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Abstract

We clarify the contribution of gene introgression in the recovery of the sable Martes zibellina, which has undergone signifi-
cant population declines by the end of the nineteenth century. To verify the contribution of interspecific gene introgression,
variation among the sable and the pine marten Martes martes was investigated utilizing restriction fragment analysis of the
mitochondrial cytochrome b gene as a genetic markers. Evidence of symmetric introgression of mitochondrial genes between
the species was detected. Frequency of marten haplotypes in the sable was 8.3%, while sable haplotype was found in 10%
of the martens. The low frequency of mitochondrial DNA haplotype A indicates a comparatively low portion of the Eastern
lines in the current sable populations in Western Siberia, despite the introduction of a large number of Eastern sable subspe-
cies. These findings are of great importance for the conservation genetics of the sable. Overhunting of the sable as a more
fur valuable species than the pine marten may lead to violation of the dynamic equilibrium between genetic systems of these
related species. Mitochondrial markers can be used to identify genetic lines of other species or subspecies in hybrid zones.

Keywords Martes zibellina - Martes martes - mtDNA - Reintroduction - Introgression - Hybrid zone

Introduction

In recent years, due to the use of molecular methods, inter-
specific hybridization and gene introgression for many
animal species have been evidenced. Gene introgression
is the incorporation of genetic material from one species
into the genome of the other. Recently diverged species can
have incomplete reproductive barriers, allowing gene intro-
gression. The effects of gene introgression on the genetic
structure of wild populations have been investigated by
many researchers. Staubach et al. (2012) investigated gene
transmission between subspecies of the house mouse Mus
musculus domesticus and M. m. musculus. Authors argue
that at least 10% of the genome was affected by partial or
full introgression. In other species the share of incorporated
genes from “sister” species varied from 2—4 to 27% (Fedorov
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et al. 2009; Harris and Nielsen 2016). In some cases, com-
plete replacement of the mitochondrial genome took place
(Zieliniski et al. 2013). Interspecific gene introgression has
been shown to be a widespread phenomenon in many animal
groups from helminthes (Detwiler and Criscione 2010) and
insects (Llopart et al. 2014) to amphibians (Liu et al. 2010;
Zieliniski et al. 2013), birds (Fedorov et al. 2009) and mam-
mals (Tegelstrom 1987; Beaumont et al. 2001; Murtskh-
valadze et al. 2012), including humans (Wills 2011; Harris
and Nielsen 2016). Due to the prevalence of introgression in
natural populations, the hypothesis of adaptive significance
of this phenomenon has been verified (Hawks and Cochran
2006; Llopart et al. 2014). Introgression can have different
evolutionary consequences, such as rapid evolution of new
hybrid forms, or, on the contrary, extinction of native spe-
cies. Thus, this process has strong implications for genetic
diversity conservation.

Mustelidae are one of mammalian groups with frequent
interspecific hybridization. Davison et al. (2001) hypoth-
esized that there was interspecific mitochondrial introgres-
sion between M. martes and the sable M. zibellina in Fen-
noscandia. Stone and Cook (2002) pointed that “americana”
and “caurina” subspecies groups of Martes americana Tur-
ton, 1806 may interbreed in a region of limited geographic
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overlap. Kyle et al. (2003) and Jordan et al. (2012) found
evidence of hybridization of M. americana with M. martes
in England. Lode et al. (2005) detected natural hybridiza-
tion events between two native species, the European mink
Mustela lutreola L., 1761 and the European polecat Mustela
putorius L., 1758. Frequent interspecific hybridization in
this group of animals may be due to low genetic differentia-
tion and recent divergence in evolution (Davison et al. 2000;
Sato et al. 2003) or may be associated with the scarcity of
mating partners for rare species (Lode et al. 2005).

In addition to natural processes, human factors can have
a major impact on the distribution of animals, creating new
hybrid zones, with little-known consequences for the genetic
integrity of species. This group tends to have a high eco-
nomic value because of their valuable fur. Therefore, many
species of this group are subject to anthropogenic influence.
Some species (Mustela putorius L., 1758) have been domes-
ticated, while others (Neovison vison Schreber, 1777) have
been introduced into new territories. Moreover, many spe-
cies (Enhydra lutris L., 1758, Mustela lutreola L., 1761)
have undergone significant population declines due to over-
hunting. The sable Martes zibellina L., 1758 is a species
in which all these phenomena have taken place. As a result
of overhunting, the sable population number significantly
declined almost to zero in some areas in the late nineteenth
century and was restored in the 1970s following the ban on
hunting, establishment of reserves, and reintroduction pro-
grams. The sable population structure was poorly understood
prior the population crash. Some authors have identified
several sable subspecies based on morphology, especially
the body size and the fur color that are important for the
skin value. These subspecies have been named according
to the distribution area: the Western Siberian sable M. z.
zibellina, the Yenisey sable M. z. yenisejensis, the Sayan
sable M. z. sajanensis, the Barguzin sable M. z. princeps,
the Sakhalin sable M. z. sahalinensis, the Kamchatka sable
M. z. kamtschadalica. As some sable subspecies had more
valuable fur than others ones, they were used to recover the
number of the endangered subspecies and to improve the
quality of their fur. In Western Siberia, small local popula-
tions were preserved during depressed population growth.
Nevertheless, several thousands of individuals from different
sable subspecies were released to speed up the restoration
of the Western Siberian sable population number (Bobrov
et al. 2008, 2011). Thus, intensive mixing of the sable gene
pool occurred. Although a recent study has shown that the
restored sable populations from different regions maintain
their specific features, the whole effect of such mixing on
the sable subspecies structure is not known (Kashtanov et al.
2015).

In addition, there is a hybrid zone and gene intro-
gression between the sable and the “sister” species pine
marten Martes martes L., 1758 in the Urals and Siberia
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(Rozhnov et al. 2010; Kassal and Sidorov 2013; Zhigi-
leva et al. 2014a). The sable and the pine marten differ in
color and quality of fur, size and shape of neck spot and
head, and tail length. Hybrids differ from parental species
having intermediate values of all these parameters. The
proportion of such ‘atypical’ individuals in some areas of
Western Siberia varies from 5.6 to 42.9% among sables
and from 0 to 66.7% among martens. Hybrids are fertile
in backcrossing with their parental species, especially with
the sable (Starkov 1947). Effects of interspecific hybridi-
zation on the sable population recovering have not been
investigated.

The aim of this paper is to clarify the contribution of
gene introgression in recovering the sable population num-
ber. Specifically, we test two hypotheses. The first hypoth-
esis is that the genetic contribution of the sable subspecies
introduced into the territory of Western Siberia is insig-
nificant in the current status of the local sable population
gene pool. The second hypothesis is that the proportion of
the pine marten genes in the sable gene pool was histori-
cally large, and it played a major role in the restoration of
the sable number.

Materials and methods
Sampling

To test our hypotheses, we used tissue samples of the sable,
the pine marten and hybrids M. zibellina X M. martes,
obtained from different parts of the range. The samples
were collected during the hunting seasons (December to
February) in 20082017 in eight areas: the North Urals (the
Sos’va River basin), the South Urals (Bashkiria, the Belaya
River basin), Western Siberia (Tyumen and Omsk region),
Eastern Siberia (Yakutia; Sayany mountains), and the Far
East (the Amur River basin; Sakhalin Island; the Kamchatka
Peninsula) (Fig. 1). The animals were caught by professional
hunters during licensed hunting. Legally permitted trapping
methods were used. The animals were euthanized and their
carcasses were frozen. The tissue samples were collected
for laboratory studies. One part of the materials collected
from Western Siberia was muscles, while the one from East-
ern Siberia and the Far East was pieces of skin. Samples of
muscle tissue were fixed in 70% ethanol; pieces of skin were
dried and used for DNA extraction. All tissue samples were
kept frozen at —20 °C until laboratory analysis.

A total number of 158 samples of the sable, 87 of the pine
marten and 51 of their hybrids were sampled. The hybrids
were identified based on osteological signs—the ratio of
skull measurements and the number of caudal vertebrae
(Gashev and Ageshin 2003).



Conservation Genetics Resources

Fig. 1 Sample collection sites of the sable, the pine marten and their
hybrids: 1—The North Urals; 2—The South Urals; 3—Western Sibe-
ria; Eastern Siberia: 4—The Sayany mountains; 5—Yakutia; The Far
East: 6—The Amur River basin; 7—Sakhalin Island; 8—The Kam-

DNA extraction and laboratory procedures

Total nucleic acids were extracted from cardiac muscle tis-
sue fixed in 70% ethanol and from dried skin samples using
the Diatom DNA Prep100 kit for DNA extraction (Labora-
toria Izogen Ltd, Moscow, Russia).

A fragment of the mitochondrial DNA (mtDNA)
cytochrome b gene was used as a marker to compare genetic
variability in the sable, the pine marten and their hybrids.
The mtDNA variation was characterized by Restriction
Fragment Length Polymorphism (RFLP) analysis in accord-
ance with the methodology of Balmysheva and Soloven-
chuk (1999) with slight modifications. The cytochrome b

chatka Peninsula. The black line shows the current distribution area
of the sable. The gray line shows the boundary of the pine marten
distribution

gene fragment 1300 bp in length was amplified by poly-
merase chain reaction (PCR) using sequences 5'-GAAAAA
CCA(C/T)CGTTGT(A/T)ATTCAACT-3" and 5'-GTTTAA
TTAGAAT(C/T)T(C/T)AGCTTTGGG-3' as forward and
reverse primers, respectively. PCR was performed in 20
pL of the reaction mixture composed of I1Q supermix (Bio-
Rad), 2.5 mM of each primer, and 10-100 ng of total DNA
extracts. The reaction conditions included 94 °C for 5 min.;
followed by 33 cycles of 94 °C for 1 min, 51 °C for 1 min,
72 °C for 1 min 45 s; and 72 °C for 2 min. The amplified
segments of DNA were screened for restriction site poly-
morphism using four endonucleases: Hae I1I, BstN I, Taq I
and RSA I. The choice of these enzymes was determined by
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the presence of the corresponding restriction endonuclease ol 9
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Table 2 The frequencies of haplotypes derived from another species

A group of animals The percentages of haplotypes from
M. martes M. zibellina

M. martes - 10

Hybrids 54.4 41.3

M. zibellina 8.3 -

The results from STRUCTURE analysis of RFLP data
show that some individuals from Western Siberian sable
population are clustered with the pine marten, while another
part—with the eastern sable populations (Fig. 2). There was
little genetic structure among other groups of the M. zibel-
lina. ‘Pure’ (phenotypically normal) martens formed a sepa-
rate cluster (4).

Three individuals of the sable from the Ural had unique
haplotype UC1. This haplotype was not found in other sable
populations (Table 1). The haplotype UC1 (AABA) differs
by two mutational steps from the haplotype Z28 (AAAA)
that is the most common in sable populations from East-
ern Siberia, and by one mutational step from the haplotype
731 (BABB), characteristic for the Western Siberian sable
(Fig. 3).

Discussion

The present mtDNA data effectively indicate introgres-
sive hybridization process between the sable and the pine
marten. In fact, the Western Siberian sable has a mixed
origin. As our data show, the Western Siberian sable is
more polymorphic compared to other sable subspecies,
particularly in mitochondrial markers. Only one haplo-
type (BBBB) was identified in the Sakhalin sable. Another
single haplotype (AAAA) was detected in the Kamchatka

0.20
0.00

Fig.2 Results from STRUCTURE analysis of RFLP data from the
sable, the pine marten and their hybrids: 1—M. zibellina from the
North Urals; 2—M. zibellina from Western Siberia, 3—hybrids from
Western Siberia, 4—M. martes from Western Siberia; 5—M. zibel-
lina from Yakutia, 6—M. zibellina from the Sayany mountains;
T—M. zibellina from the Amur River basin, 8—M. zibellina from

Z30 731

AC27

Fig. 3 Median-joining network of the sable M. zibellina and the pine
marten M. martes mtDNA haplotypes. The size of the circle is pro-
portional to the haplotype frequency. Pie-charts indicate relative fre-
quencies in various groups: M. martes (in white), M. zibellina (in
black), hybrids (grey). The number of mutations between haplotypes
is designated

sable, while three haplotypes were found in the continental
sable populations from the Far East. A low level of genetic
variability of some sable subspecies (M. z. sahalinensis,
M. z. kamtschadalica) may be due to the “founder effect”
and be the result of genetic drift in island populations
(Balmysheva et al. 2002). Our data are consistent with
the data of other researchers. Petrovskaya (2007) studied
444 samples from three regions of the Far East and found
three mtDNA haplotypes. The same three haplotypes
were detected in all the studied eastern sable populations
(Balmysheva and Solovenchuk 1999; Malyarchuk et al.
2010). Fifty samples of the sable from the Kamchatka
Peninsula were monomorphic on the haplotype A (Petro-
vskaya 2007). The Western Siberian sable had all of these

Sakhalin Island, 9—M. zibellina from the Kamchatka Peninsula.
Four parental types (K = 4) correspond to the three main phyloge-
netic lines of the sable (haplotypes Z28 (AAAA), Z30 (BBBB), Z31
(BABB)—in blue, red, and green, respectively) and the marten line
(in yellow). (Color figure online)
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haplotypes as well as two haplotypes typical for the pine
marten. The high diversity of mtDNA haplotypes found
in modern populations of the Western Siberian sable may
be due to the introgression of mitochondrial genes from
the pine marten as, in many cases, hybridization causes
high heterozygosity and high haplotype diversity. The fre-
quency of “martens” haplotypes in the sable was about
8.3%. At the same time, a typical “sable” haplotype was
found in 10% of the pine marten. This suggests a sym-
metrical interspecific introgression of genes.

Only ‘pure’ (phenotypically normal) martens were not
introgressed (Fig. 2). Little genetic structure among other
M. zibellina can be explained by the migration processes
within the region and population restoration due to rein-
troduction carried out in the same regions. Haplotype Z28
(AAAA) is frequent in the Eastern Siberian sable popula-
tions but is occasional in the Western Siberian sable. This
haplotype marks a young phylogenetic group A occurred
in late Pleistocene (Malyarchuk et al. 2010). The presence
of this haplotype may be the result of reintroduction of the
Barguzin sable M. z. princeps to Western Siberian territory
(Kassal and Sidorov 2013; Zhigileva et al. 2014b).

The Barguzin sable M. z. princeps was introduced in
the last century to speed up the recovery of local Western
Siberian sable populations. There were several introduc-
tions events, a total of 1000 sable individuals were delivered
(Bobrov et al. 2008, 2011). It was assumed that the Barguzin
sable, having valuable dark fur, could improve the fur quality
of the local sable subspecies. However, for several decades,
there has been a change from the phenotype characteristic
for the eastern subspecies to the phenotype of the local sub-
species (Ranyuk and Monakhov 2011). Perhaps the Barguzin
sable was not enough adapted to local conditions. The low
frequency of mtDNA haplotype AAAA (3%) compared to
other haplotypes indicates a small contribution of the East-
ern mitochondrial lines to the gene pool of the current sable
populations in Western Siberia.

The unique mtDNA haplotype (UC1) was detected in
Marten population from the Urals. This haplotype could
persist in the Ural Mountains refugia because of the isola-
tion. The presence of cryptic northern glacial refugia for M.
martes in Europe was assumed (Ruiz-Gonzélez et al. 2013).
We hypothesized that this haplotype might mark the most
ancient mitochondrial DNA line of Marten, because it is
intermediate between haplotypes typical for the pine marten,
on the one hand, and the sable, on the other hand (Fig. 3).
There are numerous paleontological finds of Martes sp.
(sable-marten like) from the Urals, where, according to one
of the hypotheses, is the center of their origin. These data are
also consistent with data on the highest haplotype diversity
of sable from the Urals (Rozhnov et al. 2013). Moreover,
some populations of these ancient ‘martens’ could persist
in the Ural refugiums even during the ice age. However, due
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to the small number of samples from the Urals tested in this
research, this issue needs to be studied further.

The nuclear markers data did not give strong evidence
regarding nuclear genes introgression between the sable and
the pine marten, due to a lack of suitable species-specific
markers among the taxa examined (Zhigileva et al. 2014a).
Nevertheless, the genetic comparison between M. zibellina
and M. martes has revealed high similarity of nuclear mark-
ers in these species. This fact, in addition to the same num-
ber of chromosomes in both species compared (2n = 38),
causes the ease of hybridization between the pine marten
and the sable. This indicates that the process of species
divergence has not gone far enough and hard reproductive
barriers have not been formed, as M. martes and M. zibellina
diverged quite recently (Sato et al. 2003). Thus in Western
Siberia, a place of secondary contact of the sable and the
pine marten after the Ice Age, a vast zone of hybridization
has formed.

This conclusion is confirmed by other authors’ data,
based on morphology and biogeography (Kassal and
Sidorov 2013), as well as on sequencing the genomes of the
sable and the pine marten (Malyarchuk et al. 2010; Rozh-
nov et al. 2010; Ruiz-Gonzalez et al. 2013). Furthermore,
Davison et al. (2001) found “sable” haplotypes in the pine
marten population from Europe where the sable does not
dwell at the present time. In other research (Malyarchuk
et al. 2010), haplotype B identical to that in the sable from
the Far East was found in one individual of M. martes from
Sweden. Therefore, these authors stick to the hypothesis of
ancient introgressive hybridization between these species in
Northern Europe.

Due to the absence of genetic research on the sable before
critical reducing its numbers in the late 19th century, we
can not say how this depopulation affected the introgres-
sion intensity. Nevertheless, observation of the current state
of the Marten populations indicates that the proportion of
hybrids increases with the expansion of the area due to a
lack of conspecific partner. The pine marten has occupied
the ecological niche vacated after the drastic reduction in
the number of the sable. The area of distribution of the pine
marten has expanded and the proportion of interspecific
hybrids has increased (Kassal and Sidorov 2013). As the
population size of the sable and the pine marten as the cyclic
species varies periodically, the hybridization process could
occur many times since the Pleistocene. This supports the
hypothesis that the proportion of the pine marten genes in
the Western Siberian sable gene pool was historically large.

Despite the frequent occurrence of hybrids M. zibellina x
M. martes and backcrosses in natural populations of martens
in Western Siberia and the Urals, the gene pool of both spe-
cies is maintained. Reduced fertility of hybrids is a mecha-
nism of regulation of their numbers and boundaries of a
hybrid zone in this area. The genetic uniqueness of the sable
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from different parts of the distribution area can be traced
despite the influence of natural and artificial migrations
(Kashtanov et al. 2015). This situation differs from that of
the pine marten in England, where there was a loss of gene
pool of relict populations as a result of the reintroduction of
animals from continental Europe and the hybridization with
the American marten M. americana (Jordan et al. 2012).

These findings are of great importance for the conserva-
tion of genetic resources of the sable. Overhunting of the
sable as a more fur valuable species than the marten can
lead to violation of the dynamic equilibrium between genetic
systems of these related species. This may lead to the loss of
a unique gene pool of the sable.

The combination of mtDNA and nuclear data sets appears
to show that the sable and the pine marten are very closely
related species. Evidence of symmetric introgression of
mitochondrial genes between the sable and the pine marten
has been detected. Frequency of marten haplotypes in the
sable was 8.3%, while sable haplotype was found in 10% of
martens. Higher similarity of nuclear markers of hybrids M.
zibellina X M. martes to the sable than to the pine marten
has been observed. The low frequency of mtDNA haplotype
A indicates a comparatively low portion of Eastern lines in
the current sable populations in Western Siberia.

Acknowledgements We are grateful to S. Kashtanov, Vavilov Institute
of General Genetics, Russian Academy of Sciences, Moscow, for the
sable samples from the Far East and Eastern Siberia; D. Andrienko,
Tyumen State University; S. Petrovicheva, Office for Protection, Moni-
toring and Management of Wildlife and their Habitats of the Tyumen
Oblast, Tyumen, and E. Kireeva, State reserve “Malaya Sosva”, Sov-
etskii, for help in samples collection in Western Siberia and the Urals;
D. Politov, Vavilov Institute of General Genetics, Russian Academy
of Sciences, Moscow, for methodological guidance; N. Zhuravleva,
Center for Academic Writing, Tyumen State University, Tyumen, for
English assistance.

Funding This study was funded by Federal Target Program (State Con-
tract Number 14.740.12.0826).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable international, national, and institutional
guidelines for the use of animals were followed. This article does not
contain any studies with human participants performed by any of the
authors.

References

Balmysheva NP, Solovenchuk LL (1999) Genetic variation of the mito-
chondrial DNA gene encoding cytochrome b in the Magadan pop-
ulation of sable Martes zibellina L. Russ J Genet 35:1077-1081

Balmysheva NP, Petrovskaya AV, Valentsev AS (2002) Genetic moni-
toring of a population of the sable Martes zibellina kamtscha-
dalica. Preservation of biodiversity of Kamchatka and adjacent
seas. Proceedings of the III conference, KamchatNIRO publishing
house, Petropavlovsk-Kamchatsky, pp 22-24

Bandelt HJ, Forster P, Rohl A (1999) Median-joining networks for
inferring intraspecific phylogenies. Mol Biol Evol 16:37-48

Beaumont M, Barrat EM, Gottelli D, Kitchener AC, Daniels MJ,
Pritchard JK, Bruford MW (2001) Genetic diversity and intro-
gression in the Scottish wildcat. Mol Ecol 10:319-336. https://
doi.org/10.1046/j.1365-294x.2001.01196.x

Bobrov VV, Warshavsky AA, Khlyap LA (2008) Alien mammal spe-
cies in ecosystems of Russia. KMK, Moscow

Bobrov VV, Warshavsky AA, Khlyap LA (2011) AIMS “Alien Mam-
mal Species” in ecosystems of Russia (Database) for 2004—2011.
http://www.sevin.ru/invasive/dbases/mammals.html. Accessed 21
Jan 2017

Davison A, Griffiths HI, Brookes RC, Maran T, Macdonald DW, Sidor-
ovich VE, Kitchener AC, Irizar I, Villate I, Gonzalez-Esteban
J, Ceifia JC, Cefia A, Moya I, Mifiano SP (2000) Mitochondrial
DNA and palaeontological evidence for the origins of endangered
European mink, Mustela lutreola. Anim Conserv 4:345-355. https
://doi.org/10.1111/§.1469-1795.2000.tb00119.x

Davison A, Birks JDS, Brookes RC, Messenger JE, Griffiths HI (2001)
Mitochondrial phylogeography and population history of pine
martens Martes martes compared with polecats Mustela puto-
rius. Mol Ecol 10:2479-2488. https://doi.org/10.1046/j.1365-
294X.2001.01381.x

Detwiler JT, Criscione CD (2010) An infectious topic in reticulate evo-
lution: introgression and hybridization in animal parasites. Genes
1:102-123. https://doi.org/10.3390/genes1010102

Fedorov VV, Surin VL, Valchuk OP, Kapitonova LV, Kerimov AB,
Formozov NA (2009) Maintaining morphological specificity and
genetic introgression in populations of the great tit Parus major
and the Japanese tit . minor in the Middle Amur Region. Russ J
Genet 45:773-782. https://doi.org/10.1134/S1022795409070023

Gashev SN, Ageshin NN (2003) On the differentiation of representa-
tives of the genus Martes from the Tyumen Oblast. Vestnik Tyu-
menskogo Gosudarstvennogo Universiteta 2:15-22

Harris K, Nielsen R (2016) The genetic cost of Neanderthal intro-
gression. Genetics 203:881-891. https://doi.org/10.1534/genet
ics.116.186890

Hawks J, Cochran G (2006) Dynamics of adaptive introgression from
archaic to modern humans. PaleoAnthropology 2006:101-115

Jordan NR, Messenger J, Turner P, Croose E, Birks J, O’reilly C (2012)
Molecular comparison of historical and contemporary pine marten
(Martes martes) populations in the British Isles: evidence of dif-
fering origins and fates, and implications for conservation man-
agement. Conserv Genet 13:1195-1212. https://doi.org/10.1007/
$10592-012-0365-7

Kashtanov SN, Svischeva GR, Pishchulina SL, Lazebnyi OE, Meshch-
ersky IG, Simakin LV, Rozhnov VV (2015) Geographical struc-
ture of the sable (Martes zibellina L.) gene pool on the basis of
microsatellite loci analysis. Russ J Genet 51:69-79. https://doi.
org/10.1134/S1022795415010044

Kassal BYu, Sidorov GN (2013) Settling the sable (Martes zibellina)
and the pine marten (Martes martes) in the Omsk region and bio-
geographic implications of their hybridization. Russ J Biol Inva-
sions 1:51-65

Koepfli KP, Deere KA, Slater GJ, Begg C, Begg K, Grassman L,
Lucherini M, Veron G, Wayne RK (2008) Multigene phylogeny of
the Mustelidae: resolving relationships, tempo and biogeographic
history of a mammalian adaptive radiation. BMC Biol 6:1-22.
https://doi.org/10.1186/1741-7007-6-10

Kyle CJ, Davison A, Strobeck C (2003) Genetic structure of European
pine martens (Martes martes), and evidence for introgression with

@ Springer


https://doi.org/10.1046/j.1365-294x.2001.01196.x
https://doi.org/10.1046/j.1365-294x.2001.01196.x
http://www.sevin.ru/invasive/dbases/mammals.html
https://doi.org/10.1111/j.1469-1795.2000.tb00119.x
https://doi.org/10.1111/j.1469-1795.2000.tb00119.x
https://doi.org/10.1046/j.1365-294X.2001.01381.x
https://doi.org/10.1046/j.1365-294X.2001.01381.x
https://doi.org/10.3390/genes1010102
https://doi.org/10.1134/S1022795409070023
https://doi.org/10.1534/genetics.116.186890
https://doi.org/10.1534/genetics.116.186890
https://doi.org/10.1007/s10592-012-0365-7
https://doi.org/10.1007/s10592-012-0365-7
https://doi.org/10.1134/S1022795415010044
https://doi.org/10.1134/S1022795415010044
https://doi.org/10.1186/1741-7007-6-10

Conservation Genetics Resources

M. americana in England. Conserv Genet 4:179—-188. https://doi.
org/10.1023/A:1023334521996

Liu K, Wang F, Chen W, Tu L, Min MS, Bi K, FuJ (2010) Ram-
pant historical mitochondrial genome introgression between
two species of green pond frogs, Pelophylax nigromacula-
tus and P. plancyi. BMC Evol Biol 10:201-215. https://doi.
org/10.1186/1471-2148-10-201

Llopart A, Herrig D, Brud E, Stecklein Z (2014) Sequential adaptive
introgression of the mitochondrial genome in Drosophila yakuba
and Drosophila santomea. Mol Ecol 23:1124-1136. https://doi.
org/10.1111/mec.12678

Lode T, Gural G, Peltier D (2005) European mink-polecat hybridiza-
tion events: hazards from natural process? J Hered 96:1-8

Malyarchuk BA, Petrovskaya AV, Derenko MV (2010) Intraspecific
structure of sable Martes zibellina L. inferred from nucleotide
variation of the mitochondrial DNA cytochrome b gene. Russ
J Genet 46:64—68. https://doi.org/10.1134/S1022795410010102

Murtskhvaladze M, Gurielidze Z, Kopaliani N, Tarkhnishvili D (2012)
Gene introgression between Gazella subgutturosa and G. marica:
limitations of maternal inheritance analysis for species identifica-
tion with conservation purposes. Acta Theriol 57:383-386. https
://doi.org/10.1007/s13364-012-0079-8

Petrovskaya AV (2007) Genetic structure of the sable Martes zibel-
lina L. populations from Magadan oblast as inferred from mito-
chondrial DNA variation. Russ J Genet 43:424-429. https://doi.
org/10.1134/S1022795407040114

Pritchard JK, Stephens M, Donnelly PJ (2000) Inference of population
structure using multilocus genotype data. Genetics 155:945-959

Ranyuk MN, Monakhov VG (2011) Variability of cranial characters
in acclimatized sable (Martes zibellina) populations. Biol Bull
38:1-13. https://doi.org/10.1134/S1062359011080061

Rozhnov VV, Meschersky IG, Pishchulina SL, Simakin LV (2010)
Genetic analysis of sable (Martes zibellina) and pine marten
(M. martes) populations in sympatric part of distribution area
in the Northern Urals. Russ J Genet 46:488-492. https://doi.
org/10.1134/S1022795410040150

Rozhnov VV, Pishchulina SL, Meschersky IG, Simakin LV, Lazebny
OE, Kashtanov SN (2013) Genetic structure of sable (Martes
zibellina L.) in Eurasia-analysis of the mitochondrial lineages
distribution. Russ J Genet 49:220-227. https://doi.org/10.1134/
$1022795413020105

Ruiz-Gonzalez A, Madeira MJ, Randi E, Abramov AV, Davoli F,
Gomez-Moliner BJ (2013) Phylogeography of the forest-dwelling

@ Springer

European pine marten (Martes martes): new insights into cryptic
northern glacial refugia. Biol J Linn Soc 109:1-18. https://doi.
org/10.1111/bij.12046

Sato JJ, Hosoda T, Wolsan M, Tsuchiya K, Yamamoto M, Suzuki H
(2003) Phylogenetic relationships and divergence times among
mustelids (Mammalia: Carnivora) based on nucleotide sequences
of the nuclear interphotoreceptor retinoid binding protein and
mitochondrial cytochrome b genes. Zool Sci 20:243-265

Starkov ID (1947) The biology and breeding of martens and sables.
Mezhkniga, Moscow

Staubach F, Lorenc A, Messer PW, Tang K, Petrov DA, Tautz D (2012)
Genome patterns of selection and introgression of haplotypes in
natural populations of the house mouse (Mus musculus). PLoS
Genet 8:€1002891. https://doi.org/10.1371/journal.pgen.1002891

Stone KD, Cook JA (2002) Molecular evolution of Holarctic mar-
tens (genus Martes, Mammalia: Carnivora: Mustelidae). Mol
Phylogenet Evol 24:169-179. https://doi.org/10.1016/s1055
-7903(02)00229-4

Tegelstrom H (1987) Transfer of mitochondrial DNA from the north-
ern red-backed vole (Clethrionomys rutilus) to the bank vole (C.
glareolus). J Mol Evol 24:218-227

Wills C (2011) 2—Genetic and phenotypic consequences of introgres-
sion between Humans and Neanderthals. Adv Genet 76:27-54

Zhigileva ON, Politov DV, Golovacheva IM, Petrovicheva SV (2014a)
Genetic variability of sable Martes zibellina L., pine marten M.
martes L. and their hybrids in West Siberia: polymorphism of pro-
teins and DNA. Russ J Genet 50:508-517. https://doi.org/10.1134/
S$1022795414050135

Zhigileva ON, Kashtanov SN, Golovacheva IM (2014b) Genetic mark-
ers for studying current distribution area and population structure
of the sable Martes zibellina L. Achiev Life Sci 8:10-15. https://
doi.org/10.1016/j.als.2014.06.004

Zielinski P, Nadachowska-Brzyska K, Wielstra B, Szkotak R, Covaciu-
Marcov SD, Cogélniceanu D, Babik W (2013) No evidence for
nuclear introgression despite complete mtDNA replacement in the
Carpathian newt (Lissotriton montandoni). Mol Ecol 22:1884—
1903. https://doi.org/10.1111/mec.12225

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1023/A:1023334521996
https://doi.org/10.1023/A:1023334521996
https://doi.org/10.1186/1471-2148-10-201
https://doi.org/10.1186/1471-2148-10-201
https://doi.org/10.1111/mec.12678
https://doi.org/10.1111/mec.12678
https://doi.org/10.1134/S1022795410010102
https://doi.org/10.1007/s13364-012-0079-8
https://doi.org/10.1007/s13364-012-0079-8
https://doi.org/10.1134/S1022795407040114
https://doi.org/10.1134/S1022795407040114
https://doi.org/10.1134/S1062359011080061
https://doi.org/10.1134/S1022795410040150
https://doi.org/10.1134/S1022795410040150
https://doi.org/10.1134/S1022795413020105
https://doi.org/10.1134/S1022795413020105
https://doi.org/10.1111/bij.12046
https://doi.org/10.1111/bij.12046
https://doi.org/10.1371/journal.pgen.1002891
https://doi.org/10.1016/s1055-7903(02)00229-4
https://doi.org/10.1016/s1055-7903(02)00229-4
https://doi.org/10.1134/S1022795414050135
https://doi.org/10.1134/S1022795414050135
https://doi.org/10.1016/j.als.2014.06.004
https://doi.org/10.1016/j.als.2014.06.004
https://doi.org/10.1111/mec.12225

	Mitochondrial DNA markers for the study of introgression between the sable and the pine marten
	Abstract
	Introduction
	Materials and methods
	Sampling
	DNA extraction and laboratory procedures
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References




