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Abstract The distribution of telomeric repeats was
analyzed by fluorescence in situ hybridization in 15
species of arvicoline rodents, included in three
different genera: Chionomys, Arvicola, and Microtus.
The results demonstrated that in most or the analyzed
species, telomeric sequences are present, in addition
to normal telomeres localization, as large blocks in
pericentromeric regions. The number, localization,
and degree of amplification of telomeric sequences
blocks varied with the karyotype and the morphology
of the chromosomes. Also, in some cases telomeric
amplification at non-pericentromeric regions is
described. The interstitial telomeric sequences are
evolutionary modern and have rapidly colonized and
spread in pericentromeric regions of chromosomes by
different mechanisms and probably independently in
each species. Additionally, we colocalized telomeric
repeats and the satellite DNA Msat-160 (also located

in pericentromeric regions) in three species and
cloned telomeric repeats in one of them. Finally, we
discuss about the possible origin and implication of
telomeric repeats in the high rate of karyotypic
evolution reported for this rodent group.
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Abbreviations
ITS Interstitial telomeric sequences
PCR Polymerase chain reaction
FISH Fluorescence in situ hybridization
FITC Fluorescein isothiocyanate
Myr Million years
TRF1 Telomeric repeat binding factor 1
TRF2 Telomeric repeat binding factor 2
CHO Chinese hamster ovary

Introduction

Telomeric sequences are widely conserved among
vertebrates and consist of extended arrays of the
TTAGGG hexamer (Meyne et al. 1989; Zakian 1995).
These sequences are normally found at the ends of
chromosomes (telomeres); however, distribution at
intrachromosomal sites (ITSs) have been observed in
a variety of species (Meyne et al. 1990; Nanda and
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Schmid 1994; Vermeesch et al. 1996; Garagna et al.
1997; Metcalfe et al. 1997, 1998; Ono and Yoshida
1997; Slijepcevic et al. 1996; Bolzán and Bianchi
2006). The most common non-telomeric positions
correspond to pericentromeric regions where ITSs
could expand in large arrays up to hundred of
kilobases within or at the margins of constitutive
heterochromatin (het-ITSs) (Meyne et al. 1990;
Nanda and Schmid 1994; Garagna et al. 1997). Other
short stretches of interstitial telomeric sequences
(s-ITSs) are variable located at internal sites of
chromosomes and presumable present in all vertebrate
species (for a review, see Ruiz-Herrera et al. 2008).

It is assumed that bulk of interstitial telomeric
repeats could be generated by mechanisms such as
mutation, unequal crossing-over, transposition, or
amplification from intrachromosomal short telomeric
sequences (Wiley et al. 1992; Vermeesch et al. 1996;
Garagna et al. 1997; Sharma and Sharma 1998). Also,
ITSs are considered remnants of chromosomal rear-
rangements, such as, inversions, centric, or tandem
fusions, that occurred during the species’ karyotype
evolution (Lee et al. 1993; Fagundes et al. 1997;
Pellegrino et al. 1999). Recent studies provided
evidences that s-ITSs could be produced during the
process of DNA double strand breaks repair. These
sequences could be originated by either telomerase
activity or direct insertion of a double strand telomeric
fragment into a chromosomal DNA break (Nergadze
et al. 2004, 2007).

The function, if any, of telomeric interstitial repeats
have not been elucidated yet, but most probably they
do not work as functional telomeres (Meyne et al.
1990). However, they have been cytogenetically
associated with chromosomal reorganizations, fragile
sites, and recombination hotspots (Ruiz-Herrera et al.
2005a, b). Previous cytogenetic studies revealed that
ITSs often corresponded with preferential sites of
breakage and fragile sites, providing evidence of their
potential role in genomic and chromosomal instability
(Slijepcevic et al. 1996; Ruiz-Herrera et al. 2005a).
Also, these sequences have been associated with
recombination hotspots regions, which indicated a
possible implication in recombination events (Ashley
and Ward 1993; Day et al. 1998; Pluta and Zakian
1989; Nanda et al. 2002).

Among placental mammals, rodents seem to
present the highest rate of karyotypic evolution
(Wilson et al. 1975). One remarkable group is the

subfamily Arvicolinae, which has undergone a
huge evolutionary radiation accompanied with a
rapid karyotypic change. Chromosomal variation in
the Arvicolinae ranges from 2n=17 in Ellobius
lutescens (Vogel et al. 1998) and Microtus oregoni
(Modi 1987b) to 2n=64 in M. longicaudus (Modi
1987b). Comparative G-bandig and, more recently,
chromosome painting analyses demonstrated that
chromosomal fusions and fissions are frequent
chromosomal rearrangements implicated on the
karyotypic evolution of this group (Burgos et al.
1988a; Li et al. 2006; Sitnikova et al. 2007; Lemskaya
et al. 2010).

The genus Microtus includes about 62 extant
species and represents a notable example of rapid
mammalian radiation (Musser and Carleton 2005;
Shenbrot and Krasnov 2005), and karyotypic vari-
ability (Maruyama and Imai 1981). Sitnikova et al.
(2007) had estimated speciation rates 60–100 times
higher in Microtus than in other mammals, with
most sibling species showing major differences in
karyotypes than in morphological characters.
Lemskaya et al. (2010) estimated that during
evolution of species from Microtus genus, approxi-
mately six rearrangements occurred per million of
years, which is an extreme high rate of chromo-
somal evolution compared with other rodent
groups, where the postulated rate is one chromo-
somal fusion/fission event per million of years
(Schibler et al. 1998). In addition, sex chromo-
somes are prone to change as consequence of a
heterochromatin enlargement trend, which gives
rise in some species to giant sex chromosomes
containing heterochromatic blocks of variable
length and composition (Modi 1987a; Burgos et
al. 1988b; Marchal et al. 2003, 2004; Nanda et al.
1988; Kalscheuer et al. 1996).

The karyotype of Arvicolinae species are well
studied by conventional and molecular cytogenetic
methods (Modi 1987a; Burgos et al. 1988a, b; Modi
1993; Mayorov et al. 1996; Neitzel et al. 1998; Singh
et al. 2000; Mazurok et al. 2001; Modi et al. 2003;
Marchal et al. 2004; Sitnikova et al. 2007; Lemskaya
et al. 2010; Acosta et al. 2008, 2009, 2010). However,
few of these analyses described chromosomal distri-
bution of telomeric sequences (Gornung et al. 2011;
Liu and Fredga 1999). Here, we analyzed distribution
of telomeric sequences in 15 species belonging to
three different genera of Arvicolinae. This
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comparison was attended to determine if ITSs
occurred in these species associated with chromo-
somal rearrangements. Interestingly, in eight species
we found a large bulk of het-ITSs arranged at
pericentric regions of different bi-armed and acrocen-
tric chromosomes. Also, we analyzed and compared
co-distribution of telomeric sequences and a satellite
DNA, Msat-160, in pericentromeric heterochromatin
of three species. Finally, cloning and sequence
analyses in Microtus (Terricola) thomasi atticus show
that canonical and non-canonical telomeric repeats are
intermixed in the genome.

Materials and methods

Species analyzed and chromosome preparations

For this study, we used chromosome preparations from
15 species of arvicoline rodents, included in three
different genera: Chionomys, Arvicola, and Microtus.
The complete list of species is included in Table 1.
Chromosome preparations were obtained either from
permanent fibroblast-cell lines belonging to one male
specimen, according to Neitzel et al. (1998), or from
bone marrow cells of one male specimen following
the method of Burgos et al. (1986) (Table 1).

FISH

Chromosomal localization of telomeric sequences was
analyzed on 15 species. The telomeric probe labeled
with biotin was produced following the method of
Ijdo et al. (1991), a modified PCR which required
(TTAGGG)5 and (CCCTAA)5 as primers and no
template. Fluorescence in situ hybridization (FISH)
was performed as previously described (Fernández et
al. 2001) and required three rounds of signal
amplification with avidin-FITC/antiavidin system
(Oncor) in species with normal telomeric sequences
distribution at telomeres. However, only two rounds
were applied in species with accumulation of telo-
meric repeats in order to avoid the strong signals that
overlap the chromosome and do not allowed to see
the telomere signals.

Co-localization of telomeric sequences and Msat-
160 satellite, another repeat previously described in
pericentromeric regions of several arvicolids (Modi
1992; Fernández et al. 2001; Acosta et al. 2010), was
analyzed on Arvicola terrestris, Microtus cabrerae,
and Microtus (T) thomasi thomasi chromosomes. In
this two-color FISH, we employed simultaneously a
telomeric probe, direct labeled by PCR with Spec-
trumOrange (Abbot), and a probe for Msat-160 DNA
either direct labeled with SpectrumGreen (Abbot) or

Table 1 List of arvicoline species utilized to detect telomeric sequences, indicating the geographic localization and if the
chromosomes belong from cell lines or from bone marrow

Genus/subgenus Species 2n Origin Chromosome preparation het-ITS

Chionomys C. nivalis 54 Granada, Spain Cell line No

Arvicola A. terrestris 36 Burgos, Spain Bone marrow Yes

A. sapidus 40 Jaén, Spain Bone marrow Yes

Microtus

Microtus M. cabrerae 54 Albacete, Spain Cell line Yes

M. agrestis 50 Central Europe Cell line Yes

M. arvalis 46 Central Europe Cell line No

M. oeconomus 30 Central Europe Cell line Yes

M. guentheri 54 Karditsa, Greece Bone marrow No

M. rossiaemeridionalis 54 Pisoderi, Greece Bone marrow Yes

Terricola M. (T) duodecimcostatus 62 Granada, Spain Bone marrow No

M. (T) lusitanicus 62 Burgos, Spain Bone marrow No

M. (T) savii savii 54 Rome, Italy Bone marrow No

M. (T) brachycercus niethammericus 54 Isernia, Italy Bone marrow No

M. (T) thomasi thomasi 44 Xirokampi, Greece Bone marrow Yes

M. (T) thomasi atticus 44 Afidnes, Greece Bone marrow Yes
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biotin labeled according to (Fernández et al. 2001;
Acosta et al. 2010). In A. terrestris and M. cabrerae,
we used the SpectrumGreen labeled probe for Msat-
160 DNA co-localization while in M. (T) thomasi
thomasi, we employed the biotin-labeled probe and
one round of signal amplification for detection of this
satellite DNA. FISH protocol was similar to that
previously described in Fernández et al. (2001) and
Marchal et al. (2004). FISH images were captured
using a fluorescence microscope (Olympus BX51)
equipped with a CCD camera (Olympus DP70).

Cloning and analysis of telomeric sequences

In our laboratory, we have been performing several
experiments in order to characterize satellite DNA
composition in M. (T) thomasi atticus. Thus, after
restriction of genomic DNA with one enzyme, AluI, a
prominent band was observed and cloned in pGEM-T
easy vector (Promega) following previously described
methods (Sánchez et al. 1996; Acosta et al. 2009).
Sequencing analyses of the obtained clones revealed
that four of them (Mtho-2-2-AluI-att-25, 29, 43, and
51), unexpectedly, contained canonical and non-
canonical telomeric repeats.

Pairwise sequence alignments and multiple align-
ments were carried out with the program CLUSTAL
W 1.6 (Thompson et al. 1994).

Results

Chromosome distribution of telomeric sequences

Genus Chionomys

From this genus, we only analyzed the species
Chionomys nivalis, where telomeric sequences were
located at normal terminal position of all chromo-
somes, without detection of interstitial signals in any
of them (Fig. 1a).

Genus Arvicola

In addition to normal terminal positions, ITSs were
detected in both species from this genus. Most ITSs
were organized as large blocks at pericentromeric
regions of the chromosomes, although differences in
their number and size existed (Fig. 1b, c).

In Arvicola sapidus (2n=40), 13 pairs of auto-
somes either bi-armed or acrocentric showed het-ITSs
at pericentric regions. In A. terrestris (2n=36), they
were detected only on pericentromeric regions of
three pairs of biarmed autosomes while several others
presented faint telomeric signals at the same region
(Fig. 1b, c). Concerning sex chromosomes, the
submetacentric X chromosome of both species
contained het-ITSs also on pericentromeric hetero-
chromatin. In A. sapidus, an additional interstitial
band was observed on Xp (Fig. 1b, c). On the Y
chromosome of A. sapidus, no ITSs signals were
detected, while on A. terrestris three big het-ITSs
bands were detected on the heterochromatic Yq arm
(Fig. 1b, c).

Genus Microtus

Subgenus Microtus

In this subgenus, only two species (Microtus arvalis
and Microtus guentheri) of the six analyzed did not
contain blocks of telomeric repeats at pericentric
regions. Curiously, in both species some chromo-
somes seemed to have more copies of telomeric
repeats at one of the ends, as evidenced the more
intense hybridization signals (Fig. 1d, e).

FISH analyses in the other four species (Microtus
oeconomous, M. cabrerae, Microtus agrestis, and
Microtus rossiaemeridionalis) showed het-ITSs in
pericentromeric regions of most chromosomes, in
addition to normal telomere signals (Fig. 1f–i). In
relation to sex chromosomes, only the biarmed X
chromosomes of M. oeconomous and M. cabrerae
presented large het-ITSs signals on the pericentro-
meric regions (Fig. 1f, g), while no ITSs accumula-
tion was observed on the Y chromosome of all the
analyzed species (Fig. 1f–i). Furthermore, no telo-
meric repeats were detected in our analyses on the
enlarged heterochromatic blocks existing on the X

Fig. 1 In situ hybridisation with the telomeric probe in male
chromosomes of the following species: a Chionomys nivalis, b
Arvicola sapidus, c A. terrestris, d Microtus arvalis, e M.
guentheri, f M. oeconomous, g M. cabrerae, h M. agrestis, i M.
rossiaemeridionalis, j M. (Terricola) brachycercus nietham-
mericus, k M. (T) thomasi thomasi, and l M. (T) thomasi
atticus. Insert in l the same X chromosome of the metaphase
but only DAPI stained. Scale bars indicate 5 μm

�
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and Y chromosomes of three species (M. cabrerae, M.
agrestis, and M. rossiaemeridionalis) (Fig. 1g–i).

Subgenus Terricola

In four species from this group Microtus (T) brachy-
cercus niethammericus, M. (T) duodecimcostatus, M.

(T) lusitanicus, and M. (T) savii savii, we observed
only the normal terminal localization for telomeric
sequences (one representative example, M. (T) bra-
chycercus niethammericus, is presented in Fig. 1j).
However, the karyotypes of M. (T) thomasi thomasi
(Fig. 1k) and M. (T) thomasi atticus (Fig. 1l)
presented both pericentromeric het-ITSs arrays on

Fig. 2 Double in situ hybridisation with the telomeric (red) and
Msat-160 satellite DNA (green) probes in male chromosomes
of A. terrestris (a–c), M. cabrerae (d–f), and M. (T) thomasi

thomasi (g–i). Left columns, telomeric probe; middle columns,
Msat-160 probe; right columns, both probes merged. Scale bars
indicate 5 μm
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most autosomes. Notably, the pattern of pericentric
distribution was slightly different, as ITSs occupied
the DAPI positive bands in M. (T) thomasi atticus
while in M. (T) thomasi thomasi localized surround-
ing the DAPI positive band. Additionally, interstitial
faint signals in some other autosomal regions were
also detected in both species.

Differences in het-ITSs accumulation were also
observed on the X chromosomes of both species.
Both shared an interstitial band on the euchromatic
Xq arm but, in addition, the pericentric region and the
Xp arm of M. (T) thomasi atticus was heavily
comprised of telomeric repeats. Finally, the Y
chromosome was depleted of ITSs in both species.

Colocalization of telomeric sequences and Msat-160
satellite DNA

In three species from different genera, we have also
performed a simultaneous co-localization of het-ITSs
and Msat-160, a satellite DNA broadly distributed in
arvicolids (Modi 1992; Fernández et al. 2001; Acosta
et al. 2010). This comparison is especially interesting
in order to characterize more in detail pericentromeric
organization and structure in these species. In order to

obtain a precise mapping of both sequences and avoid
magnification of FISH signals by antibody incuba-
tions, we employed direct labeled probes. The
telomeric probe correctly mapped pericentric het-
ITSs but produced no signals or very faint ones on
telomeric positions.

In A. terrestris, Msat-160 and telomeric sequences
did not co-localize at the same pericentromic regions
and both were found accumulated in different
chromosomes (Fig. 2a–c). However, in M. cabrerae
and M. (T) thomasi thomasi most acrocentric chro-
mosomes included both sequences on two contiguous
regions at pericentromeric heterochromatin: het-ITSs
more internally arranged, closed to the euchromatin,
and Msat-160 more terminal accumulated, closed to
the telomere border, with an overlapping region of
variable length (Fig. 2d–i). In biarmed chromosomes
of M. cabrerae, both probes produced a three-banding
pattern on the pericentromeric region, with het-ITSs
accumulated in two external bands and intermixed
with Msat-160 sequences in a third internal band
(Fig. 2f). Also in both species, some chromosomes
showed a unique predominant signal at pericentro-
meric heterochromatin with either Msat-160 or telo-
meric probes.

Telomeric-con GTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT 
Mtho-2.2-AluI-att-51 ......T........................A...................T.......C.................... 
Mtho-2.2-AluI-att-43 ------------------------------..G...........G..T..G............................. 
Mtho-2.2-AluI-att-25(29) ------------------------------------------------------..G.....G...T.G.....G..... 

Telomeric-con TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT-AGGGTTAGGGTT 
Mtho-2.2-AluI-att-51 .....................C....................................A........-............ 
Mtho-2.2-AluI-att-43 ...........G..................G.....G.....G.....G..................T............ 
Mtho-2.2-AluI-att-25(29) G.....G.............................G.....G.....G.AT..G.....G.....G-.....G.....G 

Telomeric-con -AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG-TTAGGGTTAGGGTTAGGGTTAGGGTT 
Mtho-2.2-AluI-att-51 -..T...........C....................................--...C.........A.........A.. 
Mtho-2.2-AluI-att-43 T.TT..C.......TT........G............................G............G............. 
Mtho-2.2-AluI-att-25(29) -.....G.....G..-..........................G.....G...T-.G.....G.....G.....G.....G 

Telomeric-con AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT-AGGGTTAGGGTT-AGGGTTAGGGTTAGGGTTAGGGTT 
Mtho-2.2-AluI-att-51 ...........C..T.....T...........C.....................--.................-...... 
Mtho-2.2-AluI-att-43 .....G.....G.....G.....G..................T............T.TT..C.......TT........G  
Mtho-2.2-AluI-att-25(29) .....G.....G.....G.T....................G.-........T.....................T...... 

Telomeric-con AGGGTTAGGGTTAGGGTTAGGGTTAGGG-TTAGGGTTAGGG-TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT 
Mtho-2.2-AluI-att-51 .........T.............C....-.C.......C..-...C......................C........... 
Mtho-2.2-AluI-att-43 ............................G............G...................G.....G.....G.....G 
Mtho-2.2-AluI-att-25(29) ...----------------------------------------------------------------------------- 

Telomeric-con AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG 
Mtho-2.2-AluI-att-51 .....................A................ 
Mtho-2.2-AluI-att-43 .....G...A.G.........T.G............-- 
Mtho-2.2-AluI-att-25(29) -------------------------------------- 

Fig. 3 Sequence alignment of M. (T) thomasi atticus clones
(Mtho-2.2-AluI-att-25, 29, 43, and 51) containing telomeric
sequences and the consensus telomeric mammal’s sequence

(Telomeric-con). Dots indicate identity with the telomeric
consensus sequence and dashes denote deletions
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Cloned telomeric sequences

The four sequenced clones from M. (T) thomasi
atticus contained insert sizes of 264 (Mtho-2.2-AluI-
att-25 and 29), 406 (Mtho-2.2-AluI-att-43), and
429 bp (Mtho-2.2-AluI-att-51). Clones 25 and 29,
both with equal sequences, were 82.57% and 83.33%
identical with clones 43 and 51, respectively, while
clones 43 and 51 were 85.22% identical. When
aligned with a telomeric consensus (TTAGGG)n array
of the same length the identity percentages were
86.74% (clones 25 and 29), 89.65% (clone 43), and
94.17% (clone 51) (Fig. 3). Clones 25 and 29
included 44 telomere repeat units, 12 of them
canonical and 32 non-canonical. Most common
change was T→G substitution in the second base of
the telomeric hexanucleotide (TTAGGG to
TGAGGG), occurring in 29 repeat units. Clone 43
contained 65 telomere repeats, 34 canonical and 31
non-canonical. Most common change was also sub-
stitution of T by G in the second position of the
hexamere, detected in 18 repeat units. Finally, clone
51, with 71 telomeric unit repeats, presented more
frequently canonical (47 repeats) than no canonical
sequences (24 repeats). In this case, nucleotide
changes were randomly distributed, without a partic-
ular substitution more commonly repeated.

Discussion

The analyses presented here demonstrated that het-
ITS, defined as large blocks of telomeric sequences
arranged in pericentromeric regions, are a common
feature in arvicolid rodents. However, their number,
localization, and degree of amplification varied with
the karyotype analyzed and the morphology of the
chromosome. Also, we found some examples of het-
ITSs amplification at non-pericentromeric regions.
Those examples were exclusively observed on sex
chromosomes, in particular on the heterochromatic
Xq arm of M. (T) thomasi atticus and along the
heterochromatic Y chromosome of A. terrestris.
Interestingly, the enlarged heterochromatic blocks of
the giant sex chromosomes existing in three of the
analyzed species (M. cabrerae, M. agrestis, and M.
rossiaemeridionalis) were depleted of telomeric
repeats. Finally, in this group of species we also
detected faint bands composed of short stretches of

ITSs (s-ITS) at the euchromatic regions of some
chromosomes.

Sequencing data from whole genome projects
indicate that probably all genomes contain a variable
number of s-ITSs, composed of few telomeric repeats,
and not detectable on FISH analyses (Ruiz-Herrera et
al. 2008). Previous cytogenetic studies have demon-
strated that het-ITSs occur also in many genomes
arranged on large blocks at pericentromeric regions of
the chromosomes. Examples have been described in
primates, rodents, marsupials, carnivores, cetartiodac-
tyla, perissodactyla, chiroptera, amphibians, reptiles,
fishes, and birds (for a revision, see Ruiz-Herrera et
al. 2008).

Het-ITSs and arvicolid phylogeny

From our analyses, we could hypothesized that ancestral
condition in arvicolid rodents was distribution of
telomeric sequences only at telomeres. Such pattern is
the observed one in C. nivalis karyotype (2n=54)
(Lemskaya et al. 2010), considered very primitive
within these group due to the acrocentric constitution
of all chromosomes, with the exception of the X
chromosome.

It is well known that Arvicolid genera and
subgenera experienced a recent and rapid radiation
during a short period of time. For example, origin of
the genus Arvicola is dated 1.6 Myr ago (Montoya et
al. 2001), the split between Chionomys and Microtus
lineages is supposed to occurred 1–2.4 Myr ago
(Chaline and Graf 1988; Nadachowski 1991; Janeau
and Aulagnier 1997) and the origin of the subgenus
Terricola is dated 0.65–0.7 Myr ago (Brunet-Lecomte
1988; Tougard et al. 2008). Our FISH analysis
demonstrated that there is no correlation between
presence or absence of het-ITSs and the genus or
subgenus classification of the species. In fact, in the
subgenus Microtus and Terricola, we have both
species with het-ITSs and species without het-ITS.
Hence, we can assume that variation and amplifica-
tion of ITSs occurred independently in each species,
as no correspondence existed with the proposed
phylogeny.

Furthermore, significant variation in het-ITSs
pattern was observed also within closely related
species or subspecies form this group. That occurred
for the Arvicola species analyzed, which split 0.25
Myr ago (Centeno-Cuadros et al. 2009), and also
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when comparing the subspecies of M. (T) thomasi,
both recently evolved (0.015–0.01 Myr) after the last
glacial period (Mitsainas et al. 2009). Also, central
Europe and Turkey populations of A. terrestris
presented a very small Y chromosome while the
specimens analyzed here have a big Y chromosome
with a long arm containing three het-ITSs bands
(Zima and Kral 1984; Gözcelioğlu et al. 2006). Thus,
rapid amplification and variation of het-ITSs might be
product of the evolutionary dynamics noticed in
arvicolid genome for repeated DNA. Thus, several
studies have described a complex pattern of amplifi-
cation, accumulation and variation for different
repeated DNA sequences (satellite DNA, non satellite
DNA, retroelements, and pseudogenes) in heterochro-
matic regions (either pericentromeric or not) of
Arvicolinae karyotypes (Modi 1993; Marchal et al.
2004, 2008; Acosta et al. 2008; 2010).

Our sequencing data of some telomeric arrays are
also in agreement with a rapid evolutionary drift for
these repeated DNA. Thus, we detected both canon-
ical and non-canonical telomeric sequences, conse-
quence of mutations arising at many different
positions. The number of different nucleotides may
be correlated with the time after the insertions, as was
demonstrated in primates and rodent species where
the more ancient insertion presented more changes
and the recent ones less (Nergadze et al. 2007). Such
novel ITSs sequences probably are being homoge-
nized and expanded in concerted evolution pattern, an
evolutionary path common in satellite DNAs.

Numerous studies have showed that block of
telomeric repeats are unstable regions which represent
chromosomal fusion and fission, tandem fusion, or
inversion points (Ashley and Ward 1993; Slijepcevic
et al. 1996; Pluta and Zakian 1989; Nanda et al. 2002;
Farré et al. 2009). In addition, het-ITSs have been
related with either induced or spontaneous chro-
mosomal rearrangement, breakage, or fragile sites,
and with recombination hotspots at the genome
(Ruiz-Herrera et al. 2008; López-Fernández et al.
2006; Álvarez et al. 1993; Fernández et al. 1995;
Bertoni et al. 1996; Slijepcevic et al. 1996). There are
even evidences of their direct implication in genomic
instability and chromosomal pathologies (Kilburn et
al. 2001).

Het-ITSs might have played a significant role in
karyotypic variation and evolution of Arvicolinae
species, one of the highest described in mammals

(Wilson et al. 1975; Maruyama and Imai 1981;
Acosta et al. 2010). However, het-ITSs are not
correlated with the rearrangements occurred during
the karyotypic evolution of the analyzed species. For
example, the karyotypes of the two Arvicola species
differ only by two Robertsonian fusions but the
accumulation and distribution of het-ITS in both
karyotypes is very different, as A. sapidus show big
blocks of telomeric repeats in most pericentric regions
while in A. terrestris they are observed only in very
few chromosomes. Similarly, in Microtus genus there
are species where het-ITS are accumulated in most
pericentric regions while other species lack het-ITS,
and such distribution is independent of the chromo-
somal reorganizations identified in previous studies
(Burgos et al. 1988a; Lemskaya et al. 2010).

Het-ITSs: spreading mechanisms in Arvicolid
chromosomes

The pattern of co-localization observed here for het-
ITSs and satellite DNA Mast-160 is of valuable
information to discern het-ITSs presence in arvicolid
species. That co-distribution was significantly differ-
ent in A. terrestris compared with M. cabrerae and M.
(T) thomasi thomasi. Hence in A. terrestris het-ITSs
and MSAT-160 are independently arrayed, composing
the pericentromeric regions of different biarmed
chromosomes. Most probably, the origin for these
telomeric blocks is chromosomal fusions of acrocen-
tric or telocentric chromosomes, with reduced loss of
terminal telomeric sequences, with subsequent ampli-
fication and spread along pericentromeric heterochro-
matin (Fig. 4a). In fact, such rearrangements might
have frequently occurred in the common ancestor of
Arvicola species and would explain the origin of the
Arvicola karyotypes, with 2n=36 or 2n=40 (Díaz de
la Guardia and Pretel 1979), from the supposed
ancestral arvicolid karyotype, with 2n=54 and all
chromosomes acrocentric (Martínková et al. 2004).
Further amplification/deletions processes occurring
independently at novel pericentromeric regions in
each Arvicola species would give rise to the observed
differences in number and amount of het-ITSs in both
species.

Alternatively, it cannot be discarded that het-ITSs
appeared first in Arvicola karyotypes after enlarge-
ment of terminal telomeric sequences in some
acrocentric chromosomes, which further were
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implicated in fusion events giving rise to bi-armed
chromosomes with pericentromeric telomere repeats
(Fig. 4a). Finally, occurrence of biarmed chromo-
somes without pericentromeric het-ITSs in Arvicola
species could be explained by total reduction of
telomeric sequences during the process of chromo-
somal fusion.

In M. cabrerae and M. (T) thomasi thomasi, ITSs
and satellite DNA co-distribution displayed a scenario
more complicated to elucidate. One intricate pattern is
observed in the centromeric heterochromatin of some
acrocentric autosomes, composed by telomeric
repeats on internal part, closed to euchromatin, and
Msat-160 satellite more terminal to the centromere,
with a variable region of overlapping. Such organiza-
tion could appear if telomeric repeats are first
amplified at terminal end of the chromosome and
subsequently transferred to inner parts, as consequence
of pericentric inversions (Fig. 4b). Alternatively,
pericentric inversions in acrocentric chromosomes
could also originated short ITSs at the inner part of
chromosomes, nearby to Msat-160, and could become
later enlarged by common mechanisms of repeated
DNA amplification.

Either proposed mechanism is unlikely to have
occurred simultaneously in most acrocentric chromo-
somes of both species. Instead, once het-ITSs
appeared/evolved in one or few chromosomes, com-
mon mechanisms producing amplification and

homogenization of repeated DNA might amplify,
transfer and extend them through the karyotype. A
similar path was postulated to explain telomeric repeat
accumulation in lemur species (Go et al. 2000).
Interestingly, in our FISH analyses we regularly
observed physical associations of pericentromeric
regions in some metaphases, and patched patterns of
Msat-160 and telomeric signals suggestive of hetero-
chromatic association in interphase nucleus (data not
shown). Such heterochromatic association has been
also described in several mammalian species, and it is
considered part of the mechanisms responsible of
repeated DNA dispersion and homogenization be-
tween chromosomes (Go et al. 2000).

An alternative hypothesis based on amplification
of pre-existing short ITSs might be considered to
explain the co-distribution pattern of ITSs and
satellite DNA observed in M. cabrerae and M. (T)
thomasi thomasi. Thus, short-ITSs are variably
inserted at different intra-chromosomal regions in
mammalian genomes (Ruiz-Herrera et al. 2008). Such
insertions are proposed to occur during reparation of
DNA double strand breaks, by direct insertion of a
blunt-end telomeric sequence or directly though a
mechanism that required telomerase intervention
(Nergadze et al. 2004, 2007). Hence, s-ITS could be
originated at pericentromeric regions of arvicolid
chromosomes during DNA repair process; afterwards,
s-ITS could give stretched into het-ITSs through any

Fig. 4 Diagram showing
possible evolutionary
origins of het-ITSs in the
chromosomes of A. terrest-
ris (a), M. cabrerae, and M.
(T) thomasi thomasi (b, c).
Chr fusion chromosomal
fusion, ITS ampl interstitial
telomeric sequences ampli-
fication, Tel ampl telomeric
sequences amplification,
Per inv pericentromeric
inversion, Tel lost telomere
lost. Red color represents
telomeric sequences and
green represents Msat-160
satellite DNA sequences
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of the mechanisms expanding tandem repeats at
heterochromatin. It would be of interest to determine
if het-ITSs are hot-spots for spontaneous or induced
chromosome breakage in these species, as demon-
strated in Chinese hamster (Simi et al. 1998; Bolzán
and Bianchi 2006).

Finally, in some bi-armed chromosomes from M.
cabrerae and M. (T) thomasi thomasi, telomeric
repeats are arranged in pericentric external regions,
separated by an inner Msat-satellite band. This pattern
is most likely originated by centric fusions of
acrocentric chromosomes containing het-ITSs and
Msat-satellite repeats on pericentric and inner centro-
meric regions respectively (Fig. 4c). Those fusions
might occur following breakage within Msat-160
satellite DNA and elimination of normal telomeric
sequences. A similar process is documented in wild
mice in which Robertsonian rearrangements generated
fusions through minor satellite DNA and subsequent
elimination of telomeric sequences (Garagna et al.
1995, 2001).

Het-ITSs and heterochromatin

Accordingly to the organization and distribution
shown in arvicolid chromosomes, het-ITSs consti-
tuted a new component of satellite DNA in these
species. In arvicolids, different families of satellites
have been separately localized at centromeric
regions. Our data of co-distribution for het-ITSs
and Msat-160 satellites on metaphase chromosomes
are of interest to understand the organization and
structure of centromeric heterochromatin. Both
repeats occupied adjacent regions in some chromo-
somes, with a variable overlapping region visible in
some of them. In Chinese hamster, het-ITSs repeats
and the satellite CH5 are also located in contiguous
compartments at centromeric heterochromatin, but
the molecular organization differed from the observed
here, being the telomeric sequences in the middle of two
blocks of satellite DNA (Faravelli et al. 2002). In other
species where het-ITSs have been mapped they
localized within or at the margins of constitutive
heterochromatin (Meyne et al. 1990; Vermeesch et al.
1996; Ono and Yoshida 1997; Go et al. 2000),
however data about co-localization with other repeats
are still scarce.

A remarkable question to address for het-ITSs
blocks is their chromatin structure. Thus, interstitial

telomere repeats could share common structural
features with the telomeric chromatin sited at the
end of chromosomes, as a higher nucleosome density
compared with non-telomeric chromatin (Revaud et
al. 2009) and similar epigenetic modifications.
Concerning last ones, both terminal and interstitial
telomeric sequences were found associated with the
telomeric proteins TRF1 and TRF2 in CHO cells and
also in cells from a human patient showing aberrant
ITSs (Mignon-Ravix et al. 2002; Smogorzewska et al.
2000). Moreover, functional assays on CHO cells
showed that TRF1 and histone H3 trimethylated, a
typical repressive chromatin modification, did not
co-localize (Svetlova et al. 2007). In the same study,
it was also detected transcription of some unique
sequences adjacent to het-ITSs blocks, indicating that
TTAGGG repeats do not work as general transcription
silencers. Thus, het-ITSs chromatin may lack typical
hallmarks of constitutive or facultative heterochroma-
tin. Further epigenetic and functional analyses in
arvicolid species and other organisms are required to
better clarify the functional significance of het-ITSs
chromatin.

In conclusion, we demonstrated here that ITSs are
a common feature of arvicolid karyotypes. They are
evolutionary modern and rapidly colonized and
spread on chromosomes via different mechanisms
and probably independently in each species. These
telomeric sequences are probably implicated, together
with other repeated sequences, in the high rate of
karyotypic evolution reported for this rodent group.
However, no correlation seemed to exist between
chromosomal rearrangements and het-ITS distribution
in these species. Future molecular analysis involving
sequence cloning and FISH co-localization in meta-
phase chromosomes and extended fibers are important
to establish the relation of ITSs and other repeated
sequences, which could aide to understand the origin
and possible implication of these sequences in
chromosomal and karyotypic evolution in arvicolid.
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