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Although the present-day distributional boundary between the European badger (Meles meles) and the Asian 
badger (Meles leucurus) is around the Volga River, studies of ancient bone remains have indicated changes in the 
distribution of M. meles and M. leucurus in the Urals–Volga region during the Holocene. To examine past changes in 
distribution using genetic data, changes in genetic diversity, and the relationships of Holocene to modern populations, 
we sequenced ~150 bp of the mitochondrial DNA control region from the 44 ancient badger remains excavated from 
European Russian, Ural and Western Siberian sites, and we detected 12 haplotypes. Our study revealed Holocene 
changes in the distributional boundary between these badger species. Meles meles inhabited the Ural Mountains 
east of the Volga River in the Early Holocene, whereas M. leucurus expanded its distribution westwards, starting 
~2500 years ago. Thereafter, M. leucurus rapidly replaced M. meles in the region between the Urals and the Volga, 
resulting in the present-day boundary in the Volga–Kama region. Among the 12 haplotypes detected, three for 
M. leucurus and four for M. meles were identical to partial sequences of haplotypes detected in modern populations, 
indicating considerable genetic continuity between Holocene and modern populations.

ADDITIONAL KEYWORDS:  distributional boundary – Eurasian badgers – genetic diversity – Holocene remains – 
Meles leucurus – Meles meles – mitochondrial DNA – Urals – Volga.

INTRODUCTION

The genus Meles (Carnivora, Mustelidae) comprises 
four badger species (Meles meles, Meles leucurus, 
Meles canescens and Meles anakuma) and is widely 
distributed in the Palaearctic region (Proulx et al., 
2016). The European badger, M. meles, ranges from 
the British Isles to the west bank of the Volga River 
in Europe, whereas the Asian badger, M. leucurus, 
ranges from the east bank of the Volga to Far Eastern 

Russia, China and the Korean Peninsula. At present, 
the presumed boundary between the two species is 
along the Volga and Kama rivers in European Russia 
(Abramov et al., 2003; Abramov & Puzachenko, 2006; 
Tashima et al., 2011; Kinoshita et al., 2017). Kinoshita 
et al. (2019) found genetic evidence for hybridization 
between M. meles and M. leucurus in the area along 
the Volga–Kama rivers.

Climatic and environmental changes during 
glacial cycles have played an important role in 
determining the distribution and genetic diversity 
of present-day populations of organisms (Hewitt, 
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2000), and an understanding of the Holocene history 
of the distributions of mammals can help to reveal 
general trends in the dynamics of their ranges during 
interglacial periods, including the present one. 
Earlier in the Holocene epoch, the distributions can 
be notably different from modern ones. For example, 
from morphological analyses of bone remains, 
Kosintsev & Bachura (2013) found both M. meles 
and M. leucurus to be absent from the southern 
Ural Mountains in the Late Pleistocene and only 
M. meles present there throughout the Holocene, with 
M. leucurus appearing there in the Late Holocene; 
today, only M. leucurus inhabits that region. From 
similar data, Gasilin & Kosintsev (2010) reported 
concerted changes in the distribution of M. meles and 
M. leucurus in the Urals–Volga region, with the range 
of M. leucurus expanding 1500 km westwards during 
the Holocene and reaching the Volga region only 
100–200 years ago. In the present study, we analysed 
ancient mitochondrial DNA (mtDNA) from bones 
excavated from European Russia, the Urals and 
Western Siberia in order to examine past changes 
in the distribution of M. meles and M. leucurus 
using genetic data, changes in genetic diversity, and 
relationships of the Holocene to modern populations.

MATERIAL AND METHODS

Ancient sAmples And dnA extrAction

In all, 75 bone fragments of Eurasian badgers 
excavated from 38 archaeological sites in Russia were 
examined, with DNA successfully being extracted and 
amplified from 44 of them (Supporting Information, 
Table S1). Carbon-14 dating showed that wood and 
peat excavated from the Neolithic site in Tver Province 
(samples SPB90–SPB110) are ~5000–3000 years old 
(Timofeev et al., 2004), and radiocarbon dates for ID 
IPAE2258/2 and IPAE2258/3 are 140 and 3699 years 
before present (BP), respectively. The other samples 
were dated archaeologically to the Late Pleistocene–
Early Holocene (13 000–8000 BP), Middle Holocene 
(8000–2500 BP) or Late Holocene (2500–100 BP) 
epoch (personal communication by P. A. Kosintsev; 
Supporting Information, Table S1). Most of the 
M. meles remains were from the Middle Holocene 
(8000–2500 BP), whereas those of M. leucurus were 
from the Late Holocene (2500–100 BP).

DNA was extracted from bone remains using the 
method developed by Masuda et al. (2001). Each bone 
fragment was pulverized with sandpaper or an electric 
drill within a clean plastic box in a laminar flow cabinet 
(biological safety cabinet) to avoid contamination with 
extraneous DNA. Approximately 0.2–0.5 g of powder 
per specimen was stirred overnight with a rotator at 
room temperature in a 50 mL plastic tube with 30 mL 

of 0.5 M ethylenediamine tetraacetic acid (EDTA) and 
then centrifuged at 2000 x g. for 15 min. Each pellet 
was then suspended in 5 mL of 0.5 M EDTA containing 
50 µL of proteinase K (10 mg/mL), and stirred overnight 
with a rotator at 37 °C in a laminar flow cabinet. DNA 
was extracted from the suspension by the phenol–
chloroform method (Sambrook et al., 1989), twice 
with 1:1 phenol–chloroform and once with chloroform 
in a fume hood. The extract was then concentrated 
into ~100 µL of TE buffer by using a Vivaspin 6 
or Vivaspin Turbo 4 concentrator (Sartorius). An 
aliquot of each concentrated extract was used as the 
substrate for a subsequent polymerase chain reaction 
(PCR). To eliminate contamination from extraneous 
DNA, disposable plastic gloves, tips and tubes were 
used, and negative control reactions were performed 
to confirm the absence of contaminants in reaction 
mixes. To confirm the authenticity of the sequence 
data, the experiment, including PCR and sequencing 
of each sample, was carried out at least twice in the 
same conditions.

modern sAmples And dnA extrAction

Tissue samples from 32 modern Meles spp. individuals 
were analysed for comparison (Fig. 3; Supporting 
Information, Table S2). Total DNA was extracted from 
muscle samples preserved in ethanol by using the 
DNeasy Blood and Tissue Kit (Qiagen) according to 
the manufacturer’s protocols. The purified DNA was 
eluted with TE buffer and stored at 4 °C.

polymerAse chAin reAction AmplificAtion And 
sequencing of Ancient sAmples

Polymerase chain reaction was performed with the 
primers UR1 (Taberlet & Bouvet, 1994) and AND-
r2 (5′-GCTCGTGRTCTARGTGAARTG-3′; newly 
designed in our study) to amplify a fragment of 
~150 bp from the mtDNA control region. The PCR 
amplifications were performed in 20 µL reaction 
volumes each containing 10 µL of 2×Multiple Mix 
(Qiagen), 0.2 µL of each primer (25 pmoL/µL each), 
0.4 µL of bovine serum albumin (10 mg/mL; Roche), 2 µL 
of DNA extract and 7.2 µL of distilled water. Reaction 
conditions in a TP350 thermal cycler (Takara) were as 
follows: 95 °C for 15 min; 45 cycles of 94 °C for 30 s, 
58 °C for 90 s and 72 °C for 1 min; and 72 °C for 10 min. 
The PCR products were purified with the QIAquick 
PCR Purification Kit (Qiagen). The reaction conditions 
for cycle sequencing using the Big Dye Terminator 
v.1.1 Cycle Sequencing Kit (Applied Biosystems) were 
96 °C for 1 min followed by 25 cycles of 96 °C for 10 s, 
50 °C for 5 s and 60 °C for 2 min. Nucleotide sequences 
were determined with an ABI3730 DNA Analyzer 
(Applied Biosystems). Given that some samples could 
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not be sequenced with primers UR1 and AND-r2, 
newly designed primers Mel-IF (5′-CCCAAAGCTGAT
ATTCTAAC-3′) and Mel-IR (5′-GTGAARTGSACTYAT
GTCAT-3′) were used for sequencing.

polymerAse chAin reAction AmplificAtion And 
sequencing of modern sAmples

Polymerase chain reactions amplifying ~540 bp from 
the mtDNA control region using primers UR1 and 
ANK-R1 (Tashima et al., 2011) were performed in 20 µL 
reaction volumes each containing 2 µL of 10× buffer 
(Takara), 1.6 µL of dNTP mixture (Takara), 0.1 µL 
of rTaq DNA polymerase (5 U/µL; Takara), 0.2 µL of 
each primer (25 pmol/µL each), 2 µL of DNA extract 
and 13.9 µL of distilled water. The reaction conditions 
in a TP350 thermal cycler (Takara) were as follows: 
94 °C for 1 min; 30 cycles of 94 °C for 1 min, 58.3 °C 
for 1 min and 72 °C for 1 min; and 72 °C for 4 min. The 
PCR products were purified with the QIAquick PCR 
Purification Kit (Qiagen). Cycle sequencing conditions 
using the Big Dye Terminator v.1.1 or v.3.1 Cycle 
Sequencing Kit (Applied Biosystems) were 96 °C for 
1 min and 25 cycles of 96 °C for 10 s, 50 °C for 5 s and 
60 °C for 4 min. Nucleotide sequences were determined 
with an ABI3730 DNA Analyzer (Applied Biosystems).

sequence AnAlyses

Nucleotide sequences were checked and aligned by 
using MEGA v.6 (Tamura et al., 2013). A phylogenetic 
tree of the mtDNA control region was reconstructed with 
MEGA, using the neighbour-joining method (Saitou 
& Nei, 1987) and Kimura’s (1980) two-parameter 
model. The phylogenetic analysis included 12 ancient 
haplotypes (Supporting Information, Table S1), modern 
haplotypes obtained in the present study (Supporting 
Information, Table S2) and additional modern 
haplotypes detected in previous studies (Tashima et al., 
2011; Kinoshita et al., 2017, 2019). Bootstrap values 
were obtained from neighbour-joining analyses of 1000 
pseudoreplicates. The mtDNA control region of the 
hog badger (Arctonyx collaris; accession no. AJ563704: 
Marmi et al., 2006) was used as an outgroup. Minimum-
spanning haplotype networks were constructed by using 
TCS v.1.21 (Clement et al., 2000) with a 95% connection 
limit. Haplotype diversity (h), nucleotide diversity (π) 
and Tajima’s D values (Tajima, 1989) were calculated 
by using ARLEQUIN v.3.5 (Excoffier & Lischer, 2010).

RESULTS

Fragments (154 or 156 bp) of the mtDNA control 
region were obtained successfully from 44 of 75 ancient 
bone specimens. After alignment, 12 haplotypes were 

detected among the 44 individuals. A neighbour-joining 
tree (Fig. 1) showed M. meles and M. leucurus each 
forming a clade, with significant genetic divergence 
between them. Of the 12 ancient haplotypes, six (MLA1–
MLA 6; accession numbers LC369032–LC369037) 
were detected among 17 individuals and grouped into 
the M. leucurus clade, whereas the other six (MMA1–
MMA6; accession numbers LC369038–LC369043) 
were detected among 27 individuals and grouped into 
the M. meles clade (Supporting Information, Table S1). 
Among nucleotide sequences 540 bp long determined 
from the mtDNA control region of 32 modern Asian 
badgers, 11 haplotypes were detected, among which 
five (E-7 to E-11) (accession numbers LC369027–
LC369031) had not been detected in previous studies 
(Supporting Information, Table S2).

BLAST searches (http://www.ncbi.nlm.nih.gov/
BLAST/) showed that haplotypes MLA1–MLA3, 
MLA5, MLA6, MMA1, MMA3, MMA5 and MMA6 
were partial sequences of modern haplotypes reported 
in previous studies (Tashima et al., 2011; Kinoshita 
et al., 2017, 2019; Fig. 1). Haplotypes MLA4, MMA2 
and MMA4 were newly detected in our study and were 
found only in ancient badgers.

Minimum-spanning networks (Fig. 2) for M. meles 
and M. leucurus were constructed for 12 ancient 
haplotypes (Supporting Information, Table S1), 11 
modern haplotypes obtained in our study (Supporting 
Information, Table S2) and additional modern 
haplotypes obtained from the DNA Data Bank of 
Japan (DDBJ; https://www.ddbj.nig.ac.jp/index-e.
html). Similar to the neighbour-joining phylogenetic 
tree (Fig. 1), given that the networks clearly separated 
the M. meles clade from the M. leucurus clade, the 
relationship between ancient and modern haplotypes 
in each clade is shown temporally in Figure 2.

Table 1 shows haplotype (h) and nucleotide (π) 
diversities and Tajima’s D values. Modern populations 
showed somewhat higher molecular diversity values 
than the ancient populations, for both M. meles and 
M. leucurus, although sample sizes were greater for 
the modern populations. The values of Tajima’s D were 
positive for M. meles but negative for M. leucurus, 
although they were not statistically significant 
(P-values: 0.26–0.75).

DISCUSSION

According to Kosintsev & Bachura (2014), the current 
distributional ranges of most mammals in the Ural 
Mountains formed in the Early Holocene or at the 
beginning of the Late Holocene owing to changes in the 
dominant landscape types. Our present study revealed 
that the distributional range of the two Meles species, 
M. meles and M. leucurus, in the earlier Holocene was 
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different from the present one around the Volga River, 
in agreement with morphological studies of bone 
remains (Gasilin & Kosintsev, 2010).

Climatic and environmental changes have played 
an important role in the distribution and diversity 
of most living organisms (Hewitt, 2000). The climatic 
warming in the Holocene caused a decline in genetic 
diversity in cold-adapted species, such as the caribou, 
Rangifer tarandus (Kuhn et al., 2010), muskox, 
Ovibos moschatus (Campos et al., 2010), and lemming, 
Dicrostonyx torquatus (Prost et al., 2013), whereas 
warm-adapted species apparently increased in genetic 
diversity. However, some warm-adapted species have 
also experienced declines within the last 10 000 years, 
caused by the destruction and fragmentation of habitat 
and overhunting associated with human activities. For 
example, the brown bear, Ursus arctos (Valdiosera 

et al., 2008), and European beaver, Castor fiber (Horn 
et al., 2014), have both decreased in genetic diversity.

In research excavations of fossils in the Ural 
Mountains, Kosintsev & Bachura (2013) frequently 
found skeletal remains of M. meles, but not of 
M. leucurus, in the Middle Holocene (8000–2500 BP) 
remains, whereas many fossils of M. leucurus appeared 
in the Late Holocene (2500–100 BP) remains. This 
implies that expansion of the distributional range 
of M. leucurus to the west had started ~2500 years 
ago, and the principal species in the Ural Mountains 
changed from M. meles to M. leucurus. As a result, 
the present-day distributional boundary of the two 
Meles species was established near the Volga River. 
Gasilin & Kosintsev (2010) also reported that the 
range expansion of M. leucurus began in the Middle 
Holocene around the Irtysh River to the east of the 

Figure 1. Neighbour-joining phylogenetic tree for mitochondrial DNA control region haplotypes (154–156 bp). Shaded 
haplotypes were obtained from ancient badger remains (red, Meles leucurus; blue, Meles meles); the others were obtained 
from modern badgers in our study and previous studies (Tashima et al., 2011; Kinoshita et al., 2017, 2019). Asterisks 
indicate haplotypes detected only in ancient badgers. Numbers near internal branches are bootstrap values > 40%. The 
scale below the tree shows Kimura’s two-parameter distance.
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Ural Mountains, and continued for several thousands 
of years.

Our study showed that the haplotype and nucleotide 
diversities of modern M. meles and M. leucurus 
populations were higher than those of ancient 
populations (Table 1). In addition, Tajima’s D values 
were negative for M. leucurus but positive for M. meles, 
although the values were not significant, and showed 
possibilities of a past population bottleneck for M. meles 
and population expansion for M. leucurus (Table 1). 
Therefore, the distributions of M. meles and M. leucurus 
could have contracted and expanded, respectively; in 
other words, part of the range of M. meles was replaced 
by that of M. leucurus in the Late Holocene, possibly 
associated with the climatic warming and changes in 

food resources and living spaces, resulting in increased 
population size and genetic diversity in M. leucurus.

Some mustelid species hybridize when two different 
species inhabit sympatric regions (Griffiths, 2000). 
Kinoshita et al. (2019) reported hybrids between 
M. meles and M. leucurus in the Volga–Kama river 
region, based on an analysis of multiple genetic 
markers. It is now clear that the history of hybridization 
has an impact on the mtDNA diversity; however, in our 
present study of ancient DNA we analysed only a short 
region of maternally inherited mtDNA and thus could 
not detect clear evidence of hybridization, although 
some badger skull remains that we examined (sample 
identity numbers: 900/1273, 1786/81, 1546/1, 1022/1433 
and 1022/1315) showed morphological features 

Figure 2. Haplotype networks for the mitochondrial DNA control region (154–156 bp), with corresponding maps showing 
the sampling localities for ancient badger remains. See the map in Figure 3 for the modern distribution of Meles leucurus 
and Meles meles and the key geographical features, such as the Ural Mountains and the Volga River. A, Late Holocene 
epoch (2500–100 BP); B, Middle Holocene (8000–2500 BP); C, Late Pleistocene to Early Holocene (13 000–8000 BP). The 
haplotype networks on the left are for M. meles, with blue circles indicating ancient haplotypes found in each time interval. 
The haplotype networks on the right are for M. leucurus, with red circles indicating ancient haplotypes. The numerals in 
the circles show the numbers of individuals showing a particular haplotype. Open circles indicate modern haplotypes. Filled 
small circles represent intermediate haplotypes not detected.
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intermediate between the two species. It will be useful 
to analyse additional markers, including nuclear genes 
and Y chromosomal genotypes, to elucidate further the 
potential hybridization and distributions of ancient 
badgers. Hybridization in other mustelid species 

has also been reported because of altered pelt and 
cranial features, for instance, between the European 
polecat, Mustela putorius, and the European mink, 
Mustela lutreola (Tumanov & Abramov, 2002; Cabria 
et al., 2011), and between the pine marten, Martes 

Table 1. Molecular diversity of the mitochondrial DNA control region in Meles meles and Meles leucurus

Parameter Meles meles Meles leucurus

 Modern Ancient Modern Ancient

Number of individuals sampled 97 27 96 17
Number of haplotypes 14 6 14 6
Haplotype diversity (h; mean ± SE) 0.81 (±0.0231) 0.73 (±0.0733) 0.77 (±0.0338) 0.65 (±0.1223)
Nucleotide diversity (π; mean ± SE) 0.0174 (±0.0103) 0.0081 (±0.0059) 0.0100 (±0.0067) 0.0075 (±0.0057)
Tajima’s D (P-values) 0.478 (0.728) 0.564 (0.750) −0.560 (0.354) −0.724 (0.260)

Figure 3. Haplotype networks for the mitochondrial DNA control region (Meles meles, upper left; and Meles leucurus, upper 
right), with a map below showing the sampling localities for modern badgers. Each circle in the networks represents a distinct 
haplotype, with the size of the circle being proportional to the number of individuals showing that haplotype and coloured 
sectors indicating the proportions of individuals from different sampling localities. Stars indicate ancient haplotypes from 
badger bone remains. The colours in the haplotype networks correspond to those of the sampling localities on the map below. 
Numerals in the circles on the map indicate the number of individuals sampled at each locality. The modern haplotypes were 
obtained from the present study and previous studies (Tashima et al., 2011; Kinoshita et al., 2017, 2019).
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martes, and the sable, Martes zibellina (Rozhnov 
et al., 2010). In addition, Rozhnov et al. (2010) also 
reported that although the mtDNA control regions 
of Martes zibellina and Martes martes differ from 
each other, many individuals of morphological Martes 
martes (Martes zibellina) in the northern Urals carry 
mtDNA specific for morphological Martes zibellina (or 
Martes martes). However, the proportion of predicted 
hybrids from the morphological features among the 
total number of representatives of Martes hunted in 
1961–2009 (1789 individuals) did not exceeded 20%. 
It is possible that the backcrossing of hybrids with the 
parental species allowed them to be classified with 
one of the two original species (Rozhnov et al., 2010), 
which provides indirect evidence for changes in the 
distribution area of the two species.

Eurasian badgers are warm adapted and prefer 
forest–steppe environments. Around the Middle–Late 
Holocene boundary, the distributions of the two Meles 
species were correlated with climatic and environmental 
conditions in Western Siberia and the Ural Mountains. 
The climate in Western Siberia became cooler and wetter 
in the Late Holocene, leading to the expansion of forests 
(Orlova, 1990; Rudaya et al., 2012; Zakh et al., 2010). 
Forested areas also expanded in the Ural Mountains, 
and steppe areas decreased (Kosintsev & Bachura, 2013). 
Meles leucurus is an omnivorous mammal. The dietary 
components of this species have been reported as follows: 
in the Middle Urals, insects, amphibians and mammals, 
with the proportions of other types of food varying from 
year to year (Markov et al., 2005; Zagainova, 2009); in 
the Southern Urals, mainly earthworms (Chashchin, 
2002); and in Kazakhstan, the prevailing dietary 
components depend on the habitat type, including fruits, 
insects, mammals, reptiles, molluscs and earthworms 
(Sludsky et al., 1982). It is not clear what affects the 
difference in adaptability between the two Meles species. 
Both badger species are similar in feeding pattern and 
foraging activity; however, their ability to digest starch is 
different. Starch-rich food resources are obtained in both 
steppe and forest areas; however, unlike grass, seeds 
and berries can be long lasting and a good food resource 
for omnivores. Abduriyim et al. (2019) found that the 
number of copies of the pancreatic amylase gene (AMY2) 
varies from one to four in M. leucurus, whereas there is 
a single copy in other Meles species. This result suggests 
that M. leucurus is better adapted to a diet rich in starch 
(a more vegetable-based diet) than other Meles species. 
This advantageous adaptation of M. leucurus might also 
have contributed to the expansion of its range.

Frantz et al. (2014) reported the postglacial expansion 
of M. meles from two glacial refugia, one on the Iberian 
Peninsula and the other in southeastern Europe. In 
their study, mtDNA haplotypes detected in Scandinavia 
were closely related to the Iberian haplotypes, and the 
Scandinavian haplotypes were also found in Finland, 

Estonia and central Russia, suggesting an extensive 
eastward expansion. Based on a comprehensive 
craniometric analysis of Scandinavian badgers (M. meles), 
Abramov et al. (2009) suggested that Fennoscandian 
badgers might have colonized the Scandinavian Peninsula 
from the east, after the last glaciation, as is likely to have 
been the case for the brown bear, Ursus arctos (Taberlet 
& Bouvet, 1994). In our study, the ancient haplotypes 
MMA1 and MMA3 corresponded to modern haplotypes 
found in Scandinavia (Fig. 3). These two haplotypes could 
have spread from the Iberian Peninsula via Scandinavia 
to the Urals, the Volga and Western Siberia during the 
Middle Holocene. In contrast, haplotypes MMA5 and 
MMA6 corresponded to modern haplotypes found in 
southeastern Europe, around the Balkan Peninsula 
(Fig. 3). These two haplotypes could have spread from 
the southeastern glacial refugium. Our study amplified 
only short (~150 bp) fragments of ancient mtDNA, and 
longer mtDNA sequences are needed for comparison with 
modern haplotypes obtained through continent-wide 
sampling, in order to infer the phylogeographical history 
of Meles in Eurasia.
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