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Aim. The aim of the study was to analyze chromosome sets of specific species of agricultural animals of several
breeds of three Bovidae spp., Bos taurus, Ovis aries and Bubalus bubalis bubalis using the techniques of G- and
Ag-banding of chromosomes and to demonstrate the role of their variability in the relatedness between the three
species. Methods. The culture of lymphocytes and chromosome preparations were prepared by the method of
Moorhead et al (1960). The Sajjad N et al (2014) and by Ag-banding method of Seabright (1971). To study the
phenetic interrelations, the index of the number of active nucleolus organizer regions (NOR’s) in the chromosomes
during the metaphase stage was used. The chromosomal aberrations were classified according to the recommenda-
tions of the International System for Chromosome Nomenclature of Domestic Bovids (2001). The dendrogram
of phylogenetic relations between mammalian species was built using «STATISTICA 6.1». Results. The homol-
ogy of the structural organization of chromosomes and the evolutionary changes in karyotypes of Bovidae family
were analyzed, highlighting their sex chromosomes and the chromosomes with specific localized groups of gene
linkage. A considerable homology of chromosome sites was found the G-banding profiles. Conclusions. The
comparison of differentially banded chromosomes of some breeds of Bos taurus, Ovis aries and Bubalus bubalis
demonstrates the similarity of chromosomal sets and helps detect the differences, related to the formation of meta-
centric chromosomes. Species-specific morphological differences in sex chromosomes of the investigated species
were found in terms of the length and presence of pericentric inversions.
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INTRODUCTION

Classic population geneticists believe that the vari-
ability of the chromosomal sets cannot be the basis
for evolutionary species transformations, as the chro-
mosomal polymorphism is a phenomenon frequently
found in natural populations; it occurs and is main-
tained but with no evolutionary consequences (Lewon-
tin R, 1974; Dobigny G et al, 2015). However, modern
scientific tendencies force the change in this point of
view (Shapiro J, 2009, 2013). The breakthrough, con-
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ditioned by the development of DNA analysis methods,
allowed for phylogenetic reconstructions and resulted
in re-envisioning the system of the organic world (Katz
LA et al, 2012; Hinchliff C et al, 2015). The introduc-
tion of the methods of GTG-banding of chromosomes
(Q-, G-, C-, R-, T-, Ag-banding) and chromosomal dy-
ing, (Zoo-FISH) provided for the transition from the
description of the similarity (number, size, form) to the
analysis of homologies and solving complicated taxo-
nomic problems of the level of the species (Hinchliff C
et al, 2015; Graphodatsky A et al, 2011).

The scientific data demonstrate the presence of regu-
larities in the mutation process on the level of karyotype
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restructuring. A researcher, MJD White, (Department
of Population Biology, Research School of Biological
Sciences, Australian National University) introduced
the term “karyotypic orthoselection” to describe the
non-randomness of same-type chromosomal transfor-
mations in similar karyotypes (White MJD, 1978). It is
assumed that the reason for these chromosomal trans-
formations lies in their role in protecting co-adapted
gene complexes from being disrupted by the introgres-
sion from other populations.

The evolution of karyotypes in the species of Bovidae
family was accompanied by different transformations
in the chromosomal apparatus (Chaves R et al, 2000).
Nevertheless, the systematicity of Bovidae is still con-
troversial, as such evolutionary events as recombina-
tion mechanisms and morphological convergence re-
sulted in a very variable number of chromosomes in
this family in the range from 30 to 60 (Chaves et al,
2005; Graphodatsky A et al, 2011).

The aim of the study was to analyze chromosome
sets of three species of agricultural animals of Bovidae
family using the techniques of G- and Ag-banding of
chromosomes and to demonstrate the role of their vari-
ability in the relatedness of the three species and their
different breeds studied.

MATERIALS AND METHODS

The study was conducted at the Department of Genet-
ics and Biotechnology of Animals of the M.V. Zubets
Institute of Animal Breeding and Genetics, the NAAS.

The material of the cytogenetic study was the pe-
ripheral blood of representatives of some species
and breeds of Bovidae family: sheep (Ovis arias) of
Romanivska (n = 35), Sokilska (n = 33) and Ukrai-
nian Carpathian Mountain breeds (n = 25) (Tipilo K,
2020) — cattle (Bos taurus) of Ukrainian Red-and-
Motley dairy (n = 74) and Ukrainian Grey breeds
(n = 43) and river buffalo (Bubalus bubalis bubalis)
of Asian origin, reared in Ukraine (n = 49).

The culture of lymphocytes and chromosome prepa-
rations were obtained following the method of Moor-
head PS et al (1960). To prepare chromosomal prepa-
rations, whole venous blood was cultivated for 72 h
at +37 °C in RPMI 1640 medium (Sigma, USA) with
the addition of 0.1 ml/ml PHA (phytohemagglutinin,
Sigma, USA), 15 % embryonic calf serum, 0.1 ml
colchicine (Serva, Germany) in the concentration of
0.04 pg/ml, added two hours before the completion of
the cultivation period to stop cell division. The precipi-
tate of cells was obtained by centrifugation (1,000 rpm,
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15 min) with further treatment with 5 ml of the hypo-
tonic KCl solution (0.075 M) for 20 min. The fixation of
cells was conducted in three changes of the methanol-
acetic acid mixture in 3:1 ratio. The cell suspension of
desired density, obtained in the last portion of the fixator,
was applied in drops on a cooled and wet specimen slide.

The preparations of metaphase chromosomes were
analyzed by the Giemsa-trypsin or Giemsa-trypsin
or GTG-banding according to the method of (Sajjad
et al, 2014) To obtain GTG-banding the preparations
of chromosomes at the stage of meiosis metaphase
were placed for 6-10 sec in 0.25 % trypsin solu-
tion, dissolved in 0.25 % Hanks’ solution at room
temperature, and stained with 2 % Romanowsky-Gi-
emsa solution. The chromosome preparations were
washed with distilled water and dried. At least 30
metaphase plates were analyzed per one animal. The
chromosome preparations were analyzed using Zeiss
microscope (Germany) at the magnification of 1,000.

Ag-banding was done by the method of Seabright
(1971) to determine active nucleolus organizer regions
(NORs) of chromosomes, 2 drops of 50 % solution of
nitric-acid silver (AgNO3, Sigma-Aldrich) and 2 drops
(0.1 ml) of 0.2 % formic acid were added to the speci-
men slide and covered with glass. Then the prepara-
tion was placed into a moistening chamber at +56 °C,
protected from light for 13—14 min, until the surface of
the specimen slide acquired a dark brown color. NORs
were detected as dark spots on telomeres of the corre-
sponding chromosomes.

The chromosomal aberrations were classified accord-
ing to the recommendations of the International System
for Chromosome Nomenclature of Domestic Bovids
(Cribiu EP et al, 2001). To study the relations between
three species of agricultural animals of Bovidae fa-
mily — Bos taurus, Ovis aries, and Bubalus bubalis
bubalis, we used the index of the number of active NOR
in the chromosomes at the metaphase stage of mitosis.
This index is specific for each species, relatively poly-
morphic, and minimizes the possibility of subjective
assessment of relationships between species.

A phenogram of relation relations between breeds of
three Bovidae spp., Bos taurus, Ovis aries and Bubalus
bubalis bubalis based on the variability of active NOR
was constructed, using the STATISTICA 6.1 software
package (StatSoft., 2001 http://www.statsoft.ru/home/
textbook/default.htm).

RESULTS

We compared the chromosomal sets of cattle Bos tau-
rus, domestic sheep Ovis aries and river buffalo Buba-
lus bubalis using G- and Ag-banding.
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Fig. 1. A schematic presentation of karyotypes based on GTG-banding of cattle (C), sheep (S), and river buffalo (B)
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Fig. 2. The karyotypes of the representatives of cattle (C), sheep (S), and river buffalo (B) according to GTG-banding, mag-
nification 10x100 light microscope using oil immersion)
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Fig. 3. The dendrogram of phenetic interrelations between breeds of three Bovidae spp., Bos taurus, Ovis aries and Bubalus
bubalis bubalis based on the variability of active NOR. UG — Ukrainian Grey cattle breed; URM — Ukrainian Red-and-
Motley dairy cattle breed; RS — Romanivska breed of sheep; SS — Sokilska breed of sheep; UCMS — Ukrainian Carpathian

Mountain breed of sheep; RB — river buffalo

A homology of chromosome sites was found in
the representatives of the investigated species by the
GTG-banding profiles (Fig. 1 and 2). The karyotypes
of Bos taurus, Ovis aries and Bubalus bubalis bubalis
differ in the number of chromosomes and their mor-

phology.

There was an observed loss of the pericentromeric
G-positive band on the arms of chromosomes 1p, 2q,
4p and 5q. The pericentromeric G-positive band was
found to be preserved in the third chromosome of river
buffalo. Almost similar results were obtained while
studying the karyotype of sheep, where the loss of the
pericentromeric G-positive band was also found in the
arms of chromosomes 1p and 2q, and the pericentro-
meric G-positive band was preserved in the third chro-
mosome. In addition, the pericentromeric G-positive
band in chromosome 3p of river buffalo and 3q in sheep
was found to be smaller than in the corresponding ho-
mologous chromosomes of cattle (19 and 11, respec-
tively). The remaining autosomes of river buffalo and
sheep were found to be similar in the G-banding model
to the homologues of cattle. Sex chromosomes X and
Y of cattle were smaller than those of river buffalo and
sheep (Fig. 1). The structures of G-bands in two sex
acrocentric chromosomes of cattle and river buffalo
under comparison are very similar, contrary to those of
sex chromosomes of sheep. The only differences lie in
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size, as stated above, and in the positive distal band of
Y-chromosome of cattle which was found to be larger
than that in Y-chromosome of river buffalo.

The analysis of the chromosome morphology of Bos
taurus and Bubalus bubalis bubalis demonstrated the
differences in the length of sex chromosomes of the
animals of these species. Different sizes of distal G-
negative bands in Y-chromosome of river buffalo than
those in cattle.

For known conservative sites, we found associations
of 1/3, 2/8, 5/11 in sheep and 1/25, 2/23, 8/19, 5/28,
16/29 in buffaloes.

A phenogram was constructed using the variability
of active NOR’s of the three species studied (Fig. 3),
where the river buffalo in our hands remarkably formed
a separate branch that was more distant than the one
of the Romanivska sheep breed to other studied cattle
breeds. Sokilska sheep appeared most distant, but more
related to river buffalo than to the other Ovis breed
(Romanivska).

As for Romanivska sheep and cattle of the Ukrai-
nian red-and-motley dairy breed, they form a more
tight cluster, inside which there is also a tight clus-
ter of Ukrainian-Carpathian mountain breed sheep
and Ukrainian gray breed cattle. Ukrainian-Carpathian
mountain sheep appear to be more related to Ukrainian
grey breed than to Romanivska sheep.
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DISCUSSION

Much information has been accumulated within the
last 40 years regarding the comparative analysis of
GTG- banded chromosomes and DNA satellites of dif-
ferent species of animals which allowed to determine
the main tendencies in the karyotype evolution within
many taxa, including the Bovidae (Di Berardino et al,
1979; Mayr et al, 1987; Chaves et al, 2005; Nguyen et
al, 2008; Robinson TJ et al, 2011; Amancio AP et al,
2019).

lannuzzi A et al (Iannuzzi A et al, 2021) compared the
karyotypes of cattle and buffalo and assumed that two
pericentric inversions may cause differences between
sex chromosomes in these species of animals. For an-
other comparison of Bovidae and an inversion noticed
in roe deer see Kozubska-Sobocinska et al, 2007.

The information, obtained in our study and in the
study of Di Meo GPD et al (DI Meo GPD et al, 2005)
about the differences in the form and size of Y-chromo-
some in the species of Bovidae family (in Bos taurus
and Ovis aries this sex chromosome has a metacentric
form,in Bubalus bubalis bubalis —the acrocentric form;
its size in buffaloes is larger than in bulls) supplements
current cytogenetic maps.

Some scientists assume that the initial karyotype of
cattle (2n = 60) is the ancestral model for evolution-
ary comparison with other Bovidae species due to the
prevalence of acrocentric chromosomes and a karyo-
typic formula, observed in different species (Wurster
DH, 1968).

The analysis of GTG- banded chromosomes of do-
mestic sheep, (2n = 54), demonstrated that three pairs
of metacentric chromosomes of the karyotype were
formed due to the centric fusion of homologous chro-
mosomes of cattle and goats: one and three, two and
eight, and five and eleven respectively (lannuzzi L et
al, 1995; Cribiu EP et al, 2001; Di Meo GP et al, 2007;
Goldammer T et al, 2009).

Ovis species is the best example of the evolution of
the karyotype of Bovidae family, involving Robert-
sonian translocations on the autosomal level. Starting
with the closest species, a goat (Capra hircus, 2n =
= 60), the autosomal karyotype of Ovis develops via a
progressing decrease in the diploid number of chromo-
somes to 58 in urial (Ovis vignei), 56 in arkhar or argali
(Ovis ammon), 54 — in domestic sheep (Ovis aries) and
other species, in 52 — in Siberian sheep (Ovis nivicola)
due to Robertsonian translocations and centric fusions
(lannuzzi A et al, 2013).
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It is believed that all sheep with karyotype 2n = 54
originate from one common ancestor due to the for-
mation of Robertsonian translocations of chromo-
somes after the fusion of acrocentric chromosomes in
karyotypes 2n = 58 and 2n = 56 (Nadler CF et al, 1971;
Nadler CF et al, 1973). Probably, the evolution of sheep
followed the pattern of 2n = 58 — 2n = 54 in terms of
monophyletic origin (Bunch T et al, 1977).

The cytogenetic analysis using the fine morphology
of chromosomes is also acceptable for the comparison
of karyotypes of cattle, sheep, and buffaloes. The sci-
entific data demonstrate that all the species of Bovidae
family demonstrate a high degree of homology among
autosomal chromosomes; they are closely related and
have a similar genetic order (Iannuzzi L et al, 2009;
Amaral ME et al, 2008; lannuzzi A et al, 2021). The
constitutive losses of heterochromatin were found dur-
ing chromosomal aberrations which led to the forma-
tion of five pairs of biarmed chromosomes in river buf-
falo and three pairs — in sheep (Iannuzzi L et al, 2009).

We chose the index of the number of active nucleo-
lus organizers per cell for our study. This feature is as
species-specific as any other quantitative (instance.g.,
the number of gene alleles) or qualitative feature (e.g.,
nucleotide composition of the gene). In most animal
species, the nucleolus organizers are known to occupy
certain sites on specific chromosomes (Britton-David-
ian J et al, 2012). Specific study methods using RNA
polymerase I main transcription factors, e.g. upstream
binding factor (UBF) and immunofluorescence demon-
strate that not all NORs are actively transcribed, and it
depends on the proliferative status of the cell and the
stage of the cellular cycle Smirnov et al (2006). Some
authors (Chi J et al, 2005; Cernohorska H et al, 2011;
Ropiquet A et al, 2010) state that the evolutionary
transformation refers mainly not to the organization of
the chromosome but to the organization of the karyo-
type. The results of comparative cytogenetic studies
from different countries (Buckland RA, 1978; Robin-
son et al, 2011) demonstrated that agricultural animals
can be conventionally divided into two groups by the
directions and tempo of the karyotypic evolution. The
representatives of Bos taurus preserved the karyotype
structure, close to the karyotype structure of the mam-
malian ancestor. The karyotypes of Ovis aries and
Bubalus bubalis were subjected to “catastrophic evolu-
tion” which resulted in numerous breaks and fusions of
ancestral chromosomes.

Based on the hypothesis of Robertson W-M (Rob-
ertson W-M, Rees B, 2005), the loss of a centromere
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of one chromosome and its preservation in the other
occurs during centralized translocations of monocen-
tric type. The same phenomenon explains the losses in
biarmed chromosomes of river buffalo and sheep (Ian-
nuzzi A et al, 2021). Our study shows that in four out
of five pairs of biarmed chromosomes of river buffalo,
and in two out of three sheep a G-positive band, close
to centromeric sites, was lost along with the loss of the
block of an acrocentric chromosome, involved in the
central linkage. It is known that intercalary heterochro-
matin (G-range) and constitutive heterochromatin (C-
range) do not contain structural genes. If this is true,
then the loss of a G-positive band should not be of
special relevance. Practically, similar to other chromo-
somes, R-positive structures (euchromatin) in the peri-
centromeric region of biarmed pairs were preserved in
the species under investigation (lanuzzi L et al, 1990).

However, the function of heterochromatin in the
evolution of the karyotype of species is yet to be de-
termined. Nevertheless, there are scientific commu-
nications on special relevance of heterochromatin
sites, including: (a) stabilizing the specialized regions
of chromosomes, such as centromeres and telomeres
(Baird DM, Farr CJ, 2006) facilitating the transfor-
mations of chromosomes; (c) determining the fertility
barrier; (d) preserving euchromatin (Saksouk N et al,
2015); (e) decreasing recombination in the neighboring
euchromatin (Morrison O, Thakur J., 2021).

The sequencing of genomes of many organisms and
their comparative analysis demonstrated high conser-
vative nature of DNA sequences — large areas, some-
times with the length of an entire arm of the chromo-
some, are homologous in different taxa. According to
current notions (Graphodatsky AS et al, 2011), the evo-
lution of karyotypes occurred not via the appearance of
new nucleotide sequences but rather via the “reshuf-
fling” of the existing ones. Probably, it is due to this
reshuffling that considerable diversity of karyotypes
is observed in different organisms: even close species
often have different numbers of chromosomes with dif-
ferent morphology (McEachern S et al, 2009; Sacerdot
Cetal, 2018).

Thus, in the compared species of Bovidae, the mor-
phological structure of chromosomes is characterized
by a high degree of similarity. However, classical cyto-
genetic analysis does not allow to reveal all the subtle-
ties of the organization of gene orders in chromosomes.
Therefore, even to compare related species of animals,
it is necessary to study their genomes at the level of
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gene maps, in particular, using molecular genetic mark-
ers (Chokan T et al, 2016).

CONCLUSIONS

The comparison of differentially banded chromo-
somes of some breeds of Bos taurus, Ovis aries and
Bubalus bubalis demonstrates the similarity of chro-
mosomal sets and helps detect the differences, related
to the formation of metacentric chromosomes in sheep.
Species-specific morphological differences in sex
chromosomes of the investigated species were found
in terms of the length and presence of pericentric inver-
sions. The analysis of phenetic relations between the
three species of Bovidae based on the variability of the
number of active NOR’s demonstrated their degree of
genetic similarity.
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Bovidae spp. — Bos taurus, Ovis aries Ta Bubalus bubalis
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Meta. Meroto poboTH € aHaii3 XPOMOCOMHHX HaOOpiB
OKPEMHX BHIIB CIIbCHKOTOCIIOIAPCHKUX TBAPUH POIAUHH
Bovidae 3 BUKOpPHCTaHHSM TeXHIK AUQepeHiinnoro ap-
OyBaHHs1 xpomocoM G- i Ag-banding i nemoHcTpanist pouii
iX MiETHBOCTI B eBomtonii. Metoau. [1inTOTOBKY KyIbTypH
JMMQOIHUTIB 1 MPUrOTYBaHHS IIpenapariB XpoMOCOM IIpO-
Boguan 3a MertogoM Moorhead et al (1960). Ilpenaparu
MeTada3zHIX XPOMOCOM aHAi3yBalH i3 BUKOPUCTAHHSAM Me-
toauk G-banding 3a Sajjad N et al (2014) Ta Ag-banding 3a
Seabright (1971). Knacudikamiro xpoMmocoMHux abepamii
MIPOBOIVIIN BIAMOBIAHO pexoMeHpariii International Sys-
tem for Chromosome Nomenclature of Domestic Bovids
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(2001). Jdenmporpamy (iOTeHETHIHNX B3a€MO3B’S3KIB MK
BUJIAMU CCaBLIiB OyIyBaJHM 3a BHUKOPHCTaHHS HPOTPaMH
“STATISTICA 6.1”. Pe3yasTaTu. 3iiiCHEHO MOPIBHSIBHE
JOCTI/KeHHS XPOMOCOMHHX Ha0OpiB BETHKOI poratoi Xy-
nobu Bos taurus, BiBII moMarmHboi Ovis aries Ta OyiiBona
piuxoBoro Bubalus bubalis bubalis 13 3acTOCYyBaHHIM Me-
toniB G- ta Ag-banding. [TpoanaizoBaHO TOMOJOTIIO CTPYK-
TypHOi OpTraHi3aIlii XpoMOCOM 1 €BONIOLIHHI 3MIHH Kapio-
THITIB POIVHHU Bovidae, aklIeHTYIOUH yBary Ha iX CTaTeBHX
XpoMocOoMax i Ha XpOMOCOMax, I JIOKalli30BaHi OKpeMi
TpyTHy 34erUieHHs TeHiB. 3a npodimsamu G-banding BusBIIM
Yy TPEACTaBHUKIB IOCTIKCHUX BUAIB pomuHu Bovidae
3HAa4YHy TOMOJIOTII0 XPOMOCOMHHUX IUISHOK. st mocmin-
JKCHHS (DUTOTEHETHYHHX B3a€MO3B’SI3KiB BHKOPUCTAHO IIO-
Ka3HMK YMCIIa aKTUBHUX PAfOHIB SIEpIIEBUX OpraHi3aTopiB
y xpomocomax Ha cramii meradasu (SIOP, Nucleolus Or-
ganizer Regions (NOR). BucnoBku. IlopiBHAHHS MOp-
(omorii XpOMOCOM CiTBCHKOTOCTIOAAPCHKUX TBAPUH POIMHU
Bovidae Bos taurus, Ovis aries Ta Bubalus bubalis bubalis
MATBEPIKYE OMM3BKICTH TOMOJIOTI] OKPEeMHUX IUISHOK XpO-
MOCOM 1 YTBOPEHHS METAIICHTPUYHIX XPOMOCOM BHACIIIJIOK
3’€IHaHHS aKpPOLCHTPUYHUX. BcTaHoBIeHO BUIOBI MOpdo-
JIOTTYHI BIIMIHHOCTI ¥ CTaTeBUX XPOMOCOMaX TBAPHH JOCTI/I-
JKCHUX BHIIB 32 JOBKHHOIO i HAsBHICTIO MEPUIICHTPHIHIX
igBepciit. DimoreHeTHYHI 3B’S3KM MK BHIAMH POIWHU
Bovidae cBigumTh TIpO Te, IO BENWYMHA BiICTaHEH,
BH3HAUEHNX HA OCHOBI BapiaOeNbHOCTI YMCIIa aKTUBHHUX
SOP BimoOpaxkae CTymiHb iX (ioreHeTHIHOi MOAIOHOCTI.

Knrouosi cnosa: esomonis kapiotumnis, Bovidae, Bos tau-
rus, Ovis aries, Bubalus bubalis bubalis, ougepenyitine pap-
OY8aHHs XPOMOCOM, S10epyesi Opeanizamopu.
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