, approaches based
on the McDonald-Kreitman framework (McDonald and Kreit-
man 1991) have estimated that a large fraction (~50% or more) of
amino acid divergence between Drosophila species was driven to
fixation by positive selection (for review, see Eyre-Walker 2006).
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Figure 3. Joint likelihood surface for 6 and as under the recurrent hitch-
hiking model. (White circle) Maximum likelihood estimate. Each contour
represents two units of log likelihood.
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Figure 4. The fit of the recurrent hitchhiking model to the data using
maximum likelihood estimates of 6 and s, and locus-specific parameters.
(A) The fit to average levels of synonymous site diversity (). (B) The fit
to average Tajima’s D. Observed and simulated data are binned into three
categories based on levels of amino acid divergence (K,). Plotted are the
mean of 1000 simulated replicates (white circles, gray lines) and the
mean for the observed data (black circles, solid lines) with standard er-
rors. (Horizontal dotted lines) Expectation under the standard neutral
model with recombination.

On the other hand, the removal of weakly deleterious mu-
tations from a population can also result in reductions in the
local N, of a genomic region (the background selection model;
Manning and Thompson 1984; Charlesworth et al. 1993). This
model, in turn, predicts local reductions in levels of linked neu-
tral diversity and the differential accumulation of very weakly
deleterious mutations including unpreferred synonymous muta-
tions (reducing codon bias) and some fraction of amino acid
substitutions (potentially elevating K, Charlesworth 1994).
Thus, it is theoretically possible that elevated levels of amino acid
substitution are not the cause of reductions in local levels of
synonymous variability and codon usage bias per se, but rather
all three are a secondary by-product of the removal of linked
deleterious mutations by negative selection.

A third model lies somewhere in between the pure recurrent
hitchhiking and background selection models and posits an in-
teraction between positively and negatively selected amino acid
mutations. The fixation of a positively selected mutation can
interfere with purifying selection at closely linked sites by drag-
ging slightly deleterious mutations either to high frequency or to
fixation. Thus, like background selection, recurrent positive se-
lection can reduce the local N, of a genomic region, and thus the
efficacy of purifying selection on linked weakly deleterious mu-
tations (Hill and Robertson 1966). I invoked a version of this
model above to account for reductions in levels of codon bias at
synonymous sites closely linked to rapidly evolving proteins un-
der the pure recurrent hitchhiking interpretation of the data. If

there is also a sizeable class of very weakly deleterious amino acid
polymorphisms (i.e., —10< 2N, < —1), then interference be-
tween positively selected and weakly deleterious amino acid mu-
tations may reduce the efficacy of selection on the latter, increas-
ing their probability of fixation. Though mechanistically distinct
from background selection, this model makes the similar quali-
tative prediction that slightly deleterious mutations may accu-
mulate faster in rapidly evolving genes.

Distinguishing among these models is not a simple task be-
cause their relative importance depends on little-known param-
eters such as the distribution of selection coefficients and the
scale at which mutation and recombination rates vary in the
genome. In what follows, I point to several empirical patterns
suggesting that variation in the efficacy of purifying selection on
amino acid mutations, whether due to background selection or
recurrent positive selection, is probably of limited importance in
explaining variation in K, among genes.

Variation in recombination rate is predicted to result in het-
erogeneity in levels of background selection and, thus, variation
in local N, and the efficacy of selection across a chromosome (see
equations 8 and 9 of Hudson and Kaplan 1995). While there is
little evidence for recombination rate heterogeneity across the X
chromosome interval surveyed (Charlesworth 1996), K, is not
significantly correlated with recombination rates estimated for
these regions using several other approaches (see Supplemental
materials 3). Even if there were some cryptic variation in recom-
bination rates, proteins do not tend to evolve faster in regions of
low but non-zero recombination, where the efficacy of selection
is predicted to be reduced (Betancourt and Presgraves 2002; Had-
drill et al. 2007). One interpretation of this finding is that there
are too few amino acid mutations with selection coefficients
small enough (i.e., —10 < 2N,s < —1) to lead to significant accu-
mulations in such regions. Another possibility is that gene con-
version (Langley et al. 2000; Andolfatto and Wall 2003) or low
levels of crossing-over are sufficient to prevent the accumulation
of slightly deleterious amino acid mutations (Haddrill et al.
2007).

Even in the absence of variation in recombination rates,
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Figure 5. The fraction of amino acid mutations fixed by positive selec-
tion () versus their selective advantage s for as =6 x 10~ ¢ (solid line).
(Arrow) Maximum likelihood estimate of a using the approach of Bierne
and Eyre-Walker (2004) (see Supplemental materials 6), (shaded area)
95% Cl for the estimate of «, (vertical dotted line) minimum possible
selection coefficent (a =1; s=6 X 107°).
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variation in N, (and the efficacy of selection) due to background
selection could be induced by variation in the deleterious muta-
tion rate (Hudson and Kaplan 1995). At first glance, the signifi-
cant positive correlation between K, and K, (Supplemental ma-
terials 2) would seem to support this view: Regions of the genome
with elevated mutation rates (indicated by elevated K;) may ex-
perience greater levels of background selection (as indicated by
reduced m, and elevated K,). However, the correlation between
and elevated K, actually becomes stronger when accounting for
variation in K; (see Results and Supplemental materials 2). Thus,
rather than driving the correlation between =, and elevated K, (as
predicted under the background selection model), variation in
mutation rate appears to obscure the pattern by inflating w, at
rapidly evolving proteins. Spatial genomic variation in the del-
eterious mutation rate (and thus the level of background selec-
tion) could be induced by variation in gene density or the frac-
tion of the local genome that is functionally important, even in
the absence of mutation rate variation. However, I find no evi-
dence for an effect of gene density on levels of m; or K, in this
data set (see Supplemental materials 4), suggesting that variation
in the local deleterious mutation rate has little effect on K.

Implications of recurrent weak positive selection

While the relative contributions of other forms of linked selec-
tion to the observed correlation between w, and K, remain un-
clear, recurrent hitchhiking due to a high rate of weakly posi-
tively selected amino acid substitution is sufficient to account for
the observed pattern (Fig. 4). Gillespie (2000) posited that, if
adaptation is common, neutral variation in the genome may be
more strongly influenced by selection through the effects of ge-
netic linkage than by genetic drift—the “genetic draft” model. If
valid, levels of neutral genome variability may be an unreliable
predictor of species population size (Maynard Smith and Haigh
1974; Gillespie 2000). My estimates suggest a modest average
reduction in diversity due to recurrent hitchhiking (i.e., 6=3.1%
and the observed m, = 2.5%). While not quite in the realm of
“genetic draft,” adaptive amino acid evolution in Drosophila does
appear to be common enough to have a sizeable impact on av-
erage levels of genome variability, even in regions of high recom-
bination.

In addition, a recurrent hitchhiking model predicts a ge-
nome-wide skew of the neutral polymorphism frequency spec-
trum toward low-frequency polymorphisms (Braverman et al.
199S5; Przeworski 2002; Kim 2006). In fact, the polymorphism
frequency spectrum is generally negative for synonymous sites in
D. melanogaster (Tajima’s D = —0.28 for the loci studied here)
and several other Drosophila species (Kliman et al. 2000; Machado
et al. 2002; Kopp and Barmina 2005; Bachtrog and Andolfatto
2006; Bachtrog et al. 2006), a skew that has largely been inter-
preted as a signature of population growth. In D. melanogaster,
however, this negative skew in the frequency spectrum is more
severe at rapidly evolving genes, as predicted under a recurrent
hitchhiking model (Fig. 4). Moreover, in simulations of a recur-
rent hitchhiking model using estimated parameters for 6 and as,
the expected Tajima’s D is —0.19 with 95% CI [-0.31, —0.05],
suggesting that recurrent adaptive amino acid substitutions are
sufficient to account for the negative skew in the frequency spec-
trum at linked synonymous sites.

Using estimates of adaptive divergence based on the MK
approach and the fit to the recurrent hitchhiking model, the
average strength of selection on adaptive amino acid substitu-

tions is inferred to be quite weak (i.e., s ~ 10~ °). Thus, it may be
difficult to detect most adaptive substitutions occurring in re-
gions of high recombination using linked neutral variability. For
example, if s ~ 10~ ° on average, the expected window of reduced
variability surrounding most adaptive amino acid substitutions is
expected to be <100 base pairs in highly recombining regions of
the Drosophila genome (assuming p =2 c¢cM/Mb; Kaplan et al.
1989). This implies that most adaptive substitutions will be
missed in standard genome-wide scans for selection, leading to
an underestimate of the frequency of adaptive evolution. The
few adaptive substitutions that are detected will tend to be
drawn from the tail of a distribution of selection coefficients, and
may not be representative of most adaptation (Teshima et al.
20006).

It is important to note that several simplifying assumptions
of the recurrent hitchhiking model that I have employed may
have led to an underestimate of s. The first is the assumption that
positively selected mutations are drawn primarily from newly
arising mutations rather than drawn from standing variation
(Dykhuizen and Hartl 1980; Orr and Betancourt 2001; Innan and
Kim 2004; Przeworski et al. 2005). Similarly, selection is assumed
to be constant over the sojourn time of beneficial substitutions
rather than fluctuating over time (Takahata et al. 1975; Gillespie
1991; Orr and Betancourt 2001; Mustonen and Lassig 2007).
Since the expected sojourn time of a positively selected allele
(~2In(2N)/s for a newly arising mutation) is longer when s is
small, the likelihood that intensity or the direction of selection
will change over the course of its fixation increases. Generally,
this should cause the strength of selection to be underestimated
using the method employed in this study. Future work could be
aimed at estimating the timescale and intensity of these fluctua-
tions (e.g., see Mustonen and Lassig 2007).

A second assumption made here is that there is no interfer-
ence among selected mutations. This has already been discussed
above in the context of interference between positively and nega-
tively selected mutations (above). Interference between posi-
tively selected amino acid substitutions and weak purifying se-
lection to maintain codon usage bias is hinted at by the relation-
ship between K, and the codon usage index Fop (see Results).
However, given the high frequency of adaptive divergence and
small selection coefficients inferred for adaptive amino acid sub-
stitutions, segregating advantageous mutations may be common
enough to interfere with one another (Fisher 1930; Muller 1932),
particularly in rapidly evolving proteins. Given rough estimates
of the rate and strength of selection made here, a useful next step
may be to revisit forward-simulation approaches to ask how in-
terference may influence estimates of the frequency and strength
of positive selection (e.g., Kim and Stephan 2003).

These caveats aside, positing much stronger selection coef-
ficients for adaptive amino acid substitutions would imply that
only a very small fraction of amino acid divergence between D.
melanogaster and D. simulans is adaptive. For example, positing
that s >0.001 would imply that <1% of amino acid divergence
between these species was driven to fixation by positive selec-
tion, which is clearly at odds with inferences of the adaptive
fraction of divergence (o) based on the framework of the McDon-
ald-Kretiman test. Estimates of a by these methods would have to
be off by more than an order of magnitude to change the con-
clusion that weakly beneficial amino acid mutations are com-
mon. The existence of a large class of weakly beneficial mutations
implies that changes in population size may considerably limit
the adaptive potential of a species (Ohta 2002). For example, it
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appears that humans and chimpanzees have undergone less
adaptive protein evolution than bacteria, viruses, and Drosophila
(for review, see Eyre-Walker 2006). Since hominids are thought
to have population sizes more than two orders of magnitude
smaller than Drosophila, many of the adaptive amino acid sub-
stitutions occurring in Drosophila would be effectively neutral.

Methods

Survey of coding regions

The 137 loci surveyed in this study are X-linked coding regions
with a sample size of 12 D. melanogaster alleles from a Zimbabwe,
Africa population. A single D. simulans sequence was also sur-
veyed, where possible, to provide estimates of divergence. A sub-
set (31) of these genes was previously surveyed in Andolfatto
(2005). For 13 regions that I could not amplify from D. simulans,
I used available D. simulans genome sequence (http://
rana.lbl.gov/drosophila). For four loci, D. simulans genome se-
quence was unavailable and so I used D. sechellia genome se-
quence as a surrogate. All genes were selected randomly with
respect to gene function and fall between cytological positions
3C3 and 18F4 (see Supplemental materials, Fig. S1.1). This inter-
val on the X chromosome comprises the most highly recombin-
ing portion of the X chromosome, and there is little evidence for
heterogeneity in recombination rate (Supplemental materials,
Fig. $1.1). Information about the specific loci surveyed and prim-
ers used can be found in the Supplemental materials, Table S1.1.
Each 700- to 800-bp region was PCR-amplified from ge-
nomic DNA extracted from single male flies, and primers and
nucleotides were removed using exonuclease I and shrimp alka-
line phosphatase. Cleaned products were sequenced on both
strands using Big-Dye (version 3, Applied Biosystems) and run on
an ABI 3730 capillary sequencer. Sequence traces were edited
using Sequencher (Gene Codes) software, and multiple sequence
alignments were generated using MUSCLE (http://www.
driveS.com/muscle/) with protein-alignment-assisted adjust-
ments to preserve reading frames. Sequences have been deposited
in GenBank under accession nos. EU216760-EU218523, and
FASTA alignments are available from the website http://
www.biology.ucsd.edu/labs/andolfatto.

Classifying preferred codons in D. melanogaster

Following Bachtrog (2007), I classified synonymous codons into
preferred (P) and unpreferred (U), based on the D. melanogaster
genome annotation (Release 4.7). The “‘scaled” X* measure
(Shields et al. 1988) was used to quantify the level of bias in a
given gene. The X? deviation from expectations based on the
average A+T content for short introns (introns <87-bp long,
A+T = 64.7%) was calculated for each synonymous family (ex-
cluding the codon family being analyzed). The sum of X* values
is divided by the total number of codons to yield a measure of
codon bias that is roughly independent of gene length. Preferred
codons are identified as those whose frequencies (within a syn-
onymous family) show significant positive correlations with the
degree of bias (Akashi 1995). The resulting codon preference
table (see Supplemental materials 7) is identical to that for D.
pseudoobscura (Bachtrog 2007), with the exception of glycine for
which the “GGG” codon is not preferred in D. melanogaster.

Polymorphism and divergence analysis

The estimated number of synonymous sites, nonsynonymous
sites, average pairwise diversity (), average pairwise divergence
to D. simulans (D,,), as well as counts of the number of polymor-

phisms (S) and the summary of the frequency distribution of
polymorphism frequencies, Tajima’s D (Tajima 1989), were cal-
culated using a library of Perl scripts (“Polymorphorama”) writ-
ten by me and D. Bachtrog. The number of nonsynonymous and
synonymous sites was estimated using the method of Nei and
Gojobori (1986). Average pairwise diversity (mw) and divergence
(D,,) estimates were either corrected for multiple hits using a
Jukes-Cantor correction (Jukes and Cantor 1969) or, in the case
of synonymous divergence, the Kimura (1980) two-parameter
model. Multiply hit sites were included in all analyses, but inser-
tion-deletion polymorphisms and polymorphic sites overlap-
ping alignment gaps were excluded.

Estimating recurrent hitchhiking parameters

I employ the relationship between synonymous site diversity ()
and amino acid divergence (K,,) to quantify recurrent hitchhiking
parameters, such as the strength of selection (s) and the rate of
adaptive substitution per site per generation (\). To illustrate how
recurrent hitchhiking is expected to impact levels of linked neu-
tral variability, it is useful to consider the analytical approxima-
tion of Wiehe and Stephan (1993). The expected nucleotide di-
versity at neutral sites is

0p
p+ky\'

E(m) = (€Y
where 6 is the population mutation rate, p is the recombination
rate per site per generation, k is a constant = 0.075, and y (=2N.s)
is the intensity of positive selection (where N, is the effective
population size of the species and s is the strength of selection).
Here, I assume that the rate of selective sweeps in the vicinity of
a focal neutral site is determined by the local rate of amino acid
substitution at gene i (i.e., K, ;). I assume that some fraction of
divergent amino acids at each locus, «, was driven to fixation by
positive selection, and that this fraction is constant across genes
(as inferred in Drosophila; see Bierne and Eyre-Walker 2004;
Welch 2006). Thus, if the local rate of selective sweeps due to
recurrent adaptive amino acid substitutions is \; = oK, ;/2T,
where T is the divergence time in generations between D. mela-
nogaster and D. simulans, equation (1) can be rewritten as

0p;

Elm) = k2N,s(aK, /2T) "

2)
where p; is the local rate of recombination at locus i. Equation 2
allows levels of neutral diversity to be directly related to the ex-
tent of adaptive amino acid divergence at each locus (i.e., aK,, ;).
Estimating T'= (K, — 0)/2u and N, = 6/3y requires an estimate of
the neutral mutation rate, u. When needed, 11 is assumed to be
5.8 X 10~ ? per generation, the estimated average rate for single
nucleotide mutations from D. melanogaster mutation-
accumulation lines (Haag-Liautard et al. 2007). However, Equa-
tion 2 can further be rearranged to show that it depends on the
parameters 6 and the product as as

0p;

) = S @K, (kN T)

3)
Since T is scaled in units of the effective population size, the
expected reduction in variability under recurrent hitchhiking,
E(m;)/6, is independent of .

While the analytical theory serves as a useful guide, I use the
recurrent selective sweep coalescent simulation machinery de-
scribed in Jensen et al. (2007) to co-estimate 6 and «s in a maxi-
mum likelihood framework. The simulation machinery was
modified by K. Thornton to account for the stochastic trajecto-
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ries of positively selected alleles in finite populations (following
Coop and Griffiths 2004; Przeworski et al. 2005; K. Thornton,
unpubl.) and is appropriately applied to cases where positive se-
lection is potentially weak. For each locus, I simulated 10,000
replicates of the recurrent hitchhiking coalescent with locus-
specific parameters: the sample size n;, the locus length L;, the
population mutation rate 6L;, the population recombination rate
(P,-/ﬁ)gL ;» and the local rate of selective sweeps \; = aK,, ;/2T (where
T = (K, — 0)/2{1). Global parameters included N, and s. The dy-
namics of positively selected alleles prior to becoming estab-
lished in a population depend on the strength of genetic drift
(i.e., N,) relative to selection (s). Since s is not known a priori, I
repeated simulations over several values of N, and s, to check the
sensitivity of the inference procedure (data not shown).

Given little evidence for recombination rate variation across
this interval of the X (Charlesworth 1996) and the lack of a cor-
relation between m, and several estimates of variation in the local
recombination rate (see Discussion), I set p;=p = 2.27 X 108 per
site per generation (Andolfatto and Przeworski 2001; Charles-
worth 1996). Incorporating locus-specific estimates of p had little
effect on the results, which follows from the fact that estimates of
the local recombination rate are not strong predictors of
(Supplemental materials 3). Though variation in mutation rate
might be expected across loci, I minimized this by performing a
partial regression of m versus K,, controlling for variation in K;
(implemented with the JMPS5.1 software package, http://
www.jmp.com; see Results). The residuals from this partial re-
gression were used as the observed values of «; and K, for each
locus. Negative residuals were set to zero.

Simulations covered a 20 X 20 grid of 6 and as values. For
each of these grid points, the likelihood of locus i was approxi-
mated as Lik(6,as|m ;,P;) = Pr(w,; + 8|6,as,P;), where P; represents
locus-specific simulation parameters (including \;), and & is a
tolerance that was arbitrarily set to 0.1. 6 and as are estimated as
the values that maximize the product over loci:

[ Tziko,asim, ,Py. @

The implicit assumption of independence among loci in this ap-
proach is supported by the lack of spatial autocorrelation in
estimates (see Supplemental materials 5). 95% credibility inter-
vals are estimated as being within two log-likelihood units of the
maximum likelihood estimate (i.e., using the standard X? ap-
proximation). I demonstrate the fit of the estimated parameters
to the data by simulating 1000 replicates of the recurrent hitch-
hiking coalescent for each of the 137 loci using maximum like-
lihood estimates of 6 and as and locus-specific parameters and
compare simulated and observed mean w and mean Tajima’s D as
a function of the rate of amino acid evolution.

When inferring selection parameters from levels of diversity
under a recurrent hitchhiking model, a and s are confounded
and only their product is estimated. To estimate o independently
of s, I estimate a using the approach of Bierne and Eyre-Walker
(2004) (see Supplemental materials 6). The number of divergent
nonsynonymous and synonymous mutations (D) was estimated
as D,, — m, following Andolfatto (2005), and negative values of
D were set to zero. I exclude singleton and doubleton mutations
(i.e., all mutations with minor allele frequency =2/12) to mini-
mize the downward bias of the estimator due to segregating del-
eterious amino acid mutations (Andolfatto 2005).
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