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some pairs 14 and 16 and, to a lesser degree, with the peri-
centromeric regions of other autosomes. Together, our anal-
yses demonstrate that the repetitive DNA content of chro-
mosomes from Talpa species is highly conserved.

© 2020 S. Karger AG, Basel

The genus Talpa (family Talpidae) includes 11 species 
of fossorial mammals belonging to the order Soricomor-
pha which is sometimes considered as a suborder of the 
Eulipotyphla [Hutterer, 2005; Wilson and Reeder, 2005; 
Nicolas et al., 2015, 2017; Kryštufek et al., 2018].

The species of the Talpidae family – above all moles – 
are characterized by their highly stable karyotypes [Ye et 
al., 2006; Biltueva and Vorobieva, 2012]. Most species of 
the genus Talpa have a diploid chromosome number of 
2n = 34, the only exceptions being T. caeca (2n = 36) and 
T. caucasica (2n = 38). Their autosomal fundamental 
number is also conserved and varies between 62 and 66 
[Fedyk and Ivanitskaya, 1972; Zima, 1983; Jiménez et al., 
1984; Kawada et al., 2002; Gornung et al., 2008; Gutiérrez 
et al., 2019]; their sex chromosomes are also well con-
served. Their X chromosome is typically medium-sized 
and biarmed and, despite appearing submetacentric in 
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Abstract
The Talpidae family has a highly stable karyotype. Most of 
the chromosome studies in this mammal group, however, 
employed classical cytogenetic techniques. Molecular cyto-
genetic analyses are still scarce and, for example, no repeat-
ed DNA sequences have been described to date. In this work, 
we used sequence analysis, chromosomal mapping of a 
LINE1 retroelement sequence, as well as chromosome paint-
ing with a whole Y chromosome probe of T. occidentalis to 
compare the karyotypes of 3 species of the genus Talpa (T. 
occidentalis, T. romana, and T. aquitania). Our results demon-
strate that in Talpa genomes LINE1 sequences are widely dis-
tributed on all chromosomes but are enriched in pericentro-
meric C-band-positive regions. In addition, these LINE1 ac-
cumulate on the Y chromosomes of the 3 Talpa species 
regardless of their euchromatic or heterochromatic condi-
tion. Chromosome painting shows that the Y chromosomes 
in these 3 species are highly conserved. Interestingly, they 
share sequences with heterochromatic blocks on chromo-
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some cases, is usually metacentric [Gornung et al., 2008]. 
The Y chromosome in most species is dot-like with no 
distinguishable morphology and is classified as metacen-
tric, submetacentric, or acrocentric. Recently, in the new-
ly described species T. aquitania, the Y chromosome has 
been shown to be a medium-sized submetacentric bi-
armed chromosome [Gutiérrez et al., 2019].

As in the rest of the Talpidae family [Yates and Moore, 
1990], evolutionary dynamics in Talpa is defined by chro-
mosome conservation, although a number of minor dif-
ferences still account for some karyotypic divergence in 
this genus [Reumer and Meylan, 1986; Kawada et al., 
2002; Gornung et al., 2008; Gutiérrez et al., 2019]. In fact, 
some studies have revealed interspecific differences due 
to robertsonian translocations, variation in the morphol-
ogy of the sex chromosomes, and quantitative changes in 
heterochromatin. Concerning this latter factor, T. euro-
paea shows only pericentromeric heterochromatin [Zi
ma, 1983], while T. altaica, T. occidentalis, and T. aquita-
nia all also have heterochromatin in some non-centro-
meric regions [Jiménez et al., 1984; Kawada et al., 2002; 
Gutiérrez et al., 2019].

Regarding the analysis of repeated DNA sequences, 
only the distribution and location of the major ribosomal 
genes and telomeric sequences have ever been deter-
mined in the genus Talpa [Zurita et al., 1997; Gornung et 
al., 2008; Gutiérrez et al., 2019]. The localization of the 5S 
ribosomal genes is less well understood and has only been 
investigated in T. romana and T. europaea, where differ-
ences in the karyotype distribution have been observed 
[Gornung et al., 2008]. Telomeric sequences have been 
found at the chromosome ends but also arranged as in-
terstitial telomeric sequences in some pericentromeric re-
gions in T. romana, T. europaea, and T. aquitania [Gor-
nung et al., 2008; Gutiérrez et al., 2019]. On the basis of 
the different distributions of interstitial telomeric se-
quences and 5S rDNA in the chromosomes of T. romana 
and T. europaea, it has been suggested that karyotype di-
versification in Talpa may rely on genomic events that are 
indecipherable using classical cytogenetics [Gornung et 
al., 2008].

To identify cryptic rearrangements or subtle changes 
occurring during karyotype evolution in the genus Talpa, 
a molecular analysis of their chromosomal content is re-
quired. Hence, in this work we performed (1) a compara-
tive analysis of the karyotype of 3 species of the genus 
Talpa based on sequence analysis and the chromosomal 
location of a LINE1 retroelement sequence and (2) chro-
mosome painting using the whole Y chromosome of T. 
occidentalis as a probe.

Materials and Methods

Specimens Analyzed and Chromosome Preparations
For this study, we used DNA samples from males of 4 Talpa 

species, namely, T. occidentalis (Granada, Spain), T. europaea (Pa-
via, Italy), T. aquitania (Torme, Spain), and T. romana (Rome, 
Italy), together with chromosome preparations from 1 T. occiden-
talis, 1 T. romana, and 3 T. aquitania specimens. DNA samples 
were extracted following the standard phenol-chloroform proce-
dure. Chromosomes were prepared from bone marrow cells as re-
ported by Burgos et al. [1986]. The chromosomes in this work are 
numbered according to the karyotypes described for T. occidenta-
lis and T. aquitania [Jiménez et al., 1984; Gutierrez et al., 2019].

Isolation, Cloning, and Sequencing of Repeated DNA
To identify the repeated DNA sequences from T. occidentalis, 

T. europaea, T. aquitania, and T. romana, genomic DNA was di-
gested with HindIII restriction endonuclease, which produces sev-
eral bands of repeated DNA sequences (1, 0.8, 0.6, and 0.4 kb) in 
gel electrophoresis. The 1-kb band of T. europaea was eluted from 
the gel and cloned into pGEM-T easy Vector (Promega), as previ-
ously described by Sánchez et al. [1996]. Transformed Z-compe-
tent bacteria (Zymo Research) were screened using the same di-
goxigenin-labeled band as a probe.

Southern Blot
Genomic DNAs were digested with HindIII restriction endo-

nuclease and the resulting fragments were separated in 1% agarose 
gels and blotted onto nylon membranes (Amersham), following 
Bullejos et al. [1997]. Membranes were probed overnight at 55 ° C 
using the positive clone TE-1kb-clon 31 (see below) (digoxigenin-
labeled by PCR). Alkaline phosphatase detection was carried out 
according to the supplier’s recommendations (Roche).

Sequence Analysis
Plasmids from bacterial clones were Sanger sequenced using 

universal primers and were analyzed using the Bioedit program 
(version 7.0.9.0) (http://www.mbio.ncsu.edu/BioEdit/bioedit.
html). Pairwise and multiple sequence alignments were carried out 
with the program CLUSTAL OMEGA [Thompson et al., 1994]. 
Repeated DNA sequences were screened using the program Re-
peatMasker version 4.0.6 (http://repeatmasker.org). A GenBank 
search for sequences was performed with BLASTN [Zhang et al., 
2000] and BLASTP [Altschul et al., 1997] (https://blast.ncbi.nlm.
nih.gov/).

FISH and Chromosome Painting
Indirect FISH was performed, as previously described by 

Fernández et al. [2001], using as a probe the clone TE-1kb-clon 31 
labeled with biotin-16-dUTP by PCR amplification, with M13 for-
ward and reverse primers.

For chromosome painting, a painting probe was prepared from 
the whole minute Y chromosome of T. occidentalis. For probe 
preparation, 15 microdissected chromosomes were amplified and 
labeled by DOP-PCR using Spectrum-Orange dUTP (Abbott). We 
followed the direct FISH protocol for chromosome painting de-
scribed by Marchal et al. [2004]. The images were captured using 
a fluorescence microscope (Olympus BX51) equipped with a CCD 
camera (Olympus DP70).
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Results

Cloning and Chromosomal Localization of the 
Repeated Sequences
Electrophoresis of the HindIII-restricted genomic 

DNAs of T. occidentalis, T. europaea, T. aquitania, and T. 
romana produced several intense bands of approximately 
1, 0.8, 0.6, and 0.4 kb (Fig. 1a; only T. europaea is illus-
trated). The 1-kb band of T. europaea was eluted, labeled, 
and used as probe for a Southern blot on the restricted 
DNAs of the 4 species. The Southern blot results were all 
very similar for T. occidentalis, T. europaea, and T. aqui-
tania (the results for T. romana are not shown as the qual-
ity and amount of the DNA was insufficient). In addition 
to the corresponding 1-kb band, 3 other bands of about 
0.8, 1.2, and 1.7 kb in size were clearly visible. These bands 
could correspond to shorter or larger DNA fragments of 
the same LINE1 arising as a consequence of sequence 
modification and variation in restriction pattern, or alter-
natively correspond to restriction fragments of other sim-
ilar LINEs. Another additional large intense band was 
present in T. europaea, which was only faintly detectable 
in the T. occidentalis and T. aquitania genomes (Fig. 1b).

The 1-kb eluted band from T. europaea was cloned in 
pGEM-T Easy Vector to obtain 10 positive clones that 
were fully sequenced (TE-1kb-clon 31, 32, 38, 51, 135, 
139, 169, 182, 194, 196) (GenBank accession numbers: 
MN212943–MN212952). The clones contained sequenc-
es that varied in length between 1,033 and 1,054 bp. The 
identity of these sequences was in the range of 88.8–99.3% 
when compared with the consensus; on the other hand, 
pairwise sequence comparison produced identities of 
86.4–99.5%. The AT content of the cloned sequences was 
on average 64.4%. The nucleotide variation observed in 
the alignment was reduced to random base changes and 
a few small insertions of 1–8 bp in length. The Repeat-
Masker program identified the analyzed sequences as 
part of the reverse transcriptase (ORF2) from a LINE1 
retrotransposon. A BLAST search of the whole genome 
shotgun databases of the Soricomorpha identified many 
sequences with 88.0% identity in contigs from Scalopus 
aquaticus, a species of Soricomorpha phylogenetically re-
lated to Talpa species.

As the sequence translation gave rise to multiple stop 
codons in most of the sequenced clones, they were prob-
ably from nonfunctional copies (pseudogenes) of LINE1 
retroposons. However, clone TE-1kb-clon 139 did not 
contain premature stop codons in the translated amino 
acid sequence. A BLASTp search demonstrated 78% 
identity with the LINE1 reverse transcriptases available in 

GenBank, including 5 of the conserved domains (3–7) 
that characterize reverse transcriptase proteins [Xiong 
and Eickbush, 1990].

To determine the chromosomal location of the cloned 
LINE1 sequence, we performed FISH on metaphase 
spreads of T. occidentalis, T. romana, and T. aquitania 
(Fig. 2). The FISH signals in the karyotype of these 3 spe-
cies were widely distributed on most autosomes and X 
chromosomes. Interestingly, LINE1 appeared enriched in 
the pericentromeric regions of the chromosomes of T. oc-
cidentalis and T. romana, while in T. aquitania it was less 
intense in these regions. LINE1 signals were also detected 
on the dot-like minute Y chromosomes of T. occidentalis 
and T. romana, and on the submetacentric Y chromosome 
of T. aquitania (Fig. 2). In this latter case, the sequences 
were not homogeneously distributed and seemed to be ac-
cumulated on the short arm of the Y chromosome (Fig. 2c).

Painting with the T. occidentalis Y Chromosome 
Probe
As expected, this probe painted the complete Y chro-

mosome of T. occidentalis. Notably, it also strongly hy-
bridized on the short arm of autosomal pair 16 and, some-
what less intensely, on the pericentromeric region and on 
the small arm of submetacentric pair 14. Faint signals 

a b

Fig. 1. a Gel electrophoresis of genomic DNA from Talpa europaea 
(T.eu) digested with HindIII. M, 100-bp DNA molecular weight 
marker. b Southern blot of T. occidentalis (T.oc), T. europaea (T.
eu), and T. aquitania (T.aq) genomic DNA digested with HindIII 
and probed with the eluted 1-kb band labeled with digoxigenin.
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were also observed in pericentromeric regions of certain 
other chromosomes (Fig. 3a). Identical results were ob-
tained when this probe was hybridized in the T. romana 
karyotype (chromosome pairs 16 and 14 of T. occidentalis 
correspond to T. romana autosomal pairs 9 and 1, accord-
ing to the chromosome nomenclature used by Gornung 
et al. [2008]); only the Y chromosome stained less intense 
than the Y chromosome of T. occidentalis (Fig. 3b). In T. 
aquitania, the entire submetacentric Y chromosome, as 
well as the short arm of submetacentric pair 16, hybrid-
ized strongly. The heterochromatin and the short arm of 
pair 14 of T. aquitania were also painted, albeit faintly; no 
clear signals were observed in the pericentromeric re-
gions of the remaining chromosomes (Fig. 3c).

Discussion

Eukaryotic genomes contain many interspersed re-
peated sequences derived from mobile genetic elements 
[Lander et al., 2001; Venter et al., 2001; Waterston et al., 

2002; Kirkness et al., 2003; Gibbs et al., 2004]. LINE1 se-
quences are one of the most important groups of ret-
rotransposons and are abundant in mammal genomes 
[Hardies et al., 2000; Mears and Hutchison, 2001; Adel-
son et al., 2009]. It is estimated that one third of the mam-
mal genome originated directly or indirectly through 
LINE1 retrotransposition [Han and Boeke, 2005]. A good 
example is the LINE1 content of around 21% revealed by 
the Human Genome Project [Lander et al., 2001].

Our results demonstrated that LINE1 sequences are 
widely distributed in the genome of these 3 Talpa species 
and form part of their repetitive DNA content. We cloned 
and analyzed a 1-kb fragment of the ORF2 from the 
LINE1 coding for the reverse transcriptase. Most of the 
sequences obtained in our study correspond to nonfunc-
tional copies of LINE1 retroposons. This is not surpris-
ing given that LINE1 retroposition generates mostly de-
fective copies that remain in the genome as mutated or 
rearranged LINE1 sequences [Furano, 2000; Boissinot 
and Furano, 2001]. Complete LINE1 sequences with au-
tonomous mobile capacity are in fact very scarce in mam-

a b

c

Fig. 2. In situ hybridization with the 1-kb 
LINE1 probe of Talpa europaea on male 
metaphases of T. occidentalis (a), T. roma-
na (b), and T. aquitania (c).
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mal genomes [Sassaman et al., 1997; Kazazian, 1999]. 
One of the clones analyzed could derive from a function-
al Talpa LINE1 retroelement since it does not contain 
stop codons, and the resulting polypeptide includes 5 
conserved domains of the reverse transcriptase, as de-
scribed by Xiong and Eickbush [1990]. However, we can-
not rule out the possibility that this analyzed sequence 
could also be part of an inactive LINE1 element if it is 
truncated or harbors mutations in other regions of the 
protein sequence.

A key question is why the LINE1 elements in mammal 
genomes are widely but not randomly spread on chromo-
somes [Graham and Boissinot, 2006; Kvikstad and Ma-
kova, 2010]. Genome projects are currently quantifying 
the AT-rich genome distribution bias of LINE1, which 
could have certain functional implications. At the chro-
mosomal level, LINE1 sequences are enriched in hetero-
chromatic regions of autosomes, while in sex chromo-
somes they are similarly abundant in both euchromatin 
and heterochromatin [Bailey et al., 2000; Dobigny et al., 
2004; Waters et al., 2004; Marchal et al., 2006; Acosta et 

al., 2008; Kvikstad and Makova, 2010]. Our results pro-
vide evidence that in Talpa karyotypes, LINE1 possess 
similar dynamics since they are widely distributed on  
all chromosomes but accumulate at pericentromeric re-
gions, which have previously been described as C-band-
positive heterochromatin [Jiménez et al., 1984; Gornung 
et al., 2008; Gutiérrez et al., 2019].

Among the factors proposed to explain the enrich-
ment of retrotransposons in mammal sex chromosomes 
are the lower rates of recombination, AT-composition-
biased preferential insertion, local genome landscape 
features, natural selection, and random genetic drift [re-
viewed in Kvikstad and Makova, 2010]. LINE1 accumu-
lation in mammal Y chromosomes could be easily toler-
ated since this chromosome only contains a few genes 
and is mainly heterochromatic [Marshall Graves, 2000, 
2001]. The accumulation of LINE1 in the Y chromo-
somes of the 3 Talpa species described here for the first 
time is not related to their chromatin content, i.e., if they 
are mostly euchromatic (C-band negative) or hetero-
chromatic (C-band positive). Indeed, the Y chromosome 

a b

c

Fig. 3. Chromosome painting with the 
probe from the whole Y chromosome of 
Talpa occidentalis on male metaphases of 
T. occidentalis (a), T. romana (b), and T. 
aquitania (c). The arrows and arrowheads 
indicate chromosome pairs 14 and 16, re-
spectively.
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is heterochromatic in T. occidentalis and T. aquitania but 
euchromatic in T. romana [Jiménez et al., 1984; Gornung 
et al., 2008; Gutiérrez et al., 2019], and all of them are 
LINE1 enriched. These data show that the repetitive 
DNA content of the Y chromosome of Talpa species is 
well conserved despite differences in chromosome size 
and morphology.

Several chromosome painting studies in Soricomor-
pha (including Talpa species) have previously been per-
formed using human [Volleth and Müller, 2006; Yang et 
al., 2006; Ye et al., 2006; Biltueva and Vorobieva, 2012] 
and stone marten [Yang et al., 2006] chromosome paint-
ing probes and, vice versa, using insectivore chromo-
somes as probes on mammal or human chromosomes in 
order to delineate chromosome evolution [Biltueva and 
Vorobieva, 2012]. Despite the good results for autosomes 
and X chromosomes, in most of these studies no informa-
tion has been given for the Y chromosomes. Only Volleth 
and Müller [2006] indicate that painting with human 
chromosomes on T. europaea yields reproducible results 
for all probes except for Y chromosomes. In fact, works 
about painting analyses of the mammalian Y chromo-
some are scarce [Acosta et al., 2011]. In Soricomorpha, 
only 1 previous study of chromosome painting in Sorex 
species exists in which both the X and Y chromosomes 
were analyzed [Biltueva et al., 2011].

The results of Y chromosome painting in Microtus 
species and Sorex species demonstrated that a small re-
gion is conserved, corresponding to the euchromatic part 
or the pseudoautosomal region (PAR) of the X and Y 
chromosomes, but not the rest of the Y chromosomes, 
even in closely related species [Acosta et al., 2011; Biltue-
va et al., 2011].

By contrast, our painting results using the Y chromo-
some of T. occidentalis as a probe show that the Y chro-
mosome content of the 3 studied Talpa species is well 
preserved. If the dot-like Y chromosomes of T. occidenta-
lis and T. europaea are considered to be similar to their 
ancestral Y chromosomes, the enlargement of the Y chro-
mosome occurring in T. aquitania involved the amplifi-
cation of sequences already present in that minute chro-
mosome. Interestingly, the Y chromosomes of the 3 Talpa 
species contain sequences that are very similar to the se-
quences that form the heterochromatin of autosomal 
pairs 14 and 16. Two evolutionary contexts could explain 
this homogeneous pattern of heterochromatin in the Y 
chromosome and autosomal pairs 14 and 16. Both con-
texts are similar and probably only differ in the original 
source of the repeated heterochromatic sequences – ei-
ther autosomal or Y chromosomal – before amplification 

and transference to their counterparts. Regardless of the 
particular evolutionary dynamics that took place, it is 
highly probable that these repeated sequences were al-
ready emplaced in the heterochromatin arranged in the Y 
chromosome and in the heterochromatin of chromo-
somes 14 and 16 in the karyotype of the ancestral species 
of the genus Talpa.

It is significant that the scenario described in Talpa 
species for Y chromosome evolution – that is, the conser-
vation of the sequence content – differs significantly from 
that of other mammals. Many studies have shown that, 
even between closely related species, the DNA content of 
the Y chromosome is poorly conserved not only in the 
heterochromatin but also in the euchromatin regions 
[Sitnikova et al., 2007; Kirsch et al., 2008; Gifalli-Iughetti 
and Koiffmann, 2009; Acosta et al., 2011]. Such rapid and 
independent evolution probably reflects the degenerative 
process that has driven the evolution of this chromosome 
[Wilson and Makova, 2009].

In conclusion, we demonstrate here that the repetitive 
DNA content of the genome of Talpa species is enriched 
in LINE1 sequences, which are distributed in the karyo-
types following a conserved pattern. Furthermore, the Y 
chromosomes of these species are composed of similarly 
conserved repeated sequences. Finally, the origin of the 
heterochromatic blocks arranged in some autosomal 
pairs of these species, in particular pair 16, was parallel to 
the evolution of the repetitive DNA content of the Y chro-
mosome.
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