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Home-loving boreal hare mitochondria survived several
invasions in lberia: the relative roles of recurrent
hybridisation and allele surfing

J Melo-Ferreiral, L Farelo'2, H Freitas’2, F Suchentrunk?, P Boursot*® and PC Alves!%>¢

Genetic introgression from a resident species into an invading close relative can result from repeated hybridisation along the
invasion front and/or allele surfing on the expansion wave. Cases where the phenomenon is massive and systematic, such as for
hares (genus Lepus) in Iberia, would be best explained by recurrent hybridisation but this is difficult to prove because the donor
populations are generally extinct. In the Pyrenean foothills, Lepus europaeus presumably replaced Lepus granatensis recently
and the present species border is parallel to the direction of invasion, so that populations of L. granatensis in the contact zone
represent proxies of existing variation before the invasion. Among three pairs of populations sampled across this border, we find

less differentiation of mitochondrial DNA (mtDNA) across than along it, as predicted under recurrent hybridisation at the
invasion front. Using autosomal microsatellite loci and X- and Y-linked diagnostic loci, we show that admixture across the
border is quasi-absent, making it unlikely that lack of interspecific mtDNA differentiation results from ongoing gene flow.
Furthermore, we find that the local species ranges are climatically contrasted, making it also unlikely that ongoing ecology-
driven movement of the contact account for mtDNA introgression. The lack of mtDNA differentiation across the boundary is
mostly due to sharing of mtDNA from a boreal species currently extinct in Iberia (Lepus timidus) whose mitochondria have thus
remained in place since the last deglaciation despite successive invasions by two other species. Home-loving mitochondria thus
witness past species distribution rather than ongoing exchanges across stabilised contact zones.
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INTRODUCTION

The invasion of the territory of a resident species by an expanding
one, with hybridisation during the process, may lead to introgression
from the resident species into the invading one, and this is predicted
to particularly affect regions of the genome with low rates of intra-
specific migration (Currat et al, 2008). The amount of introgression
is predicted to be enhanced by higher rates of hybridisation, but
also by higher intensity of drift at the front of invasion (when the
invading species is still relatively rare and more likely to hybridise)
that can accidentally bring introgressed alleles to high frequencies.
The more rapid the demographic growth in the invaded territories,
the more likely are such high frequencies of introgressed alleles to be
further propagated, by a phenomenon designated ‘allele surfing’ on
an expansion wave (Currat et al, 2008; Excoffier and Ray, 2008).
Such traces of introgression can gradually be erased by migration
from the native species range not affected by introgression, but the
amplitude and speed of this phenomenon is expected to depend on
migration rate. In species with male-biased migration and female
philopatry, as is thought to be the case for most mammals, female-
transmitted mitochondrial DNA (mtDNA) are thus expected to be

particularly subject to persistent introgression. This simple demo-
graphic process may then explain why substantial mtDNA introgres-
sion has been repeatedly observed in mammals, and is often more
extensive than for the nuclear genome (Petit and Excoffier, 2009). In
theory, rare hybridisation events could suffice for the process to
occasionally occur, if drift was important enough at the early stages of
invasion and consecutive geographic and demographic expansions
rapid enough. However, in some instances such as for the three
species of hares (genus Lepus) present in Iberia, the phenomenon
appears to have occurred repeatedly and independently, in a quasi-
deterministic manner (Melo-Ferreira et al., 2005, 2007, 2011, 2012).
Such a pattern would be best accounted for either if it was driven by
selection or if hybridisation occurred repeatedly along the front of
advance of the invading species in all cases. Estimating the rate of
hybridisation along the front of invasion by observing genetic
variation after the invasion has occurred may however be challenging
because generally, at the time of observation, the donor populations
of the invaded species are extinct. Indirect arguments based on the
observation of increasing variability in the direction of invasion may
not be conclusive because this pattern could result either from
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repeated introgression or from surfing of de novo mutations on the
invasion wave.

The Iberian Peninsula has been an area of recurrent admixture at
different timescales among species of hares (genus Lepus), because the
three extant species have been heavily affected by mtDNA introgres-
sion from a fourth species, the mountain hare, Lepus timidus (Alves
et al., 2003; Melo-Ferreira et al., 2005), which was present in Iberia at
the end of the last glacial period (Altuna, 1970) but is currently
distributed only in Northern Eurasia and in some isolated popula-
tions in Scotland, Ireland and the Alps. The broom hare Lepus
castroviejoi, which is endemic to the Cantabrian Mountains, was the
most massively affected because its aboriginal mtDNA lineage appears
to have been totally replaced by mtDNA of L. timidus origin during
two waves of hybridisation, the more recent one during the last
deglaciation period and the earlier one during the Pleistocene (Melo-
Ferreira et al., 2012). This suggests that hybridisation with L. timidus
has been relatively frequent but detailed inferences of its frequency
during these two episodes would need more population genetics data
than presently available on this species. The Iberian hare, Lepus
granatensis, is endemic to Iberia, occupies most of the Peninsula and
has been studied in more detail in this respect. Populations of the
northern half of its range harbour high frequencies of L. timidus
mtDNA, with increasing frequencies towards the North (Melo-
Ferreira et al, 2005). This would fit the idea that L. granatensis
replaced L. timidus in the Northern half of Iberia, favoured by climate
warming after the last glacial maximum (Melo-Ferreira et al., 2007).
There is evidence of a strong East—West partition of three introgressed
mtDNA sublineages, which indicates that the phenomenon occurred
at least three times independently during this process (Melo-Ferreira
et al, 2011). Therefore, hybridisation was frequent enough for
introgression to happen systematically in different parts of the
invasion range (although it cannot be completely excluded that
selection had a role; see Melo-Ferreira et al., 2011 for discussion).
For one of these phylogeographic groups of introgressed timidus
mtDNA there is also evidence of increased nucleotide diversity
towards the north (in the direction of the presumed invasion;
Melo-Ferreira et al., 2007). While this pattern would fit the idea of
repeated introgression along the invasion front, it was not possible to
formally exclude that it results from surfing of de novo mutations
(Melo-Ferreira et al., 2011).

Here we take advantage of the peculiar situation of the brown hare,
L. europaeus, to further tackle this question. In the Iberian Peninsula,
this species is restricted to the Pyrenean foothills, but has a broad
distribution north of the Pyrenees. This species likely invaded Iberia
only when it colonised Western Europe (Stamatis et al, 2009) after
the last glacial maximum, a period characterised by major range
changes of numerous European taxa promoted by deglaciation
(Hewitt, 2000). Iberian populations of this species harbour very high
frequencies of mtDNA of L. timidus origin, which appears almost
fixed (Melo-Ferreira et al., 2005; Alves et al., 2008). This is likely to
result from the colonisation of Iberia by L. europaeus and its
replacement of a resident species that harboured timidus mtDNA.
Such a species could have been either L. timidus if it was still present
when L. europaeus arrived (which is uncertain) or L. granatensis if it
already had high frequencies of timidus mtDNA, which is plausible.
L. castroviejoi is unlikely to have been the donor of timidus mtDNA to
L. europaeus because although it is fixed for timidus-type mtDNA, its
most frequent mtDNA lineage is clearly distinct from those found in
L. europaeus (that resemble more those in L. granatensis; Melo-
Ferreira et al, 2007, 2012). Furthermore, in a survey of diagnostic
SNPs at 10 autosomal loci, Melo-Ferreira et al. (2009) found sporadic
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evidence of introgression from L. timidus into L. granatensis, but none
into L. europaeus. However, there was some evidence of nuclear
introgression from L. granatensis into L. europaeus (contradicting
previous suggestions that these species did not hybridise; Estonba
et al, 2006), which may indicate that L. europaeus replaced
L. granatensis when entering Iberia and invading the Pyrenean
foothills. What makes the situation interesting for the question we
address here is thus that the present zone of contact between the two
species is parallel to the likely East-West direction of invasion (the
distribution of L. europaeus in Iberia being restricted to a narrow strip
bordered to the north by either the Pyrenees or the ocean, this must
have been the major direction of colonisation). The genetic makeup
of the L. granatensis populations south of the present contact zone
should therefore reflect to a certain extent that of the populations that
existed a little further north before they were replaced by L. europaeus.
If hybridisation occurred repeatedly at the front of invasion, popula-
tions sampled across the contact zone should resemble each other
more than populations sampled along the zone on either side
of it. Such a pattern would not be expected if introgression had
occurred rarely and only at the beginning of the invasion process. If
introgression was restricted to mtDNA, this expected pattern should
be found for mtDNA but not for nuclear markers, which should in
fact show the reverse pattern: greater differentiation across the contact
zone than along it. We therefore sampled pairs of populations across
the contact zone between L. europaeus and L. granatensis and
measured genetic differentiation using mtDNA and nuclear markers.
We found the contrasted pattern between the two types of markers
that sustains the hypothesis of recurrent hybridisation during
invasion. This study also characterises for the first time not only past
but also present exchanges among these two species. Finally, we
provide evidence for a climatic contrast between the species ranges in
our study area, which suggests a role for ecology in their past and
present interactions.

MATERIALS AND METHODS

Sampling and microsatellite genotyping

A total of 342 hare tissue samples (194 L. granatensis, 109 L. europaeus and
39 L. timidus) were collected from several localities in Europe (Figure 1,
Table 1). Three pairs of populations were sampled on opposite sides of the
contact zone between L. granatensis and L. europaeus in Northern Iberia
(ALA1-ALA2, NAV1-NAV2 and ZAR-JAG; see Figure 1). The other popula-
tions sampled served as parental populations to improve resolution in the
assessment of admixture in the contact zone. They were broadly distributed in
Iberia for L. granatensis and from Central Europe for L. europaeus (Figure 1).
Two sampling sites were surveyed for L. timidus, that in the Italian Alps
represent the present southernmost distribution of the species.

Total genomic DNA was extracted from frozen liver or ear tissue using a
standard high-salt protocol. A set of six microsatellite loci was chosen from
previously published works. Loci Sat2, Sat8, Sat12 (Mougel et al, 1997) and
INRACCDDv358 (Chantry-Darmon et al., 2005) were originally developed for
the European rabbit (Oryctolagus cuniculus), also a member of Leporidae,
while Lsa2 (Kryger et al., 2002) was specifically developed for hares and
Sol30Le was adapted for hares from a rabbit-specific locus (Fickel et al., 1999).
All loci have dinucleotide repeat motifs except Sat12, which has a tetranucleo-
tide motif. The microsatellites were PCR—amplified using 0.25ng of genomic
DNA per reaction, with an initial denaturation step of 3 min at 94 °C, followed
by 30 cycles of 30s at 94 °C, 30's at 40-58 °C (see Supplementary Table S1) and
30 s at 72 °C. A final 15-min elongation step at 72 °C was applied. Fluorescently
labelled primers allowed detection of the PCR fragments on an ABI PRISM
3130 automated sequencer (Applied Biosystems, Foster City, CA, USA). To
validate the allele calling, which was done with GeneMapper Software v3.7
(Applied Biosystems), control individuals were included in every run and a
randomly chosen ~ 15% portion of the data set was repeated.
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Figure 1 Geographic distribution of hares in Western Europe and in the Iberian Peninsula, and localities sampled in this study (see codes and sample sizes
in Table 1). Squares indicate populations sampled close to the contact zone and circles putative parental populations of each species.

Table 1 Number of specimens analysed for the studied molecular markers and absolute frequencies of the mtDNA (cytochrome b) and
Y-chromosome (Sry) lineages identified in the L. granatensis and L. europaeus specimens from Alava, Spain

Spp Code Locality Micros. mtDNA X chromosome Y Chromosome
Sequences® PCR-RFLP® Sequences PCR-RFLP®
tim
gra eur tim Phka2d Smex Msn® Hprt1 gra eur tim
gra ALJ Aljustrel, Portugal 19
GRN Granada, Spain 20
ALC Alcaiiz, Spain 16
SOR Soria, Spain 13
TC Tierra de Campos, Spain 11
ZAR Zaragoza, Spain 41 30
NAV1 Navarra, Spain 28 22
ALA1 Alava, Spain 46 13 34 0 14 28 33 36 17 25 0 0
eur ALA2 Alava, Spain 51 22 17 2 34 32 29 31 25 0 9 0
NAV?2 Navarra, Spain 7 6
JAC Jaca, Spain 11 7
SGE Southern Germany 8
NGE Northern Germany 14
AUS Austria 18
tim ALP Italian Alps 20 3 1 3 1
SWE Sweden 19 7 2 4 2
Total 342 100 51 2 48 70 65 74 45 25 9 0

Abbreviations: micros., microsatellites; spp., sampled species (gra: L. granatensis; eur: L. europaeus; tim: L. timidus).

Species codes in mtDNA and Y chromosome data indicate the origin of detected lineages.
Codes of sampling localities are the same as in Figure 1
aData from the study by Melo-Ferreira et al. (2007).

bData from this work (30 specimens) and from the study by Melo-Ferreira et al. (2005) (76 specimens).
“Data from the study by Melo-Ferreira et al. (2009). See Supplementary Tables S2 and S3 for a detailed description of the analysed mtDNA and X-chromosome data.

dSequences of 14 of these specimens were from the study by Melo-Ferreira et al. (2011).
€Sequences of six of these specimens were from the study by Melo-Ferreira et al. (2009).

Genotype data analysis

Standard measures of genetic diversity such as the total number of alleles per
sample, mean number of alleles per locus, observed (H,) and non-biased
expected (H,) heterozygosity were calculated using the programme Genetix
(Belkhir et al., 1996-2004). Linkage disequilibrium between pairs of loci and
Hardy—Weinberg equilibrium over all loci across all samples were estimated

using Genepop (Raymond and Rousset, 1995). Differentiation between species
and between pairs of populations was assessed by Fsr estimates using the same
software.

In order to assess the ability of the microsatellite set to discriminate the
three species, a non-parametric factorial correspondence analysis was per-
formed using Genetix. In addition, the admixture model implemented in
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STRUCTURE (Pritchard et al., 2000) was applied both to the complete data set
and to another composed only by L. granatensis and L. europaeus samples. This
method allowed both determining the ability of the microsatellite markers to
separate the species and pinpointing admixed individuals. Five replicate runs
of STRUCTURE, with 500000 steps after a burn-in period of 100000, were
performed for each data set. No information about putative parental
population was given a priori.

Evidence of admixture was in addition assessed using NewHybrids
(Anderson and Thompson, 2002) in the data set composed only of
L. granatensis and L. europaeus. NewHybrids is a model-based Bayesian
software that assigns individuals to genotypic classes of parentals and several
hybrid generations. Six classes were used here: pure L. granatensis, pure L.
europaeus, F1, F2, backcross with L. granatensis and backcross with L.
europaeus. Five replicate runs of 500000 sweeps after 100000 generations of
burn-in were performed using a Jeffreys prior for both 7 and ©.

Finally, microsatellite data collected from specimens sampled near the
contact zone in Alava (Table 1) were analysed in a mixed genetic and spatial
framework. This was performed using Geneland (Guillot ef al., 2005), which
was designed to detect population structure using geo-referenced individual
multi-locus genetic data. Further, mean minimum annual temperatures
(measured in °C) and mean annual precipitation (measured in mm) of the
sampling locations of L. granatensis and L. europaeus in Alava (ALA1 and
ALA2) were downloaded from the WorldClim website (www.worldclim.org;
1 x 1km resolution; Hijmans et al., 2005). Differences between the
L. granatensis and L. europaeus sampling locations for these measures were
tested using the Mann—-Whitney U-test.

mtDNA and microsatellite differentiation in the contact zone

To estimate levels of differentiation of the L. timidus mtDNA type along and
across the contact zone between L. granatensis and L. europaeus we used
previously published sequences from the three pairs of populations (ALAI-
ALA2, NAV1-NAV2, ZAR-JAC; see Figure 1 and Table 1; Melo-Ferreira et al.,
2007). Differentiation was estimated both for the mtDNA and microsatellite
data using the hierarchical analysis of molecular variance approach imple-
mented in Arlequin 3.5 (Excoffier and Lischer, 2010). Populations were
partitioned according to species.

mtDNA typing, X-chromosome loci sequencing and Y-linked data
In order to better characterise genetic exchanges in the contact zone, we
studied the samples from the province of Alava (ALAI and ALA2 in Figure 1)
for additional markers: for mtDNA (PCR-RFLP typing), the X chromosome
(sequences of four loci) and the Y chromosome (PCR-RFELP from a previous
study; Melo-Ferreira et al., 2009). A previous PCR-RFLP typing of the mtDNA
lineage of 71 individuals (Melo-Ferreira et al., 2005) was here extended to a
total of 101 specimens using the same methodology (see primers in
Supplementary Table S1, this assay allows recognising the three species-specific
mtDNA lineages). Males were identified using an approach similar to that in
the study by Wallner et al. (2001) and combining a Y-specific primer pair (with
Sry primers adapted here, see Supplementary Table S1) with an autosomal
specific one as internal control. Sry-negative samples for this duplex PCR were
further assayed with the Sry primers alone, to detect potential false negatives
that could have resulted from competition between primers during the initial
duplex PCR.

Sequencing of loci located on the X chromosome was either an important
extension of previous work (in the cases of Phka2 and Msn; Melo-Ferreira
et al., 2009, 2011) or performed de novo (in the case of Smcx and Hprtl) (see
Supplementary Tables S2 and S3). These genes were chosen based on their
positions along the X chromosome (determined in the European rabbit and
assuming synteny with hares, which is vastly observed for the autosomes)
(Robinson et al., 2002): Phka2 and Hprtl lie close to the telomeres, where
recombination is expected to be high, and Smcx and Msn close to the
centromere where recombination is expected to be low. A combination of
newly and previously designed primers (Geraldes et al., 2006; Melo-Ferreira
et al., 2009, 2011; see Supplementary Table S1) served to PCR-amplify these X
fragments. PCR cycling profile consisted of an initial denaturation step at 94 °C
for 15min, 35 cycles of 30s at 94°C, 45s at various annealing temperatures
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(Supplementary Table S1) and 90-120s at 72 °C, followed by a final extension
at 60°C for 20 min. Amplified fragments were sequenced in one or both
directions (primers listed in Supplementary Table S1) following the ABI
PRISM BigDye Terminator Cycle Sequencing 3.1 standard protocol and using
an ABI PRISM 3130 sequencer (Applied Biosystems).

X-linked sequence data analysis

Sequences of the four X-linked markers were edited, aligned, assembled and
visually inspected using Bioedit 7.0.9.0 (Hall, 1999). Levels of genetic diversity
were assessed by calculating several summary statistics using DnaSP 5.10
(Librado and Rozas, 2009), including the number of segregating sites (S), two
estimators of nucleotide diversity, 7 and 0, and the nucleotide distance (ny) to
an outgroup (the European wild rabbit, Oryctolagus cuniculus). The same
software was used to test for deviations from the neutral expectations under
stable demography using Tajima’s D (Tajima, 1989) and Fu’s Fg (Fu, 1997)
statistics as well as the intra-locus population recombination parameter y (Hey
and Wakeley, 1997).

Genetic differentiation between L. granatensis and L. europaeus was
estimated using Fsy, the average pairwise nucleotide divergence (D), and
the number of fixed differences, also using DnaSP 5.10 (Librado and Rozas,
2009). Finally, median-joining networks were constructed using Network 4.600
(Bandelt et al., 1999) to represent genealogical relationships among haplotypes.

RESULTS

Species distinction and inferences of hybridisation using
microsatellites

We included in our analysis of microsatellite differentiation along the
contact zone between L. europaeus and L. granatensis some reference
populations far away from this zone (Figure 1 for the distribution of
samples), but also some L. timidus samples because of the known
mtDNA timidus contribution in this region in both species. Con-
sidering all 342 genotyped individuals from the three species,
73 alleles were found at the six microsatellite loci, with 5-20 alleles
per locus (Supplementary Table S4; see distribution of allelic
frequencies per locus in Supplementary Figure S1). The mean number
of alleles per locus, as well as H, and H, were in general lower in L.
granatensis than in L. europaeus or L. timidus, which displayed similar
values of diversity (see diversity per population in Supplementary
Tables S5 and S6). Across all populations, only three population—locus
tests suggested significant deviations from Hardy—Weinberg propor-
tions after Bonferroni correction, and we found no evidence of
linkage disequilibrium among loci.

The Fgrestimates showed much higher levels of inter- than intra-
specific differentiation (Supplementary Table S7). Accordingly, the
three species appeared as separate clusters in both 2D-AFC
(Supplementary Figure S2) and STRUCTURE (Supplementary
Figure S3) results. In the STRUCTURE analysis of the three species
(K=3), 12 individuals fell below the defined threshold of 80% of
assignment to a given species, and could thus be of mixed ancestry
(Supplementary Figure S3): one L. timidus specimen from the Alps
(admixed with L. europaeus), two L. europaeus specimens from
Austria (admixed with L. timidus), three L. europaeus from Iberia
(two admixed with L. timidus and one with L. granatensis) and six
L. granatensis (five admixed with L. europaeus and one almost evenly
assigned to the three species).

Focusing only on admixture between L. granatensis and
L. europaeus and after removing the specimens with suggestions of
admixture with L. timidus, we ran STRUCTURE again but with
K =2, which returned six individuals with evidence of admixture
between L. granatensis and L. europaeus (Figure 2). All these speci-
mens were collected in the Spanish province of Alava, five in the area
of distribution of L. granatensis and one in that of L. europaeus. These
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results were almost totally supported by those of NewHybrids, the
only exception being one individual from the L. granatensis sample of
Alava, which was assigned with high posterior probability to parental
L. granatensis (Figure 2). The remaining five individuals had a
posterior probability of assignment to the non-F1 hybrid classes of
~0.50 or more. Two additional L. europaeus specimens from Alava
and Jaca had similarly high posterior probabilities of assignment to
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Figure 2 Posterior probabilities of assignment to L. granatensis of
L. granatensis (circles) and L. europaeus (triangles) specimens sampled in
the populations indicated along the x axis (check codes in Figure 1 and
Table 1) inferred using STRUCTURE from microsatellite variation. Open
symbols indicate specimens that were identified as admixed both in the
STRUCTURE and NewHybrids analyses.

Table 2 Analysis of molecular variance of mtDNA and microsatellites
on three pairs of populations sampled along the contact zone
between L. granatensis and L. europaeus and partitioned according
to species

Fixation indices Percentage of variance

Pse Ps7 Por AG APWG wp
mtDNA 0273 0294 -0030 -3.0 30.3 72.7
Microsatellites ~ 0.052  0.363 0328 328 35 63.7

Abbreviations: AG, among groups; APWG, among populations within groups; WP, within
populations.
See Figure 1 for the composition of each group.
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non-F1 hybrid classes but had not been identified as admixed by
STRUCTURE (data not shown).

mtDNA and microsatellite differentiation along and across the
contact zone

Using only the three pairs of populations across the contact zone
between L. granatensis and L. europaeus (pairs ALAI-ALA2, NAV1-
NAV2 and JAC-ZAR; Figure 1) we compared the results of an analysis
of molecular variance considering the species and population levels.
For mtDNA, we only considered variants of L. timidus origin in both
species (which were the majority in the sequence data of Melo-
Ferreira et al., 2007 used here) for these analyses to make sense.
Table 2 shows that for mtDNA differentiation among species is very
low and non-significant, as opposed to high and significant differ-
entiation among populations of the same species, that is, of the same
order as overall between population differentiation (see also the
distribution of major lineages of timidus origin in Supplementary
Figure S4). The reverse pattern is seen for microsatellites, with low
differentiation among populations of the same species, and compara-
tively high differentiation between species (although the former is
significantly different from 0 but not the latter after the permutation
tests). Therefore, these combined results conform to the prediction we
made in the case of repeated hybridisation of L. europaeus during its
likely East—West progression in a territory occupied by L. granatensis.

Genetic and geographic analysis of the contact zone

As admixture was only detected in the province of Alava using
microsatellites, we further focused on this area to study in more detail
contemporaneous genetic exchanges between these species. The
results of an analysis of the microsatellite data with Geneland, which
takes into account the geographic location of samples, point to a
sharp genetic discontinuity coinciding with a ridge of the Sierra de
Cantabria, which partitions the samples according to their morpho-
logical assignation (Figure 3). The analyses of annual temperature and
precipitation in the two regions thus partitioned suggest that the
north is significantly wetter and colder, and the south hotter and drier
(Mann—Whitney U-test, P=0.046 for mean of minimum annual
temperatures, P<0.001 for mean annual precipitation; see detailed
information in Supplementary Table S2).

25 km

0 12.5

Figure 3 Hillshaded map of the region of Alava, Spain (location indicated by box on the map of the Iberian Peninsula). Circles indicate sampling locations
and their colours the mtDNA haplotype detected in each locality: white—L. timidus, black—L. granatensis and grey—L. europaeus (coordinates of sampling
localities and sample sizes in Supplementary Table S2). Dashed lines indicate the posterior probabilities of assignment to L. granatensis inferred using

Geneland.
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The distribution of mtDNA types (assigned to each of the three
species by PCR-RFLP) is also shown on Figure 3. In the territory of
L. granatensis as defined by the Geneland analysis, both the
granatensis and timidus mtDNA were found, with a predominance
of the former (34 out of 48), in keeping with the earlier descriptions
by Melo-Ferreira et al. (2005) based on PCR-RFLP data but a more
limited sample (Table 1; Figure 3). In the L. europaeus range, the
timidus lineage prevailed (34 out of 53) and the europaeus lineage was
rare (only 2), in keeping with the results of the study by Melo-Ferreira
et al. (2005). However, contrary to these previous results, we found
relatively high frequencies of the granatensis lineage (17 out of 53,
Table 1; Figure 3). The distribution of these mtDNA lineages in Alava
does not show any pattern coinciding with the microsatellite
discontinuity across the mountain ridge (Figure 3), and the high
frequency of granatensis in europaeus territory contrasts with the high
microsatellite differentiation and the rarity of admixed genotypes
detected. This reinforces the observation of less mtDNA than
microsatellite differentiation across the contact zone that was pointed
by the analyses of molecular variance (see above).

Sequences of four X-linked loci (fragments of genes Phka2, Smcx,
Msn and Hprtl) were analysed in up to 36 individuals of
L. granatensis and 32 individuals of L. europaeus from Alava, and
also for up to 10 L. timidus (Table 1; Supplementary Table S3). Most
analysed specimens were males, which allowed the direct recovery of
haplotypes. The few genotyped females (Supplementary Tables S2 and
S3) were found to either be homozygous for all SNPs or to present a
single SNP at any given locus, which also allowed recovering the
segregating haplotypes. The data set contained a total of 286
sequences (77 for Phka2, 75 for Smcx, 82 for Msn and 52 for Hprtl;
2 sequences per female), of which 22 were from previous studies
(Melo-Ferreira et al., 2009, 2011; see Supplementary Table S2, S3 and
S8; GenBank Accession Numbers of the new sequences: KF564322—
KF564553). Contrary to what we observed for microsatellites,
diversity was higher in L. granatensis than in L. europaeus
(Supplementary Table S8). In general, genetic diversity was higher
at the two distal loci (Phka2, HprtI) than at the two proximal (Msn
and Smcx). The ratio 0/Dxy (Supplementary Table S8) was generally
higher for the telomeric than centromeric genes, which suggests that
differences in diversity do not reflect differences in mutation rates, but
could result from, for example, different recombination rates, low
recombining regions being more affected by linkage to selected loci.
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Equilibrium and neutrality tests could not be performed for all loci in
both species due to the absence of polymorphism at some markers,
but were generally found not to be significant (Supplementary
Table S8). Levels of differentiation and divergence between L.
granatensis and L. europaeus also differed between the two X-chromo-
some regions, Fgr being higher and D,, lower proximally
(Supplementary Table S8). Phylogenetic analyses using several auto-
somal loci had suggested that L. granatensis and L. timidus were more
closely related as compared with L. europaeus (Melo-Ferreira et al.,
2012). Our results are compatible with this in all X loci except Phka2.
However, in all cases europaeus haplotypes appear very different from
those of the two other species, and no shared haplotypes were found
between L. granatensis and L. europaeus at any locus (Figure 4). No
statistical evidence of intra-locus recombination was found in our
data sets (Supplementary Table S8). However, a more detailed analysis
of the Phka2 locus (Melo-Ferreira et al., 2011 and unpublished
results) has shown evidence that some of the haplotypes found in
L. granatensis are recombinant between granatensis and timidus
haplotypes (haplotypes G1-G3 in Figure 4a). However, we find no
evidence here that these chimeric haplotypes, which are frequent
everywhere in the L. granatensis range, including close to this contact
zone (Melo-Ferreira et al., 2011 and this study), exist in L. europaeus.
Finally, a previous study using samples from the province of Alava
had not detected any exchange of Y chromosome either between the
three species (Melo-Ferreira et al., 2009; Table 1).

DISCUSSION

The North of the Iberian Peninsula has been an arena for reticulate
evolution among different species of hares at least since the last glacial
period and presumably during more ancient periods as well (Melo-
Ferreira et al., 2005, 2009, 2012). Understanding the origin of the
apportionment of genetic diversity among the extant hare species
implies understanding the influence of past range shifts in relation to
climate changes accompanied by species interactions and hybridisa-
tion, including with a locally extinct species. It also implies under-
standing the influence of present exchanges across extant secondary
hybrid zones. The fact that the past interaction and hybridisation with
the now extinct L. timidus has affected the three species now thriving
in Iberia complicates the analysis of ongoing gene flow using markers
for which diagnosticity is thus potentially compromised (Alves et al.,
2006). However, previous species-wide studies with several autosomal
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Figure 4 Median-joining networks of the sequenced X-linked loci: (a) Phka2, (b) Smcx, (c) Msn and (d) Hprtl. The first letter of each haplotype indicates
the species where it was detected: G—L. granatensis, E—L. europaeus and T—L. timidus. Localities and sample sizes are indicated in Table 1. Dashes on
the branches indicate the number of mutations if higher than one. Haplotypes’ areas are proportional to their frequency.
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markers have shown that reticulation left large scale traces only for
mtDNA, nuclear introgression being generally only sporadic (Melo-
Ferreira et al., 2009, 2012). The only notable exception is an
X-chromosome fragment that was shown to have largely spread from
L. timidus into the full range of L. granatensis (Melo-Ferreira et al.,
2011). Theoretical predictions have provided a potential explanation
for this contrast between genomic regions, suggesting that it results
from the combination of demographic processes during range
replacement with differences of sex-linked transmission between
genomic regions and sex-linked differences in migration behaviour.
However, the precise dynamics of the corresponding process, includ-
ing the relative influences of hybridisation frequency, drift intensity
and demographic expansion rate, is well modelled but poorly
documented in real life, even if it can explain numerous cases of
mtDNA introgression (Petit and Excoffier, 2009). Understanding the
conditions under which the phenomenon occurred may be of interest
to reconstruct past history and evolution. If introgression resulted
from rare hybridisation accidents associated with extreme stochasti-
city, followed by allele surfing on high waves, such observations would
remain somewhat anecdotal, unless other sources of information
indicated a secondary impact on genetic evolution and genome
coadaptation. However, in the case of hares, the phenomenon has
occurred in the three species that inhabit Iberia, and even apparently
repeatedly in L. castroviejoi (Melo-Ferreira et al., 2012). This suggests
that hybridisation has been systematic rather than anecdotal during
climate-driven range shifts, and that it must thus have also occurred
repeatedly during the expansion of any given species. If this was true,
then the present distribution of introgressed alleles would have kept to
a certain extent the memory of past species distribution and variation
before range shifts associated with major environmental changes.
Here we took advantage of the existence of a contact zone between
two species that evolved independently and colonised the area
through independent routes to test the hypothesis that mtDNA
variation witnesses past population structure in the face of invasion by
two species.

Limited genetic admixture in the contact zone between

L. granatensis and L. europaeus

The microsatellites used in this work allowed a clear separation of the
three hare species. Even including samples from the contact zone, the
specimens were attributed with high probabilities to the species they
had been classified into based on evident morphological characters
(the only exception among the 342 studied specimens was one
sampled in the Alps, possibly erroneously identified as belonging to
L. timidus; Supplementary Figure S3). Signs of autosomal intro-
gression from L. timidus had been previously estimated to be rare in
the Iberian species based on diagnostic SNPs (Melo-Ferreira et al,
2009). In keeping, we assessed little putative contribution of
L. timidus in the Iberian Peninsula with microsatellites (Supplementary
Figure S3). However, given the mode and rate of mutation of
microsatellites, and the general absence of fully diagnostic loci, our
set of six autosomal loci was expected to be particularly suitable to
assess recent gene flow between neighbouring populations rather than
ancient gene flow. Therefore, it is at this point difficult to assess
whether the inference of L. timidus genetic contribution results from
direct admixture with L. timidus (for example on the way to colonise
Iberia) or from putative background noise due to genetic admixture
with an unsampled but well-differentiated population (for example, L.
castroviejoi). The admixture found in the two Austrian specimens may
eventually result from recent hybridisation between L. timidus and
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L. europaeus closer to the Alps, as previously suggested (Suchentrunk
et al., 2005; Melo-Ferreira et al., 2009).

Evidence of admixture between L. granatensis and L. europaeus was
found only in Alava in northern Spain (ALA1 and ALA2 in Figure 1),
the localities closest to the contact zone between the two species. The
four L. granatensis specimens and one L. europaeus with evidence of
admixture were inferred to be backcrosses, suggesting that hybrids
between these species are fertile, at least to a certain degree. However,
no exchange could be detected for the sex chromosome markers,
which may be an indication that they are implicated in hybrid
unfitness, as is often the case (Presgraves, 2008). Even an X marker
(Phka2), which had previously shown to have extensively introgressed
from L. timidus into L. granatensis (Melo-Ferreira et al., 2011),
did not show any evidence of gene flow from either L. timidus or
L. granatensis into L. europaeus.

Overall, the contact between L. granatensis and L. europaeus
appears to be a zone of little exchange between the species, with
evidence of sporadic gene flow, but no real hybrid population. The
fine scale study we performed in Alava suggests that the two species
have distinct ecological preferences, which could account for their
non-overlapping distributions and contribute to impede gene flow. It
may also explain the success of the past invasion of L. europaeus, into
an area where it would have been better adapted than L. granatensis.
Although the analysis of habitat differentiation was here performed at
a small geographical scale and using a limited number of variables, a
strong habitat dependence of the two species has been inferred by
ecological modelling (Acevedo et al., 2012a,b), which suggests that
habitat is likely a major determinant of species ranges, contributing to
the maintenance of species segregation, as is often observed in
secondary contact zones (Sexton et al, 2009). These ecological
modelling studies also suggest that the ongoing climate change will
likely induce an expansion of L. granatensis towards the north and a
retraction of L. europaeus, which may have implications for the
management of these game species (Acevedo et al., 2012a).

mtDNA differentiation is independent of species barriers

The most striking result of our study is the lack of mtDNA
differentiation across the contact zone between L. europaeus and
L. granatensis (in comparison to substantial differentiation among
populations of the same species) and its contrast with the sharp
differentiation for nuclear genes (Table 2). Note that this resemblance
across the contact zone prevails whether mtDNA is of L. granatensis
origin (high prevalence in both species in Alava; see Table 1) or of
L. timidus origin (results of the analyses of molecular variance
between species; Table 2). Such resemblance is hardly explained by
gene flow across the contact zone, which we have shown to be
extremely limited, but must rather reflect mtDNA diversity that
existed before the two species entered into contact, that is, before
L. europaeus entered Iberia. The fact that granatensis mtDNA is found
at high frequencies in L. europaeus in Alava is a strong indication that
L. granatensis rather than L. timidus was present in more northern
Iberian latitudes before it was replaced by L. europaeus. Previous
analyses of nuclear species-diagnostic SNPs had failed to detect any
trace of L. timidus genome in Iberian L. europaeus (Melo-Ferreira
et al., 2009), but the present study has suggested possible such cases in
two specimens. It could be that L. europaeus hybridised with
L. timidus before it entered Iberia (several such cases have been
documented in present populations; Suchentrunk et al., 2005; Thulin
et al., 2006). Alternatively, the populations it replaced in Iberia could
have been hybrids between L. timidus and L. granatensis, which is
plausible if the replacement of L. timidus by L. granatensis was still
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incomplete when L. europaeus arrived. Many more markers would be
needed to eventually solve this question, but our present conclusions
hold whatever was the exact composition of the hare populations that
L. europaeus replaced.

CONCLUSION

Taking advantage of the favourable geographical setting of the
interaction between L. europaeus and L. granatensis, we have demon-
strated that repeated hybridisation along the invasion front was a
major determinant of the massive mtDNA introgression into
L. europaeus. The same is likely to be true for the two other species
of Iberia, which provides a plausible explanation for the systematic
occurrence of the phenomenon. The mtDNA variability presently
found in Northern Iberia thus reflects to a certain extent the diversity
that was present in L. timidus before the major species range shifts
that led the three other species to occupy the region. The home-loving
boreal mitochondrial genome therefore survived several alien inva-
sions in Northern Iberia and became a stowaway successively in two
different species (L. granatensis followed by L. europaeus), and
apparently also twice in the same species (L. castroviejoi). Note
though that the clandestineness of this passenger would deserve
critical examination, because its high prevalence could have influ-
enced the evolution and adaptation of its carriers. As hybrid zones are
often established after species range shifts, mtDNA may often mark
ancient species distribution rather than current gene flow across a
hybrid zone stabilised after a major environmental change.
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