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Abstract

The nearly neutral theory of molecular evolution predicts that the efficacy of both positive and purifying selection is
a function of the long-term effective population size (N.) of a species. Under this theory, the efficacy of natural selection
should increase with N.. Here, we tested this simple prediction by surveying ~1.5 to 1.8 Mb of protein coding sequence in
the two subspecies of the European rabbit (Oryctolagus cuniculus algirus and O. c. cuniculus), a mammal species
characterized by high levels of nucleotide diversity and N, estimates for each subspecies on the order of 1 x 10°. When the
segregation of slightly deleterious mutations and demographic effects were taken into account, we inferred that >60% of
amino acid substitutions on the autosomes were driven to fixation by positive selection. Moreover, we inferred that a small
fraction of new amino acid mutations (<4%) are effectively neutral (defined as 0 < N.s < 1) and that this fraction was
negatively correlated with a gene’s expression level. Consistent with models of recurrent adaptive evolution, we detected
a negative correlation between levels of synonymous site polymorphism and the rate of protein evolution, although the
correlation was weak and nonsignificant. No systematic X chromosome—autosome difference was found in the efficacy of
selection. For example, the proportion of adaptive substitutions was significantly higher on the X chromosome compared
with the autosomes in O. c. algirus but not in O. c. cuniculus. Our findings support widespread positive and purifying
selection in rabbits and add to a growing list of examples suggesting that differences in N, among taxa play a substantial
role in determining rates and patterns of protein evolution.

Key words: proportion of adaptive substitutions, distribution of fitness effects, effective population size, McDonald—Kreitman
test, nearly neutral theory, transcriptome.

or potential fixation of slightly deleterious mutations and
to the loss of slightly advantageous mutations at a higher
rate than in populations with larger N..

The recent accumulation of large data sets of within-
population molecular variation provides an unprecedented
opportunity to use empirical data to assess the effects of
natural selection on genome evolution across taxa. Exten-
sions of the McDonald—Kreitman test of selective neutral-

Introduction

The relative role of neutral and selective processes driving
the evolution and divergence of populations has long been
a matter of debate among evolutionary biologists (see, e.g,,
Nei 2005 for a review). During the 1960s, Motoo Kimura
introduced the idea that observable genetic variation mostly
reflects a balance between mutation and genetic drift, attrib-

uting a modest role to adaptation at the molecular level
(“neutral theory of evolution”; Kimura 1968). In an impor-
tant generalization of this model, Tomoko Ohta shifted
the focus from strictly neutral mutations to nearly neutral
mutations by initially incorporating the concept of “slightly
deleterious” (Ohta 1973) and then “slightly advantageous”
mutations into her “nearly neutral theory of molecular evo-
lution” (reviewed by Ohta 1992). This model posits that the
efficacy of natural selection depends on the long-term effec-
tive population size (N.): the strong effect of genetic drift
in small populations leads to the long-term segregation

ity (McDonald and Kreitman 1991) have been commonly
used to estimate a, the fraction of nonsynonymous diver-
gence that has been driven by adaptive evolution (Fay et al.
2001; Bustamante et al. 2002; Smith and Eyre-Walker 2002;
Sawyer et al. 2003; Bierne and Eyre-Walker 2004; Eyre-Walker
and Keightley 2009). These methods have been applied to
a variety of taxa and have shown great variation of the
estimated value of o.. High values of o (about 50% or higher)
consistent with prevalent adaptive evolution have been es-
timated for organisms as diverse as Drosophila (Fay et al.
2002; Bachtrog 2008; Eyre-Walker and Keightley 2009),
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mice (Halligan et al. 2010), bacteria (Charlesworth and
Eyre-Walker 2006; Lefebure and Stanhope 2009), or sun-
flowers (Strasburg et al. 2009). In contrast, lower values
of o (20% or less) have been estimated, for example, in hu-
mans (Bustamante et al. 2005; Gojobori et al. 2007; Boyko
et al. 2008; Halligan et al. 2010), chickens (Axelsson and
Ellegren 2009), and Arabidopsis (Foxe et al. 2008; Slotte
et al. 2010). Inferred distributions of deleterious fitness ef-
fects of mutations based on the site-frequency spectra
(Keightley and Eyre-Walker 2007; Halligan et al. 2010; Slotte
et al. 2010; Strasburg et al. 2011) and levels of constraint on
protein coding sequences coming from genome-wide com-
parisons (Eyre-Walker et al. 2002; Lindblad-Toh et al. 2005;
Popadin et al. 2007; Ellegren 2009) also indicate that the
overall strength of purifying selection varies substantially
across taxa. Supported by evolutionary theory, several au-
thors have suggested that this heterogeneity is in great part
explained by an association between N, and the efficacy of
natural selection (e.g., Eyre-Walker 2006; Ellegren 2009;
Sella et al. 2009; Strasburg et al. 2011). Although this ex-
pectation seems to hold in most cases, some studies have
questioned the generality of this relationship and sug-
gested that population structure, historical demographics,
or fitness effects of mutations differing between species
may be stronger determinants of patterns of protein evo-
lution rather than N, (e.g, Bachtrog 2008; Gossmann et al.
2010).

Since the compared organisms vary in many aspects of
their biology and demographic history, it is important to
add data from additional species to the debate. In partic-
ular, with the exception of the house mouse and humans,
the effects of natural selection on genome evolution have
received little attention in mammals. In this context, the
European rabbit (Oryctolagus cuniculus) provides a good
model system. This species is endemic to the Iberian Pen-
insula. Events of vicariance induced by the climatic oscilla-
tions of the Pleistocene led to the allopatric evolution of
two distinct subspecies (supplementary fig. 1, Supplemen-
tary Material online), which are thought to have diverged
approximately 1.8 Ma (Branco et al. 2000; Carneiro et al.
2009): O. c. cuniculus, distributed across the Northeastern
part of the Iberian Peninsula and central Europe and
O. c. algirus, which inhabits the Southwestern part of the
Iberian Peninsula. The two subspecies overlap along a
Northwestern—Southeastern axis in the central Iberian
Peninsula and exchange genes at variable rates across
the genome (Branco et al. 2002; Geraldes, Carneiro, et al.
2008; Carneiro et al. 2009; Carneiro et al. 2010). Rabbits
are characterized by surprisingly high levels of nucleotide
diversity for a mammalian species (1 = 1%), much higher,
for example, than in humans (0.1%; Aquadro et al. 2001).
Recent inferences suggest that these high levels of genetic
diversity likely reflect high N,, on the order of 1.6 x 10° for
O. c. algirus and 8.0 x 10° for O. c. cuniculus (Carneiro et al.
2009). These estimates are more than an order of magni-
tude higher than in humans (Takahata 1993) and are even
higher than in mice (Geraldes, Basset, et al. 2008). This
makes rabbits an interesting model to test theoretical
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predictions based on the relationship between N, and
the efficacy of natural selection in mammals.

In this work, we generated and analyzed a large data set
of protein coding sequence data in both subspecies of the
European rabbit and the Iberian hare (Lepus granatensis).
By jointly considering patterns of polymorphism and diver-
gence at synonymous and nonsynonymous sites, we esti-
mated the proportions of amino acid substitutions driven
to fixation by positive selection and the distribution of del-
eterious selection coefficients among newly arising amino
acid mutations. There is a clear prediction given the large
N, of rabbits: both positive and negative selection should
be highly efficient in this species. Compared with other
mammals, our results in rabbits should more closely resem-
ble results in mice rather than those in humans. We further
investigated whether the efficacy of natural selection differs
between the autosomes and the X chromosome.

Materials and Methods

Sampling

We sampled six individuals (three males and three females)
for each of the rabbit subspecies (supplementary fig. 1, Sup-
plementary Material online). Our sampling scheme followed
several criteria. First, to avoid potential substructure within
subspecies, wild individuals were collected from a single re-
gion in the southwestern part of the Iberian Peninsula for
the O. c. algirus subspecies and in a separate single region
in the northeastern part of the Iberian Peninsula for the
O. c. cuniculus subspecies. These regions are thought to
correspond to the putative ancestral ranges and refugial
areas of both subspecies during the Pleistocene glaciations
(Branco et al. 2002). Second, to avoid relatedness among
individuals within our sample, individuals were collected
across a large sampling area (>10 km?). As expected, given
this sampling strategy, we find no evidence for inbreeding,
and F;; values averaged over all loci are close to 0 (data not
shown). Finally, the two subspecies of the European rabbit
are known to hybridize in central Iberia and previous stud-
ies have inferred extensive gene exchange between both
taxa (Geraldes, Carneiro, et al. 2008; Carneiro et al. 2009;
Carneiro et al. 2010). The sampling regions were therefore
selected to be distant from the rabbit hybrid zone, thus
reducing the influence of introgression in patterns of poly-
morphism within taxa. Prior to tissue harvesting, animals
were reared in outdoor enclosures in the facilities of the
University of Castilla la Mancha, Ciudad Real, Spain.

Tissue Collection, Library Preparation, and
Sequencing

To obtain polymorphism data in rabbits, we sequenced the
transcriptome of the brain frontal cortex. Data on the
O. c. cuniculus subspecies were collected as part of a study
comparing patterns of gene expression in the brain of both
wild and domestic rabbits (Albert FW, submitted), and
data on the O. c. algirus subspecies were collected for this
study. Rabbits were anesthetized with intramuscular injec-
tion of ketamine (15 mg/kg body weight) and euthanized
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with intra cardiac injection of sodium pentobarbitone
(100 mg/kg body weight). The brain was then snap-frozen
in dry ice immediately after dissection. All experimental
procedures were approved by the Ethical Committee for
Animal Research of the University of Castilla la Mancha,
Spain.

Frontal cortex tissues were homogenized in Trizol re-
agent (Invitrogen, Carlsbad, CA), total RNA was extracted
by chloroform extraction, and purified using Qiagen
RNEasy columns (Valencia, CA). Sequencing libraries were
prepared in accordance with the standard Illumina RNA
sample preparation protocol (lllumina Inc, San Diego)
and we summarize the main procedures below. For polyA
MRNA selection, we used poly-T covered magnetic beads
and 10 pg of total RNA per sample. Purified mRNA was
chemically fragmented followed by cDNA synthesis using
random hexamer primers. The library of cDNA subse-
quently underwent blunt-end repair and was ligated to
paired-end Illumina sequencing adapters. Finally, cDNA
libraries were generated around a fragment size of
~250 bp by gel cuts from agarose gels and enriched over
15 cycles of polymerase chain reaction (PCR) using uni-
versal priming sites present at the end of the Illumina
sequencing adapters.

Libaries were sequenced on an Illumina GA Il instrument
(lllumina Inc.) with paired-end 51 bp reads and one lane
of the flow cell per individual. Details on the number of
reads can be found in supplementary table 1, Supplemen-
tary Material online. Base calling was carried out with the
machine-learning algorithm Ibis (Kircher et al. 2009).
Overlapping read pairs were merged into single sequences
prior to read mapping. The raw data were submitted to
the Sequence Reads Archive (SRA) of NCBI (accession
number: SRP010451).

Read Mapping and Consensus/Genotype Calling

Sequence reads were mapped to the rabbit reference ge-
nome obtained from Ensembl (orycun2; http://www.
ensembl.org/Oryctolagus_cuniculus/Info/Index) using the
Burrows—Wheeler alignment (BWA; Li and Durbin 2009)
tool with default parameters and assigned to genes based
on the Ensembl Build 62 annotation. When multiple tran-
scripts were available for a given gene due to alternative
splicing, the longest transcript was kept. Since 5’ and 3’
untranslated regions are poorly identified in the current
annotation of the rabbit genome, we restricted our analysis
to synonymous and nonsynonymous sites. Identification of
single-nucleotide polymorphisms (SNPs) and consensus/
genotype calling in the alignment files generated by
BWA were carried out using Samtools (Li et al. 2009). Prior
to consensus/genotype calling, we: (1) removed PCR dupli-
cates by collapsing molecules with identical mapping co-
ordinates, choosing the read with the highest summed
base qualities and (2) trimmed the first and last six bases
from each aligned molecule to avoid problems that may be
caused by nonrandom composition of the hexamer pools
used during cDNA synthesis. Both quality control steps
were performed using python scripts kindly provided by

Martin Kircher. Only SNPs with a minimum quality of 20,
root mean square (RMS) minimum mapping quality of
25, and at a distance of at least 10 bp from indel polymor-
phisms were considered. Such a stringent RMS mapping may
help reduce alignment of recently diverged paralog sequen-
ces. Homozygote and heterozygote genotypes were ac-
cepted for each SNP if total sequence coverage was equal
or higher than 8 and genotype quality equal or higher than
20x according to the SNP/genotype algorithm imple-
mented in Samtools. If these latter criteria were not met,
that specific position in a given individual was coded as miss-
ing data. Similar quality filters were used for consensus call-
ing and positions not meeting the above criteria and located
within 10 bp of an indel were masked as missing data. Details
on sequence coverage per individual are given in supplemen-
tary table 1, Supplementary Material online. We produced
two additional data sets. First, we produced a data set to
test whether our results were robust to more stringent base
quality criteria (sequence coverage higher than 20x and
SNP/genotype and consensus quality higher than 30). Sec-
ond, since rabbits are characterized by high levels of poly-
morphism (see Results), which may reduce mapping
quality and bias our analysis toward less polymorphic re-
gions, we investigated the effect of using less stringent map-
ping quality cutoffs (mapping quality higher than 15 and up
to 12% mismatches per read compared with the 4% using
BWA default parameters). The results obtained for both data
sets remained similar to those generated with the original
criteria (see Results). To further help overcome the existence
of recently diverged paralogs in our data set, we calculated
Hardy—Weinberg expectations for each SNP using the pro-
gram Genepop (http://genepop.curtin.edu.au/) and all genes
displaying positions with a significant excess of heterozy-
gotes were removed from the analysis.

Out-group Data Set and Orthology Assignment

To obtain divergence information, we used sequence data
from the Iberian hare (Lepus granatensis), which is
thought to have diverged from the European rabbit
~11.8 Ma (Matthee et al. 2004). These data were obtained
in a previous study where the transcriptome of a pool of
several tissues was sequenced for several L. granatensis in-
dividuals using a combination of 454 and Illumina reads
and subsequently assembled into contigs (Cahais V,
submitted). We used the F assembly protocol, as de-
scribed by Cahais V (submitted) but retained all contigs,
including those with less than 200 bp, in order to maxi-
mize the number of analyzed genes. L. granatensis contigs
were BLASTed against the current annotation of the rab-
bit genome and only 1:1 relationships according to the
categories “full” and “fragment” described in Cahais V
(submitted) were retained. Briefly, these two categories
include contigs with a single significant hit in a single rab-
bit gene and also contigs with multiple significant hits in
the same rabbit gene but in nonoverlapping regions of
that gene. Sets of homologous protein sequences were
subsequently aligned using MUSCLE (Edgar 2004) and
back-translated to aligned codon sequences.
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Data Analysis

Summary Statistics

All polymorphism and divergence statistics and synony-
mous and nonsynonymous site-frequency spectra for each
gene were obtained using the library of perl scripts Poly-
MORPHOrama (Haddrill et al. 2008). Codons with missing
data or overlapping insertion—deletion polymorphisms were
removed from subsequent analysis. Sites with more than
two alleles segregating were also not considered. The num-
ber of synonymous and nonsynonymous sites and counts
were estimated using the method of Nei and Gojobori
(1986). We estimated the neutral mutation parameter
(4Nu for autosomal loci and 3N.u for X-linked loci),
where N, is the effective population size and u is the mu-
tation rate per site per generation, using two estimators:
(1) the corrected proportion of segregating sites in a sample
(0., Watterson 1975) and (2) the average number of pair-
wise differences in a sample (7; Nei 1987). The frequency
spectrum of polymorphisms was summarized using
Tajima’s D (Tajima 1989). Divergence estimates to the
out-group were summarized by estimating the average
number of pairwise differences between all rabbit samples
and L. granatensis (D,,; Nei 1987). To investigate the extent
to which levels of nonsynonymous polymorphism deviate
from neutrality for individual genes, we estimated the neu-
trality index (NI). NI was calculated as (P,/P;)/(D,/D;) fol-
lowing Rand and Kann (1996), where P; and P, are the
counts of synonymous and nonsynonymous polymor-
phisms, and Dy and D, are the counts of synonymous
and nonsynonymous divergence sites. Under neutrality,
NI has an expected value of 1, with values lower than 1 re-
flecting a paucity of nonsynonymous polymorphism rela-
tive to nonsynonymous divergence, indicative of positive
selection, whereas values higher than 1 reflect an excess
of nonsynonymous polymorphism relative to nonsynony-
mous divergence, indicative of negative or balancing selec-
tion. We performed these calculations for genes with at
least four variable nonsynonymous sites in the alignment
either as divergence or as polymorphism (P, + D,, > 4), and
one pseudo-count was added to all cells if any site class had
a count of zero (Meiklejohn et al. 2007).

Proportion of Adaptive Amino Acid Fixations by Positive
Selection and Distribution of Deleterious Fitness Effects of
New Mutations

We used three different methods to estimate the fraction
of nonsynonymous substitutions driven to fixation by pos-
itive selection (o), and in all three methods, synonymous
sites were used as the neutral reference. First, we used
two methods based on the McDonald-Kreitman approach
(McDonald and Kreitman 1991) that assume a population
of constant size at equilibrium and use the ratio of the
number of polymorphic and divergent mutations for neu-
tral and selected classes: (1) the estimator proposed by Fay
etal. (2001), which is describedas e = 1 —[>_ (Dy) > _ (P,)/
> (Dn) > (Pg)], where D,, and D, are the sum of divergent
sites for selected and neutral classes, respectively, and P,
and P, are the sum of polymorphic sites for selected
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and neutral classes, respectively and (2) the maximum-
likelihood method proposed by Bierne and Eyre-Walker
(2004) as implemented in the computer program DoFE
(http://www.lifesci.sussex.ac.uk/home/Adam_Eyre-Walker/
Website/Software). Since both these methods assume that
all segregating polymorphisms are neutral and it has been
shown that weakly deleterious mutations cause a down-
ward bias in estimates of o using these methods (Fay
et al. 2002; Charlesworth and Eyre-Walker 2008), we sought
to reduce the potential influence of weakly deleterious mu-
tations by excluding singleton polymorphisms. Second, we
used the method of Eyre-Walker and Keightley (2009) as
implemented in the DFE_alpha webserver (http://www.
homepages.ed.ac.uk/eang33/). This method uses nucleotide
polymorphism frequency spectra and between-species nu-
cleotide divergences and relies on an explicit population
genetic model to jointly estimate o and demographic pa-
rameters of an instantaneous population size change some-
time in the past while taking into account the segregation
of slightly deleterious mutations (see Eyre-Walker and
Keightley 2009 and Halligan et al. 2010 for more details).

Using allele frequency distributions for nonsynonymous
and putatively neutrally evolving synonymous sites, we
used the approach of Keightley and Eyre-Walker (2007)
to infer properties of the distribution of deleterious fitness
effects (DFEs) of new nonsynonymous mutations. These
analyses were also conducted using the DFE_alpha webserver
(http://www.homepages.ed.ac.uk/eang33/). Confidence in-
tervals (Cls) (95%) of o and DFE were derived from 200 boot-
strap replicates by locus. To test whether estimates of « and
properties of the DFE differed between the autosomes and
the X chromosome, we compared the distribution of values
resulting from the bootstrap replicates (see Keightley and
Eyre-Walker 2007).

Gene Expression Analyses

To compute gene expression levels, we mapped reads to
the rabbit genome using the program Tophat (Trapnell
et al. 2009), followed by calculation of FPKM (“fragments
per kilobase of gene model and million mapped reads”;
Mortazavi et al. 2008) for each rabbit gene in the Ensembl
Build 60 annotation using the program Cufflinks (Trapnell
et al. 2010). FPKM values were calculated separately for
each individual, and genes were binned into abundance
classes according to their median FPKM values across all
12 individuals.

Gene Ontology Enrichment Analyses

Statistical analyses of functional overrepresentation were
carried out using hypergeometric tests with a false discov-
ery rate correction for multiple testing of 10% by means of
the computer program FUNC (Prufer et al. 2007; http://
func.eva.mpg.de). Gene Ontology (GO) annotations were
obtained from Ensembl Build 62 using the BioMart tool
(Durinck et al. 2005).

Results

To study within-species nucleotide polymorphism in cod-
ing regions of both subspecies of the European rabbit, we
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Table 1. Summary of the Analyses of Polymorphism, Frequency Spectrum Tests of Neutrality and Divergence for Nonsynonymous (NonSyn)

and Synonymous (Syn) Sites.

Mean 0,, (%)°

Mean DTd

Mean D, (%)°

Subspecies Locus Site Class Npp® Mean (%)b
0. c. algirus Autosomal NonSyn 1,378,469 0.043 (0.038; 0.049)
Syn 424,921 0.807 (0.774; 0.841)
X chromosome NonSyn 47,657 0.012 (0.006; 0.021)
Syn 14,911 0.467 (0.378; 0.592)
O. c. cuniculus Autosomal NonSyn 1,095,834 0.038 (0.034; 0.042)
Syn 342,177 0.722 (0.686; 0.766)
X chromosome NonSyn 39,038 0.012 (0.005; 0.021)
Syn 12,373 0.293 (0.211; 0.385)

0.054 (0.048; 0.061)
0.914 (0.876; 0.954)
0.018 (0.009; 0.029)
0.490 (0.395; 0.620)
0.048 (0.044; 0.054)
0.832 (0.791; 0.882)
0.014 (0.006; 0.025)
0.317 (0.236; 0.414)

—0.54 (—0.59;—0.49)
—0.36 (—0.38; —0.33)
—0.78 (—1.00; —0.52)
—0.10 (—0.30; 0.09)
—0.55 (—0.61; —0.49)
—0.38 (—0.42; —0.34)
—0.39 (—0.84; 0.06)
—0.24 (—0.45; 0.02)

0.470 (0.446; 0.503)
5.629 (5.500; 5.802)
0.272 (0.181; 0.378)
4.346 (3.498; 5.026)
0.472 (0.436; 0.520)
5.498 (5.325; 5.675)
0.375 (0.208; 0.570)
4.798 (3.664; 6.024)

Note.—Unweighted average values across all genes; 95% Cls are shown in parentheses and were calculated by bootstrapping 1,000 times by locus.

? Number of base pairs analyzed in each site class.

® Average number of pairwise differences in a sample (Nei 1987).
© Proportion of segregating sites in a sample (Watterson 1975).

9 Tajima’s D (Tajima 1989).

€ Average number of pairwise differences (Nei 1987) between rabbit and the Iberian hare.

sequenced the transcriptome of the brain frontal cortex. In
addition, we obtained between-species divergence from
a previous study that targeted the transcriptome of several
tissues in L. granatensis (Cahais V, unpublished data). We
restricted the analysis to sites for which all individuals within
a subspecies have been sequenced and passed the criteria for
SNP/genotype and consensus calling (see Materials and
Methods) and for which we had out-group information.
The analyses reported below were conducted on 3547 genes
(3433 autosomal and 114 X-linked) with a total of
1,426,126 nonsynonymous sites and 439,832 synonymous
sites in O. ¢. algirus and on 3484 genes (3076 autosomal
and 109 X-linked) with a total of 1,134,872 nonsynonymous
sites and 354,550 synonymous sites in O. c. cuniculus (table 1).
The average alignment length per gene was 526 bp in
O. c. algirus and 428 bp in O. c. cuniculus.

Genome-Wide Levels and Patterns of
Polymorphism and Effective Population Size
Estimates

Polymorphism, divergence, and frequency-spectrum sum-
mary statistics averaged over all genes are summarized in
table 1. Levels of synonymous genetic variation were high
in both subspecies. Levels of nucleotide diversity at syn-
onymous sites for autosomal loci were slightly higher in
0. c. algirus (= = 0.807%; 0,, = 0.914%) than in O. c. cuniculus
(m = 0.722%; 0,, = 0.832%) and estimates for X-linked loci
followed a similar trend (O. c. algirus ©# = 0.467%; 6,, =
0.490% vs. O. c. cuniculus T = 0.293%; 0,, = 0.317%). When
we compared the levels of synonymous site genetic diversity
(0,,) between the autosomes and the X chromosome within
subspecies, we observed that the X chromosome showed
lower levels of diversity than the 75% expectation of the stan-
dard neutral model, even after correcting for mutation rate
differences (i.e, synonymous 0,, divided by synonymous D).
Levels of X-linked variation were 69.8% of autosomal levels
in O. c. algirus (0,,/Dy, X-linked = 0.113; 0,,/D,,, autosomal =
0.162) and 43.7% in O. c. cuniculus (0,,/D,, X-linked = 0.066;
0,,/D,, autosomal = 0.151). All the patterns described above
are in agreement with previous studies using a smaller data
set of intronic sequences (Carneiro et al. 2009; Carneiro et al.

2010). Consistent with purifying selection acting on amino
acid substitutions, estimates of nucleotide diversity on non-
synonymous sites compared with synonymous sites were
more than an order of magnitude lower on the autosomes
(O. c. algirus Oyonsynonymous! Osynonymous = 0.059; O. c. cunicu-
1us Ononsynonymous/Osynonymous = 0.058) and X chromosome
(O. c. algirus 0yonsynonymous! Osynonymous = 0.037; O. c. cunicu-
lus Ononsynonymous/ Osynonymous = 0.044). Interspecific diver-
gence and intraspecific polymorphism for synonymous
sites in our autosomal data set (0, O. c. algirus =
0.914%; 0,, O. c. cuniculus = 0.832%; D,, O. cuniculus—
L. granatensis = 5.498-5.629%) are slightly higher than pub-
lished estimates for intronic sequences (0,, O. c. algirus =
0.777%; 0\, O. c. cuniculus = 0.677%; Dy, O. cuniculus—
L. granatensis = 4.093%; Carneiro et al. 2010), suggesting that
synonymous sites are most likely under less selective con-
straint than intronic sites and may provide a more appro-
priate neutral reference as has been observed for other
mammals (Halligan et al. 2010). Alternatively, this difference
can also be explained by a higher genotyping error rate in
lllumina sequencing/mapping than in Sanger sequence data.

A negative Tajima’s D (Tajima 1989) was obtained for
synonymous sites in O. c. algirus and O. c. cuniculus, both
for the autosomes and X chromosome. This overall trend
has been observed before for intronic data (Carneiro et al.
2009; Carneiro et al. 2010), indicating a skew toward rare
polymorphisms across the genome that might be explained
by a recent population size expansion (see below). In all
comparisons, nonsynonymous sites showed a higher pro-
portion of low-frequency polymorphisms when compared
with synonymous sites (i.e., a more negative Tajima’s D),
suggesting that a substantial number of nonsynonymous
polymorphisms are under purifying selection and are being
kept at low frequencies. These patterns can be seen in
figure 1 where the observed and expected allelic frequency
spectra are summarized. When we used more stringent
SNP/genotype and consensus quality criteria as well as less
stringent mapping quality cutoffs, levels of polymorphism
and the frequency spectrum of mutations in both subspe-
cies remained qualitatively similar (supplementary tables 2
and 3, Supplementary Material online).
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Fic. 1. Unfolded site frequency spectrum of nonsynonymous (black bars) and synonymous (gray bars) mutations for autosomes and X
chromosome in both subspecies of the European rabbit. White bars represent the expected site frequency spectrum. We used data on hares to

infer the ancestral state of each polymorphism.

We estimated effective population sizes (N.) of both
subspecies using autosomal synonymous site diversity
and a simple mutation drift expectation (0 = 4N|; where
0 is the average 0,, across all autosomal genes and y is the
neutral mutation rate per site per generation). it was cal-
culated from divergence estimates to L. granatensis using
the following relationship: i = D/(2t + 4N,) (Kimura 1983),
where D is the genome-wide average D, (Nei 1987) for syn-
onymous sites between rabbits and L. granatensis (table 1;
averaged between O. c. algirus and O. c. cuniculus), t is
11.8 Ma, the published divergence time between both taxa
(Matthee et al. 2004), and N, is the ancestral effective pop-
ulation size. We used a generation time of 1 year (Soriguer
1983) and for the ancestral effective population size, we used
both a large (1,000,000) and a small effective population size
value (10,000). Estimates of u generated using these ancestral
effective population size values were between 2.02 x 10~°
and 2.35 x 10~ ° mutations per site per generation, which is
similar to but slightly lower than estimates in mice (u =
3.4—4.1 x 10~ Keightley and Eyre-Walker 2000; Geraldes,
Basset, et al. 2008). This u values converted into N, estimates
of 972,340-1,131,188 for O. c. algirus and 885,106—1,029,703
for O. c. cuniculus. These estimates are of the same order of
magnitude of those generated under an isolation-with-
migration model (Hey and Nielsen 2004; Hey and Nielsen
2007) using intronic data (N, O. c. algirus = 1,600,000; N,
O. c. cuniculus = 800,000; Carneiro et al. 2009). Thus, the
high levels of genetic diversity observed in rabbits suggest
large long-term effective population sizes.

Properties of the Distribution of Fitness Effects of
New Amino Acid Mutations

Next, we investigated the distribution of fitness effects
(DFEs) of new amino acid mutations from the site frequency
spectrum following the maximum-likelihood method of
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Keightley and Eyre-Walker (2007). This method incorporates
the effects of recent demographic changes by fitting a model
of a population at equilibrium of size (N;), which undergoes
a step change in size (N,)—which can be either population
expansion or contraction—t generations in the past.

Estimates of the demographic parameters and the pro-
portion of mutations falling in different N.s categories are
detailed in table 2. Overall, autosomal parameter estimates
showed narrower 95% Cls than X chromosomal parame-
ters, which is likely explained by the much larger data
set in the former. Consistent with the excess of low fre-
quency variants in synonymous sites, we inferred a several
fold population size expansion for both subspecies, both for
the autosomes and X chromosome. The magnitude of this
expansion was highly variable across subspecies and chro-
mosome type, with ratios of the final to the initial popu-
lation size ranging from 2.31- to 7.99-fold growth, but Cls
for individual estimates were large and overlapped consid-
erably. Of note, most Cls had their lower value above 1,
strongly supporting population growth.

The splitting of the DFE into different Ns categories is
highly consistent across comparisons (i.e.,, for the X chro-
mosome and autosomal data in both subspecies; table 2).
The common trend is that the great majority of mutations
(93.3-95.8%) were inferred to be strongly deleterious
(Nes >>10) and thus have a very small chance of getting
fixed in the population. On the other end of the spectrum,
nearly neutral mutations (defined as 0 < N s << 1) were
inferred to be extremely uncommon in all comparisons
(0.3-3.7%). With the exception of the O. c. algirus X chro-
mosome, the shape parameter of the distribution (f) was
below 1, suggesting that the DFE in rabbits is leptokurtic.
All these results remained qualitatively unchanged when
we employed more stringent SNP/genotype and consensus
calling thresholds (supplementary table 4, Supplementary
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Table 2. Estimates of the Distribution of Fitness Effects of New Amino Acid Mutations Falling in Different N.s Ranges and Associated

Demographic Parameters.

Subspecies Locus N,/N;? t/N,°

Percentage of mutations in different N.s ranges

B¢ 0-1 1-10 >10

Autosomes 5.45 (3.38; 10.00) 1.23 (0.95; 1.48)
X chromosome 2.31 (0.10; 10.00) 1.90 (0.05; 36.59)
O. c. cuniculus Autosomes 7.99 (3.38; 10.00) 1.31 (0.66; 1.43)

O. c. algirus

0.268 (0.243; 0.323)
1.111 (0.380; infinity) 0.3 (0.0; 1.8) 3.9 (0.0:5.1)
0.287 (0.223; 0.355)

3.0 (2.6; 3.5) 2.5 (2.0; 3.0) 94.5 (94.1; 94.9)
95.8 (94.4; 100.0)
3.1 (2.7;3.7) 2.9 (2.3;3.4) 94.0 (93.4; 94.4)

X chromosome 2.79 (1.29; 10.00) 4.39 (0.41; 27.77) 0.263 (<0.05; infinity) 3.7 (0.7; 6.6) 3.0 (0.4; 6.7) 93.3 (89.8; 97.7)

NoTe.—95% Cls are shown in parentheses and were estimated by bootstrapping 200 times by locus.
# N,/N; is the estimated demographic model—relative difference between current (N,) and ancestral (N;) population size.

® Timing of growth (t) scaled in units of the current population size (N,).
© Shape parameter of the estimated gamma distribution.

Material online) and less stringent mapping quality thresh-
olds (supplementary table 5, Supplementary Material
online).

Fraction of Amino Acid Substitutions Driven to
Fixation by Positive Natural Selection (o)

Estimates of o using three different methods are summa-
rized in figure 2 and detailed in supplementary table 6,
Supplementary Material online. Using the method of
Eyre-Walker and Keightley (2009), estimates of « for the
autosomes in both rabbit subspecies were high and approx-
imately 60%. Both estimates were significantly different
from zero, with a lower bound of the 95% Cls of 57%
for O. c. algirus and 53% for O. c. cuniculus. For the X chro-
mosome data, o was significantly higher when compared
with autosomal data in O. c. algirus and with a surprisingly
high point estimate of 95% Cl 74-100%, but in O. c. cuni-
culus, our point estimate for the X chromosome (52%) was
lower than that for the autosomes; however, Cls were large
(95% Cl —5% to 92%). Estimates of o using the Fay et al.
(2001) and Bierne and Eyre-Walker (2004) methods were
also high, but in all cases, the values were lower than those
inferred using the method of Eyre-Walker and Keightley
(2009). This discrepancy may be in part explained by the fact
that the Eyre-Walker and Keightley (2009) method explicitly
incorporates segregating deleterious mutations in the o es-
timation. These mutations are expected to rarely become
fixed; therefore, they should contribute more to polymor-
phism than to divergence. Even if we expect estimates of
the Fay et al. (2001) and Bierne and Eyre-Walker (2004)
methods to be downwardly biased, the lower bound of
the 95% Cls using these two methods for the autosomes
were always above 24%. As above, these results were robust
to more stringent SNP/genotype and consensus calling
thresholds (supplementary table 7, Supplementary Material
online) and less stringent mapping quality thresholds (sup-
plementary table 8, Supplementary Material online).

Synonymous Site Polymorphism versus
Nonsynonymous Site Divergence

Recurrent hitchhiking models predict a reduction in neu-
tral diversity levels surrounding rapidly evolving proteins
due to repeated hitchhiking effects associated with closely
linked beneficial mutations (Maynard Smith and Haigh
1974; Wiehe and Stephan 1993). To test this idea, we asked

whether synonymous polymorphism (assumed to be the
neutral background) is reduced relative to the rate of non-
synonymous divergence at the genome-wide level. To re-
duce sampling noise associated with the small number of
sites available for some genes, we restricted these analyses
to genes encompassing more than 300 synonymous sites
(nonsynonymous sites are expected to be approximately
three times as many).

In figure 3, we show a significant positive correlation be-
tween synonymous (D,, Syn) and nonsynonymous site
divergence (D,, Nonsyn; Spearman’s rank correlation,
R = 0.29, P < 0.001), indicating that mutation rate variation
across genes is a strong predictor of levels of protein evolu-
tion. Therefore, to account for mutation rate differences
among genes, we divided 0,, estimates by D,, Syn. When
we used these corrected estimates of diversity, we found
a weak negative correlation between 0,,/D,, Syn and D,,
Nonsyn in both subspecies as predicted by recurrent adap-
tive protein evolution models (fig. 3), although not signifi-
cant in either case (O. c. algirus Spearman’s rank correlation,
R = —0.04, P = 0.55; O. c. cuniculus Spearman’s rank cor-
relation, R = —0.10, P = 0.33). Unfortunately, the rabbit
genetic map is not detailed enough to allow a more detailed
study incorporating the impact of recombination rate var-
iation on levels of polymorphism. Our results suggest, at
most, a modest reduction in synonymous site polymor-
phism associated with increasing rates of protein evolution.

Positive and Negative Selection with Varying Levels
of Gene Expression
Gene expression levels have been shown to strongly impact
rates of protein evolution (e.g, Pal et al. 2001; Subramanian
and Kumar 2004; Drummond et al. 2005; Lemos et al. 2005).
However, the mechanisms behind this observation are less
clear. In this context, we extracted gene expression levels
from our brain transcriptome data and investigated
whether o and the DFE of new amino acid mutations dif-
fered with variation in levels of expression. To accomplish
this, genes were binned into four equally sized groups based
on levels of gene expression. It should be noted that our
sequencing data do not include genes with extremely
low expression due to insufficient coverage for consensus
and SNP/genotype calling.

In agreement with previous studies, we found a consistent
and significant reduction in divergence at nonsynonymous
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Fay et al. (2001); BEW04: method of Bierne and Eyre-Walker (2004);
EWKO09: method of Eyre-Walker and Keightley (2009).

relative to synonymous sites (dN/dS) between rabbits and
humans and between rabbits and mice (data downloaded
from Ensembl) with increasing levels of expression (table 3;
Mann-Whitney U test, P << 0.01 for all pairwise comparisons
between bins). Regarding the DFE (table 3), as average ex-
pression levels increased, we inferred in both subspecies
a progressive reduction in the proportion of nearly neutral
mutations (0 << Ngs < 1) and an increase in the proportion
of strongly deleterious mutations (Nes > 10). This effect,
however, was modest and Cls between neighboring bins
were largely overlapping. No clear trend was found for o
(table 3). These findings based on a combination of polymor-
phism and divergence data suggest that negative selection is
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Fic. 3. (A) Synonymous site divergence (D, Syn) versus non-
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(B) ratio of synonymous site diversity (6,,) to synonymous site
divergence (D,, Syn) versus nonsynonymous site divergence (D,,
Nonsyn) in Oryctolagus cuniculus algirus and O. c. cuniculus. Only
genes with more than 300 synonymous sites were considered.
Spearman rank correlation coefficients (R) and associated P-values
are indicated.

likely to play a more important role than positive selection in
determining rates of protein divergence between species in
highly and lowly expressed genes (e.g, see Subramanian and
Kumar 2004 and Kosiol et al. 2008 for similar conclusions
based on divergence statistics).

Positive and Negative Selection and GO Analysis

We finally asked if any GO terms (molecular function or
biological process) are being affected significantly more
by positive or negative selection. To accomplish this, we
evaluated for each gene the direction and degree of depar-
ture from a neutral model using the NI (see Materials and
Methods). Given the reduced number of mutations per
gene, which comes at a cost of reduced power to reject
neutrality, we ordered genes by NI and asked whether there
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Table 3. Proportion of Amino Acid Substitutions Driven to Fixation by Positive Selection (2) and Properties of the Distribution Effects of New

Amino Acid Mutations for Varying Levels of Gene Expression.

Percentage of mutations in different N.s

dN/ds® categories
Rabbits/ Rabbits/

Subspecies FPKM? Humans  Mice aFWWO01°¢ aBEW04¢ aEWK09°¢ 0-1 1-10 >10

0. c. algirus 144 0139 0129 0.44 (0.30; 0.57) 0.45 (0.25; 0.60) 0.53 (0.36; 0.70) 5.0 (3.3; 6.6) 2.5 (0.7; 4.8) 92.6 (90.7; 94.2)
286 0112 0.097 0.50 (0.38; 0.60) 0.51 (0.40; 0.60) 0.69 (0.56; 0.79) 3.3 (2.1; 4.8) 3.8 (2.5; 5.0) 92.9 (91.7; 93.7)
49.8 0.094 0.080  0.45 (0.37; 0.53) 0.49 (0.41; 0.56) 0.58 (0.47; 0.71) 3.2 (2.4; 3.9) 2.2 (1.2; 2.9) 94.6 (93.9; 95.1)
1849 0086  0.071 0.56 (0.49; 0.63) 0.55 (0.48; 0.61) 0.68 (0.60; 0.75) 2.3 (1.7; 3.0) 2.3 (1.7; 2.8) 95.4 (94.6; 96.1)

O.c cuniculus 139 0138  0.128  0.49 (0.32; 0.62) 0.41 (0.14; 0.59) 0.67 (0.47; 0.80) 3.7 (2.3; 5.5) 4.5 (2.3; 5.9) 91.9 (90.1; 93.6)
289 0.113  0.098 0.47 (0.34 0.58) 0.48 (0.34; 0.59) 0.67 (0.54; 0.76) 3.4 (2.4; 47) 4.1 (2.4; 5.6) 92.5 (91.0; 93.5)
50.6 0.094 0.080 0.41 (0.32; 0.50) 0.45 (0.35; 0.54) 0.52 (0.34; 0.64) 3.2 (2.3; 4.4) 3.0 (0.7; 3.5) 93.8 (93.0; 94.5)
187.0 0085  0.070 0.44 (0.36; 0.52) 0.40 (0.30; 0.49) 0.64 (0.53; 0.71) 2.5 (1.9; 3.1) 2.7 (2.1; 3.4) 94.8 (94.2; 95.5)

NoTe.—95% Cls are shown in parentheses.

? Median fragments per kilobase of gene model and million reads values among all O. c. algirus and O. c. cuniculus individuals and averaged across genes for each expression

bin.

® Average dN/dS values between rabbit and humans and between rabbit and mice.

€ FWWO01: method of Fay et al. (2001).
4 BEW04: method of Bierne and Eyre-Walker (2004).
¢ EWK09: method of Eyre-Walker and Keightley (2009).

was an overrepresentation of functional categories on
the lower and upper 5% tails of the empirical distribution
(table 4). To distinguish between negative and balancing
selection regimes for NI values greater than 1, we assumed
genes to be under negative selection if Tajima’s D values
were negative for nonsynonymous sites. Genes present
in the 5% lower tail of both subspecies (i.e.,, consistent with
positive selection) were significantly enriched for biological
function terms associated with several metabolic processes.
Among the molecular functions, we found an overrepre-
sentation of multiple terms associated with inhibitory/reg-
ulatory activities of peptidases and endopeptidases. Genes
found in the 5% upper tail of the empirical distribution,
with Tajima’s D values consistent with negative selection,
were not significantly enriched for any particular molecular
function, but among the biological processes, we found an
overrepresentation of cellular respiration terms.

Discussion

We studied nucleotide polymorphism and between-species
divergence in ~1.5 to 1.8 Mb of protein coding sequence in
both subspecies of the European rabbit and report three

main findings. First, several statistical methodologies sup-
port a widespread role for adaptive protein evolution in
rabbits. Second, a small proportion of newly arising amino
acid mutations were inferred to be effectively neutral in
each subspecies. Finally, we found no evidence for a clear
trend in the efficacy of selection when the autosomes and
the X chromosome were compared. Our findings in rabbits
seem to fit the emerging pattern that differences in the
efficacy of both positive and purifying selection among taxa
are largely driven by differences in N..

Large Proportion of Beneficial Amino Acid
Substitutions in Rabbits

Using our large-scale survey of protein coding polymor-
phism in the European rabbit, we inferred that a significant
fraction of amino acid substitutions were driven to fixation
by positive selection (o). Our estimates of o varied slightly
among different methods (fig. 2), but when we attempted
to control for demographic effects and segregation of slightly
deleterious mutations using the method of Eyre-Walker and
Keightley (2009), estimates of o were approximately 60% for
the autosomes in both subspecies. Using the same method,

Table 4. Overrepresented Biological Processes and Molecular Functions Among Positive- and Negative-Selected Genes.

Type of selection Category Function GO term P-value®
Positive selection Biological process Carboxylic acid metabolic process GO0:0019752 0.01
Cellular ketone metabolic process GO0:0042180 0.01
Oxoacid metabolic process GO0:0043436 0.01
Organic acid metabolic process GO0:0006082 0.01
Molecular function Endopeptidase inhibitor activity GO0:0004866 0.03
Endopeptidase regulator activity GO0:0061135 0.02
Enzyme inhibitor activity GO:0004857 0.05
NADP binding GO0:0050661 0.05
Peptidase inhibitor activity GO:0030414 0.02
Peptidase regulator activity GO:0061134 0.02
Serine-type endopeptidase inhibitor activity GO:0004867 0.02
Negative selection Biological process Cellular respiration GO0:0045333 0.05

? Correction for multiple testing was performed using a false discovery rate of 10%.
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estimates were also large for the X chromosome with a point
estimate of 95% and 52% for O. c. algirus and O. c. cuniculus,
respectively.

Genome-wide estimates of o could be biased if genes
expressed in brain were a subset of fast or slow evolving
genes. To test whether genes in our data set are a good
representation of the genome in terms of rates of evolu-
tion, we compared divergence at nonsynonymous and syn-
onymous sites (dN/dS) between rabbits and mice and
between rabbits and humans. We considered only genes
with 1-1 orthology relationships. We found that dN/dS es-
timates for genes in our data set were lower than the
genome-wide average (Mann-Whitney U test, P << 0.001
in both comparisons; supplementary fig. 2, Supplementary
Material online). However, we also found that dN/dS values
were progressively lower with increasing levels of gene ex-
pression but that o estimates remained largely unaltered;
thus suggesting that the deviation in dN/dS values ob-
served in our data set is unlikely to alter our conclusions.

Our results in rabbits reveal a high proportion of adap-
tive fixations. In mammals, estimates of o are available
for mice and humans. While there is evidence for limited
adaptive divergence in humans (o << 15% in most studies,
Bustamante et al. 2005; Gojobori et al. 2007; Boyko et al.
2008; Halligan et al. 2010), estimates in mice are substan-
tially higher (« = 57%; Halligan et al. 2010) and similar to
estimates in rabbits, consistent with much larger N, in both
mice (N. = 580,000) and rabbits (N, = 1,000,000) when
compared with humans (N, = 10,000). The prevalence
of adaptive divergence in a number of other systems also
fits well with variation in N,. There is limited evidence for
adaptive divergence in selfing and outcrossing Arabidopsis
(Bustamante et al. 2002; Foxe et al. 2008; Slotte et al. 2010)
and chickens (Axelsson and Ellegren 2009), but pervasive
adaptive divergence has been detected in systems with
much higher N, including bacteria (Charlesworth and
Eyre-Walker 2006; Lefebure and Stanhope 2009), Drosophila
(Fay et al. 2002; Bachtrog 2008; Eyre-Walker and Keightley
2009), and several species of plants (Strasburg et al. 2009;
Slotte et al. 2010). Most recently, Strasburg et al. (2011)
estimated o in six sunflower species that vary widely in
N, and found that N, appears to be an important predictor
of rates of adaptive divergence. Although the prevalence of
adaptive divergence among taxa may be influenced by sev-
eral factors other than N, such as population structure,
nonequilibrium demographic histories, or the choice of
out-group (Bachtrog 2008; Gossmann et al. 2010; Halligan
et al. 2010; Strasburg et al. 2011), our results suggest a strong
genome-wide impact of positive selection in rabbits, which
fits well with the theoretical expectations and empirical
data that implicate N, as a strong determinant of rates
of adaptation.

Selection at linked sites can lower genetic diversity in
genomic regions that experience recurrent adaptive protein
evolution (Maynard Smith and Haigh 1974; Wiehe and
Stephan 1993) and such a pattern has been observed in
Drosophila (Andolfatto 2007; Macpherson et al. 2007; Jensen
and Bachtrog 2010). A weaker relationship of diversity with
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functional divergence has also been detected in humans (Cai
et al. 2009). Accordingly, we observed lower synonymous site
polymorphism (after correcting for variation in mutation
rates) with increasing rates of protein evolution (fig. 3); how-
ever, the magnitude of this effect was weak and nonsignif-
icant. Several nonmutually exclusive explanations may
account for this weak pattern. One potential cause reducing
the magnitude of the correlation could be related with the
reduced number of sites analyzed for most genes in this
study. Although we restricted the analysis to genes having
more than 300 synonymous sites (see Results), this correc-
tion may be insufficient. Alternatively, at least two biological
explanations might underlie the observed weak signature
and both imply that adaptation may not predominantly oc-
cur under classic selective sweep models. First, the strength
of selection on the majority of adaptive substitutions may be
weak, resulting in a slower rate of fixation. Under this sce-
nario, the window of reduced variability surrounding these
substitutions may be too subtle to detect because it will
likely be much smaller than the average genomic span of
the genes analyzed here. Second, most instances of adaptive
substitutions may derive from standing genetic variation.
These “soft sweeps” are also expected to have a weaker im-
pact on levels of diversity at linked sites (Przeworski et al.
2005). In fact, empirical data in several systems suggest that
modes of selection based on preexisting variation or poly-
genic selection may be more predominant than previously
thought (Barrett and Schluter 2008; Coop et al. 2009;
Hancock et al. 2010; Pritchard et al. 2010; Hernandez
et al. 2011).

Efficient Purifying Selection in Rabbits
Evolutionary theory predicts that differences in N, should
not only explain the fraction of positively selected sites but
also the proportion that behave as effectively neutral (Ohta
1973). The DFE of newly arising amino acid mutations in-
ferred here for rabbits (table 2), suggests that a very small
fraction of amino acid mutations (less than 4%) are effec-
tively neutral (defined as 0 << Ns << 1). Conversely, we in-
ferred that the vast majority of mutations (93% or more)
are strongly selected against (defined as N.s > 10) and
rarely will be able to reach fixation. We also inferred that
the fraction of effectively neutral mutations slightly de-
creases with increasing gene expression levels, although this
fraction remains small even for lowly expressed genes.
We noted before that our data set showed dN/dS esti-
mates that are lower than the genome-wide average when
compared with humans or mice, raising the question of
whether the set of genes analyzed here may be subjected,
on average, to stronger evolutionary constraint. This bias
could potentially affect our inference regarding the prop-
erties of DFE of new amino acid mutations. We investigated
this possibility by selecting a subset of genes chosen to
match the genome-wide average dN/dS values to humans
(see Haddrill et al. 2010 for a similar approach). Such a sub-
set is likely to be more representative of genome-wide evo-
lutionary forces and, in our data set, this corresponded to
approximately 55% of the genes with the highest dN/dS
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values (data not shown). We found that the estimated pro-
portions for this subset remained qualitatively similar to
those summarized in table 2 for the whole data set (sup-
plementary table 9, Supplementary Material online). The
main effect in most comparisons was to slightly increase
the proportion of effectively neutral mutations (0 << N.s
< 1= 5%) and slightly decrease the proportion of strongly
selected mutations (Nes > 10 = 90%). We further note that
very lowly expressed genes are not represented in our data
set, which may contribute to slightly underestimate the
genome-wide proportion of effectively neutral mutations.
Nevertheless, our results taken together indicate that the
inferred properties of the DFE (i.e, a small proportion of
effectively neutral mutations) appear to be a general
characteristic of the rabbit genome and are not specific
to particular subsets of genes of stronger constraint.
Using the same methodology undertaken in our study
(Keightley and Eyre-Walker 2007), similar properties of the
DFE have been found in other species with high Ne. In
Drosophila, 5-7% of amino acid-changing mutations
behave as effectively neutral and the fraction of strongly
deleterious alleles (Nes > 10) among newly arising muta-
tions is approximately 90% (Keightley and Eyre-Walker
2007; Andolfatto et al. 2011), whereas in mice, approxi-
mately 10% of mutations are effectively neutral and ap-
proximately 80% are strongly deleterious (Halligan et al.
2010). Comparable results have been described for plant
species with high N, (Slotte et al. 2010; Strasburg et al.
2011). In humans and Arabidopsis (Halligan et al. 2010;
Slotte et al. 2010), species with smaller N, the DFE is char-
acterized by a significantly lower fraction of deleterious mu-
tations (Nes > 10 = 65%), and conversely, nearly neutral
mutations are significantly more frequent (0 < Ngs < 1 =
20%). Overall, we find evidence for genome-wide efficient
purifying selection at amino acid sites in both rabbit
subspecies, also consistent with N.-based expectations.

Efficacy of Selection on the Autosomes and X
Chromosome
We were also interested in investigating the relative efficacy
of both purifying and positive selection between the X
chromosome and the autosomes in rabbits. The X chromo-
some and the autosomes differ in several important char-
acteristics that can influence patterns of evolutionary
change. Two of the most important differences are the ef-
fective population size of the X chromosome—3/4 of an
autosome—and the hemizygous state of the X chromo-
some in males. Whereas the rate of genetic drift is expected
to be higher on the X chromosome, thus reducing the ef-
ficacy of selection, the fact that males possess a single copy
of the X chromosome leads to exposure of recessive mu-
tations, which can result in an overall increase in the effi-
cacy of natural selection relative to the autosomes
(Charlesworth et al. 1987; Betancourt et al. 2004; Vicoso
and Charlesworth 2009; Mank et al. 2010).

Our data, however, yielded equivocal results (table 2 and
fig. 2). In O. c. algirus, we detected a significant elevation in
o and a significantly lower proportion of effectively neutral

mutations on the X chromosome (0tewkoo = 95%, Cl 74—
100%; 0 < Nes < 1 = 0.3%, Cl 0.0-1.8%) when compared
with the autosomes (dgwkoo = 64%, Cl 57-68%; 0 < Ns <
1 = 3.0%, Cl 2.6-3.5%; P < 0.05 in both comparisons),
which is consistent with both positive and negative selec-
tion acting more efficiently at X-linked loci in this subspe-
cies. In contrast, there does not appear to be a signal of
increased efficacy of natural selection on the X chromo-
some in O. c. cuniculus. Point estimates of « for the
O. c. cuniculus X chromosome were lower than that for
the autosomes (X chromosome cgwioo = 52%, Cl —5%
to 92%; autosomes Gewkoo = 62%, Cl 53-68%), and the
proportion of effectively neutral mutations was slightly
higher (X chromosome 0 < Ngs < 1 = 3.7%, Cl 0.7-
6.6%; autosomes 0 << Ns < 1 = 3.1%, Cl 2.7-3.7%). Both
comparisons were not significantly different (P > 0.10).
However, statistical power in this subspecies limits our in-
ference and this is well illustrated by the large Cls on most
estimates inferred for the O. c. cuniculus X chromosome.
Finally, it should be noted that the ratio of X-linked to au-
tosomal diversity corrected for mutational differences was
found to be lower than the expected 3/4 in both subspecies
(see Results), which may be interpreted as support for
hitchhiking effects depleting neutral variation on the X.
While our data fail to support a systematic difference be-
tween the X chromosome and the autosomes in rates of
adaptation or selective constraint, the point estimates of
o and the proportion of effectively neutral mutations in
O. c. algirus, with nonoverlapping Cls (fig. 2; table 2), are
at least suggestive of some differences. More sequencing
data on the X chromosome will be necessary to draw more
definite conclusions.

Supplementary Material

Supplementary figures S1and S2 and tables S1-S9 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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