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Abstract: Repetitive sequences form a substantial and still enigmatic part of the mammalian genome.
We isolated repetitive DNA blocks of the X chromosomes of three species of the family Bovidae: Kobus
defassa (KDEXr sequence), Bos taurus (BTAXr sequence) and Antilope cervicapra (ACEXr sequence).
The copy numbers of the isolated sequences were assessed using qPCR, and their chromosomal
localisations were analysed using FISH in ten bovid tribes and in outgroup species. Besides their
localisation on the X chromosome, their presence was also revealed on the Y chromosome and
autosomes in several species. The KDEXr sequence abundant in most Bovidae species also occurs in
distant taxa (Perissodactyla and Carnivora) and seems to be evolutionarily older than BTAXr and
ACEXr. The ACEXr sequence, visible only in several Antilopini species using FISH, is probably the
youngest, and arised in an ancestor common to Bovidae and Cervidae. All three repetitive sequences
analysed in this study are interspersed among gene-rich regions on the X chromosomes, apparently
preventing the crossing-over in their close vicinity. This study demonstrates that repetitive sequences
on the X chromosomes have undergone a fast evolution, and their variation among related species
can be beneficial for evolutionary studies.

Keywords: Bovidae; FISH; laser microdissection; repetitive sequence; sequence analysis; qPCR;
X chromosome

1. Introduction

A substantial part of eukaryotic genomes comprises repetitive sequences, which can
be classified as interspersed elements or tandem arrays. The interspersed elements widely
distributed throughout the genome are mainly represented by transposable elements (TEs)
while the tandemly arrayed sequences include multigene families, such as ribosomal RNAs
(rRNA) and histone genes, satellite DNA and micro- and minisatellites [1]. Apart from
highly repeated sequences, low copy number sequences and low repeated DNAs reside in
the eukaryotic genome.

Contrary to theories that have been widely accepted in the past, there is mounting
evidence that repetitive sequences represent transcriptionally active regions [2]. The most
abundant transposable element within the human genome is represented by long inter-
spersed nucleotide elements (LINEs). The only active lineage of LINEs found within
humans belongs to the LINEL1 class. Most of LINE1s, which include more than 500 thou-
sand copies, are not active in the genome as they are truncated repeats. Only the full-length
copies are capable of self-copying. The presence of the LINE1 element at a certain locus can
affect gene expression and even lead to the formation of alternative transcripts. This can
make a significant contribution to the functions of individual cells, tissues and the whole
organism [3]. The transcriptional activity of a satellite DNA depends on its location. The
level of transcripts detectable within the active human centromere is low. This contrasts
with the higher transcriptional levels of pericentromeric satellites, which are necessary for
heterochromatin maintenance [4]. Some simple repeated sequences are elements known to
be transcribed in the context of repeat expansion disorders [5].
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It was shown that satellite DNA transcripts have an important role in the epigenetic
processes of chromatin formation [6,7], and are indispensable for the structural and func-
tional organization of the genome [8,9]. Heterochromatic regions are known to harbour
active genes. Modifications in these regions might give rise to fertility barriers that pro-
mote evolutionary divergence and speciation [1,10,11]. Furthermore, the transformation of
euchromatin into heterochromatin has been recognised as a relevant factor in speciation
processes [12,13].

In mammals, the repetitive DNA sequences are located mainly in centromeric chro-
mosome regions. Moreover, various classes of repetitive DNA accumulated in non-
recombining regions of sex chromosomes during their evolution that most probably pro-
ceeded independently of autosomes [14]. The X chromosomes of species included in the
family Bovidae analysed in this study diversified through chromosomal rearrangements,
embracing inversions, centromere shift, heterochromatic variation and translocations with
autosomes [15-22]. Therefore, the bovid X chromosomes show high variation among
subfamilies, tribes and even between genera belonging to one tribe [17,23-25]. There
are three main types of X chromosomes within the family Bovidae: one submetacentric
in morphology represented by the tribe Bovini and two acrocentric referred to as the
“eland-type” (tribe Tragelaphini) and the “suni-type” (Caprini, Cephalophini, Hippotragini,
Alcelaphini, Antilopini, Aepycerotini and Peleini) [16]. In contrast, the evolution of bovid
Y chromosomes was driven mainly by the accumulation of repetitive DNA that was ac-
companied by Robertsonian fusions with autosomes in several species of Antilopini and
Tragelaphini [23-25].

Little is known about the composition and distribution of repetitive sequences present
in the sex chromosomes of bovid species. Most studies have focused on highly repetitive sat
DNA resident in centromeric or pericentromeric regions [26-28]. The intercalary X- or X/Y-
specific repetitive sequences were described and characterized only in Capra hircus, Ovis
aries, B. taurus and Bubalus bubalis [29] and in several Antilopini species [24,25]. Cabelova
et al. [30] found repetitive DNA sequences specific to the Y chromosomes of 11 species
representative of nine tribes of the family Bovidae.

The determination of the accurate localization and composition of repetitive sequences
remains problematic despite current easily available sequencing techniques. Even com-
pletely sequenced genomes may have multiple gaps in the centromeric and other regions
occupied by repetitive DNA sequences. Sex chromosomes are particularly difficult to
assemble because they contain a high amount of repetitive sequences [31,32]. In Bovidae,
the complete sequence of the Y chromosome of the C. hircus species, with the genome “se-
quenced to completion’, still remains unavailable. Additional studies of repeated segments
are required for a better understanding of the genome structure and function. Therefore,
integrating DNA sequence data with a chromosomal mapping of the repeated elements
by means of cytogenetic techniques can provide a more comprehensive picture, even in
completely sequenced genomes [1].

Microdissection techniques represent an alternative approach in the isolation of repet-
itive DNA sequences of interest that enable their further analyses by sequencing and
mapping. Laser microdissection was used, for instance, by [31] to assess the genetic content
of the W chromosome of the flour moth (Ephestia kuehniella). This approach allowed us to
determine families of transposable elements, microsatellites and recent mitochondrial DNA
insertion sites. In Bovidae, this technique was used for the isolation of repeats present in
centromeric regions [23,24,27-29,33] and in the Y chromosome [30,34].

In this study, we employed laser microdissection for the isolation and characterization
of three repetitive sequences present in the X chromosomes of bovid species K. defassa, B.
taurus and Antilope cervicapra. We studied their distribution in a wide range of species of
the family Bovidae and in three outgroup species representative of the families Cervidae,
Giraffidae and Antilocapridae.
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2. Materials and Methods
2.1. Chromosome Preparation

Material from 41 bovid species and 3 outgroup species used in this study was analysed
(see Tables 1-3). Blood samples of 38 taxa were collected from captive-born animals
held in the Zoological Gardens in Dvur Kralove nad Labem, Prague, Plzen, Liberec and
Olomouc (Czech Republic) by experienced zoo veterinarians on the occasion of preventive
and diagnostic examinations during the years 2003-2015, and an aliquot of the blood
was used for our studies. The blood cells were cultured according to standard protocols.
Fibroblast cell cultures from O. oreotragus and A. americana, and cell suspensions of R.
sharpei were obtained from the Evolutionary Genomics Group, Department of Botany and
Zoology, University of Stellenbosch, South Africa. Cell cultures were grown and harvested
using conventional procedures [35]. Metaphase spreads were prepared using standard
cytogenetic techniques. For the identification of the chromosomal regions of interest, C- or
G-banding was performed as previously described [16]. The systematic classification used
in this study followed Groves and Grub (2011) [36]. The study complies with the current
laws of the Czech Republic and the Republic of South Africa. All institutional and national
guidelines for the care and use of animals were followed.

Table 1. Taxonomy of species analysed in this study.

Class Order Suborder Infraorder Family Species
Mammalia Carnivora Ursidae Ailuropoda melanoleuca
Perissodactyla Rhinocerotidae Ceratotherium simum simum

Artiodactyla Tylopoda Camelidae Vicugna pacos

Suina Suidae Sus scrofa
Ruminantia Pecora Giraffidae Giraffa camelopardalis
Antilocapridae Antilocapra americana

Cervidae Cervus elaphus

Bovidae see Table 2

2.2. Isolation of X Chromosome Repetitive DNA Sequences

C-banding positive regions of the X chromosomes of A. cervicapra were microdissected
by the MicroLaser system (Carl Zeiss Microlmaging GmbH, Munich, Germany). The pooled
DNA was amplified using DOP-PCR (degenerate oligonucleotide primed polymerase
chain reaction) without pretreatment as previously described [37]. Amplification products
were cloned into a pDrive vector (Qiagen, Hilden, Germany). Species-specific clones
were selected using DOT BLOT hybridization [29], fluorescently labelled and checked for
specificity by FISH. Plasmid DNA was subsequently isolated and sequenced. Sequences
comprised satellite DNA but were not long enough to represent the whole basic repeat
unit obtained by PCR (BRU-PCR). Therefore, primers amplifying the 5'- and 3'-flanking
regions were designed. A simplified version of inverse PCR was performed on isolated
untreated genomic DNA. The primers were chosen with the emphasis on the distance
between primers being as short as possible (see Supplementary Table S1). This permitted
the retrieval of almost the full-length DNA basic repeat unit [24]. Amplification products
were cloned and sequenced (ACEXr sequence).

Primers for inverse PCR were designed (see Supplementary Table S1) and inverse PCR
was performed on genomic DNA of K. defassa. Amplification products were cloned and
sequenced (KDEXr sequence).

The BTAXr clone involving the BRU of B. taurus was constructed on the basis of the
sequence of the bovine X centromeric-specific repeat (NCBI accession number AJ884576)
published by Pauciullo et al. [29]. Primers were selected from this clone for inverse PCR
but no amplification product was obtained using bovine genomic DNA as a template.
Therefore, we searched in NCBI for sequences similar to the clone AJ884576 using BLASTN
searches. Several regions with a high similarity to the sequence NW_001501982 were found.
We analysed this 330 kb sequence and revealed the 1999 bp motif present in multiple copies
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but not arranged in tandem. This 1999 bp sequence was amplified from bovine DNA by
PCR (for primers see Supplementary Table S1), cloned and sequenced (BTAXr sequence).

Table 2. FISH results with KDEXr, BTAXr and ACEXr probes on species representing 10 bovid tribes.

Subfamily Tribe

Species (Sex-
Autosomal Fusion)

KDEXr Probe

BTAXr Probe

ACEXr Probe

Y

Y

X

Y

A

Antilopinae Caprini

Alcelaphini

Hippotragini

Reduncini

Aepycerotini

Antilopini

Oreotragini

Bovinae Bovini

Boselaphini

Tragelaphini

Ovis aries
Capra hircus
Ammotragus lervia
Owibos moschatus
Connochaetes taurinus
Connochaetes gnou
Connochaetes albojubatus
Damaliscus phillipsi
Oryx dammah
Oryx leucoryx
Oryx gazella
Hippotragus equinus
Hippotragus niger
Addax nasomaculatus
Kobus defassa
Kobus ellipsiprymnus
Kobus leche
Kobus megaceros
Redunca fulvorufula
Aepyceros melampus
Nanger dama (X;BTA5)
(Y;BTA16)
Antilope cervicapra (X;BTAS)
Antidorcas marsupialis
Gazella leptoceros (X;BTA5)
Raphicerus sharpei
Madoqua kirkii
Eudorcas thomsonii (X;BTAD5)
(Y;BTA1l6)
Oreotragus oreotragus
Bos taurus
Bubalus depressicornis
Bubalus bubalis
Bison bonasus
Syncerus cafer
Syncerus cafer nanus
Boselaphus
tragocamelus(X;BTA14)
(Y;BTA14)
Tragelaphus strepsiceros
(Y;BTA13)
Ammelaphus imberbis
(X;BTA13) (Y;BTA13)
Tragelaphus angasii (Y;BTA13)
Tragelaphus spekii (X;BTA13)
(Y;BTA13)
Tragelaphus eurycerus
(Y;BTA13)
Taurotragus oryx (Y;BTA13)
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A autosomes; (+) positive FISH signals; (0) apparent absence of FISH signals.
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Table 3. FISH results with KDEXr, BTAXr and ACEXr probes on outgroup species.
FISH Results
Subfamily Tribe Species
KDEXr Probe BTAXr Probe ACEXr Probe

X Y A X Y A X Y A

Cervidae Cervini C. elaphus + + 0 0 0 0 0 0 0
Giraffidae G. camelopardalis 0 0 0 0 0 0
Antilocapridae A. americana 0 0 0 0 0 0

(+) positive FISH signals; (0) apparent absence of FISH signals.

The sequences of our clones were compared with those in the NCBI database using
BLASTN searches. BLAST2 was used to assess sequence homologies. DNA sequences were
screened for interspersed repeats by RepeatMasker (http://www.repeatmasker.org).

The plasmid clones containing the basic repeat unit were labelled with biotin-16-dUTP
(Roche, Mannheim, Germany) using the BioPrime® Array CGH Genomic Labeling Module
(Invitrogen, Carlsbad, CA, USA) and used for FISH analysis.

2.3. Fluorescence In Situ Hybridization

Metaphase spreads for FISH (fluorescence in situ hybridization) analysis were pre-
pared from lymphocytes or fibroblast cell cultures using standard methanol:acetic acid
(3:1) fixation. Fluorescent probes were hybridized as previously described [27]. Slides
were washed in 0.4 x SSC/0.3% Igepal at 73 °C, counterstained and mounted with
DAPI/ Antifade. The FISH preparations were evaluated using Olympus BX 51 and BX 60
microscopes equipped with the necessary fluorescence filters and automated pad shifts.
Good quality metaphase cells were scanned using a CCD camera and evaluated using
image analysis (ISIS 3, MetaSystems, Altlussheim, Germany).

2.4. Detection of X Chromosome Repetitive DNA Sequences Using PCR

We probed for the presence of X chromosome repetitive DNA sequences in species
representative of bovid tribes that gave negative results after FISH (see Table 2). Genomic
DNA was extracted from blood samples using QlAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany). Primers were designed according to the sequences of KDEXr, BTAXr
and ACEXr clones (see Supplementary Table S1) to produce 1 kb, 2 kb and 1 kb PCR
products, respectively. Cycling parameters were 95 °C for 4 min for initial denaturation,
30 cycles at 95 °C for 1 min, 61 °C (KDEXt, ACEXr) or 58 °C (BTAXr) for 1 min and 72 °C
for 2 min, with a 5 min final extension at 72 °C. The amplification products were visualized
on a 2% agarose gel to prove the presence of the specific sequence in the species of interest.
Amplification products obtained from several representative species were sequenced, and
the sequences were compared using BLAST2.

2.5. Analysis of X Chromosome Repetitive DNA Sequences Using Quantitative Real-Time PCR

Genomic DNA was isolated using the QlAamp DNA Blood Mini Kit, and the concen-
tration was measured using NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Quantitative real-time PCR (qPCR) was carried out in iQ 96-Well
PCR Plates using the LightCycler® 480 System (Roche, Mannheim, Germany). For absolute
quantification analysis, serial dilutions of an external standard with a known concentration
were used to create a standard curve. Additionally, 1 kb, 2 kb and 1 kb amplification
products were prepared from KDEXr, BTAXr and ACEXr recombinant clones, and used as
standards. Each PCR plate comprised the internal calibration curve referring to the clone
of interest. All gPCR reactions were performed in duplicates and contained 1x SYTO-9
Master Mix (Top-Bio, Prague, Czech Republic), 1.6 uM primers and 10-35 ng of genomic
DNA. PCR parameters for 40 cycles were the same as described above for PCR detection.
Fluorescence data were acquired on SYBR Green I / HRM Dye-detection format at the
end of each 72 °C extension step of the PCR. Crossing point (Cp) values from samples
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and calibration curves were processed using LightCycler® 480 quantification software
and absolute amounts of the examined repetitive sequence were obtained. These absolute
values were loaded to a Copy number calculator (http://scienceprimer.com, accessed on
31 July 2020) to determine copy numbers of the distinct repetitive sequences present in
genomic DNA of one cell. The bovine haploid DNA content comprising 2,857,605,192
bp [38] was used for all investigated species.

2.6. Detection of BTAXr Sequences on Microdissected Chromosomes

The presence of BTAXr sequences was confirmed separately on X chromosomes
and autosomes of A. imberbis and A. americana using PCR. X chromosomes and auto-
somes from the same metaphase cell were collected using laser microdissection into
two different tubes. Ten cells were microdissected for two rounds of PCR. Primers 5'-
CAAAGAATAAAGGGCACTGAAGG-3' and 5'-GATTGGTCAGCTAGGCACTGC-3' were
selected according to the BTAXr sequence to amplify the 200 bp product. The amplification
products from the second PCR were analysed using gel electrophoresis on a 2% agarose gel.

3. Results and Discussion
3.1. KDEXr Clone
3.1.1. Sequence Analysis

The KDEX clone from K. defassa was sequenced and the sequence data representing the
BRU-PCR were deposited in the NCBI database under accession number KP677335. The
BRU-PCR length was 3465 bp. The screening of the KDEX sequence using RepeatMasker re-
vealed the presence of interspersed repeats comprising 44% of its total length (LINE1: 29%,
DNA transposons hobo-Activator-Tam3 (hAT): 15%). LINEs are transposable elements,
widespread among eukaryotes. The LINE1 identified here was represented by inactive
truncated repeats. According to several studies, LINE1 transcripts are implicated in the
epigenetic regulation of numerous genes in normal embryonic development and also in
tumorigenesis [39-41]. In our study, to prevent potential unspecific hybridization in subse-
quent FISH analyses, the 1 kb segment of the KDEX sequence without interspersed repeats
was amplified, labelled and termed KDEXr (primers for the KDEXr sequence are listed in
Supplementary Table S1. The same segment was amplified from the genomic DNA of R.
fulvorufula, A. melampus, C. elaphus, A. americana and sequenced (Supplementary Table S2).
A comparison of these sequences using BLAST?2 revealed sequence similarities varying
from 75% (C. elaphus vs. R. fulvorufula) to 93% (A. americana vs. A. melampus). BLASTN
searches found high similarity (74-90%) for the KDEXr sequence with sequences present
on the X chromosomes of C. hircus (six matches in two loci), O. aries (nine matches in two
loci), B. taurus (eight matches in one locus) and also on autosomes of C. hircus (CHI12),
O. aries (OAR7) and B. taurus (BTA17, BTA22). Additionally, the KDEXr sequence occurs
with 74-78% similarity on four sites of the Y chromosome of B. taurus. BLASTN searches
revealed the presence of the KDEXr sequence orthologue even in more phylogenetically
distant species—S. scrofa (70% similarity), V. pacos (68% similarity), A. melanoleuca (67%
similarity) and C. s. simum (66% similarity)—indicating an ancestral origin of this sequence
(for taxonomic classification see Table 1).

3.1.2. FISH Analysis

The KDEXr clone generated from K. defassa was fluorescently labelled and used as a
probe for the FISH analysis of various species of the family Bovidae and three represen-
tatives of other families (Cervidae, Giraffidae and Antilocapridae). The results of these
hybridization experiments are summarized in Tables 2 and 3. The distribution of KDEXr
sequences in K. defassa is shown in Figure 1a.
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X BTA13

Figure 1. FISH results with KDEXr, BTAXr and ACEXr probes (red). (a) FISH with the KDEXr probe
on chromosomes of K. defassa. (b) FISH with the BTAXr probe on chromosomes of B. taurus. (c¢) FISH
with the ACEXr probe on chromosomes of A. cervicapra. Chromosomes were counterstained with
DAPI (blue). Scale bar represents 5 pm.

The KDEXr probe hybridized successfully to the X chromosomes of almost all rep-
resentatives of the family Bovidae with the exception of three species (A. melampus, A.
marsupialis, M. kirkii) which showed no FISH signal. Interesting FISH patterns were seen
in species belonging to the tribe Tragelaphini (see Figure 2), which is characterized by the
fusion Y;BTA13 [23].

X BTA13 X BTA13 X BTA13 X,BTA13 X,BTA13

Figure 2. FISH with the KDEXr probe (red) to chromosomes X and BTA13 of Tragelaphini species: T.
strepsiceros (TST), T. angasii (TAN), T. eurycerus (TEU), T. oryx (TOR), A. imberbis (AIM) and T. spekii
(TSP). The dashed white lines indicate the position of centromeres.

Two species (A. imberbis, T. spekii) also showing X-autosomal fusion X;BTA13 exhibited
FISH signals not only on the distal part of the X chromosome, but also on the proximal
part of BTA13 (at the site of the fusion of both chromosomes). Similarly, in the Tragelaphini
species with the unfused X chromosome, strong hybridization signals were seen both on the
X chromosome (distal part) and on unfused chromosome BTA13 (pericentromeric region).
Different FISH patterns showed two Antilopini species (N. dama, E. thomsonii) which are
distinguished from other Antilopini by the fusion Y;BTA16. In both species, a strong
fluorescent signal of the KDEXr probe covered the entire Y chromosome. Additionally,
in N. dama, weaker signals occurred in centromeric regions of three meta/submetacentric
autosomes. E. thomsonii, on the contrary, exhibited fluorescent signals on p arms of all
autosomes, including the X chromosome (see Figure 3). Small p arms characteristic of this
species also comprise sat Il DNA [25] and seem to be completely heterochromatic.
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KDEXTr probe ACEXr probe

Y.BTA16
x

Figure 3. FISH with KDEXr and ACEXr probes (red) to chromosomes of E. thomsonii. Scale bar
represents 5 pm.

The physical distribution of KDEXr sequences on bovid X chromosomes presented
three main patterns (see Figure 4). The localizations in the pericentromeric region or on Xp
arms were characteristic of species belonging to the subfamily Antilopinae (pericentromeric—
Caprini, Hippotragini, Oreotragus, Alcelaphini, Reduncini; Xp—Antilopini, Alcelaphini,
Reduncini). On the contrary, all species representative of the subfamily Bovinae manifested
the FISH signals of the KDEXr probe on the distal part of Xq. This dissimilar distribution
of the KDEXr sequence in both groups is linked to the dissimilarities between their X
chromosomes caused by the reshuffling of several segments of the bovine type of the
X chromosome during the evolution of Antilopinae species. These rearrangements had
resulted in the formation of a caprine (suni) type of the X chromosome where the pericen-
tromeric part Xq11-Xq12 (comprising our KDEXr sequences) corresponds to the distal part
(Xq34-Xq41) of the bovine type of the X [15,19,42,43].

KDEXTr probe BTAXr probe

Figure 4. FISH with KDEXr and BTAXr probes (red) to X chromosomes of (a) C. hircus representing
the caprine type of the X chromosome, (b) B. taurus representing the bovine type of the X chromosome,
(c) B. bubalis representing the eland type of the X chromosome. The dashed white lines indicate the

position of centromeres.

Our initial FISH experiments with the KDEXr probe on K. defassa had implied that
the KDEXr clone might be exclusively X-specific. However, FISH experiments with the
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KDEXr probe showed that this clone can occupy both sex chromosomes. In Bovidae,
Cabelova et al. [30] reported repeats specific to the Y chromosome in 37 species representa-
tive of the family Bovidae. Repetitive sequences specific to both sex chromosomes were
previously found in reindeer [44,45] and muntjac [46], both being ruminant species from
the family Cervidae. This phenomenon was described not only in ruminants but also in
plants [47], insects [48,49], fish [50] and birds [51], supporting the idea of the independent
evolution of sex chromosomes [44].

Concerning our FISH results, it seems that the predominant presence of large blocks
of the KDEXr repetitive sequence on the X chromosome might denote its initial occurrence
on this chromosome. In several species, the shuffling of the KDEXr sequence between X
and Y chromosomes might arise during meiosis at some point during karyotypic evolution.
In the meiosis of several Tragelaphini species, chromosomes X, Y;BTA13 and unfused
BTA13 orthologue form a trivalent where the proximal parts of the X and the unfused
BTA13 occur in close proximity [52]. This configuration probably enabled the shifting of
the KDEXr sequence from the X chromosome to BTA13 via recombination during evolution.
Some repetitive sequences found in genomes, such as LINEs, may occur on multiple
chromosomes. For example, the LINE1 sequence can be localised at centromeric and
noncentromeric positions on both autosomes and sex chromosomes. The link between
LINE1s and inter- and intrachromosomal rearrangements, as well as a link between LINE1s
and structural functions at centromeres, has recently been confirmed [53]. It is believed
that on the X chromosome, the nonrandom organization of LINEs might be responsible for
its facultative heterochromatisation. The LINE1 composition on the human X chromosome
is fundamentally distinct from that of human autosomes. These nonrandom properties
of LINE1 distribution on the X chromosome may serve as DNA signals to propagate
inactivation along the X chromosome [54].

The results of our BLASTN searches and a wide occurrence of the KDEXr sequence
across the family Bovidae suggest an ancestral origin of this sequence. To verify this as-
sumption, we analysed three species representative of phylogenetically older ruminant
families—C. elaphus (Cervidae), G. camelopardalis (Giraffidae) and A. americana (Antilocapri-
dae). For FISH experiments in these species, the part of the KDEXr clone comprising no
interspersed repeats was fluorescently labelled and used as a probe. We obtained positive
FISH results (see Table 3) only in C. elaphus, which is phylogenetically closer to Bovidae
than G. camelopardalis and A. americana [55,56].

3.1.3. Analysis of KDEXr Sequence Using PCR and qPCR

According to our previous experience [24], we decided to use PCR for the detection
of the KDEXr sequence in species, which gave negative results when using FISH. We
assumed that the KDEXr sequence might be present in their genome but dispersed or in an
insufficient amount to be visualised when using FISH. For PCR and the subsequent qPCR
detection of the KDEXr sequence, primers amplifying the region without interspersed
repeats were used.

We obtained positive PCR amplification both in bovid species—A. marsupialis, A.
melampus, M. kirkii—and two outgroup species—C. elaphus, A. americana. Contrary to C.
elaphus, the band of A. americana on the gel was very weak, indicating a potential low
copy number of the KDEXr sequence in this species. Our findings were subsequently
confirmed by qPCR which revealed a presence of 700 copies of the KDEXr sequence in the
genomic DNA of C. elaphus in contrast to only 2 copies present in A. americana (see Table 4).
The detection by qPCR also verified the low copy numbers of the KDEXr sequence in A.
marsupialis, A. melampus and M. kirkii, ranging from units to tens. On the contrary, hundreds
to thousands of copies were detected in species demonstrating strong FISH signals.
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Table 4. Copy numbers of KDEXr, BTAXr and ACEXr sequences present in single cell genomic DNA
determined by qPCR.

Family, Tribe, Species Analyzed Sex KDEXr BTAXr ACEXr
Bovidae Caprini O. aries J 166 12
O. moschatus o 14

Alcelaphini C. taurinus Q 18 6
Hippotragini H. equinus o 4 2
Reduncini K. defassa o 5052 10 8
Aepycerotini A. melampus J 2 4 2

Antilopini N. dama Q 24 40

N. dama o 164 328

A. cervicapra Q 172 2882
A. marsupialis J 16 6 12

G. leptoceros o 1846
M. kirkii o 16 4 12
Oreotragini O. oreotragus Q 2 30
Bovini B. taurus Q 530 508 10
S. cafer Q 50
Boselaphini B. tragocamelus J 8 26
Tragelaphini A. imberbis Q 6 12
Cervidae Cervini C. elaphus o 700 6 2

Giraffidae G. camelopardalis J 6

Antilocapridae A. americana Q 2 114 0

In G. camelopardalis, the PCR analysis with K. defassa primers was negative, which can
denote the absolute absence of the KDEXr sequence in the giraffe’s genome. However, this
also might have been caused by a limited complementarity between the primers and the
target even at the presence of the sequence in the giraffe genome.

Otherwise, our FISH analysis supplemented with PCR detection confirmed the pres-
ence of the KDEXr sequence in all investigated species belonging to the family Bovidae and
in two species representative of the families Cervidae and Antilocapridae. In some species,
the sequence was maintained in only a few copies, while it was amplified to thousands in
several species. BLASTN searches revealed its occurrence not only within Artiodactyla
but also within Perissodactyla and Carnivora, with the composition changed moderately
during the evolution. Similarly, a highly repetitive DNA common to species of the family
Cervidae and B. taurus was previously analysed [57]. O’Meally et al. [58] even found
repetitive sequences shared between birds (Gallus gallus) and snakes (Stegonotus cucullatus,
Notechis scutatus).

3.2. BTAXr Clone
3.2.1. Sequence Analysis

The BTAXr clone from B. taurus was sequenced and the sequence data representing
the BRU-PCR were deposited in GenBank under accession number KP677336. The BRU-
PCR was 1999 bp in length. The screening of the BTAXr sequence by RepeatMasker
revealed the presence of interspersed repeats comprising 20% of its total length (LTR
elements—ERV class I: 15%). Endogenous retroviruses (ERVs) are present in the genome of
all vertebrates and seem to be beneficial to their host [59]. In cattle, more than 13,000 ERVs
were detected [60].

The BTAXr sequence was amplified from the genomic DNA of N. dama, A. melampus,
A. imberbis, H. equinus, C. elaphus, G. camelopardalis and A. americana using the same primers
as in B. taurus, and sequenced (Supplementary Table S2). The obtained sequences were
compared using BLAST2, resulting in sequence similarities varying from 81% (B. taurus vs.
A. americana) to 94% (N. dama vs. H. equinus). BLASTN searches showed a high similarity
(82-89%) of the BTAXr sequence with sequences present on the X chromosomes of B.
taurus (thirteen matches in two loci), C. hircus (five matches in two loci) and O. aries (five
matches in two loci). We also found a high similarity (82-89%) of approximately one half
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of the BTAXr sequence with sequences located on BTA8, BTA9, BTA19 (B. taurus) and
CHI15 (C. hircus).

3.2.2. FISH Analysis

The BTAXr clone generated from B. taurus was fluorescently labelled and used as a
probe in FISH experiments in various species of the family Bovidae and in three represen-
tatives of the outgroup families (Cervidae, Giraffidae and Antilocapridae). The results of
these FISH analyses are presented in Tables 2 and 3. The distribution of BTAXr sequences
in B. taurus is shown in Figure 1b.

The BTAXr probe hybridized successfully only to species representative of two bovid
tribes—Bovini and Caprini. In Bovini, FISH with the BTAXr probe gave positive results on
the X chromosomes of all investigated species. Moreover, the genera Bubalus and Syncerus
also showed signals on their Y chromosomes. In Caprini, the BTAXr probe gave a strong
fluorescent signal on the X chromosomes of species belonging to the genera Ovis, Capra and
Ammotragus. Autosomes and Y chromosomes showed no hybridization. Surprisingly, the
genus Ovibos, represented by O. moschatus, provided no FISH signal. The FISH experiments
in the outgroup species were all negative.

The physical distribution of the BTAXr sequences on the X chromosomes of Caprini
species is different from that of the Bovini species (see Figure 4). Similar to the KDEXr
sequences, the BTAXr sequences remained localized in one segment, which was shifted
during the karyotype evolution of the bovid species. In Caprini with the caprine type
of X chromosome, BTAXr sequences occupy approximately the region Xq32-Xq34, which
corresponds to Xp12 of the bovine type of X (seen in Bos and Bison) and Xq23 of the eland
type of X where we could see FISH signals in Bubalus and Syncerus [42,43]. In C. hircus, O.
aries, B. taurus and B. bubalis, we obtained the same FISH patterns as Pauciullo et al. [29].

The results of our FISH analyses were inconsistent with the phylogeny of Bovidae.
FISH confirmed the presence of BTAXr sequences only in Caprini and Bovini, which are
phylogenetically distant tribes within Bovidae [55,56]. However, the invariable location of
BTAXr sequences in species of both tribes indicates that the sequence might have arisen
in a common ancestor and, during the speciation of Bovidae, it was amplified only in
some species. Therefore, we decided to use PCR and qPCR for the detection of the BTAXr
sequence in FISH-negative species where we supposed its possible rare occurrence.

3.2.3. Analysis of BTAXr Sequence Using PCR and qPCR

PCR and the subsequent qPCR detection of the BTAXr sequence was performed in
species representative of all bovid tribes and also on three outgroup species. This analysis
showed that the BTAXr sequence is present in the genomes of all examined species, but
mostly in very low copy numbers (see Table 4) that are insufficient to be visualised by FISH.
The presence of BTAXr sequences in all three outgroup species (C. elaphus, G. camelopardalis
and A. americana) indicates that the sequence had obviously arisen from an ancestor of
Pecora. However, the deletion of isolated sequences in other tribes could also be the result
of purifying selection [61].

According to our FISH results, it seemed that the occurrence of the BTAXr sequence
is confined entirely to the sex chromosomes. To verify this, we decided to microdissect
separately the X chromosomes and autosomes of A. imberbis and A. americana, species
with easily distinguishable X chromosomes. Subsequent PCR analysis performed on both
groups of chromosomes showed that the sequence is also present in autosomes of both
species. We suppose that, similarly to the KDEXr sequence, BTAXr sequences preferentially
occupy the sex chromosomes but can also be localized in low copy numbers in the rest of
the genome.

Two species with high copy numbers of the BTAXr sequence (A. cervicapra—172, A.
americana—114) unexpectedly showed no FISH signal. This can be caused by the presence
of a higher number of copies on autosomes. The second explanation, which we prefer, could
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be that BTAXr sequences are localized mainly on the X chromosome but in a dispersed
form that is below the detection limit of the FISH method.

3.3. ACEXr Clone
3.3.1. Sequence Analysis

The ACEX clone from A. cervicapra was sequenced and the sequence data representing
the BRU-PCR were deposited in GenBank under accession number KP677337. The BRU-
PCR length was 4143 bp.

A shorter segment of the ACEX sequence, 1 kb in length (fragment 3039-4108 bp of
KP677337), termed ACEXr was amplified from the genomic DNA of M. kirkii, A. imberbis,
B. bubalis and C. elaphus, and sequenced (Supplementary Table S2). Only 27 bp simple
repeat was revealed in the ACEX using RepeatMasker, and also the ACEXr sequence
represents a repeat without any known specific internal elements. Primers for the ACEXr
sequence are listed in Supplementary Table S1. The comparison of these sequences using
BLAST?2 revealed sequence similarities varying from 77% (M. kirkii vs. A. imberbis) to 91%
(A. imberbis vs. B. bubalis). BLASTN searches showed a high similarity (82-89%) for the
ACEXr sequence with sequences present on the X chromosomes of B. taurus (three matches
in one locus), C. hircus (three matches in two loci) and O. aries (three matches in two loci).
Additionally, an 80% similarity with sequences of chromosomes Y and BTA22 of B. taurus
was found.

3.3.2. FISH Analysis

The ACEXr clone generated from A. cervicapra was fluorescently labelled and used as
a probe for FISH analysis in species representative of ten bovid tribes and in one outgroup
species (C. elaphus). The results of these hybridization experiments are summarized in
Tables 2 and 3. The distribution of ACEXr sequences in A. cervicapra is shown in Figure 1c.

Contrary to both clones described above, FISH experiments with the ACEXr probe
gave positive results in only five species belonging to the tribe Antilopini. Even within
this tribe, two species (A. marsupialis and M. kirkii) showed no fluorescent signal. The
hybridization motifs were not uniform in FISH positive species. In A. cervicapra and G.
leptoceros (both characterized by the fusion X;BTA5), a strong signal of the ACEXr probe
covered the whole Xp arms and also the whole Y chromosome. Fluorescent signals present
on the Y chromosome formed a block interrupted in the middle by sat Iin G. leptoceros [24].
In N. dama, which has the Y;BTA16 fusion, the ACEXr probe hybridized to the whole sexual
part of the Y chromosome and weakly to centromeres of two pairs of autosomes. In E.
thomsonii, the hybridization with the ACEXr probe resulted in strong fluorescent signals
covering almost the whole sexual part of Xq and the whole sexual part of the Y chromosome
(see Figure 3). Moreover, ACEXr sequences were found on p arms of most autosomes
where they form an integral part of heterochromatin together with KDEXr sequences and
satll [25]. The last FISH-positive species, R. sharpei, showed signals at the pericentromeric
region of the X chromosome.

In this study, we obtained FISH motifs comparable to those of Cernohorska et al. [24].
Considering the fact that the ACEXr probe hybridized successfully only to Antilopini
species, we assumed that the ACEXr sequence could have arisen from an ancestor of this
tribe. Then it would be evolutionary the youngest in comparison with KDEXr and BTAXr.
However, our previous experience led us to perform PCR and qPCR analysis to confirm
the supposed absence of ACEXr sequences in the genomes of the studied species that were
FISH negative.

3.3.3. Analysis of the ACEXr Sequence Using PCR and qPCR

The PCR detection of the ACEXr sequence revealed its presence in the genomes of all
examined bovid species representative of ten bovid tribes and also in the genomic DNA
of one outgroup species (C. elaphus). No band on the gel was obtained while analysing
G. camelopardalis and A. americana. Subsequent qPCR detection confirmed that the ACEXr
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sequence occurs in low copy numbers in almost all examined species except three Antilopini
species (N. dama, A. cervicapra, G. leptoceros) where the sequence was amplified up to
thousands (see Table 4). The copy numbers of the ACEXr sequence varying from tens to
thousands in species of the same tribe suggest that its rapid amplification occurred after
divergence from a common ancestor and is therefore species-specific. This attribute was
also described in satellite sequences (reviewed in Plohl et al. [62]).

Our PCR analyses of three outgroup species showed that the ACEXr sequence is
present in C. elaphus contrary to G. camelopardalis and A. americana. The families Antilocapri-
dae and Giraffidae had diverged earlier than Bovidae and Cervidae [55,56,63]. Therefore,
we suppose that the ACEXr sequence had probably arisen in an ancestor common to
Bovidae and Cervidae, after the divergence of Giraffidae.

3.4. Co-Localization of KDEXr, BTAXr and ACEXr Sequences in the X Chromosomes of O. aries,
C. hircus and B. taurus

BLASTN searches found several matches for all three studied clones on the X chromo-
somes of O. aries (NC_019484), C. hircus (NC_022322) and B. taurus (AC_000187). When
we aligned all the matches on the X chromosome of distinct species, we obtained inter-
esting patterns (see Supplementary Table S3). In all three species, the ACEXr sequence
was present in one or two copies surrounded by higher amounts of KDEXr sequences.
BTAXr sequences formed a ‘block” interrupted in O. aries and C. hircus by one KDEXr
sequence and joined by one ACEXr sequence. Deeper investigation of regions comprising
our repetitive sequences showed that these repeats are interspersed among regions rich in
genes. BLASTN searches did not find a tandem arrangement for any of our three sequences
on NC_019484, NC_022322 and AC_000187. The low numbers of obtained matches do not
correspond with strong signals after FISH with KDEXr and BTAXr probes that provide
evidence of the presence of high amounts of copies.

4. Conclusions

In summary, we isolated and characterized three different repetitive sequences present
in blocks on the X chromosomes of K. defassa, B. taurus and A. cervicapra. All three clones
investigated in our study hybridized preferentially to the X chromosomes but could also be
detected on the Y chromosomes and autosomes. According to the searches for homologies
to our repeats in NCBI, it seems that all three repetitive sequences analyzed in this study
are interspersed on the X chromosomes among regions rich in genes. This distribution
can be connected with the role of repeated sequences in preventing the crossing-over in
their close vicinity and thus keeping the integrity of the sex chromosome architecture.
The PCR and qPCR analysis used for the detection and absolute quantification of the
studied repetitive sequences revealed that they can be present even in species which gave
FISH-negative results.

On the basis of the distribution of the analysed repetitive sequences within the family
Bovidae and three outgroup species, we suppose that the KDEXr sequence is evolutionarily
the oldest in comparison with BTAXr and ACEXr sequences. KDEXr sequence, although
changed to a certain extent, also occurs in species from very distant taxa (Perissodactyla
and Carnivora). On the contrary, the BTAXr sequence does not seem to occupy the genome
of any non pecoran species. Our results indicate that it might have originated in an ancestor
of Pecora, more recently than the KDEXr sequence. The ACEXr sequence, as probably
the youngest, seems to arise from an ancestor common to Bovidae and Cervidae, after the
divergence of Giraffidae.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes15020159/s1, Supplementary Table S1. List of primers used
for the construction of KDEX and KDEXr; BTAXr; ACEX and ACEXr clones and for the PCR and
qPCR detection of the BRUs. Supplementary Table S2: Repetitive DNA sequences obtained using
KDEXr, BTAXr and ACEXr primers in different species used in the study. Supplementary Table S3.
Distribution of BLASTN matches for KDEXr, BTAXr, and ACEXr sequences on X chromosomes of B.
taurus, C. hircus, and O. aries.

Author Contributions: Conceptualization, S.K., O.K,, ].R. and M.V.; Methodology, S.K., H.C. and
O.K,; Formal Analysis, S.K. and M.V,; Investigation, S.K., O.K. and H.C.; Resources, ].R. and M.V,;
Data Curation, O.K.; Writing—Original Draft Preparation, S.K., O.K. and M.V.; Writing—Review
and Editing, H.C., J.R.; Visualization, O.K.; Supervision, ].R. and M.V.; Funding Acquisition, ].R. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Agriculture of the Czech Republic (MZE-RO
0518, MZE-RO 0523).

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki. Ethical review and approval were waived for this study because this study
used biological samples obtained during blood collection performed as a part of the regular health
check-up of the animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available in the article and Supple-
mentary Material. The repetitive DNA sequences are available in the NCBI database under accession
numbers KP677335, KP677336 and KP677337.

Acknowledgments: We thank the veterinarians of the Zoological Gardens in Dvur Kralove nad
Labem, Prague, Plzen, Liberec and Olomouc (Czech Republic), and Terence J. Robinson (Republic of
South Africa) for kindly providing biological material for the analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Cioffi, M.B,; Bertollo, L.A.C. Chromosomal Distribution and Evolution of Repetitive DNAs in Fish. Genome Dyn. 2012, 7, 197-221.
[CrossRef] [PubMed]

2. Bierhoff, H.; Postepska-Igielska, A.; Grummt, I. Noisy Silence: Non-Coding RNA and Heterochromatin Formation at Repetitive
Elements. Epigenetics 2014, 9, 53—61. [CrossRef] [PubMed]

3.  Protasova, M.S.; Andreeva, T.V.; Rogaev, E.I. Factors Regulating the Activity of LINE1 Retrotransposons. Genes 2021, 12, 1562.
[CrossRef]

4. Ugarkovi¢, D.; Sermek, A.; Ljubi¢, S.; Feliciello, I. Satellite DNAs in Health and Disease. Genes 2022, 13, 1154. [CrossRef]

5. Chung, TH.; Zhuravskaya, A.; Makeyev, E.V. Regulation Potential of Transcribed Simple Repeated Sequences in Developing
Neurons. Hum. Genet. 2023. [CrossRef]

6. Vourc’h, C.; Biamonti, G. Transcription of Satellite DNAs in Mammals. Prog. Mol. Subcell. Biol. 2011, 51, 95-118. [CrossRef]
[PubMed]

7. Hall, L.E.; Mitchell, S.E.; O’Neill, R.J. Pericentric and Centromeric Transcription: A Perfect Balance Required. Chromosome Res.
2012, 20, 535-546. [CrossRef] [PubMed]

8.  Biémont, C.; Vieira, C. Genetics: Junk DNA as an Evolutionary Force. Nature 2006, 443, 521-524. [CrossRef]

9.  Escudeiro, A.; Adega, F,; Robinson, T.J.; Heslop-Harrison, ].S.; Chaves, R. Conservation, Divergence, and Functions of Centromeric
Satellite DNA Families in the Bovidae. Genome Biol. Evol. 2019, 11, 1152-1165. [CrossRef]

10. Raskina, O.; Barber, ].C.; Nevo, E.; Belyayev, A. Repetitive DNA and Chromosomal Rearrangements: Speciation-Related Events
in Plant Genomes. Cytogenet. Genome Res. 2008, 120, 351-357. [CrossRef]

11. Zylicz, J.J.; Heard, E. Molecular Mechanisms of Facultative Heterochromatin Formation: An X-Chromosome Perspective.
Annu. Rev. Biochem. 2020, 89, 255-282. [CrossRef] [PubMed]

12. Mezzasalma, M.; Andreone, F.; Glaw, F; Guarino, EM.; Odierna, G.; Petraccioli, A.; Picariello, O. Changes in Heterochromatin
Content and Ancient Chromosome Fusion in the Endemic Malagasy Boid Snakes Sanzinia and Acrantophis (Squamata: Serpentes).
Salamandra 2019, 55, 140-144.

13. Thelma, B.K;; Juyal, R.C.; Tewari, R.; Rao, S.R. Does Heterochromatin Variation Potentiate Speciation? A Study in Nesokia.
Cytogenet. Cell Genet. 1988, 47, 204-208. [CrossRef] [PubMed]

14. Charlesworth, D.; Charlesworth, B.; Marais, G. Steps in the Evolution of Heteromorphic Sex Chromosomes. Heredity 2005, 95,

118-128. [CrossRef]


https://www.mdpi.com/article/10.3390/genes15020159/s1
https://www.mdpi.com/article/10.3390/genes15020159/s1
https://doi.org/10.1159/000337950
https://www.ncbi.nlm.nih.gov/pubmed/22759820
https://doi.org/10.4161/epi.26485
https://www.ncbi.nlm.nih.gov/pubmed/24121539
https://doi.org/10.3390/genes12101562
https://doi.org/10.3390/genes13071154
https://doi.org/10.1007/s00439-023-02626-1
https://doi.org/10.1007/978-3-642-16502-3_5
https://www.ncbi.nlm.nih.gov/pubmed/21287135
https://doi.org/10.1007/s10577-012-9297-9
https://www.ncbi.nlm.nih.gov/pubmed/22760449
https://doi.org/10.1038/443521a
https://doi.org/10.1093/gbe/evz061
https://doi.org/10.1159/000121084
https://doi.org/10.1146/annurev-biochem-062917-012655
https://www.ncbi.nlm.nih.gov/pubmed/32259458
https://doi.org/10.1159/000132550
https://www.ncbi.nlm.nih.gov/pubmed/3416654
https://doi.org/10.1038/sj.hdy.6800697

Genes 2024, 15, 159 15 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.
36.
37.
38.
39.

40.

Piumi, F.; Schibler, L.; Vaiman, D.; Oustry, A.; Cribiu, E.P. Comparative Cytogenetic Mapping Reveals Chromosome Rearrange-
ments between the X Chromosomes of Two Closely Related Mammalian Species (Cattle and Goats). Cytogenet. Cell Genet. 1998,
81, 36-41. [CrossRef]

Robinson, T.J.; Harrison, W.R.; Ponce de Leén, F.A.; Davis, S.K.; Elder, EF. A Molecular Cytogenetic Analysis of X Chromosome
Repatterning in the Bovidae: Transpositions, Inversions, and Phylogenetic Inference. Cytogenet. Cell Genet. 1998, 80, 179-184.
[CrossRef]

Robinson, T.J.; Cernohorska, H.; Kubickova, S.; Vozdova, M.; Musilova, P.; Ruiz-Herrera, A. Chromosomal Evolution in
Raphicerus Antelope Suggests Divergent X Chromosomes May Drive Speciation through Females, Rather than Males, Contrary
to Haldane’s Rule. Sci. Rep. 2021, 11, 3152. [CrossRef]

Gallagher, D.S.; Davis, S.K.; De Donato, M.; Burzlaff, ].D.; Womack, J.E.; Taylor, J.F.; Kumamoto, A.T. A Molecular Cytogenetic
Analysis of the Tribe Bovini (Artiodactyla: Bovidae: Bovinae) with an Emphasis on Sex Chromosome Morphology and NOR
Distribution. Chromosome Res. 1999, 7, 481-492. [CrossRef]

lannuzzi, L.; Di Meo, G.P; Perucatti, A.; Incarnato, D.; Schibler, L.; Cribiu, E.P. Comparative FISH Mapping of Bovid X
Chromosomes Reveals Homologies and Divergences between the Subfamilies Bovinae and Caprinae. Cytogenet. Cell Genet. 2000,
89, 171-176. [CrossRef] [PubMed]

Iannuzzi, L.; King, W.A ; Di Berardino, D. Chromosome Evolution in Domestic Bovids as Revealed by Chromosome Banding and
FISH-Mapping Techniques. Cytogenet. Genome Res. 2009, 126, 49-62. [CrossRef]

Rubes, J.; Musilova, P.; Kopecna, O.; Kubickova, S.; Cernohorska, H.; Kulemsina, A.I. Comparative Molecular Cytogenetics in
Cetartiodactyla. Cytogenet. Genome Res. 2012, 137, 194-207. [CrossRef]

Proskuryakova, A.A.; Kulemzina, A.IL; Perelman, P.L.; Makunin, A.I; Larkin, D.M.; Farré, M.; Kukekova, A.V.; Lynn Johnson, J.;
Lemskaya, N.A.; Beklemisheva, V.R.; et al. X Chromosome Evolution in Cetartiodactyla. Genes 2017, 8, 216. [CrossRef]

Rubes, J.; Kubickova, S.; Pagacova, E.; Cernohorska, H.; Di Berardino, D.; Antoninova, M.; Vahala, J.; Robinson, T.J. Phylogenomic
Study of Spiral-Horned Antelope by Cross-Species Chromosome Painting. Chromosome Res. 2008, 16, 935-947. [CrossRef]
Cernohorska, H.; Kubickova, S.; Vahala, J.; Rubes, ]. Molecular Insights into X;BTA5 Chromosome Rearrangements in the Tribe
Antilopini (Bovidae). Cytogenet. Genome Res. 2012, 136, 188-198. [CrossRef] [PubMed]

Cernohorska, H.; Kubickova, S.; Kopecna, O.; Vozdova, M.; Matthee, C.A.; Robinson, T.J.; Rubes, ]. Nanger, Eudorcas, Gazella,
and Antilope Form a Well-Supported Chromosomal Clade within Antilopini (Bovidae, Cetartiodactyla). Chromosoma 2015, 124,
235-247. [CrossRef] [PubMed]

Chaves, R.; Guedes-Pinto, H.; Heslop-Harrison, J.S. Phylogenetic Relationships and the Primitive X Chromosome Inferred from
Chromosomal and Satellite DNA Analysis in Bovidae. Proc. Biol. Sci. 2005, 272, 2009-2016. [CrossRef] [PubMed]

Kopecna, O.; Kubickova, S.; Cernohorska, H.; Cabelova, K.; Vahala, ]J.; Rubes, ]J. Isolation and Comparison of Tribe-Specific
Centromeric Repeats within Bovidae. J. Appl. Genet. 2012, 53, 193-202. [CrossRef] [PubMed]

Kopecna, O.; Kubickova, S.; Cernohorska, H.; Cabelova, K.; Vahala, J.; Martinkova, N.; Rubes, J. Tribe-specific satellite DNA in
non-domestic Bovidae. Chromosome Res. 2014, 22, 277-291. [CrossRef] [PubMed]

Pauciullo, A.; Kubickova, S.; Cernohorska, H.; Petrova, K.; Di Berardino, D.; Ramunno, L.; Rubes, J. Isolation and Physical
Localization of New Chromosome-Specific Centromeric Repeats in Farm Animals. Veterindrni Medicina 2006, 51, 224-231.
[CrossRef]

Cabelova, K.; Kubickova, S.; Cernohorska, H.; Rubes, ]. Male-Specific Repeats in Wild Bovidae. J. Appl. Genet. 2012, 53, 423-433.
[CrossRef]

Traut, W.; Vogel, H.; Glockner, G.; Hartmann, E.; Heckel, D.G. High-Throughput Sequencing of a Single Chromosome: A Moth W
Chromosome. Chromosome Res. 2013, 21, 491-505. [CrossRef] [PubMed]

Rossetti, C.; Genualdo, V.; Incarnato, D.; Mottola, F.; Perucatti, A.; Pauciullo, A. State of the Art on the Physical Mapping of the
Y-Chromosome in the Bovidae and Comparison with Other Species—A Review. Anim. Biosci. 2022, 35, 1289-1302. [CrossRef]
[PubMed]

Cernohorska, H.; Kubickova, S.; Vahala, J.; Robinson, T.]J.; Rubes, J. Cytotypes of Kirk’s Dik-Dik (Madoqua Kirkii, Bovidae) Show
Multiple Tandem Fusions. Cytogenet. Genome Res. 2011, 132, 255-263. [CrossRef] [PubMed]

Robinson, T.J.; Cernohorska, H.; Diedericks, G.; Cabelova, K.; Duran, A.; Matthee, C.A. Phylogeny and Vicariant Speciation of the
Grey Rhebok, Pelea Capreolus. Heredity 2014, 112, 325-332. [CrossRef] [PubMed]

Gallagher, D.S., Jr.; Womack, ].E. Chromosome Conservation in the Bovidae. J. Hered. 1992, 83, 287-298. [CrossRef]

Groves, C.; Grubb, P. Ungulate Taxonomy, 1st ed.; Johns Hopkins University Press: Baltimore, MD, USA, 2011; ISBN 978-1-4214-0093-8.
Kubickova, S.; Cernohorska, H.; Musilova, P.; Rubes, J. The Use of Laser Microdissection for the Preparation of Chromosome-
Specific Painting Probes in Farm Animals. Chromosome Res. 2002, 10, 571-577. [CrossRef]

Zimin, A.V.; Delcher, A.L; Florea, L.; Kelley, D.R.; Schatz, M.C.; Puiu, D.; Hanrahan, E; Pertea, G.; Van Tassell, C.P;
Sonstegard, T.S.; et al. A Whole-Genome Assembly of the Domestic Cow, Bos Taurus. Genome Biol. 2009, 10, R42. [CrossRef]
Spadafora, C. A Reverse Transcriptase-Dependent Mechanism Plays Central Roles in Fundamental Biological Processes. Syst. Biol.
Reprod. Med. 2008, 54, 11-21. [CrossRef]

Chow, J.C.; Ciaudo, C.; Fazzari, M.].; Mise, N.; Servant, N.; Glass, J.L.; Attreed, M.; Avner, P.; Wutz, A.; Barillot, E.; et al. LINE-1
Activity in Facultative Heterochromatin Formation during X Chromosome Inactivation. Cell 2010, 141, 956-969. [CrossRef]


https://doi.org/10.1159/000015004
https://doi.org/10.1159/000014976
https://doi.org/10.1038/s41598-021-82859-0
https://doi.org/10.1023/A:1009254014526
https://doi.org/10.1159/000015607
https://www.ncbi.nlm.nih.gov/pubmed/10965117
https://doi.org/10.1159/000245906
https://doi.org/10.1159/000338932
https://doi.org/10.3390/genes8090216
https://doi.org/10.1007/s10577-008-1250-6
https://doi.org/10.1159/000336248
https://www.ncbi.nlm.nih.gov/pubmed/22327909
https://doi.org/10.1007/s00412-014-0494-5
https://www.ncbi.nlm.nih.gov/pubmed/25416455
https://doi.org/10.1098/rspb.2005.3206
https://www.ncbi.nlm.nih.gov/pubmed/16191610
https://doi.org/10.1007/s13353-011-0080-y
https://www.ncbi.nlm.nih.gov/pubmed/22249998
https://doi.org/10.1007/s10577-014-9401-4
https://www.ncbi.nlm.nih.gov/pubmed/24452783
https://doi.org/10.17221/5541-VETMED
https://doi.org/10.1007/s13353-012-0108-y
https://doi.org/10.1007/s10577-013-9376-6
https://www.ncbi.nlm.nih.gov/pubmed/23949445
https://doi.org/10.5713/ab.21.0480
https://www.ncbi.nlm.nih.gov/pubmed/35240029
https://doi.org/10.1159/000322483
https://www.ncbi.nlm.nih.gov/pubmed/21124018
https://doi.org/10.1038/hdy.2013.108
https://www.ncbi.nlm.nih.gov/pubmed/24281547
https://doi.org/10.1093/oxfordjournals.jhered.a111215
https://doi.org/10.1023/A:1020914702767
https://doi.org/10.1186/gb-2009-10-4-r42
https://doi.org/10.1080/19396360701876815
https://doi.org/10.1016/j.cell.2010.04.042

Genes 2024, 15, 159 16 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Macia, A.; Mufoz-Lopez, M.; Cortes, J.L.; Hastings, RK.; Morell, S.; Lucena-Aguilar, G.; Marchal, J.A.; Badge, R M.; Garcia-
Perez, ].L. Epigenetic Control of Retrotransposon Expression in Human Embryonic Stem Cells. Mol. Cell Biol. 2011, 31, 300-316.
[CrossRef]

Goldammer, T.; Brunner, R.M.; Rebl, A.; Wu, C.H.; Nomura, K.; Hadfield, T.; Maddox, ].F.; Cockett, N.E. Cytogenetic Anchoring of
Radiation Hybrid and Virtual Maps of Sheep Chromosome X and Comparison of X Chromosomes in Sheep, Cattle, and Human.
Chromosome Res. 2009, 17, 497-506. [CrossRef] [PubMed]

Perucatti, A.; Genualdo, V.; lannuzzi, A.; Rebl, A.; Di Berardino, D.; Goldammer, T.; lannuzzi, L. Advanced Comparative
Cytogenetic Analysis of X Chromosomes in River Buffalo, Cattle, Sheep, and Human. Chromosome Res. 2012, 20, 413-425.
[CrossRef] [PubMed]

Lee, C.; Griffin, D.K.; O’'Brien, P.C.; Yang, E; Lin, C.C.; Ferguson-Smith, M.A. Defining the Anatomy of the Rangifer Tarandus Sex
Chromosomes. Chromosoma 1998, 107, 61-69. [CrossRef] [PubMed]

Frohlich, J.; Kubickova, S.; Musilova, P.; Cernohorska, H.; Muskova, H.; Vodicka, R.; Rubes, J. Karyotype Relationships among
Selected Deer Species and Cattle Revealed by Bovine FISH Probes. PLoS ONE 2017, 12, e0187559. [CrossRef] [PubMed]

Li, Y.-C.; Cheng, Y.-M,; Hsieh, L.-J.; Ryder, O.A.; Yang, E; Liao, S.-J.; Hsiao, K.-M.; Tsai, F.-J.; Tsai, C.-H.; Lin, C.C. Karyotypic
Evolution of a Novel Cervid Satellite DNA Family Isolated by Microdissection from the Indian Muntjac Y-Chromosome.
Chromosoma 2005, 114, 28-38. [CrossRef] [PubMed]

Steflova, P.; Tokan, V.; Vogel, I.; Lexa, M.; Macas, J.; Novak, P; Hobza, R.; Vyskot, B.; Kejnovsky, E. Contrasting Patterns of
Transposable Element and Satellite Distribution on Sex Chromosomes (XY1Y2) in the Dioecious Plant Rumex Acetosa. Genome Biol.
Evol. 2013, 5, 769-782. [CrossRef] [PubMed]

Fukova, I; Traut, W.; Vitkova, M.; Nguyen, P.; Kubickova, S.; Marec, F. Probing the W Chromosome of the Codling Moth, Cydia
Pomonella, with Sequences from Microdissected Sex Chromatin. Chromosoma 2007, 116, 135-145. [CrossRef]

Dalikova, M.; Zrzava, M.; Kubitkova, S.; Marec, F. W-Enriched Satellite Sequence in the Indian Meal Moth, Plodia Interpunctella
(Lepidoptera, Pyralidae). Chromosome Res. 2017, 25, 241-252. [CrossRef]

Cioffi, M.B.; Molina, W.E; Moreira-Filho, O.; Bertollo, L.A.C. Chromosomal Distribution of Repetitive DNA Sequences Highlights
the Independent Differentiation of Multiple Sex Chromosomes in Two Closely Related Fish Species. Cytogenet. Genome Res. 2011,
134, 295-302. [CrossRef]

Itoh, Y.; Kampf, K.; Arnold, A.P. Molecular Cloning of Zebra Finch W Chromosome Repetitive Sequences: Evolution of the Avian
W Chromosome. Chromosoma 2008, 117, 111-121. [CrossRef]

Vozdova, M.; Ruiz-Herrera, A.; Fernandez, J.; Cernohorska, H.; Frohlich, ]J.; Sebestova, H.; Kubickova, S.; Rubes, J. Meiotic
Behaviour of Evolutionary Sex-Autosome Translocations in Bovidae. Chromosome Res. 2016, 24, 325-338. [CrossRef] [PubMed]
Milioto, V.; Perelman, P.L.; Paglia, L.L.; Biltueva, L.; Roelke, M.; Dumas, F. Mapping Retrotransposon LINE-1 Sequences into Two
Cebidae Species and Homo Sapiens Genomes and a Short Review on Primates. Genes 2022, 13, 1742. [CrossRef]

Bailey, J.A.; Carrel, L.; Chakravarti, A.; Eichler, E.E. Molecular Evidence for a Relationship between LINE-1 Elements and X
Chromosome Inactivation: The Lyon Repeat Hypothesis. Proc. Natl. Acad. Sci. USA 2000, 97, 6634-6639. [CrossRef]

Decker, J.E.; Pires, ].C.; Conant, G.C.; McKay, S.D.; Heaton, M.P.; Chen, K.; Cooper, A.; Vilkki, ].; Seabury, C.M.; Caetano, A.R,; et al.
Resolving the Evolution of Extant and Extinct Ruminants with High-Throughput Phylogenomics. Proc. Natl. Acad. Sci. USA 2009,
106, 18644-18649. [CrossRef] [PubMed]

Hassanin, A.; Delsuc, F; Ropiquet, A.; Hammer, C.; Jansen van Vuuren, B.; Matthee, C.; Ruiz-Garcia, M.; Catzeflis, F.; Areskoug, V.;
Nguyen, T.T.; et al. Pattern and Timing of Diversification of Cetartiodactyla (Mammalia, Laurasiatheria), as Revealed by a
Comprehensive Analysis of Mitochondrial Genomes. Comptes Rendus Biol. 2012, 335, 32-50. [CrossRef] [PubMed]

Bogenberger, ].M.; Neitzel, H.; Fittler, F. A Highly Repetitive DNA Component Common to All Cervidae: Its Organization and
Chromosomal Distribution during Evolution. Chromosoma 1987, 95, 154-161. [CrossRef]

O'Meally, D.; Patel, H.R; Stiglec, R.; Sarre, S.D.; Georges, A.; Marshall Graves, J.A.; Ezaz, T. Non-Homologous Sex Chromosomes
of Birds and Snakes Share Repetitive Sequences. Chromosome Res. 2010, 18, 787-800. [CrossRef]

Spencer, T.E.; Palmarini, M. Endogenous Retroviruses of Sheep: A Model System for Understanding Physiological Adaptation to
an Evolving Ruminant Genome. |. Reprod. Dev. 2012, 58, 33-37. [CrossRef]

Garcia-Etxebarria, K.; Jugo, B.M. Evolutionary History of Bovine Endogenous Retroviruses in the Bovidae Family. BMC Evol. Biol.
2013, 13, 256. [CrossRef]

Lowe, C.B.; Bejerano, G.; Haussler, D. Thousands of Human Mobile Element Fragments Undergo Strong Purifying Selection near
Developmental Genes. Proc. Natl. Acad. Sci. USA 2007, 104, 8005-8010. [CrossRef]

Plohl, M.; Luchetti, A.; Mestrovi¢, N.; Mantovani, B. Satellite DNAs between Selfishness and Functionality: Structure, Genomics
and Evolution of Tandem Repeats in Centromeric (Hetero) Chromatin. Gene 2008, 409, 72-82. [CrossRef] [PubMed]

Hassanin, A.; Douzery, E.J.P. Molecular and Morphological Phylogenies of Ruminantia and the Alternative Position of the
Moschidae. Syst. Biol. 2003, 52, 206-228. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/MCB.00561-10
https://doi.org/10.1007/s10577-009-9047-9
https://www.ncbi.nlm.nih.gov/pubmed/19575301
https://doi.org/10.1007/s10577-012-9285-0
https://www.ncbi.nlm.nih.gov/pubmed/22669522
https://doi.org/10.1007/s004120050281
https://www.ncbi.nlm.nih.gov/pubmed/9567201
https://doi.org/10.1371/journal.pone.0187559
https://www.ncbi.nlm.nih.gov/pubmed/29112970
https://doi.org/10.1007/s00412-005-0335-7
https://www.ncbi.nlm.nih.gov/pubmed/15827746
https://doi.org/10.1093/gbe/evt049
https://www.ncbi.nlm.nih.gov/pubmed/23542206
https://doi.org/10.1007/s00412-006-0086-0
https://doi.org/10.1007/s10577-017-9558-8
https://doi.org/10.1159/000329481
https://doi.org/10.1007/s00412-007-0130-8
https://doi.org/10.1007/s10577-016-9524-x
https://www.ncbi.nlm.nih.gov/pubmed/27136937
https://doi.org/10.3390/genes13101742
https://doi.org/10.1073/pnas.97.12.6634
https://doi.org/10.1073/pnas.0904691106
https://www.ncbi.nlm.nih.gov/pubmed/19846765
https://doi.org/10.1016/j.crvi.2011.11.002
https://www.ncbi.nlm.nih.gov/pubmed/22226162
https://doi.org/10.1007/BF00332189
https://doi.org/10.1007/s10577-010-9152-9
https://doi.org/10.1262/jrd.2011-026
https://doi.org/10.1186/1471-2148-13-256
https://doi.org/10.1073/pnas.0611223104
https://doi.org/10.1016/j.gene.2007.11.013
https://www.ncbi.nlm.nih.gov/pubmed/18182173
https://doi.org/10.1080/10635150390192726
https://www.ncbi.nlm.nih.gov/pubmed/12746147

	Introduction 
	Materials and Methods 
	Chromosome Preparation 
	Isolation of X Chromosome Repetitive DNA Sequences 
	Fluorescence In Situ Hybridization 
	Detection of X Chromosome Repetitive DNA Sequences Using PCR 
	Analysis of X Chromosome Repetitive DNA Sequences Using Quantitative Real-Time PCR 
	Detection of BTAXr Sequences on Microdissected Chromosomes 

	Results and Discussion 
	KDEXr Clone 
	Sequence Analysis 
	FISH Analysis 
	Analysis of KDEXr Sequence Using PCR and qPCR 

	BTAXr Clone 
	Sequence Analysis 
	FISH Analysis 
	Analysis of BTAXr Sequence Using PCR and qPCR 

	ACEXr Clone 
	Sequence Analysis 
	FISH Analysis 
	Analysis of the ACEXr Sequence Using PCR and qPCR 

	Co-Localization of KDEXr, BTAXr and ACEXr Sequences in the X Chromosomes of O. aries, C. hircus and B. taurus 

	Conclusions 
	References

