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Nuclear and mitochondrial phylogenies provide evidence for four species of Eurasian bad-

gers (Carnivora). — Zoologica Scripta, 39, 415–425.

The Eurasian badgers (Meles spp.) have a fairly widespread distribution in the Palearctic

region and their great morphological variability throughout the vast geographic area has

nourished an intense debate about the classification of this taxon. Therefore, the aim of

this study was to clarify controversies in Eurasian badger taxonomy by means of a new

molecular phylogeny. One-hundred and seventeen individuals of Eurasian badgers from 18

countries throughout Eurasia were sequenced for up to 3257 bp of nuclear DNA over six

loci (ACTC, BGN, CFTR, CHRNA1, TS and TTR) and 512 bp of the mitochondrial DNA

control region. Statistical and phylogenetic analyses for combined nDNA, mtDNA and the

total-evidence data clearly showed a strong genetic differentiation in four well-supported

clades, three of which corresponded to allopatric badger species previously defined accord-

ing to morphological data: Meles meles Linnaeus, 1758 in Europe; Meles leucurus Hodgson,

1847 in the continental part of Asia, except the south-west part; and M. anakuma

Temminck, 1844 in Japan. Up to now, the fourth clade, made up of individuals from

south-west Asia, had been considered as a subspecies. Supported by several pieces of mor-

phological evidence, the new phylogeny revealed that it is necessary to revise the current

taxonomic classification of Meles spp. and suggested that the badgers from south-west Asia

should be recognised as a separate species, being renamed M. canescens Blanford, 1875.
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Josep Marmi, Institut Català de Paleontologia, Mòdul ICP, Campus de la UAB, 08193 – Bellater-

ra (Cerdanyola del Vallès), Barcelona, Spain. E-mail: josep.marmi@icp.cat

Pavel V. Chashchin, Ilmensky State Reserve, Russian Academy of Sciences. Ural Branch, 456317 –

Miass, Russia. E-mail: olga@ilmeny.ac.ru

Pierre Taberlet, Laboratoire d’Ecologie Alpine, CNRS UMR 5553, Université Joseph Fourier, B.P.
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Introduction
The Eurasian badgers (Meles spp.) have a widespread distri-

bution in the Palearctic region, from the Iberian Peninsula

to the Japanese archipelago (Corbet 1978; Macdonald

2001). Throughout this vast geographic area, it displays

strong genetic divergence (Marmi et al. 2006) and differ-
Academy of Science and Letters d
ences in coat colour (Abramov 2003), size and morphology

(Abramov & Puzachenko 2005, 2006; Abramov et al.

2009), parasitological data (Abramov & Medvedev 2003),

diet (Abramov & Puzachenko 2005 and references

therein), habitat (Neal & Cheeseman 1996) and sociability

(Johnson et al. 2002). This great variability is frequently
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Table 1 Different Eurasian badger species proposed in the literature according to morphological evidence.

Eurasian badger species

Material ReferencesMeles meles Meles leucurus Meles anakuma

Europe and continental Asia Japan 11 skull measurements Lynch (1994)

Europe and SW Asia Russia, central Asia, China

and Japan

Dentition Baryshnikov & Potapova (1990);

Baryshnikov et al. (2003)

Europe* Russia and central Asia Japan Bacula Abramov (2002)

Europe and SW Asia Russia, central Asia and China Japan Head colour pattern Abramov (2003)

Europe and SW Asia Russia, central Asia and China Japan 30 skull measurements Abramov & Puzachenko (2005, 2006)

*SW Asia not sampled in this study.
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difficult to understand and it has nourished an intense

debate about the taxonomy of the species (see Table 1 and

Marmi et al. 2005 for a review).

In most cases, the Eurasian badger is referred to as a

single species divided into a number of different subspecies

(e.g. Corbet 1978; Wozencraft 1993). Nevertheless, some

authors have noticed that clear differences in dental char-

acteristics, size and proportions of skull, shape of auditory

bullae, shape of the baculum and pattern of colouration of

facial markings exist among badgers from Europe, Asia

and Japan (Baryshnikov & Potapova 1990; Abramov 2002,

2003; Baryshnikov et al. 2003; Abramov & Puzachenko

2005, 2006). According to this evidence, the Eurasian bad-

ger has been divided into two allopatric species: M. meles

Linnaeus, 1758, from Iberia to the River Volga (Russia)

including south-west Asia, and M. anakuma Temminck,

1844 in the remaining continental part of Asia and Japan

(Baryshnikov & Potapova 1990; Baryshnikov et al. 2003).

However, other analyses suggest that M. anakuma can be

divided into two additional species, which are: M. leucurus

Hodgson, 1847 in continental Asia, except its south-wes-

tern part, and M. anakuma in Japan (Abramov 2002, 2003;

Abramov & Puzachenko 2005, 2006). Insular populations

from the islands of Crete and Rhodes have been classified

as being different subspecies (M. m. arcalus Miller, 1907

and M. m. rhodius, Festa, 1914, respectively) from conti-

nental badgers (Ellerman & Morrison-Scott 1966; Corbet

1978; Karandinos 1992).

Genetic data can be a powerful tool to elucidate taxo-

nomic relationships when morphological data are difficult

to interpret. Unfortunately, to date, few large-scale studies

of genetic variability have been performed regarding the

Eurasian badger. Microsatellite data in populations from

Western Europe have revealed significant population

structuring, and that genetic differentiation resulted from

isolation by distance (Pope et al. 2006). Cytochrome b

gene sequences showed a significant divergence among

badger populations from Japan, the Baikal area (Siberia,

Russia) and Eastern Europe (Leningrad province, Russia)
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(Kurose et al. 2001). Afterwards, cytochrome b and the

first exon of IRBP indicated a great divergence between

the European (Thuringia, Germany) and Japanese (Kyu-

shu, Japan) lineages of badgers (Sato et al. 2003). Later,

the analysis of mitochondrial control region sequences

obtained from a more extensive sampling throughout Eur-

asia demonstrated the existence of four highly divergent

haplogroups that were distributed in Europe, south-wes-

tern Asia, the remaining continental part of Asia and Japan

(Marmi et al. 2006). Although the geographic range of

mitochondrial haplogroups seems to be consistent with

some of the species indicated above, taxonomic implica-

tions based only on mitochondrial DNA data, which is a

single genetic marker, should be taken with caution.

Mitochondrial DNA (mtDNA) is a good genetic marker

to elucidate phylogeographic patterns. The smaller effec-

tive population size of mtDNA compared with nuclear

DNA (nDNA) promotes a faster lineage sorting, which

allow to record population splitting and speciation pro-

cesses prior to nDNA (Zink & Barrowclough 2008). How-

ever, mtDNA only reflects the matrilineal history, which

can differ from that of the overall species history (Zhang

& Hewitt 2003). The representativeness of mtDNA trees

as species trees may be tested with nuclear phylogenies of

several unlinked loci (Rubinoff & Holland 2005). Some

authors suggest combining and comparing the mtDNA

and nDNA genes for a better resolution (Matthee & Davis

2001; Matthee et al. 2004; Cabria et al. 2006; Dubey et al.

2007; Koepfli et al. 2008; Kawahara et al. 2009), taking

into account the possible incongruence among phyloge-

netic analyses based on mitochondrial and nuclear data

and morphological evidence. Because nDNA sequences

coalesce more slowly than mtDNA sequences, congruence

among nDNA and mtDNA phylogenies would provide

strong evidence for delimiting species.

In the present work, sequences of six intron regions

from badger samples widely distributed throughout Eur-

asia were obtained and combined with mtDNA data to

test the previous results found by Marmi et al. (2006). The
010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters
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aim of this study was to perform a phylogenetic analysis

using mitochondrial and nuclear DNA sequences to shed

light on the controversial taxonomy of this Palearctic

mustelid species.

Materials and methods
Data collection

DNA sequence data were derived from tissues of 117

individuals of the Eurasian badger from 18 countries

representing its broad geographic distribution in Eurasia

(Fig. 1). Samples were obtained from road-killed animals

or museum specimens, and were kindly provided by

collaborators (see Acknowledgements). Samples were

frozen or preserved in 90% ethanol or NaCl2. For tissue

samples (muscle, ear and blood), genomic DNA was

isolated with a DNeasy Tissue Extraction Kit (Qiagen,

Valencia, CA, USA) according to the manufacturer’s

instructions.

Six nuclear introns, cholinergic receptor, nicotinic, alpha

1 (CHRNA1) intron 8, alpha-cardiac actin (ACTC) intron

4, biglycan (BGN) intron 4, cystic fibrosis transmembrane

regulator (CFTR) intron 25, thimidylate synthetase (TS)

intron 5 and transthyretin (TTR) intron 1 were amplified

using comparative anchor-tagged sequence (CATS) primer

pairs previously published (see Appendix S1). Samples

from some regions failed to amplify and required the

design of new specific primers, which were designed close

to the exon regions, flanking targeted intron sequences, of

the six conserved genes by means of the alignment of

badger sequences and published CATS sequences from

closely related species (see Appendix S1). Polymerase chain

reactions (PCR) for both published and new specific

primers were performed on Applied Biosystems 2770
Fig. 1 Schematic map of the Eurasian

badger geographic range representing

sampling locations. Numbers within the

symbols indicate the number of samples

from each country (see Appendix S3).

Symbol codes represent the different

badger lineages according to mtDNA

data from Marmi et al. (2006): Stars,

Europe; triangles, south-west Asia;

circles, eastern limit of Europe, north-

west and central Asia; square, Japan.
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thermocyclers, and started with a denaturation step at

95 �C for 7 min, followed by 40 cycles of touch-down

conditions (see Appendix S1), ending with a final extension

step at 72 �C for 7 min. Reactions were performed in a

final volume of 20 lL consisting of PCR buffer (1·),

2 mM MgCl2, 0.32 mM dNTPs, 0.17 lM of each

primer, 0.68 U Taq polymerase (Ecogen S.R.L., Barcelona,

Spain), and ca. 50 ng of template DNA. All reactions

included a negative control (where double-distilled water

was added instead of DNA). PCR products were electro-

phoresed in a 1.5% agarose ⁄ TBE gel for testing the

correct fragment size. PCR products were purified by

ExoSAP-IT kit (Amersham Biosciences Europe GmbH,

Barcelona, Spain), sequenced using the Big Dye Termina-

tor v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster

City, CA, USA) and precipitated following the manu-

facturer’s instructions. The precipitates were run on an

Applied Biosystems 3100 DNA sequencer.

Some individuals showed more than one polymorphism

in the same locus, thus new allele-specific primers were

designed to resolve the haplotypes (see Appendix S2). For

ACTC and CHRNA1 loci, a second PCR amplification

was performed using allele-specific primers, which

included 1 lL of a 1 : 100 dilution of the original PCR

product as template DNA, whereas in the other cases

(TTR, BGN, CFTR and TS), original PCR products were

sequenced using the new allele-specific primers. PCR

reactions were performed under the same conditions as

described above, except for the MgCl2 concentration,

which was lowered to 1.5 mM. PCR conditions for these

reactions are given in Appendix S2. GenBank accession

numbers (acc. no.) of nuclear sequences obtained are given

in Appendix S3.
Zoologica Scripta, 39, 5, September 2010, pp 415–425 417
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In addition, 88 sequences of a 5¢ partial control region

fragment of Eurasian badgers (512 bp) were added from

the previous study by Marmi et al. (2006) (acc. no.:

AJ563661–AJ563703, except the following numbers:

AJ563687, 90–93, 96–99). To complete the geographic

badger representation, the same mtDNA fragment (29

new samples: seven from Europe, 21 from Russia and one

from Japan, acc. no.: GU247572–GU247573) was also

sequenced following PCR conditions described in Marmi

et al. (2006).

Finally, 25 sequences of the CHRNA1, TTR and control

region loci belonging to four species of Mustela (Mustela

erminea, Mustela lutreola, Mustela nivalis and Mustela putori-

us) and three species of Martes (Martes flagivula, Martes

melampus and Martes zibellina) obtained from GenBank

(see acc. no. in Appendix S4) were added to analyse and

compare the interspecific genetic divergence within Mus-

tela, Martes and Meles genera.

Data analysis

Nuclear and mitochondrial sequences were visualised and

aligned using SEQUENCHER v.4.7 (Gene Codes Corporation,

Ann Arbor, MI, USA) and concatenated using MEGA v.4.0

(Tamura et al. 2007). Four data sets were created. The

first data set was named ‘Mitochondrial’ and consisted of

the 512-bp mtDNA fragment (including gaps). The sec-

ond data set was named ‘All Nuclear’ and was made up of

the sequences from the ACTC, BGN, CFTR, CHRNA1, TS

and TTR genes (3257 bp). Two data subsets were created

for the second data set by using one sequence per individ-

ual and polymorphisms codified as either ambiguities (All

Nuclear 1) or using both haplotypes sequenced per indi-

vidual (All Nuclear 2).

The third data set was named ‘Supermatrix’. Here, the

combined molecular data comprised a total of 3768 bp,

which included all data (mtDNA + nDNA). Two data sub-

sets were also created here to handle polymorphisms as

described above (i.e. Supermatrix 1 and Supermatrix 2).

The fourth data set was named ‘Minimatrix’ and consisted

of two intron genes (CHRNA1 and TTR) and the 512-bp

mtDNA fragment, yielding a total of 1359 bp (one sequence

per individual). All gaps were treated as missing data.

The number of polymorphic sites, haplotype (h) and

nucleotide (p) diversities were estimated using DNASP v.5

(Librado & Rozas 2009) and ARLEQUIN v.3.01 (Excoffier

et al. 2005), and the number of parsimonious polymorphic

sites in the sequences with ambiguities was calculated with

MEGA v.4.0 (Tamura et al. 2007).

The best-fit model of nucleotide substitution was calcu-

lated for all loci and concatenated sequences (see Appen-

dix S5) by the Akaike information criteria approach using

MODELTEST v.3.8 (Posada 2006). Thus, this model and
418 Zoologica Scripta, 39, 5, September 2010, pp 415–425 d ª 2
parameters were used to infer statistics and distance matri-

ces for each data set using PAUP* v.4.0b10 (Swofford 2002),

and ARLEQUIN v.3.01 specifically for the groups of

sequences with exclusive geographic ranges. To compare

the genetic differences among these groups of the

Eurasian badger and among species of the other mustelid

genera (Mustela and Martes), the genetic distance analyses

were performed using ARLEQUIN v.3.01 and the ‘Minima-

trix’ data set.

The pairwise distance matrix obtained using the

‘Supermatrix 2’ data set was also used to perform a multi-

dimensional scaling analysis (MDS) with XLSTAT v.2009

(Addinsoft 2009; http://www.xlstat.com), which is a non-

parametric method that represents, in a limited number of

dimensions, observations by means of a similarity or dis-

similarity matrix. MDS was run using 1000 iterations.

Population genetic structure was also explored through

spatial analysis of molecular variance implemented in

SAMOVA v.1.0 (Dupanloup et al. 2002). This programme

defines groups of populations that are geographically

homogeneous and maximally differentiated from each

other using genetic and geographic data and a simulated

annealing procedure to maximise the proportion of the

total genetic variance caused by differences among groups

of populations without any a priori definition of them.

The SAMOVA analyses were executed on the ‘All Nuclear 2’,

‘Supermatrix 2’ and ‘Mitochondrial’ data sets, using 1000

permutations of individuals for each partition to test the

significance of the variance. The geographic coordinates

added were estimated for all countries or regions (in the

case of Russia, because of the enormous land mass of this

country).

Bayesian inference (BI) of badger phylogeny with MRBA-

YES v.3.0b3 (Huelsenbeck & Ronquist 2001) was per-

formed using the best-fitted models of nucleotide

substitution, estimated by Modeltest, for the ‘All Nuclear

1’ and ‘Supermatrix 1’ data sets, with linked (GTR+I+G

model) and unlinked loci. For the second option, the

respective models for each partition were attributed, and

then MrBayes command lines were used for unlinking

parameters and allowing partitions to evolve under differ-

ent rates (see Appendix S5). MrBayes runs consisted of

four chains for 10–11 · 106 generations for the ‘All

Nuclear 1’ data set and 26 · 106 generations for the

‘Supermatrix 1’ data set, with a sampling frequency of

1 ⁄ 1000 for each chain. The convergence was estimated by

measuring the standard deviation of the split frequency

among parallel chains. Chains were considered to have

converged when the average split frequency was lower

than 0.01. The initial 2500–2750 trees from each run for

the ‘All Nuclear 1’ data set and 6500 trees for the ‘Su-

permatrix 1’ data set were discarded as burn-in values,
010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters
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whereas posterior probabilities were obtained by combin-

ing the postburn-in trees in a single 50% majority consen-

sus tree.

In addition, a maximum likelihood (ML) tree was also

constructed, analysing the same data sets as with the

Bayesian method. ML analyses were conducted with

RAXML v.7.0.3 (Stamatakis 2006) and 1000 RAXML runs were

performed to find the best ML tree by comparing the

likelihood scores. To evaluate the robustness of the ML

tree, 1000 bootstrap pseudo-replicates were calculated

using the ‘faster rapid hill-climbing algorithm’. The data

set was partitioned to allow different parameters for

each gene under GTRGAMMAI parameter settings for

the ‘All Nuclear 1’ and the ‘Supermatrix 1’ data sets. We

considered a bootstrap value of 95% as being strongly

supported (Felsenstein & Kishino 1993), <95–70% as

moderately supported, and <70% as being weakly sup-

ported. Bayesian and ML analyses were also carried out

with the ‘Minimatrix’ data set using sequences of the clo-

sely related species Arctonyx collaris (see Appendix S4) as

the outgroup. The conditions were the same as those

described above, but the runs were of 16 · 106 generations

and the burn-in was at the initial 4000 trees for the Bayes-

ian analysis, and the model used was GTRGAMMA for

the ML analysis.

Results
The nucleotide diversity across all samples was 10 times

higher in the ‘Mitochondrial’ (p = 0.0208 ± 0.0011) than
Table 2 Genetic diversity values for all data sets and geographic regi

Austria, Finland, Germany, The Netherlands, Ireland, Italy, Luxembou

Europe; Crete, Israel and Georgia for south-west Asia; Russia (Chelya

Republic) and Mongolia for the eastern limit of Europe, north-west and

Data set Geographic origin

No.

individuals

Mitochondrial* Europe 72

South-west Asia 13

Eastern limit of Europe,

north-west and central Asia

27

Japan 5

Eurasia 117

All Nuclear 1* Eurasia 117

All Nuclear 2** Europe 72

South-west Asia 13

Eastern limit of Europe,

north-west and central Asia

27

Japan 5

Eurasia 117

Supermatrix 1* Eurasia 117

Supermatrix 2** Eurasia 117

*Data set with one sequence per individual and polymorphism codified as either ambiguit
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in the ‘All Nuclear 2’ data set (p = 0.0034 ± 0.0002)

(Table 2). Differences were also found in genetic diversi-

ties between the divergent groups of populations inferred

by Marmi et al. (2006) (1, Europe; 2, south-west Asia; 3,

eastern limit of Europe, north-west and central Asia; and

4, Japan) with the first group (Europe) having the highest

and the third group (eastern limit of Europe, north-west

and central Asia) the lowest nucleotide diversity for the

‘Mitochondrial’ data set (Table 2). On the contrary, for

the ‘All nuclear 2’ data set, the value of nucleotide diver-

sity for the third group (eastern limit of Europe, north-

west and central Asia) (p = 0.0026 ± 0.0001) was almost

one order higher than that for the first (Europe)

(p = 0.0004 ± 0.0000).

According to the number of variable and parsimony

informative sites, the ‘All Nuclear 2’ data set was more

informative in the case of the eastern limit of Europe,

north-west and central Asia and Japan regions, with 30

and three parsimony informative sites, than in the ‘Mito-

chondrial’ with 7 and 0, respectively (Table 2); however,

the results from Japan must be taken with caution as a

result of their small sample size. Moreover, in the case of

the whole of Eurasia, the ‘All Nuclear 1’ and ‘All Nuclear

2’ data sets were more informative than the ‘Mitochon-

drial’ data set.

The MDS analysis for the ‘Supermatrix 2’ data set

revealed a strong genetic differentiation among the four

groups of sequences clearly defined at a geographic level

by Marmi et al. (2006): Europe, south-west Asia, eastern
ons. The countries which made up the geographic regions were:

rg, Norway, Spain, Sweden, Switzerland, Poland and the UK for

binsk, Kurgan, Orenburg, Sverdlovsk Province and Bashkortostan

central Asia.

Polymorphic

characters

Parsimony

informative

characters

Nucleotide

diversity (p) ± SD

13 10 0.0057 ± 0.0003

12 4 0.0055 ± 0.0010

9 7 0.0044 ± 0.0009

6 0 0.0047 ± 0.0015

43 36 0.0208 ± 0.0011

58 49 0.0031 ± 0.0016

14 10 0.0004 ± 0.0000

7 7 0.0006 ± 0.0000

38 30 0.0026 ± 0.0001

5 3 0.0006 ± 0.0001

72 65 0.0034 ± 0.0002

101 85 0.0059 ± 0.0029

115 108 0.0058 ± 0.0029

ies; **data set with both haplotypes per individual.

Zoologica Scripta, 39, 5, September 2010, pp 415–425 419



Fig. 2 Multidimensional scaling plot

based on distances between pairs of

individuals for the ‘Supermatrix 2’ data

set.
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limit of Europe, north-west and central Asia and Japan

(value of Kruskal’s stress (1) = 0.055) (Fig. 2). The ‘All

Nuclear 2’ and ‘Mitochondrial’ data sets showed similar

results (data not shown). The analysis of the ‘Minimatrix’

data set (Appendix S4) showed that some values of genetic

distance between species within the genera Mustela and

Martes fell within the range reported among Eurasian

badger haplogroups. In fact, the average Fst values

observed among haplogroups were statistically significant

(Fst = 0.83, P < 0.05). SAMOVA applied to the ‘All Nuclear

2’, ‘Mitochondrial’ and ‘Supermatrix 2’ data sets, testing

for two, three and four groups, revealed a high degree of

genetic differentiation through Eurasia (Table 3). In all

cases, the highest values of differentiation were achieved

when the analysis was carried out for four groups: Europe,

south-west Asia, eastern limit of Europe, north-west and

central Asia and Japan.

However, phylogenetic trees obtained for each nuclear

locus separately were mostly unresolved (data not shown).

The CHRNA1 and TTR nuclear sequences were only able

to separate the two major clades (Europe with south-west

Asia and the eastern limit of Europe, north-west and cen-

tral Asia with Japan) with a moderate nodal support

(BI > 0.7, ML > 70%; data not shown). On the other

hand, ML- and BI-unrooted trees based on the ‘All

Nuclear 1’ and ‘Supermatrix 1’ clearly separated the four

clades inferred by Marmi et al. (2006) with high statistical
Table 3 Population structure inferred by spatial analysis of molecular v

are indicated, as well as the percentage of the total variance that is expl

Partitions

‘All Nuclear 2’

% among

groups FCT FSC

2 [Europe, south-west Asia] [Russia, Mongolia, Japan] 72.65 0.73 0.48

3 [Europe, south-west Asia] [Russia, Mongolia] [Japan] 77.29 0.77 0.38

4 [Europe] [Southwest Asia] [Russia, Mongolia] [Japan] 81.87 0.82 0.09

FCT, fixation index among groups; FSC, fixation index among populations within groups; F
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support (Fig. 3A), whereas the analysis of the ‘Minimatrix’

data set rooted with Arctonyx collaris sequences showed

similar results but with a lower nodal support (Fig. 3B).

Discussion
Genetic variation and phylogenetic relationships within the

genus Meles

Previous studies revealed that nuclear data might be more

useful for resolving deeper nodes of phylogenetic trees,

because mtDNA data show a lower power of resolution

caused by problems associated with multiple substitutions,

but that nDNA data may be less appropriate for very

recent divergences (DeBry & Seshadri 2001). Additionally,

the nuclear genome has some advantages, such as a low

amount of homoplasy and high decisiveness as a result of

low among-site rate variation (Yang 1996; Davis et al.

1998). Nucleotides sampled from a concatenated data set

of nuclear genes from different genomic regions may be

more representative of the species phylogeny than those

sampled from a single gene (Cao et al. 1994; Meyer 1994).

Here, we found that mitochondrial nucleotide diversity

was higher than that of nuclear sequences (all data sets,

see Table 2), as expected, taking into account that the

mitochondrial DNA evolves 5–10 times faster, on average,

than does the nuclear DNA in vertebrates (Vawter &

Brown 1986). Nonetheless, concatenated intron data sets

showed equal or higher numbers of parsimony informative
ariance (SAMOVA) for the ‘Supermatrix 2’ data set. Fixation indices

ained by differences among groups.

‘Mitochondrial’ ‘Supermatrix 2’

FST

% among

groups FCT FSC FST

% among

groups FCT FSC FST

0.86 68.10 0.68 0.74 0.92 70.28 0.70 0.62 0.89

0.86 81.15 0.81 0.52 0.91 73.48 0.73 0.58 0.89

0.83 83.94 0.84 0.43 0.91 82.71 0.83 0.28 0.88

ST, fixation index within populations.

010 The Authors. Journal compilation ª 2010 The Norwegian Academy of Science and Letters



Fig. 3 A–B. Phylogenetic trees obtained

from Bayesian analysis allowing partitions

for the concatenated data sets. Maximum

likelihood bootstrap values (pre ⁄ -) and

Bayesian posterior probabilities (- ⁄ post)

are shown for the main nodes. —A.

Unrooted tree for the ‘Supermatrix 1’

data set (nDNA and mtDNA sequences).

—;B. Rooted tree with Arctonyx collaris
sequences (white square) for the

‘Minimatrix’ data set (CHRNA1, TTR and

mtDNA loci). Symbols indicate the

geographic origin of individuals: Europe,

white circles; south-west Asia, black

rhombus; eastern limit of Europe, north-

west and central Asia, black circles;

Japan, white triangles.
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sites than did the mitochondrial control region by itself

(Table 2). This indicates that our nuclear data sets were at

least as informative as was the mitochondrial one. How-

ever, to combine the advantages of both genomes, the

mtDNA and nDNA data sets were concatenated (from

multiple loci) in some analyses, thereby obtaining the

maximum information content with the sampled data.

Statistical and phylogenetic analyses with all data sets

were highly congruent with results based on a fragment of

the control region reported by Marmi et al. (2006). As in

the previous study, new nuclear data revealed a high

degree of genetic differentiation among four groups of

Eurasian badger populations: (i) Europe; (ii) south-west

Asia; (iii) eastern limit of Europe, north-west and central

Asia and (iv) Japan. The population structure inferred by

SAMOVA showed these four partitions as having the best-

supported split. The percentage values of variation among

groups for nuclear and mitochondrial data were very close

(81.87% and 83.94%, respectively; Table 3). The MDS

analysis also clearly reported the same partitions (Fig. 2).

These results demonstrated that both nuclear and mito-

chondrial DNA reflected the true evolutionary history of

the genus Meles.

To date, few phylogenetic studies of Eurasian badger

populations based on mitochondrial DNA have been

performed (Kurose et al. 2001; Marmi et al. 2006). There-

fore, this new phylogeny, based on ‘All Nuclear 1’ and

‘Supermatrix 1’ data sets, has been performed using

samples from throughout the geographic range of the

Eurasian badger to test its taxonomy. Phylogenetic trees

for each intron gene resulted in poorly resolved topologies
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because of the limited phylogenetic signal in these loci

(data not shown), as expected from the literature (e.g.

Wendel & Doyle 1998). However, when we analysed the

‘All Nuclear 1’ data set, a better resolution was found with

moderate to high bootstrap support for major groups

rather than by using ‘Mitochondrial’ data alone. Neverthe-

less, we achieved the best support when all nDNA and

mtDNA data were combined (Supermatrix 1). These

analyses split the Meles genus into four clades (98–100%

of bootstrap; posterior probability, 1.00) (Fig. 3A). The

same clades were recognised by the ‘Minimatrix’ phyloge-

netic trees with moderate to high nodal support (Fig. 3B).

These trees, rooted with Arctonyx collaris sequences, sug-

gest a first division that separated Europe and south-west

Asia from the eastern limit of Europe, north-west and

central Asia and Japan, followed by the partition of these

major groups.

Proposal of a new taxonomy for the genus Meles

According to the current taxonomy, the Eurasian badger

(genus Meles) and the hog-badger Arctonyx collaris Cuvier,

1825 are sister taxa and the only two components of the

mustelid subfamily Melinae (e.g. Marmi et al. 2004; Koep-

fli et al. 2008). Previous studies explored the karyotype fea-

tures of Eurasian badgers from Europe, Siberia, China and

Japan (Obara 1987; Graphodatsky et al. 1989; Wang et al.

1990). Badgers sampled displayed the same number of

autosomes (2n = 44), and sex chromosomes (X and Y)

were identical, but differences in the C-banding pattern

were found among samples from Europe, continental Asia

and Japan, which indicated differences in the size of
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heterochromatin regions. The baculum in mustelids has

distinctive morphological features of great taxonomic

interest, showing clearly different morphotypes among

Eurasian badgers from those of European Russia (Lenin-

grad and Tver’ Provinces), north-west and central Asia

(Urals, Kazakhstan, Uzbekistan, Siberia and Mongolia)

and Japan (Abramov 2002). In this last study, the south-

west Asia region was not sampled, but variation among

badger groups was higher than among those closely

related, but distinct, species of the genera Mustela and

Martes. The colour pattern reveals clear differences among

badgers from Europe, far eastern Europe, north-west and

central Asia, and Japan (Abramov 2003). Nevertheless, the

head colour pattern of badgers from south-west Asia

resembles that of European badgers, but the former ones

are lighter. It is important to note the role that the head-

colour pattern plays as an intraspecific recognition signal

(Neal & Cheeseman 1996). All of this evidence suggests

that badgers from Europe, the eastern limit of Europe,

north-west and central Asia and Japan belong to at least

three Eurasian species: M. meles Linnaeus, 1578; M. leucu-

rus Hodgson, 1847 and M. anakuma Temminck, 1844.

Interestingly, the phylogroups or lineages found analysing

molecular data (Marmi et al. 2006; and the present study)

fit the three species inferred by morphological analyses

well. Additionally, genetic data reveal a possible fourth

species in south-west Asia that has been considered to be a

subspecies of the European badger according to morpho-

logic studies (Abramov & Puzachenko 2005, 2006; and

previous references). These badgers are small, with pale

fur and unflattened auditory bullae in comparison with

those from Europe. According to previous research and

the results from the present study, we confirm the exis-

tence of M. meles, M. leucurus and M. anakuma and suggest

the existence of a fourth species in south-west Asia, which

should be renamed M. canescens Blanford, 1875.

The four Eurasian badger species are well supported by

different species concepts [e.g., the phylogenetic (Cracraft

1983) and the biological (Mayr & Ashlock 1991) species

concepts]. Genetic distances between Eurasian badger spe-

cies were similar to distances reported between species

within Mustela and Martes genera (see Appendix S4), and

conclusions based on these data should imply at least equal

rates of substitution among lineages. However, rates of sub-

stitution within Mustelidae are variable even among closely

related lineages (Koepfli et al. 2008). The reciprocal mono-

phyly achieved by both mtDNA and nDNA markers, sup-

ported with morphological data and the few shared

haplotypes (Appendix S3), are better criteria and suggest

strong reproductive isolation among Eurasian badger spe-

cies. These species are probably allopatric in most of their

geographic range. Meles meles and M. leucurus are separated
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by the Volga River in far eastern Europe. Both species

would be only sympatric in the Kirov Province, Udmurtia

and Tatarstan (European Russia) (Abramov 2003). The

Caucasus Mountains separate M. meles and M. canescens

ranges and M. leucurus and M. canescens seem to be sympat-

ric only in the foothills of the western and central Tien

Shan Mountains, whereas in Turkmenistan and Uzbekistan

they are separated by large sandy deserts (Kara-kum and

Kyzyl-kum) (Marmi et al. 2005, 2006).

Morphological analyses also suggest variation within

some of the proposed species. For instance, Abramov et al.

(2009) has found differences in craniometric characters

among badgers from Scandinavia and other European

populations, or even among populations within Scandina-

via. Genetic analyses reported in the present study do not

show clear differences among samples from Scandinavia

and the remaining areas of Europe; thus, a more extensive

sampling should be carried out in this area to elucidate if

morphologic differences are supported by genetic analyses.

Marmi et al. (2006) reported that mtDNA sequences of

badgers from Crete, which belong to the endangered

M. m. arcalus Miller, 1907 subspecies, were closely related

to those from south-west Asia. Nuclear data completely

agree with these previous results and suggest that this

insular population should be included in the M. canescens

species.

An extensive analysis of 431 vertebrate taxa suggested that

most of the sister species diverged through the Pliocene and

Pleistocene, with a mean speciation duration of 1–2 Myr

(Avise et al. 1998). This is in agreement with the evolution-

ary history of Eurasian badger sister species, in which there

was a first split separating meles-canescens from leucurus-ana-

kuma clusters followed by the division of these major clades.

According to Marmi et al. (2006), the first split occurred

between 2.87 and 0.55 Mya, most probably at the end of the

Pliocene, and just before the beginning of the glacial ages.

This study has shed light on the resolution of the con-

fusing taxonomy of the Eurasian badger. A well-estab-

lished current taxonomy based on molecular data can

allow researchers to find morphological characters to

improve diagnoses. In addition, taxonomy of badger fossil

material of collected from Plio-Pleistocene sites is poorly

resolved, mainly due to controversies regarding current

taxa (e.g. Wolsan 2001). Therefore, a better knowledge of

diagnostic morphological characters in present-day species

may provide useful tools to elucidate the taxonomy of

fossil taxa and improve the knowledge of the evolutionary

history of the genus Meles. Furthermore, assuming the

existence of four Meles species, it could be interesting to

study the contact zones between these species to investi-

gate whether reproductive isolation exists or, on the con-

trary, introgression between species still occurs. In this
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sense, the development of easy, fast and economical

genetic tools would be very useful.
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