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Abstract

Genetic recombination associated with sexual reproduction increases the efficiency of natural selection by reducing the
strength of Hill-Robertson interference. Such interference can be caused either by selective sweeps of positively selected
alleles or by background selection (BGS) against deleterious mutations. Its consequences can be studied by comparing
patterns of molecular evolution and variation in genomic regions with different rates of crossing over. We carried out a
comprehensive study of the benefits of recombination in Drosophila melanogaster, both by contrasting five independent
genomic regions that lack crossing over with the rest of the genome and by comparing regions with different rates of
crossing over, using data on DNA sequence polymorphisms from an African population that is geographically close to the
putatively ancestral population for the species, and on sequence divergence from a related species. We observed reduc-
tions in sequence diversity in noncrossover (NC) regions that are inconsistent with the effects of hard selective sweeps in
the absence of recombination. Overall, the observed patterns suggest that the recombination rate experienced by a gene
is positively related to an increase in the efficiency of both positive and purifying selection. The results are consistent with
a BGS model with interference among selected sites in NC regions, and joint effects of BGS, selective sweeps, and a past
population expansion on variability in regions of the genome that experience crossing over. In such crossover regions, the
X chromosome exhibits a higher rate of adaptive protein sequence evolution than the autosomes, implying a Faster-X
effect.

Key words: Drosophila melanogaster, crossing over, recombination, heterochromatin, Hill-Robertson interference, back-
ground selection, selective sweeps.

neutral nucleotide variants. It should also cause loci to accu-
mulate more slightly deleterious mutations and fix fewer ad-
vantageous ones, provided that these are under sufficiently
weak selection. These expectations are consistent with evi-
dence that regions of the Drosophila genome with low levels
of genetic recombination often show low levels of genetic
diversity (Aguadé et al. 1989; Begun and Aquadro 1992;
Betancourt et al. 2009; Arguello et al. 2010). Similar effects
have been found in a wide range of species (Frankham 2012;
Cutter and Payseur 2013). Low levels of recombination
in Drosophila are also often associated with reduced levels
of adaptation at the molecular level (Presgraves 2005;
Betancourt et al. 2009; Arguello et al. 2010). In addition, spe-
cies with low levels of genome-wide recombination, such as
highly self-fertilizing species, show reduced genetic diversity
compared with their outcrossing relatives, although the evi-
dence for reduced molecular sequence adaptation is less clear
(Charlesworth 2003; Cutter and Payseur 2013). However,

Introduction

Levels of variation and rates of evolution in different regions of
the genome may be greatly affected by differences in the
frequency of recombination, as a result of Hill-Robertson
interference (HRI), whereby evolutionary processes at a
given site in the genome are influenced by selection acting
on closely linked sites (Hill and Robertson 1966; Felsenstein
1974)—see recent reviews by Comeron et al. (2008),
Charlesworth et al. (2010), and Cutter and Payseur (2013).
HRI can occur through selective sweeps involving favorable
mutations that drag closely linked neutral or deleterious var-
iants to fixation (Maynard Smith and Haigh 1974). It may also
operate through the effects of the removal by selection of
deleterious mutations on variants at linked sites—back-
ground selection (BGS; Charlesworth et al. 1993). To a first
approximation, selective sweeps and BGS can be viewed as
processes that result in a reduction in the effective population
size (N,) at sites linked to those under selection, because of

the resulting increased variance in fitness that they experience
(Charlesworth et al. 2010). This effect is expected to be max-
imal in regions with little or no genetic recombination, other
things such as gene density being equal, because recombina-
tion reduces the intensity of HRI effects.

Reduced N, associated with HRI effects causes a reduction
in the level of variability with respect to neutral or nearly

comparisons among species may be confounded by differ-
ences in life history and demographic variables such as pop-
ulation size and vulnerability to founder effects (Charlesworth
2003; Cutter and Payseur 2013), so that it is difficult to dis-
entangle the effects of HRI per se. There are therefore consid-
erable advantages in using comparisons among different
regions of the genome of the same species.
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A major challenge that remains is to determine which of
the two nonexclusive causal factors (selective sweeps or BGS)
is most important in causing the patterns observed in low
recombination genomes or genomic regions (Stephan 2010).
One study of the noncrossing over dot chromosome of
D. americana has shown that it was hard to account for its
reduced diversity by a recent “hard” selective sweep (in which
a single newly arisen mutation spreads to fixation) because
there were too many intermediate frequency variants in the
population (Betancourt et al. 2009). In addition, there ap-
peared to be a lack of evidence for positive selection on
nonsynonymous mutations on the dot chromosome, in con-
trast to the rest of the genome of this species, as was also
found for the D. melanogaster dot chromosome (Arguello
et al. 2010). However, the classical model of BGS, which as-
sumes that the variants responsible are at equilibrium under
mutation—selection balance, predicts a far greater reduction
of diversity than is seen in noncrossover (NC) regions of the
Drosophila genome (Loewe and Charlesworth 2007). This
apparent paradox is resolved by the finding that, in a large
genome region without crossing over, HRI among the strongly
selected mutations themselves can progressively reduce their
effects on linked neutral or weakly selected variants, leading to
higher levels of neutral diversity than are predicted by classical
BGS (Kaiser and Charlesworth 2009). This modified BGS
model is consistent with the level of variation observed on
the fourth chromosome of several Drosophila species and
on the neo-Y chromosome of D. miranda (Kaiser and
Charlesworth 2009).

It is clearly important to extend these types of analyses to
other systems, to determine whether the observed patterns
can be replicated; this is the purpose of this article, which has
the aim of using genome-wide data on polymorphism and
divergence to look for the footprints of the processes men-
tioned earlier. In a previous analysis, we studied the evolu-
tionary effects of highly reduced levels of recombination on
the D. melanogaster genome, analyzing more than 200 genes
that lack crossing over (Campos et al. 2012). These genes are
located in five independent regions that lack crossing over
(“noncrossover regions”) of D. melanogaster: the heterochro-
matic regions of the 2nd, 3rd and X chromosomes, and the
4th (dot) chromosome. All these NC regions exhibited an
elevated level of evolutionary divergence from D. yakuba at
nonsynonymous sites, as well as lower codon usage bias
(CUB), a lower GC content in coding and noncoding regions,
and longer introns. These patterns are consistent with a re-
duction in the efficacy of selection in all regions of the
genome of D. melanogaster that lack crossovers, as a result
of the effects of enhanced HRI in these regions. However, to
rule out the possibility that the higher levels of nonsynon-
ymous divergence are due to positive selection, and to deter-
mine whether positive as well as purifying selection is less
effective in NC regions, we need to compare levels of diver-
gence and polymorphism (McDonald and Kreitman 1991).
In the analyses described here, we use next-generation DNA
sequence data from a population that is geographically close
to the putatively ancestral population of D. melanogaster,
generated in the Drosophila Population Genomics Project

(DPGP: Pool et al. 2012), to compare patterns of diversity
and divergence across the whole genome, including contrasts
between NC and crossover (C) regions, among regions with
different nonzero rates of crossing over, and between the X
chromosome and the autosomes.

Results

Effects of a Low Recombination Rate on Diversity and
Divergence

Table 1 displays the basic diversity and divergence statistics
for the two regions with crossing over (X chromosome and
autosomes—XC and AG, respectively) and the pooled results
for the NC regions. The results for each NC region separately
are shown in table 2. The general patterns are similar for the
filtered (95% recovered true variants) and the unfiltered data
sets (see Materials and Methods), except that the estimates of
diversity are lower in the filtered data set, because of the
removal of some polymorphic sites. We have therefore re-
ported only the results obtained from the filtered data set; the
unfiltered results are given in supplementary tables S1and S2
of supplementary material S1, Supplementary Material
online. Similarly, the data set where no admixture mask was
employed produced identical results to the filtered and
masked data set (supplementary table S3 of supplementary
material S1, Supplementary Material online). Therefore, the
removal of these regions has apparently not biased the results.
The main patterns to emerge are as follows. First, consis-
tent with previous studies of the dot chromosome in several
species of Drosophila (see Introduction), we found an approx-
imately 7-fold overall reduction in synonymous diversity in
the NC regions compared with the C regions. XC had a some-
what higher synonymous diversity level than AC, as was pre-
viously found for 4-fold degenerate sites by Campos et al.
(2013); the mean 75 values were AC =0.0141, XC = 0.0156,
and NC=0.00218. The highest reduction in diversity in
NC genes was on the fourth chromosome, whereas the NC
genes near the X centromere had the highest mean diversity
(table 2). The means of the estimates of synonymous diver-
gence from D. yakuba (Ks) were only slightly different among
regions (and were somewhat elevated for NC autosomes), so
that the greatly reduced diversity in the NC regions cannot
be due to a lower mutation rate, in agreement with the
conclusions from earlier studies (Begun and Aquadro 1992;
Presgraves 2005; Langley et al. 2012; Mackay et al. 2012).
We also found increased values of the ratios 7 5/7s and Ka/
Ks in the NC compared with the C regions. The mean /7
was above 0.2 for all NC regions, but approximately 0.1 for AC
and XC. Similarly, mean K,/Ks was over 0.2 for all NC regions
except the telomere of the X chromosome, but about 0.15 for
the regions with crossing over, consistent with the results of
Campos et al. (2012). A smaller reduction in 5 compared
with 75 as N, decreases is expected if nonsynonymous
mutations are subject to stronger purifying selection than
synonymous mutations, even with a wide distribution of se-
lection coefficients (Betancourt et al. 2012), so that the fact
that a/7s is elevated in the NC regions is consistent with the
expected effect of a reduced efficacy of selection in these
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Table 1. Summary Statistics for Autosomal Genes in Crossover Regions (AC), X Chromosome Genes in Crossover regions (XC), and All NC Genes.

AC XC NC
N 7,099 1,319 268
Sa 45,373 8,868 620
Ss 144,370 34,812 777
Tia 0.00143 (0.00139, 0.00146) 0.00128 (0.00120, 0.00135) 0.000537 (0.000313, 0.000761)
T 0.0141 (0.0139, 0.0144) 0.0156 (0.0151, 0.0161) 0.00218 (0.000990, 0.00338)
N 0.101 (0.098, 0.104) 0.0818 (0.0765, 0.0875) 0.268 (0.215, 0.321)
0 0.00179 (0.00175, 0.00184) 0.00178 (0.00168, 0.00188) 0.000620 (0.000381, 0.000859)
0s 0.0147 (0.0145, 0.0150) 0.0178 (0.0173, 0.0183) 0.00230 (0.00124, 0.00337)
Painga 0.514 (0.492, 0.536) 0.610 (0.549, 0.677) 0.439 (0.345, 0.533)
Peings 0.354 (0.340, 0.369) 0.427 (0.395, 0.465) 0.393 (0.296, 0.491)
Da —0.666 (—0.685, —0.646) —0.953 (—0.996, —0.911) —0.603 (—0.972, —0.234)
Ds —0.173 (—0.190, —0.157) —0.532 (—0.563, —0.5014) —0.354 (—0.778, 0.069)
Ka 0.0381 (0.0371, 0.0391) 0.0404 (0.0381, 0.0427) 0.0549 (0.0499, 0.0599)
Ks 0.262 (0.260, 0.264) 0.258 (0.254, 0.262) 0.273 (0.266, 0.279)
Ka/Ks 0.145 (0.141, 0.150) 0.156 (0.148, 0.166) 0.204 (0.184, 0.222)
N 0.000035 (—0.000003, 0.000071) —0.00004 (—0.00014, 0.00006) 0.000118 (0.000057, 0.000179)
Hs —0.00296 (—0.00319, —0.00274) —0.00292 (—0.00356, —0.00231) —0.000089 (—0.000714, 0.000537)

Note.—N, number of genes analyzed; S, number of segregating sites (subscript A: nonsynonymous sites; subscript S: synonymous sites); 77, mean number of nucleotide differences
per site; 6, mean value of Watterson’s theta per gene; D, mean value of Tajima’s D per gene; K, mean value of divergence per nucleotide site from D. yakuba; Py, proportion of
segregating sites that are singletons; H, mean value of the Fay and Wu statistic. The quantities in parentheses are the 95% Cls of the means; for C regions, these were obtained by
bootstrapping across genes and for NC regions by jackknifing across the five independent NC regions.

Table 2. Summary Statistics for the Five NC Regions.

N2 N3 N4 NXc NXt

N 59 99 67 19 23

Sa 142 150 191 72 65

Ss 222 197 176 104 78

Tia 0.000455 (0.000234) 0.000426 (0.000218) 0.000279 (0.000143) 0.000955 (0.000498) 0.00057 (0.000299)
T 0.00221 (0.00113) 0.00163 (0.000828) 0.000807 (0.000413) 0.004438 (0.002281) 0.001829 (0.000953)
nalms  0.206 (0.148) 0.262 (0.190) 0.346 (0.251) 0.215 (0.158) 0.312 (0.230)

0 0.000564 (0.000215) 0.000431 (0.000164) 0.000384 (0.000146) 0.00107 (0.000418) 0.000651 (0.000256)
0s 0.00254 (0.00096) 0.00160 (0.000606) 0.00102 (0.000387) 0.00422 (0.00162) 0.00215 (0.000838)
Painga 0.458 0.320 0.597 0.361 0.462

Peings 0.374 0.279 0.528 0.298 0.487

Da —0.821 —0.050 —1.173 —0.450 —0.523

D¢ —0.551 0.083 —0.890 0.224 —0.639

Ka 0.0603 (0.0496, 0.0698)  0.0549 (0.0452, 0.0635)  0.0556 (0.0467, 0.0643)  0.0597 (0.0374, 0.0799)  0.0349 (0.0258, 0.0445)
Ks 0.294 (0.278, 0.310) 0.284 (0.273, 0.296) 0.248 (0.238, 0.259) 0.252 (0.226, 0.277) 0.254 (0.234, 0.274)
Ka/Ks 0205 (0.169, 0.244) 0.193 (0.163, 0.226) 0.224 (0.190, 0.258) 0.237 (0.155, 0.336) 0.137 (0.101, 0.175)
Ha 0.000105 0.000142 0.0000034 0.000161 0.000177

Hs —0.00111 0.0000632 0.000283 —0.000431 0.000754

Note—The entries in the columns headed N2-N4 are the mean values for the NC regions of chromosomes 2—4; those under NXc are for the NC region of the X adjacent to
the centromere, and those under NXt are for the NC region of the X adjacent to the telomere. The meaning of the other symbols is the same as for table 1, except that the
quantities in brackets for the diversity statistics 7 and 6 are the standard errors of the means obtained from the coalescent process formulae with no recombination; the
standard errors for the corresponding ratios were obtained by the delta method formula for a ratio (see Materials and Methods).

*No Ds was significantly different from 0 when tested by 1,000 coalescent simulations with no recombination.

regions. Nonetheless, it is theoretically possible that, if purify-
ing selection on the majority of nonsynonymous mutations is

intervals (Cls) for the two regions do not overlap, which con-
tradicts this scenario.

sufficiently strong that 7t 5 is maintained close to deterministic
mutation-selection balance in both the C and NC regions, 5
would not experience a substantial change due to reduced N,
in the NC regions. However, 5 in the NC regions is approx-
imately half the value for the C regions, and the confidence
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We examined this question further by polarizing segregat-
ing variants against two outgroup species, as described in the
Materials and Methods. We used the results to calculate the
ratios of the numbers of derived nonsynonymous mutations
to the numbers of synonymous mutations in different regions
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Table 3. 2 x 2 Contingency Tables Comparing the Numbers of
Derived Mutations in Different Frequency Categories in C and NC
regions for Nonsynonymous (A) and Synonymous (S) Variants.

No. of Derived Mutations Site Region P
AC NA
1 (singletons) A 18,070 135 2x10°"°
S 37,810 126
2-7 (intermediate) A 12,914 127 2x10"
S 48,427 190
8-16 (high) A 5,187 49 2x107"
s 27,010 64
1-16 (all) A 36,171 311 1x 1032
S 113247 380
XC NX
1 (singletons) A 3,157 35 0.0023
S 8,531 46
2-7 (intermediate) A 1,455 43 5x10°"
S 7769 53
8-16 (high) A 709 16 0.00017
s 4097 25
1-16 (all) A 5321 9% 1x10° "2
s 20397 124

Note—AC, autosomal C region; NA, autosomal NC regions; XC, X-chromosome C
regions; NX, X chromosome NC regions. P value: Fisher's exact test probability for
the corresponding 2 x 2 table.

(table 3 and fig. 1). The results indicate that there are signif-
icant increases in the abundances of derived nonsynonymous
mutations relative to synonymous mutations in the NC
regions compared with the C regions, even among high-
frequency-derived variants. Contrary to what would be ex-
pected if nonsynonymous mutations are being held at very
low frequencies by strong purifying selection, there is no sign
in the NC regions of a very much greater ratio of nonsynon-
ymous to synonymous derived mutations among singletons
compared with intermediate or even high-frequency variants.
Overall, therefore, the polymorphism data are entirely consis-
tent with a reduced efficacy of selection against slightly
deleterious nonsynonymous mutations, and with a wide dis-
tribution of selection coefficients around a low mean value, as
indicated by previous studies (Kousathanas and Keightley
2013) and as found in our own analyses (see later).

Is There Positive Selection on Genes in the

NC Regions?

The higher K5/Ks in the NC regions could in principle be due
to a faster rate of adaptive evolution on nonsynonymous
mutations in the absence of crossing over, although this is
theoretically very implausible. We have therefore asked
whether the efficacy of positive selection is reduced in the
NC regions. This was done using estimates of the proportion,
o, of fixed nonsynonymous differences between D. yakuba
and D. melanogaster that are due to positive selection, using
the method of Fay et al. (2002), as described in the Materials
and Methods. This approach was used to avoid possible
biases in the distribution of fitness effects (DFE)-alpha
method of Eyre-Walker and Keightley (2009), associated

0.3

Region
Mac
0.2+ XC
BiNA
LNX
0.1
0.0-

1 27 8-16
A/S derived mutants

Fic. 1. Ratio of the number of derived nonsynonymous mutations per
nonsynonymous site to the number of synonymous mutations per
synonymous site, for three categories of frequencies of derived variants.
AC, autosomal crossover regions; XC, X chromosome crossover regions;
NA, autosomal NC regions; NX, X chromosome NC regions.

with the high level of linkage disequilibrium in the NC regions;
similar results are, however, obtained with DFE-alpha, as
shown in supplementary table S4 of supplementary material
S1, Supplementary Material online.

The results are shown in table 4. We found that « was
above 35% for crossover genes but is nonsignificantly different
from 0 for the mean over the five NC regions, on the basis of
jackknifing over regions (the overall « values were AC = 0.368,
XC=0.569, NC=-0.412). The estimates of the rate of non-
synonymous adaptive substitutions relative to synonymous
substitutions per site (w,: Gossmann et al. 2010) behaved
similarly: the overall w, values were AC =0.053, XC = 0.089,
and NC = —0.069. Interestingly, we also observed a higher level
of adaptive evolution for nonsynonymous sites on the X
chromosome than on the autosomes in the regions with
crossing over, suggesting a Faster-X effect (Charlesworth
et al. 1987). Evidence for such an effect in D. melanogaster
whole-genome resequencing data sets has also been reported
by Mackay et al. (2012) and Langley et al. (2012).

Have There Been Selective Sweeps in the NC Regions?

Although a low positive value of o cannot be ruled out for the
NC regions by the results in table 4, the results suggest that
the opportunity for selective sweeps is relatively limited (see
Discussion). This question can be pursued further, as follows.
As described in the Materials and Methods, we also analyzed
the NC regions by the method of Betancourt et al. (2009) for
testing for the effect of a hard sweep in the absence of re-
combination. In supplementary material S2, Supplementary
Material online, we show the likelihood of the data fitting a
selective sweep in each NC region for each combination of 6,
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Table 4. Estimates of the Proportions () and the Relative Rates
(w,) of Adaptive Nonsynonymous Substitutions.

Table 5. Minimum Numbers of Recombinants (R;) Detected in
Each NC Region.

o , Rn R,/Kb
N2 0.016 0.0030 N2 119 1.184
N3 —0.337 —0.0641 N3 74 053
N4 —0.449 —0.0998 N4 40 0.202
NXc —0.039 —0.0085 NXc 74 2.709
NXt —1.253 —0.1762 NXt 27 0.67
NC —0.412 (—0.858, 0.034) —0.069 (—0.133, —0.0051)
AC 0.368 (0339, 0.405) 0.053 (0.049, 0.059)
XC 0.569 (0.539, 0.597) 0.089 (0.082, 0.096) . ) .
oAC 0401 (0.382, 0.419) 0.058 (0.054-0.061) 3, respe:*ctlvely. This means that the .above t(?st for a selective
oXC 0.548 (0.496, 0.595) 0091 (0.079-0.103) sweep is not conclusive, because it is conceivable that a low

Note.—The quantities in parentheses are the 95% Cls of the values obtained by the
method of Fay et al. (2002); for C regions, these are obtained by bootstrapping
across genes, and for NC by jackknifing across the five independent NC regions.
0AC, overlap autosomal crossover regions; oXC, overlap X crossover region (“over-
lap” means that the X and autosomal genes in these regions have similar effective
rates of recombination—see Materials and Methods for details).

(the level of neutral variation that would have been present
in the absence of a sweep) and T (the time in units of 2N,
generations since the sweep occurred). The coalescent simu-
lations show that a single catastrophic sweep does not fit
the observed numbers of segregating sites and k (the average
number of pairwise differences between alleles) for any of the
five NC regions (supplementary material S2, Supplementary
Material online). The data are compatible with a broad range
of values of T, but require very low values of 8, which are very
different from the level of synonymous site variability in the
crossover regions. The results are the same when we focus
only on genes located in the alpha-heterochromatin (see
Materials and Methods), treating each major chromosome
separately.

These results were obtained on the assumption that no
recombination occurs in the NC regions. However, previous
studies of polymorphisms in genes located in the telomere of
the X chromosome (Langley et al. 2000; Anderson et al. 2008)
and the dot chromosome (Betancourt et al. 2009; Arguello
et al. 2010) showed clear evidence for recombination events,
as has a recent analysis of the DPGP data (Chan et al. 2012).
Consistent with these results, a recent fine-scale single-
nucleotide polymorphism (SNP) map of D. melanogaster
showed that gene conversion events are occurring in NC
regions, at approximately the same rate as elsewhere in the
genome (Comeron et al. 2012). To test for recombination
events in the NC regions, we used the Ry, estimator of the
minimum number of recombination events in a sample
(Myers and Griffiths 2003).

As can be seen from table 5, there is clear evidence that
some recombination has occurred in these regions, almost
certainly involving gene conversion and not crossing over.
This even applies to genes in the alpha-heterochromatin,
which is commonly thought to have little or no recombina-
tional exchange (Ashburner et al. 2005, pp. 462-463); three,
six, and nine recombination events were detected in
the alpha-heterochromatin of chromosomes X, 2, and
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level of recombination between the target of selection and
segregating neutral sites could result in a less skewed geneal-
ogy than with no recombination, for a given reduction in
pairwise diversity. To test whether a recent selective sweep
with recombination has occurred in the NG, resulting in some
derived variants being dragged to high frequencies but not
fixation, we calculated the Fay and Wu (2000) H statistics
for each region, as described in the Materials and Methods.
These provided no evidence for an excess of derived variants
(tables 1 and 2), as expected for a recent sweep with recom-
bination (Fay and Wu 2000).

Are the Patterns Consistent with BGS?

The lack of support for effects of selective sweeps suggests
that the most parsimonious explanation for the reductions in
diversity in the NC regions is BGS. Under almost any model of
HRI, reductions in diversity and efficacy of selection in an NC
region should be positively correlated with the number of
sites under selection in the region in question, as explored
in detail for the BGS model by Kaiser and Charlesworth
(2009). We indeed observed a negative relationship between
nucleotide site diversities and the number of coding sequence
sites in each NC region, L (Spearman’s rank correlation coef-
ficient p: Tao=-1, P < 0.001; 75 = —09, P < 0.05; fig. 2) and a
positive (but not significant) correlation between 1 5/ms and L
(p=0.5, P> 0.05; fig. 2).

Given the overall low level of recombination in these re-
gions, the model of Kaiser and Charlesworth (2009), which
takes into account HRI among the deleterious mutations in-
volved in generating effects on linked sites, is probably the
most appropriate tool for investigating the question of
whether BGS is adequate to explain these results. As described
in the Materials and Methods, we quantified the reductions in
diversity by means of the statistic B, the ratio of the mean
synonymous diversity in an NC region to the mean synony-
mous diversity for the appropriate crossover region. We com-
pared the observed B values to the predictions of Kaiser and
Charlesworth (2009) for a given number of sites under selec-
tion (L), based on published estimates of the distribution of
mutational effects on fitness, the mutation rate, and the rate
of gene conversion. We obtained a reasonably good fit to the
observed B values, with a tendency for the model to some-
what overestimate the level of reduction in diversity com-
pared with the data (fig. 3). As noted in the Materials and
Methods, such an overestimation may have resulted from the
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distribution of selection coefficients that were used. The pre-
dicted B values are, of course, subject to many uncertainties,
because they are sensitive to details of the distribution of
mutational effects on fitness and the mutation rate, so the
extent of agreement with the data must be interpreted with
caution.

With the small number of genes in each NC region in the
present case, this BGS model also predicts moderately nega-
tive Tajima’s D values at neutral sites compared with standard
neutral coalescent expectation, reflecting a skew toward low-
frequency variants due to the distortions of gene genealogies
by the HRI effects. Furthermore, D for nonsynonymous sites
should be close to that for synonymous sites, due to the
weakened efficacy of selection. We found a significantly
more negative mean synonymous D value for NC than AC
regions; however, the skew was less than for the XC genes,
which showed a much larger skew than AC genes (synony-
mous site mean D values per gene were AC=-0.17, XC =
-0.53, NC=-035). The X centromere genes showed a

0.8
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0.2 NXt

N2l 3
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JH—y

-0.24

-0.4)
Number of sites (Kb)

Fic. 3. B values for the five NC regions (red dots) against the number of

coding sequence sites in each region. The blue line shows the effects of

HRI on B due to BGS, predicted by Kaiser and Charlesworth (2009). The

error bars are the standard errors of B obtained from the diversity

statistics for the NC regions as described for table 2.

nonsignificantly positive skew, in line with the evidence
from their diversity levels and codon usage (Campos et al.
2012) that they experience smaller HRI effects than the other
NC regions. The D values per gene for nonsynonymous sites
are highly variable among different NC regions, reflecting the
relatively small numbers of segregating sites in each region
(table 2). Overall, they are close to the values for synonymous
sites; as expected, the Cls of synonymous and nonsynon-
ymous sites overlap in the NC regions, in contrast to the
crossover regions (table 1). Broadly similar patterns are also
seen for the proportions of singletons, the other measure of
skew that we have used here.

Patterns in Genomic Regions with Crossing Over

The evidence presented earlier indicates that genomic regions
where crossing over is nearly completely absent show strong
indications of a reduction in the efficiency of selection on
both deleterious and beneficial mutations, as well as a very
low silent nucleotide site diversity that implies a reduced ef-
fective population size. This raises the question of whether
regions of the D. melanogaster genome that have different but
nonzero rates of crossing over show similar patterns of effects
of the recombination rate, apart from the very well estab-
lished positive relation between silent site diversity and local
rate of crossing over per unit physical distance (Begun and
Aquadro 1992; Presgraves 2005; Langley et al. 2012; Mackay
et al. 2012).

As described in the Materials and Methods, we have
examined this question by assembling DNA sequence poly-
morphism data from the Gikongoro population, as well as
estimates of sequence divergence from D. yakuba, into ten
bins with respect to “effective” rates of crossing over per
megabase for the autosomes and six for the X chromosome.
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These effective rates are calculated by multiplying rates of
crossing over in female meiosis by one-half for autosomes
and two-thirds for the X chromosome, to take into account
the amount of time a gene spends in males, which lack cross-
ing over (Campos et al. 2013). The values of potential covar-
iates, such as CUB (estimated as Fop), GC;, the GC content
of short introns, and levels of gene expression, were also de-
termined for these bins; these were estimated as described
previously (Campos et al. 2012, 2013).

The assembly into bins was done primarily to enable use of
the DFE-alpha program of Eyre-Walker and Keightley (2009)
for estimating the parameters of the distribution of the fitness
effects of new, deleterious mutations, as well as ¢, and w,, for
nonsynonymous mutations, because this method is designed
to use groups of genes rather than data from individual genes.
We used this approach rather than the Fay et al. (2002)
method employed for the NC case, because the assumptions
of maximum likelihood estimation are likely to be met when
there is crossing over, and the Fay et al. (2002) method
is known to produce downwardly biased estimates when
purifying selection is acting on nonsynonymous variants
(Charlesworth and Eyre-Walker 2008; Messer and Petrov
2013). Plots of unbinned values of the other variables are
shown in supplementary figure S1 of supplementary material
S3, Supplementary Material online; the main conclusions are
unaltered.

The resulting parameter estimates and their 95% Cls are
shown in supplementary table S5 of supplementary material
S1, Supplementary Material online, and tests of signifi-
cance for correlations with recombination rates are given
in supplementary table S6 of supplementary material S1,
Supplementary Material online. The major features of the
results are displayed in figure 4; in supplementary figure S2
of supplementary material S3, Supplementary Material on-
line, we show similar plots using the recombination rates
estimated by Comeron et al. (2012) (see Materials and
Methods). Several important points emerge. First, in agree-
ment with previous analyses (Haddrill et al. 2007; Campos
et al. 2012; Langley et al. 2012; Mackay et al. 2012), there is
little evidence of a systematic relation between recombina-
tion rate and the divergence parameters K Ks, or Ka/Ks
(fig. 4). Second, as found in all previous studies, the synony-
mous site diversity estimate, 75, increases with the recombi-
nation rate. Third, there is a much weaker tendency for the
nonsynonymous diversity to increase with recombination
rate (especially on the X chromosome), so that the ratio
T AlTTs decreases with recombination rate. This is very similar
to the pattern that was seen when NC and C regions are
contrasted.

The fact that 7, is lower with lower rates of crossing over
implies that a proportion of nonsynonymous mutations are
subject to sufficiently weak selection that they are subject to
the effects of drift, so the trend in 7wa/7s is not entirely driven
by strong selection maintaining nonsynonymous mutations
at their mutation-selection equilibrium, combined with a
drop in 75 as recombination rates fall. This conclusion is
strengthened by the observation that, on the autosomes,
the proportion of singletons among nonsynonymous variants
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increases with increasing recombination, as does nonsynon-
ymous Tajima’s D, whereas there is little systematic change in
these variables for synonymous variants for the autosomes
(fig. 4 supplementary tables S5 and S6 of supplementary
material S1, Supplementary Material online), although there
is a nonsignificant negative correlation between the propor-
tion of synonymous singletons and the recombination rate
for the X chromosome (this becomes significant when the
recombination estimates of Comeron et al. [2012] are used).
Similarly, the DFE-alpha estimates of the proportion of non-
synonymous variants that have N,s values in the nearly neu-
tral range 0-1 decrease with increasing recombination rate
(fig. 4; supplementary table S5 of supplementary material S1,
Supplementary Material online) (the estimates of mean Ns
are too noisy to show a clear pattern).

All these results point to an increase in the effectiveness of
purifying selection against new nonsynonymous mutations as
the local recombination rate increases. The estimates of w,,
and o (fig. 4 supplementary table S5 of supplementary
material S1, Supplementary Material online) show a similar
pattern for positive selection, with highly significantly positive
rank correlations for both variables for autosomal loci, and for
o for the X chromosome (fig. 4 and supplementary table S6 of
supplementary material S1, Supplementary Material online).
In addition, the X chromosome shows consistently higher
values of @ and w, than the autosomes, even for similar
effective recombination rates (see Discussion). Similar results
were obtained when we used D. simulans instead of D. yakuba
as an outgroup, suggesting that possible changes in the
recombination landscape since the common ancestor of
D. melanogaster and D. yakuba have had only a minor
effect on the patterns of sequence evolution (see supplemen-
tary fig. S3 of supplementary material S3, Supplementary
Material online).

There is no evidence for any strong associations between
recombination rate and the potential covariates Fop, GC;, the
GC content of short introns and level of gene expression (see
fig. 4 and supplementary tables S5 and S6 of supplementary
material S1, Supplementary Material online), so that the
major determinant of both the level of synonymous variability
and the efficacy of selection appears to be the recombination
rate itself.

Discussion

Recombination and the Efficacy of Purifying Selection

Consistent with previous studies of variability in several
Drosophila species (Aguadé et al. 1989; Begun and Aquadro
1992; Betancourt et al. 2009; Arguello et al. 2010), we have
found an approximately 7-fold reduction in synonymous
diversity in NC regions compared with crossover (C) regions
of the D. melanogaster genome, but no comparable effect for
Ks (tables 1 and 2). This implies a reduction in the effective
population size, N, for neutral or weakly selected sites, almost
certainly because of hitchhiking. In addition, the Kx/Ks ratio is
higher in NC than in C regions (Campos et al. 2012; see also
tables 1 and 2), consistent with the theoretical expectation of
an impairment of the efficacy of selection due to HRI among
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Fic. 4. Relations between the effective recombination rate and the means of several variables for genes in the C regions, after grouping genes into bins
defined by rates of crossing over. The x axis gives the mean effective recombination rate (cM/Mb) for each bin. Autosomal genes (A) are shown in green
and X-linked (X) genes in red. Values for NC regions are indicated by the filled points at the extreme left of each panel but are not included in the
correlation or regression analyses (black: the five NR blocks; green: autosomal NC genes; red: X-linked NC genes). p: Spearman’s rank correlation
coefficient, with significance denoted by asterisks (***<0.001; **<0.01; *<0.05). The lines are least-squares regressions but should be regarded only as

indicative, in view of the binning of the data.

closely linked sites (Charlesworth et al. 2010; Cutter and
Payseur 2013).

Although itis in principle possible that this elevation of K4/
Ks could reflect an increased incidence of hitchhiking due to
more frequent positive selection in the NC regions, the poly-
morphism analyses described earlier, especially the negative
relation between the recombination rate and the fraction of
nonsynonymous mutations that fall into the nearly neutral

category (Nes < 1), as well as the increase in skew at nonsy-
nonymous sites and reduction in skew at synonymous sites
on the X chromosome as the recombination rate increases,
strongly suggest that the NC regions and the C regions with
lower rates of recombination have experienced a reduced
efficacy of purifying selection due to HRI (table 3; figs. 1
and 4). There is no reason to expect that NC genes should
be less constrained, because they do not differ greatly from C
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genes in their gene ontology (Smith et al. 2007), or in their
expression level (Campos et al. 2012), the major correlate of
purifying selection on protein sequences (Drummond
and Wilke 2008). Similar remarks apply to the comparisons
of C genes in different recombination rate classes (fig. 4
supplementary table S6 of supplementary material S1,
Supplementary Material online), so that HRI is the only plau-
sible explanation for these patterns.

Most previous Drosophila studies suggesting that recom-
bination enhances the efficacy of purifying selection on amino
acid mutations have used relatively small numbers of loci
compared with the results presented here (e.g, Presgraves
2005; Shapiro et al. 2007). The genome-wide study of
Mackay et al. (2012) reached a similar conclusion to ours,
using data on a sample of 168 haploid genomes from a
North Carolina population of D. melanogaster. To estimate
the fraction of weakly selected nonsynonymous variants,
Mackay et al. (2012) assumed that nonsynonymous variants
with a minor allele frequency of less than 5% are either neutral
or weakly deleterious and estimated the proportion of neutral
variants in this category by comparison with the proportion
of 4-fold degenerate site variants (assumed to be neutral) in
this frequency class. They estimated the proportion of non-
synonymous variants that are strongly deleterious from the
ratio of the fraction of nonsynonymous sites that segregated
in their sample to the fraction of 4-fold sites that segregated,
on the assumption that strongly selected mutations fail to
segregate. Using these criteria, they found a reduction in the
estimated proportion of deleterious nonsynonymous variants
in autosomal centromeric regions (these extend much further
into the regions with detectable rates of crossing over than
our NC regions and are more comparable with the lowest
recombination bins in our C regions).

These criteria are, however, qualitative rather than quan-
titative, especially as it cannot be assumed that strongly
selected nonsynonymous variants will fail to segregate in a
sample, as can be seen as follows. For nonrecessive mutations
with Nes >> 1, the expected equilibrium frequency, g* is
close to that under mutation—selection balance; with a
sample size n, the probability of segregation is approximately
Peg =ng*. We have g* ~ 1/(4Nes), where s, is the hetero-
zygous selection coefficient against the mutations in question
and 7 is the expected equilibrium neutral diversity (Loewe
et al. 2006, eq. 8). These relations imply that Pse; Rn7r/(4Nesp),
so that P, increases linearly with the sample size. For large
samples, P, for selected sites may not be especially small
when compared with the neutral equilibrium expectation of
7ta,, where a,, is Watterson’s correction factor (the sum of 1/i
from i =1 to n— 1), which increases only logarithmically with
the sample size (Charlesworth B and Charlesworth D 2010;
p. 29). For example, with n =168, = =0.01, and 4N.sy, = 100,
Psg=0.0168; the corresponding neutral value is 0.01 X
5.70 = 0.0570, giving a ratio of 0.29; that is, the probability
of segregation for sites subject to deleterious mutations is
only about three times less than for neutral sites. The fraction
of strongly deleterious mutations is therefore seriously under-
estimated by the method of Mackay et al. (2012).
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Another source of bias arises from the fact that non-
African populations of D. melanogaster, including US popu-
lations, show evidence for a bottleneck in population size
(Glinka et al. 2003; Haddrill et al. 2005 Thornton and
Andolfatto 2006; Langley et al. 2012; Mackay et al. 2012;
Pool et al. 2012). Because bottlenecks preferentially eliminate
low-frequency variants (Nei et al. 1975), this means that fewer
deleterious variants will be present than in a stationary pop-
ulation, which reduces the fraction of nonsynonymous vari-
ants that are apparently strongly selected. These two sources
of bias mean that the Mackay et al. (2012) estimates of the
proportions of nonsynonymous variants in different catego-
ries of N,s are subject to considerable uncertainty. It is there-
fore encouraging that the results obtained by our methods
also provide strong support for a reduced efficacy of purifying
selection in regions with low rates of recombination.

This conclusion is consistent with previous evidence for
greatly reduced CUB in the NC regions (e.g, Campos et al.
2012) but leaves open the question of why there is no positive
correlation between CUB and recombination rate in the au-
tosomal and X crossover regions (Singh et al. 2005; Singh et al.
2008; Campos et al. 2013; supplementary table S5 of supple-
mentary material S1, Supplementary Material online).
Possible reasons for these patterns were discussed by these
workers, the most plausible being that the current recombi-
nation landscape in D. melanogaster does not reflect the
historical situation when levels of CUB were established,
given the very long time required for equilibration of CUB.
Although this possibility is consistent with our findings on
selection against nonsynonymous segregating variants, where
the patterns can be generated on a relatively short timescale,
it is perhaps not so easy to reconcile with the evidence for an
effect of recombination on the rate of substitution of favor-
able mutations, discussed in the next section.

Recombination and the Efficacy of Positive Selection

Our analyses of the incidence of positive selection on non-
synonymous variants also demonstrate an enhanced efficacy
of positive selection with increasing rates of recombination,
with little evidence for positive selection in the NC regions
(table 4). There is also a highly significant relation between
recombination rate and the proportion of nonsynonymous
substitutions fixed by positive selection (&) estimated from
the DFE-alpha method (Eyre-Walker and Keightley 2009), for
both autosomes and the X chromosome, as well the rate of
fixation by positive selection relative to synonymous substi-
tutions (w,) for the autosomes (fig. 4 and supplementary
table S5 of supplementary material S1, Supplementary
Material online). Very similar results were obtained using
the recombination rates estimates of Comeron et al. (2012),
described in the Materials and Methods (supplementary
fig. S2 of supplementary material S3, Supplementary
Material online). This suggests that there has been very
little adaptive evolution of protein sequences in the low re-
combination regions of the D. melanogaster genome, al-
though « and w, values were substantial (0.43 and 0.06,
respectively) in the lowest recombination bin for the
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crossover regions of the X. Again, similar conclusions were
reported in the genome-wide studies of D. melanogaster by
Mackay et al. (2012) and Langley et al. (2012), using 168 ge-
nomes from N. Carolina and six genomes from Malawi,
respectively. Both of these studies, however, used
McDonald-Kreitman 2 x 2 table methods of estimating «,
similar in their general nature to the Fay et al. (2002) method
that we used for the NC regions to avoid potential biases of
the DFE-alpha method when crossing over is absent. This
method is known to be subject to downward biases that
are hard to remove completely, due to the contribution of
weakly deleterious mutations to nonsynonymous variability
(Charlesworth and Eyre-Walker 2008; Messer and Petrov
2013). For purposes of comparison, we also applied the Fay
et al. (2002) method to the groups of genes in the recombi-
nation bins presented in figure 4 (supplementary table S5 of
supplementary material S1, Supplementary Material online);
as expected, it shows consistently lower estimates of « and w,,
than the DFE-alpha method, although the patterns of corre-
lation with recombination rates are similar with both
methods.

However, even with the Fay et al. (2002) method, our «
values are substantially higher for the C regions of the genome
than the estimates of Langley et al. (2012) and Mackay et al.
(2012): >0.30 as opposed to 0.13 and 0.24, respectively. We
also find much higher rank correlations between recombina-
tion rate and « in the crossover regions than those of Langley
etal. (2012) (> 0.9 as opposed to around 0.1). The reasons for
these discrepancies are not entirely clear, although Langley
et al. (2012) relied on individual gene estimates of « to
generate their results, which are extremely noisy and thus
may reduce the magnitude of the correlation coefficient com-
pared with binned estimates.

There are several sources of bias in estimates of & and w,
from population and divergence data, especially that arising
from selection acting on synonymous sites. The strength of
such selection in various species of Drosophila, including the
Rwandan population (Campos et al. 2013) has been esti-
mated from polymorphism data; with the exception of the
study of Lawrie et al. (2013) on the highly bottlenecked
Raleigh population, these suggest 4N.s values of the order
of 1.5 for synonymous variants affecting codon usage. As
discussed by Haddrill et al. (2010), this intensity of selection
is likely to have only minor effects on estimates of c.

Causes of the Reduced N, in Low Recombination
Regions
The main contenders for the causes of the reductions in var-
iability and efficacy of selection with lower recombination
rates are selective sweeps of favorable mutations (Maynard
Smith and Haigh 1974) and BGS against deleterious muta-
tions (Charlesworth et al. 1993). The relative importance
of these in relation to patterns of variability has long been
debated (Stephan 2010; Cutter and Payseur 2013). What light
do our results shed on this question?

One explanation for the patterns shown in table 2 for the
five NC regions is that a selective sweep has occurred recently

in each of these regions. There are, however, some reasons for
doubting this. Our coalescent simulations showed that a
single catastrophic sweep is incompatible with the observed
numbers of segregating sites and pairwise diversities in the NC
regions (supplementary material S2, Supplementary Material
online). This agrees with previous results on the dot chromo-
some of D. melanogaster and D. simulans (Jensen et al. 2002)
and D. americana (Betancourt et al. 2009). A difficulty with
this, however, is that four-gamete tests demonstrated recom-
bination in our NC regions (table 5), similar to the results for
the dot chromosome reported in the other studies just cited
and in Arguello et al. (2010), and for other NC regions by
Chan et al. (2012). These are presumably gene conversion
events, because the mapping study of Comeron et al.
(2012) suggests that these occur at much the same rate in
NC regions as elsewhere in the genome, at an effective rate of
about 3.2 x 10~ per nucleotide site per generation after cor-
recting for the absence of events in males. As shown in sup-
plementary material S4, Supplementary Material online (see
Selective sweeps at autosomal loci with gene conversion), this
rate of recombination would require a selection coefficient for
the sweeping mutations of about 0.0075 to be consistent with
the observed reduction in variability in the NC regions, which
is much larger than any estimate of s for positively selected
mutations in D. melanogaster (Li and Stephan 2006;
Andolfatto 2007; Jensen et al. 2008; Sella et al. 2009;
Schneider et al. 2011); only the value estimated by
Macpherson et al. (2007) for D. simulans is similar in magni-
tude. Soft sweeps would require even stronger selection
(Hermisson and Pennings 2005).

Although this suggests that the sweep model is difficult to
reconcile with the data, these arguments are not absolutely
watertight. We also used the Fay and Wu (2000) test for the
signature of selective sweeps in the presence of recombina-
tion; their H statistic measures an excess of high-frequency-
derived variants, which should be present if recombination
occurs during a sweep. There is no evidence for significantly
negative H statistics in the NC regions (tables 1 and 2),
whereas the bootstrap Cls for H for synonymous sites in
the C regions are consistently negative (table 1; supplemen-
tary table S5 of supplementary material S1, Supplementary
Material online), suggesting that selective sweeps have influ-
enced patterns of variability in these regions, as argued by
Langley et al. (2012). In addition, it is very unlikely that a
multiple sweep model alone can account for the apparent
severe reduction in the incidence of adaptive nonsynon-
ymous substitutions in the NC regions, as shown in supple-
mentary material S4, Supplementary Material online (see Can
there be multiple sweeps in the autosomal NC regions?).

If sweeps are unlikely to explain the patterns of variability
and reduced efficacy of selection in the NC regions, we need
to ask whether BGS effects are sufficient to explain them. The
classic BGS model with parameter values that are reasonable
for Drosophila greatly overpredicts the reduction in diversity
in NC regions (Loewe and Charlesworth 2007). However, a
modification of this model, which includes HRI among the
mutations involved (which weakens their effects on linked
neutral variants), predicts a reduction in neutral variability on
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the NC genes that is close to the observed level, as well
as strongly distorted neutral variant frequency spectra of
the type found here and in other studies (Kaiser and
Charlesworth 2009, figs. 1 and 2) (fig. 3).

These considerations leave open; however, the question of
whether BGS reducing the fixation probabilities of favorable
mutations is sufficient to explain the apparently low rate of
adaptive evolution in NC and low crossover regions (table 4;
fig. 4 supplementary table S5 of supplementary material S1,
Supplementary Material online). Although models of the
effects of deleterious mutations on the substitution rates of
beneficial mutations in nonrecombining genomic regions
have been analyzed previously (Orr and Kim 1998; Johnson
and Barton 2002), these have not taken into account the
wide distribution of fitness effects of deleterious mutations
inferred in Drosophila (e.g, Kousathanas and Keightley 2013;
supplementary table S4 of supplementary material S1,
Supplementary Material online) and the effects of HRI
among these mutations when recombination rates are very
low. Further theoretical work is required to determine
whether BGS in the NC and low recombination C regions is
capable of reducing the level of adaptive evolution to the
extent that is observed. In contrast, there seems to be little
difficulty in accounting for the virtual absence of selection on
CUB in NC regions by BGS, because such selection is known
to be much weaker than that on nonsynonymous variants, so
that even weakly deleterious nonsynonymous mutations can
influence the fates of synonymous mutations that alter CUB
(Zeng and Charlesworth 2010).

Differences between X Chromosomes and Autosomes
with Respect to Patterns of Variability

There are several differences between the X chromosome and
the autosomes in their patterns of variability that require
explanation. First, the measures of the degree of distortion
of the site frequency spectrum (SFS) at segregating synony-
mous sites in the C regions (Tajima’s D and the proportion
of singletons) are consistently higher for the X than for the
autosomes (table 1, fig. 4, and supplementary table S5 of
supplementary material S1, Supplementary Material online);
this is less clear for the noisier estimates for the NC regions
(table 2).

Although there is an apparent difference between the X
and A in the strength of selection on synonymous polymor-
phisms, due to selection on CUB, the analysis shown in table 4
of Campos et al. (2013) implies that this is relatively small
(~10% stronger for the X than A). In itself, this is insufficient to
produce the observed difference in level of distortion of the
synonymous SFS (supplementary material S4, Supplementary
Material online: see Effects of weak selection on site frequency
spectra). Similarly, although the GC content of the X chro-
mosome is slightly higher than that of the autosomes
(Campos et al. 2013) and could contribute to a difference
in mutation rates due to mutational bias in favor of GC to AT
mutations (Schrider et al. 2013), the magnitude of the differ-
ence is too small to have a major effect on patterns of vari-
ability. Furthermore, if synonymous diversity is plotted against
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GC content, X genes have higher 75 and higher skew (lower
Ds and higher Pgngs) than A for a given GC content (supple-
mentary fig. S4 of supplementary material S3, Supplementary
Material online). This suggests that additional factors are
involved.

One possibility is that the greater prevalence of segregating
inversions on the autosomes than the X chromosomes in
African populations of D. melanogaster may have influenced
their relative levels of diversity, because the sweep of a re-
cently derived inversion to an intermediate frequency will
tend to reduce diversity on the chromosome that carries it
(Andolfatto 2001). The analysis of the DPGP data by Corbett-
Detig and Hartl (2012) suggests, however, that the presence of
inversions has a relatively small effect on diversity, so that they
are unlikely to have much effect on the ratio of X diversity to
A diversity. In addition, it is possible that the SFS could be
affected by the presence of inversions. The common D. mel-
anogaster inversions all seem to be of relatively recent origin
and have had little time to accumulate new mutations
(Corbett-Detig and Hartl 2012). This implies that the major
effect of the presence of an inversion would have been to take
an ancestral haplotype to an intermediate frequency; the in-
version is most likely to capture intermediate frequency an-
cestral variants as opposed to rare variants and will therefore
not have much effect in changing singletons to intermediate
frequency variants. Singletons from sites that were segregating
before the spread of the inversion will mostly be found only in
the standard arrangement present in the sample, so the in-
version effectively reduces the sample size. The proportion of
such singletons would thus be increased by the presence of
the inversion, because the expected proportion of singletons
decreases with the sample size. It follows that the greater
abundance of inversions on A versus X cannot explain the
higher incidence of rare variants on the X chromosome.

The two processes that seem most likely to be important
are changes in population size and hitchhiking effects. A full
analysis of these would require extensive modeling efforts,
which are beyond the scope of this article. We will, therefore,
simply give a sketch of the possible contributions of these
processes to the observed patterns. Our previous analysis
of variability at 4-fold degenerate sites suggested a recent
population expansion of about 4-fold (Campos et al. 2013,
table 4), which is reasonably consistent with the values
obtained from the DFE-alpha method (see column N, of
supplementary table S4 of supplementary material S1,
Supplementary Material online). However, as noted by
Messer and Petrov (2013) and Zeng (2013), plausible
models of hitchhiking effects can also produce distortions
of the SFS at neutral or nearly neutral sites within genes
that are similar to those produced by demographic changes,
so that these estimates should be treated with some caution
as indicators of a true effect of demography.

This raises the question of whether a purely demographic
model could explain the difference in skew between X and A.
It has been pointed out that genomic regions with different
effective population sizes will respond differently to changes
in population size that induce distortions in gene genealogies
and hence in the SFS (Fay and Wu 1999; Hey and Harris 1999;
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Pool and Nielsen 2008). This effect arises because a genomic
region with a longer mean pairwise coalescent time will have
external branches that extend further back in time than those
for a region with a lower mean coalescent time (which will be
reflected in a lower 75). Depending on the timing of a pop-
ulation expansion or contraction in relation to the present, a
region with higher N, could have either a greater or lesser
degree of distortion than a region with a low N..

However, a key fact that requires explanation is that the
relation between 775 and effective recombination rate for the
Xis much flatter than for the A, so that 75 for the X is greater
than that for the A for recombination rates somewhat below
1cM/Mb, and smaller when recombination rates are higher
(fig. 2 of Campos et al. 2013; fig. 4). Because 7rs is a measure of
the mean pairwise coalescent time, a purely demographic
explanation of the type just outlined is inadequate to explain
the fact that Pgngs and Ds are consistently higher for the X
than for the A across all effective recombination rates. It fol-
lows that hitchhiking effects must be involved. Recurrent
selective sweeps can produce substantial skews in the SFS,
but also reduce neutral diversity by at least as much (e.g,
Braverman et al. 1995). It is therefore impossible to explain
the X/A difference in skew purely in terms of the higher in-
cidence of adaptive fixations of nonsynonymous mutations
on the X (discussed later), given that this occurs even in the
low recombination C regions, where (as noted earlier) 7z for X
is greater than for A for similar effective recombination rates
(i.e, despite & and w,, being higher on the X, 7 is still higher in
the low crossing over regions of X than A).

It therefore seems necessary to invoke both BGS and/or
demographic effects, as well as selective sweeps. For a given
effective recombination rate, a higher incidence of sweeps on
the X associated with its higher & and w,, values might be
expected to reduce 75 below three-quarters of the value for
the A, the value expected when there are equal variances in
reproductive success of males and females and equal effects of
BGS on X and A (Wright 1931). Instead, the X/A ratio for s
for a given rate of crossing over is either approximately % or
greater (Campos et al. 2013, fig. 2). This suggests that a
greater variance of male reproductive success (Vicoso and
Charlesworth 2009), possibly combined with the overall
weaker expected effect of BGS on the X compared with the
A (Charlesworth 2012), could counteract the effect on 75 of
more sweeps on the X than the A, whereas selective sweeps
nevertheless cause a larger skew in the SFS.

In addition, a possible explanation for the rather flat rela-
tion between 15 and recombination rate for X compared with
A is provided by the difference in gene numbers and densities
between the low recombination C regions of the X and A; the
two lowest recombination bins for the A contain a mean of
567 genes with an average density of 77.6 genes/Mb, com-
pared with a value of 163 genes with a density of 51.8 for
the X. A similar pattern applies to the NC regions (table 2),
where the X also shows a much higher value of 75 than the
mean for the A. Because BGS effects are expected to be
smaller when the number of genes in a low recombination
region is lower (Kaiser and Charlesworth 2009), this difference
is consistent with the change to an X/A ratio of 5 greater

than 1 when the recombination rate is less than 1cM/Mb and
would accordingly make the relation between 75 and recom-
bination rate flatter for the X than for the A. A similar appar-
ent effect of gene density on diversity has been found in
Arabidopsis (Kawabe et al. 2008), rice (Flowers et al. 2012)
and humans (Gossmann et al. 2011).

Furthermore, the skew in the synonymous SFS is weakly
negatively correlated with the recombination rate in the C
regions of the X, as would be expected if hitchhiking effects
diminish with increasing recombination (see Pg,gs and Ds in
fig. 4), although there is an indication of an upturn at the
highest recombination rates (the Loess plots in supplemen-
tary fig. S5 of supplementary material S3 and supplementary
table S5 of supplementary material S1, Supplementary
Material online). For the X, the correlation is significant on
a gene by gene analysis using a Spearman’s rank correlation
test (Pgings 0 =— 0.13, P < 0.001 and Dg: p=0.13, P < 0.007;
supplementary fig. S5 of supplementary material S3,
Supplementary Material online). In contrast, there is a small
but significant positive correlation in AC regions for Pggs
(p=0.04, P <0.001), probably reflecting the strong upturn
for high AC values in this case (see the Loess plots in supple-
mentary fig. S5 of supplementary material S3, Supplementary
Material online; these also show a decline in the skew with
recombination rate for AC genes at low to moderate recom-
bination rates).

A demographic effect could contribute to the increase in
skew at very high recombination rates, if there had been an
increase in population size that ended in the fairly recent past.
At the highest recombination rates for both X and A, the
larger coalescent time means that a larger proportion of
coalescent events occur during the growth phase and the
preceding epoch with lower population size, and hence
occur more rapidly at this time. This would cause more
recent branches of the gene tree to be longer relative to
the earlier ones, compared with the constant population
size case. However, this effect would be smaller in genomic
regions with shorter mean coalescent times, reducing the
skew due to this effect, whereas hitchhiking effects become
more important. With the appropriate balance of forces, a
net increase in skew would occur only at high recombina-
tion rates and hence mean coalescent times, as seen in
supplementary figure S5 of supplementary material S3,
Supplementary Material online (note the upturn at the end
of the Loess plots for both AC and XC). When the recombi-
nation rate becomes small enough, the increased skew caused
by BGS effects at very low recombination rates (Gordo et al.
2002; Kaiser and Charlesworth 2009; Seger et al. 2010) might
overcome the reduced effects of both demography and
selective sweeps (supplementary fig. S5 of supplementary
material S3, Supplementary Material online).

Faster Adaptive Evolution on the X

Our analyses show clear evidence for a faster rate of evolution
of protein sequences on the X relative to the A, as measured
by Ka Ka/Ks @, and w, (fig. 4 supplementary table S5 of
supplementary material S1, Supplementary Material online).
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This agrees qualitatively with the conclusions of Mackay et al.
(2012) and Langley et al. (2012), using different methods and
different populations of D. melanogaster and appears to val-
idate the Faster-X hypothesis that has long been debated
(Charlesworth et al. 1987; Meisel and Connallon 2013). This
postulates that the exposure of recessive or partially recessive
favorable X-linked mutations to selection in hemizygous
males causes more rapid evolution, relative to mutations
with comparable effects on autosomes.

Another possible cause of a Faster-X effect in D. melanoga-
ster, however, is simply the larger overall effective population
size of the X compared with the A—its overall higher effective
recombination rate could reduce the intensity of HRI
(Charlesworth 2012), allowing a faster rate of adaptive evolu-
tion. This possibility can be tested by examining the relevant
statistics for the “overlap region” of the two compartments of
the genome, where X and A genes have comparable effective
recombination rates (supplementary table S7 of supplemen-
tary material S1, Supplementary Material online). These have
been divided into three bins of recombination rates. In each
bin, Ka, Ka/Ks, o, and w,, are higher for the X than the A; this is
also true for & and w,, when using the overlap region obtained
from the recombination estimates of Comeron et al. (2012).
This fact appears to exclude a major contribution of recom-
bination and hitchhiking to the Faster-X effect, although the
X/A ratio of a decreases from 1.40 to 1.16, and that for w,, from
1.88 to 1.44, between the low and high recombination bins,
suggesting that hitchhiking effects may play some role.

Mackay et al. (2012) and Langley et al. (2012) found overall
X/A ratios of « of about 4 and 3.6, respectively, which are
much higher than our estimates, even those using the Fay
et al. (2002) method that is closer to theirs (supplementary
table S5 of supplementary material S1, Supplementary
Material online). One possible reason for this difference is
that the lowest two recombination bins of the autosomes
contribute slightly more to the overall pattern for the A (20%
of genes) than the X (17% of genes); they also have zero or
negative o values on a McDonald—Kreitman 2 x 2 table ap-
proach, presumably reflecting the bias due to the inclusion
of deleterious nonsynonymous variants mentioned earlier.
Using a weighted average of « over all recombination bins,
we get a higher X/A ratio for o using the Fay et al. (2002)
method (2.1) than using DFE-alpha (1.6). It seems that not
correcting properly for nonsynonymous slightly deleterious
mutations affects the autosomes more than the X, due to
their lower overall recombination rates. In addition, the
Mackay et al. (2012) data come from a heavily bottlenecked
population, with greatly reduced variability on the X relative
to the A, which may well affect 2 x 2 table estimates of «.

Other factors than the dominance levels of favorable mu-
tations could be involved in causing these X/A differences in
o, such as differences in gene content between X and A
(Hu et al. 2013). In addition, as pointed out to us by Chuck
Langley, the greater prevalence of inversion polymorphisms
on the autosomes than the X chromosome could cause a
lower overall frequency of recombination on the autosomes,
thereby reducing the rate of adaptive sequence evolution; this
has not been taken into account in the above analysis of the
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effects of recombination. It is difficult to assess the impor-
tance of this factor, because (as noted earlier) the common
polymorphic inversions in D. melanogaster are of relatively
recent origin and have therefore had relatively little opportu-
nity to influence the rates of adaptive divergence from its
relatives. The same applies to the inversions that differentiate
D. melanogaster and D. yakuba, which are predominantly
autosomal (Lemeunier and Aulard 1992), and at one time
must have been polymorphic in an ancestral population;
the time that was available for these to affect rates of adaptive
evolution while they were segregating is of course virtually
unknowable.

Conclusions

All the evidence presented here on sequence divergence and
polymorphism for five NC regions of D. melanogaster, and for
crossover regions with different recombination rates, points
at hitchhiking being the major cause of the reduction in
diversity and efficacy of selection in genomic regions where
recombination rates are very low. This supports the view that
genetic recombination associated with sexual reproduction
increases the efficiency of natural selection. Furthermore, it is
hard to account for all features of the data in terms of selec-
tive sweeps alone, although they are probably involved in
causing the higher degree of distortion of the site frequency
spectra at synonymous sites on the X, as a result of its higher
rate of adaptive nonsynonymous evolution. The results for
very low recombination regions are consistent with a BGS
model, where interference among selected sites reduces
their overall effects on the behavior of linked variants.
A past population expansion probably contributes to the
increased patterns of distortion of site frequency spectra at
high recombination rates.

Materials and Methods

Assembly and Data Filtering

We downloaded the raw reads of the DPGP2 data set (http://
www.dpgp.org/dpgp2/DPGP2.html, last accessed December
25, 2012) for 17 alleles (RG18N, RG19, RG2, RG22, RG24,
RG25, RG28, RG3, RG32N, RG33, RG34, RG36, RG38N,
RG4N, RG5, RG7, and RG9) from the sample of D. melanoga-
ster collected from Gikongoro, Rwanda (Pool et al. 2012). We
selected the samples from the primary core with the lowest
estimated levels of admixture from European populations
(<3% admixture; see fig. 3B of Pool et al. 2012). We filtered
the raw reads by trimming them with the script trim-fastq.pl,
from the toolbox PoPoolation (Kofler et al. 2011), using a
quality threshold of 20 and a minimum length of 76 nucleo-
tides; we also excluded reads with Ns. The quality of the
filtered reads for each allele was examined with FastQC (avail-
able at http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/, last accessed December 17, 2012).

We aligned and mapped the filtered reads to the reference
sequence (r5.34, available on Flybase (http://flybase.org/, last
accessed December 20, 2012) with BWA (Li and Durbin 2009),
using the setting —n = 0.01 and the other default parameters
to generate BAM files (Li et al. 2009) for each sample, as in
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Campos et al. (2012). We excluded reads with a mapping
quality below 20. For comparison with BWA, we also used
the Stampy software for mapping short reads from Illumina
sequencing (Lunter and Goodson 2011; available at http://
www.well.ox.ac.uk/project-stampy, last accessed December
20, 2012), which explicitly takes into account the expected
divergence from the reference when calculating mapping
qualities. We observed no differences between the results
from these two software, so we opted to use BWA for the
results described later.

For the rest of the pipeline, we used the Genome Analysis
Toolkit (GATK) (DePristo et al. 2011), available at http://
www.broadinstitute.org/gatk, last accessed December 20,
2012, to do multisample SNP calling. First, we performed
local realignments around indels, because reads that align
on the edges of indels often get mapped to mismatching
bases that might look like evidence for SNPs. For SNP calling,
we used the UnifiedGenotyper for haploid samples (param-
eter: sample_ploidy 1) and generated a multisample VCF file
(Danecek et al. 2011). Subsequently, we performed variant
quality score recalibration to separate true variation from
machine artifacts (DePristo et al. 2011). The approach taken
by variant quality score recalibration is to develop a contin-
uous, covarying estimate of the relationship between SNP call
annotations and the probability that an SNP is a true genetic
variant versus a sequencing or data processing artifact
(DePristo et al. 2011). This model is selected adaptively,
using known SNPs provided as training sites, which are nor-
mally obtained from a database. Alternatively, it is possible to
use high-confidence SNPs as a “known” set; for this purpose,
we used biallelic SNPs detected at 4-fold sites at a frequency
equal or higher than ten sequenced alleles out of 17. The
model was built using the high-quality subset of the input
variants and evaluated the model parameters over the full call
set. We used as model parameters six SNP call annotations:
QD, HaplotypeScore, MQRankSum, ReadPosRankSum, FS,
and MQ, as suggested by GATK (see http://www.broadinsti-
tute.org/gatk/; DePristo et al. 2011). The SNPs are allocated to
tranches according to the recalibrated score that recovers a
given cutoff for the true sites. We retained variants that
passed a cutoff of 95%, that is, the variant score limit that
recovers 95% of the variants in the true data set.

From the multisample recalibrated VCF file, we made a
consensus sequence FASTA file for each individual using a
custom Perl script. The variant calls that did not pass the filter
were assumed to have the reference base pair at the sites in
question. We masked any regions with admixture from
European populations, using the coordinates reported by
Pool et al. (2012). From the 95% quality filtered data set, we
also produced a data set where the admixture regions were
not masked to see whether the masking of these regions
could bias the results.

Data Sets

Using the coding sequence coordinates of the genes used
in Campos et al. (2012), we extracted their sequences and
made FASTA alignments using the reference sequence of

D. melanogaster and an orthologous outgroup sequence
from D. yakuba. Details of the criteria used to obtain ortho-
logous coding sequences are described in Campos et al.
(2012). We removed genes that lacked adequate polymor-
phism data because of sequence masking that meant that we
had no information for some alleles in the sample.

We partitioned the genome into two crossover regions,
autosomal crossover genes (AC), and X chromosome cross-
over genes (XC), as well as five independent NC regions. The
latter are denoted by N2, second chromosome; N3, 3rd chro-
mosome; N4, 4th (dot) chromosome; NXc, X-chromosome
genes located near the centromere; and NXt, X-chromosome
genes located near the telomere. For one analysis, we also
separated out the genes located in the alpha-heterochroma-
tin, which constitutes the majority of the centromeric het-
erochromatin and consists mainly of highly repetitive tandem
arrays (Miklos and Cotsell 1990). These genes are located in
the “scaffold heterochromatin” (denoted in Flybase as: 2LHet,
2RHet, 3LHet, 3RHet, and XHet); they have been cytologically
localized to the respective chromosome arms and are located
proximal to the centromere relative to the beta-heterochro-
matin (the region adjacent to the euchromatin), which is
highly enriched for transposable element derived sequences
(Miklos and Cotsell 1990).

Summary Statistics for Diversity and Divergence

We assumed that segregating polymorphisms are biallelic. If
there were more than two variants segregating at a site, we
only considered the two most frequent alleles (<2% of poly-
morphic 4-fold sites had more than two alleles). For all anal-
yses, we excluded sites with missing data (i.e, sites with <17
sequenced alleles), and sites that did not have an outgroup in
D. yakuba. For estimating nucleotide site diversity values, we
calculated the pairwise diversity measure 7 (Tajima 1983) and
Watterson’s 6,,, which is based on the number of segregating
sites (Watterson 1975). To measure the distortion of the SFS,
we contrasted 7 and 0,, for a given class of sites using the D
statistic of Tajima (1989). We used DnaSP (Librado and Rozas
2009) to calculate the significance of Tajima’s D at synony-
mous sites for each NC block by performing 1,000 coalescent
simulations with a 0 recombination rate. However, it is likely
that the proportion of singletons (Psings) at synonymous sites
is a more reliable measure of distortion than Tajima’s D for
the purpose of comparing different genomic regions, because
the latter is affected both by the numbers of sites in the
sequences being compared and by their levels of variability
(Tajima 1989), both of which differ between the X and auto-
somes, and between regions with different rates of crossing
over (fig. 4). Some other difficulties with D and related statis-
tics are discussed by Lohse and Kelleher (2009).

Let the SFS for a given class of sites be the vector {S;}, where
the element S; (0 < i < n/2) is the fraction of sites with minor
allele count i in a sample of n alleles from the population.
7 and 6,, per nucleotide site were calculated as follows:

n:ﬁzsii(n—i) (1)
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To assign sites as synonymous and nonsynonymous and to
estimate the nonsynonymous divergence and synonymous
divergences, K5 and Ks, we used the method of Comeron
(1995). We wused the ratio of transitions (ts) and
transversions (tv) (ts:tv = 0.58:0.42), obtained from the multi-
allele population genetics model of Zeng (2010, table 3). The
method treats 0-fold sites as nonsynonymous, 4-fold sites as
synonymous, and 2-fold sites are split into 2S-fold sites (where
transitions are synonymous) and 2V-fold sites (where trans-
versions are nonsynonymous). We used the reference
genome of Drosophila melanogaster to classify each site.
The overall estimates of the ratios a/7s and K5/ Ks were
obtained by taking ratios of the respective mean values.

For each NC region, we estimated the statistic B that mea-
sures the ratio of N, to its value in the absence of HRI
(B, Loewe and Charlesworth 2007), using the ratio of the
mean NC synonymous diversity for the regions to the
mean synonymous diversity in the appropriate crossover
genes; for the latter, we used the average s for AC for com-
parisons involving N2, N3, and N4, and the average 75 for XC
for NXt and NXc. To test whether B is negatively correlated
with the total amount of coding sequence within a NC region
(L), we determined the total amount of base pairs in non-
overlapping coding sequence in each of the five NC regions
from the reference genome sequence of D. melanogaster.

Confidence Intervals

To obtain 95% Cls for the mean values of our statistics, we
analyzed the crossover regions gene by gene, using bootstrap-
ping (the basic bootstrap method as implemented in the
function boot.ci of R) across genes. We used also bootstrap-
ping across genes to get the Cls for estimates of divergence in
the NC regions. However, for polymorphism data, genes
within a NC region cannot be treated as independent of
each other, because of high linkage disequilibrium. We there-
fore concatenated the genes within each of our five indepen-
dent NC regions and calculated the polymorphism summary
statistics for each NC block. We calculated the variance and
standard deviation of 6,, and 7 for each NC region using the
(conservative) expressions for nonrecombining sequences
given in Charlesworth B and Charlesworth D (2010, p. 212-
213). We used the Delta method (Dorfman 1938) to calculate
the standard deviation of the ratio statistics 7o/ and B
(calculated as the ratio of the respective means) for each
NC block. We obtained mean values over the five NC
blocks and their 95% Cls by jackknifing (Sokal and Rohlf
2003, p. 820-823).

Rates of Adaptive Evolution

We calculated the proportion of nonsynonymous fixed
differences between species due to adaptive substitutions
() using within-species nucleotide polymorphism and

1024

between-species divergence data. To avoid potential biases
in maximum likelihood estimates resulting from linkage dis-
equilibrium in the NC regions, we used the method of mo-
ments estimator of o based on the McDonald-Kreitman test
(Fay et al. 2002), implemented in the software MKtest (Welch
2006). We excluded singletons, because the presence of
slightly deleterious mutations can bias such estimates of o
downward (Charlesworth and Eyre-Walker 2008). We also
calculated the rate of adaptive substitutions for nonsynon-
ymous mutations relative to the ostensibly neutral mutations
(wy) (Gossmann et al. 2010). For each set of genes we ana-
lyzed, @, was calculated as o x Ka/Ks, using the correspond-
ing mean K,/Ks. We obtained Cls for w, by sampling by
bootstrap 1,000 replicates of mean «, K, and Ks from
which we calculated 1,000 @, values. We report its Cl as
the 2.5-97.5 percentiles of the distribution of bootstrapped
w,, values.

Inferring Derived Variants

To estimate the derived SFS (i.e, the unfolded SFS), we used
an extension developed by Halligan et al. (2013) of the prob-
abilistic approach of Schneider et al. (2011) for reconstructing
the ancestral states of polymorphic sites and distinguishing
between derived and ancestral variants (available at http://
homepages.ed.ac.uk/eang33/, last accessed February 1, 2013).
The method needs two outgroups, so we used D. simulans
and D. yakuba.

This information was used as follows to determine the
ratios of nonsynonymous to synonymous derived variants
in different frequency classes, which provides an index of
the extent of selection on nonsynonymous variants (Fay
et al. 2002). From the derived SFS, we calculated the ratio
of the number of nonsynonymous polymorphisms (per non-
synonymous site) to the number of synonymous polymor-
phisms (per synonymous site) for each category of the SFS.
We reported the results after condensing the SFS into three
frequency categories: 1 (singleton), 2-7 (intermediate fre-
quency), and 8-16 (high frequency) derived mutations. We
assessed whether there was a significant difference between
crossover genes and NC genes from 2 x 2 contingency tables
(crossover/NC genes against nonsynonymous/synonymous
counts), using a Fisher’s exact test for each of the three SFS
categories. We controlled for the false discovery rate (FDR) by
the method of Benjamini and Hochberg (1995), implemented
in the package multtest (Pollard et al. 2005), with an FDR
threshold of 0.05. From the derived SFS, we also calculated the
Fay and Wu H statistic by calculating the difference between
7 and 6y, an estimate of diversity that is weighted toward
high-frequency-derived variants (Fay and Wu 2000); this pro-
vides a test for the signature of a recent selective sweep.

Recombination Detection

The minimum number of recombination events within each
NC block was estimated by the R, method of Myers and
Griffiths (2003), using the RecMin software (http://www.
stats.oxac.uk/~myers/RecMin.html, last accessed March 15,
2013). The main objective was to elucidate if any
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recombination has occurred, not to estimate exact amounts
of crossing over and gene conversion, which rely on likelihood
methods that need a high amount of nucleotide variation to
provide accurate estimates (McVean et al. 2002; Chan et al.
2012). This approach is not suitable for NC regions because
they have very low diversity. We did not include nucleotide
variation from noncoding regions within the NC parts, be-
cause these are enriched in repetitive and transposable ele-
ments, which are difficult to sequence and map accurately, so
that our data set is limited in size for these regions.

BGS Model

As explained in detail in the supplementary material
for Kaiser and Charlesworth (2009), a haploid model was
used, where the selection coefficient, s, against a deleterious
mutation at a site under selection was drawn from a log-
normal distribution with a shape and location parameter of
04=3.022 and 1, =0.0368, which correspond to the expo-
nentials of the standard deviation and mean of In(s), respec-
tively. These were chosen to approximate the estimated
mean selection coefficient for mutations that are segregating
in a Drosophila population, when the population size is
rescaled to 1.3 million from the 1,000 haploid individuals
used in the simulations. The majority of selection coefficients
with this distribution lie within the range for which BGS for-
mulae are expected to apply, but this is somewhat stronger
selection than is indicated by analyses of Drosophila polymor-
phism data, so that the reduction in intensity of BGS caused
by HRI is probably somewhat underestimated (Kaiser and
Charlesworth 2009). The mutation rate per site was set to a
value that corresponds to 4N.u =0.0104 in the absence of
BGS. The gene conversion rate was set to correspond to a
value of 0.25x 107> with an effective population size of
13x 10° and a tract length drawn from an exponential
distribution with a mean of 352 bp, corresponding to the
available information on Drosophila (Comeron et al. 2012).

Fit of a Selective Sweep Model

To investigate the fit of a hard selective sweep to the data, we
performed coalescent simulations of a single catastrophic
sweep with no recombination for each of the 5 NC regions,
following Jensen et al. (2008) and Betancourt et al. (2009).
Because the model assumes zero recombination, we also per-
formed the same analysis for the three alpha-heterochroma-
tin regions (chr2Het, chr3Het, and chrXHet) separately,
because these genes are the most proximal to the centromere
and thus less likely to have experienced any crossing over.
We compared simulated samples of alleles to each of the
eight data sets (i.e, N2, N3, N4, NXc, NXt, chr2Het, chr3Het,
and chrXHet), by comparing simulated versus observed
values of S, the number of segregating sites, and k, the average
pairwise differences between alleles. Observed values of syn-
onymous site S and k were obtained from the concatenated
data set for each class. To explore possible hitchhiking sce-
narios, two parameters were varied: 1) the level of neutral
variation (0,) that would have been present in the absence of
a sweep and 2) the time in the past (T, in units of 2N,

generations) since the simulated sweep occurred, with
50,000 replicates performed for each combination of 6, and
T. Each simulation proceeds neutrally backward in time, ac-
cording to a standard coalescent process, until time T, at
which point all lineages are collapsed into one node, repre-
senting the effect of a selective sweep. A combination of 6,
and T was considered to be compatible with the data if sim-
ulated values of the number of segregating sites (S) were equal
to the observed S from the concatenated data, and the aver-
age number of pairwise differences between alleles (k) was
within +0.1 of the observed value, as in Betancourt et al.
(2009). To estimate the amount of neutral variation in the
NC regions in the absence of a sweep, we used the average 6,,
in AC for N2, N3, N4, chr2Het, and chr3Het, and the average
0, in XC for NXc, NXt, and chrXHet. Simulations were run
using the computer resources of the Edinburgh Compute and
Data Facility (http://www.ecdfedacuk/, last accessed
February 14, 2014).

Recombination Subregions

To test for evidence of associations between our variables of
interest and the effective recombination rate, we divided
the crossing over regions, AC and XC, into ten and six recom-
bination bins, respectively. The recombination rate was esti-
mated from the recombination rate calculator (Fiston-Lavier
et al. 2010), and the effective rates are calculated by multiply-
ing rates of crossing over in female meiosis by one-half for
autosomes and two-thirds for the X chromosome, to take
account of the amount of time a gene spends in males, which
lack crossing over (as in Campos et al. 2013). We also made a
similar data set using the recombination data of Comeron
et al. (2012). For each gene, we obtained the map positions
of its start, mid, and end coordinates. Because we were
interested in the overall effects of recombination on the
D. melanogaster genome, we fitted a Loess regression to the re-
combination rates along each chromosome (see supplemen-
tary fig. S6 of supplementary material S3, Supplementary
Material online). We used this fit to determine the effective
recombination rate for each gene from the value for its
midco-ordinate.

For each of these regions, we calculated the same summary
statistics as for AC and XC and determined the mean and its
Cl by bootstrapping. We also included Fop (the frequency of
optimal codons), GC content in third codon sites (GC;3), GC
content of short (<80 bp) introns (GC)), and levels of gene
expression (average log, RPKM across all developmental
stages of D. melanogaster) in this analysis; for details of how
these variables were obtained, see Campos et al. (2012, 2013).
For each chromosomal data set type (autosomal and X), we
tested whether each variable correlated significantly with the
effective recombination rate using Spearman’s rank correla-
tions. We performed the same analysis for the overlap region,
the chromosomal regions that have comparable effective
recombination rates between A and X (Campos et al.
2013). We divided the overlap region of A and X into three
bins of recombination: high (1.75-2 cM/Mb), intermediate
(1.40-1.75 cM/Mb), and low (1-1.40 cM/Mb). We did the
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same using the effective recombination rates of Comeron
et al. (2012).

To calculate «, w,, and the proportion of nearly neutral
mutations for each crossing over bin, we used the software
DFE-alpha (available online at http://homepages.ed.ac.uk/
eang33/, last accessed April 20, 2013). This program uses
the maximum likelihood approach of Eyre-Walker and
Keightley (2009) to infer the DFEs of new mutations in a
selected class. The method assumes two classes of sites, one
neutral (synonymous) and one selected (nonsynonymous)
and contrasts SFSs of the two classes. It fits a gamma distri-
bution to the DFE with parameters 3 (shape) and E(s) (mean),
s being the selection coefficient for deleterious mutations in
homozygotes. From the DFE distribution, it calculated the
proportion of mutations in four ranges of Ngs: 0-1 (nearly
neutral), 1-10, 10-100, and >100 (strongly deleterious), o
and w,. We used a demographic model whereby the popu-
lation at initial size N; (set to 100) experiences a step change
to N,, t generations in the past. For each bin, we pooled all
genes into a synonymous and nonsynonymous SFS and run
several times DFE-alpha to check for convergence of param-
eters. We obtained Cl by bootstrapping across genes (1,000
replicates) and report the Cl as the 2.5-97.5 percentiles of the
distribution of bootstrapped values.

To see whether the selected outgroup (D. yakuba) affected
our estimates of « from the DFE, we used D. simulans as an
alternative outgroup, using the same orthologous genes as
those in Campos et al. (2012) (supplementary fig. S3 of sup-
plementary material S3). However, we have focused our anal-
yses on D. yakuba because there is less chance of ancestral
polymorphism, and the reference genome of D. yakuba is of
better quality (Clark et al. 2007).

Supplementary Material

Supplementary materials S1-S4 are available at Molecular
Biology and Evolution online (http://www.mbe.oxfordjour
nals.org/).

Acknowledgments

The authors are grateful to the Drosophila Population
Genome Project (DPGP), especially John Pool, for making
these data available. They gratefully acknowledge Andrea
Betancourt for providing the code for the selective sweep
analysis and help in conducting the runs. They thank Peter
Keightley for providing access to computational facilities for
running DFE-alpha, Thanasis Kousathanas for providing help
with the polymorphism and DFE analysis, and Rob Ness for
bioinformatic support in processing the raw data of DPGP.
They thank the other members of the Charlesworth lab
group, Kai Zeng and Chuck Langley for useful discussions
and comments. They also thank two anonymous reviewers
for their helpful suggestions. This work was supported by a
grant from the UK Biotechnology and J.L.C. Biological Sciences
Research Council to B.C. and J.LC. (grant number BB/
H006028/1), by grant 088114 from the Wellcome Trust to
D.LH, and by a fellowship from the UK Natural Environment
Research Council (grant number NE/G013195/1) to P.R.H.

1026

References

Aguadé M, Miyashita N, Langley CH. 1989. Reduced variation in the
yellow-achaete-scute region in natural populations of Drosophila
melanogaster. Genetics 122:607-615.

Anderson JA, Song YS, Langley CH. 2008. Molecular population genetics
of Drosophila subtelomeric DNA. Genetics 178:477—487.

Andolfatto P. 2001. Contrasting patterns of X-linked and autosomal
nucleotide variation in Drosophila melanogaster and Drosophila
simulans. Mol Biol Evol. 18:279-290.

Andolfatto P. 2007. Hitchhiking effects of recurrent beneficial amino
acid substitutions in the Drosophila melanogaster genome.
Genome Res. 17:1755-1762.

Arguello JR, Zhang Y, Kado T, Fan C, Zhao R, Innan H, Wang W, Long M.
2010. Recombination yet inefficient selection along the Drosophila
melanogaster subgroup’s fourth chromosome. Mol Biol Evol. 27
848-861.

Ashburner M, Hawley S, Golic K. 2005. Drosophila: a laboratory hand-
book, 2nd ed. New York: Cold Spring Harbor Laboratory Press.
Begun DJ, Aquadro CF. 1992. Levels of naturally occurring DNA poly-
morphism correlate with recombination rates in D. melanogaster.

Nature 356:519-520.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc Ser
B. 57:289-300.

Betancourt A, Welch JJ, Charlesworth B. 2009. Reduced effective-
ness of selection caused by a lack of recombination. Curr Biol. 19:
655-660.

Betancourt AJ, Blanco-Martin B, Charlesworth B. 2012. The rela-
tion between the neutrality index for mitochondrial genes and
the distribution of mutational effects on fitness. Evolution 66:
2427-2438.

Braverman JM, Hudson RR, Kaplan NL, Langley CH, Stephan W. 1995.
The hitchhiking effect on the site frequency spectrum of DNA poly-
morphisms. Genetics 140:783-796.

Campos JL, Charlesworth B, Haddrill PR. 2012. Molecular evolution in
nonrecombining regions of the Drosophila melanogaster genome.
Genome Biol Evol. 4278-288.

Campos JL, Zeng K, Parker DJ, Charlesworth B, Haddrill PR. 2013. Codon
usage bias and effective population sizes on the X chromosome
versus the autosomes in Drosophila melanogaster. Mol Biol Evol.
30:811-823.

Chan AH, Jenkins PA, Song YS. 2012. Genome-wide fine-scale recombi-
nation rate variation in Drosophila melanogaster. PLoS Genet. 8:
€1003090.

Charlesworth B. 2012. The role of background selection in shaping pat-
terns of molecular evolution and variation: evidence from variability
on the Drosophila X chromosome. Genetics 191:233-246.

Charlesworth B, Betancourt A, Kaiser VB, Gordo I. 2010. Genetic recom-
bination and molecular evolution. Cold Spring Harb Symp Quant
Biol. 74:177-186.

Charlesworth B, Charlesworth D. 2010. Elements of evolutionary genet-
ics. Greenwood Village (CO): Roberts and Company Publishers.
Charlesworth B, Coyne J, Barton N. 1987. The relative rates of evolution

of sex chromosomes and autosomes. Am Nat. 130:113-146.

Charlesworth B, Morgan MT, Charlesworth D. 1993. The effect of
deleterious mutations on neutral molecular variation. Genetics
134:1289-1303.

Charlesworth D. 2003. Effects of inbreeding on the genetic diversity of
populations. Philos Trans R Soc Lond B Biol Sci. 358:1051-1070.
Charlesworth J, Eyre-Walker A. 2008. The McDonald-Kreitman test and

slightly deleterious mutations. Mol Biol Evol. 25:1007-1015.

Clark AG, Eisen MB, Smith DR, Bergman CM, Oliver B, Markow TA,
Kaufman TG, Kellis M, Gelbart W, lyer VN, et al. 2007. Evolution of
genes and genomes on the Drosophila phylogeny. Nature 450:
203-218.

Comeron JM. 1995. A method for estimating the numbers of synony-
mous and nonsynonymous substitutions per site. | Mol Evol. 41:
1152-1159.


http://homepages.ed.ac.uk/eang33/
http://homepages.ed.ac.uk/eang33/
 (distribution of fitness effects)
,
non-
if
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu056/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu056/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu056/-/DC1
since
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu056/-/DC1
http://www.mbe.oxfordjournals.org/
http://www.mbe.oxfordjournals.org/
material 1
. Supplementary Tables.

Recombination and the Efficiency of Selection - doi:10.1093/molbev/msu056

MBE

Comeron JM, Ratnappan R, Bailin S. 2012. The many landscapes of
recombination in Drosophila melanogaster. PLoS Genet. 8:¢1002905.

Comeron JM, Williford A, Kliman RM. 2008. The Hill-Robertson effect:
evolutionary consequences of weak selection and linkage in finite
populations. Heredity 100:19-31.

Corbett-Detig RB, Hartl DL. 2012. Population genomics of inversion
polymorphisms in Drosophila melanogaster. PLoS Genet. 8:21003056.

Cutter AD, Payseur BA. 2013. Genomic signatures of selection at linked
sites: unifying the disparity among species. Nat Rev Genet. 14:
262-274.

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA,
Handsaker RE, Lunter G, Marth GT, Sherry ST, et al. 2011. The
variant call format and VCFtools. Bioinformatics 27:2156-2158.

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C,
Philippakis AA, del Angel G, Rivas MA, Hanna M, et al. 2011.
A framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nat Genet. 43:491-498.

Dorfman R. 1938. A note on the delta-method for finding variance
formulae. Biometrics Bull. 1:129-137.

Drummond DA, Wilke CO. 2008. Mistranslation-induced protein mis-
folding as a dominant constraint on coding-sequence evolution. Cell
134:341-352.

Eyre-Walker A, Keightley PD. 2009. Estimating the rate of adaptive mo-
lecular evolution in the presence of slightly deleterious mutations
and population size change. Mol Biol Evol. 26:2097-2108.

Fay JC, Wu Cl. 1999. A human population bottleneck can account for
the discordance between patterns of mitochondrial versus nuclear
DNA variation. Mol Biol Evol. 16:1003—-1005.

Fay JC, Wu Cl. 2000. Hitchhiking under positive Darwinian selection.
Genetics 155:1405-1413.

Fay JC, Wyckoff GJ, Wu Cl. 2002. Testing the neutral theory of molecular
evolution with genomic data from Drosophila. Nature 415:
1024-1026.

Felsenstein J. 1974. The evolutionary advantage of recombination.
Genetics 78:737-756.

Fiston-Lavier A, Singh ND, Lipatov M, Petrov DA. 2010. Drosophila
melanogaster recombination rate calculator. Gene 463:18-20.

Flowers JM, Molina J, Rubinstein S, Huang P, Schaal BA, Purugganan MD.
2012. Natural selection in gene-dense regions shapes the genomic
pattern of polymorphism in wild and domesticated rice. Mol Biol
Evol. 29:675-687.

Frankham R. 2012. How closely does genetic diversity in finite popula-
tions conform to predictions of neutral theory? Large deficits in
regions of low recombination. Heredity 108:167-178.

Glinka S, Ometto L, Mousset S, Stephan W, De Lorenzo D. 2003.
Demography and natural selection have shaped genetic variation
in Drosophila melanogaster: a multi-locus approach. Genetics 165:
1269-1278.

Gordo |, Navarro A, Charlesworth B. 2002. Muller’s ratchet and the
pattern of variation at a neutral locus. Genetics 161:835-848.

Gossmann Tl, Song B-H, Windsor A, Mitchell-Olds T, Dixon CJ,
Kapralov MV, Filatov DA, Eyre-Walker A. 2010. Genome wide anal-
yses reveal little evidence for adaptive evolution in many plant
species. Mol Biol Evol. 27:1822-1832.

Gossmann Tl, Woolfit M, Eyre-Walker A. 2011. Quantifying the variation
in the effective population size within a genome. Genetics 189:
1389-1402.

Haddrill PR, Halligan DL, Tomaras D, Charlesworth B. 2007. Reduced
efficacy of selection in regions of the Drosophila genome that lack
crossing over. Genome Biol. 8R18.

Haddrill PR, Loewe L, Charlesworth B. 2010. Estimating the parameters
of selection on nonsynonymous mutations in Drosophila pseudoobs-
cura and D. miranda. Genetics 185:1381-1396.

Haddrill PR, Thornton KR, Charlesworth B, Andolfatto P. 2005.
Multilocus patterns of nucleotide variability and the demographic
and selection history of Drosophila melanogaster populations.
Genome Res. 15:790-799.

Halligan DL, Kousathanas A, Ness RW, Harr B, Edry L, Keane TM, Adams
DJ, Keightley PD. 2013. Contributions of protein-coding and

regulatory change to adaptive molecular evolution in murid
rodents. PLoS Genet. 9:¢1003995.

Hermisson ], Pennings PS. 2005. Soft sweeps: molecular population
genetics of adaptation from standing genetic variation. Genetics
169:2335-2352.

Hey J, Harris E. 1999. Population bottlenecks and patterns of human
polymorphism. Mol Biol Evol. 16:1423-1426.

Hill WG, Robertson A. 1966. The effect of linkage on limits to artificial
selection. Genet Res. 8269-294.

Hu TT, Eisen MB, Thornton KR, Andolfatto P.2013. A second-generation
assembly of the Drosophila simulans genome provides new insights
into patterns of lineage-specific divergence. Genome Res. 23:89-98.

Jensen D, Thornton KR, Andolfatto P. 2008. An approximate Bayesian
estimator suggests strong, recurrent selective sweeps in Drosophila.
PLoS Genet. 4:21000198.

Jensen MA, Charlesworth B, Kreitman M. 2002. Patterns of genetic
variation at a chromosome 4 locus of Drosophila melanogaster
and D. simulans. Genetics 160:493-507.

Johnson T, Barton NH. 2002. The effect of deleterious alleles on adap-
tation in asexual populations. Genetics 162:395-411.

Kaiser VB, Charlesworth B. 2009. The effects of deleterious mutations on
evolution in non-recombining genomes. Trends Genet. 25:9-12.
Kawabe A, Forrest A, Wright SI, Charlesworth D. 2008. High DNA se-
quence diversity in pericentromeric genes of the plant Arabidopsis

lyrata. Genetics 179:985-995.

Kofler R, Orozco-terWengel P, De Maio N, Pandey RV, Nolte V, Futschik
A, Kosiol C, Schldtterer C. 2011. PoPoolation: A toolbox for popu-
lation genetic analysis of next generation sequencing data from
pooled individuals. PLoS One 6:¢15925.

Kousathanas A, Keightley PD. 2013. A comparison of models to infer the
distribution of fitness effects of new mutations. Genetics 193:
1197-1208.

Langley CH, Lazzaro BP, Phillips W, Heikkinen E, Braverman JM. 2000.
Linkage disequilibria and the site frequency spectra in the su(s) and
su(w”) regions of the Drosophila melanogaster X chromosome.
Genetics 156:1837-1852.

Langley CH, Stevens K, Cardeno C, Lee YCG, Schrider DR, Pool JE,
Langley SA, Suarez C, Corbett-Detig RB, Kolaczkowski B, et al.
2012. Genomic variation in natural populations of Drosophila mel-
anogaster. Genetics 192:533-598.

Lawrie DS, Messer PW, Hershberg R, Petrov DA. 2013. Strong purifying
selection at synonymous sites in D. melanogaster. PLoS Genet. 9:
€1003527.

Lemeunier F, Aulard S. 1992. Inversion polymorphism in Drosophila
melanogaster. In: Krimbas CB, Powell JR, editors. Drosophila inversion
polymorphism. Boca Raton (FL): CRC Press. p. 339-405.

Li H, Durbin R. 2009. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25:1754—1760.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R. 2009. The Sequence Alignment/Map format
and SAMtools. Bioinformatics 25:22078-2079.

Li H, Stephan W. 2006. Inferring the demographic history and rate of
adaptive substitution in Drosophila. PLoS Genet. 2:¢166.

Librado P, Rozas J. 2009. DnaSP v5: a software for comprehensive analysis
of DNA polymorphism data. Bioinformatics 25:1451-1452.

Loewe L, Charlesworth B. 2007. Background selection in single genes
may explain patterns of codon bias. Genetics 175:1381-1393.

Loewe L, Charlesworth B, Bartolomé C, Noel V. 2006. Estimating selec-
tion on nonsynonymous mutations. Genetics 172:1079-1092.

Lohse K, Kelleher ). 2009. Measuring the degree of starshape in geneal-
ogies—summary statistics and demographic inference. Genet Res.
91:281-292.

Lunter G, Goodson M. 2011. Stampy: A statistical algorithm for sensitive
and fast mapping of lllumina sequence reads. Genome Res. 21:
936-939.

Mackay TFC, Richards S, Stone EA, Barbadilla A, Ayroles JF, Zhu D,
Casillas S, Han Y, Magwire MM, Cridland JM, et al. 2012. The
Drosophila melanogaster Genetic Reference Panel. Nature 482:
173-178.

1027



Campos et al. - doi:10.1093/molbev/msu056

MBE

Macpherson JM, Sella G, Davis JC, Petrov DA. 2007. Genomewide spatial
correspondence between nonsynonymous divergence and neutral
polymorphism reveals extensive adaptation in Drosophila. Genetics
177:2083-2099.

Maynard Smith ), Haigh J. 1974. The hitch-hiking effect of a favourable
gene. Genet Res. 23:23-35.

McDonald JH, Kreitman M. 1991. Adaptive protein evolution at the Adh
locus in Drosophila. Nature 351:652—654.

McVean G, Awadalla P, Fearnhead P. 2002. A coalescent-based method
for detecting and estimating recombination from gene sequences.
Genetics 160:1231-1241.

Meisel RP, Connallon T. 2013. The faster-X effect: integrating theory and
data. Trends Genet. 29:537-544.

Messer PW, Petrov DA. 2013. Frequent adaptation and the McDonald-
Kreitman test. Proc Natl Acad Sci U S A. 110:8615-8620.

Miklos GL, Cotsell JN. 1990. Chromosome structure at interfaces be-
tween major chromatin types: alpha- and beta-heterochromatin.
Bioessays 12:1-6.

Myers SR, Griffiths RC. 2003. Bounds on the minimum number of
recombination events in a sample history. Genetics 163:375-394.

Nei M, Maruyama T, Chakraborty R. 1975. The bottleneck effect and
genetic variability in populations. Evolution 29:1-10.

Orr HA, Kim Y. 1998. An adaptive hypothesis for the evolution of the Y
chromosome. Genetics 150:1693-1698.

Pollard K, Dudoit S, Van der Laan MJ. 2005. Multiple testing procedures:
R multtest package and applications to Genomics. In: Gentleman R,
Carey V, Huber W, Irizarry R, Dudoit S, editors. Bioinformatics and
computational biology solutions using R and bioconductor. Berlin
(Germany): Springer. p. 251-272.

Pool JE, Corbett-Detig RB, Sugino RP, Stevens KA, Cardeno CM, Crepeau
MW, Duchen P, Emerson J), Saelao P, Begun D), et al. 2012.
Population genomics of sub-Saharan Drosophila melanogaster:
African diversity and non-African admixture. PLoS Genet. 8:¢1003080.

Pool JE, Nielsen R. 2008. The impact of founder events on chromosomal
variability in multiply mating species. Mol Biol Evol. 25:1728-1736.

Presgraves DC. 2005. Recombination enhances protein adaptation in
Drosophila melanogaster. Curr Biol. 15:1651-1656.

Schneider A, Charlesworth B, Eyre-Walker A, Keightley PD. 2011.
A method for inferring the rate of occurrence and fitness effects
of advantageous mutations. Genetics 189:1427-1437.

Schrider DR, Houle D, Lynch M, Hahn MW. 2013. Rates and genomic
consequences of spontaneous mutational events in Drosophila mel-
anogaster. Genetics 194:937-954.

Seger ), Smith WA, Perry JJ, Hunn ), Kaliszewska ZA, Sala LL, Pozzi L,
Rowntree V), Adler FR. 2010. Gene genealogies strongly distorted by

1028

weakly interfering mutations in constant environments. Genetics
184:529-545.

Sella G, Petrov DA, Przeworski M, Andolfatto P. 2009. Pervasive natural
selection in the Drosophila genome? PLoS Genet. 5:21000495.

Shapiro JA, Huang W, Zhang C, Hubisz M, Lu J, Turissini DA, Fang S,
Wang HY, Hudson RR, Nielsen R, et al. 2007. Adaptive genic evolu-
tion in the Drosophila genomes. Proc Natl Acad Sci U S A. 104:
2271-2276.

Singh ND, Davis )JC, Petrov DA. 2005. Codon bias and noncoding GC
content correlate negatively with recombination rate on the
Drosophila X chromosome. | Mol Evol. 61:315-324.

Singh ND, Larracuente AM, Clark AG. 2008. Contrasting the efficacy of
selection on the X and autosomes in Drosophila. Mol Biol Evol. 25:
454-467.

Smith C, Shu S, Mungall CJ, Karpen GH. 2007. The Release 5.1 annota-
tion of Drosophila melanogaster heterochromatin. Science 316:
1586-1591.

Sokal RR, Rohlf FJ. 2003. Biometry. New York: W.H. Freeman and
Company.

Stephan W. 2010. Genetic hitchhiking versus background selection: the
controversy and its implications. Philos Trans R Soc Lond B Biol Sci.
365:1245-1253.

Tajima F. 1983. Evolutionary relationship of DNA sequences in finite
populations. Genetics 105:437—460.

Tajima F. 1989. Statistical method for testing the neutral mutation hy-
pothesis by DNA polymorphism. Genetics 123:585-595.

Thornton K, Andolfatto P. 2006. Approximate Bayesian inference reveals
evidence for a recent, severe bottleneck in a Netherlands population
of Drosophila melanogaster. Genetics 172:1607-1619.

Vicoso B, Charlesworth B. 2009. Effective population size and the faster-
X effect: an extended model. Evolution 63:2413-2426.

Watterson GA. 1975. On the number of segregating sites in genetical
models without recombination. Theor Popul Biol. 7:256-276.

Welch J). 2006. Estimating the genomewide rate of adaptive protein
evolution in Drosophila. Genetics 173:821-837.

Wright S. 1931. Evolution in Mendelian populations. Genetics 16:97—-159.

Zeng K. 2010. A simple multiallele model and its application to identi-
fying preferred-unpreferred codons using polymorphism data. Mol
Biol Evol. 27:1327-1337.

Zeng K. 2013. A coalescent model of background selection with recom-
bination, demography and variation in selection coefficients.
Heredity 110:363-371.

Zeng K, Charlesworth B. 2010. The effects of demography and linkage on
the estimation of selection and mutation parameters. Genetics 186:
1411-1424.



