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a b s t r a c t .  geographic isolation of small populations in refugia during late pleistocene 
glaciations resulted in population differentiation that in some cases lead to speciation. We report 
the karyotype of Microtus bavaricus, an evolutionary young and threatened rodent endemic 
to the alps. our results show that the karyotype of M. bavaricus is almost identical to that of  
M. liechtensteini (2N = 46, NF = 54). a close relationship between the two species was 
also supported by phylogenetic analysis of complete mitochondrial DNa sequences for 
the cytochrome b gene. the cytochrome b divergence between Microtus bavaricus and  
M. liechtensteini was 1.7 %, the lowest estimate observed among the 14 currently recognised 
species of eurasian pine voles (subgenus Terricola). 
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Introduction

vole species of the genus Microtus (arvicolinae, rodentia) differ considerably in age and 
various evolutionary stages of speciation can be observed within the genus. the eurasian pine 
voles, subgenus Terricola, include species groups that are especially suitable for analysis of 
recent divergence events (J a a r o l a  et al. 2004). geographic isolation of small populations 
in refugia during the late pleistocene glaciations could have served as “speciation traps” for 
several of these young taxa, thus promoting speciation (c h a l i n e  1987, M a r t í n k o v á 
&  D u d i c h  2003).

the bavarian pine vole, Microtus bavaricus (könig, 1962), is an endemic species of the 
alps with an extremely restricted range and rather enigmatic phylogenetic relationships. 
in fact, its distribution area covers only six known localities in the innsbruck alps in 
bavaria, germany (terra typica at garmisch-partenkirchen), and northern tyrol in austria 
(k ö n i g  1982, S p i t z e n b e r g e r  2002, c a r l e t o n  &  M u s s e r  2005). because 
of the species’ distributional pattern, it was suggested that M. bavaricus survived the 
last glacial period in a refugium situated in the northern alps (k r a t o c h v í l  1970, 
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S p i t z e n b e r g e r  2002). Since the original morphological description by k ö n i g 
(1962), affinities of M. bavaricus to the two other lineages of pine voles endemic to the alps 
and some nearby mountain ranges, M. multiplex and M. liechtensteini, have been indicated 
(k r a t o c h v í l  1970, S p i t z e n b e r g e r  2002) and confirmed by both morphological 
(S p i t z e n b e r g e r  et al. 2000) and molecular genetic analysis (h a r i n g  et al. 2000). 
this group, the M. multiplex complex, including M. multiplex, M. liechtensteini and M. 
bavaricus, is characterised by low morphological divergence and M. multiplex and M. 
liechtensteini were occasionally considered to be conspecific (k r a p p  1982). this opinion 
found particular support in a finding of a single natural hybrid in the area of parapatric 
contact between the two taxa (S t o r c h  &  W i n k i n g  1977). the F1-hybrid from 
calliano, trento province in italy showed karyotype characteristics of both parental species 
and had an intermediate diploid number of chromosomes (2N = 47). 

M. multiplex and M. liechtensteini can be distinguished by their parapatric distribution 
patterns and differences in karyotype: M. multiplex is distributed in the western parts of the 
alps and certain adjacent mountain ranges (eastern margins of Massif central, northern 
apennines), whereas M. liechtensteini occurs in the eastern and north-eastern alps and 
the western Dinaric mountains (M i t c h e l l – J o n e s  et al. 1999). the diploid number 
of chromosomes differs between the two taxa (2N = 48 in M. multiplex, 2N = 46 in  
M. liechtensteini) and the two karyotypes can also be distinguished also by other details 
in the morphology of individual chromosomes (Z i m a  &  k r á l  1984). however, the 
molecular divergence between M. multiplex and M. liechtensteini falls within the 4–8 % 
cytochrome b range that includes both inter- and intra-specific divergence in Microtus 
(J a a r o l a  et al. 2004). 

the aim of the present paper is to report on the hitherto unknown karyotype of  
M. bavaricus. We have also examined sequences of the mitochondrial cytochrome b gene 
for this species, in order to estimate the taxonomic position and phylogenetic relationships 
of M. bavaricus to other species of pine voles (subgenus Terricola). analysis of cytochrome 
b sequences enabled us to utilize the extensive data set of publicly available sequences of 
closely related Terricola species.

Material and Methods

c h r o m o s o m e s

the karyotype was studied in a male of M. bavaricus collected in the rofangebirge in 
northern tyrol, austria. it was collected on 3 august, 2004 by Simon engelberger northwest 
of Steinberg/rofan in an open spruce forest near a small brook, a tributary to the ampelsbach 
river (47o 32’ N, 11o 45’ e, 1100 m a.s.l.). the voucher skin and skull (NMW65362) are stored 
in the Mammal collection of the Natural history Museum in vienna. Mitotic chromosomes 
were prepared from bone marrow cells obtained from short-term culture, using the standard 
technique with hypotonic treatment and fixation in a mixture of ethanol and acetic acid. the 
karyotype was then analyzed by conventional giemsa staining.

c y t o c h r o m e  b  s e q u e n c e s

complete or partial sequences of the mitochondrial gene for cytochrome b were obtained 
for 14 individuals of Microtus bavaricus, M. tatricus, M. majori and M. liechtensteini  



41

Ta
bl

e 
1.

 i
nd

iv
id

ua
ls

 v
ou

ch
er

 n
um

be
rs

, 
sa

m
pl

e 
lo

ca
lit

ie
s, 

cy
to

ch
ro

m
e 

b 
ha

pl
ot

yp
es

 a
nd

 g
en

b
an

k 
ac

ce
ss

io
n 

nu
m

be
rs

 f
or

 s
eq

ue
nc

ed
 s

pe
ci

m
en

s 
of

 M
ic

ro
tu

s, 
su

bg
en

us
 

Te
rr

ic
ol

a.

Sp
ec

ie
s

vo
uc

he
r N

o.
lo

ca
lit

y
h

ap
lo

ty
pe

a
cc

es
si

on
 N

o.
M

. b
av

ar
ic

us
N

M
W

65
36

2
St

ei
nb

er
g 

am
 r

of
an

, N
or

th
er

n 
ty

ro
l, 

a
us

tri
a

ba
va

ri
cu

s 
1

D
Q

84
16

93
N

M
W

80
72

g
ar

m
is

ch
-p

ar
te

nk
irc

he
n,

 b
av

ar
ia

, g
er

m
an

y
ba

va
ri

cu
s 

2
D

Q
84

16
94

N
M

W
26

59
2

St
ei

nb
er

g 
am

 r
of

an
, N

or
th

er
n 

ty
ro

l, 
a

us
tri

a
ba

va
ri

cu
s 

3
D

Q
84

16
95

M
. t

at
ri

cu
s

N
M

-1
79

pr
vé

 r
oh

áč
sk

e 
pl

es
o 

la
ke

, W
es

te
rn

 t
at

ra
 M

ts
, S

lo
va

ki
a

ta
tr

ic
us

 4
D

Q
84

16
96

N
M

-5
46

pr
vé

 r
oh

áč
sk

e 
pl

es
o 

la
ke

, W
es

te
rn

 t
at

ra
 M

ts
, S

lo
va

ki
a

ta
tr

ic
us

 5
D

Q
84

16
97

N
M

-1
82

pr
vé

 r
oh

áč
sk

e 
pl

es
o 

la
ke

, W
es

te
rn

 t
at

ra
 M

ts
, S

lo
va

ki
a

ta
tr

ic
us

 6
D

Q
84

16
98

N
M

-1
94

r
ak

yt
ov

sk
á 

do
lin

a 
va

lle
y,

 v
eľ

ká
 F

at
ra

 M
ts

, S
lo

va
ki

a
ta

tr
ic

us
 7

D
Q

84
16

99
N

M
-1

95
r

ak
yt

ov
sk

á 
do

lin
a 

va
lle

y,
 v

eľ
ká

 F
at

ra
 M

ts
, S

lo
va

ki
a

ta
tr

ic
us

 7
D

Q
84

16
99

N
M

-2
02

D
ol

ný
 h

ar
m

an
ec

, v
eľ

ká
 F

at
ra

 M
ts

, S
lo

va
ki

a
ta

tr
ic

us
 8

D
Q

84
17

00
N

M
-7

6
tr

et
ie

 r
oh

áč
sk

e 
pl

es
o 

la
ke

, W
es

te
rn

 t
at

ra
 M

ts
, S

lo
va

ki
a

ta
tr

ic
us

 9
D

Q
84

17
01

N
M

-8
4

Sm
ut

ná
 d

ol
in

a 
va

lle
y,

 W
es

te
rn

 t
at

ra
 M

ts
, S

lo
va

ki
a

ta
tr

ic
us

 1
0

D
Q

84
17

02
M

. m
aj

or
i

tU
60

1
D

am
ar

, t
ur

ke
y

m
aj

or
i 2

D
Q

84
17

03
M

M
38

8
h

op
a,

 t
ur

ke
y

m
aj

or
i 3

D
Q

84
17

04
M

. l
ie

ch
te

ns
te

in
i

c
r

43
c

ro
at

ia
lie

ch
te

ns
te

in
i 2

eF
37

91
00

N
M

W
 –

 N
at

io
na

l 
M

us
eu

m
, 

v
ie

nn
a,

 a
us

tri
a;

 N
M

 –
 c

ol
le

ct
io

n 
of

 N
. 

M
a

rt
ín

k
o

v
á

; 
tU

, 
M

M
 –

 c
ol

le
ct

io
n 

of
 M

. 
M

a
c

h
o

lá
n

; 
c

r
 –

 c
ol

le
ct

io
n 

of
 h

ei
kk

i 
h

e
n

tt
o

n
e

n
.



42

(table 1). additional sequences were downloaded from genbank (accession Numbers  
in Fig. 2; J a a r o l a  et al. 2004, g a l e w s k i  et al. 2006, t o u g a r d  et al., in press).  
the haplotype names used here are identical to the original references except for  
brachycercus 1–3 (cf. c a r l e t o n  &  M u s s e r  2005) that were named savii 1–3 in J a a r o l a  
et al. (2004).

primers used for amplification and sequencing of the cytochrome b gene, pcr and sequencing 
conditions are described in detail in J a a r o l a  et al. (2004). Sequences were completed in 
Sequencher 4.2 (genecodes) and manually aligned in bioedit 5.0 (h a l l  1999).

Sequence composition and nucleotide diversity (π) were calculated in DnaSp 4.1 
(r o z a s  et al. 2003). total (Dxy) and net (Da) divergence was estimated in Mega 
3.1 (k u m a r  et al. 2004) using kimura 2-parameter distances (k i m u r a  1980). 
Substitution model was assessed in Modeltest 3.7 (p o s a d a  &  c r a n d a l l  1998) 
using the akaike information criterion. the model selected, grt+i+Γ (t a v a r é  1986;  
i = 0.59, α = 1.5008), was used to estimate a maximum likelihood (Ml) phylogenetic tree in 
paUp* 4.0b10 (S w o f f o r d  2003). bootstrap support of taxonomic units was calculated 
from 10,000 neighbour-joining (NJ) and 100 maximum parsimony (Mp) parametric 
replicates. bayesian posterior probabilities were estimated in Mrbayes 3.1 (r o n q u i s t 
&  h u e l s e n b e c k  2003) from 2,000,000 generations sampled every 1000th generation 
excluding a burn-in of 200,000 steps. 

Results

c h r o m o s o m e s

the male diploid complement of M. bavaricus contains 46 chromosomes (Fig. 1). the largest 
pair consists of two subtelocentric chromosomes with tiny, but clearly visible short arms. the 
second largest chromosome is an odd submetacentric. there are three meta- or submetacentric 
chromosomes of medium size. the other chromosomes are acrocentric, and their size 
decreases gradually. the largest acrocentric pair approximately equals in size to the larger 
arm of the odd submetacentric chromosome. the number of chromosomal arms is therefore 
54, however, additional small short arms are apparent in at least two pairs of acrocentric 
chromosomes. the odd large submetacentric element can be identified as the X chromosome. 
the Y chromosome is one of the three elements with the meta- or submetacentric position of 
the centromere. in most metaphases, one of these chromosomes was slightly larger than the 
other two, and this could be considered as the Y chromosome.

c y t o c h r o m e  b

altogether 11 complete cytochrome b haplotypes (1143 base pairs; bp) were submitted 
to public databases (genbank accession Numbers: DQ841693-DQ841704, eF379100). 
additionally, two M. bavaricus individuals yielded partial cytochrome b sequences, of 1052 
(DQ841695) and 650 bp (DQ841694). phylogenetic analyses were based on the complete 
cytochrome b alignment of 38 haplotypes of european endemic Terricola species, including 
one available complete M. bavaricus sequence, and 11 haplotypes of Terricola species with 
distribution areas covering europe and asia Minor. Within- and between-species divergences 
were estimated from all available Terricola sequences using a 650 bp alignment of 54 
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sequences. phylogenetic analysis of this alignment, including three M. bavaricus and two  
M. liechtensteini, shows that M. bavaricus and M. liechtensteini are reciprocally monophyletic 
(data not shown).

 For the 1143 bp cytochrome b alignment, a total of 371 (32 %) polymorphic sites were 
observed and 325 (28 %) of those were parsimony informative. phylogenies inferred with 
Ml, Mp, NJ and bayesian methods had similar topologies. the phylogenetic analysis shows 
that M. bavaricus is most closely related to M. liechtensteini and the result is supported 
by high bootstrap support and posterior probability values (Fig. 2). Monophyly of the  
M. multiplex complex had bootstrap support of 71 % in the NJ tree, 75 % in the Mp trees 
and a bayesian posterior probability of 1.0. total and net divergence between M. bavaricus 
and M. liechtensteini was estimated at 2.3 % and 1.7 %, respectively, which is the lowest 
between-species divergence reported within the subgenus Terricola (table 2). Despite the 
limited sample size, nucleotide diversity of the M. bavaricus/liechtensteini group was within 
the range of intraspecific nucleotide diversity in other Terricola species (Fig. 3).

Discussion

the karyotype of the M. bavaricus male studied is almost identical with those reported 
from various parts of the range of M. liechtensteini (e.g., p e t r o v  &  Ž i v k o v i ć 
1971, S t o r c h  &  W i n k i n g  1977). the autosome sets are apparently quite similar, 
and the only difference between the karyotypes reported for individual populations of M. 
liechtensteini and M. bavaricus can be found in the size and the centromeric position of 

Fig. 1. karyotype of a male Microtus bavaricus from rofangebirge, northern tyrol, austria analysed by 
conventional giemsa staining.
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Fig. 2. Maximum likelihood phylogenetic tree (-ln L = 7584.58) based on the gtr+i+Γ substitution model 
showing the inferred phylogenetic relationships among 49 Terricola cytochrome b haplotypes (1143 bp). the 
tree was rooted with representatives of Microtus sensu stricto subgenus. Numbers above branches represent 
bootstrap support based on neighbour-joining, maximum parsimony analysis and bayesian posterior probability, 
respectively. only values for major branches greater than 70 % and 0.95, respectively, are shown.
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the Y chromosome. the Y chromosome observed in M. bavaricus is almost identical to 
that of a population of M. liechtensteini from northern velebit Mts in croatia studied by 
p e t r o v  &  Ž i v k o v i ć  (1974). on the other hand, the Y chromosome of males from M. 
liechtensteini populations from southern austria (Defereggen-gebirge, karnische alpen) was 
subtelocentric and distinctly larger than a similar metacentric pair of small autosomes (k r á l 
et al. 1978). Submetacentric and subtelocentric morphs of the Y chromosome were found 
also in populations of M. liechtensteini from northern italy (trento and belluno provinces; 
S t o r c h  &  W i n k i n g  1977). the distribution of individual morphs of the Y chromosome 
within the range of M. liechtensteini has no distinct geographic pattern, and it probably yields 
no phylogenetic information. Similar variation in the sex chromosomes was reported also 
among populations of M. multiplex (g r a f  &  M e y l a n  1980, b r u n e t – l e c o m t e 
&  vo l o b o u e v  1994). the karyotype structure in the studied male of M. bavaricus thus 
indicates its close relatedness to populations of M. liechtensteini, and no distinct specific 
features were observed.

 the phylogenetic inference derived from complete cytochrome b sequences confirms 
the close relationship of M. bavaricus and M. liechtensteini reported by h a r i n g  et al. 
(2000) based on mitochondrial control region sequences. Similarly, in accordance with 
previous phylogenetic analyses (h a r i n g  et al. 2000, J a a r o l a  et al. 2004), our data 
demonstrate that M. multiplex, M. liechtensteini and M. bavaricus represent a well supported 
monophyletic lineage.

Fig. 3. comparison of variation of within-species nucleotide diversity (π ± SD) in the Terricola subgenus and 
between-species divergence of the Microtus bavaricus/liechtensteini group based on partial cytochrome b gene 
sequences (650 bp).

Terricola species
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 the primary divergence within the M. multiplex complex occurs between M. multiplex 
sensu stricto and the sister species M. liechtensteini and M. bavaricus. the total and net 
divergence between M. bavaricus and M. liechtensteini is the lowest observed between any 
pine vole species, indicating a very recent origin of the two taxa. 

the branching pattern within the M. multiplex complex, namely the sister relationship 
of M. multiplex to closely related but reciprocally monophyletic M. bavaricus and M. 
liechtensteini, suggests that the ancestral population of the complex survived the last 
glaciations at the rims of the ice sheet covering the alps and/or in the unglaciated 
mountainous areas. the ancestral population became divided into two glacial refugia, 
one situated probably in the southwestern and western alps, while the second refugium 
occurred in the south, east and north of the alpine main ridge. this geographic isolation 
caused speciation of M. multiplex and subsequently lead to a split between M. liechtensteini 
and M. bavaricus. additionally, the range of M. liechtensteini occurring north of the main 
alpine ridge became fragmented leading to the apparent isolation of the contemporary 
populations of M. liechtensteini in Niedere tauern, Salzburg and totes gebirge, Styria 
(S p i t z e n b e r g e r  2002). a similar scenario can also be proposed for the origin of the 
current M. bavaricus populations.

 our cytochrome b results and the control region sequence analyses reported by 
h a r i n g  et al. (2000) are congruent with respect to the phylogenetic relationships of the 
M. multiplex complex as well as other species of pine voles. Specifically, the data show that 
M. tatricus and M. subterraneus are not closely related to the M. multiplex complex and 
that they belong to other lineages of pine voles (cf. k r a t o c h v í l  1970, J a a r o l a  et al. 
2004). the topology of the phylogenetic tree presented here indicates an apparent discord 
between molecular and chromosomal data (see Z i m a  &  k r á l  1984 for review) since 
monophyletic lineages contain species with distinctly divergent karyotypes. For example, 
the sister groups of the M. multiplex complex with 2N = 46-48 are M. tatricus (2N = 32), 
M. felteni (2N = 54), and M. thomasi (2N = 40-44), whereas M. gerbei (2N = 54) is a sister 
group of the iberian species, M. duodecimcostatus and M. lusitanicus (2N = 62). altogether, 
the data strongly suggest that morphological, chromosomal and molecular evolution has 
proceeded independently during pine vole evolution, and that each evolutionary process 
has had its own specific rate. this model may be applied for divergence between species as 
well as between populations within single species. the low mitochondrial DNa variability 
observed in many pine vole species today suggests that chromosomal evolution in this 
subgenus could have been facilitated by small historical population sizes.

 We conclude that both our chromosomal and mitochondrial DNa findings demonstrate 
a close affinity between M. bavaricus and M. liechtensteini. the pattern of evolutionary 
divergence between populations of this group must have been rather complex in the past, 
and some populations probably survived the last glaciation period in refugia situated in the 
northern alps.
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