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ABSTRACT

Recent empirical and theoretical studies suggest that regions of restricted recombination play an
important role in the formation of new species. To test this idea, we studied nucleotide variation in two
parapatric subspecies of the European rabbit (Oryctolagus cuniculus). We surveyed five loci near centromeres,
where recombination is expected to be suppressed, and five loci near telomeres, where recombination is
expected to be higher. We analyzed this multilocus data set using a divergence-with-gene flow framework and
we report three main findings. First, we estimated that these subspecies diverged ~1.8 MYA and maintained
large effective population sizes (O. c. algirus N, ~ 1,600,000 and O. c. cuniculus N, ~ 780,000). Second, we
rejected a strict allopatric model of divergence without gene flow; instead, high rates of gene flow were
inferred in both directions. Third, we found different patterns between loci near centromeres and loci near
telomeres. Loci near centromeres exhibited higherlevels of linkage disequilibrium than loci near telomeres.
In addition, while all loci near telomeres showed little differentiation between subspecies, three of five loci
near centromeres showed strong differentiation. These results support a view of speciation in which regions

of low recombination can facilitate species divergence in the presence of gene flow.

NDERSTANDING the conditions that give rise to
new species is an important topic in evolutionary
biology. In the classic allopatric model of speciation,
divergence occurs in geographic isolation, and, after
secondary contact, gene flow is impeded (MAYR 1963).
However, in the last few years a large body of literature
focusing on patterns of gene flow via interspecific hy-
bridization has demonstrated that introgression be-
tween young species can be quite common (RIESEBERG
et al. 1999; MAacHADO et al. 2002; SAETRE et al. 2003;
STuMP et al. 2005; PUTNAM et al. 2007; YATABE et al. 2007;
TEETER et al. 2008). One clear result to emerge from
this work is that levels of differentiation vary across
the genome. While some regions of the genome can
cross species boundaries, others, despite hybridization,
are preserved from introgression. The consequence is
semipermeable species boundaries (ENDLER 1977; CAISSE
and ANTONOVICS 1978; BARTON 1979; BENGTSSON 1979;
Wu 2001), in which the movement of genomic regions
between species depends on their fitness effects or the
fitness effects of linked regions (BARTON and HewITT
1989; HarrisoN 1990).
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Recent studies have demonstrated that genomic re-
gions harboring chromosomal rearrangements show
less admixture between species than colinear regions
(e.g., RIESEBERG et al. 1999; MACHADO ¢t al. 2002, 2007;
FEDER et al. 2003; NooOR et al. 2007). Moreover, genes
involved in reproductive isolation sometimes map pref-
erentially to rearranged regions (NOOR et al. 2001).
These observations led several authors to propose mod-
els of speciation where regions of low recombination
represent islands of differentiation that facilitate or
maintain species identity in the face of gene flow (Noor
et al. 2001; RIESEBERG 2001; NAVARRO and BARTON
2003). RIESEBERG’s (2001) model is based on the com-
bined effects of multiple isolation genes that are held
together on asingle haplotype, while the model of Noor
et al. (2001) is based on the asymmetric nature of
Dobzhansky—Muller incompatibilities and their poten-
tial to impede introgression when two loci with opposite
asymmetries are located within a single nonrecombin-
ing region. The model of NAvARRO and BarTON (2003),
in contrast, is based on coadapted gene complexes held
together by the absence of recombination (see also
KirgPATRICK and BARTON 2006). These models differin
many ways butshare the common feature that the effects
of genes involved in isolation are extended in regions
with chromosomal rearrangements due to decreased
recombination (reviewed in BurrLin 2005). Besides
structural rearrangements, the role of other regions of
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restricted recombination in speciation is far less clear.
However, nonstructural chromosomal features, such as
proximity to the centromere, where recombination is
often suppressed, have also been associated with lower
rates of gene flow (Stump et al. 2005). While both
theoretical and empirical studies suggest that the higher
differentiation in low-recombination regions might be
caused by a higher density of genes contributing to
reproductive isolation in such regions, greater differen-
tiation in regions of low recombination could also arise
because genes involved in reproductive isolation in-
fluence longer neutral regions of the genome in regions
of reduced crossing over.

Surprisingly, with the exception of the house mouse
(e.g., BOURSOT et al. 1993; BRITTON-DAVIDIAN et al. 2005)
and to a lesser extent primates (WoN and Hry 2005;
PATTERSON et al. 2006), the genetics of speciation have
received relatively little attention in mammals. The
European rabbit (Oryctolagus cuniculus) is a good mam-
malian system for studying the genetic architecture of
speciation under a model of divergence with gene flow. It
is composed of two parapatric subspecies: O. cuniculus
algirus, distributed in the southwestern part of the Iberian
Peninsula, and O. cuniculus cuniculus in the northeastern
part of the Iberian Peninsula (Figure 1). Although there
are slight morphological differences between the two
forms in craniometric measurements (SHARPLES el al.
1996) and body size (VILLAFUERTE 2002), this intraspe-
cific taxonomy is mainly based on patterns of genetic
differentiation (e.g., BRANCO et al. 2000; GERALDES et al.
2006). Crosses between these subspecies produce viable
hybrids, and the fertility of these hybrids is under
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F1GURE 1.—Geographical loca-
tion of the populations used in
this study. Dark and light shading
indicates the range of O. c. algirus
and O. c. cuniculus, respectively.
The putative hybrid zone sepa-
rates both ranges (adapted from
GERALDES et al. 2008). Numbers
correspond to populations as fol-
lows: 1, Pancas; 2, Meértola; 3,
Huelva; 4, Sevilla; 5, Alicante; 6,
Rosell; 7, Zaragoza; 8, Tarragona.

investigation. Previous work showed contrasting patterns
of differentiation across multiple markers, and the
extensive sharing of genetic variation at some loci has
been interpreted as evidence of gene flow following
secondary contact (GERALDES et al. 2006, 2008; FERRAND
and Branco 2007). In particular, GERALDES et al. (2006)
described a striking contrast between two centromeric
and two telomeric loci on the X chromosome. Levels of
gene flow were low at the two loci near the centromere
and high at the two loci near the telomere. These authors
suggested that the centromeric region of the X chromo-
some may be involved in reproductive isolation between
the two subspecies.

Here, we report the first large-scale survey of patterns of
polymorphism and divergence at multiple autosomal
regions in the European rabbit. To test the role of
recombination on levels of differentiation we surveyed
five loci near centromeres (hereafter “centromericloci”),
where recombination is expected to be lower (CHOO 1998;
KONG et al. 2002), and five loci near telomeres (hereafter
“telomeric loci”), where recombination is expected to be
higher. Additionally, using a divergence—population-
genetics framework (HEy and NIELSEN 2004, 2007), we
estimated relevant demographic parameters that provide
insight into the genetic architecture of speciation in this
group. We address three main questions: (1) Whatare the
levels and patterns of genetic variation on the autosomes
in wild rabbit subspecies and what are the inferred
effective population sizes?, (2) When did these subspecies
start to diverge and can we reject a strict allopatric model
without subsequent gene flow?, and (3) Does the physical
location of loci (near centromeres vs. near telomeres)
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TABLE 1

Chromosome location, position in the gene, and length of the regions sequenced
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Gene Chromosome Chromosome location Position in the gene Length
ATP12A 8 Centromere Intron 2 1488
CYTC 4 Centromere Intron 1 1120
MGST3 13 Centromere Intron 1 925
PRL 12 Centromere 5’ 1270
STAG1 14 Centromere Intron 6 1425
EXT1 3 Telomere Intron 4 1227
LUM 4 Telomere Intron 1 1223
T 12 Telomere 5’ 957
TIAM1 14 Telomere Intron 2 1262
UD14 7 Telomere Intron 4 1260

Chromosome location is based on the rabbit cytogenetic map (CHANTRY-DARMON et al. 2005).
Position in the gene was obtained in Ensembl Build 48.1e.

correlate with patterns of genetic differentiation, as
predicted by recent speciation models?

MATERIALS AND METHODS

Samples and sampling strategy: We surveyed 10 individuals
from each of eight populations, for a total of 80 individuals
(Figure 1). Populations were divided into two major groups on
the basis of the mtDNA phylogeographical division described
by Branco et al. (2000): (1) the southwestern part of the
Iberian Peninsula, corresponding to the subspecies O. c. algirus
(n = 40), and (2) the northeastern part of the Iberian
Peninsula, corresponding to the subspecies O. ¢. cuniculus
(n = 40). One individual of Lepus granatensis was sampled
to provide an outgroup. Genomic DNA was isolated from
tissues, using a standard phenol-chloroform DNA extraction
(SamMBROOK and RusseLL 2001).

Loci, DNA amplification, and sequencing: We investigated
patterns of genetic diversity in wild rabbits by resequencing 10
effectively unlinked autosomal loci. The loci consisted entirely
of noncoding DNA, either intronic or 5’ flanking (Table 1).
Five loci were selected near centromeres and five near telo-
meres (Figure 2) from genes mapped on the rabbit cytoge-
netic map (CHANTRY-DARMON et al. 2005).

Given the high levels of nucleotide diversity previously
described for the European rabbit (GERALDES et al. 2006),
there is a strong possibility of mutations occurring in priming
sites, creating allelic dropout. To detect such situations we
amplified two overlapping amplicons, one contained within
the other, for each segment. The products were sequenced in
both directions. We used additional primers for individuals
heterozygous for multiple-indel polymorphisms and when
instances of allele-specific PCR or allele-specific sequencing
were detected. All PCR and sequencing primers were designed
from the rabbit genomic sequence and are provided in sup-
plemental Table 1. Sequences were edited, aligned, and as-
sembled 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 pro-
grams kindly provided by August Woerner. Manual adjust-
ments were further performed in some contigs, using Bioedit
(HaLL 1999). Individuals or positions with >15% of missing
data were eliminated from the data set. Sequences have been
deposited in GenBank under accession nos. FJ000560—
FJ001233.

Nucleotide variation, recombination, and neutrality tests:
Haplotypes were assigned by the computer program PHASE
(STEPHENS et al. 2001; STEPHENS and DoNNELLY 2003). For
each data set, we applied the algorithm five times with
different seeds for the random number generator, and we
checked for consistency of the results across independent
runs.

Most standard population-genetic analyses were carried out
using the program SITES (HEy and WAKELEY 1997). All
summary statistics were obtained for the global sample as well
as for each subspecies independently. Indels were not in-
cluded in the analyses. We estimated the neutral mutation
parameter 4N, (where N, is the effective population size and
 is the mutation rate per site per generation) by calculating
WATTERSON’s (1975) 6., the proportion of segregating sites in
a sample, and m (NE1 1987), the average number of pairwise
differences per sequence in a sample. Several descriptors of
the amount of linkage disequilibrium (LD) were obtained.
The population recombination parameter (R = 4N.c, where ¢
is the recombination rate per generation) between adjacent
sites was estimated using y (HEY and WAKELEY 1997) and p
(Hupbson 2001). vy is a maximum-likelihood estimator de-
veloped using a coalescent model for a sample of four DNA
sequences with recombination. p 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 also estimated the minimum number of
recombination events (R,,) in the sample (Hupson and KApLAN
1985). Finally, we assessed the significance of LD through
pairwise comparisons of polymorphic sites, using a chi-square
test excluding individuals with missing data, using DnaSP 4.50.3
(Rozas et al. 2003).

We tested for deviations from neutrality in allele-frequency
distributions, using TajiMa’s (1989) D and Fu and Lr’s (1993)
D¥*. Significance of Tajima’s D and Fu and Li’s D* values was
assessed by coalescent simulations, using DnaSP 4.50.3 (Rozas
et al. 2003). We ran 10* coalescent simulations of the standard
neutral model with the same number of chromosomes and
base pairs as in the actual data and with the 8y and population
recombination rate equal to the estimated values. We also used
the HKA test (HUDSON et al. 1987) to evaluate heterogeneity in
the ratio of polymorphism to divergence across loci under a
neutral model. We compared ratios of polymorphism within
rabbit to divergence between rabbit and Lepus. We performed
three 10-locus tests, using polymorphism for both the two
subspecies together and separately by means of the HKA
software (http:/lifesci.rutgers.edu/~heylab).
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F1GURE 2.—Chromosome locations of the 10 autosomal regions used in this study. Arrows indicate the position of the centro-
mere for each chromosome. Modified from CHANTRY-DARMON et al. (2005).

Genetic differentiation and gene flow: We assessed genetic
differentiation in several ways. We estimated the fixation index
(FsT) from which we inferred the number of migrants per
generation (Nm), and we estimated the net nucleotide di-
vergence (D,, NE1 1987) between O. c. algirus and O. c.
cuniculus. In addition, we calculated the average pairwise
differences (D,,, NE1 1987) between all rabbit samples and L.
granatensis. We also calculated fixation indexes within and
between subspecies in an analysis of molecular variance
(AMOVA) (EXCOFFIER et al. 1992), using the Arlequin genetics
package (SCHNEIDER et al. 2000). Another way of looking at
differentiation between groups is from a genealogical perspec-
tive. Phylogenetic relationships among alleles for each locus
were reconstructed with the neighborjoining method (Sarrou
and NE1 1987), using the program MEGA4 (TAMURA et al.
2007). Bootstrap values were obtained after 1000 replicates
(FELSENSTEIN 1985).

Patterns of shared variation (see RESULTS) may be ex-
plained by shared ancestral polymorphism or recent gene
flow; to distinguish between these hypotheses we used the LD
method developed by MACHADO et al. (2002). This test looks at
the difference (x = DSS — DSX) between the amount of LD
that is observed among pairs of shared polymorphisms (DSS)
and the average estimate among pairs of sites where one is
shared between species and the other is an exclusive poly-
morphism (DSX). If shared polymorphisms are due to
postdivergence gene flow, x will tend to be positive because
of the short time available for recombination to break down
associations in the recipient species. This test was applied
using D' (LEWONTIN 1964) as a measure of LD. L. granatensis
was used to polarize LD. Statistical significance of the observed
values of x was obtained by simulating data sets using the
program WH (WANG et al. 1997).

Divergence population genetics: We investigated an isolation-
with-migration (IM) model and estimated relevant demo-
graphic parameters using the programs IM and IMa (NIELSEN
and WAKELEY 2001; HEY and N1ELSEN 2004, 2007). IM and IMa
are based on Markov chain Monte Carlo simulations of ge-
nealogies and they estimate the posterior probability density
function for six model parameters (the population-split time,
effective population size for the ancestral and current popula-
tions, and migration rates in both directions). Although these
six parameters may give a good approximation to the de-
mographic history of two diverging populations, there are also
several important population genetic assumptions underlying
the method. First, the method assumes that there are no other
unsampled populations exchanging genes with the populations
under study or with the ancestral population. Second, itassumes
selective neutrality. Third, the model assumes a particular
mutational model (in this case, the infinite-sites model; Kimura
1969). Finally, it assumes free recombination between loci and
no recombination or gene conversion within loci. Because of

this last assumption, we used the program IMgc (WOERNER et al.
2007) to obtain the longest region withoutfour gametic types for
each locus. We simulated the data three times to check for
convergence. To facilitate mixing of the Markov chains we used
Metropolis coupling. In this Metropolis-coupled version of the
algorithm multiple linked chains are run simultaneously and
disparate starting points and heating are used to improve
sampling efficiency. For each simulation we ran 10 million
steps, using 15 chains and a geometric heating scheme. Output
from IM is expressed in units of 4N, and fHp, where w is the
mutation rate per generation and ¢ is the divergence time in
generations. To estimate the effective population size in
numbers of individuals for each subspecies (NN.) and the time
since population split in years, we calculated w for each locus,
assuming that the divergence time for the Oryctolagus-Lepus
comparison is 11.8 MYA (MATTHEE el al. 2004). We then
estimated the neutral mutation rate as p = D/2#, where D is
the estimated D, (NE1 1987) between Oryctolagus and Lepus for
each locus. We assumed a generation time of 1 year and we
calculated the geometric mean of the locus-specific mutation
rates.

RESULTS

Multilocus patterns of polymorphism and recombi-
nation: We collected polymorphism data in O. ¢. algirus
and O. ¢. cuniculusfor 10 autosomal regions. This data set
contained ~12 kb of noncoding DNA sequence for 52—
72 chromosomes in O. ¢. algirus and 56-80 chromosomes
in O. c. cuniculus. The length of each aligned locus varied
between 925 and 1488 bp. Outgroup sequence of L.
granatensis was obtained for 9 of the 10 loci. We could not
amplify UD14 in Lepus despite using multiple combina-
tions of primers.

Levels of nucleotide variation were high both in the
total sample and within each subspecies (Table 2). In
the total sample, values of m (NE1 1987) ranged from
0.383 to 1.373% (average m = 0.836). The values of 6,,
(WATTERSON 1975) were even higher, ranging from
1.074 to 2.264% (average 6,, = 1.227). Within sub-
species, the genetic diversity was higher in O. c. algirus
(average m = 0.746, average 6,, = 1.100) than in O. c.
cuniculus (average m = 0.662, average 0,, = 0.848). This
difference was significantfor 0,, (Wilcoxon’s signed rank
test, P = 0.005) but not for m (Wilcoxon’s signed rank
test, P=0.1141).
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TABLE 3

Genetic differentiation and migration between O. c. algirus (alg) and O. c. cuniculus (cun) at 10 autosomal and 4 X-linked loci

Differentiation Fixation indexes Migration rates
Chr Pos.” FST (%)b Da (%)( d)ct(] (bste d)scf Nm (FST)g 2delg (IM)h 2]\hncun (IM)l
ATP12A 8 Cen 27.2 0.260 0.26 0.32 0.08 0.670 1.174 0.539
CYTC 4 Cen 5.0 0.039 0.04 0.11 0.07 4.778 9.315 0.137
MGST3 13 Cen 35.6 0.447 0.33 0.43 0.14 0.452 0.225 0.159
PRL 12 Cen 6.0 0.038 0.01 0.19 0.18 3.952 0.874 2.548
STAGI1 14 Cen 76.9 0.959 0.78 0.79 0.02 0.075 0.175 0.011
EXT1 3 Tel 6.9 0.028 0.06 0.09 0.04 3.396 7.667 0.116
LUM 4 Tel 6.4 0.065 0.04 0.11 0.07 3.654 0.774 3.964
T 12 Tel 4.5 0.064 0.05 0.12 0.08 5.250 5.120 0.666
TIAM1 14 Tel 2.3 0.017 0.01 0.06 0.05 10.844 16.109 0.476
UD14 7 Tel 10.8 0.095 0.09 0.17 0.09 2.071 3.921 0.412
MSN/ X Cen 82.9 0.786 0.84 0.86 0.11 0.070 0.008 0.012
SMCX/ X Cen 68.0 0.531 0.64 0.80 0.43 0.160 0.008 0.404
HPRTV X Tel 2.2 0.027 0.02 0.07 0.05 14.990 3.470 0.951
PHKA2 X Tel 2.7 0.008 0.02 0.07 0.05 12.220 10.215 0.281

“Physical position in the chromosome. Cen, centromere; Tel, telomere.

’Calculated using the method proposed by HUDSON et al. (1992).

‘The net nucleotide distance per base pair (NEI 1987) between O. c. algirus and O. c. cuniculus.

“The fixation index for the amount of variation segregating between O. c. algirus and O. c. cuniculus.

‘The fixation index for the amount of variation segregating within each population.

/The fixation index for the amount of variation segregating among populations within each subspecies.

¢The estimate of Nmwas calculated using the expression Fst=1/(1 + 4Nm) forautosomal and Fsr=1/ (1 + 3Nm) for X-linked loci.
"ML estimates of population migration rate from O. ¢. cuniculus to O. c. algirus using the IM software.

"ML estimates of population migration rate from O. ¢. algirus to O. c. cuniculus using the IM software.

/Data from GERALDES et al. (2006).

each). Within O. ¢. cuniculus, y was significantly lower in
centromeric loci (y = 0.49%) compared to telomeric
loci (y = 3.71%; Mann-Whitney U-test, P = 0.008) but
the result was not significant for p (p centromeric =
0.48%, p telomeric = 2.47%; Mann—-Whitney U-test, P=
0.095). Mean Rm values were also significantly lower
at centromeric loci relative to telomeric loci in both
O. ¢. algirus (Rm centromeric = 3.8, Rm telomeric = 10;
Mann-Whitney U-test, P = 0.032) and O. ¢. cuniculus
(Rm centromeric = 4.2, Rm telomeric = 8.2; Mann—
Whitney Urtest, P = 0.032), although these differences
were not significant in the overall sample (Rm centro-
meric = 5.4, Rmtelomeric = 10.4; Mann-Whitney U-test,
P=0.075).

Under neutrality, the ratio p/6 gives a measure of the
relative contribution of recombination and mutation
in a given locus (p/0 = 4N.¢/4Nep = ¢/ ). The mean
values for centromeric loci (psjes/0w = 0.63) were
significantly lower than those for telomeric loci (psites/
0,, = 3.09; Mann-Whitney U-test, P= 0.016). The lower
ratio at centromeric loci could, in principle, have two
explanations: it could be due to either stronger LD or
higher mutation rates close to the centromeres, or some
combination of these factors. We estimated mutation
rates (W) per generation per site for centromeric loci
(= 1.622 X 107?) and for telomeric loci (p = 1.662 X
107). The similarities of these estimates (Mann-Whit-
ney Utest, P= 0.556) suggest that lower recombination,

rather than higher mutation, is responsible for the pat-
terns seen at centromeric loci.

We were also interested in evaluating the possibility
that regions of low recombination might exhibit lower
levels of polymorphism, as seen in other species (e.g.,
BecuN and AQuaDRrO 1992). To test this idea, we divided
0, by divergence to Lepus (D,,) to correct for possible
mutation rate differences among regions and compared
centromeric and telomeric loci. We did this using 0,,
from the entire species as well as from the average within
each subspecies. When 0,, was calculated from both
subspecies together, the ratio 0,/D,, was slightly, but
significantly lower at centromeric loci (0.26) compared
to telomeric loci (0.31) (Mann-Whitney U-test, P =
0.016). When 0,, was calculated from the average within
each subspecies, the ratio 0,,/D,, was also significantly
lower in centromeric loci compared to telomeric loci
bothin O. c. algirus (centromeric 8,,/D,, = 0.23; telomeric
04/D,y = 0.30; Mann—-Whitney U-test, P=0.016) and O. c.
cuniculus (centromeric 0,,/D,, = 0.18; telomeric 0,,/D,, =
0.22; Mann—-Whitney Urtest, P = 0.016). Additionally, we
tested the neutral prediction of equal ratios of poly-
morphism to divergence between centromeric loci and
telomeric loci, using the HKA test. We could not reject a
neutral model using either polymorphism within the
entire species or that within either subspecies (P> 0.10
for each). These analyses suggest at most a modest reduc-
tion in levels of polymorphism at centromeric compared
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F1Gure 3.—Haplotype variation illustrated as neighbor-joining trees for each of the 10 autosomal loci. Because recombination
events were detected for all loci in our data set, the trees represent overall similarity between the haplotypes. Portions of each gene
may have different genealogies. Haplotypes found in O. ¢. algirus and O. c. cuniculus are followed by a solid and an open box,
respectively, and shared haplotypes by both solid and open boxes. Lepus granatensis was used as an outgroup except in UD14.

Bootstrap values =80 are shown next to branches.

to telomeric loci. Finally, we compared values of Tajima’s
D and Fu and Li’s D* among centromeric and telomeric
loci. Both statistics were less negative at centromeric loci

(Tajima’s D = —0.877, Fu and Li’s D* = —1.256)
compared to telomeric loci (Tajima’s D = —1.082, Fu
and Li’s D*¥ = —1.646), although not significantly

different (Mann—-Whitney Urtest, P> 0.5 for each).
Divergence and LD test of gene flow: Patterns of
differentiation were highly variable among loci (Table
3). None of the telomeric loci showed strong differen-
tiation between subspecies. The centromeric loci, in
contrast, were heterogeneous. Two centromeric loci
(CYTC and PRL) showed little differentiation, while
three centromeric loci (ATP12A, MGST3, and STAG1)
showed high levels of differentiation. We note that these
patterns are not associated with the allele-frequency
distribution as measured by Tajima’s D (Table 2). For
example, we observed loci showing high levels of
differentiation and loci showing low levels of differen-
tiation among those showing no significant departures
from a neutral equilibrium distribution (Tables 2 and
3). The mean Fyr for centromeric loci was 30.1% and
the mean value for telomeric loci was 6.18%. In
particular, Fsr-based inferences of Nm at three loci were

<<1. All three of these loci are near centromeres
(ATP12A, MGST3, and STAGI). In contrast, the in-
ferred number of migrants per generation for all
telomeric loci was >>1. Similarly, AMOVA analyses
(EXCOFFIER et al. 1992) showed that in centromeric
genes a higher average proportion of the genetic
variation is partitioned between subspecies (28.4%)
while for all telomeric loci only a small amount
(<9%) of the variation segregated between subspecies.
The mean net divergence (NEI 1987) for centromeric
loci (D, = 0.349%) was considerably but not signifi-
cantly higher than that for telomeric loci (D, = 0.054%;
Mann-Whitney U-test, P> 0.05).

Another way of examining differentiation is by look-
ing at the phylogeny of alleles for each gene (Figure 3).
Striking contrasts were observed among loci. While for
two of the centromeric loci (STAGI1 and MGST3) there
was clear phylogenetic differentiation among subspe-
cies, for the other eight genes there was little or no
geographic pattern in the clustering of alleles.

The lack of concordance between phylogeny and
geography in recently diverged taxa may be the conse-
quence of either shared ancestral polymorphism or
gene flow following species divergence. We evaluated
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a strict allopatric mode of speciation with no gene flow,
using the test of MAcHADO el al. (2002) based on
patterns of intragenic LD as implemented in the pro-
gram WH (WANG et al. 1997). The maximum input for
WH is a total sample size of 32 chromosomes per locus;
therefore, we generated three random data sets with the
appropriate sample size, and three independent simu-
lations were performed. Supplemental Table 2 shows
the observed and simulated values of x for each locus,
calculated using D' (LEwONTIN 1964). Across the
different runs the mean observed values of x were
significantly elevated relative to simulated values for O.
c. algirus. In O. ¢. cuniculus, the mean observed values of x
were significantly elevated relative to simulated values
for two of the three runs. For each locus separately, the
observed values of xwere consistently positive in the two

subspecies and in a number of genes were significant in
at least one of the independent runs (supplemental
Table 2). This pattern can be visualized by looking at the
genealogies in Figure 3 or the tables of polymorphism in
supplemental Figure 1, where identical haplotypes are
shared between subspecies. Taken together, these results
suggest that gene flow has occurred in both directions
with higher gene flow from O. ¢. cuniculus to O. c. algirus.

Estimates of ancestral demographic parameters
using an isolation-with-migration model: Using a di-
vergence-with-gene-flow framework (Hey and NIELSEN
2004, 2007), we obtained maximum-likelihood estimates
(MLE) of effective population sizes for both extant and
ancestral populations, migration rates in both directions,
and time of divergence. We were able to achieve adequate
mixing of the Markov chains, and independent runs
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TABLE 4

ML estimates (MLE) and 90% posterior density intervals (HPD) of demographic parameters between
O. c. algirus (alg) and O. c. cuniculus (cun)

Nrtalgﬂ N(e“m“ Ncan“_m.ulﬂ 2Nn7’algb 2chun( !
MLE 1,598,056 780,367 469,122 1.498 0.762 1,837,126
Lower 90% HPD 1,285,287 587,393 225,025 0.726 0.322 1,282,637
Higher 90% HPD 1,979,435 1,001,675 858,148 2.741 1.400 2,525,667

“ Effective population size (N.) in numbers of individuals.

The population migration rate (2Nm) into O. ¢. algirus from O. c. cuniculus.
‘The population migration rate (2Nm) into O. c. cuniculus from O. c. algirus.
“The time since population split ({) in number of years.

converged on approximate marginal posterior probabil-
ity distributions for all parameters incorporated in the
model (Figure 4). N, for O. c. algirus (1,598,056) and N,
for O. ¢. cuniculus (780,367) were estimated to be larger
than N. for the ancestral population (469,122) (Table 4).
We estimated the time since divergence between the two
subspecies to be ~1.8 MYA. Both migration rate param-
eters inferred from the model indicate moderate to high
levels of gene flow. A model of strict allopatry with no
gene flow was rejected when compared in a likelihood
framework to a model allowing gene flow in both direc-
tions (P < 0.001). Inferred gene flow was higher from
O. c. cuniculus to O. c. algirus (2Nm = 1.498) than in the
opposite direction (2Nm = 0.762). One of the assump-
tions of this method is selective neutrality. To verify
whether the results were affected by skews in the allele-
frequency spectrum, we redid the IM analysis excluding
those loci that showed significant deviations from neutral
expectations. The results obtained were nearly identical
(O. ¢. algirus N, = 1,278,610; O. c. cuniculus N. = 825,743;
ancestral population N, = 394,255; ¢ = 1,943,816; O. c.
algirus 2Nm = 2.040; O. c. cuniculus2Nm= 0.660). We also
estimated population migration rates for each locus in
each direction (Table 3). Not all of these estimates were
recovered with confidence either because the tails of the
distributions did not reach zero or were relatively flat.
Nonetheless, the estimates were remarkably consistent
with inferences of gene flow from estimates of Fsr. Esti-
mates of 2Nm were generally lower for loci near centro-
meres compared to loci near telomeres (Table 3).
Remarkably, estimates of 2Nmwere >1 for each telomeric
locus in at least one direction.

DISCUSSION

We studied sequence variation at 10 autosomal loci in
wild populations of the European rabbit (O. cuniculus)
and found that (1) levels of nucleotide variation are
high and reflect large effective population sizes, (2)
these subspecies diverged ~1.8 MYA with subsequent
high levels of gene flow in both directions, and (3)
centromeric loci are generally more differentiated and
show higher LD than telomeric loci. This pattern is in

agreement with recent speciation models that propose
that regions of reduced recombination facilitate diver-
gence in the presence of gene flow.

Levels and patterns of genetic variation and LD at
autosomal loci in the European rabbit: This is the first
large-scale survey of sequence polymorphism at multi-
ple autosomal loci in the European rabbit. We observed
surprisingly high levels of nucleotide diversity: m was
0.746% in O. c. algirus and 0.662% in O. c. cuniculus.
Nucleotide diversity in humans is on the order of 0.1%
(AQUADRO et al. 2001). In mice nucleotide diversity is
approximately twice that seen in humans (BAINES and
HAaRRr 2007). Surprisingly, the values reported here for
two rabbit subspecies are closer to observed levels of
nucleotide diversity in Drosophila melanogaster (MORIYAMA
and PowgtLL 1996). In rabbits, estimates of N, were
1,600,000 for O. c. algirus and 780,000 for O. c. cuniculus.
These estimates are more than an order of magnitude
higher than in humans (TAKAHATA 1993) and several
times higher than in mice (SALCEDO et al. 2007). It is
important to bear in mind that estimates of N. depend on
estimates of w that should be considered approximate
owing to the uncertainty of generation length and time
of divergence between Lepus and Oryctolagus.

The higher N, estimated for O. c. algirus compared to
O. c. cuniculus is reflected in higher levels of heterozy-
gosity in the former. Our results are consistent in this
regard with previous studies using mtDNA (Branco
et al. 2002) and X-linked sequences (GERALDES el al.
2006), as well as with studies using allozyme (FERRAND
and Branco 2007) and microsatellite variation (QUENEY
et al. 2001). Additionally, levels of intralocus LD in our
data set are lower in O. c¢. algirus than in O. c. cuniculus.
Since LD at neutral sites is governed by 1/ (4N.c), this also
suggests that N, in O. c. algirus is larger.

We also estimated N, of the extant subspecies to be
much higher than N, of the ancestral population. Con-
sistent with this change in N,, we observed a significant
skew in the frequency distribution of polymorphisms
toward rare variants compared to the standard neutral
expectations. The pattern is observed across loci in both
subspecies and is suggestive of a common history of
population growth, congruent with the phylogeograph-
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ical scenario of a postglacial range expansion of the
European rabbit proposed by BRANCO et al. (2002).

Our experimental design allowed us to compare levels
of polymorphism and LD between different chromo-
somal regions. Levels of LD were strongly associated with
physical location, with centromeric loci showing higher
levels of LD than telomeric loci. This suggests that
recombination is most probably suppressed at centro-
meric loci relative to telomeric loci as observed for other
species (e.g., KONG ef al. 2002). Further support for sup-
pressed recombination near centromeres derives from
the ratio p/0. Since p = 4N.c and 0 = 4N_p, this ratio
controls for differences in effective population size
between regions. The observed ratio p/0 for telomeric
loci is 3.09 and is similar to estimates in other outcrossing
species such as Drosophila (HADDRILL ef al. 2005) and
wild Zea mays (WRIGHT et al. 2005). Strikingly, the ratio
p/0 is sharply reduced at centromeric loci (p/8 = 0.63)
despite similar estimates of mutation rate for both cen-
tromeric and telomeric loci.

Selection at linked sites may lower nucleotide diversity
in genomic regions that experience less recombination
(MAYNARD SMITH and HaicH 1974; CHARLESWORTH
et al. 1993). Consistent with this prediction we observed
slightly lower polymorphism scaled to divergence in
centromeric loci compared to telomeric loci. This adds
to a growing body of literature in several other species
that shows lower levels of genetic variation in regions of
reduced recombination (e.g., BEGUN and AQUADRO 1992;
NACHMAN et al. 1998).

The history of divergence and gene flow between
0. c. algirus and O. c. cuniculus: By using multiple loci
sampled across the genome it is possible to estimate
parameters that provide insight into the history of
diverging populations. Using an isolation-with-migration
framework we date the initial split between the two rabbit
subspecies to be ~1.8 MYA. This estimate is consistent
with published mtDNA (Branco et al. 2000) and X chro-
mosome data (GERALDES el al. 2006) that place the diver-
gence between the two subspecies during the Quaternary
glaciations (BRANCO et al. 2000; GERALDES ¢! al. 2006).
This age of separation mirrors several estimates involving
other Iberian taxa (reviewed in GOMEz and LunT 2007)
and probably results from the influence of common
historical biogeographic events (e.g., glaciations) on Ibe-
rian biota (HEwrTT 2001).

Although the estimated divergence between O. c.
algirusand O. ¢. cuniculusis old, several lines of evidence
point to the occurrence of gene flow between these
groups. First, by fitting an isolation—migration model we
estimated high levels of gene flow in both directions,
and these estimates were significantly different from
zero. Second, we found significantly elevated values of
the LD statistic x (MACHADO e al. 2002), reflecting
stronger LD than expected in both subspecies com-
pared to an isolation model with no gene flow. Third,
there is full haplotype sharing at a number of the

surveyed regions (Figure 3 and supplemental Figure 1).
Given the high levels of recombination observed at
some of the loci, identical haplotypes are probably due
to recent instances of gene flow. The IM analysis also
suggests that gene flow is asymmetric. Interestingly,
higher gene flow seems to occur from the smaller
population, O. ¢. cuniculus, to the larger population,
O. c. algirus. This could be explained by higher vagility
in O. c¢. cuniculus, by an asymmetric mate preference
between the two subspecies, or by intrinsic incompati-
bilities in which backcrosses may have higher fitness in
one direction than the other.

Mosaic nature of the rabbit genome with respect to
gene flow: The most notable aspect of our data is the
heterogeneity observed among loci in patterns of
differentiation between the two subspecies. This het-
erogeneity demonstrates the semipermeable nature of
the rabbit hybrid zone and supports the idea of a mosaic
genome with respect to gene flow (GERALDES ef al.
2008). In particular, we observe strong differentiation at
three of five centromeric loci, which experience less
recombination, and little differentiation at all telomeric
loci, which experience greater recombination.

This observation fits the predictions of several recent
speciation models that suggest that regions of low
crossing over might harbor a disproportionate share
ofloci involved in isolation (NOOR et al. 2001; RIESEBERG
2001; Navarro and BarToN 2003). For example, in the
model of NOOR et al. (2001), alleles contributing to
isolation initially arise throughout the genome, but,
following secondary contact, are purged more easily if
they reside in recombining regions but less easily if they
reside in regions where recombination is suppressed.
This model was based on experiments in which genes
contributing to isolation between D. persimilis and D.
pseudoobscura were mapped to small chromosomal
rearrangements that differed between these species.
Consistent with this model, MACHADO et al. (2002, 2007)
showed a reduction in introgression in rearranged
regions (with little recombination) compared to co-
linear regions (which can recombine freely). In sun-
flowers, some studies have revealed that rates of
introgression were significantly reduced in rearranged
regions relative to colinear regions (RIESEBERG et al.
1999), while other studies failed to find such a pattern
(STRASBURG and RIESEBERG 2008). Additionally, studies
of the M and S forms of Anopheles gambiae, where
differentiation appears to be limited to a few regions
of the genome (TURNER ¢t al. 2005), have shown that two
of three areas of reduced introgression map close to cen-
tromeres and recombination has been shown to be sup-
pressed in those regions (STUMP el al. 2005; SLOTMAN
et al. 2006). We also see less introgression in regions
with little recombination, and the data presented here
are consistent with similar data from the rabbit X
chromosome (GERALDES et al. 2006). Overall, our obser-
vations in rabbit are consistent with models suggesting
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that regions of reduced crossing over favor divergence in
the face of gene flow (NOOR et al. 2001; RIESEBERG 2001;
NAVARRO and BARTON 2003). Importantly, however, not
all centromeric regions show reduced introgression. Our
results thus help identify particular genomic regions that
may contribute to reproductive isolation (z.e., near the
centromeres of chromosomes 8, 13, and 14).

A second potential explanation for the higher differ-
entiation in low-recombination regions is the increased
likelihood of these regions being in LD with alleles
contributing to reproductive isolation (rather than an
enrichment for “isolation genes” in such regions). In
other words, if genes contributing to isolation are evenly
distributed across the genome, but recombination rates
vary, the likelihood of a nonrandom association with an
isolation gene is greater in regions of lower crossing
over. According to this model, isolation genes might
occur throughout the genome, but their effects will
extend over a greater genomic distance when they occur
in regions of low recombination.

It should be possible to distinguish between these two
models using introgression lines (e.g., consomic
strains). If genes contributing to isolation are found
only in low-recombination regions, then only those
regions should cause isolation phenotypes when intro-
gressed. In contrast, if genes contributing to isolation
are found throughout the genome, some introgression
lines containing high-recombination regions should
show isolation phenotypes.

A third explanation for the higher differentiation in
low-recombination regions is that rates of lineage
sorting differ between centromeric and telomeric loci.
We observed a slightly lower 6/ D, ratio at centromeric
loci compared to telomeric loci, and this may reflect a
smaller effective population size for centromeric loci.
This effect is modest and probably cannot account for
all of the differences in patterns of differentiation
among loci. For example, the IMa analysis shows that
gene flow has occurred, and the IM analysis provides
evidence of lower gene flow at centromeric loci com-
pared to telomeric loci (Table 3). Although ancestral
polymorphism may still segregate it cannot explain why
some regions remain differentiated despite high levels
of admixture.

Finally, although we do not know whether the studied
regions are in LD with the centromeres, we note that the
observation of increased differentiation near centro-
meres might also be consistent with recent models of
centromere evolution (HENIKOFF et al. 2001; MALIK and
HEeNIKOFF 2002). These authors suggest that rapid evo-
lution of centromeric sequences could lead to higher
rates of chromosomal nondisjunction in hybrids and
reduced fertility. This model makes a simple, testable
prediction: rates of nondisjunction are expected to be
higher in F,’s from crosses between subspecies com-
pared to crosses within subspecies. Experiments to test
this prediction are currently underway.
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