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Sex chromosome differentiation began early during mammalian evolution. The karyotype of
almost all placental mammals living today includes a pair of heterosomes: XX in females and
XY in males. The genomes of different species may contain homologous synteny blocks
indicating that they share a common ancestry. One of the tools used for their identification is
the Zoo-FISH technique. The aim of the study was to determine whether sex chromosomes of
some members of the Canidae family (the domestic dog, the red fox, the arctic fox, an
interspecific hybrid: arctic fox × red fox and the Chinese raccoon dog) are evolutionarily
conservative. Comparative cytogenetic analysis by Zoo-FISH using painting probes specific
to domestic dog heterosomes was performed. The results show the presence of homologous
synteny covering the entire structures of the X and the Y chromosomes. This suggests that sex
chromosomes are conserved in the Canidae family. The data obtained through Zoo-FISH
karyotype analysis append information obtained using other comparative genomics methods,
giving a more complete depiction of genome evolution.
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The sex chromosomes of placental mammals
evolved from a pair of homologous autosomes
present in the genome of their common ancestor
(BACHTROG 2006; GRAVES 2006; JANOUSEK &
MRACKOVA 2010). This is also supported by the
presence of the pseudoautosomal region and other
homologous nucleotide sequences (CHARLESWORTH

et al. 2005). Natural selection, by acting to pre-
serve sex-specific regions on different chromo-
somes, contributed to suppression of recombination
between them (CHARLESWORTH et al. 2005). Fur-
ther limitation to the exchange of genetic material
between the original X and Y chromosomes oc-
curred in successive stages of their evolution
(SKALETSKY et al. 2003). This was supplemented
by intrachromosomal inversions and transloca-
tions of autosomal chromosomes fragments

(BERGERO & CHARLESWORTH 2009; WILSON &
MAKOVA 2009; CASTILLO et al. 2010; KIRKPATRICK
2010).

The inability to exchange genetic material dur-
ing meiosis gave rise to the independent evolution
of non-recombinant X and Y chromosome regions
(GRAVES 2010). Crossing-over was limited to the
pseudoautosomal region (PAR) (WATERS et al.
2007). Evolutionary processes occur independently
between separate phylogenetic lines. This explains
the considerable variation of DNA sequences and
the different stages of Y chromosome degenera-
tion in different, even closely related, species
(GRAVES 2008). By contrast, the X chromosome
shows a high degree of conservation in mammals
(WATERS et al. 2007). The genome of most female
placentals has two X chromosomes which may
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pair and recombine during meiosis. This increases
the efficiency of purifying selection and elimina-
tion of mutations. Except for some genes, the rate
of change in DNA sequences of the X chromo-
some is lower compared to the Y chromosome and
autosomes (WILSON & MAKOVA 2009; GRAVES
2010). This helps to maintain a relatively low level
of variation in this heterosome. Both the content of
genes, their nucleotide sequence and often their lo-
calization are highly similar, also between phylo-
genetically distant individuals (BACHTROG 2006).

The Canidae family is represented by over 30 ex-
tant species. These include the gray wolf (Canis
lapus) and its domesticated form, the domestic dog
(Canis familiaris), the dhole (Cuon alpinus), the red
fox (Vulpes vulpes), the arctic fox (Alopex lagopus),
the Chinese raccoon dog (Nyctereutes procyonoides
procyonoides), the Japanese raccoon dog (Nyctereu-
tes procyonoides viverrinus) and the gray fox
(Urocyon cinereoargenteus) (GRAPHODATSKY et al.
2008). Analysis of the nucleotide sequence of nu-
clear DNA revealed that members of the Canidae
family are closely related (LINDBLAD-TOH et al.
2005). However, the Canidae genome underwent
many chromosomal rearrangements during its evo-
lution. These were mainly fissions and centric and
tandem fusions (FERGUSON-SMITH & TRIFONOV
2007). This is confirmed by a high degree of differ-
entiation of karyotype structure between species in
this family. The diploid chromosome number (A)
ranges from 34 in the red fox to 78 in the domestic
dog (GRAPHODATSKY et al. 2000). There may be
supernumerary chromosomes in the raccoon dog
and the red fox genome (B) (NIE et al. 2003). The
diploid chromosome number is also polymorphic
in the arctic fox (2n = 48-50), which is due to the
frequent incidence of Robertsonian translocations
in this species (GRAPHODATSKY et al. 2000). The
evolutionarily most primitive members of the modern
canids are the gray fox and the raccoon dog, evi-
denced by the presence of many chromosome seg-
ments with homology to the felid genome (WAYNE
& OSTRANDER 1999; LINDBLAD-TOH et al. 2005).

The aim of the study was to analyse sex chromo-
some conservation in selected Canidae species.
Zoo-FISH with painting probes specific to X and
Y chromosomes of the domestic dog was carried
out to detect homologous synteny covering the
complete heterosome structures of the red fox, the
arctic fox, an interspecific hybrid (arctic fox × red
fox) and the Chinese raccoon dog.

Material and Methods

Permission for this study was obtained from the
II Local Ethics Committee Kraków – resolution
number 771/2010 of 22 June 20101.

The experimental material used in this study
came from several species of the Canidae family:
the domestic dog, the red fox, the arctic fox, the in-
terspecific hybrid (arctic fox × red fox) and the
Chinese raccoon dog. Cytogenetic analysis was
performed on microscope preparations of meta-
phase chromosomes obtained after a routine cul-
ture of peripheral blood lymphocytes.

Chromosome preparations were incubated in
10% pepsin solution at 37°C for 10 min. This was
followed by washing in PBS buffer at room
temperature (two times for 5 min) and in PBS con-
taining MgCl2 (once for 5 min). In the next stage,
chromosomes were dehydrated in increasing
ethanol concentrations of 70%, 80%, 95% (3 min
each). Then, chromosomes were denatured by
treatment with 70% formamide at 70°C for 2.5
min, and immediately placed in vessels with etha-
nol cooled to -20°C with serial concentrations of
70%, 80%, 90% and 100% (3 min each). The slides
were dried at room temperature.

Commercial painting probes (WCP) specific to
the X and Y chromosomes of the domestic dog
were suspended in the hybridization mixture
[Cambio, UK]. The probes were denatured at 70°C
for 10 min, mounted on the preparations and the
edges were sealed with fixogum. Hybridization
was performed in an oven for 24-48 h at 37°C.

After hybridization, washing in 50% formamide
at 42°C and then in Detergent Wash Solution was
performed to remove the unbound probe. Signal
amplification was performed using a commercial kit
for detection of hybridization signals (Star*FISH)
containing avidin-FITC and goat anti-avidin-FITC
antibodies [Cambio, UK].

Microscopic observations were performed using
a Zeiss Axiophot fluorescence microscope equipped
with appropriate filters, a camera and LUCIA soft-
ware (Laboratory Imaging LTD).

Results

The specificity of molecular probes used in the
study was tested by control analysis of the domes-
tic dog sex chromosomes (X and Y) using fluores-
cence in situ hybridization (FISH) (Fig. 1) which
were later used for interspecific comparative
analysis of karyotypes and chromosomes of se-
lected Canidae species using Zoo-FISH. Clear hy-
bridization signals were observed on the
heterosomes of all animals studied (Fig. 2A-2D).

Discussion

Homologous synteny blocks are chromosome
segments present in the genomes of two or more
species which contain corresponding (homolo-
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Fig. 1. Metaphase plate of the domestic dog (Canis familiaris). Fluorescence signals resulting from hybridization of molecular
probes specific to the domestic dog sex chromosomes are visible (green – X chromosome, red – Y chromosome), 100x.

Fig. 2. A – Metaphase plate of the arctic fox (Alopex lagopus); B – Metaphase plate of the red fox (Vulpes vulpes); C –
Metaphase plate of the interspecific hybrid (arctic fox × red fox); D – Metaphase plate of the Chinese raccoon dog
(Nyctereutes procyonoides procyonoides). Arrows indicate fluorescence signals resulting from hybridization of probes
specific to the domestic dog heterosomes (green – the X chromosome, red – the Y chromosome), x100.



gous) DNA sequences (HARDISON 2003; NG et al.
2009). Their presence is indicative of common an-
cestry (FERGUSON-SMITH & TRIFONOV 2007).
The order in which certain sequences are located in
a synteny block may be largely or completely pre-
served. It was observed, however, that small rear-
rangements leading to a new set of genes in a given
synteny block are not a rare occurrence (PEVZNER
& TESLER 2003; NG et al. 2009). Conservative ge-
nome segments may encompass smaller or greater
chromosome areas as well as a chromosome arm
or the whole chromosome structure (CHOWDHARY
& RAUDSEPP 2001; MURPHY et al. 2004). One of
the main tools used for their identification is the
Zoo-FISH technique. In our study, we used whole
chromosome painting probes specific to the sex
chromosomes of the domestic dog which were hy-
bridized with the genetic material from four other
canids. This enabled the confirmation or exclusion
of the presence of homologous synteny encom-
passing complete sex chromosome structures.

Our observations revealed that the X and the Y
chromosomes of the domestic dog show a high de-
gree of homology with the heterosomes of the red
fox, the arctic fox, the interspecific hybrid (arctic
fox × red fox) and the Chinese raccoon dog. This
suggests that the sex chromosomes of the analysed
species are conservative, meaning that their struc-
ture did not change much during the course of
canid evolution. Earlier research showed that the
ancestral carnivore karyotype (ACK) underwent
many chromosome rearrangements during the
evolution of Canidae species (GRAPHODATSKY et al.
2000). This is confirmed by marked differences in
the karyotype structure of modern canids, paral-
leled by the presence of homologous syntenic re-
gions in their genomes. GRAPHODATSKY et al.
(2008) confirmed the presence of 42 conservative
autosomal chromosomal regions characteristic of
this family. They occur in different combinations
in different species, which is evidence of intensive
chromosomal rearrangements that have occurred
during the speciation of modern Canidae. Re-
search to date demonstrated, however, that unlike
the high variation of autosomes, heterosomes have
survived many years of independent evolution al-
most unchanged. This suggests that in this family,
the structural changes in sex chromosomes were
less frequent and covered smaller areas of the ge-
nome than in the autosomal chromosomes. The
conservation of the sex chromosomes in Canidae
manifests itself at several levels, from morphology
to G-bands and localization of individual genes
(YANG et al. 1999; NOWACKA-WOSZUK & SWI-
TONSKI 2009).

Contemporary research on several canid species
has revealed extensive homology of X and Y chro-
mosomes between species. The homologous syn-

teny covering the complete structures of both
heterosomes has been retained, among others, be-
tween the Japanese raccoon dog and the arctic fox,
between the Japanese raccoon dog and the crab-
eating fox (Cerdocyon thous), between the domes-
tic dog and the dhole, between the domestic dog
and the gray fox and between the red fox and the
corsac fox (Vulpes corsac) (NASH et al. 2001;
GRAPHODATSKY et al. 2008).

The results of the present study confirm the ear-
lier observations of sex chromosome conservation
in Canidae. Complete homology of X chromo-
somes was found using Zoo-FISH in the domestic
dog and the Chinese raccoon dog (NIE et al. 2003).
The painting probe specific to the Y chromosome
of Canis familiaris, used by the authors cited
above, covered the entire Y chromosome and the
distal fragment of the shorter arm of the X chromo-
some (Xpter) in the raccoon dog containing the
pseudoautosomal region. Sex chromosome con-
servation in both species was also established at
the level of GTG-banding patterns which turned
out to be fully homologous. Analogous results
were obtained when the domestic dog X chromo-
some was compared to the red fox and the arctic
fox heterosomes (GRAPHODATSKY et al. 2000). In
the work cited above, no information is provided
on the homology of Y chromosomes in the species
compared. Our observations prove, however, that
also the domestic dog and the red fox Y chromo-
somes are evolutionarily conservative.

The X chromosome is the most conservative of
all chromosomes that constitute the mammalian
karyotype. The set of genes located on this chro-
mosome and even their localization are identical or
highly similar across species. Conservation was
observed not only within the same family but also
between less related species. Earlier cytogenetic
studies showed that the X chromosome of the do-
mestic dog is largely homologous to the X chro-
mosome of the domestic cat (Felis catus), the
African lion (Panthera leo), the clouded leopard
(Neofelis nebulosa) and the Malayan sun bear (He-
larctos malayanus), i.e. the species of one order,
Carnivora (YANG et al. 2000; TIAN et al. 2004). X
chromosome conservation also extends to more
phylogenetically distant groups. Reciprocal chro-
mosome painting revealed the presence of evolu-
tionarily conservative segments on the X chromo-
some in the domestic dog and humans (BREEN et al.
1999; YANG et al. 1999).

The Y chromosome is usually the smallest or one
of the smallest chromosomes in the karyotype. The
relatively high heterochromatin content and the
rapid rate of DNA changes, coupled with a signifi-
cant effect of genetic drift have also contributed to
the high morphological diversity and to the consid-
erable differences in the content of coding and
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non-coding sequences present on the Y chromo-
somes in distinct groups of mammals (STANYON
et al. 2008; KIRSCH et al. 2009). Comparative
analysis of the domestic dog and human genomes
using chromosome painting showed a lack of ho-
mology between Y chromosomes of the investi-
gated species (BREEN et al. 1999; YANG et al.
1999). This demonstrated that the Y chromosome
is the least conservative of all chromosomes exam-
ined. The Y chromosome often varies also be-
tween species belonging to the same order or
family. Interspecific chromosome painting analy-
sis points to the loss of homologous synteny cover-
ing the Y chromosome between the domestic cat
and the Japanese raccoon dog (NASH et al. 2001).
However, the same authors detected intensive hy-
bridization of the painting probes specific to the Y
chromosome of the Japanese raccoon dog with the
chromosomes of the arctic fox and the crab-eating
fox, i.e. species of the same family. NIE et al.
(2003) observed homologous synteny encompass-
ing the whole Y chromosome of the domestic dog,
the Chinese raccoon dog and the Japanese raccoon
dog. Our findings also indicate that the Y chromo-
some of Canidae species is evolutionarily conser-
vative. The high degree of Y chromosome
homology that we observed speaks in favour of the
high relatedness between the analysed species.

Our study revealed that the genomes of the arctic
fox, the red fox, the interspecific hybrid (arctic fox
× red fox) and the Chinese raccoon dog have syn-
teny blocks covering the complete structures of the
X and the Y chromosomes which are homologous
to the domestic dog heterosomes. The results suggest
that the structure of both sex chromosomes within
the Canidae family is evolutionarily conservative.
The X and Y conservatism is crucial for maintain-
ing genes and their order intact during reproduc-
tion and inheritance, obviating unwanted changes
which can be potentially harmful to an organism.
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