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Abstract The subfamily Arvicolinae consists of a great
number of species with highly diversified karyotypes. In
spite of the wide use of arvicolines in biological and
medicine studies, the data on their karyotype structures
are limited. Here, we made a set of painting probes from
flow-sorted chromosomes of a male Palearctic collared
lemming (Dicrostonyx torquatus, DTO). Together with
the sets of painting probes made previously from the field
vole (Microtus agrestis, MAG) and golden hamster
(Mesocricetus auratus, MAU), we carried out a recipro-
cal chromosome painting between these three species.
The three sets of probes were further hybridized onto
the chromosomes of the Eurasian water vole (Arvicola
amphibius) and northern red-backed vole (Myodes
rutilus). We defined the diploid chromosome number in

D. torquatus karyotype as 2n = 45 + Bs and showed that
the system of sex chromosomes is X1X2Y1. The probes
developed here provide a genomic tool-kit, which will
help to investigate the evolutionary biology of the
Arvicolinae rodents. Our results show that the syntenic
association MAG1/17 is present not only in Arvicolinae
but also in some species of Cricetinae; and thus, should
not be considered as a cytogenetic signature for
Arvicolinae. Although cytogenetic signature markers for
the genera have not yet been found, our data provides
insight into the likely ancestral karyotype of Arvicolinae.
We conclude that the karyotypes of modern voles could
have evolved from a common ancestral arvicoline karyo-
type (AAK) with 2n = 56 mainly by centric fusions and
fissions.
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Abbreviations
AAM Arvicola amphibius
AOE Alexandromys oeconomus (here

and further in the text, the species
nomenclature is used in accordance
with the latest checklist BThe
mammals of Russia: a taxonomic
and geographic reference^ (Pavlinov
and Lissovsky 2012))

MRU Myodes rutilus
dist Distal
DTO Dicrostonyx torquatus
ENC Evolutionary new centromeres
FISH Fluorescence in situ hybridization
GTG-banding G-banding by trypsin using

Giemsa
int Interstitial
ITS Interstitial telomeric sequences
MAG Microtus agrestis
MAU Mesocricetus auratus
prox Proximal

Introduction

The subfamily Arvicolinae includes voles, muskrats,
and lemmings and is recognized as the most speciose
subfamily in mammals. This group of rodents is char-
acterized by a great diversity and distribution of species
with a strikingly similar morphology. This has led to the
question as to whether chromosomal variation could
underlie its rapid speciation. Intensive karyotype inves-
tigations of Arvicolinae, which started in the 1960s (i.e.,
soon after the conventional methods of cytogenetics
were developed), have revealed in this group one of
the highest interspecific variation among vertebrates
(Modi 1987a, b).

Indeed, the diploid chromosome numbers (2n) in
voles and lemmings vary from 17 to 86 (Chernyavsky
and Kozlovsky 1980; Modi 1987b). Pericentric
inversions, both autosomal and sex chromosomal
translocations, heteromorphism between homologous
chromosome pairs, and Robertsonian polymorphisms
have been identified in various arvicoline species.
Such rapid and radical changes in karyotype pose a

challenge to comparative analyses based on
chromosome banding patterns alone and necessitate
the use of molecular cytogenetic tools.

The first study devoted to the comparison of
Arvicolinae karyotypes by chromosome painting was
published in 2006 (Li et al. 2006) followed by four
further studies (Romanenko et al. 2007; Sitnikova
et al. 2007; Lemskaya et al. 2010; Bakloushinskaya
et al. 2012). To date, genome-wide homology maps
have been established for the following Arvicolinae
species: Eothenomys militus, E. proditor, Neodon
(Microtus) clarkei (Li et al. 2006), Alexandromys
oeconomus, M. agrestis (Sitnikova et al. 2007),
Ellobius talpinus, E. lutescens (Romanenko et al.
2007), E. tancrei (Bakloushinskaya et al. 2012), and
eight species from the Arvicolini tribe (subtaxon of
Arvicolinae)–Microtus arvalis, M. rossiaemeridionalis,
M. socialis, M. dogramacii, M. guentheri, Terricola
daghestanicus , Lasiopodomys gregalis , and
Alexandromys maximowiczii (Lemskaya et al. 2010).

Despite the long-lasting interests in the
evolution of arvicolines many important questions
concerning relationships within this taxon remain
unclear. Several attempts have been made to solve
phylogenetic relationships in Arvicolinae using
molecular methods (e.g., DeWoody et al. 1999;
Mazurok et al. 2001; Jaarola et al. 2004; Triant
and Dewoody 2006; Bannikova et al. 2010; Yannic
et al. 2012). Estimates of the divergence of the
extant genera in Arvicolinae vary from about 3–5
million years ago (Chaline and Graf 1988) to 5–9
(Repenning 1990; Conroy and Cook 1999). More
recent data are also variable and depend on the
number and type of sequences included in the analysis.
Thus, the basal radiation for genera Dicrostonyx,
Prometheomys, Onatra and tribe Lemmini was
estimated as 6.4–7.2, 6.8–7.7, 7.7–9.2, and 7.2–8.3
million years ago (mya), respectively (Abramson et al.
2009b), while the divergence of the most modern genera
took place from 3.5 to 1 mya (Abramson et al. 2009b;
Bannikova et al. 2010). In the third edition of BMammal
species of the world^, the subfamily Arvicolinae was
subdivided into 12 tribes, 28 genera, and 151 species
(Carleton and Musser 2005). However, many groups
include subspecies with potential species status. It is
expected that the number of the recognized species in
the group will increase with more detailed molecular
and cytogenetic investigations (e.g., Yannic et al. 2012).
Recently, the taxonomy of Arvicolinae was revised

146 S.A. Romanenko et al.



substantially based on new molecular data (Abramson
et al. 2011; Pavlinov and Lissovsky 2012).

The Palearctic collared lemming (Dicrostonyx
torquatus ) be longs to a group of spec ies
representing a basal branch of Arvicolinae. The
karyotype of the Palearctic collared lemming has
been in the focus of cytogenetic studies because of
its unusual system of sex chromosomes (XmXm,
XmXf, XfO for females, and XmO for males,
Gileva and Chebotar 1979; Gileva 1980; Fredga
1983) and var i ab le number o f add i t iona l
(supernumerary) B chromosomes. Moreover, the
karyotyping of many animals from different
populations has shown that their diploid autosomal
numbers were also variable (Gileva 1980). Here, we
made a new set of painting probes from the
Palearctic collared lemming to clarify the species
karyotype. The detailed investigation of the
D. torquatus karyotype not only identifies the
particulars of arvicoline phylogeny, but also resolves
many questions concerning the origin and evolution
of sex chromosomes and B chromosomes.

We have carried out cross-species chromosome
painting with the newly made probes from
D. torquatus to establish chromosome homologies
between the three vole species belonging to different
tribes: Arvicola amphibious, Arvicolini; D. torquatus,
Dicrostonychini; and Myodes rutilus, Myodini. All
species studied have a wide distribution in Eurasia,
have been successfully bred in the laboratory, and
have formed colonies. A. amphibius and M. rutilus
are widely used in research on physiology,
parasitology, etc. Although the data on the structure
of their karyotypes are limited, some data are
available on the pairing of sex chromosomes and
the distribution of repeats (Borodin et al. 1995;
Acosta et al. 2010; de la Fuente et al. 2012).

To facilitate karyotype comparison of A. amphibius,
D. torquatus and M. rutilus and to link it to previous
studies, we also used paints from the field vole
(Microtus agrestis, 2n = 50, Sitnikova et al. 2007) and
the golden hamster (Mesocricetus auratus, 2n = 44,
Romanenko et al. 2006). We have integrated our
results with previously published comparative
chromosome maps of the Arvicolinae species using
D. torquatus painting probes for the additional
A. oeconomus and M. agrest is karyotype
investigations (Romanenko et al. 2007; Sitnikova
e t a l . 2 0 0 7 ; L e m s k a y a e t a l . 2 0 1 0 ;
Bakloushinskaya et al. 2012).

Materials and methods

Species used in this study are listed in Table 1.
Chromosome suspensions from early passages of
primary fibroblast cell lines of all species were obtained
from the Laboratory of Animal Cytogenetics, Institute of
Molecular and Cellular Biology, Russia, and made
following Sitnikova et al. 2007. Fibroblast cell lines were
established as previously published (Sitnikova et al.
2007). Each suspension was tested for chromosomal
rearrangements by conventional cytogenetic analysis.
Each cell line had a stable karyotype.

The sets of paints derived from flow-sorted
chromosomes of the field vole and the golden hamster
have been described previously (Yang et al. 1995;
Romanenko et al. 2006). The Palearctic collared
lemming paints were generated at the Cambridge
Resource Centre for Comparative Genomics, by DOP-
PCR amplification of flow-sorted chromosomes and
labeled with biotin and digoxigenin-dUTPs (Medigen)
by DOP-PCR amplification (Telenius et al. 1992; Yang
et al. 1995). The probe specific for the short p-arm of the

Table 1 The list of species investigated with scientific, common, abbreviated names, and diploid numbers (2n)

Species name Common name Abbreviated
name

Sex 2n Origin

Arvicola amphibius Eurasian water vole AAM Female 36 Saint. Petersburg region

Myodes rutilus Northern red-backed vole MRU Female 56 Novosibirsk oblast

Dicrostonyx torquatus Palearctic collared lemming DTO Male 45 + B Vaygach Island

Microtus agrestis Field vole MAG Male 50 Novosibirsk oblast

Alexandromys oeconomus Tundra vole AOE Male 30 Leningrad oblast
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X chromosome of the Palearctic collared lemming was
made by microdissection as previously described
(Weimer et al. 2000).

GTG-banding on all metaphase chromosomes
prior to fluorescent in situ hybridization (FISH)
was performed using trypsin treatment (Seabright
1971). A schematic representation of the cross-

species painting experiments is shown in Fig. 1.
FISH was performed according to previously pub-
lished protocols (Yang et al. 1999; Graphodatsky
et al. 2000).

The telomeric DNA probe was made by PCR using
the oligonucleotides (TTAGGG)5 and (CCCTAA)5
(Ijdo et al. 1991). Clones of human ribosomal DNA
containing the complete 18S-rRNA and 28S-rRNA
genes were obtained as described (Maden et al. 1987)
and labeled by biotin and/or digoxigenin-dUTPs
(Medigen).

Results

Karyotype description of D. torquatus

A fibroblast cell line derived from a male animal
specimen collected from the Vaygach Island (Arctic
Sea) was karyotyped. We noticed a variation in the
chromosome number between cells due to the presence
of mitotically unstable additional (B) chromosomes.
The largest chromosome of the complement was a single
metacentric accompanied by a number of smaller
acrocentrics, submetacentrics, and metacentrics,

Fig. 1 A schematic representation of the comparative chromo-
some painting strategies followed with the Palearctic collared
lemming (D. torquatus), field vole (M. agrestis, MAG), golden
hamster (M. auratus, MAU), Eurasian water vole (A. amphibius),
northern red-backed vole (M. rutilus), and root vole
(A. oeconomus). Arrow tails indicate species (bold type) whose
chromosome-specific painting probes were used. Arrow heads
indicate species whose metaphases were used to detect homolo-
gous regions. Grey arrows mark experiments that were made
earlier (Sitnikova et al. 2007)

Fig. 2 GTG-banded karyotype of D. torquatus. Black squares
mark the position of a centromere. Vertical black bars mark the
localization of chromosomal segments of M. agrestis (MAG),
M. auratus (MAU). Numbers along the vertical lines correspond

to the chromosome numbers ofM. agrestis andM. auratus. Black
triangles indicate sites of localization of rDNA clusters, grey
triangles indicate localization of the largest interstitial telomeric
block (shown for chromosome 1 only)
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identifiable only by differential staining. Analysis of high-
resolution G-banded karyotypes revealed a complex sex
chromosome system consisting of three partially
homologous chromosomes–the largest metacentric, the
largest submetacentric, and a small acrocentric (Fig. 2).
The atypical large X chromosome in this species is a result
of a translocation of the ancestral X chromosome onto an
autosome, and is the largest chromosome in the
D. torquatus karyotype. According to the arm homology
and the standard nomenclature, the sex chromosome
system should be defined as X1X2Y1, where the giant
metacentric X1 includes the evolutionary old BX^ part (the
p-arm) and the Xq-arm is homologous to the long arm of
Y1, the largest submetacentric in the DTO karyotype. The
short arm of Y1 is homologous to acrocentric X2.
Therefore, the diploid number of this male specimen is
2n = 45, including 21 autosome pairs and 3 sex
chromosomes, with the numbers of B chromosomes
varying from 8 to 14 in different cells.

The flow karyotype of D. torquatus

The chromosome complement of D. torquatus was
resolved into 29 separate peaks by flow cytometry
(Fig. 3). The chromosomal content of each peak was
identified by hybridizing the probes derived from
each peak onto GTG-banded D. torquatus
chromosomes (data not shown). Eighteen single

chromosome-specific paining probes were obtained
(1–8, 13–19, Х1, X2, and Y1). Six peaks gave
signals on B chromosomes only and were not used
in this study. Two probes each painted two pairs of
autosomes (6 + 9, 10 + 12) and three peaks contained
a mixture of one autosome and B chromosomes
(11 + Bs, 20 + Bs, and 21 + Bs). FISH with different
sets of painting probes (see succeeding sentences)
allowed us to distinguish four A chromosomes of
two pairs (Nos. 20–21 in the karyotype) from a
group of small B chromosomes. The two largest
chromosomes (i.e., X1 and Y1) of D. torquatus were
each resolved into separate peaks, but their flow
peaks sort too far away from the remaining chromo-
somes and are not shown in Fig. 3. In total, 23
painting probes, containing all autosomes, X1, X1,
and Y1 chromosomes of D. torquatus, were used in
this study. FISH experiments did not reveal any signal
potentially corresponding to a Btrue^ Y-chromosome or
pseudoautosomal region.

Reciprocal chromosome painting between D. torquatus
and M. agrestis

The 21 M. agrestis (MAG) autosomal probes
r e v e a l e d 3 3 c o n s e r v e d s e gme n t s i n t h e
D. torquatus genome (Fig. 2, Supplementary
Material 1). Examples of fluorescent in situ

Fig. 3 Bivariate flow karyotype
of the Palearctic collared lemming
(D. torquatus). Peaks containing
large X1 and Y1 chromosomes of
D. torquatus are located above the
area illustrated
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hybridizations are shown in Fig. 4. The MAG Y
probe did not produce any specific signal on any
chromosome in the D. torquatus genome. The MAG
X probe painted only the p-arm of the D. torquatus
X1 chromosome. The 23 D. torquatus (DTO)
autosomal probes revealed 33 conserved segments
in the M. agrestis genome (Fig. 5, Supplementary
Material 1). The probe DTOX1p painted the
M. agrestis X chromosome.

Reciprocal chromosome painting between D. torquatus
and M. auratus

Examples of fluorescence in situ hybridizations are
shown in Fig. 4. The 21 M. auratus paints (MAU)

delineated 44 homologous autosomal segments in
the D. torquatus genome (Fig. 2, Supplementary
Material 1). The MAU X probe only hybridized to
the p-arm of the D. torquatus X1 chromosome. The
23 D. torquatus (DTO) autosomal probes revealed
43 conserved segments in the M. auratus genome
(Fig. 6, Supplementary Material 1).

Reciprocal chromosome painting between M. agrestis
and M. auratus

Examples of fluorescence in situ hybridizations are
shown in Fig. 4. The 21 M. agrestis autosomal
probes revealed 40 conserved segments in the
M. auratus genome (Fig. 6, Supplementary

Fig. 4 Examples of fluorescent in situ hybridization: a MAG12
(green) and MAG18 (red) onto D. torquatus chromosomes, b
MAG24 (green) and MAG17 + 12 (red) onto D. torquatus chro-
mosomes, c DTO2 (green) and DTO19 (red) onto M. agrestis
chromosomes, d DTO5 (green) and DTO2 (red) onto M. agrestis

chromosomes, e DTO13 (green) and DTO6 + 9 (red) onto
A. amphibius chromosomes, and f MAG19 + 20 (green) and
MAG13 + 14 (red) onto C. rutilus chromosomes. GTG-banded
chromosomes are shown on the right. Scale bar is 10 μm
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Fig. 5 GTG-banded karyotype of M. agrestis. Black squares
mark the position of a centromere. Vertical black bars mark the
localization of chromosomal segments ofD. torquatus (DTO) and

M. auratus (MAU). Numbers beside the vertical lines correspond
to chromosomes of D. torquatus and M. auratus. Black triangles
indicate the localization of rDNA clusters

Fig. 6 GTG-banded karyotype ofM. auratus. Black squaresmark
the position of a centromere. Vertical black bars mark the locali-
zation of chromosomal segments of M. agrestis (MAG),
D. torquatus (DTO), and M. musculus (MMU, Romanenko et al.

2007). Numbers beside the vertical lines correspond to chromo-
somes of M. agrestis and D. torquatus. Black triangles–localiza-
tion of rDNA clusters, grey–telomeric blocks (showing the
brightest signals only)
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Mater ia l 1) . Reciprocal pain t ing wi th 21
M. auratus paints delineated 42 homologous auto-
somal segments in the M. agrestis genome
(Fig. 5). The MAU X probe only hybridized to
the X chromosome of M. agrestis.

Chromosome painting of A. amphibius, M. rutilus,
and A. oeconomus using D. torquatus paints

The results of hybridization in these three species,
including the number of hybridization signals
produced by each D. torquatus paints per haploid
karyotype of the target species and the number of
conserved segments, are listed in Supplementary
Material 1.

Chromosome painting of A. amphibius and M. rutilus
using M. agrestis paints

The results of hybridization of M. agrestis are
shown in Supplementary Material 1 as the number
of hybridization signals produced by each of the
M. agrestis paints per haploid karyotype of the
target species and the total number of conserved
segments. Most of the large homologous segments

defined by chromosome painting also showed
conserved banding patterns (Figs. 2, 5, 7–9).

Precise homology between some regions detected
by the same M. agrestis probe in karyotypes of
different species (e.g., MAG1 onto MRU3, 9
(Fig. 8) and DTO4, 5, 8 (Fig. 2) could not be
established. To resolve ambiguities and to define
homologies between karyotypes precisely, selected
paints of M. auratus were hybridized to M. rutilus
and A. amphibius chromosomes.

Chromosome painting of A. amphibius and M. rutilus
using M. auratus paints

All paints of M. auratus were hybridized to
A. amphibius chromosomes (Fig. 7). In total, 40
autosomal conserved segments were detected. All paints
of M. auratus were hybridized to M. rutilus
chromosomes (Fig. 8). In total, 45 autosomal conserved
segments were detected.

Distribution of telomeric sites and rDNA clusters

We also investigated distribution of telomeric sites
and ribosomal DNA (rDNA) clusters with telomeric

Fig. 7 GTG-banded karyotype of A. amphibius. Black squares
mark the position of a centromere. Vertical black bars mark the
localization of chromosomal segments of M. agrestis (MAG),
D. torquatus (DTO), and M. auratus (MAU). Numbers beside

the vertical lines correspond to chromosomes of M. agrestis,
D. torquatus, andM. auratus. The probes, whichwere not checked
by FISH, are shown by grey lines. Black triangles–localization of
rDNA clusters, grey–the largest interstitial telomeric block
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DNA and rDNA probes hybridizat ion (see
Supplementary Material 2 for detail).

Discussion

The extraordinary karyotype of D. torquatus

A distinctive feature of the genus of the collared lem-
ming, Dicrostonyx, is its wide karyotypic variability,
especially in comparison with their closest relatives–the
true lemmings (Lemmus). The diploid chromosome num-
bers in Dicrostonyx vary from 2n = 28 in D. vinogradovi
to 2n = 86 in D. torquatus (Chernyavsky and Kozlovsky
1980; Gileva 1983; Orlov and Bulatova 1983). This is in
sharp contrast to the uniform diploid number (2n = 50)
shared by the four Lemmus species karyotyped so far

(Gileva 1983). It was proposed that the variation in
diploid numbers in Dicrostonyx is mainly caused by
centric fusions of A chromosomes (Gileva 1983). An
exceptional variation in the number of B chromosomes
results in the high chromosome numbers in
D. torquatus, where 44 A chromosomes were
considered to be regular elements of the species
karyotype (2n = 44 +Bs). Karyotypes with 0 to 42 B
chromosomes have been reported in populations of
Northern Eurasia (Orlov and Bulatova 1983). An
increase in the number of B chromosomes eastwards
in populations along the Russian Arctic Coast was
suggested by Fredga et al. (1999), but such a clear
geographic trend was not supported by a subsequent
study (Gileva 2004).

However, chromosome sizes do not allow a reliable
distinction between the A and B chromosomes and the

Fig. 8 GTG-banded karyotype ofM. rutilus. Black squaresmark
the position of a centromere. Vertical black bars mark the locali-
zation of chromosomal segments of M. agrestis (MAG),
D. torquatus (DTO), and M. auratus (MAU). Numbers beside

the vertical lines correspond to chromosomes of M. agrestis,
D. torquatus, and M. auratus. Those probes, which were not
directly checked by FISH, are shown by grey lines
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identification of B chromosomes should be regarded as
provisional without molecular cytogenetic analyses. Only
after FISH withM. agrestis probes it become possible to
determine that the two small chromosome pairs in the
lemming karyotype, which are of the same size as B
chromosomes, are homologous to MAG24 and therefore
belong to the standard complement. We thus postulate
that the diploid number of maleD. torquatus is 2n = 45 +
Bs (Fig. 2). Interestingly, the Btrue^ male specific Y
chromosome was not identified in the karyotype of
D. torquatus based on meiotic pairing studies (Gileva
and Chebotar 1979; Gileva 1980) and also was not visu-
alized by painting probes in our experiments. This could
place D. torquatus in a short list of atypical mammalian
species that lack a typical Y chromosome (Romanenko
and Volobouev 2012). We proposed that the translocation
of the male specific Y chromosome onto an autosome
followed by the elimination of most parts of the true Y-
chromosome took place during the formation of the

present karyotype of the species. However, the potential
elimination of ancestral Y chromosome and the absence of
modern high-resolution meiotic studies have prevented the
establishment of the presence of such aY-specific region in
D. torquatus. Further molecular investigation of
D. torquatus with probes containing genes from the
standard mammalian pseudoautosomal region are required
to verify the proposed karyotype composition. Keeping in
mind with the apparent lack of a true Y-chromosome, the
system of sex chromosomes could be designated at present
as X1X2Y1. The three sex chromosomes might be
interpreted as the result of a double translocation event
resulting in three monobrachial homologs (Fig. 2).
Previously, a similar heteromorphic structure was
described in D. torquatus torquatus from the Polar Ural
(Gileva 1980). Importantly, the G-banding pattern of X2
(= chr. 19) and of the p-arm of Y1 (= chr. 18) reported by
Gileva (1980) is different from that in our specimen. We
postulate that the heteromorphic systems of sex

Fig. 9 GTG-banded karyotype of M. oeconomus. Black squares
mark the centromeric positions. Vertical black bars mark the
localization of chromosomal segments of M. agrestis (MAG),
D. torquatus (DTO), M. auratus (MAU), and M. musculus
(MMU, Sitnikova et al. 2007). Numbers beside the vertical lines
correspond to chromosomes of M. agrestis, D. torquatus, and

M. auratus. The M. agrestis and M. auratus probes, signals from
which have not detected earlier, are marked in grey (Sitnikova
et al. 2007; Lemskaya et al. 2010). Those probes, which were not
checked by FISH on D. torquatus, are shown by grey lines. Black
triangles mark the localization of rDNA clusters
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chromosomes in different populations of D. torquatus
could have involved different autosomes.

Insight into the chromosome arrangements involved
in Arvicolinae karyotype evolution

The question about the role of chromosomal
rearrangements in speciation remains open. It was
shown that some types of rearrangements can influence
the reproductive function of heterozygous carriers
(Romanenko et al. 2012 and references herein).

Previously published data document various
chromosomal rearrangements in Arvicolinae (mainly
Robertsonian translocations). To summarize all
painting results obtained up to now for arvicolines
we present a table showing the distribution of shared
syntenic segment associations found in karyotypes
of voles, lemming, mole vole, and some hamster
species studied previously (Supplementary Material
3). The use of different sets of probes for species
comparison enabled us to show that the variety
between closely related karyotypes is caused not
only by fusions and fissions, but also by a great
number of intrachromosomal rearrangements includ-
ing inversions and the emergence of evolutionary
new centromeres (ENC). A cladistic analysis of
chromosomal characters identified in all arvicolines
studied did not give sufficient resolution to resolve
the karyotype relationships of Arvicolinae species so
far studied by comparative painting due to the
shortage of informative chromosomal characters
(data not shown).

The karyotypes of voles and lemmings from the
Arvicolinae subfamily have been well studied. Although
molecular comparative cytogenetic data do not provide
any particular phylogenetic markers for this group, they
do indicate the major role of intrachromosomal compared
to interchromosomal rearrangements in the karyotype
evolution of the subfamily. However, to characterize the
intrachromosomal rearrangements fine-resolution
molecular cytogenetic probes would be required. Even
the use of chromosome painting sets with a variety of
cytogenetic features here has not been sufficient for the
precise identification of intrachromosomal exchanges
occurring in Arvicolinae evolution.

The most intriguing cases are those that have
rearrangements inside the segment homologous to
MAG2/8 prox = DTO1 = MAU6q/10p/8q prox/9q
dist (Fig. 10). Multiple inversions inside this

segment were detected previously in different
Arvicolini karyotypes (Lemskaya et al. 2010). It
was also observed that the centromere position in
chromosomes homologous to MAG2/8 varies in
Microtus species (Lemskaya et al. 2010). Using
M. auratus probes we were able to look deeper into
the composition of the segment in different
arvicoline karyotypes. We assume that both
inversions and centromere reposition events could
have occurred during species diversification.
However, the evolutionary direction of these
rearrangements could not be determined from such
a limited number of species. Hybridization of BAC-
clones or region-specific microdissected probes is
needed for the de ta i led ana lys i s of these
intrachromosomal rearrangements.

Another controversial issue concerns the segment
homologous to MAG1/17. I t was proposed
previously that MAG1/17 was characteristic for all
arvicolines (Lemskaya et al. 2010). But here, with the
use of D. torquatus painting probes, we found this
association in the M. auratus chromosome 16
(Fig. 6). The MAG1/17 is homologous to DTO5.
However, the association MAG1/17 found in
A. amphibius , M. rutilus, and A. oeconomus
karyotypes contains an additional part of MAG1,
homologous to DTO4 (Fig. 9). Thus, based on our
new findings, we conclude that MAG1/17 could be
present in the ancestral arvicoline karyotype even if
its precise structure remains undefined. It is now

Fig. 10 The synteny MAG2/8 in karyotypes of different
Arvicolinae species: AAM, Arvicola amphibius; AOE,
Alexandromys oeconomus; MRU, Myodes rutilus; DTO,
Dicrostonyx torquatus; MAG, Microtus agrestis. Black squares
mark the centromeric positions. Vertical black bars mark the
localization of chromosomal segments of M. auratus
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clear that MAG1/17 (= DTO5) is an ancestral
chromosome for Arvicolinae and also for the whole
Cricetidae family. The syntenic combination
MAG1/17(= DTO4/5) might have appeared later in
the evolution of arvicolines, probably after the
separation of the branch leading to D. torquatus
(Fig. 11). A more detailed investigation of arvicoline
species is needed in order to find a node on the tree
where the MAG1/17 becomes fixed.

Differences in the centromere position for
segments homologous to MAG3 were previously
reported for a number ofMicrotus species. Our data show
that the segment homologous to MAG3 =MAU5/21/16/
14 is characteristic for the whole Arvicolinae subfamily
(Supplementary Material 3). In spite of the similar order
ofM. auratus probes (inside the segment homologous to
MAG3) a variation in centromere position between spe-
cies was found. Such differences in the centromere posi-
tion in the segment could be caused by a paracentric
inversion or by an activation of an evolutionary new
centromere. As in the case of MAG2/8, additional inves-
tigations with subchromosomal paints or BAC probes are
needed in order to find the ancestral position of the
centromere as well as to identify the rearrangements that
caused centromere repositioning.

It is worth mentioning that A. amphibius (Fig. 7) and
D. torquatus (Fig. 2) both have the MAG1/7 association

in their karyotypes (MAG7/1/17 in AAM 1 andMAG1/
7 in DTO 4). Based on the localization of other sets of
probes, this association either represents a conserved
block common to these two species or the result of
convergence. It is also noteworthy that ENCs at
A. oeconomus 11,D. torquatus 10, and Ellobius talpinus
13 were revealed previously using microdissected
probes obtained for some mouse chromosomes
(Trifonov et al. 2010). This indicates that the emergence
of ENCs is not rare in Arvicolinae. Novel ENCs might
be revealed by a detailed comparison of other arvicoline
species.

Insight into the ancestral karyotype of Arvicolinae

To a large extent, the systematic relationships
between Arvicolinae species remain controversial.
Phylogenet ic t rees based on mitochondr ia l
sequences display a different branching order
compared to trees built using nuclear sequences, or a
combina t ion of mi tochondr ia l and nuclear
sequences (Cook et al. 2004; Galewski et al. 2006;
Abramson et al. 2009a). However, Galewski et al.
(2006) and Abramson et al. (2009b) agree on the
phylogenetic relationships reported here: the genus
Dicrostonyx separated first from the root of the
Arvicolinae tree, followed by the genus Myodes, with

Fig. 11 Karyotype relationships in Arvicolinae. The branching
order on the tree was adapted from the molecular-based phyloge-
nies as reported by Galewski et al. (2006) and Abramson et al.
(2009b). Numbers in squares showed diploid chromosome

numbers for nodes. Numbers correspond to M. agrestis chromo-
somes or chromosomal segments. AAK ancestral Arvicolinae kar-
yotype, minus sign fission, plus sign fusion
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genera Arvicola and Microtus being on the most recent
branches (Fig. 11). The tribe Ellobiusini, which includes
the genus Ellobius, was involved in molecular analysis
only in one previous publication (Abramson et al.
2009b). The use of multiple sets of painting probes
allowed us to scrutinize some of the chromosomal
syntenic associations detected earlier and to provide
further insight into the karyotypic relationships between
Arvicolinae species.

Our earlier analysis of shared syntenic associations in
arvicoline karyotypes allowed us the opportunity to
construct ancestral karyotypes for the genera Microtus
(Lemskaya et al. 2010) and Ellobius (Romanenko et al.
2007). Expanding the list of species studied and the
inclusion of species from Bearly^ branches enable us
to build ancestral karyotypes for the taxa below subfam-
ily level. Our comparative chromosome maps
constructed forM. agrestis andM. auratus together with
the painting data obtained for Arvicolinae and
Cricetinae provide an opportunity to reconstruct the
putative ancestral Arvicolinae karyotype (AAK).

On the whole, the AAK structure is similar to AMiK
(Lemskaya et al. 2010). An important question concerns
the number of MAG1 segments. The number of other
segments homologous to MAG is similar in AMiK and
AAK. There are two possible variants as follows: (a)
there were three ancestral MAG1 segments of the AAK
conserved in the genomes of D. torquatus (in DTO 4, 5
& 8), Ellobius talpinus (in ETA 5, 9, and 18), in most of

the hamster species and mouse; (b) two MAG1
segments presented in the ancestral karyotype (and con-
served in other arvicolines so far studied) with one of
them subsequently disrupted in some lineages.
However, in karyotypes of A. amphibius, M. rutilus,
and A. oeconomus fusion MAG 1 peric/1 int + 17 dist
(= DTO4/5) which reduce the number of MAG1 frag-
ments in the species karyotypes might have appeared
later in the evolution of arvicolines, probably after the
separation of the branch leading to D. torquatus. As
D. torquatus presents a basal branch of the Arvicolinae
tree according to molecular data (Galewski et al. 2006;
Abramson et al. 2009b), we postulate here a diploid
chromosome number of 2n = 56 and three segments
homologous to MAG1 in the AAK (Fig. 12).

The question about the MAG1/17 composition in
AAK remains open. At this stage of research it seems
more likely that MAG1 int/17 (= DTO5) was present in
the AAK. The synteny MAG1 prox + int/17(= DTO4/5)
appeared later in the evolution of arvicolines, probably
after separation of the branch leading to D. torquatus
(Fig. 11).

In general, the karyotype evolution in Arvicolinae
indicates the preservation of some large conserved seg-
ments and many intrachromosomal rearrangements in
some conserved segments. The most salient case is the
association MAG2/8. This segment is homologous to
MAG2/8 prox = DTO1 (Fig. 10) and is undoubtedly
present in AAK but its ancestral composition could not

Fig. 12 The putative ancestral Arvicolinae karyotype (AAK).
Single chromosomes ofM. agrestis are represented by one element
in AAK are shown in blue. The chromosomes represented by two

elements are marked by pairs in various colors. Numbers of
M. agrestis chromosomes are shown on the right, and their corre-
spondence to M. auratus chromosomes is presented on the left
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be defined without data from different arvicoline species
using region-specific probes.

In view of these findings, we postulate that the AAK
structure is very similar to AMiK (Fig. 12, Lemskaya
et al. 2010). The difference in the diploid chromosome
number between AAK and AMiK is caused by a break
in the MAG1 segment. Moreover, the synteny
MAG13 = DTO12 =MAU3/11 in AAK is different
from that in AMiK. It seems more likely that the inver-
sion in the segment MAG13 =DTO12 =MAU11/3/11
appeared later in Arvicolinae evolution or might have
arisen independently in separate branches. In AAK, the
synteny MAG13 corresponds to DTO12 =MAU3/11.
The compositions of syntenies homologous to
MAG1/17, 2/8, and 3 remain unclear.

In summary, the extension of comparative chromo-
some painting to species from the early branching of
Arvicolinae here provides a strong support for the struc-
ture of the deduced ancestral karyotypes. However,
cytogenetic signature markers for the genera have not
yet been found. We believe that future high-resolution
mapping will uncover such signature rearrangements
among undetected cryptic intrachromosomal exchanges.
In-depth analysis using a combination of molecular,
cytogenetic, and sequence data is needed to demonstrate
whether intrachromosomal exchanges indeed played an
important role in the rapid and intense speciation of
Arvicolinae. This will open a new perspective in com-
parative genomic and chromosomal studies.
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