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Abstract

Introgressive hybridization is a widespread evolutionary phenomenon which may lead

to increased allelic variation at selective neutral loci and to transfer of fitness-related

traits to introgressed lineages. We inferred the population genetic structure of the

European roe deer (Capreolus capreolus) in Poland from mitochondrial (CR and cyt b)
and sex-linked markers (ZFX, SRY, DBY4 and DBY8). Analyses of CR mtDNA

sequences from 452 individuals indicated widespread introgression of Siberian roe

deer (C. pygargus) mtDNA in the European roe deer genome, 2000 km from the current

distribution range of C. pygargus. Introgressed individuals constituted 16.6% of the

deer studied. Nearly 75% of them possessed haplotypes belonging to the group which

arose 23 kyr ago and have not been detected within the natural range of Siberian roe

deer, indicating that majority of present introgression has ancient origin. Unlike the

mtDNA results, sex-specific markers did not show signs of introgression. Species dis-

tribution modelling analyses suggested that C. pygargus could have extended its range

as far west as Central Europe after last glacial maximum. The main hybridization event

was probably associated with range expansion of the most abundant European roe

deer lineage from western refugia and took place in Central Europe after the Younger

Dryas (10.8–10.0 ka BP). Initially, introgressed mtDNA variants could have spread out

on the wave of expansion through the mechanism of gene surfing, reaching high fre-

quencies in European roe deer populations and leading to observed asymmetrical gene

flow. Human-mediated introductions of C. pygargus had minimal effect on the extent

of mtDNA introgression.
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Introduction

Introgressive hybridization usually occurs between

closely related, evolutionarily young taxa with a sym-

patric or parapatric distribution (Irwin et al. 2009; Ca-

bria et al. 2011). Species that do not hybridize at

present may have done so in the past, possibly leav-

ing genetic signal (Melo-Ferreira et al. 2005; Osada

et al. 2010). Even a small amount of interbreeding can

lead to significant levels of introgression (Currat et al.

2008), so gene introgression can occur between species
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not known to hybridize extensively (Chan & Levin

2005).

Depending on the inheritance mode, some types of

genetic markers introgress more readily than others. In

animals, maternally inherited mitochondrial DNA

(mtDNA) often displays a substantially higher rate of

introgression than biparentally and paternally inherited

markers, leading to an asymmetric distribution of the

different marker types undergoing introgression (Currat

et al. 2008; Petit & Excoffier 2009). Toews & Brelsford

(2012) underlined the role of differential demography,

sex-biased dispersal and behavioural mating preference

in creating biogeographical disparities. Asymmetric

introgression of genetic markers can also arise as a by-

product of hybrid zone movement, as a moving hybrid

zone can, hypothetically, leave a tail of introgressed

alleles (Buggs 2007). The paucity of available data

(Boratynski et al. 2011; Derr et al. 2012) prevents us

from making unequivocal statements about the adap-

tive properties of mtDNA, which usually is seen as evo-

lutionarily neutral (Avise 2004).However, recent studies

have shown that the sequence variation of human

mtDNA worldwide was shaped by climate (Balloux

et al. 2009) and point to the strong effect of mitochon-

drial genetic variants on male fertility components and

reproductive fitness (Smith et al. 2010; Innocenti et al.

2011).

The European (Capreolus capreolus) and Siberian

(C. pygargus) roe deer are young sibling species from

Cervidae family inhabiting the Northern Hemisphere

from western Europe to the Pacific coast with a narrow

contact zone around the banks of the rivers Volga and

lower Don in Russia (Danilkin & Hewison 1996; Randi

et al. 1998; Fig. 1). Researchers have separated them as

independent species due to the lack of evidence for

interspecific mixing, their barely overlapping distribu-

tions together with a discontinuity of morphometric

traits and differences in karyotype and in behavioural

ecology (Hewison & Danilkin 2001). So far, there has

been no evidence of their interbreeding and hybridiza-

tion in nature, although experimental crossings have

been performed (Danilkin & Hewison 1996). Phylogeo-

graphical studies of C. capreolus, very limited in the

number of samples from Central and Eastern Europe,
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Fig. 1 Distribution of European Capreolus
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also did not show any signs of mtDNA introgression

(Vernesi et al. 2002; Randi et al. 2004). However, more

recent analysis of the European roe deer population

from Moscow area has revealed extensive introgression

of Siberian roe deer mtDNA (Zvychaynaya et al. 2011b),

implying that the earlier considerations about possibil-

ity of these two species interbreeding were too cautious.

Unexpectedly, our population genetic study of Euro-

pean roe deer indicated that introgression of C. pygargus

mitochondrial genome is widespread in Poland, nearly

2000 km westward from the contact zone of the species.

Besides natural processes, human activities have an

accumulative impact on the genetic integrity of popula-

tions and species through translocation and introduc-

tion of foreign species, often bringing them into contact

with previously isolated groups (Crispo et al. 2011).

These activities, often involving species of commercial

value and game species, multiply hybridization events

and increase preferential gene flow, blurring the evolu-

tionarily shaped large-scale phylogenetic structure of

native species (Excoffier et al. 2009). The roe deer also

experienced large-scale human-caused alterations. Dur-

ing the early twentieth century, both species underwent

major declines in numbers and shifts in their distribu-

tion, mainly due to deforestation and overhunting.

Changes in management practices enabled these two

species to restore their continuous ranges naturally and

re-establish a previously existing contact zone (Danilkin

& Hewison 1996). These important changes were

accompanied by introductions and translocations of

nearly 3000 animals of both species, mostly in western

Russia and Eastern Europe (Pavlov 1999), but only one

introduction of the Siberian roe deer, near Stavropol in

Russia, is known to have been successful (Danilkin &

Hewison 1996). There are only two available records of

introduction of the Siberian roe deer in Poland. Eleven

animals were released in the Bialowieza Primeval Forest

in 1891 (Pavlov 1999) and several in Silesia in 1909 (Gle-

iss 1967).

In this study, we address the consequent questions

about the possible character of hybridization event(s),

focusing on genetic signatures in mtDNA and sex-

linked markers that may quantify the impact of natural

or human-mediated hybridization on present genetic

structure of European roe deer populations in Poland.

We also investigate possible mechanisms underlying

widespread mtDNA introgression and the occurrence of

Siberian roe deer mtDNA so far beyond the present

contact zone of the species. We have performed species

distribution modelling to infer past range dynamics of

both species and the possibility of their co-occurrence

(simultaneous or consecutive) in Central Europe. Eco-

logical niche modelling procedures gave insights into

potential colonization (C. pygargus) and recolonization

(C. capreolus) routes in Central Europe, thus allowing us

to revisit phylogeographical patterns proposed for

European roe deer (Randi et al. 2004; Sommer et al.

2009).

Material and methods

Sample collection

The study covered the whole area of Poland (Fig. 1).

Muscle or skin samples from 452 legally shot European

roe deer (C. capreolus) were received from hunters dur-

ing the 2008–2010 hunting seasons. Samples consisting

of 10–37 individuals per population were collected from

21 populations (Table S1, Supporting information). The

reference samples for this study came from 16 Siberian

roe deer (C. pygargus) from western and central Siberia.

Species of the specimens were identified by morpholog-

ical traits (Danilkin & Hewison 1996).

Laboratory procedures

Total DNA was extracted from frozen tissues using the

DNeasy Blood & Tissue Kit (Qiagen). The mtDNA con-

trol region (CR; 525 bp) was amplified with primers

PRO and PHE (Wood & Phua 1996) for all individuals

studied. The complete cytochrome b gene (cyt b;

1140 bp) was amplified using primers ML103 and

MH104 (Chikuni et al. 1995) for 184 European roe deer

and 16 Siberian roe deer. Roe deer were also sequenced

at four sex-linked nuclear markers. Sex of the individu-

als was assessed using ZFX/ZFY gene system. The

ninth intron of the ZFX gene was amplified using prim-

ers ZFX_ F (50-ATAGCATGGGCAGCAGCTTA-30) and

ZFX _R (50-TCCATCAGAATTATTACCTAACAATGTG

CA-30) for 157 European roe deer (125 females and 32

males) and eight Siberian roe deer females. Y chromo-

some-specific fragments were amplified for 58 males: 51

European and seven Siberian roe deer. We used prim-

ers SRY_F (50- TGTTCAGAGTATTGAACGATGATGT

T-30) and SRY_R (50- TATTGAAAATAAGCGCAAGAAA

GTCCAGGCT -30) to amplify a 621-bp fragment of the

SRY gene and the primers developed by Hellborg &

Ellegren (2003) to amplify the DBY4 and DBY8

fragments of Y chromosome introns. ZFX and SRY

gene primers were designed using Primer3 (Rozen &

Skaletsky 1999) and FastPCR (Kalendar et al. 2009)

software. The details of the PCRs and specific amplifica-

tion procedures are given in Appendix S1 (Support-

ing information). DNA sequences were aligned with

BIOEDIT v7.0.4 (Hall 1999) and revised manually. ZFX

alleles were assessed using the algorithms provided

in PHASE as implemented in DNASP v5.10 (Librado &

Rozas 2009).
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Population genetics and identification of introgressed
individuals

All the roe deer occurring in Poland are classified by

morphology as European roe deer, Capreolus capreolus

(Pucek 1981). Individuals possessing Siberian roe deer

mtDNA were designated as introgressed individuals,

and their frequency was estimated in each population.

The number of polymorphic sites and haplotypes (Nh),

haplotype diversity (h) and nucleotide diversity (p)
were calculated for species-specific mtDNA lineages

(separately for CR and cyt b) and for concatenated

mtDNA sequences, using ARLEQUIN v3.5.1.2 (Excoffier &

Lischer 2010).

Analysis of molecular variance (AMOVA) was used to

assess the partitioning of genetic differences among

populations and species-specific CR mtDNA lineages

(Excoffier et al. 1992). Spatial analysis of molecular vari-

ance (SAMOVA; Dupanloup et al. 2002) was carried out to

identify genetically distinct populations based on CR

mtDNA haplotype data for comparison with their geo-

graphical location. AMOVA and SAMOVA analyses were

conducted using only the samples from Poland (Appen-

dix S1, Supporting information).

Phylogenetic and phylogeographical analyses

Phylogenetic analyses were conducted to assess

whether any of the European roe deer from Poland had

introgressed mtDNA or sex-linked genes from Siberian

roe deer. Phylogenetic relationships within the genus

Capreolus were reconstructed using the Bayesian

approach implemented in BEAST v1.7.2 (Drummond et al.

2012) for two data sets: control region alone and concat-

enated sequences of CR and cyt b. We used a single

accession of each haplotype found in this study, addi-

tional mtDNA sequences from C. capreolus and C. py-

gargus downloaded from GenBank and the sequence of

the water deer (Hydropotes inermis, EU315254.1) as out-

group. In these analyses, we used nucleotide substitu-

tion models selected under the Akaike information

criterion (AIC) implemented in JMODELTEST 0.1.1 (Posada

2008): HKY+I+G for CR and HKY+I for cyt b. For our

analyses, we used the Yule process tree prior (Gernhard

2008). Each Bayesian analysis run consisted of an

MCMC chain with 30 000 000 iterations sampled every

3000th generation; the first 10% of the iterations were

the burn-in. The sampled trees were annotated in Tre-

eAnnotator v1.7.2 (BEAST software) and visualized in

Figtree v1.3.1 (http://tree.bio.ed.ac.uk/software/fig-

tree).

To explore the haplotype genealogies for mtDNA

markers, ZFX and Y-specific chromosome sequences,

median joining networks were constructed in NETWORK

v4.6.1.0 (http://www.fluxus-engineering.com). To check

whether CR mtDNA sequences were noted previ-

ously in the literature, we compared our data with

sequences of C. capreolus and C. pygargus CR mtDNA

obtained from GenBank (Table S1, Supporting informa-

tion).

To test the hypothesis of recent population growth,

we used Fu’s (1997) FS-statistics, the raggedness index

and the pairwise mismatch distribution method. The

statistics were calculated in ARLEQUIN. Departure from a

model of sudden expansion was tested for CR mtDNA

clades of C. capreolus and pooled C. pygargus mtDNA

haplotypes found in the European roe deer genome in

Poland. This inferred the expansion of European roe

deer possessing C. capreolus or C. pygargus haplotypes.

The squared differences (SSD) between expected and

observed mismatch distributions were summed, and

parametric bootstrapping with 1000 replicates was used

(Excoffier 2004). For a haplogroup for which an expan-

sion model could not be rejected and the distribution

was unimodal, we estimated the expansion time from

the mismatch distribution (s) as t = s/2u, where t is the

expansion time in generations and u is the substitution

rate per generation for the whole sequence (Rogers

1995). We assumed a mutation rate of 0.04–0.08 substi-

tutions 9 10�6 (Randi et al. 1998) 9 n nucleotides per

generation time g = 4 years (Nilsen et al. 2009). To test

whether species-specific cyt b amino acid sequences

show signs of adaptive protein evolution, we performed

the McDonald–Kreitman test (McDonald & Kreitman

1991) in DNASP v5.10.

We used the Bayesian approach implemented in BEAST

to calculate the time of divergence from the most recent

common ancestor (TMRCA), for mtDNA CR and cyt b

separately. We applied a strict molecular clock with

previously reported mutation rates for the control

region (4% and 8% per Ma) and cytochrome b (2% per

Ma) in ungulates (Randi et al. 1998). The computations

proceeded as for phylogenetic relationship reconstruc-

tion described above. The results of independent runs

were combined using LOGCOMBINER v1.7.2 (BEAST soft-

ware).

Species distribution modelling

Both species distribution modelling was conducted to

estimate the probability of their co-occurrence in Cen-

tral Europe in the past (simultaneously or consecu-

tively). Maximum entropy method using MAXENT 3.3.3k

software (Phillips et al. 2006; Elith et al. 2011) was used

to build the models of distribution at the present condi-

tions, last glacial maximum (LGM, c. 21 kyr BP) and

last interglacial (LIG, c. 120–140 kyr BP; details in

Appendix S1, Supporting information).

© 2014 John Wiley & Sons Ltd
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Distribution of species-specific mtDNA vs.
environmental variables

To investigate the possible impact of environmental fac-

tors on the distribution of roe deer possessing mtDNA of

C. pygargus in Poland, we performed multivariate multi-

ple regression using DISTLM v5 (Anderson 2004). The fre-

quencies of roe deer possessing C. pygargus mtDNA

haplotypes for all 21 sampling locations were used to

construct the response matrix and tested against the fol-

lowing predictor matrices: geographical distance, aver-

age temperature in January, number of days with

temperature below 0 °C, number of days with snow

cover, average snow cover depth, average annual rainfall

and sample position with respect to the Vistula River.

Selected climatic factors are considered to be the most

important, limiting the distribution of both roe deer spe-

cies (Danilkin & Hewison 1996), and the Vistula River

was chosen as potential latitudinal environmental barrier

in Poland. Marginal tests of each predictor were made,

followed by conditional tests where latitude and longi-

tude were included as covariables to the predictor vari-

ables. Then, sequential tests were run, employing a

forward selection procedure to produce a combined

model of C. pygargus mtDNA distribution among the

studied roe deer populations, using DISTLM forward v1.3

(Anderson 2003). The P values were obtained from 9999

permutations. Environmental variables were taken from

the Climate Atlas of Poland (Lorenc 2005).

Results

Level of mtDNA introgression and phylogenetic
analyses

The CR sequences were generated for 452 roe deer

hunted in Poland. The alignment showed 60 differ-

ent haplotypes (GenBank accession nos KJ558223–

KJ558287). The majority of sequences (377) gave 51

haplotypes and formed a European roe deer lineage.

Interestingly, the remaining nine haplotypes belonged

to the Siberian roe deer lineage (Table S1, Supporting

information). Alignment of cyt b sequences (GenBank

nos KJ558288–KJ558338) gave fewer haplotypes (46)

than CR mtDNA in both the C. capreolus and the C. py-

gargus mtDNA lineages. Genetic diversity indices for

combined and separate mtDNA markers found in Euro-

pean roe deer in Poland are given in Table 1.

Bayesian phylogenetic reconstruction based on CR

mtDNA roe deer sequences from Poland confirmed a

clear division into two different clades corresponding to

European and Siberian roe deer at observed 4.2% nucleo-

tide divergence and an average 26.1 nucleotide substitu-

tions (Fig. 2). High intraspecific similarity and large

interspecific differences at mitochondrial markers ruled

out incomplete lineage sorting as a possible scenario

explaining the genetic variability found in European roe

deer. The CR mtDNA of C. capreolus fell into three ha-

plogroups coinciding with those named by Randi et al.

(2004) as Clade Central, Clade West and Clade East, with

the majority (65% of the individuals) grouped in Clade

Central. The results for concatenated phylogenetic analy-

sis of CR and cyt b data (Fig. S1, Supporting information)

were broadly consistent with the CR tree (Fig. 2) and

revealed higher divergence of three C. capreolus clades.

The less abundant Clade West, with only four haplo-

types (5.3% of individuals), was significantly specified

(Fig. S1, Supporting information). Among the 37 identi-

fied CR mtDNA haplotypes from Clade Central, the two

most frequent haplotypes (H1 and H10) were present in

almost every population (19.9% and 7.7% of the individ-

uals studied, respectively). The haplotypes from Clade

West were distributed in the north and southeast of

Poland, with frequencies ranging from 3.2% to 22.6%.

CR mtDNA haplotypes belonging to Clade East were

identified in 13 populations from northeastern, south-

eastern and central Poland, with frequencies up to 30–

40% (Fig. S2, Supporting information).

Foreign CR mtDNA haplotypes were present in 12 of

the 21 populations. Introgressed individuals constituted

16.6% of the deer studied; they were found in the east

and southeast of the study area at frequencies ranging

from 7.1% to 50% (Fig. 1). Using Siberian roe deer CR

mtDNA accessions from GenBank, we were able to

determine the approximate geographical origin of those

Table 1 Summary of genetic diversity for different markers found in European roe deer in Poland

Marker N

mtDNA C. capreolus mtDNA C. pygargus

Nind Nh h (SD) p (SD) Nind Nh h (SD) p (SD)

Control region 452 377 51 0.92 (0.01) 0.009 (0.005) 75 9 0.71 (0.03) 0.006 (0.004)

Cytochrome b 184 114 42 0.93 (0.02) 0.006 (0.003) 70 4 0.42 (0.06) 0.002 (0.001)

CR + cyt b 184 114 67 0.98 (0.05) 0.008 (0.004) 70 10 0.72 (0.04) 0.004 (0.002)

N, sample size; Nind, number of individuals with mtDNA of C. capreolus or C. pygargus; Nh, number of haplotypes; h, haplotype

diversity; p, nucleotide diversity; SD, standard deviations.
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Fig. 2 Bayesian tree based on mtDNA control region sequences found in Polish roe deer populations (haplotypes H1–H60). Division
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CP5, haplotypes of reference C. pygargus samples from western and central Siberia. Remaining C. pygargus haplotypes from Zvychay-
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haplotypes found in the European roe deer genome.

Seven of them (haplotypes H52–H58) were grouped

with haplotypes from western and central Siberia. The

other two (H59 and H60) had their origin in the Altai

Mountains. Despite strong statistical support for subc-

lades within the Siberian roe deer lineage, both CR

mtDNA and concatenated CR and cyt b trees showed

no clear geographical structure, as the haplotypes from

central Siberia clustered with those from western Sibe-

ria or formed a separate group (Fig. 2 and Fig. S1, Sup-

porting information).

The time to TMRCA for the clades containing the two

roe deer species was estimated at 0.81 Ma (95% highest

posterior density interval, HPD 0.35–1.21 Ma) using

concatenated CR and cyt b sequences. The age estimate

for the divergence of Clade West and Clade East from

Clade Central of C. capreolus was 0.29–0.35 Ma, similar

to TMRCA estimated for the C. pygargus lineages

(0.37 Ma, 95% HPD 0.17–0.53 Ma; Fig. S2, Supporting

information).

The two species lineages identified by Bayesian phy-

logeny reconstruction were recovered in the networks

constructed using CR mtDNA (not shown) and cyt b

mtDNA. The species-specific lineages were completely

separated by at least 34 mutation steps. The cyt b net-

work also delineated three separate haplogroups within

the European roe deer, suggesting the presence of a

strong phylogeographical structure. The most geograph-

ically widespread Clade Central is characterized by

starlike shape and 30 haplotypes that differ by 1–3

mutation steps from the most frequent haplotype. The

Siberian roe deer cyt b lineage is reticulated and con-

tains four subclades with many distinct haplotypes.

Two of those subclades are composed of haplotypes

found in the European roe deer mtDNA genome in

Poland (Fig. S3, Supporting information).

Sex-linked markers

Unlike the mtDNA results, sex-specific markers did not

show signs of introgression. The sequences of the two

roe deer species were distinguished by two (ZFX gene)

or four (concatenated Y chromosome markers) specific

nucleotide differences (Fig. 3). Our alignment of the

ZFX gene (465 bp) from 157 European roe deer and

eight Siberian roe deer includes five alleles (GenBank

accession nos KJ558339–KJ558343). Two ZFX alleles (A1

and A2) found in European roe deer were not shared

with Siberian roe deer. Additionally, allele A1 was

noted in C. capreolus and introgressed individuals

(Fig. 3A). The alignment of concatenated Y chromosome

markers (880 bp) from 51 European roe deer and seven

Siberian roe deer males revealed four haplotypes (Gen-

Bank accession nos KJ558344–KJ558347). Likewise, for Y

chromosome markers, haplotypes H1, H2 and H3 were

only found in the European roe deer. Two of them (H1

and H2) were found in European roe deer males

despite their mtDNA origin (Fig. 3B).

MtDNA diversity and population structure

The mtDNA haplotype phylogeny of roe deer in Poland

reflects a high level of variation (Fig. 2). In the light of

this, we carried out AMOVA of two species-specific

mtDNA lineages. Genetic variation was significantly sub-

divided into three components. Due to the level of intro-

gression, most of the genetic diversity reflects differences

between species-specific mtDNA lineages (ΦCT = 0.84)

and within populations (ΦST = 0.87). The smallest por-

tion of total molecular variance was distributed between

populations within species-specific lineages (Table 2).

Interestingly, SAMOVA of both species-specific lineages

gave the same picture of genetic differentiation among

population groups. Analyses on C. capreolus mtDNA

indicated that the major increase in ΦCT was for K = 3

(ΦCT = 0.157, P < 0.05), where three populations formed

two separate groups (9–11 and 12) opposite the group

consisting of the other 18 populations. When SAMOVA was

carried out on C. pygargus mtDNA and 12 introgressed

populations, genetic differentiation among groups also

was maximal when K = 3 (ΦCT = 0.593, P < 0.05), with

(B)

H1

H2

H3
H4

(A)

A1

A2

C. capreolus C. pygargus

A3
A4A5

Fig. 3 Median joining networks based on ZFX gene (A) and

three concatenated Y chromosome-specific fragments: SRY

gene, DBY4 and DBY8 (B) in European and Siberian roe deer.

Each circle represents a single allele/haplotype and is scaled

by its frequency in the whole sample. Proportion of individuals

possessing mtDNA of C. pygargus is marked in grey.
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southeastern populations 11 and 12 forming two sepa-

rate groups opposite the rest (1-3-5-6-7-8-9-13-14-15).

The grouping of populations obtained with K = 3 was

in agreement with founding CR mtDNA haplotypes

of C. pygargus originating from the Altai Mountains

and rare haplotypes of C. capreolus from Clade East in

populations 11 and 12 (Fig. 2, Table S1, Supporting

information).

Demographic expansion and spatial expansion were

detected only in Clade Central of C. capreolus. Fu’s value

computed from CR mtDNA was negative for this clade

(Fs = �24.84, P < 0.0001). Tajima’s neutrality test was

also negative but not significant (D = �1.29, P > 0.05).

For cyt b, however, the D value was significant

(D = �2.34, P < 0.001). Still, the McDonald–Kreitman

test did not show significant signs of adaptive protein

evolution and indicated only two fixed nonsynonymous

mutations between European and Siberian roe deer, as

compared to 21 fixed synonymous substitutions between

species. Additionally, the mismatch distribution of Clade

Central fits the unimodal curves expected under a sud-

den expansion model (SDD = 0.001, P > 0.05, R = 0.025,

P < 0.05; Fig. S4, Supporting information). The main

demographic expansion event occurred at s = 2.55 and

involved a population change from an initial h0 = 0.03

(95% C.I. 0–0.78) to a final h1 = 20.58 (95% C.I. 6.92–

9999.99). The spatial expansion occurred at s = 2.49

(h = 0.01, 95% C.I. 0–1.23). Assuming a CR mtDNA

mutation rate of 0.04–0.08 substitutions per site per mil-

lion years and a generation time of 4 years, both the

demographic expansion and spatial expansion of Clade

Central took place between 7.4 ka BP and 15.1 ka BP.

Species distribution modelling

Models of present roe deer distribution fitted the actual

species distribution. The mean area under the receiver

operating curve (AUC) reached 0.941, which indicated

high predictive power of the C. capreolus model. Poten-

tial suitable habitats for Siberian roe deer were located

along the northern edge of the actual range and in

greater part of China, and the AUC value was also high

(0.881). Additionally, present distribution model for

Siberian roe deer showed potential habitats of suitabil-

ity 0.2–0.4 spanning westward to Central Europe,

whereas no suitable habitats were found eastward from

the present distribution for European roe deer (Fig.

S5A, Supporting information).

Jackknife test suggested the annual mean temperature

as the most important factor in the C. pygargus distribu-

tion model and both the minimum temperature of the

coldest month and the annual mean temperature as the

most important factors in the C. capreolus model. Other

temperature variables were significant for both species,

while precipitation appeared to be less relevant.

Distribution of species-specific mtDNA vs.
environmental variables

A test for the influence of geographical coordinates on

genetic population structure showed that frequency of

introgressed individuals in a population depended on

longitude (P = 0.004) but not on latitude (P = 0.072;

Table 3). Temperature in January, snow cover depth,

days with snow cover, number of days below 0 °C and

location with respect to the Vistula River also had signifi-

cant effects on maintenance of Siberian roe deer mtDNA

in the European roe deer genome. When geographical

coordinates were incorporated as covariables in a condi-

tional test, none of the analysed factors remained signifi-

cant, but a sequential test fitted temperature in January

prior to longitude and all other climatic factors (42.04%

of variation explained, P = 0.003; Table 3).

Discussion

Levels of introgression

Our finding of unexpectedly high genetic variability of

mitochondrial markers in the European roe deer is a

compelling example of introgressive hybridization of

the mtDNA genome between closely related mammal

species, the European and Siberian roe deer. The for-

eign mtDNA observed in C. capreolus from Poland

breaches the distribution range of the European roe

deer, crossing the current westward distribution range

of Siberian roe deer by approximately 2000 km (Fig. 1).

It covers <50% of the longitudinal range of C. capreo-

lus, assuming consistency of introgression cline in the

eastward direction. The level of introgression reached

23% when only the eastern and southeastern Polish

Table 2 Results of hierarchical analysis of molecular variance

(AMOVA)

Variance component Variance % total P

Φ-
statistics

Between species-

specific

mtDNA lineages

12.02 84.12 <0.001 ΦCT 0.84

Between populations

within species-

specific

mtDNA lineages

0.39 2.75 <0.001 ΦSC 0.17

Within populations 1.88 13.14 <0.001 ΦST 0.87

P, probability of obtaining a greater-than-observed variance

value by chance alone. Significance for Φ-statistics (P < 0.05,

1000 permutations) is in bold type.
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populations of European roe deer were included.

These two results suggest that this unique example

should not be considered as massive introgression by

the means of scoring system applied by Toews &

Brelsford (2012).

The described widespread introgression of C. pygar-

gus mtDNA into the C. capreolus genome was not

accompanied by introgression of sex-linked markers.

Reduced introgression of sex-linked markers is consis-

tent with greater abundance of species incompatibilities

on sex chromosomes (Baack & Rieseberg 2007). Mecha-

nism of primary ancient introgression during postgla-

cial range expansion of C. capreolus with subsequent

C. pygargus range replacement, as proposed below,

should drive geographical mito-nuclear discordance by

preferential introgression of genes experiencing low

intraspecific gene flow (mtDNA). Preliminary results of

our genome-wide analysis using paired-end RAD-tag

sequencing (unpublished data) also indicated very lim-

ited introgression of nuclear genes and confirmed that

recent European and Siberian roe deer hybrids are not

present in the populations studied.

Pathway of hybridization and mechanism of mtDNA
introgression

Moderate-to-high levels of introgression and regularity

of Siberian roe deer mtDNA cline allow us to hypothesize

that the current genetic structure of C. capreolus in east-

ern and southeastern Poland represents mostly a tail of

natural postglacial introgressive hybridization, the rem-

nant of an ancient range extension of C. pygargus. It

would require co-occurrence of these two species in

Central Europe after LGM, although there is no fossil

evidence for Siberian roe deer appearing further west

than Kiev, Ukraine (Danilkin & Hewison 1996). Our

species distribution modelling analyses could not yield

direct proof of such co-occurrence, because little past

climatic predictions restrained to LGM and LIG condi-

tions are available. Nevertheless, distribution of Euro-

pean roe deer tends to be more affected by cold glacial

cycles and shows no present eastward colonization

potential, whereas distribution of Siberian roe deer

tends to be less restrained by harsh climate, displaying

low potential for colonization of Eastern Europe territo-

ries in the present.

The analyses also indicated that during LIG (ca. 120–

140 kyr BP), C. pygargus could have extended its range

as far west as Central Europe (Fig. 4B). Thus, we sug-

gest that after the LGM, the Siberian roe deer most

likely established populations in Eastern Europe, proba-

bly reaching the territory of present-day Poland. Shortly

thereafter, however, postglacial climate amelioration

enabled more temperate species such as the European

roe deer to expand eastward. Fu’s Fs test and the mis-

match distribution of C. capreolus Clade Central corre-

spond to spatial expansion of the population in this

area at 7.4–14.8 ka BP, probably after the Younger

Dryas (10.8–10.0 ka BP). This range expansion of C. ca-

preolus likely brought the two roe deer species into

broader contact and led to interbreeding.

The observed asymmetrical gene flow resembles

many cases of interspecific introgression, when a

species expanding its range is massively introgressed

by local genes, mostly by those experiencing reduced

gene flow (Currat et al. 2008). It has been suggested

that such asymmetry can arise due to a demographic

imbalance between two species at the wave front,

where the population of the expanding species initially

is at lower density. As a consequence, genes introgres-

sed on the wave front of range expansion can reach

very high frequencies, even near-complete fixation,

when new habitats are colonized (Currat et al. 2008;

Excoffier et al. 2009). Most probably, a similar scenario

prevailed during the range expansion of the European

roe deer; although characterized by low dispersal

potential, its average density and whole population

number (indicating rapid growth potential) exceed

those of Siberian roe deer by a factor of 10 (Danilkin &

Hewison 1996). It is supported by recent studies of

European roe deer populations inhabiting the Moscow

area: the frequency of foreign mtDNA in C. capreolus

Table 3 Effects of abiotic and climatic factors on C. pygargus

mtDNA distribution in 21 studied roe deer populations in

Poland

Factor

Marginal

tests

Conditional

tests

Sequential

tests

% var P % var P % var P

Temperature

in January

42.04 0.003 5.33 0.180 42.04 0.003

Latitude 14.09 0.072 — — 9.53 0.089

Snow cover

depth

41.23 0.003 10.81 0.053 5.85 0.157

Annual rainfall 13.72 0.106 3.82 0.288 2.70 0.290

No. of days

below 0 °C
34.53 0.008 3.64 0.285 0.51 0.656

Vistula River 28.42 0.013 0.65 0.678 0.45 0.684

Days with

snow cover

41.08 0.002 2.66 0.338 0.27 0.797

Longitude 40.22 0.004 — — 0.27 0.742

Coordinates 46.46 0.009 — — — —

% var, percentage of genetic variation explained by the particu-

lar variable; P, probability values.

Marginal and sequential tests of the forward selection proce-

dure are reported. The top-down sequence of variables corre-

sponds to the sequence indicated by the forward selection

procedure (sequential tests).
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populations was even higher (80%) than that in Poland

(Zvychaynaya et al. 2011b).

In our opinion, the mechanism of the described wide-

spread mtDNA introgression was mostly driven by

demographic disparities between retracting Siberian

and expanding European roe deer. In the particular

case of the introgressive hybridization at the wave

front, hybrid matings should occur predominantly

between females of the rare species and males of the

common species (Chan & Levin 2005). Present species

demography suggests that Siberian roe deer females

have been in minority, therefore pointing to the direc-

tion of introgression asymmetry. Between the two spe-

cies, body size differences should not be decisive in

hybridization limitation, as about 20% of artificial inter-

specific crosses resulted in birth of live offspring with-

out any form of assistance (Hewison & Danilkin 2001).

Phylogeny reconstruction in the genus Capreolus has

also yielded some insights into possible scenario of

hybridization. Among the CR mtDNA haplotypes of

C. pygargus found in the European roe deer populations

in Poland, we identified a relatively young, phylogenet-

ically distinct group of haplotypes (H52–H54, H57 and

H58; Fig. 2). It arose 23 kyr ago at the latest, and the

haplotypes were possessed by most of the introgressed

individuals (nearly 75%) and were found in every

admixed population. The haplotypes are closely related

to those found in Siberian roe deer from western and

central Siberia but have not been detected within its

natural distribution range in previous species-wide

studies (Vorobieva et al. 2011; Zvychaynaya et al.

2011a), suggesting ancient origin of present introgres-

sion. The same unique C. pygargus haplotypes found in

Poland were also predominant in the Moscow area

(Zvychaynaya et al. 2011b), which supports the pro-

posed gene surfing on the eastward expansion wave of

European roe deer after hybridization event(s) with

Siberian roe deer in Central Europe. A similar pattern

was described in Myodes gapperi populations where int-

rogressed individuals possessed distinct genetic signa-

ture from M. rutilus, not shared with pure populations

of M. rutilus (Runck et al. 2009).

Human-mediated introductions of C. pygargus could

have only complemented the extent of mainly natural

introgression. Genetic legacy of nearly 1500 Siberian roe

deer introduced in Eastern Europe during the twentieth

century can be easily spotted. However, in most cases,

their success was largely hindered by small group size

and unfavourable sex ratio (Danilkin & Hewison 1996)

and interbreeding with introgressed C. capreolus indi-

viduals prevailing in Eastern Europe. The presence of

two haplotypes (H59 and H60) belonging to a group

currently found only in the Altai Mountains (Vorobieva

et al. 2011) is most likely the result of introductions of

Siberian roe deer in nineteenth and twentieth centuries

in Poland, Slovakia or Ukraine (Danilkin & Hewison

1996), as the haplotypes’ occurrence was limited to the

southeastern Poland.

European roe deer main recolonization routes revisited

The European roe deer was present in Europe at least

600 000 years ago. Since then, its distribution range has

been pushed and pulled by the numerous interglacial

and glacial phases of the Pleistocene, causing major

contractions and expansions during the Late Quater-

nary (Sommer et al. 2009). The first Europe-wide assess-

ment of C. capreolus phylogeography suggested the

presence of multiple glacial refugia, with Iberia and the

Balkans as the most important, that could have contrib-

uted to the postglacial colonization of Central Europe

(Randi et al. 2004). In contrast, more recent review by

Sommer et al. (2009) combining patterns of genetic data

and fossil records suggests that recolonization process

of Central Europe was completed by the second wave

of advance of European roe deer, coinciding with

climate amelioration after the Younger Dryas. In the

light of the available genetic data, findings of roe deer

fossils in the Carpathians ring region led to the hypoth-

esis that this common ungulate colonized most parts of

European lowlands from Carpathian and/or eastern

European refugia.

With our new results from Poland, a previously un-

derexamined but phylogeographically important area

(A) (B)

Fig. 4 Habitat suitability prediction for the Last Interglacial (ca. 120–140 kyr BP) of European (A) and Siberian roe deer (B).
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where many intra- and interspecific lineages met after

LGM (Hewitt 2004), we were able to revisit the recol-

onization patterns proposed for European roe deer.

Our species distribution modelling to LGM under MI-

ROC model was highly consistent with fossil findings

of roe deer in the Carpathian region (Sommer et al.

2009), indicating suitable habitats exactly in Carpathian

Mountains and present-day Bulgaria which could have

served as refugia (Fig. 5). Most importantly, this model

showed possible western refugia in France and even

north from the Alps, in southern Germany. We sug-

gest that measurable effect of colonization from south-

ern refugia was most likely shifted and suppressed by

range expansion from western refuge as mtDNA hapl-

otypes of Clade East originating from southern refugia

were limited in distribution mostly to southeastern

Poland (Fig. S2, Supporting information). Only, the

eastward recolonization of presently most abundant

European roe deer mtDNA lineage (Clade Central)

could have enabled the spread of initial introgression

from Siberian roe deer straight up to Moscow region

(as shown in Fig. 5).

Distribution of species-specific mtDNA vs.
environmental variables

The proposed mechanism of widespread mtDNA intro-

gression during the range expansion of European roe

deer does not comprehensively explain the persistent

maintenance of Siberian roe deer mtDNA variants over

time. The nature of selection process could not be easily

inferred, as both neutral and advantageous mutations

can spread in the invading species, creating very similar

spatial distribution of introgressed alleles (Excoffier

et al. 2009). We did not find an unusual pattern of Sibe-

rian roe deer mtDNA in Poland and did not detect any

signs of positive selection on the cytochrome b gene in

the McDonald–Kreitman test. However, multivariate

multiple regression analysis not incorporating geo-

graphical coordinates suggested that a number of fac-

tors including temperature in January, snow cover

depth and days with snow cover could influence the

maintenance of Siberian roe deer mtDNA in the Euro-

pean roe deer genome. Snow cover depth and the dura-

tion of the snow period along with the predominant

vegetation type were ranked as the most important fac-

tors limiting the distribution of both roe deer species.

The first two factors negatively affect roe deer survival

by exposing them to carnivores and reducing food

resource availability (Danilkin & Hewison 1996).

Hybridization with the Siberian roe deer, the bigger of

the two species and better adapted to severe weather

conditions, could have led to introgression of functional

parts of the genome including quantitative traits

enabling survival in eastern and southeastern Poland

where the harsh continental climate creates unfavourable

Refuge

Refuge Refuge

Refuge

Fig. 5 Hypothesized postglacial recolon-

ization routes of Central Europe by roe

deer. Siberian roe deer lineage in red.

European roe deer lineages: Clade Cen-

tral in green, Clade East in blue and

Clade West in yellow. Records of Clade

West in Italian Alps and Iberian Peninsu-

la after Randi et al. (2004).
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conditions for temperate species. However, none of the

environmental or climatic variables had a significant

effect on the distribution of species-specific mtDNA lin-

eages when geographical coordinates were incorporated

as covariables. It is most likely an outcome of geograph-

ical distribution of species-specific mtDNA lineages

which follow east–west cline. More analyses are needed

to confirm whether maintenance of C. pygargus mtDNA

is a result of adaptive introgression dependent on envi-

ronmental variables or a by-product of stochastic demo-

graphic changes occurring in natural populations.
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