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Abstract

Maintenance of genetic distinction in the face of gene flow is an important aspect of
the speciation process. Here, we provide a detailed spatial and genetic characterization
of a hybrid zone between two subspecies of the European rabbit. We examined
patterns of allele frequency change for 22 markers located on the autosomes, X-chromo-
some, Y-chromosome and mtDNA in 1078 individuals sampled across the hybrid zone.
While some loci revealed extremely wide clines (w > 300 km) relative to an estimated
dispersal of 1.95-4.22 km/generation, others showed abrupt transitions (w ~ 10 km),
indicating localized genomic regions of strong selection against introgression. The sub-
set of loci showing steep clines had largely coincident centers and stepped changes in
allele frequency that did not co-localize with any physical barrier or ecotone, suggest-
ing that the rabbit hybrid zone is a tension zone. The steepest clines were for X- and
Y-chromosome markers. Our results are consistent with previous inference based on
DNA sequence variation of individuals sampled in allopatry in suggesting that a large
proportion of each genome has escaped the overall barrier to gene flow in the middle of
the hybrid zone. These results imply an old history of hybridization and high effective
gene flow and anticipate that isolation factors should often localize to small genomic
regions.
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Introduction

Studies of genetically distinct taxa that hybridize in
nature allow exploration of long-term processes that are
inaccessible with laboratory crosses, and yet central to
our understanding of speciation (Abbott et al. 2013).
Empirical evidence supports the view that introgression
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is a common and important evolutionary force (Phillips
et al. 2004; Macholan et al. 2007; Putnam et al. 2007; Good
et al. 2008; Kane et al. 2009; Melo-Ferreira et al. 2009;
Storchova ef al. 2010), with regions of the genomes of
incipient species varying greatly in their permeability to
foreign alleles. Hybridizing taxa are expected to exchange
beneficial alleles easily (Barton 1979; Barton & Bengtsson
1986). In contrast, genomic regions underlying local adap-
tation or resulting in hybrid incompatibilities are not
expected to move easily between hybridizing taxa.
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Loci involved in reproductive isolation are typically
embedded in divergent genomes containing many
isolation factors, and this is expected to impact the
dynamics of secondary contact through multilocus
effects. Migration of individuals across species barriers
creates strong genome-wide associations across loci
(irrespective of whether they are physically linked or
unlinked). Sorting and crossing over (summarized as
recombination R) break down these associations, but if
selection S against hybrids (due to incompatibilities or
maladaptation) removes recombinants from the gene
pool then S blocks this breakdown of associations. Bar-
ton (1983) showed a critical value of the coupling coeffi-
cient S/R above which the genome-wide associations
(i.e. linkage disequilibria) due to migration will be
maintained, reducing effective gene flow at large geno-
mic scales, but below which the breakdown in associa-
tions will allow easier gene flow. This distinction may
take many generations to become clear, but the cou-
pling coefficient remains the best way to summarize the
dynamics and equilibrium state for permeability of spe-
cies barriers (Baird 1995). While these results are for
selected loci evenly spread across a genome the impli-
cations if selected loci are clustered on a particular link-
age group are clear. Because hybrid zones allow many
generations of recombination to be explored, they pro-
vide an opportunity to study the extent to which
genomes of recently separated taxa may diverge or be
united by gene flow and how effective gene flow varies
across the genome.

The two subspecies of the European rabbit (Oryctola-
gus cuniculus) provide a window into the early stages of
speciation. The European rabbit traces its origins to the
Iberian Peninsula over the last few million years and
several studies note this region as an important refuge
during the Quaternary glaciations (reviewed in Hewitt
2000). The long standing presence of rabbits in Iberia,
together with the earlier amelioration of climatic condi-
tions in this region when compared with higher lati-
tudes, may have provided the opportunity for periods
of isolation followed by periods of contact. Currently,
the two rabbit subspecies are distributed parapatrically:
O. c. algirus is localized in the southwest of Iberian Pen-
insula and O. c. cuniculus localized in the northeast of
Iberian Peninsula and France (Fig. 1). The subspecies
show slight phenotypic differences in size and cranial
measurements (Sharples ef al. 1996; Villafuerte 2002).
Multiple genetic markers suggest a divergence time
between the two subspecies that dates to ~1.8 Myr ago
(Branco et al. 2000; Carneiro et al. 2009). DNA sequence
data from rabbits sampled far away from the contact
zone showed that the genomes of these two subspecies
are characterized by highly heterogeneous patterns of
differentiation (Geraldes et al. 2006, 2008; Carneiro et al.

2009, 2010). Some loci exhibit high levels of
differentiation and these are preferentially located on
the X-chromosome and near centromeres of several
autosomes. The Y-chromosome also shows high levels
of differentiation. These patterns of differentiation in
rabbits are in agreement with theoretical and empirical
predictions suggesting that low recombination regions
(Faria & Navarro 2010; Nachman & Payseur 2012) and
sex chromosomes (Coyne & Orr 2004) might facilitate
species divergence in the face of gene flow. Notably,
these regions stand out against a background genome
practically devoid of fixed variation, and coalescent
analysis based on isolation-with-migration models (IM,
Hey & Nielsen 2004) suggest that rampant gene
exchange has occurred (Carneiro et al. 2010). For exam-
ple, DNA sequence variation in allopatric samples
reveals two highly divergent haplotypes at several loci,
but with both variants present in both subspecies, a
pattern that likely reflects ancient vicariance and subse-
quent gene flow (e.g. HPRT1, Fig. 2).

Despite multiple studies of DNA sequence variation
from allopatric sampling, there have been no studies of
clinal variation in the region of contact and the pre-
sumed hybrid zone has remained uncharacterized

Fig. 1 Map of the Iberian Peninsula indicating the sampled
localities across the hybrid zone between Oryctolagus algirus
and O. c. cuniculus. Grey indicates the approximate location of
the hybrid zone based on allozyme and mtDNA data obtained
from a small number of localities (Ferrand & Branco 2007).
Sampled localities are indicated by circles and numbers corre-
spond to those in Table S1 (Supporting Information). Popula-
tions excluded from cline analysis due to probable restocking
activities are represented by diamonds (see Results). The
dashed line shows the orientation of the maximum gradient in
allele frequency change in two-dimensional space estimated
using the Pooled Adjacent Violators Algorithm (PAVA) (see
Material and Methods for details).
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Abrupt cline

No clinal variation

Fig. 2 Map of the study area with pie

FMR1

charts summarizing allele frequency data
and shape of genealogies for five repre-
sentative loci (DIAPH2, HPRT1, FMRI,
LUM and MSN; data from Carneiro et al.
2009, 2010; Geraldes et al. 2006), and
locality hybrid index values restricted to
loci for which we could infer the subspe-
cific origin of alleles.

Wide cline

DIAPH2

genetically. Therefore, important questions remain
about the abrupt or smooth nature of the contact, its
location and how levels and patterns of introgression
differ across loci. Here, we provide the first explicit
spatial characterization of the rabbit hybrid zone. We
sampled 1078 rabbits and carried out geographic and
non-geographic clinal analyses of introgression for
markers located in all four genomic compartments (auto-
somes, X-chromosome, Y-chromosome, and mtDNA). In
addition, we compare our current findings with previ-
ous results based on DNA sequence variation from
allopatric samples.

Materials and methods

DNA samples

Hybridization between O. c. algirus and O. c. cuniculus
occurs along a Northwest-Southeast axis on the Iberian
Peninsula (Fig. 1). Because the subspecies are morpho-
logically similar and previous studies were based on
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limited sampling, very little was known about the
geographic location and orientation of the rabbit hybrid
zone. Transects with incorrect orientation relative to a
contact zone will tend to lead to overestimates of cline
width (Macholan et al. 2008), therefore, we chose locali-
ties to cover much of the geographic range of both
rabbit subspecies in Iberia as well as the central over-
lap, allowing orientation of the zone to be estimated.
We sampled a total of 1078 individuals from 61 locali-
ties (Fig. 1) between 2002 and 2005. Geographic coordi-
nates and sample sizes for all localities are available in
Table S1 (Supporting Information).

Single Nucleotide Polymorphisms choice and genotyping

We selected a total of 28 Single Nucleotide Polymorph-
isms (SNPs) from previous resequencing data (Branco
et al. 2000; Geraldes et al. 2005, 2006, 2008; Carneiro et al.
2009, 2010), chosen to cover the four compartments of the
genome (eight autosomal markers, 18 X-linked, 1 Y-linked
and 1 mitochondrial; Table 1). Sequence data for XPO4
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Table 1 Genomic locations in megabases of the loci used in
this study

Chromosome

Gene Chromosome  location® References

LUM* 4 70.32 Carneiro et al. (2009)
PROC* 7 59.22 Geraldes et al. (2008)
XPO4 8 43.82 This study
ATP12A* 8 45.29 Carneiro et al. (2009)
MGST3* 13 27.25 Carneiro et al. (2009)
STAG1 14 30.26 Carneiro et al. (2009)
GK5* 14 35.61 Carneiro et al. (2010)
EDNRA 15 17.12 Geraldes et al. (2008)
SHOX X Unknown Carneiro et al. (2010)
GLRA2 X 0.61 Carneiro et al. (2010)
PHKA2* X 472 Geraldes et al. (2006)
MAOA* X 29.15 Carneiro et al. (2010)
DGKK X Unknown Carneiro et al. (2010)
SMCX X 34.72 Geraldes et al. (2006)
ARHGEF9* X 42.30 Carneiro et al. (2010)
MSN X 44.32 Geraldes et al. (2006)
OGT* X 50.03 Carneiro et al. (2010)
NRK X 54.60 Carneiro et al. (2010)
AMOT X 61.38 Carneiro et al. (2010)
KLHL13 X 66.54 Carneiro et al. (2010)
TNMD* X 88.78 Carneiro et al. (2010)
DIAPH2 X 92.70 Carneiro et al. (2010)
HPRT1* X 108.78 Geraldes et al. (2006)
F9 X Unknown Carneiro et al. (2010)
FMR1 X Unknown Carneiro et al. (2010)
G6PD X Unknown Carneiro et al. (2010)
SRY Y Unknown Geraldes et al. (2005)
Cytb mtDNA Unknown Branco et al. (2000)

*Loci excluded from cline analysis either because the genotyp-
ing assay failed, levels of missing data were high or we could
not attribute subspecific origin of alleles (see Results section).
fChromosome and chromosome location in megabases were
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).

have not been reported in previous studies and are avail-
able on GenBank (Accession numbers: HM138911-
HM138914). We selected three kinds of SNP markers from
previous studies. First, we chose SNPs that were diagnos-
tic between subspecies in individuals sampled away from
the hybrid zone (AMOT, DGKK, F9, FMR1, G6PD,
KLHL13, MSN, NRK, OGT, SHOX, STAGI, and XPO4).
Second, we chose SNPs which were not diagnostic but
showed marked allelic frequency differences between
subspecies (>70%) at loci with few mismatched haplo-
types in an otherwise well-sorted genealogy (ARGHEF9,
cytb-mtDNA, GLRA2, MGST3, PROC, SMCX, and SRY-Y-
chromosome). Finally, we chose SNPs without significant
frequency differences between subspecies but that were
positioned on a genealogical branch uniting highly diver-
gent haplogroups (ATP12A, DIAPH2, EDNRA, GKS,

HPRT1, LUM, MAOA, PHKA?2, and TNMD). These dif-
ferent categories of markers may be expected to show dif-
ferent patterns in clinal analyses (see Results).

Multiplex SNP genotyping was carried out using
Sequenom’s (San Diego, USA) iPlex technology and
detected in a Sequenom MassArray K2 platform follow-
ing the manufacturer’s protocol. Primers and multiplex
conditions were designed using Sequenom’s MassAR-
RAY® Assay Design 3.0 software and are provided in
Table S2 (Supporting Information). The resulting spectra
and plots were manually inspected and software geno-
type calls were corrected whenever required. Y-chromo-
some and mtDNA genotypes were scored using
previously described PCR-RFLP protocols (Branco et al.
2000; Geraldes ef al. 2008). Individual genotypes have
been deposited in the Dryad database under doi num-
ber http://10.5061/dryad.mj18p.

Data analysis

To control for potential non-independence of alleles due
to relatedness and deviation from Hardy—Weinberg equi-
librium, the effective number of alleles sampled at each
locality was estimated following the procedures described
in Macholan et al. (2007). The clinal analyses are therefore
robust to the effects of deviations from random mating
and local or familial relatedness within samples.

Orientation of the cline in two dimensions. Latitude and
longitude georeferences were projected onto the plane
around the centroid of the sampling localities using the
Sundial implementation of gnomonic projection (Baird
& Santos 2010). To avoid biases arising from drawing a
transect oblique to the hybrid zone, the first step of anal-
ysis was to determine the orientation of the maximum
gradient in allele frequency change. The orientation pro-
cedure was performed following Macholan et al. (2008)
using the Pooled Adjacent Violators Algorithm (PAVA;
Brunk 1955). For a given orientation, coordinates for
each locality are orthogonally projected on a straight
line and PAVA then calculates the maximum-likelihood
(ML) monotonic cline through the locality allele counts
at that orientation. The procedure is repeated to build
up the likelihood profile for monotonic change over the
interval of all possible orientations (0°-360°). Likelihood
profiles for monotonic change were estimated for each
locus independently, and orientation consistency among
loci was checked by comparing the resultant profiles.
These analyses were performed using functions imple-
mented in Mathematica for Analyse v2.0beta (Baird SJE.,
and Barton NH in preparation).

Genotypic and allelic disequilibria. At each locality with
more than five individuals sampled, log-likelihood

© 2013 Blackwell Publishing Ltd
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profiles for Fis and scaled linkage disequilibrium (LD)
were calculated as implemented in the computer pack-
age Analyse v1.3 by Barton and Baird (http://www.
biology.ed.ac.uk/archive/software/Mac/Analyse/index.
html). LD was also estimated using an alternative
method based on the variance of the hybrid index
(Barton & Gale 1993).

Cline fitting. Sampling localities were projected orthog-
onally onto a line following the most likely orientation
of change. ML clines were fitted to effective counts of
O. c. cuniculus versus O. c. algirus alleles along this
line, as implemented in Analyse v1.3. Locality
distances were measured relative to the orthogonal
projection of the centroid of the sampling locality
coordinates. ML estimation was performed separately
for each locus and for three different models of cline
shape (Szymura & Barton 1986). These models have
been described in detail elsewhere (e.g. Phillips et al.
2004; Raufaste et al. 2005) so here we provide only a
brief description. The first model, a sigmoid cline (Sig),
has two parameters: c, the geographic location of the
center of the cline, and w, the width of the cline,
which is defined as the inverse of the maximum slope.
The second model (stepped symmetric model; Sstep) is
composed of three different sections: a central step and
exponential tails with matching parameters of intro-
gression. This model has two additional parameters
compared to the first, 6 and B, which describe the
shape of the exponential tails relative to the central
segment. 0 is the rate of exponential decay and is pro-
portional to the level of selection acting on a character
outside the central step. B is the strength of the barrier
to gene flow at the zone center and is interpreted as
the physical distance that would result in an equiva-
lent change in character state in the absence of a
barrier to introgression. Finally, the third model (stepped
asymmetric model; Astep) incorporates two additional
0 and P parameters that allow the tails of introgression
to differ, for a total of six parameters. Likelihood pro-
files were constructed following Phillips et al. (2004)
using the multidimensional maximization algorithm
FindMaximum from Mathematica (Wolfram 1992). Profile
construction not only serves to check search conver-
gence, but also allows rigorous exploration of the sup-
port for each parameter estimate. Given that the cline
models are nested, likelihood ratio tests (LRT) were
used to identify the model best describing the data for
each locus, assuming that twice the difference in
log likelihood is distributed as the chi-squared (x?)
distribution, with degrees of freedom equal to the dif-
ference in the number of parameters between models.
If log-likelihood values between models were not sig-
nificantly different, that with the fewest parameters

© 2013 Blackwell Publishing Ltd

(most parsimonious) was retained. Model choice was
made at the 5% significance level.

Coincidence and concordance of cline estimates. To evaluate
coincidence of cline center positions (c) among loci and
concordance among cline widths (w), we used the likeli-
hood profiles for these parameters to compare alterna-
tive hypotheses across loci: HI, all loci share some
center/width parameter value; H2, each locus has its
own independent center/width parameter value.
A joint log-likelihood profile for the ML shared parame-
ter was obtained by summing log-likelihood profiles for
all loci and ML(H]1) is the peak of this joint profile. ML
(H2) is the sum of the peak values of the parameter
profiles for each locus. Likelihood ratio tests
as described earlier were used to compare ML(HI) to
ML(H2).

Barton’s concordance analysis. We further assessed heter-
ogeneity in patterns of introgression by comparing
clines at individual loci against the multilocus expecta-
tion (Szymura & Barton 1986; Macholan et al. 2011). If
all loci show similar introgression patterns, then when
plotting one locus versus the multilocus expectation we
expect all points to lie on the diagonal (slope equals 1).
We calculated hybrid indices over the set of 17 clinally
changing diagnostic loci by summarizing the proportion
of O. c. cuniculus alleles belonging to an individual.
Barton’s concordance analysis estimates two parame-
ters: the first, o, describes a shift of the cline at a
specific locus towards either O. c. algirus or O. c. cuniculus
genomic background (i.e. directionality of introgres-
sion); the second, B, describes the abruptness in allele
frequency transition for a given locus relative to the
multilocus expectation. The significance of deviations
from the average introgression expectation was obtained
using likelihood ratio tests. Calculations were carried
out in ANALYSE 2.0 beta.

Results

We successfully genotyped 1078 individuals for 22
markers out of the initial set of 28 loci. Three autosomal
and two X-linked loci were excluded from subsequent
analysis either because the genotyping assay failed
(ATP12A, GK5, MGST3, OGT), or the percentage of
missing calls was over 50% (ARGHF9). PROC was also
excluded because we found a strong excess of hetero-
zygotes in most O. c. algirus populations, which may
result from the amplification of polymorphisms distin-
guishing paralogous sequences. Thus, our genotypic
data set consisted of four loci located on the autosomes,
16 on the X-chromosome, one marker on the Y-chromo-
some, and one on the mitochondrial genome. AMOT
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and the mitochondrial cytb had the highest levels of
missing data (17.0% and 12.6%, respectively), while for
the remaining loci, the percentage of missing data was
in all cases below 6%.

Patterns of variation

Allele frequencies across the sampling area for five
representative loci are shown in Fig. 2. We observed
substantial variation among loci in the spatial distribution
of allelic frequencies among loci, as expected given the
different strategies for choosing SNPs. Clines for FMR1
and MSN from O. c. algirus to O. c. cuniculus are abrupt
but introgressed diagnostic alleles appeared at low fre-
quencies in a few localities far from the hybrid zone. In
contrast, the cline at DIAPH?2 is much wider. For HPRT1

and LUM, there was no obvious pattern of clinal varia-
tion, and localities at the extremes of Iberia exhibited no
strong differences in allele frequencies. Similar non-
clinal patterns were observed for MAOA, PHKA2 and
TNMD. The fact that the SNPs used for each of these
loci fall on the branch uniting divergent haplogroups
suggests that high levels of admixture may have eroded
any clinal differentiation, and this is supported by very
high estimates of gene flow for each of these loci using
an isolation-with-migration model (Geraldes et al. 2006;
Carneiro et al. 2010). Thus, these five loci were excluded
from subsequent clinal analysis, leaving a remaining
total of 17 loci that are listed in Table 2, and which were
used in all subsequent analysis.

Using the clinal nature of these 17 loci, we calculated
hybrid indices for individual rabbits by averaging the

Table 2 Cline parameter estimates and confidence intervals (two-unit support limits) for loci surveyed in this study

Locus Model C w 0, 0, By B2
XPO4 Sig -20 450 — — — —
(—105, 55) (180, 725) — — —
STAG1 Sig —55 70 — — —
(—120, 20) (*, 665) — — — —
EDNRA Sig -95 175 — — —
(*/ *) (*/ *) I I — —
SHOX Astep —115 65 0.011 0.020 4 23
(—150, —70) (*, 385) (0.000, 1.000) (0.000, 1.000) (0, 56) (0, 431)
GLRA2 Sig -215 545 — — —
(=390, —40) (80, 1205) — — —
DGKK Astep 15 365 0.000 0.174 Inf 31
(15, 105) (35, 555) (0.000, 1.000) (0.141, 1.000) O, ?)* 0, 32)
SMCX Astep —80 15 0.000 0.002 43 59
(—90, —55) (5, 175) (0.000, 0.320) (0.000, 0.704) 0, 59) (2, 59)
MSN Astep -85 10 0.002 0.002 10 53
(—90, —55) (5, 175) (0.000, 1.000) (0.002, 1.000) 0, 363) (0, 124)
DIAPH2 Sig —60 290 — — —
(=135, 20) (*, 880) — — — —
NRK Astep -85 10 0.000 0.001 71 57
(—115, —75) (5, 240) (0.000, 0.433) (0.001, 0.452) 0, 71) 0, 57)
AMOT Astep —85 10 0.0012 0.0015 12 61
(=115, —60) (5, 165) (0.000, 0.105) (0.002, 0.441) (2, 67) (7, 76)
KLHL13 Sig -75 390 — — — —
(—140, 0) (210, 640) — — —
F9 Astep -95 15 0.004 0.005 13 8
(—150, —85) (*, 215) (0.000, 1.000) (0.000, 0.293) (0, 35) (0, 83)
FMR1 Astep -90 20 0.008 0.005 9 64
(—140, —80) (*, 135) (0.000, 1.000) (0.000, 0.241) (0, 763) (0, 9973)
G6PD Astep —125 15 0.003 0.003 12 25
(—130, —85) (*, 180) (0.000, 0.581) (0.000, 0.237) (1, 87) (2, 224)
SRY Astep -85 25 1.000 0.008 Inf Inf
(=50, —90) (10, 85) (1.000, 1.000) (0.000, 0,109) (2, 7* @)*
cytb Astep —85 60 0.000 0.000 118 90
(=125, -75) (*, 210) (0.000, 0.240) (0.000, 0.797) (1, 123) 0, 147)

Distance units are in kilometers.
Sig, sigmoid model; Astep, asymmetric stepped model.

*Two-unit support limits were not obtained within the interval of values surveyed.

© 2013 Blackwell Publishing Ltd
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overall proportion of alleles across loci derived from
O. c. cuniculus. Numerous localities close to the central
part of the hybrid zone showed intermediate hybrid
indices, while those at the extremes are close to fixation
(Fig. 2). This result highlights that our sampling was
adequate relative to the width of the hybrid zone and
indicates that the rabbit hybrid zone has many late gen-
eration hybrids. We did not find any pure O. c. algirus
individuals in clear O. c. cuniculus territory (or vice
versa) suggesting that long-distance migration or trans-
port of pure subspecific individuals is not frequent.
However, some localities at both extremities of the tran-
sect showed high frequencies of introgressed alleles at a
subset of loci, especially on the O. c. cuniculus side (data
not shown). These localities appear as clear outliers in
our cline analyses and are likely explained by the prac-
tice of rabbit restocking in regions of low rabbit density
for hunting purposes (Moreno et al. 2004). To avoid
biasing our estimates, we removed these localities from
subsequent analyses (Fig. 1).

Orientation of the zone

The best fit orientation of a linear zone center onto our
two-dimensional sampling across Iberia was at a com-
pass bearing of 43.1° estimated from the consensus
orientation profile (Fig. 1). A visual inspection of the
likelihood profiles suggested a similar orientation for all
loci (Fig. S1, Supporting information). Maximum-likeli-
hood estimates (MLE) for most loci varied between 43°
and 60°, with the exception of EDNRA (13°), but even
for this locus support intervals were wide and over-
lapped considerably with the other individual profiles
and the consensus profile. A more formal test is to com-
pare hypotheses, as previously described (see Material
and Methods), using the locus specific profiles. We
found no support for different orientations
(LRTsame — aite. = 7.17, 16 df, P » 0.05) versus a single ori-
entation of change for all loci. Consensus profiles
among genomic compartments also provided no evi-
dence for differential orientations (P > 0.05 for all tests).

Geographic and non-geographic analyses of
introgression

The orthogonal projection of localities onto the most
likely orientation of change across the zone was used to
analyse the shape of clines under three different models
that describe patterns of allele frequency change along
a transect (Table 2, Figs 3 and S2, Supporting informa-
tion). The stepped asymmetric model resulted in a sig-
nificantly superior fit for 11 loci; however six loci were
most parsimoniously described by simpler sigmoid
models. Maximum-likelihood estimates of cline center
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(c) were highly variable among loci, but often with
overlapping support limits (Table 2 and Fig. S3, Sup-
porting information). Although most clines had MLE
estimates of ¢ lying between —125km and —55 km,
three loci showed strongly shifted positions. GLRA2
showed a clear shift into algirus territory (c = —215 km),
while DGKK (c=15km) and XPO4 (c= —20 km)
showed shifts in the opposite direction. These non-coin-
cident loci were also high-cline-width outliers. The ML
of the consensus likelihood profile for cline centers
across all loci was at —85 km (85 km southwest of the
centroid of the sampling localities), and 15 loci out of
17 could be constrained to share this center without a
significant drop in likelihood (LRTgume — airr. = 21.58, 14
df, P > 0.05; outliers: GLRA2 and XP04). We can thus
conclude that the majority of loci showed no significant
deviations from a common center. On the other hand,
constraining all loci to share a common width causes a
significant drop in likelihood (LRTsame— aitr. = 38.53, 16
df, P < 0.01).

Next, we compared ¢ and w estimates among the four
genomic compartments. We formally compared likeli-
hood profiles from a given compartment to the joint
estimates obtained for another, asking whether a com-
mon ¢ and w resulted in a significantly worse fit of the
data to the model using LRTs. Joint estimates differ
from the averages of point estimates in that they take
into account the appropriate relative weights of evi-
dence. We found that pairwise comparisons of c esti-
mates of combined samples of autosomal and X-linked
loci as well as the mitochondria and the Y-chromosome
single markers are consistent with coincident clines cen-
tered at the same position for all compartments
(LRTsame — aier. = 0-2.41, 1 df, P> 0.10 for all pairwise
tests). For cline width, the consensus autosomal w was
430 km, which was significantly greater than that for
X-linked loci (70 km), the mtDNA (60 km) and the
Y-chromosome (25 km; LRTg e — qitr. = 7.05-9.62, 1 df,
P < 0.01 for all tests). All remaining pairwise compari-
sons were non-significant (LRT g me — airr. = 0.071-3.20, 1
df, P > 0.05 for all tests).

We were also interested in testing whether our cline
estimates suggest overall asymmetrical introgression
between O. c. algirus and O. c. cuniculus. The four tail
parameters (0, 05, B; and B,) from the asymmetric stepped
model retained for 11 loci suggest strong asymmetry in
introgression at some loci, but not in a consistent direction
(Table 2). As mentioned earlier, the model retained for
GLRA2 and DGKK also resulted in strong shifts of center,
but towards O. c. algirus and O. c. cuniculus territory
respectively. We also evaluated the relationship between
cline width and center as a positive correlation would tend
to indicate that introgression is higher from O. c. algirus to
O. c. cuniculus, while a negative correlation would
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Fig. 3 A summary of clinal patterns at autosomal, X-chromo-
some, mtDNA and Y-chromosome loci without constraint to
any particular model of monotonic change. Individual loci are
detailed in Fig. S2 (Supporting Information). Maximum-likeli-
hood monotonic clines are fitted using the Pooled Adjacent
Violators Algorithm (PAVA) algorithm. The comparison
among all clines shows heterogeneous introgression patterns
away from the center. The consensus zone center is marked
with a black arrow.

indicate the opposite (Payseur et al. 2004). We found no
significant correlation between the two variables (Spear-
man’s r = 0.25; P = 0.33). In summary, the asymmetries in
clines, while strong, are unlikely due to a systematic asym-
metry in the rabbit hybrid zone.

Geographic sampling heterogeneity can influence
cline analyses. An alternative to geographic cline analy-
ses is to replace the geographic distance axis with a
hybrid index measure. Barton’s non-geographic concor-
dance ML estimates for directionality («) and abrupt-
ness (f; see materials and methods for details) of
introgression for each locus are provided along with
support bounds in Fig. 4. With the exception of
KLHL13, we found significant statistical evidence for
non-concordant introgression patterns among loci when
compared to the equal-introgression expectation (Table
S3, Supporting Information). This highlights the com-
plex pattern of admixture in the rabbit hybrid zone.
A closer look at the two components of the model (o
and ), and comparison with their geographic cline
equivalents (c and w), sheds some light into the nature
of these deviations. Regarding the abruptness parameter
B, we found highly significant positive and negative
deviations from the multilocus expectation, and these
were roughly similar in pattern to the results obtained
for widths in the geographic cline analysis. As in the
geographic cline analysis, we inferred striking asymme-

tries across loci but no clear overall trend. Several loci
showed positive values of o consistent with a shift into
O. c. algirus genetic background (GLRA2, F9, mtDNA),
while others showed negative values consistent with a
shift into O. c. cuniculus (DGKK, XPO4, Y-chromosome).

Comparison of cline width and inferences of gene flow
from allopatric populations

Next, we sought to compare estimates of cline width (w)
with DNA sequence variation data. Because most previ-
ous studies based on allopatric localities were sampled
in a slightly different manner, we focused on two stud-
ies with a similar sampling strategy based on localities
situated at the extremes of the distribution of both sub-
species (Carneiro et al. 2009, 2010). Our comparisons
were therefore restricted to 11 data points. We found a
weak negative correlation between the net nucleotide
divergence (D,, Nei 1987) and w, although not signifi-
cant (Spearman’s r = —0.46; P > 0.05; Fig. 54, Supporting
information). We were also interested in comparing
locus-specific estimates of gene flow (2Nm) and w. Car-
neiro et al. (2009, 2010) obtained locus-specific estimates
of 2Nm with DNA sequence data from allopatric sam-
ples using an IM model (Hey & Nielsen 2004). However,
as a large proportion of the loci used here showed fixed
differences between subspecies in the allopatric samples,
most 2Nm values were estimated to be zero (Fig. S4,
Supporting information). Nevertheless, it is clear from
this Figure that some loci showing 2Nm estimates of
zero showed large w estimates in this study. While we
found general agreement between patterns of gene flow
inferred from sequence variation in allopatric samples
and clinal analyses with respect to reduced introgression
of the X-chromosome and lack of an overall asymmetri-
cal pattern of gene flow between rabbit subspecies, the
clinal geographic analyses, as expected, provide a level
of detailed comparative information inaccessible from
analysis simply based on paired allopatric samples.

Estimates of dispersal and strength of selection

Using estimates of cline shape parameters and LD, we
calculated biologically relevant quantities that help
describe the process of contact between the rabbit sub-
species, such as the scale of dispersal and selection
against hybrids. The scale of dispersal (o) was esti-
mated from the relationship o = w i% where r is the
harmonic mean recombination rate among loci, w is the
width of the zone, and R is the standardized LD value
in the center of the zone (Szymura & Barton 1986).
Recombination rate (r) was assumed to be 0.5 for
unlinked markers, and for markers on the X-chromo-
some, we assumed 1 cM/1 Mb, giving an harmonic

© 2013 Blackwell Publishing Ltd
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Fig. 4 Analysis of introgression patterns comparing hybrid index (HI) at a focal locus (y-axis) versus HI based on multilocus infor-
mation (x-axis). Non-geographic introgression relative to multilocus HI is summarized in two parameters: o and B. o summarizes
whether introgression for the focal locus is abrupt (positive value) or gradual (negative value) relative to the HI, and B whether
introgression is asymmetric toward the Oryctolagus algirus (positive value) or O. c. cuniculus (negative value) genomic background.
Support bounds are provided in parentheses. The null hypothesis that HI expectations are constant over loci is depicted by a
diagonal line of slope 1.
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mean of 0.33. Estimation of the zone width parameter w
was restricted to loci displaying stepped and concor-
dant clines because sigmoid and non-coincident loci are
likely to have escaped the central barrier, and thus are
not informative about its current intensity. Cline width
estimates over these loci (8 X-linked, 1 Y-linked, and 1
mitochondrial gene) cluster around 15 km, with two
wider (=60 km) outliers (SHOX, cytb). To take into
account uncertainty associated with these outliers, we
average both with and without them, giving us a width
estimate in the range of 15-24.5 km. We estimated R for
five locality samples (total 167 individuals) within 20
km of the estimated zone center (-85 km), and obtained
an estimated value of 0.07 based on the maxi-mum-like-
lihood procedure implemented in the Analyse package
and 0.10 based on the variance of the hybrid index
(95% confidence interval 0.08, 0.12 using a F-distribu-
tion). Conservatively including all the sources of uncer-
tainty described earlier, we estimated Xto lie in the
range 1.95-4.22 km/generation. These values are consis-
tent with individual movements of up to 2 km for ani-
mals released in rabbit-populated habitats in the Iberian
Peninsula (Calvete & Estrada 2000). Using tension zone
theory, and assuming that the rabbit hybrid zone is at
migration-selection equilibrium, selection acting against
hybrids can be calculated from the relationship
s* = 862 /w? (Bazykin 1969; Szymura & Barton 1986).
Given o = 1.95-4.22 km/generation, width w =15-
24.5 km, and the midpoint of these ranges as our point
estimate, we estimated s* to be 20% (5-64%). Finally,
we detected no significant heterozygote deficit across
the contact zone (Fig. S5, Supporting information).

Discussion

The nature and dynamics of contact in the rabbit
hybrid zone

We examined patterns of allele frequency change in a
large number of individuals and provided the first
detailed characterization of clinal change across the
European rabbit hybrid zone. A model of stepped clines
provided a good fit for 11 of the 17 loci. As expected, the
majority of these 11 loci (8) were found to be diagnostic
between subspecies in individuals sampled away from
the center of the hybrid zone (see Material and methods).
The fact that we inferred stepped and largely coincident
clines for several loci suggests that many independent
genomic regions experience an overall barrier to gene
flow in the middle of the hybrid zone. On the other
hand, cline widths at some loci were exceptionally large
and others showed center discordance, suggesting that
for these, selection has not substantially restricted intro-
gression. We note that some of the diagnostic markers

(DGKK and KLHL13) also showed large cline widths
(365 and 390 km) and center discordance (e.g. DGKK).
Our results are therefore consistent with a central barrier
to gene flow from which a large proportion of each gen-
ome has escaped and moved substantially into the other
subspecies’ territory, likely due to an old history of
hybridization and/or high effective gene flow.

Cline shape alone does not allow alternative mecha-
nisms maintaining steep clines to be distinguished
(Kruuk et al. 1999). One potential cause of steep narrow
coincident clines is a physical barrier to dispersal
(Barton & Gale 1993); however, the center of the rabbit
hybrid zone does not correspond to any obvious physi-
cal barrier such as mountain ridges or large rivers (Fig.
S6, Supporting information). Further, the diagonal path
(NW-SE) of the contact zone and the distribution
ranges of both subspecies cut across the major climatic
zones in the Iberian Peninsula (Mediterranean, Oceanic,
and semi-arid) rather than aligning with any of them,
and the broad ecological envelope of rabbits can be seen
in their successful colonization across the world
through man-mediated dispersal. In fact, the contact
area is roughly equidistant from the putative refugial
areas of the two subspecies during Quaternary glacia-
tions (Branco et al. 2002), suggesting that, on the broad
scale, the secondary contact location results from simi-
lar post-glacial range expansion rates. Another cause
for steep narrow coincident clines is a recent contact;
however, this explanation does not account for the vari-
ation we inferred in cline width among loci and the
expected age of the zone. Taken together, our results
suggest that the rabbit hybrid zone is a tension zone, as
observed for numerous hybrid zones (Barton & Hewitt
1985), and likely to be primarily maintained by a bal-
ance between dispersal into the zone and endogenous
selection against hybrid rabbits. We should not disre-
gard, however, the possibility that isolating mechanisms
resulting from exogenous factors may also be contribut-
ing to the subspecific barrier.

A pattern commonly characterizing secondary contact
between taxa is that effective gene flow often occurs at
different rates in each direction (Arnold 1997). Our
results for rabbits provide no evidence for such an over-
all pattern, but rather, evidence for asymmetric intro-
gression with heterogeneous directions across loci.
Although higher gene flow was inferred from O. c.
cuniculus to O. c. algirus using an IM model Carneiro
et al. (2009, 2010), the difference was not statistically
significant and could also reflect sampling differences
between this and previous studies, which have only
included sites far away from the hybrid zone. Thus, the
asymmetric patterns of introgression in rabbits seems to
be driven mainly by locus-specific effects and not by a
general trend of biased introgression.
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Loci characterized by high introgression can also be
informative about the dynamics of the contact. Theory
predicts that clines at neutral loci should gradually
widen (Barton & Gale 1993), while loci where one taxon
has advantageous alleles should quickly escape the ten-
sion zone and set up a travelling wave (Barton 1979;
Pialek & Barton 1997). For the case of neutral mixing,
the expected cline width t generations after two popula-
tions met in an abrupt step is w = 2.51ct >, where o is
the scale of dispersal (Endler 1977; Barton & Gale 1993).
Of the loci not closely associated with the tension zone
center, four are wide and sigmoid (EDNRA, DIAPH2,
KLH13, and STAGI) and centered around the 11
stepped loci, consistent with neutral expectations. If we
assume there has been no barrier to gene flow at these
four loci with wide clines and use our estimate of
dispersal of 1.95-4.22 km/generation, it would take
1350-6350 generations for neutral diffusion to produce
the widest of these clines (wkipriz = 390 km). Five
other loci, which still maintain a haplotypic structure
suggestive of ancient vicariance (HPRT1, LUM, MAOA,
PHKA2, and TNDMD), show so little geographic associ-
ation with either taxon that we cannot decide in which
subspecies the alternate alleles originated (Fig. 2). The
fact that we cannot detect clinal signal at these loci
suggests their current pattern cannot be explained by
neutral spread from refugia post last glacial maximum
(18 000 ya). The argument is as follows: suppose that
our sampling is only sufficient to detect allele frequency
differences of greater than 10% between the extremes of
the sampling area. Clines so wide that frequency differ-
ences cannot be detected between the extremes of the
Iberian Peninsula must then have widths in excess of
8400 km. If we assume there has been no barrier to
gene flow, then we can ask how many generations of
neutral diffusion would be necessary to explain such
width. For our estimate of dispersal (1.95-4.22 km/gen-
eration) and assuming a rate of dispersal constant
through time, 0.6-3 million rabbit generations would be
necessary to create neutral clines this wide—that is, at
least two orders of magnitude more generations than
years available since the onset of most recent contact
after the last glacial maximum. Thus, the absence of
detectable clinal variation at these markers may reflect
a more ancient period of hybridization promoted by
the glacial-interglacial oscillations of the Quaternary
(Hewitt 1989), a suggestion which could be further
explored from the perspective of asymmetry in gene
trees (Slatkin & Pollack 2008).

Contrasting patterns of introgression among loci

Several studies report higher dispersal of male rabbits
compared to females (Webb et al. 1995; Kunkele &
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Holst 1996; Richardson et al. 2002), as observed for
numerous mammalian species (Lawson Handley & Per-
rin 2007). Therefore, gene flow between rabbit taxa
should be preferentially driven by male dispersal. How-
ever, we found that the Y cline is narrower than that of
the maternally transmitted mtDNA. We also found both
abrupt and wide clines on the X, suggesting that differ-
ential patrilineal versus matrilineal dispersal scales are
unlikely to be an important cause of the patterns we
observe. The magnitude of genetic drift also differs
between genomic compartments due to their differing
ploidy, and stronger drift is expected to result in some-
what narrower width estimates (Polechova & Barton
2011). In the rabbit case, both uniparental markers (rela-
tive effective size when compared to autosomes of 1/4)
have larger cline width estimates than many X-linked
loci (relative effective size 3/4), suggesting that the pat-
terns we observe are best explained by selection against
hybrid genotypes acting differentially among loci.

The steep clines inferred for some loci on the X-chro-
mosome are in agreement with previous inference
based on an isolation-with-migration model that indi-
cated lower levels of gene flow for X-linked loci when
compared to autosomal loci (Carneiro ef al. 2010). It
should be noted that the sample of autosomal loci in
this study is small when compared to the X-chromo-
some but it includes two of the three autosomal regions
(near the centromeres of chromosomes 8 and 14) that
showed the highest levels of differentiation and lowest
estimates of gene flow in previous studies, where close
to 40 autosomal markers were sampled (Geraldes et al.
2008; Carneiro et al. 2010). Thus, even when choosing
autosomal loci most likely to show narrow clines, we
find narrower X-linked loci. The narrow Y-chromosome
cline is also consistent with high levels of Y differentia-
tion found in a smaller data set (Geraldes et al. 2008).
Notably, not a single Y from O. c. cuniculus was found
in O. c. algirus territory, in contrast to other loci (Fig. 3).
Our observations in rabbits are thus consistent with the
notion that sex chromosomes play an important role in
the maintenance of reproductive barriers between
closely related species (Coyne & Orr 2004). However, a
larger number of autosomal loci are needed to draw
more definitive comparative conclusions.

In addition to variation in cline width, we detected
strong asymmetries in the directionality of introgression
among loci. Stochastic effects may underlie some of the
observed variation but our dense 2D sampling and
prior estimation of the direction of change across the
hybrid zone should control at least for the stochasticity
which arises from non-oriented sparse 1D sampling
(Dufkova et al. 2011; Macholan et al. 2011; Baird &
Macholdn 2012). At least two selective scenarios can
also account for this locus-specific asymmetry. First,
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deterministic introgression could occur when alleles
from one taxon have an advantage over alternative
alleles from the other, and this selective regime has
been commonly suggested to occur in hybrid zones
(Arnold 1997; Rieseberg et al. 2003; Payseur et al. 2004).
However, this seems unlikely for the loci showing
strong asymmetrical introgression patterns in our study.
For example, GLRA2 (c = —-215km) had a center
displacement of 130 km. Assuming a model of weak
selection (s = 0.025; Pidlek & Barton 1997), dispersal of
1.95-4.22 km/generation, and a barrier strength (B) of
40 km (Table 2), the delay caused by the central barrier
is expected to be tens of generations, and the time taken
for the travelling wave to cover 130 km is in the low
hundreds of generations. Given the likely much older
contact between rabbit subspecies, loci under adaptive
introgression would have travelled a much larger
distance than 130 km. Second, the observed asymmetry
could reflect Dobzhansky-Muller interactions (Dobz-
hansky 1936, Muller 1942) with asymmetric effects.
Gavrilets (1997) simulated the behaviour of Dobzhansky
—Muller interactions across a hybrid zone and con-
cluded that asymmetric clines are likely to be formed.
Several loci in our data set were characterized by such
a pattern (see Figs 3 and 4) but two loci fit this model
particularly well and are unlikely to result simply from
stochastic variation (DGKK and GLRAZ2). Both show
high levels of introgression in one direction but reduced
introgression in the other direction.

Rabbit versus mouse hybrid zones

Greater insight into the genetics of speciation can be
gained by comparing different model systems. Given that
the choice of loci in our study was highly biased towards
the X-chromosome, our results can be compared to
results on the mouse hybrid zone (e.g. Macholan et al.
2011), which is one of the few systems for which compa-
rable data exist (Nachman & Payseur 2012). The Euro-
pean house mouse hybrid zone is a contact between two
synanthropic subspecies that meet along a front stretch-
ing between Scandanavia and the Black sea.

Among the key commonalities between the two sys-
tems are patterns of allele frequency change consistent
with a tension zone (Payseur et al. 2004; Raufaste et al.
2005; Macholan et al. 2007) and the reduced introgres-
sion of sex chromosomes (e.g. Tucker etal. 1992;
Macholdn et al. 2007). A key difference relates to the
patterns of asymmetrical introgression. In mice,
asymmetric patterns of introgression throughout the
genome and across independent transects often show
higher introgression of M. m. domesticus alleles into the
M. m. musculus background (Payseur ef al. 2004; Raufaste
et al. 2005; Macholan et al. 2007; but see Wang et al.

2011), suggesting that demographic processes play a
substantial role, while in rabbits no such trend is
observed. Perhaps the most striking difference between
the two systems, however, is the level of introgression.
In a previous related study, we noted that estimates of
gene flow using an isolation-with-migration model were
much higher in rabbits than in mice (Carneiro et al.
2010). Our cline analysis provides a similar picture indi-
cating that the rabbit hybrid zone has been more
permeated by gene flow than the mouse hybrid zone.
On the X-chromosome, cline width estimates varied by
a factor of 50 (10-545 km) while in mice estimates vary
by a factor of 20 (0.37-7.53 km; Payseur et al. 2004) or
10 (1.40-13.62 km; Macholdan et al. 2007), depending on
the sampling design. These ratios across loci control for
the difference in organism-specific scale of dispersal,
allowing us to compare the underlying process. The
higher apparent permeability in rabbits is particularly
intriguing given that rabbit subspecies are thought to
be older than the subspecies of house mice (1.8 vs.
0.5 Mya, respectively).

Several non-mutually explanations can account for
this difference. First, we consider to what extent differ-
ences in ascertainment bias across studies could contrib-
ute to the apparent contrast between rabbits and mice.
Studies of the house mouse hybrid zone have strictly
focused on markers showing fixed differences between
subspecies in individuals sampled away from the
hybrid zone, whereas in this study, we considered loci
with variable degrees of population differentiation
between subspecies. If done blindly, this could poten-
tially lead to the perception of higher permeability in
rabbits than in mice. However, even when we focused
on the subset of rabbit loci chosen in the same manner
as mouse loci, cline width estimates in rabbits varied by
a factor of ~40 (10-390 km). Thus, marker choice is unli-
kely to explain the observed discrepancy. The wider
choice criteria for the remainder of the rabbit loci have
the advantage of allowing us to measure extreme out-
liers for cline width and displacement (so extreme that,
for example, no locality in Iberia can be expected to be
fixed). Second, prezygotic isolating mechanisms may be
stronger in mice than in rabbits. Both laboratory-based
and semi-natural choice studies suggest no detectable
mate preference between rabbit subspecies (Villafuerte
et al. unpublished data), while mice subspecies show
weak assortative preference in Y-maze studies (Bimova
et al. 2005, 2011). However, such a weak effect is also
unlikely to account for the magnitude of the differences
we observe. Third, selection against hybrid phenotypes
in mice may be stronger than in rabbits. In house mice,
the great majority of hybrid males sampled in the con-
tact zone display fertility defects (Albrechtova et al.
2012; Turner et al. 2012). Preliminary results in rabbits
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indicate a reduction of male fertility in early generation
hybrids produced in the laboratory (Ferrand et al.
unpublished data), although we have no information
about hybrid fertility phenotypes in the contact zone,
which is primarily populated by later generation
crosses (see Results), nor do we have data about other
hybrid phenotypes potentially contributing to reproduc-
tive barriers, leaving us with little information regard-
ing relevant relative fitness of mouse versus rabbit
hybrids. Finally, and perhaps most importantly, the rab-
bit hybrid zone is likely much older than the mouse
hybrid zone. The fact that rabbits have a long historical
presence on the Iberian Peninsula coupled with Iberia
being one of the most important refugia during glacia-
tions (see Introduction), suggests that the rabbit subspe-
cies may have been in cyclical contact over previous
climatic oscillations. In contrast, the house mouse
hybrid zone is thought to be 6000 years old at its south-
ern part (Sage ef al. 1993) and perhaps as little as
250 years old at its northern part (Hunt & Selander
1973) associated with agriculture and the later ameliora-
tion of climatic conditions in northern Europe.

The patterns we have observed can be interpreted in
the light of coupling theory (see introduction). Older
and multiple contacts allow more generations of recom-
bination between subspecies’ genetic backgrounds,
releasing regions of the genome from closely linked
alleles involved in hybrid incompatibilities (Baird 1995)
and/or unfavourable environment occurring in the cen-
ter of the hybrid zone (Bierne et al. 2011). While the dis-
tinction between low and high coupling equilibrium
outcomes is expected to develop slowly (Baird 1995), a
long history of recombination will allow across-genome
heterogeneity in the coupling coefficient (due to varia-
tion in the map density of selected loci) to be resolved
into clearly distinguished areas of low and high barriers
to gene flow. Thus, the highly permeated rabbit pattern
is likely to be characteristic of taxa with a long history
of hybridization (Phillips et al. 2004; Sequeira et al. 2005;
Kane et al. 2009; but see Fijarczyk et al. 2011 and refer-
ences therein) that also show comparatively few loci
under selection spread unevenly across the genome,
such that associations leading to large genomic regions
of reduced effective gene flow cannot be maintained
(Barton 1983, Baird 1995).

Acknowledgements

This work was partially supported by POPH-QREN funds
from the European Social Fund and Portuguese MCTES [Ph.D.
and postDoc grants to MC (SFRH/BD/23786/2005; SFRH/
BPD/72343/2010)], by FEDER funds through the COMPETE
program and Portuguese national funds through the FCT—
Fundagao para a Ciéncia e a Tecnologia—(PTDC/BIA-BDE/
72304 /2006; PTDC/BIA-EVF/111368/2009; PTDC/CVT/122943/

© 2013 Blackwell Publishing Ltd

2010; CGL2009-11665; POII09-0099-2557), and by National Sci-
ence Foundation and National Institutes of Health grants to
MWN. SJEB’s contributions, and development of the inference
tools used, were partially funded by a Fundagao para a Ciéncia
e a Tecnologia grant to SJEB (PTDC/BIA-BEC/103440/2008).
We thank R. Pereira for valuable discussions and Chris Jiggins
for valuable comments on an earlier version of the manuscript.

References

Abbott R, Albach D, Ansell S et al. (2013) Hybridization and
speciation. Journal of Evolutionary Biology, 26, 229-246.

Albrechtova J, Albrecht T, Baird SJE, Macholan M, Rudolfsen
G, Munclinger P, Tucker PK, Pidlek J (2012) Sperm-related
phenotypes implicated in both maintenance and break-
down of a natural species barrier in the house mouse.
Proceedings of the Royal Society B: Biological Sciences, 279,
4803-4810.

Arnold ML (1997) Natural Hybridization and Evolution. Oxford
University Press, New York.

Baird SJE (1995) A simulation study of multilocus clines. Evolu-
tion, 49, 1038-1045.

Baird SJE, Macholan M (2012) What can the Mus musculus
musculus/M. m. domesticus hybrid zone tell us about speci-
ation? In: Evolution of the House Mouse. (eds Macholan M,
Baird SJE, Munclinger P, Pidlek J), pp. 334-372. Cambridge
University Press, Cambridge.

Baird SJE, Santos F (2010) Monte Carlo integration over step-
ping stone models for spatial genetic inference using approx-
imate Bayesian computation. Molecular Ecology Resources, 10,
873-885.

Barton NH (1979) Gene flow past a cline. Heredity, 43, 333-339.

Barton NH (1983) Multilocus clines. Evolution, 37, 454-471.

Barton NH, Bengtsson BO (1986) The barrier to genetic
exchange between hybridising populations. Heredity, 57,
357-376.

Barton NH, Gale KS (1993) Genetic analysis of hybrid zones.
In: Hybrid Zones and the Evolutionary Process(ed Harrison RG),
pp- 13-45. Oxford University Press, Oxford, UK.

Barton NH, Hewitt GM (1985) Analysis of hybrid zones.
Annual Review of Ecology and Systematics, 16, 113-148.

Bazykin AD (1969) Hypothetical mechanisms of speciation.
Evolution, 23, 685-687.

Bierne N, Welch J, Loire E, Bonhomme F, David P (2011) The
coupling hypothesis: why genome scans may fail to map
local adaptation genes. Molecular Ecology, 20, 2044-2072.

Bimové BV, Karn R, Pidlek ] (2005) The role of salivary andro-
gen-binding protein in reproductive isolation between two
subspecies of house mouse: Mus musculus musculus and Mus
musculus domesticus. Biological Journal of the Linnean Society,
84, 349-361.

Bimova BV, Macholdan M, Baird SJE et al. (2011) Reinforcement
selection acting on the European house mouse hybrid zone.
Molecular Ecology, 20(2403), 2424.

Branco M, Ferrand N, Monnerot M (2000) Phylogeography of
the European rabbit (Oryctolagus cuniculus) in the Iberian
Peninsula inferred from RFLP analysis of the cytochrome b
gene. Heredity, 85, 307-317.

Branco M, Monnerot M, Ferrand N, Templeton AR (2002) Post-
glacial dispersal of the European rabbit (Oryctolagus cunicu-
lus) on the Iberian peninsula reconstructed from nested clade



2524 M. CARNEIRO ET AL.

and mismatch analyses of mitochondrial DNA genetic varia-
tion. Evolution, 56, 792-803.

Brunk HD (1955) Maximum likelihood estimates of monotone
parameters. The Annals of Mathematical Statistics, 26, 607-616.
Calvete C, Estrada R (2000) Epidemiologia de enfermedad
hemorrigica viral (VHD) y mixomatosis en el conejo silvestre en
el valle médio del Ebro. Herramientas de gestion. Publicaciones
del Consejo de Protecciéon de la Naturaleza de Aragoén,

Zaragoza, Spain [In Spanish].

Carneiro M, Ferrand N, Nachman MW (2009) Recombination
and speciation: loci near centromeres are more differentiated
than loci near telomeres between subspecies of the European
rabbit (Oryctolagus cuniculus). Genetics, 181, 593-606.

Carneiro M, Blanco-Aguiar JA, Villafuerte R, Ferrand N, Nach-
man MW (2010) The X-chromosome and speciation: patterns
of differentiation at multiple loci on the X-chromosome and
autosomes of the European rabbit (Oryctolagus cuniculus).
Evolution, 64, 3443-3460.

Chantry-Darmon C, Bertaud M, Urien C et al. (2005) Expanded
comparative mapping between man and rabbit and detection
of a new conserved segment between HSA22 and OCU4.
Cytogenetic and Genome Research, 111, 134-139.

Coyne JA, Orr HA (2004) Speciation. Sinauer Associates, Sun-
derland, Massachusetts.

Dobzhansky T (1936) Studies on hybrid sterility. II. Localiza-
tion of sterility factors in Drosophila Pseudoobscura hybrids.
Genetics, 21, 113-135.

Dufkova P, Macholan M, Pialek J (2011) Inference of selection
and stochastic effects in the house mouse hybrid zone. Evolu-
tion, 65, 993-1010.

Endler JA (1977) Geographic Variation, Speciation, and Clines.
Princeton University Press, Princeton, New Jersey.

Faria R, Navarro A (2010) Chromosomal speciation revisited:
rearranging theory with pieces of evidence. Trends in Ecology
and Evolution, 25, 660—-669.

Ferrand N, Branco M (2007) The evolutionary history of the
European rabbit (Oryctolagus cuniculus): major patterns of
population differentiation and geographic expansion inferred
from protein polymorphism. In: Phylogeography of Southern
European Refugia(eds Weiss S & Ferrand N), pp. 207-235.
Springer, Amsterdam.

Fijarczyk A, Nadachowska K, Hofman S, Litvinchuk SN, Babik
W, Stuglik M, Gollmann G, Choleva L, Cogalniceanu D,
Vukov T, Dzuki¢ G, Szymura JM (2011) Nuclear and mito-
chondrial phylogeography of the European fire-bellied toads
Bombina bombina and Bombina variegata supports their inde-
pendent histories. Molecular Ecology, 20, 3381-3398.

Gavrilets S (1997) Hybrid zones with Dobzhansky-type epi-
static selection. Evolution, 51, 1027-1035.

Geraldes A, Rogel-Gaillard C, Ferrand N (2005) High levels of
nucleotide diversity in the European rabbit (Oryctolagus
cuniculus) SRY gene. Animal Genetics, 36, 349-351.

Geraldes A, Ferrand N, Nachman MW (2006) Contrasting
patterns of introgression at X-linked loci across the hybrid
zone between subspecies of the European rabbit (Oryctolagus
cuniculus). Genetics, 173, 919-933.

Geraldes A, Carneiro M, Delibes-Mateos M, Villafuerte R,
Nachman MW, Ferrand N (2008) Reduced introgression of
the Y chromosome between subspecies of the European rab-
bit (Oryctolagus cuniculus) in the Iberian Peninsula. Molecular
Ecology, 17, 4489-4499.

Good JM, Hird S, Reid N ef al. (2008) Ancient hybridization
and mitochondrial capture between two species of chip-
munks. Molecular Ecology, 17, 1313-1327.

Hewitt GM (1989) The subdivision of species by hybrid zones.
In: Speciation and its Consequences(eds Otte D & Endler ]), pp.
85-110. Sinauer Associates, Sunderland, Massachusetts.

Hewitt GM (2000) The genetic legacy of the Quaternary ice
ages. Nature, 405, 907-913.

Hey ], Nielsen R (2004) Multilocus methods for estimating
population sizes, migration rates and divergence time, with
applications to the divergence of Drosophila pseudoobscura
and D. persimilis. Genetics, 167, 747-760.

Hunt WG, Selander RK (1973) Biochemical genetics of hybrid-
ization in European house mice. Heredity, 31, 11-33.

Kane NC, King MG, Barker MS et al. (2009) Comparative geno-
mic and population genetic analyses indicate highly porous
genomes and high levels of gene flow between divergent
Helianthus species. Evolution, 63, 2061-2075.

Kruuk LE, Baird SJE, Gale KS, Barton NH (1999) A comparison
of multilocus clines maintained by environmental adaptation
or by selection against hybrids. Genetics, 153, 1959-1971.

Kunkele ], Holst DV (1996) Natal dispersal in the European
wild rabbit. Animal Behavior, 51, 1047-1059.

Lawson Handley LJ, Perrin N (2007) Advances in our under-
standing of mammalian sex-biased dispersal. Molecular Ecol-
ogy, 16, 1559-1578.

Macholdn M, Munclinger P, Sugerkova M ef al. (2007) Genetic
analysis of autosomal and X-linked markers across a mouse
hybrid zone. Evolution, 61, 746-771.

Macholdn M, Baird SJE, Munclinger P, Dufkovéa P, Bimova BV,
Pidlek ] (2008) Genetic conflict outweighs heterogametic
incompatibility in the mouse hybrid zone? BMC Evolutionary
Biology, 8, 271.

Macholdn M, Baird SJE, Dufkova P, Munclinger P, Bimovéa BV,
Pialek J (2011) Assessing multilocus introgression patterns: a
case study on the mouse X chromosome in central Europe.
Evolution, 65, 1428-1446.

Melo-Ferreira J, Alves PC, Freitas H, Ferrand N, Boursot P
(2009) The genomic legacy from the extinct Lepus timidus to
the three hare species of Iberia: contrast between mtDNA,
sex chromosomes and autosomes. Molecular Ecology, 18, 2643
—2658.

Moreno S, Villafuerte R, Cabezas S, Lombardi L (2004) Wild
rabbit restocking for predator conservation in Spain. Biologi-
cal Conservation, 118, 183-193.

Muller HJ (1942) Isolating mechanisms, evolution and tempera-
ture. Biological Symposia, 6, 71-125.

Nachman MW, Payseur BA (2012) Recombination rate varia-
tion and speciation: theoretical predictions and empirical
results from rabbits and mice. Philosophical Transactions of the
Royal Society B: Biological Sciences, 367, 409-421.

Nei M (1987) Molecular Evolutionary Genetics. Columbia Univer-
sity Press, New York.

Payseur BA, Krenz JG, Nachman MW (2004) Differential pat-
terns of introgression across the X chromosome in a hybrid
zone between two species of house mice. Evolution, 58, 2064—
2078.

Phillips BL, Baird SJE, Moritz C (2004) When vicars meet: a
narrow contact zone between morphologically cryptic
phylogeographic lineages of the rainforest skink, Carlia
rubrigularis. Evolution, 58, 1536—1548.

© 2013 Blackwell Publishing Ltd



GENETIC STRUCTURE OF THE RABBIT HYBRID ZONE 2525

Pialek ], Barton NH (1997) The spread of an advantageous
allele across a barrier: the effects of random drift and selec-
tion against heterozygotes. Genetics, 145, 493-504.

Polechova J, Barton N (2011) Genetic drift widens the expected
cline but narrows the expected cline width. Genetics, 189, 227-
235.

Putnam AS, Scriber JM, Andolfatto P (2007) Discordant
divergence times among Z-chromosome regions between
two ecologically distinct swallowtail butterfly species. Evolu-
tion, 61, 912-927.

Raufaste N, Orth A, Belkhir K ef al. (2005) Inferences of selec-
tion and migration in the Danish house mouse hybrid zone.
Biological Journal Linnean Society, 84, 593-616.

Richardson BJ, Hayes RA, Wheeler SH, Yardin MR (2002)
Social structures, genetic structures and dispersal strategies
in Australian rabbit (Oryctolagus cuniculus) populations.
Behavioral Ecology and Sociobiology, 51, 113-121.

Rieseberg LH, Raymond O, Rosenthal DM ef al. (2003) Major
ecological transitions in wild sunflowers facilitated by
hybridization. Science, 301, 1211-1216.

Sage RD, Atchley WR, Capanna E (1993) House mice as
models in systematic biology. Systematic Biology, 42, 523—
561.

Sequeira F, Alexandrino J, Rocha S, Arntzen JW, Ferrand N
(2005) Genetic exchange across a hybrid zone within the
Iberian endemic golden-striped salamander, Chioglossa lusita-
nica. Molecular Ecology, 14, 245-254.

Sharples CM, Fa JE, Bell DJ (1996) Geographic variation in size
in the European rabbit Oryctolagus cuniculus (Lagomorpha:
LEPORIDAE) in Western Europe and North Africa. Zoologi-
cal Journal of Linnean Society, 117, 141-158.

Slatkin M, Pollack JL (2008) Subdivision in an ancestral species
creates asymmetry in gene trees. Molecular Biology and Evolu-
tion, 25, 2241-2246.

Storchova R, Reif J, Nachman MW (2010) Female Heterogam-
ety and Speciation: reduced introgression of the Z chromo-
some between two species of Nightingales. Evolution, 64,
456-471.

Szymura JM, Barton NH (1986) Genetic-analysis of a hybrid
zone between the fire-bellied Toads, Bombina bombina and
Bombina variegata, near Cracow in Southern Poland. Evolu-
tion, 40, 1141-1159.

Tucker PK, Sage RD, Warner ], Wilson AC, Eicher EM (1992)
Abrupt cline for sex-chromosomes in a hybrid zone between
2 Species of Mice. Evolution, 46, 1146-1163.

Turner LM, Schwahn DJ, Harr B (2012) Reduced male
fertility is common but highly variable in form and sever-
ity in a natural house mouse hybrid zone. Evolution, 66,
443-458.

Villafuerte R (2002) Oryctolagus cuniculus. In: Atlas de los
Mamiferos Terrestres de Espana (eds L. J. Palomo, J. Gisbert),
pp. 464-466. Direccion General de Conservacion de la Natu-
raleza-SECEM-SECEMU, Madrid. [In Spanish].

Wang L, Luzynski K, Pool J et al. (2011) Measures of linkage
disequilibrium among neighboring SNPs indicate asymme-
tries across the house mouse hybrid zone. Molecular Ecology,
20, 2985-3000.

Webb NJ, Ibrahim KM, Bell DJ, Hewitt GM (1995) Natal dis-
persal and genetic structure in a population of the European
wild rabbit (Oryctolagus cuniculus). Molecular Ecology, 4, 239—
247.

© 2013 Blackwell Publishing Ltd

Wolfram S (1992) Mathematica: A System for Doing Mathematics
by Computer. Addison-Wesley Publishing Company, Inc,
Redwood City.

This work was part of M.C. PhD research under the
supervision of M.\W.N. and N.F., M.C,, SJ.E.B., M.W.N.
and N.F. designed the research; N.F. obtained funding;
M.C,, S.A. and H.T. collected the SNP data;, M.C.,,
SJ.EB. and P.T. analysed the data; R.V. and E.R. col-
lected the samples; M.C. and S.J.E.B. wrote the paper
with comments from all authors. All authors read and
approved the final manuscript.

Data accessibility

DNA sequences: GenBank accessions: HM138911—
HM138914.

Sample locations: uploaded as online supporting
information.

Genotype data: available in the Dryad database (doi:
10.5061/dryad.mj18p).

Supporting information

Additional supporting information may be found in the online
version of this article.

Table S1 Locality details and numbers of individuals sampled.

Table S2 PCR and extension primers used in the Sequenom’s
iPlex genotyping.

Table S3 Maximum likelihood estimates (MLE) for the two
parameters of the non-geographic concordance analysis (o and
B) and probability of non-concordant introgression patterns for
each locus.

Fig. S1 Likelihood profiles for monotonic change in allele fre-
quencies across the sampling area.

Fig. S2 A summary of clinal patterns for all individual loci
without constraint to any particular model of monotonic
change.

Fig. S3 Likelihood profiles for cline center (c) and cline width
(w) estimated under the cline model retained for each locus.

Fig. S4 Consensus Hardy-Weinberg (Fig) values across the
center of the rabbit hybrid zone (indicated by a solid vertical
line).

Fig. S5 Scatterplot of cline width (km) versus net nucleotide
divergence (D,; A) and locus specific estimates of gene flow
between Oryctolagus algirus and O. c. cuniculus individuals
sampled away from the hybrid zone (data from Carneiro et al.
2009, 2010).

Fig. S6 Map of the study area with major topographic features.



