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Analysis of the origin of domestic animals is of wide interest and has many practical
applications in areas such as agriculture and evolutionary biology. Identification of an
ancestor and comparison with the domesticated form allows for an analysis of genetic,
physiological, morphological and behavioral effects of domestication. Because fox breeding
has been an ongoing process for over a century, differences are expected between farm and
wild populations at the chromosomal level. The aim of this work was to analyse
polymorphisms at the chromosomal level in foxes raised on farms and those living in the wild.
Blood samples and lung tissue served as the experimental material and were obtained after
slaughter of 35 foxes, including 28 breeding animals and 7 wild animals. The classical
cytogenetic method was used including AgNOR technique, as well as molecular methods
such as fluorescence in situ hybridization (FISH), and primed in situ labeling (PRINS).
Analysis of the number of B chromosomes showed the presence of polymorphisms in foxes
from both studied populations, but there was no correlation between the number of B
chromosomes and the origin and gender of particular animals. An analysis of active nucleolar
organizers showed the presence of a large number of polymorphisms and a tendency towards
reduction of the number of NORs in the captive-raised population.
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The red fox has the widest geographical range of
all carnivorous species naturally occurring in the
entire northern hemisphere including North Af-
rica, Europe, Asia and North America (WILSON &
REEDER 2005). The fox became a popular animal
for fur breeding in North America and Eurasia at
the beginning of the twentieth century. Currently,
it is one of the most important fur animals both in
Poland and worldwide. The initial breeding of
foxes was introduced in 1900 in Canada, and in
Europe the first fox farm was founded in 1913 in
Norway.

The karyotype of red fox (Vulpes vulpes) is char-
acterized by the lowest number of chromosomes

among all species studied so far in the Canidae
family (SWITONSKI et al. 2003). The karyotype
consists solely of biarmed chromosomes, 16 pairs
of metacentric and submetacentric chromosomes
and heterochromosomes including the metacentric
X chromosome and acrocentric Y chromosome.
Apart from the basic set of chromosomes, the red
fox karyotype is characterized by the presence of a
variable number (0-8) of additional so-called B
chromosomes. Variation in the diploid number of
red fox chromosomes is associated with the pres-
ence of supernumerary B chromosomes. The pres-
ence of these structures is rare among mammals.
The size of the fox B chromosomes is different in
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relation to other species. B chromosomes of the
red fox are very small, comparable in size to the
Y chromosome (SWITONSKI et al. 2003). Their
number varies from 0 to 8, but the most common
are 2 or 3 B chromosomes. It has been suggested
that B chromosomes of the red fox may be an evo-
lutionary effect of fusion of chromosome frag-
ments. These chromosomes do not have a C band
as opposed to the same sized Y chromosome which
is characterized by a clear positive CBG region
close to the centromere. Studies on the inheritance
of B chromosomes showed that their segregation
into gametes is random (VOLOBUJEV 1984; YANG
et al. 1999; PALESTIS et al. 2003).

The number of nucleolar organizer regions (NORs)
is a characteristic trait of the karyotype of a given
species. The red fox has three pairs of autosomes in
which NORs are localized: pairs 8, 9 and 13. These
regions can be visualized using the silver staining
method or in situ hybridization of suitable molecu-
lar probes. The silver staining method visualizes
only transcriptionally active NORs, whereas in situ
hybridization shows all active and non-active
NORs present in the karyotype (PIEÑKOWSKA &
ŒWITOÑSKI 1998; SZCZERBAL & ŒWITOÑSKI 2003;
SWITONSKI et al. 2003).

Fox breeding has been an ongoing process for
over a century, therefore differences are expected
between farm and wild populations at the chromo-
somal level. These differences may be the result of
evolutionary changes occurring within farm-
raised groups, including the fixation of a mutation
or a change in the incidence of supernumerary
B chromosomes. This information can be espe-
cially useful for studies designed to identify re-
gions of the genome associated with the red fox
domestication process (STATHAM et al. 2011).

The aim of this study was to identify differences
at the chromosomal level between farm and wild
populations of red fox (Vulpes vulpes), using clas-
sical and molecular cytogenetic methods in order
to determine the putative autonomy of the phylo-
genetic groups studied.

Material and Methods

The study was approved by the II Local Ethical
Committee in Lublin, approval no. 83/2009.

Blood samples and lung tissues were obtained
from 35 red foxes after slaughter. 28 breeding ani-
mals, including 15 females and 13 males, from fur
farms in Chorzelów and 7 wild animals, including
2 females and 5 males from the north and the north-
east of Poland, were subjected to detailed cytoge-
netic analysis.

Preparations of metaphase spreads were ob-
tained from lymphocytes cultured in vitro on
RPMI 1640 medium with the addition of fetal calf
serum, antibiotics and cell division stimulator
(pokeweed), according to the method of ARAKAKI
& SPARKES (1963). Pulmonary fibroblasts were
cultured in vitro on DMEM with fetal calf serum
and antibiotics. Cultured cells were pelleted and
subsequently microscopic preparations were made
from them. The primary evaluation of mitotic
chromosomes by light microscopy consisted of the
calculation of the mitotic index for each slide.

AgNOR banding technique

AgNOR technique was carried out according to
the method of HOWELL & BLACK (1980). The mix-
ture for AgNOR selective staining was prepared in
a darkened test tube, consisting of gelatin solution
and 50% solution of AgNO3 in a 1:2 ratio. The
mixture was applied on the surface of a microscopic
slide heated at 37ºC. Next, a cover slip was put on
the preparation and the slide chamber was inserted
into the 37°C incubator for 15 minutes. Then slides
were stained with 5% Giemsa solution for 10 seconds
at room temperature. Preparations were analyzed
under a light microscope (Olympus CHK2-F-GS).

Fluorescence in situ hybridization (FISH)

Whole chromosome painting probe (WCPP)
specific for B chromosomes of Vulpes vulpes was
prepared by chromosome microdissection, DOP-PCR
and DOP-labeling with biotin-16-dUTP or digo-
xigenin-11-dUTP according to BUGNO et al. (2009).
Additionally commercial painting probes specific
to the X (FITC labeled) and Y (Cy3 labeled) chro-
mosomes of the domestic dog (Cambio, UK), were
used for fluorescence in situ hybridization. A stan-
dard FISH protocol (PINKEL et al. 1986) with
some minor modifications was applied.

After RNAse and pepsin digestion, target meta-
phase spreads were co-denaturated with probes in
a thermal cycler with a slide adapter for 8 minutes
at 80°C. Hybridization was carried out for 48 h in
a moist chamber at 37oC. The post-hybridization
washes were as follows: 0.4 x SSC/0.3 % Tween 20
in 72°C for 2 minutes and in 2xSSC/0.1 % Tween
20 in room temperature for 60 seconds. Chromo-
somes were dehydrated by washing in 70%, 80%
and 95% alcohol series for 1 minute in each con-
centration at room temperature. Signals were de-
tected and amplified using avidin-fluorescein
isothiocyanate and anti-avidin antibodies as well
as anti-digoxigenin-rhodamine antiobodies. Meta-
phase stainings were performed with DAPI (4’-6-
diamidino-2-phenylindole). Slides were analysed
under a fluorescence microscope (Olympus BX61
with Olympus DP72 camera).

M. BUGNO-PONIEWIERSKA et al.156



Primed in situ labeling (PRINS) with primers
complementary to telomeric sequences

The Starfish Telomeric PRINS Kit (Cambio,
UK) was used for visualization of telomeric se-
quences. A reaction mixture was prepared accord-
ing to the protocol and subsequently applied to the
chromosome preparations. Next, cover slips were
put on the slides and they were sealed with rubber
gum to avoid evaporation of samples. Slides pre-
pared in this way were inserted into a thermal cy-
cler. Denaturation was carried out for 5 minutes at
94°C and was followed by a 30 minute hybridiza-
tion step at 58°C using F:5’TTTAGGG-3’7, and
R: 5-AAATCCC-3’7 primers. After incubation
cover slips were gently removed. The reaction was
stopped by two washes in the ‘stop’ buffer (50 mM
EDTA + 50 mM NaCl) (pH 8.0). The first wash
was carried out at 58°C for 5 minutes and the sec-
ond one at room temperature, also for 5 minutes.
Before the detection of the signal, chromosomes
were dehydrated by washing in 70%, 80% and
95% alcohol series for 3 minutes in each concen-
tration at room temperature. Slides were stained
with DAPI and analyzed by fluorescence micros-
copy (Olympus BX61 with Olympus DP72 camera).

Results

All examined animals presented a normal, typical
of the species and gender chromosome set of 2n =
34, XX + B for females and 34, XY + B for males.

AgNOR staining detected active nucleolar or-
ganizers on the chromosomes of the examined
foxes. Detailed analysis of the distribution of sil-

ver deposits on the chromosomes showed large
variation between animals or even between differ-
ent cells of a single animal. The average number of
nucleolar organizers in red foxes from the farm
population, based on the analysis of 1213 meta-
phase spreads, was 4.35; statistically most cells
(31.66%) contained four silver deposits. The aver-
age number of nucleolar organizers in wild red
foxes, based on the analysis of 325 metaphase
spreads, was 4.67; statistically most cells
(37.54%) contained 5 silver deposits.

The individual average number of silver depos-
its ranged from 3.56 to 5.20 in farm-raised fe-
males, whereas in males the average ranged from
4.07 to 4.92. For wild foxes, the average was in the
range of 3.95 to 5.71 for males and 4.50 to 4.79 for
females. The average number of NORs calculated
for all males was slightly higher (4.61) compared
to females (4.58).

In the breeding population, the highest number
of silver deposits in a single cell was 6. In the wild
population of Vulpes vulpes, higher variation in
number of nucleolar organizers was found as sin-
gle cells contained even 8 AgNORs (Fig. 1).

In the farm-raised foxes a high frequency of nu-
cleolar organizer region associations was ob-
served. A number of so called ‘sticky’ associating
regions were found in 6 females and 1 male. In ad-
dition, in the female L 88, a high number of double
and triple associations was detected. (Fig. 2):

– L 81 (34, XX): 24 (20.87%) associations in 115
metaphase spreads;

– L 86 (34, XX): 20 (18.52%) associations in 108
metaphase spreads;
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Fig. 1. Frequency of occurrence of AgNOR bands in the breeding and wild population of red foxes.



Fig. 2. AgNOR staining of metaphase spreads ofVulpes vulpes. Nucleolar organizer regions (NORs) are indicated with arrows.Associated region is marked in red color (A, B). C, D � metaphase spreads of fox from the wild population, characterized bythe presence of 7 silver deposits.

Fig. 3. B chromosomes of Vulpes vulpes � localization of molecular probe derived from the red fox genome (FISH). A, B poorquality metaphase spreads showing clear fluorescence signals specific for B chromosomes. White arrows indicate regions ofprobe hybridization with B chromosomes. Red arrows (A, B) indicate clear signals in the interphase nuclei. A, C � metaphasespreads of two farmed male foxes; B, D � metaphase spreads of two males from the wild population.
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– L 88 (34, XX): 11 (20.75%) associations in 53
metaphase spreads;

– L 90 (34, XX): 32 (18.93 %) associations in
169 metaphase spreads;

– L 93 (34, XX): 14 (17.28 %) associations in 81
metaphase spreads;

– L 96 (34, XX): 11 (25.00 %) associations in 44
metaphase spreads;

– L 99 (34, XX): 29 (33.72%) associations in 86
metaphase spreads;

B chromosomes

Using a probe specific for B chromosomes of the
red fox, clear signals were detected on metaphases
as well as in the interphase nuclei (Fig. 3).

Detailed analysis of the B chromosomes re-
vealed variation between animals as well as be-
tween cells of a single animal in the range of 0 to 4
for farm red foxes (most commonly 1, 2 or 3 in
96.12% of cases), and in the range of 0 to 6 for the
wild population (most commonly 1, 2 or 3 in
87.43% of cases).

The average number of B chromosomes in red
foxes from the farm population based on the
analysis of 1032 metaphase spreads was 1.89; sta-
tistically most cells (44.1%) contained 2 supernu-
merary chromosomes. The average number of B
chromosomes in wild red foxes based on the analy-
sis of 501 metaphase spreads was 2.26; statistically
most cells (47.5%) contained 2 B chromosomes.

The individual average number of B chromo-
somes ranged from 0.82 to 5.20 in farm females,
whereas in males from the average ranged from

1.63 to 2.68. For wild foxes the average was in the
range of 1.84 to 3.32 for males and 1.78 to 2.80 for
females. The average number of supernumerary
chromosomes calculated for all males was slightly
higher (2.22) compared to females (2.02).

In the breeding population, the highest number
of B chromosomes in a single cell was 4. In the
wild population of Vulpes vulpes, higher variation
in number of B chromosomes was found as single
cells containedeven6of thesechromosomes (Fig. 4).

Interspecies hybridization of probes specific for

heterochromosomes

FISH hybridization using a probe from the ge-
nome of the dog, specific for X and Y sex chromo-
somes, showed a clear signal on chromosome X or Y
(depending on gender). There was observed a
conservative pseudoautosomal region of
heterosomes, which showed a clear band signal on
the X chromosomes. The B chromosome-specific
probe derived from the genome of the red fox
showed a clear signal on B chromosomes (Fig. 5).

Localization of telomeric sequences – primed in

situ DNA synthesis (PRINS)

PRINS with an oligonucleotide probe comple-
mentary to telomeric sequences showed strong
signals on the telomeres of all chromosomes and in
the pericentromeric regions of several chromosomes
(Fig. 6).

Fig. 4. Frequency of different B chromosome numbers in the breeding and wild population of red foxes.
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Fig. 5. Localization of molecular probes specific for heterochromosomes and for B chromosomes (FISH). A � female, farmpopulation; B � female, wild population, C � male, farm population, D � male, wild population. B chromosomes are indicatedwith white arrows, X chromosomes with signals visible in the pseudoautosomal regions are marked with red arrows, and Ychromosomes are indicated with yellow arrows.

Fig. 6. Localization of signals on telomeric sequences (PRINS). A, B � female, breeding population, direct Cy3 labeling, C, D �male, breeding, indirect biotin labeling. Acrocentric B chromosome presenting a typical distal telomeric signal (A, B), isindicated with white arrows, whereas red arrows point to a single acrocentric chromosome in the karyotype of male red fox,the Y chromosome (C, D).
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Discussion

Nucleolar organizer regions (NORs) containing
sequences of rDNA genes were detected in Vulpes
vulpes on the telomeric parts of q arms of chromo-
somes 8, 9 and 13. (MÄKINEN 1985). Experiments
carried out herein using differentiating AgNOR
staining identified a wide range of individual vari-
ability among the studied animals in both the farm
population and the wild population. The analysis
of nucleolar organizers, based on a minimal
number of 20 metaphase spreads per animal,
showed that in red foxes from the breeding popula-
tion most cells (31.66%) contained 4 silver depos-
its, whereas in the wild population most cells
(37.54%) contained 5 silver deposits. Farm raised
Vulpes vulpes tended to have fewer NORs, while
the largest number of silver deposits (8) was found
in a wild male fox. Rare cases of additional NORs
(in comparison to the number determined for a spe-
cies) have been reported so far in other species, e.g.
the horse (LOGINOVA et al. 1996; DERJUSHEVA et al.
1997). Known mechanisms do not always clearly
explain the observed variability of nucleolar or-
ganizer regions at the chromosomal, cellular, indi-
vidual or population levels. Moreover, the literature
provides little information on these mechanisms in
farm animals. The identification of potential mecha-
nisms which alter the level of transcriptional activ-
ity of nucleolar organizer regions seems to be
particularly interesting in the context of chromo-
somal polymorphism and the evaluation of Ag-
NOR size as chromosomal markers. Research on
the repression of transcriptional activity of nucleo-
lar organizer regions suggests that there are at least
three mechanisms resulting in the inactivation of
nucleolar regions. These include the elimination of
rDNA, DNA methylation and gene silencing (po-
sition effect within heterochromatin or telomeres)
(DOBIGNY et al. 2002; WNUK et al. 2006). The ob-
tained results with respect to the karyotype of
Vulpes vulpes are comparable with prior observa-
tions of PIEÑKOWSKA & ŒWITOÑSKI (1998).

The structure of B chromosomes has been the
subject of numerous studies in recent years. A com-
monly known and widely accepted explanation is
that B chromosomes are derived from A chromo-
somes. From this perspective, they are a by-
product of the evolution of the standard karyotype
(CAMACHO et al. 2000). B chromosomes can reach
very high frequencies in natural populations, de-
pending on the degree of tolerance of the species
towards these additional elements, as well as the
mechanism of their accumulation in cells, if there
are any. B chromosome occurrence is often stable
for several years within the same population. In the
past this has led many authors to conclude that the
polymorphism is in equilibrium and the frequency

of occurrence is the result of two opposing forces:
(i) the accumulation of B chromosomes which
tend to occur with greater frequency, (ii) adverse
effects of B chromosomes on the fitness of indi-
viduals.

Most authors suggest that the B chromosomes of
mammals are probably the remains of structural
rearrangements occurring during the evolution of
karyotypes in ancestral forms. VOLOBUJEV (1984)
suggested that each different type of chromosome
has its own path of origin.

The role of B chromosomes in the evolution of
eukaryotic genomes seems negligible. Given that
their presence is not required for the survival and
reproduction of the individual, the chromosomes
would seem to be an unnecessary feature of the ge-
nome compared to the basic genome (CAMACHO

et al. 2000). They are characterized by mitotic and
meiotic instability, and consequently a non-
Mendelian pattern of inheritance, which leads to
their accumulation in one cell, and elimination in
the other. For this reason, they are considered to be
‘selfish’ or even ‘parasitic’ genetic elements
(EICKBUSH et al. 1992; PERFECTTI et al. 2004;
BASHEVA 2010).

Studies in the 60’s and 70’s of the last century
conducted by MOORE & ELDER (1965), GUSTAVSSON

& SUNDT (1967) and BUCKTON & CUNNINGHAM

(1971) showed that the variable number of acro-
centric B chromosomes in the red fox ranges be-
tween 0 and 6, being a complement to the basic A
set. On the basis of these studies it was concluded
that chromosome polymorphism has no signifi-
cant effect on the phenotype, and that they consist
mainly of heterochromatin, similarly to supernu-
merary chromosomes occurring in certain species
of plants and invertebrates (ELLENTON & BASRUR

1981).

Our application of fluorescence in situ hybridi-
zation (FISH) with probes specific for B chromo-
somes derived from the genome of the red fox
made it possible to determine the exact number of
these chromosomes, even in poor quality prepara-
tions. The analysis showed the presence of poly-
morphism among animals and within cells of
individuals. The analysis of B chromosomes on
the basis of a minimal number of 40-50 metaphase
spreads from each animal determined that their
number in the farm population ranged from 0 to 4,
and statistically most cells (44.1%) contained two
extra chromosomes. In the case of animals from
the wild population, the number of B chromo-
somes ranged from 0 to 6 and statistically most
cells (47.5%) contained 2 supernumerary chromo-
somes. In both cases, there was no gender-
dependent difference in the distribution of B chro-
mosomes. Similar findings were reported by
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ELLENTON & BASRUR (1981) and ŒWITOÑSKI et al.
(2003) which confirm the results obtained in this
study. In addition, this study determined that a greater
range of the number of B chromosomes is ob-
served in a wild population of red foxes.

YANG et al. (1999) used a molecular probe de-
rived from a single B chromosome and obtained
signals on all B chromosomes present in the cell,
which means that the probe complementary to one
of the chromosomes hybridized with all other B
chromosomes. On this basis, it can be assumed that
the same repetitive sequences are present on all B
chromosomes of Vulpes vulpes. The same correla-
tion is also observed in other animal species
(KARAMYSHEVA et al. 2002; TRIFONOV et al. 2002;
SZCZERBAL & ŒWITOÑSKI 2003; MATSUBARA et al.
2008).

The results of this work specifying a pattern in
the variable number of B chromosomes in the red
fox correspond to ŒWITOÑSKI et al. (1987) as well
as to work carried out in other species such as the
raccoon dog (SHI et al. 1988) or East-Asiatic
mouse (KOLOMIETS et al. 1988).

All these species show supernumerary chromo-
some mitotic instability and mosaicism of their
number in the germ line. It has not yet been estab-
lished whether a variable number of chromosomes
affects the fitness of animals, but it is an interesting
issue that pertains to many species of wild animals.
Despite numerous studies, data on the genetic role
of B chromosomes of Vulpes vulpes are scarce.
A series of studies carried out by many groups to
date has not provided detailed information on their
function (VOLOBUJEV & RADJABLI 1974; VOLOBUJEV

et al. 1976; BASHEVA et al. 2010).

As a result of cytogenetic studies using fluores-
cence in situ hybridization (FISH) with a molecu-
lar probe derived from the dog genome specific for
sex chromosomes X and Y, clear signals were de-
tected on the two female X chromosomes, while in
males, one signal on the X and Y chromosomes,
respectively. In addition, on the X chromosomes,
specific hybridization signals for the Y chromo-
some were observed in the pseudoautosomal re-
gion, showing homology between the sex chromo-
somes. Studies by several authors have shown that
the X and Y chromosomes of the dog genome
show a high degree of homology with heterochro-
mosomes of Vulpes vulpes and other species
within the Canidae family, such as silver fox or
raccoon dog. This may suggest that the structure of
sex chromosomes has not changed significantly
during canine karyotype evolution (GRAPHODATSKY

et al. 2000; BUGNO-PONIEWIERSKA et al. 2012).

Telomeres are the physical ends of the chromo-
somes of most eukaryotic organisms. They consist
of repetitive, highly conserved DNA sequences.

They are localized at the ends of chromosome
arms and in pericentromeric areas.

Additional information was provided by a de-
tailed molecular characterization of B chromo-
somes using fluorescence in situ hybridization
(FISH). Application of a telomeric probe has de-
termined that B chromosomes of Vulpes vulpes
have typical distal signals (CAMACHO 2000).

Our studies designed to localize telomeric se-
quences on chromosomes of Vulpes vulpes using
PRINS technique identified clear signals corre-
sponding to telomeric sequences on both arms of
all chromosomes and in several cases also in the
pericentromeric regions. Typical telomeric signals
were also detected on B chromosomes. The results
confirm this notion and are supported by
ŒWITOÑSKI et al. (2003). Moreover ŒWITOÑSKI et al.
(2003) and WURSTER-HILL et al. (1998) per-
formed parallel studies in other species of the fam-
ily Canidae and obtained similar results. However,
in the raccoon dog the signals corresponding to te-
lomeric sequences were dispersed, giving even
signals over the entire length of the chromosomes.
The authors suggested that in both subspecies of
raccoon dogs, B chromosomes are rich in telo-
meric and telomeric-like sequences.

Summary

This study determined that a wild population
of red foxes had higher variation in the number of
B chromosomes compared to breeding animals.
However, statistically most cells carried 2 super-
numerary chromosomes in both populations. De-
spite the presence of considerable polymorphism,
there was no change in the distribution of B chro-
mosomes dependent on gender or the origin of red
foxes. However, high variation in the number of
active nucleolar organizer regions (AgNOR) was
found within both populations. In the case of farm
animals, a tendency towards NOR reduction was
noted when compared to red foxes living in the
wild, which might be the effect of domestication.
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