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Abstract
Studies of gene flow between closely related taxa can provide insight into the genetic basis of
speciation. To evaluate the importance of the X chromosome in reproductive isolation between
subspecies of the European rabbit and to study the genomic scale over which islands of
differentiation extend, we resequenced a total of 34 loci distributed along the X chromosome and
chromosome 14. Previous studies based on few markers suggested that loci in centromeric regions
were highly differentiated between rabbit subspecies, whereas loci in telomeric regions were less
differentiated. Here, we confirmed this finding but also discovered remarkable variation in levels
of differentiation among loci, with FST values from nearly 0 to 1. Analyses using isolation-with-
migration models suggest that this range appears to be largely explained by differential levels of
gene flow among loci. The X chromosome was significantly more differentiated than the
autosomes. On chromosome 14, differentiation decayed very rapidly at increasing distances from
the centromere, but on the X chromosome distinct islands of differentiation encompassing several
megabases were observed both at the centromeric region and along the chromosome arms. These
findings support the idea that the X chromosome plays an important role in reproductive isolation
between rabbit subspecies. These results also demonstrate the mosaic nature of the genome at
species boundaries.
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Understanding the genetic basis of the origin of species is a central problem in evolution.
Studies on the genetics of reproductive isolation have been performed using both laboratory
crosses and naturally hybridizing species, and there are advantages to each approach. In the
laboratory, it is possible to conduct repeatable experiments, controlling both the genetic and
environmental backgrounds (e.g., Dobzhansky 1936; Ting et al. 1998; Barbash et al. 2003;
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Moehring et al. 2006; Masly and Presgraves 2007; Good et al. 2008; Mihola et al. 2009). As
an alternative to laboratory crosses, the study of naturally occurring hybrids relies on the
basic premise that different portions of the genome may vary in their permeability to foreign
alleles (Endler 1977; Caisse and Antonovics 1978; Bengtsson 1979; Barton and Hewitt
1989; Harrison 1990; Wu 2001; Nosil et al. 2009; Via 2009). As a result, genes or genomic
regions underlying reproductive isolation or adaptation can be identified as those showing
reduced levels of introgression (e.g., Rieseberg et al. 1999; Machado et al. 2002; Payseur et
al. 2004; Borge et al. 2005; Turner et al. 2005; Geraldes et al. 2006; Macholan et al. 2007;
Teeter et al. 2008; Kulathinal et al. 2009; Nolte et al. 2009; Baxter et al. 2010), even in the
absence of information about which phenotypes they control. This approach offers the
advantages of more generations of recombination and the identification of hybrid
incompatibilities that have been tested in a natural setting.

Both kinds of studies (laboratory crosses and natural populations) have revealed that loci
contributing to reproductive isolation disproportionally accumulate on the X chromosome in
male heterogametic systems (i.e., “the large X-effect”; Coyne and Orr 1989). Mapping
studies show evidence for a large X-effect on both hybrid sterility and hybrid inviability
(Dobzhansky 1936; Grula and Taylor 1982; Orr and Coyne 1989; True et al. 1996; Tao et al.
2003; Storchova et al. 2004; Good et al. 2008). For example, Masly and Presgraves (2007)
described a much higher density of hybrid male sterility factors on the X chromosome when
compared to the autosomes using introgression experiments in Drosophila. Moreover, the
few genes underlying reproductive isolation that have been identified so far either map to
the X chromosome or interact with genes on the X chromosome (e.g., Ting et al. 1998;
Barbash et al. 2003; Presgraves et al. 2003). In addition, studies of hybrid zones have
revealed reduced gene flow at X-linked loci relative to autosomal loci (Sperling and Spence
1991; Tucker et al. 1992; Munclinger et al. 2002; Besansky et al. 2003; Macholan et al.
2007; Geraldes et al. 2008a). Reduced introgression of the Z chromosome has also been
observed across the hybrid zone of several birds (Borge et al. 2005; Carling and Brumfield
2008; Storchova et al. 2010) and Lepidopteran species (Putnam et al. 2007), supporting the
more general phenomenon that sex chromosomes contribute strongly to the emergence of
reproductive barriers.

Regions of restricted recombination have also been implicated in higher differentiation
between species, and several distinct models suggest ways in which these regions may
facilitate divergence in the presence of gene flow (Noor et al. 2001; Rieseberg 2001;
Navarro and Barton 2003). These models posit that regions of reduced crossing-over may
limit gene flow between incipient species by harboring a disproportionate share of linked
genomic incompatibilities. Empirical support for these models is still fairly scarce but it
derives both from mapping experiments (Noor et al. 2001; Brown et al. 2004) and from
inferred levels of gene flow in nature (Rieseberg et al. 1999; Machado et al. 2002, 2007;
Feder et al. 2003). Most examples involve chromosomal rearrangements, but recently,
centromeric regions, which usually show low levels of recombination, have also been shown
to be associated with lower rates of gene flow both in Anopheles mosquitoes (Stump et al.
2005; but see White et al. 2010) and in the European rabbit (Carneiro et al. 2009).

The European rabbit (Oryctolagus cuniculus) provides an opportunity to study patterns of
introgression for different regions of the genome. Two subspecies occur in parapatry in the
Iberian Peninsula (Fig. 1) and are thought to have diverged approximately 2 million years
ago (Mya; Branco et al. 2000;Carneiro et al. 2009). They exhibit slight morphological
differences in body size (Villafuerte 2002) and cranial measurements (Sharples et al. 1996)
and crosses between them produce viable hybrids (N. Ferrand, unpubl. data). Experimental
crosses in outdoor enclosures are currently underway to study hybrid fertility and viability in
detail. Geraldes et al. (2008b) showed that O. c. algirus and O. c. cuniculus are characterized
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by contrasting patterns of differentiation at multiple loci. Although the majority of loci show
low differentiation presumably due to high levels of gene flow, some loci, including the
mtDNA (Branco et al. 2000), the Y chromosome (Geraldes et al. 2008b), and loci near
centromeres of the X chromosome (Geraldes et al. 2006) and several autosomes (Carneiro et
al. 2009), exhibit high differentiation.

To evaluate the importance of the X chromosome in reproductive isolation between
subspecies of the European rabbit and to study the genomic scale over which islands of
differentiation extend, we resequenced a total of 34 loci distributed along the X chromosome
and chromosome 14, and we reanalyzed published data from 10 autosomal loci for the same
set of individuals. We were also interested in studying whether highly differentiated loci are
restricted to centromeric regions, which are likely to experience reduced recombination.

Materials and Methods
INDIVIDUALS AND LOCI SAMPLED

A total of 22 male rabbits from seven localities across the Iberian Peninsula were used in
this study (Fig. 1 and Table 1). Ten individuals were sampled from the southwestern part of
the Iberian Peninsula, corresponding to the subspecies O. c. algirus, and 12 from the
northeastern part of the Iberian Peninsula corresponding to the subspecies O. c. cuniculus. A
single male Lepus granatensis was used as an outgroup. DNA was extracted using a
standard phenol–chloroform DNA protocol (Sambrook and Russell 2001).

We obtained polymorphism data by resequencing 27 loci on the X chromosome and seven
loci on chromosome 14. Loci were chosen at regular intervals along each chromosome using
two different approaches. First, whenever possible we used loci that were mapped on the
rabbit cytogenetic map (Chantry-Darmon et al. 2005) and were present in an earlier
assembly of the rabbit genome sequence (2X coverage available in Ensembl;
http://www.ensembl.org). Second, we chose loci from syntenic regions in human–rabbit
comparisons. The recent release of the 7X assembly of the European rabbit genome
sequence (https://www.broadinstitute.org) has allowed us to identify the physical position of
most loci in the rabbit genome (Table 2). A few X-linked loci were not mapped in this new
assembly and for these loci we assumed the same position relative to neighboring loci in the
rabbit as in the human genome. In fact, with the exception of the region encompassing NKR
to KLHL13, all loci on the rabbit X chromosome are in the same order as on the human X
chromosome. Additionally, published DNA sequences for 10 autosomal loci from the same
individuals (Carneiro et al. 2009) were combined with the loci obtained in this study (Table
2).

Primers were designed from the European rabbit genome sequence (Table S1). Most loci
have PCR primers located in flanking exons, but only intronic sequences were used in all the
analyses below. DNA was PCR amplified in 25 μl reactions containing 100 ng of genomic
DNA, 2 mM MgCl2, 0.5 μM of each primer, 200 μM DNTP, and 0.5 unit Taq polymerase.
PCR cycling profile consisted of 35 cycles of 30 sec at 94°C, 30 sec at various annealing
temperatures (Table S1), and 90 sec at 72°C, preceded by an initial denaturation step at
94°C for 2 min, and followed by a final extension of 5 min at 72°C. Sequencing was carried
out using an ABI 3700 automated sequencer through the University of Arizona’s Genomic
Analysis and Technology Core sequencing service. Sequences were edited, aligned, and
assembled using phred/phrap/consed/polyphred (Nickerson et al. 1997;Ewing and Green
1998;Ewing et al. 1998;Gordon et al. 1998) together with auxiliary shell scripts and Perl
programs kindly provided by August Woerner. Manual adjustments were further performed
in some contigs using Bioedit (Hall 1999). Sequences have been deposited in GenBank
under accession numbers HM027927-HM028639.
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DATA ANALYSIS
Levels of variation and tests of neutrality—By using only males, we were able to
directly recover haplotypes for X-linked loci. For autosomal loci, haplotypes were assigned
by the computer program PHASE 2.1 (Stephens et al. 2001; Stephens and Donnelly 2003).
We applied the algorithm five times for each locus to check for convergence across
independent runs.

Most polymorphism and divergence analyses were performed using SITES (Hey and
Wakeley 1997) or DnaSP 4.50.3 (Rozas et al. 2003). Insertion–deletion polymorphisms
were excluded from all analyses. We estimated the neutral mutation parameter (4Neμ for
autosomal loci and 3Neμ for X-linked loci), where Ne is the effective population size and μ
is the mutation rate per site per generation, using two estimators: Watterson’s θw (1975), the
proportion of segregating sites in a sample, and π (Nei 1987), the average number of
pairwise differences between sequences in a sample. To investigate levels of linkage
disequilibrium, we estimated the population recombination parameter (R = 4Nec for
autosomal loci and R = 3Nec for X-linked loci, where c is the recombination rate per
generation) between adjacent sites using γ (Hey and Wakeley 1997) and ρ (Hudson 2001). γ
is a maximum-likelihood estimator developed using a coalescent model for a sample of four
DNA sequences with recombination and ρ is adapted to a finite-sites model and is estimated
by means of a composite likelihood method, as implemented in the LDhat 2.0 package
(McVean et al. 2002).

We performed two tests of the neutral model based on the frequency spectrum of
polymorphisms, Tajima’s D (Tajima 1989), and Fu and Li’s D* (Fu and Li 1993). To
generate the null distribution of these statistics, we used coalescent simulations using DnaSP
4.50.3. We ran 104 coalescent simulations of the standard neutral model with constant
population size, conditioned on the sample size and the observed estimates of θ, with the
assumption of no recombination. In addition, ratios of polymorphism to divergence were
compared with the expectations under a neutral model using a multilocus Hudson–
Kreitman–Aguade (HKA) test (Hudson et al. 1987) as implemented in the HKA program
(http://lifesci.rutgers.edu/heylab). We compared ratios of polymorphism for both subspecies
together and separately to divergence between rabbit and Lepus. We also evaluated
heterogeneity in the ratio of polymorphism to divergence between a pooled sample of X-
linked versus autosomal loci.

Patterns of differentiation and gene flow—Several summary statistics were used to
describe levels of genetic differentiation between the two rabbit subspecies. We estimated
the fixation index (FST; Hudson et al. 1992), the net nucleotide divergence (Da; Nei 1987),
and the average pairwise differences (Dxy; Nei 1987) between O. c. algirus and O. c.
cuniculus. Divergence estimates of the outgroup were derived for each locus by estimating
Dxy between all rabbit samples and L. granatensis. We also calculated fixed, shared, and
exclusive polymorphisms between the two subspecies. To look at differentiation from a
genealogical perspective, we reconstructed the evolutionary relationships among alleles by
means of Median-joining networks (Bandelt et al. 1999) as implemented in the software
NETWORK 4.2.0.1 (http://www.fluxus-technology.com).

To infer the presence of gene flow between O. c. algirus and O. c. cuniculus we used three
approaches. First, we derived Nm values from FST estimates [FST = 1/(4Nm + 1) for
autosomal loci, and FST = 1/(3Nm + 1) for X linked loci]. Second, we estimated the relative
node depth (RND) statistic (Feder et al. 2005). This statistic was performed separately for
each locus by dividing Dxy between O. c. algirus and O. c. cuniculus by Dxy between all
rabbit samples and Lepus. Finally, we fit the dataset to an isolation-with-migration (IM)
model using the programs IM and IMa to obtain coalescent-based estimates of gene flow
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(Nielsen and Wakeley 2001; Hey and Nielsen 2004, 2007). A recent simulation study
demonstrated the robustness of this methodology in estimating demographic parameters,
even when several of its underlying assumptions are moderately violated (Strasburg and
Rieseberg 2010). We used IM and IMa to estimate the posterior density for population
migration rates (2Nm), which is defined as the rate at which genes come into the population
per generation. IMa was used to infer multilocus estimates of gene flow and IM was used to
estimate the migration rate parameters for each locus individually. Using the same program,
we conducted likelihood ratio tests (LRTs) comparing nested models of divergence with and
without gene flow. In models without gene flow, migration parameters, m1 and/or m2, were
forced to be zero. We were also interested in evaluating whether levels of gene flow
between subspecies were asymmetrical. We compared the full IM model of divergence with
a model in which migration parameters m1 and m2 were constrained to be identical. For all
loci for which we estimated nonzero values of gene flow, we estimated the posterior
distribution of the mean time of migration events. To convert these estimates to years, we
estimated the neutral mutation rate for each locus as μ = D/2T, where D is the estimated Da
(Nei 1987) between Oryctolagus and Lepus and T is 11.8 Mya, the published divergence
time for the Oryctolagus-Lepus comparison (Matthee et al. 2004). We then calculated the
geometric mean of the locus-specific mutation rates and we assumed a generation time of
one year. The isolation-with-migration model implemented in IM and IMa assumes that
there has been no recombination or gene conversion within locus. Therefore, the biggest
region without four gametic types in each locus was obtained using the program IMgc
(Woerner et al. 2007). We assessed convergence by inspecting the plots of parameter trend
lines and by comparing the results across multiple runs with different priors and random
seeds.

Results
LEVELS AND PATTERNS OF POLYMORPHISM

In the analyses reported below, we combined existing polymorphism data for the same set of
individuals on multiple autosomes (Carneiro et al. 2009) with new resequencing data on 27
X-linked and seven autosomal loci for a total of 19,282 bp of X chromosome sequence and a
total of 16,007 bp of autosomal sequence. Haplotype tables for each gene are depicted in
Figure S1. As we used only males, haplotypes were recovered directly for X-linked loci with
the exception of SHOX. In this gene, we detected heterozygote positions that are consistent
with a pseudoautosomal location on the rabbit X chromosome as observed for several
mammals (e.g., Helena Mangs and Morris 2007). Haplotypes at autosomal loci and at
SHOX were inferred computationally.

Polymorphism, frequency-spectrum tests of neutrality, population recombination estimates
and divergence are summarized in Table 3 and detailed in Tables S2 and S3. Levels of
genetic variation were generally high. Averaging over all loci, levels of π (Nei 1987) and θ
(Watterson 1975) were higher in O. c. algirus (π = 0.502%; θw = 0.589%) than in O. c.
cuniculus (π = 0.458%; θw = 0.495%). Although this difference is not significant for π
(Wilcoxon signed rank test, P = 0.26) and only marginally significant for θ (Wilcoxon
signed rank test, P = 0.053), it is in agreement with previous inferences of a larger historical
effective population size in O. c. algirus (Geraldes et al. 2008b;Carneiro et al. 2009). We
also observed substantial heterogeneity in levels of genetic variation among loci. Values of π
ranged from 0% to 1.377% in O. c. algirus and from 0.037% to 1.332% in O. c. cuniculus.
Despite this heterogeneity a multilocus HKA test (Hudson et al. 1987) did not reject the null
model when all sequences from the two subspecies were included (P = 0.98) or when each
subspecies was considered separately (P = 0.56 in O. c. algirus; P = 0.22 in O. c. cuniculus).
In line with levels of genetic variation, O. c. algirus also exhibited slightly but not
significantly higher average values of the population recombination parameter than O. c.
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cuniculus for both γ (Hey and Wakeley 1997) and ρ (Hudson 2001; γ = 1.28% and ρ =
1.77% for O. c. algirus; γ = 0.93% and ρ = 1.28% for O. c. cuniculus, Wilcoxon signed rank
test, P > 0.05 for both tests).

The distribution of allele frequencies as measured by Tajima’s D (Tajima 1989) and Fu and
Li’s D* (Fu and Li 1993) was also highly variable among loci. Tajima’s D values ranged
from −1.668 to 1.558 in O. c. algirus and from −1.777 to 2.139 in O. c. cuniculus. Fu and
Li’s D* values ranged from −1.916 to 1.111 in O. c. algirus and from −2.053 to 1.416 in O.
c. cuniculus. Regardless of this heterogeneity, the overall trend indicates a high proportion
of rare polymorphisms in the dataset. First, in most loci showing a significant skew in the
allelic frequency spectrum we observed negative values of one or both statistics. Second,
using multilocus coalescent simulations, the observed mean values of Tajima’s D within
subspecies were significantly negative for O. c. algirus (Tajima’s D = −0.641, P < 0.0001)
and for O. c. cuniculus (Tajima’s D = −0.317, P = 0.018). This significant skew of the
frequency distribution of polymorphisms toward rare variants, compared to the standard
neutral expectations, is in agreement with previous studies (Carneiro et al. 2009) and
suggests that both subspecies have most probably undergone a population size expansion in
the recent past.

Next, we compared nucleotide polymorphism (θw) between X-linked and autosomal loci.
Considering a standard neutral model with constant population size, random mating and no
migration, and assuming a sex ratio of 1:1, we expect levels of X-linked variation to be 75%
of autosomal levels. In our dataset, levels of X-linked variation were much lower than
expected: 66% of autosomal levels for the global sample (θw X-linked = 0.620; θw
autosomal = 0.939), 61% in O. c. algirus (θw X-linked = 0.471; θw autosomal = 0.777), and
56% in O. c. cuniculus (θw X-linked = 0.381; θw autosomal = 0.677). However, male-driven
evolution will likely increase mutation rates on the autosomes relative to the X chromosome.
In fact, the average divergence to Lepus was higher for the autosomes (Dxy = 4.093%) than
for the X chromosome (Dxy = 3.689%). To take into account possible mutation rate
differences among regions that could be responsible for the lower than expected X
chromosome diversity, we divided our estimates of θw by the divergence to Lepus (Dxy, Nei
1987). Using our corrected estimates of nucleotide variation, levels of X-linked variation
were 73% of autosomal levels in the global sample (θ w/Dxy X-linked = 0.168; θw/Dxy
autosomal = 0.229), 67% in O. c. algirus (θw/Dxy X-linked = 0.128; θw/Dxy autosomal =
0.190) and 62% in O. c. cuniculus (θw/Dxy X-linked = 0.103; π autosomal = 0.165). Even
though the values were still lower than expected, when we performed HKA tests comparing
all X-linked loci to all autosomal loci, (taking into account differences in inheritance mode)
we did not reject a neutral model (P > 0.5 for all three tests). It is noteworthy that the ratio of
X/autosome diversity is slightly lower for each subspecies compared to the global sample. A
similar pattern was seen for indel variation (data not shown). Distinct levels of gene flow
between X-linked and autosomal loci could partly explain this discrepancy (see below).

MULTILOCUS PATTERNS OF DIFFERENTIATION AND GENE GENEALOGIES
Patterns of differentiation were highly variable among loci, with some loci showing little
differentiation between subspecies and others showing strong differentiation (Table 4).
Values of FST varied between 0.8% and 97.7% and Da values from 0% to 1.329%. This
variation in differentiation can be visualized in the gene genealogies obtained for each of the
44 loci, where all three possible kinds of genealogies are represented (Fig. 2). Reciprocally
monophyletic genealogies were observed in some loci (e.g., STAG1), whereas the great
majority of loci displayed variable levels of shared variation, from paraphyletic (e.g.,
ARHGEF9) to polyphyletic genealogies (e.g., GK5).
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All measures of differentiation were consistent in revealing higher differentiation on the X
chromosome compared to the autosomes (Table 4). Mean FST and net divergence (Da, Nei
1987) values were significantly higher for X-linked loci (FST = 44.7%, Da = 0.401%) than
for autosomal loci (FST = 14.6%, Da = 0.149%; Mann–Whitney U-test, P < 0.01 for both
tests). Likewise, the ratio of fixed differences to shared polymorphisms was significantly
elevated for X-linked loci (0.39) compared to autosomal loci (0.05) (Fisher’s Exact Test, P <
0.001). Furthermore, nine of the 27 genealogies on the X chromosome were reciprocally
monophyletic, and a few others showed a single mismatched haplotype in an otherwise well-
sorted genealogy (Fig. 2). In contrast, just two of the 17 autosomal loci (STAG1 and
MGST3) showed clear phylogenetic differentiation between subspecies, but only STAG1
was reciprocally monophyletic (9/18, 1/16; Fisher’s Exact Test, P < 0.035). Thus, although
there were loci on the X chromosome and on the autosomes showing high levels of
differentiation and loci showing low levels of differentiation, our results show that the X
chromosome is more differentiated, on average, than the autosomes.

LEVELS AND PATTERNS OF GENE FLOW
Two possible factors, or some combination of both, could cause greater average
differentiation on the X chromosome compared to the autosomes: (1) lower levels of gene
flow on the X, and (2) faster rate of lineage sorting on the X. To test whether less gene flow
occurred on the X chromosome compared to the autosomes we used three approaches. First,
we derived Nm values per locus from FST estimates of differentiation with the assumption of
migration–drift equilibrium. As expected based on FST estimates, mean Nm values were
significantly lower for X-linked loci (Nm = 2.24) than for autosomal loci (Nm = 6.40;
Mann–Whitney U-test, P = 0.003). However, the assumption of migration–drift equilibrium
may not be met, and levels of gene flow on the autosomes derived from these estimates may
still be overestimated by slower lineage sorting compared to the X chromosome.

Second, we estimated the relative node depth (RND) statistic (Feder et al. 2005; Table 4).
We expect RND values per locus to be inversely proportional to the amount of gene flow
after the split of the two subspecies. Mean RND values are higher but not significantly
higher in X-linked loci (RND = 0.23) when compared to autosomal loci (RND = 0.19;
Mann–Whitney U-test, P = 0.25). However, most of the highest RND values in our dataset
are X-linked.

Third, we fitted an isolation-with-migration model (IM) model (Nielsen and Wakeley 2001;
Hey and Nielsen 2004, 2007) to the 27 X-linked and to the 17 autosomal loci separately.
This method assesses the relative roles of migration and isolation underlying the observed
differentiation between populations, thus allowing a better distinction between ancestral
polymorphism versus recent gene flow. LRTs (Hey and Nielsen 2007) revealed a
significantly better fit to a model with gene flow suggesting that gene flow has occurred on
the X chromosome, as well as on the autosomes (P < 0.001; Table S4). Furthermore, a
model incorporating migration in both directions was also a significantly better fit than
models in which one of the migration parameters was set to zero. In agreement with
inferences of gene flow from FST, the IM analysis revealed lower levels of gene flow on the
X chromosome compared to the autosomes. For X-linked loci, the estimated population
migration rate (2Nm) was 0.38 (90% highest posterior density (HPD) interval: 0.16 to 0.77)
per generation for O. c. algirus and 0.26 (90% HPD interval: 0.08 to 0.58) per generation for
O. c. cuniculus. For autosomal loci, estimated 2Nm values were much higher: 1.69 (90%
HPD interval: 0.60 to 3.18) and 0.83 (90% HPD interval: 0.27 to 1.88) in O. c. algirus and
O. c. cuniculus, respectively. To test if loci for which we detected significant deviations
from neutral expectations were influencing the IM simulations, we repeated the analyses
excluding those loci showing significant values of Tajima’s D or Fu and Li’s D* when
calculated for each subspecies separately. The resulting estimates were very similar (data not
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shown). To further explore the IM model, we estimated migration rates separately for each
locus in a combined run of autosomal and X-linked loci (Table 4). Mean 2Nm values per
locus were significantly lower for X-linked loci (2Nm = 1.92) than for autosomal loci (2Nm
= 3.01; Mann–Whitney U-test, P = 0.047). Taken together, the greater differentiation of the
X chromosome compared to the autosomes appears to be largely explained by differences in
levels of gene flow.

CHROMOSOMAL PATTERNS OF DIFFERENTIATION
A major goal of this study was to assess the genomic scale over which patterns of
differentiation change along individual chromosomes. Figure 3 shows fixed, shared, and
exclusive polymorphisms, average 2Nm values inferred using IM and FST values per locus,
against position on chromosomes X and 14. This figure also includes four X-linked loci
from a previous study sampled slightly differently (Geraldes et al. 2006; Table 2). On
chromosome 14, a single locus located near the centromere (STAG1) showed high
differentiation. In contrast, on the X chromosome multiple highly differentiated loci were
detected along the entire chromosome, and some of these were found in clusters. For
example, we observed one group of four and another group of three consecutive loci
displaying reciprocally monophyletic genealogies with fixed differences between subspecies
(OGT, NRK, AMOT, KLHL13 and F9, FMR1, G6PD; Figs. 2 and 3). We also observed two
groups of four and one group of three consecutive loci with FST > 50% (DGKK, SMCX,
ARHGEF9, MSN; OGT, NRK, AMOT, KLHL13 and F9, FMR1, G6PD). To test whether
this pattern was spatially nonrandom, we generated 100,000 datasets randomizing the
position of the loci with fixed and shared polymorphism, and found that clustering in one
group of four and another group of three loci with fixed differences is unlikely by chance (P
< 0.05). The observation of three groups of three or more consecutive loci with FST > 50% is
also unlikely (P < 0.05). Moreover, our coalescent estimates of gene flow per locus revealed
that several continuous regions on the X chromosome display estimates of 2Nm well below
1. These results suggest that some regions of the X chromosome represent continuous
segments of high differentiation and reduced introgression encompassing several
megabases.

ASYMMETRIC LEVELS OF GENE FLOW AND DISTRIBUTION OF MIGRATION EVENTS
THROUGH TIME

We were interested in testing whether our estimates of 2Nm suggest asymmetrical
introgression. Although a combined IM run of 44 loci indicates higher gene flow from O. c.
cuniculus to O. c. algirus (2Nm = 0.79; 90% HPD interval: 0.43 to 1.23) than in the opposite
direction (2Nm = 0.51; 90% HPD interval: 0.26 to 0.84), when we formally tested whether a
model with asymmetrical introgression is better than models in which gene flow is equal in
both directions, we did not obtain significant results (LRT P > 0.5; Table S4). On the other
hand, we highlight that when we look at each locus separately, migration estimates are
usually highly asymmetric (Table 4). Interestingly, on the X chromosome consecutive loci
tend to show an identical asymmetrical nature (Fig. 4). For example, in all loci close to the
centromere we either inferred zero gene flow in both directions or higher gene flow from O.
c. algirus to O. c. cuniculus.

Further insight can be gained into the history of gene flow between rabbit subspecies by
looking at the timescale over which gene flow has occurred. We measured the distribution of
the mean time of introgression events for each locus over the course of the IM simulations
(Fig. S2). Posterior probability distributions for mean times of migration per locus varied
from 0.279 Mya to 0.732 Mya (Fig. S2).
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Discussion
This study describes DNA sequence diversity and divergence at multiple X-linked and
autosomal loci in both subspecies of the European rabbit (O. c. cuniculus). Three main
findings emerged: (1) levels of differentiation between subspecies were highly
heterogeneous, and this variation is likely caused by differential levels of introgression
among loci; (2) X-linked loci displayed higher levels of differentiation, on average, than
autosomal loci; and (3) on chromosome 14, only the centromeric region displayed a high
level of differentiation, while on the X chromosome several islands of differentiation
extending for several megabases were observed, both near the centromere and on the
chromosome arms. These findings support the idea that the X chromosome plays an
important role in reproductive isolation in rabbits and shows that large islands of
differentiation may exist between species that are experiencing substantial gene flow.

GENEALOGICAL PATTERNS AND THE SEMIPERMEABLE NATURE OF THE RABBIT
HYBRID ZONE

One of the more striking observations in this study is that genealogical patterns varied
considerably among loci. Reciprocally monophyletic genealogies were observed at some
loci, whereas the great majority displayed variable levels of shared variation. Notably, this
genealogical discordance is reflected in a remarkable range of FST values (from 0.8% to
97.7%) and is observed both on the X chromosome, as well as on the autosomes (Fig. 5).
There are two possible interpretations for the pattern of differentiation observed here. The
first is that incomplete lineage sorting is pervasive across the genome because of the
relatively recent origin of these taxa. Under this scenario, the few regions that attained
reciprocal monophyly became differentiated. The second interpretation is that neutral or
advantageous alleles crossed species boundaries and are homogenizing genetic variability
across the genome, while certain regions are protected by selection from gene flow.

As this and other studies have shown (Geraldes et al. 2008b; Carneiro et al. 2009), the
genomes of these two subspecies appear to be remarkably permeable with respect to gene
flow. Our IMa runs for both autosomal and X-linked loci indicate that models incorporating
gene flow are a significantly better fit to the data than models without gene flow. We
inferred high levels of gene flow in both directions. In addition, locus-specific estimates of
gene flow are strongly and negatively correlated with FST and Da values (2Nm × FST: r =
−0.88, P < 0.001; 2Nm × Da: r = −0.797, P < 0.001). This strong inverse relationship
between coalescent estimates of gene flow and measures of differentiation argues against the
idea that most shared variation represents ancestral polymorphism. In addition, the
genealogical patterns in Figure 2 suggest that differential lineage sorting alone cannot
explain why levels of genetic variation between subspecies are highly variable among loci.
For example, at several loci on the X chromosome and autosomes there are two divergent
lineages that correspond to the two subspecies (e.g., SHOX, STAG1), whereas in others two
highly divergent haplogroups are still present but no correspondence with the subspecies is
observed (e.g., ARHGEF9, GK5). This second topology is particularly informative about
introgression and suggests that these loci apparently attained reciprocal monophyly in the
past but subsequently experienced introgression of well-differentiated haplotypes. In
summary, although we cannot exclude the presence of ancestral variation, high gene
exchange between rabbit subspecies seems likely. Large differences among loci in levels of
genetic differentiation in the early stages of divergence, as documented here, have now been
reported for many plant and animal taxa (e.g., Emelianov et al. 2004; Borge et al. 2005;
Putnam et al. 2007; Minder and Widmer 2008; Kane et al. 2009; Maroja et al. 2009; see
Nosil et al. 2009 and Noor and Bennett 2009 for recent reviews), suggesting that this pattern
may be quite common in nature.
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The evidence for introgressive hybridization between O. c. algirus and O. c. cuniculus raises
the question of how long ago, and how many times, migration events have happened. On the
one hand, full haplotype sharing for several loci (e.g., PDHA1, OCRL, LUM, TIAM1; Fig.
2 and Fig. S1) for which we inferred moderate-to-high estimates of the population
recombination parameter suggests that some of the migration events happened very recently.
These events are most likely associated with the postglacial secondary contact between the
two subspecies that is thought to have occurred in the last few thousand years (Branco et al.
2002). On the other hand, our estimates of the mean times of migration events for each locus
under an IM model ranged from 0.279 Mya to 0.732 Mya, suggesting that some gene flow is
old and has probably occurred multiple times throughout the history of divergence of these
two subspecies. In fact, Quaternary climatic oscillations were characterized by several
interglacial periods that may have provided the opportunity for secondary contact and gene
exchange on several occasions.

It is instructive to compare the genealogical patterns seen in rabbits to those seen in
subspecies of the house mouse, the only other mammal for which such data exist in the
context of hybridizing taxa. In a similar fashion, genealogical patterns between Mus
musculus musculus and M. m. domesticus vary substantially among loci, with some
genealogies being reciprocally monophyletic between subspecies, whereas others being
paraphyletic or polyphyletic (Salcedo et al. 2007; Geraldes et al. 2008a). Despite this
similarity, the two systems differ markedly in overall levels of differentiation. In mice, all
X-linked loci and about half of autosomal loci were reciprocally monophyletic between
subspecies. In rabbits, the two groups are genetically much less differentiated. In our dataset,
only nine of the 27 X-linked loci and one of the 17 autosomal loci were reciprocally
monophyletic. This is surprising because mouse subspecies diverged about 0.5 Mya whereas
rabbit subspecies diverged about 2.0 Mya. The underlying cause for this substantial
difference could be related to distinct levels of introgression in the two systems. A recent
study in mice using multiple markers in an IM framework found low levels of gene flow
from M. m domesticus to M. m. musculus (2Nm = 0.094) and no gene flow was detected in
the opposite direction (Geraldes et al. 2008a). These estimates are substantially lower than
levels of bidirectional gene flow inferred from our IM analysis in rabbits (2Nmalgirus = 0.79;
2Nmcuniculus = 0.51). Importantly, however, the higher levels of historical gene flow inferred
for rabbits do not necessarily indicate that the rate of hybridization is currently higher;
instead, it may be related to multiple opportunities for hybridization between rabbit
subspecies during the last few thousand years together with a more ancient date for the
current contact. In fact, Pool and Nielsen (2009) analyzed the length distribution of
chromosome segments of migrant origin between mouse subspecies and argued that the rate
of hybridization has increased in the recent past and has the potential to homogenize a
portion of their genomes.

THE X CHROMOSOME AND SPECIATION
The X chromosome is known to play a disproportionately large role in the evolution of
postzygotic reproductive isolation (Coyne and Orr 1989; Presgraves 2008). Consistent with
this view, we observed a general trend for X-linked loci to display higher differentiation
between rabbit subspecies than autosomal loci (Fig. 5). The IM analyses suggests that this
higher differentiation is likely to be explained by lower levels of gene flow on the X
chromosome (mean 2Nm = 0.32) compared to the autosomes (mean 2Nm = 1.26).

Although differentiation is on average higher and estimates of 2Nm lower on the X
compared to the autosomes, these average values mask substantial variation observed among
X-linked loci (Figs. 3 and 5). Several loci on the X chromosome showed little differentiation
and 2Nm values much higher than 1 (Table 4). In fact, the highest 2Nm estimates in our
dataset were X-linked (PDHA1, IL1RAPL). Differences in levels of differentiation among
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loci help to identify particular genomic regions contributing to reproductive isolation. On the
X chromosome, we identified four regions of high differentiation (defined as having one or
more loci with FST > 0.7): (1) the telomeric region of the short arm (SHOX), most likely
corresponding to the pseudoautosomal region (PAR); (2) the centromeric region (DGKK-
MSN); (3) a region in the middle of the long arm (OGT-KLHL13); and (4) the telomeric
region of the long arm (F9-G6PD).

The fact that we observed high levels of differentiation at the PAR deserves comment. PARs
are small homologous regions shared by the mammalian X and Y chromosomes within
which obligatory recombination occurs in male meiosis, and they therefore play a key role in
initiating XY pairing (e.g., Rappold 1993). Observations of reduced testis weight and
dissociation of X and Y chromosomes during male meiosis in crosses between Mus
domesticus and M. spretus led to the suggestion that a structural X–Y incompatibility due to
divergence at the PAR could be responsible for male sterility between these species (Guenet
et al. 1990; Matsuda et al. 1991; Hale et al. 1993). Our results also suggest that divergence at
the PAR may play a role in reproductive isolation between rabbit subspecies. Furthermore,
such a cytogenetic mechanism could also explain the reduced introgression observed for the
Y-chromosome in rabbits (Geraldes et al. 2008b). Under this hypothesis, we expect X–Y
asynapsis rates to be higher in male F1s resulting from crosses between subspecies
compared to males resulting from crosses within subspecies.

ISLANDS OF DIFFERENTIATION BETWEEN SUBSPECIES
The chromosomal distribution of patterns of differentiation and gene flow observed in
Figure 3 illustrate the mosaic nature of the rabbit genome with respect to gene flow between
subspecies. Most interestingly, several regions resist the homogenizing influence of gene
flow and retain strong divergence. Consistent with previous studies (Geraldes et al.
2006;Carneiro et al. 2009), we found an overrepresentation of highly differentiated loci
situated close to the centromeres, where recombination is expected to be low, supporting
recent speciation models (Noor et al. 2001;Rieseberg 2001;Navarro and Barton 2003). We
note that this observation is also consistent with predictions coming from theories of
centromere evolution (Henikoff et al. 2001), which posit that the rapidly evolving nature of
centromeres may ultimately result in hybrid incompatibilities.

One of the main goals of our study was to interpret patterns of differentiation among loci
taking into account their genome location, to begin to explore the genomic scale over which
levels of differentiation and gene flow vary. We observed four regions with highly
differentiated loci on the X chromosome, and each of these regions extends for several
megabases. For example, the distance between OGT and KLHL13, located on the long arm
of the X, is approximately 16 megabases. In contrast, on chromosome 14 only one island of
differentiation was observed and was located near the centromere. Levels of differentiation
were otherwise low throughout chromosome 14, suggesting that islands of differentiation on
the autosomes might be much rarer and/or smaller than on the X.

It is important to note, however, that the current sampling of loci is not dense enough to
identify all differentiated regions or to definitively confirm that the detected regions of high
differentiation do not represent multiple independent regions separated by regions of low
differentiation. We also note that the density of markers on the X is higher than on the
autosomes, and this may contribute to some of the observed differences. It should be
possible to address these issues by scanning the genome with a much higher density of
markers.

Finally, we emphasize the asymmetrical estimates of gene flow in the same orientation for
consecutive loci on the X chromosome (Fig. 4). This pattern is particularly striking near the
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centromere (Geraldes et al. 2006). Overall we infer more gene flow from O. c. cuniculus to
O. c. algirus, but several loci close to the centromere either show no introgression or
asymmetrical gene flow from O. c. algirus to O. c. cuniculus. This observation is in
agreement with the asymmetrical nature of Dobzhansky–Muller incompatibilities under
reciprocal introgression (Orr 1995;Gavrilets 1997). Importantly, the locus-specific estimates
of gene flow obtained using IM provide testable predictions for studies of clinal patterns of
variation in allele frequencies across the rabbit hybrid zone.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Geographical location of the populations used in this study. Dark and light areas indicate the
range of O. c. algirus and O. c. cuniculus, respectively. The putative hybrid zone is
separating both ranges (adapted from Geraldes et al. (2008b)). Numbers in the figure
correspond to populations as follows: 1- Pancas; 2- Huelva; 3- Sevilla; 4- Alicante; 5-
Rosell; 6- Zaragoza; 7- Tarragona.
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Figure 2.
Median-joining haplotype networks representing the phylogenetic relationships among all
the alleles found in both subspecies of the European rabbit. Individuals with missing data
were excluded. The size of the circles is proportional to the frequency of each haplotype.
The population group of the individuals represented in each haplotype is denoted by black
for O. c. algirus and white for O. c. cuniculus.
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Figure 3.
Fixed/shared/exclusive polymorphisms, average 2Nm values estimated using IM, and FST
plotted against sequence position on chromosomes X and 14. Position of the centromere is
indicated with a vertical line. Data on four X-linked loci from Geraldes et al. (2006) on a
different set of individuals were also included.

Carneiro et al. Page 19

Evolution. Author manuscript; available in PMC 2011 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Plot of the difference between 2Nm values in O. c. algirus and 2Nm values in O. c. cuniculus
per locus versus position on chromosomes X and 14. If the resulting value is positive higher
gene flow was inferred from O. c. cuniculus to O. c. algirus than in the opposite direction. If
the resulting value is negative higher gene flow was inferred from O. c. algirus to O. c.
cuniculus than in the opposite direction. Position of the centromere (C) is indicated with a
vertical line. Data on four X-linked loci from Geraldes et al. (2006) on a different set of
individuals were also included.
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Figure 5.
Histogram of FST values between subspecies of rabbits (data from Table 4). Autosomal loci
are shown in white, X-linked loci in black.
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Table 1

Individuals sampled and their geographic locations.

Population Population number1 Sample size Subspecies Individual ID

Pancas 1 3 O. c. algirus Pancas3, Pancas5, Pancas6

Huelva 2 4 O. c. algirus Huelva1, Huelva4, Huelva43, Huelva53

Sevilla 3 3 O. c. algirus Sevilla8, Sevilla12, Sevilla14

Alicante 4 4 O. c. cuniculus Alicante110, Alicante131, Alicante134, Alicante138

Rosell 5 1 O. c. cuniculus Rosell4

Zaragoza 6 2 O. c. cuniculus Zaragoza14, Zaragoza15

Tarragona 7 5 O. c. cuniculus Tarragona10, Tarragona102, Tarragona105, Tarragona107,
Tarragona110

1
Population numbers are from Figure 1.
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Table 2

Genes and genomic locations of the loci used in this study.

Gene Chromosome Chromosome location1 Location in the gene2 Reference

SHOX X Unknown Intron 6 This study

GLRA2 X 606,087–606,861 Intron 9 This study

PHKA2 X 4,723,497–4,725,600 Introns 2/3 Geraldes et al. (2006)

PDHA1 X 5,096,544–5,097,183 Intron 8 This study

POLA1 X 10,616,047–10,616,751 Intron 10 This study

IL1RAPL1 X 15,984,427–15,985,150 Intron 11 This study

TMEM47 X 20,817,981–20,818,776 Intron 1 This study

MAOA X 29,148,153–29,148,958 Intron 12 This study

TIMP1 X 32,657,446–32,658,226 Intron 10 This study

DGKK X Unknown Intron 14 This study

SMCX X 34,720,991–34,723,906 Introns 2/3 Geraldes et al. (2006)

ARHGEF9 X 42,303,886–42,304,638 Intron 6 This study

Centromere3 X Unknown NA NA

MSN X 44,317,226–44,320,307 Introns 6/7/8 Geraldes et al. (2006)

OPHN1 X 46,884,710–46,885,471 Intron 18 This study

OGT X 50,027,095–50,027,850 Intron 15 This study

NRK X 54,602,900–54,603,613 Intron 15 This study

AMOT X 61,383,648–61,384,060 Intron 2 This study

KLHL13 X 66,537,385–66,538,064 Intron 7 This study

PGK1 X 69,862,748–69,863,565 Intron 6 This study

CYLC1 X 74,678,953–74,679,740 Intron 1 This study

KLHL4 X 78,346,123–78,346,922 Intron 13 This study

PABPC5 X 83,299,091–83,299,832 3′ This study

TNMD X 88,777,964–88,778,801 Intron 6 This study

DIAPH2 X 92,701,134–92,701,933 Intron 2 This study

GRIA3 X 97,949,748–97,950,466 Intron 8 This study

OCRL X 104,011,520–104,012,070 Intron 22 This study

GPC4 X 107,650,182–107,650,932 Intron 8 This study

HPRT1 X 108,777,703–108,779,229 Intron 2 Geraldes et al. (2006)

F9 X Unknown Intron 1 This study

FMR1 X Unknown Intron 11 This study

G6PD X Unknown Intron 1 This study

EXT1 3 133,930,356–133,931,580 Intron 4 Carneiro et al. (2009)

CYTC 4 13,353,549–13,354,658 Intron 1 Carneiro et al. (2009)

LUM 4 70,318,042–70,319,218 Intron 1 Carneiro et al. (2009)

UD14 7 Unknown Intron 4 Carneiro et al. (2009)
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Gene Chromosome Chromosome location1 Location in the gene2 Reference

ATP12A 8 45,292,648–45,293,961 Intron 2 Carneiro et al. (2009)

PRL 12 14,728,167–14,729,416 5′ Carneiro et al. (2009)

T 12 155,309,281–155,310,209 5′ Carneiro et al. (2009)

MGST3 13 27,250,930–27,251,858 Intron 1 Carneiro et al. (2009)

SLC4A7 14 14,216,142–14,216,900 Intron 16 This study

Centromere3 14 Unkown NA NA

STAG1 14 30,256,593–30,257,916 Intron 6 Carneiro et al. (2009)

GK5 14 35,607,955–35,608,670 Intron 13 This study

SIAH2 14 44,630,546–44,631,214 3′ This study

KPNA4 14 54,925,301–54,926,023 Intron 16 This study

MYNN 14 64,678,559–64,679,184 Intron 6 This study

NAALADL2 14 70,911,227–70,911,750 Intron 10 This study

GBE1 14 135,937,066–135,937,688 Intron 17 This study

TIAM1 14 161,363,063–161,364,253 Intron 2 Carneiro et al. (2009)

1
Chromosome location was obtained at the Broad Institute website from the European rabbit 7X genome sequence assembly or from the rabbit

physical map (Chantry-Darmon et al. 2005).

2
Location in the gene was obtained from the rabbit 2X genome sequence annotation available in Ensembl Build 48.1e.

3
Centromere location relative to other loci was obtained from the rabbit physical map (Chantry-Darmon et al. 2005).
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