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Preface to ”Cytogenetics of Domestic Animals:

Clinical, Molecular and Evolutionary Aspects”

With the discovery of 1;29 Robertsonian translocation in Swedish red cattle (Gustavson and

Rockborn, 1964), which was later demonstrated to reduce fertility in the carriers and was found

in more than 50 different breeds (mainly meat breeds) in various frequencies (reaching 80% of the

carriers in some breeds), cytogenetics became a discipline applied in various laboratories dedicated

to research on domestic animal genetics. The attention of scientists now focuses on several sectors,

such as clinical cytogenetics, evolutionary cytogenetics, molecular cytogenetics, and environmental

cytogenetics.

In this Special Issue, several important groups from different parts of the world provide

interesting contributions to enlighten the field of domestic animal cytogenetics. Both exhaustive

reviews (five papers) and original contributions (height papers) are included. The reviews focus

particularly on the clinical cytogenetics of the most important domestic species, such as cattle, river

buffalo, sheep, goats (Iannuzzi et al., 2021), horses (Bugno-Poniewierska and Raudsepp, 2021), dogs

(Szczerbal et al., 2021), and pigs (Donaldson et al., 2021). A final review focuses on the molecular

cytogenetics of domestic bovids (Iannuzzi et al., 2023).

The original contributions involve different animal species and investigate various aspects.

These include (a) the clinical cytogenetics of horses (Ghosh et al., 2022; Demyda-Peyrás et al., 2022),

cattle (Szczerbal et al., 2022), and Asian elephants (Cernohorska et al., 2023); (b) chromosomal

instability in Esperia ponies naturally infected with intestinal Strongylidae (D’Anza et al., 2022);

(c) evolutionary chromosomal rearrangements in Cervidae (Vozdova et al., 2021); (d) the karyotype

evolution and genomic organization of repetitive DNA in the saffron finch, Passeriformes

(Kretschmern et al., 2021); and (e) the comparative FISH mapping of twenty-three endogenous

Jaagsiekte sheep retroviruses (enJSRVs) in sheep and river buffalo (Perucatti et al., 2022).

Leopoldo Iannuzzi and Pietro Parma

Editors
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Simple Summary: In domestic bovids, numerical autosome abnormalities have been rarely reported,
as they present abnormal animal phenotypes quickly eliminated by breeders. However, numerical
abnormalities involving sex chromosomes and structural (balanced) chromosome anomalies have
been more frequently detected because they are most often not phenotypically visible to breeders. For
this reason, these chromosome abnormalities, without a cytogenetic control, escape animal selection,
with subsequent deleterious effects on fertility, especially in female carriers.

Abstract: After discovering the Robertsonian translocation rob(1;29) in Swedish red cattle and demon-
strating its harmful effect on fertility, the cytogenetics applied to domestic animals have been widely
expanded in many laboratories in order to find relationships between chromosome abnormalities
and their phenotypic effects on animal production. Numerical abnormalities involving autosomes
have been rarely reported, as they present abnormal animal phenotypes quickly eliminated by breed-
ers. In contrast, numerical sex chromosome abnormalities and structural chromosome anomalies
have been more frequently detected in domestic bovids because they are often not phenotypically
visible to breeders. For this reason, these chromosome abnormalities, without a cytogenetic control,
escape selection, with subsequent harmful effects on fertility, especially in female carriers. Chromo-
some abnormalities can also be easily spread through the offspring, especially when using artificial
insemination. The advent of chromosome banding and FISH-mapping techniques with specific
molecular markers (or chromosome-painting probes) has led to the development of powerful tools
for cytogeneticists in their daily work. With these tools, they can identify the chromosomes involved
in abnormalities, even when the banding pattern resolution is low (as has been the case in many
published papers, especially in the past). Indeed, clinical cytogenetics remains an essential step in
the genetic improvement of livestock.

Keywords: chromosome abnormality; cattle; river buffalo; sheep; goat; fertility

1. Introduction

After discovering the Robertsonian translocation rob(1;29) in the Swedish red cattle
breed [1], and the demonstration of its harmful effect on fertility [2–4], the cytogenetics
applied to domestic animals have been widely expanded in many laboratories in order
to find relationships between chromosome abnormalities and their phenotypic effects,
primarily in terms of fertility.

However, in the years immediately following this discovery, various cytogeneticists
published reports on chromosome abnormalities, mostly involving sex chromosomes,
underlining the importance of these types of abnormalities, often responsible for sterility,
especially in females [5–11].

Numerical autosome abnormalities have been rarely reported, as they present ab-
normal animal phenotypes quickly eliminated in early embryo development or by breed-

Animals 2021, 11, 802. https://doi.org/10.3390/ani11030802 https://www.mdpi.com/journal/animals1
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ers [12]. In contrast, numerical sex chromosome abnormalities and structural (balanced)
chromosome anomalies have been more frequently detected in domestic bovids because
they are most often not phenotypically visible to breeders (Table 1). For this reason, these
chromosome abnormalities, without cytogenetic control, escape selection, with subsequent
harmful effects on fertility (and production), especially in female carriers. Chromosome
abnormalities can also be easily spread by offspring, especially when using artificial insem-
ination, with adverse economic effects on animal breeding.

Table 1. Schematic representation of the chromosome abnormalities in domestic bovids.

Chromosome Abnormalities

Numerical
Structural

Autosomes Sex Chromosomes

Very rare (the animal body
conformation being abnormal;
these abnormalities are eliminated
directly by the breeders)

More tolerated by the species but
almost all related to sterility or low
fertility, especially in the females
Generally not visible in the carriers
(normal body conformation and
external genitalia)

Deviation from the normal chromosome shape or
gene order
Very important for the (a) high percentage of
carriers (i.e., cattle rob1;29); (b) normal body
conformation; (c) because they escape the normal
breeding selection
They can be balanced (translocations and
inversions) or unbalanced (deletions, insertions,
and duplications)

The advent of chromosome-banding and FISH-mapping techniques with specific
molecular markers (generally BAC clones), reviewed by [13], as well as chromosome
painting probes (Zoo-FISH) [14,15], the use of CGH arrays [16], and the availability of
standard chromosome nomenclatures [17], have led to the development of powerful tools
for cytogeneticists in their daily work. With these tools, they can identify the chromosomes
involved in abnormalities and the possible loss or gain of genetic material (especially
using CGH arrays). Indeed, clinical cytogenetics remains an essential step in the genetic
improvement of livestock.

In this review, we discuss the most crucial chromosome abnormalities (CA) found in
domestic bovids (mainly cattle, sheep, goats, and river buffalo) by grouping most of them
in tables to synthetize the data. We also suggest possible strategies for a better investigation
of CA in animal populations, using efficient and simple banding and molecular techniques
to speed up the analyses for the improved selection of reproductive animals.

2. Numerical Chromosome Abnormalities

2.1. Autosomes

Numerical autosome abnormalities have been rarely found in domestic bovids because
they are directly eliminated in early embryo development or by breeders when severe
anatomical defects occur [12]. Most trisomies reported in cattle involve multiple and
heterogeneous defects, especially including those of the muscular-skeletal, cardiovascular,
and urogenital systems. Table 2 summarizes the numerical autosomal abnormalities found
so far in cattle. Due to the poor banding techniques available in the past, as well as the
lack of the use of specific chromosome markers in the FISH-technique in most studies,
the accuracy of the chromosome identification can be doubtful. An example is trisomies
22 [18,19] and 28 [20], found in the same animal, when the case was revisited some years
after the previous studies, using the same animal slides, chromosome banding, and FISH-
mapping technique (Table 2, Figure 1).
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Table 2. Autosomal trisomies in cattle.

Chromosome Involved Phenotype References

Large Autosome Male calf with extreme brachygnathia inferior [21]

12 Anatomical defect, lethal [22,23]

16 (TAN,1;16) Anatomical defects [24]

18 (?) Anatomical defects [25]

19 Anatomical defects (BI) [26]

20

Sterile cow [27]
Malformed calf, absence of external genitalia [28]

Malformed fetus, cranial defects [29]
Fetus with pulmonary hypoplasia and anasarca syndrome (genomic analysis) [30]

21 (?) Anatomical defects [31]

21 Newborn Hereford with a cleft palate, hydrocephalus, a cardiac interventricular
septal defect, and arthrogryposis [32]

22
Anatomical defects (no lethality) [33]

Multiple malformations, including hypoplasia of palpebral fissures, cleft palate,
kyphoscoliosis, and arthrogryposis

[32–34]

21 and 27 Fetuses [35,36]

22 1 Anatomical defects [18]
Anatomical defects [19]

24 Malformed heifer (slight prognathia, heart defects, slow growth rate) [37]

26 Sterility, growth retardation [38]

25 +;11− Anatomical defects [39]

28 1 Anatomical defects [20]

29 Malformed female calf showing dwarfism with severe facial anomalies
(genomic analysis) [40]

1 Same animal. ? means uncertain chromosome involved.

Figure 1. Interphase nucleus of a female cattle calf affected by trisomy 28. Arrows indicate the three
FITC signals of the BAC clone containing the conglutinin (CGN1) gene, the official marker of BTA28
(ISCNDB2000, 2001).
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Large chromosomes were no longer found to be involved in the autosomal trisomies
(see Table 2), probably due to the fetus’s lethal condition, which caused it to die in early
embryonic life.

A particular case has been reported in a calf of the Agerolese breed (southern Italy).
This animal, unable to stand up and which died a few weeks after birth, was found to be
affected by partial trisomy 25 and partial monosomy 11 [39] (Table 2) due to an unbalanced
meiosis of the mother cow, which had been affected by a balanced rcp(11;25) and reduced
fertility [41]. Two cases of trisomy involving BTA20 and BTA29 have been found using
only genomic analyses [30,40]. It should be interesting to compare this approach with
cytogenetic analyses, such as chromosome banding and FISH mapping using specific
chromosome markers, as recently performed in a case of tandem fusion translocation [42]. A
useful approach to detecting numerical chromosome abnormalities using a FISH-mapping
technique with two marker chromosomes has been applied to cattle embryos derived from
in vitro production (IVP) [43]. These authors observed an increased number of mixoploid
cells (diploid and polyploid) compared to in vivo embryos obtained by superovulation (72%
of IVP blastocysts versus 25% in vivo). However, the authors maintain that the survival
of most calves derived from IVP indicates that a considerable number of these embryos
can compensate for the adverse effects of the in vitro procedures [43]. The in vitro aspect is
very interesting regarding chromosomal abnormalities, especially in a breeding context.
Future breeding might involve in vitro embryo production, subsequent genotyping of the
embryo, and selection. In this respect, looking for structural abnormalities will be very
important because they will often escape “regular” genomic selection protocols.

2.2. Sex Chromosomes

Sex chromosome abnormalities are generally better tolerated by animal species, includ-
ing the bovids, because one of the X chromosomes genetically is inactivated as gene dosage
compensation [44]. However, some genes escape inactivation and cause reproductive
disorders involving the abnormal development of internal sex organs [45]. The sex chro-
mosomes of domestic bovids are easily identifiable by both standard chromosome-staining
and C-banding techniques. In fact, the X chromosomes of domestic bovids have a different
size, shape, and C-banding pattern compared with the autosomes, in particular, (a) BTA-X
is submetacentric when all autosomes are acrocentric; (b) BBU-X is the largest acrocentric
chromosome, with typically one extensive centromeric C band (and an additional, proxi-
mally located C band), compared to all acrocentric autosomes; (c) OAR-X and CHI-X are
acrocentric with visible p arms and negative C banding; (d) and BIN-X is submetacentric
(as in BTA-X).

The Y chromosome can also be easily detected by both standard chromosome staining
(cattle, sheep and goat) or C-banding techniques (river buffalo and zebu). Indeed, the Y
chromosome is small and submetacentric in cattle and small and metacentric in both sheep
and goat (where the other acrocentric autosomes are all acrocentric). The Y chromosome is
acrocentric in both river buffalo and zebu, presenting a positive, distally located C band (C-
banding patterns are centromeric in all remaining autosomes). More detailed information
about sex chromosome banding is available in [46].

2.2.1. X Trisomy

X trisomy has been rarely found in domestic bovids. The few cases found have only
occurred in cattle and river buffalo (Table 3).
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Table 3. X-trisomy in domestic bovids.

Species Phenotype Reference

Cattle

Meiotic disturbances, familiar disposition, infertility [47]
Infertility [48]
Infertility [22]
Infertility [49]

Continuous estrus [50]
Infertility [51]

Infertility, 2 cases [52]

R. Buffalo
Sterile (damages to internal sex structures) [53]
Sterile (damages to internal sex structures) [54]

Sterile (damages to internal sex structures), male traits [55]

Generally, X-trisomic females have a normal body conformation and external genitalia,
although a female river buffalo with male traits (prominent withers, tight pelvis, and large
horns) has been observed (Figure 2). Carriers are generally affected by infertility (cattle)
or sterility (river buffalo) due to damage to the internal sex structures, including ovarian
hypoplasia, smaller uterus body, and lack of estrus. As has been established, one of two
X chromosomes is randomly inactivated in these females during meiosis as gene-dosage
compensation. The same inactivation occurs in X-trisomy cases where one X chromosome is
active and the other two are inactivated. Still, abnormalities may result from the presence of
three active X chromosomes in early embryonic development, either before X inactivation
or due to X-linked genes that escape the inactivation process [56]. In humans, this syndrome
is the most common sex chromosome abnormality (1/1000 births, [56]).

Figure 2. Female river buffalo, five years old, affected by X trisomy (2n = 51, XXX). Note the
prominent withers (male trait).

2.2.2. X Monosomy

This type of chromosome abnormality is also rare in domestic bovids. Indeed, only a
few cases have been recorded so far (Table 4).

5
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Table 4. X-monosomy in domestic bovids.

Species Phenotype Reference

Cattle

Gonadal disgenesis (sterility) [57]
Gonadal disgenesis (sterility) [58]

Body smaller in size, the uterus and uterine tubes appeared
immature and inactive. [59]

Infertile heifer (XY/X0/Y-isochromosome) [60]

R. Buffalo
Gonadal disgenesis (sterility) [61]
Gonadal disgenesis (sterility) [62]
Gonadal disgenesis (sterility) [63]

Sheep
Normal phenotype and external genitalia, no nursing of offspring [64]

Gonadal dygenesis in the X0/XX karyotype [65]
Dizygotic sheep twins with internal sex damages and mammary

gland development very limited [66]

Goat Gonadal dysgenesis (XO/XX/XXX mixoploidy) [67]

Generally, females carrying X monosomy (active X, Figure 3) showed gonadal dysgen-
esis and sterility [57–59,63,68], although in sheep, the effects on the internal sex organs can
be less damaging (Table 4), [64,66]. In humans, 1 in 5000 live births is 2n = 45,X. In addition,
45,X represents one of the most common chromosome abnormalities identified in sponta-
neous abortions [56]. Very probably, the same occurs in domestic bovids, complicating the
cytogenetic analyses of aborted fetuses. Thus, it is difficult to know the real frequency of
this chromosome abnormality in domestic bovids and its fertility effects.

Figure 3. RBA-banding river buffalo metaphase from a female affected by X monosomy (2n = 49,X).
The only active X chromosome (arrow) was observed in all metaphases. This female was sterile due
to damage to her internal sex organs.

2.2.3. XXY Syndrome

Known in humans as Klinefelter’s syndrome, this abnormality has rarely been found
in males of domestic bovids (Table 5).

6
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Table 5. XXY-syndrome in domestic bovids.

Species Phenotype References

Cattle

Testicular hypoplasia in a mosaicism case XY/XX/XXY [69]
Testicular hypoplasia [70]
Testicular hypoplasia [22]

Intersexuality in a mosaicism case XX/XXY [71]
Bilateral testicular hypoplasia [72]

Testicular hypoplasia [11]
Testicular hypoplasia in a mosaicism case XX/XYY [73]

Masculinization effects in a mosaicism case XX/XXY [70]
Testicular hypoplasia [74]

Testicular hypoplasia (XXY + rob(1;29)) [75]
2 cases (testicular hypoplasia with degradation of seminiferous tubules in one examined case) [76]

Azospermic bull [77]
Testicular hypoplasia in a bull with mosaicism (XY/XYY) [78]

Testicular hypoplasia [79]
Testicular hypoplasia [80]

Testicular hypoplasia in 3 cases [52]
Young male excluded for reproduction being mosaic for XY/XYY Present Study

R. Buffalo Testicular hypoplasia in a case of 2n = 50,Y, rob(X;X) [81]

Sheep 2 cases in rams showing hypoplastic testis [82]
Ram with no particular phenotypic effects (XX/XYY mosaicism) [83]

Goat
Testicular hypoplasia in a case of XXY/XY mosaicism [84]

XX/XXY fertile buck [85]

Even when two or more X chromosomes are present, the presence of only one Y
chromosome is sufficient to induce testes development. This is due to the presence of the
SRY gene on the Y chromosome. Carriers are generally affected by testicular hypoplasia, as
found also in several cases of mosaicism, XY/XX/XXY, XX/XXY, or XXY/XY (Table 5). An
interesting XXY case has been reported in a river buffalo [81]. This male, showing gonadal
dysgenesis, presented an unusual karyotype: 2n = 50,Y, rob(X;X). A case of mosaicism
XY/XYY was found in a young male of the Chianina cattle breed intended for reproduction
(Figure 4, Table 5). The animal was promptly eliminated after a karyotype analysis, and it
was not possible to further investigate the case.

Figure 4. Normal Giemsa-staining metaphase plate of young male cattle for reproduction but
promptly eliminated because it was found to be affected by XY/XYY mosaicism. The X chromosome
(large arrow) and Y chromosomes (small arrows) are indicated.

7
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2.3. Sex Reversal Syndrome

This syndrome occurs when male and female phenotypes (or gonadic sex) differ from
the expected sex chromosome constitution, as in XX males and XY females. All cases found
with this syndrome in domestic bovids are reported in Table 6.

Table 6. Cases with sex reversal syndrome in domestic bovids.

Species Sex Chrom. Phenotype/Effects on Fertility Reference

Cattle

XY Female (2) with reproductive defects [86]

XY Female with internal sex anatomical defects and no estrus [87]

XY Female with no estrus and streak gonads [88]

XY Female with hypoplastic ovaries [89]

XY Single birth female with normal internal sex adducts but feeble estrus [27]

XY Female normal gonads and genital development with AMGY and ZFY
genes present (no SRY determination) [90]

XY Female with hypoplastic gonads (the right one resembled an ovary and
the left one an undeveloped testis) [91]

XY Females (3) with no estrus and abnormal Y (Yp-iso) [92,93]

XX Male with both testis and ovotestis development [94]

XX Male XX + rob(1;29) apparently with the normal reproductive
parameters but eliminated for rob(1;29) [95]

R. buffalo XY Females (2) sterile with abnormal internal sex adducts
(one case with SRY-positive) [55,96]

Sheep XY Sterile ewe with streak gonads, SRY+ [97]

XY Ewe with a longer ano-vulvar distance, enlarged clitoris, two testes-like
structures at the inguinal level [98]

Goat
XX Testicular biosynthesis of testosterone [99]

XX Males intersex, SRY-, Polled Intersex Syndrome (PIS) [100–102]

2.3.1. XY Sex Reversal

Bovine XY sex reversal has been observed much more frequently than its counterpart
(i.e., XX sex reversal syndrome). Several cases have been reported in this species (Table 6).
When the SRY gene sequences were published [103], a test for this syndrome in animals
revealed a lack of SRY gene sequences by both PCR and FISH-mapping analysis in such
individuals [92,93]. Only two cases of XY sex reversal syndrome have been reported in
river buffalo (Table 6). Both females were sterile with severe disruption to their internal sex
organs. However, upon investigation by both FISH-mapping and gene-sequence analysis,
one individual displayed the SRY gene at its expected location on the Y chromosome with
its normal DNA sequence [55]. Similar cases have been reported in sheep [97]. Other
authors [104] reported a case of a woman with a 46,XY karyotype and a female phenotype,
including histologically normal ovaries. This phenotype, which originated from loss of
function due to mutations on the CBX2 gene (human homolog of mouse gene M33), is the
only known report of an XY sex reversal with ovary development.

2.3.2. XX Sex Reversal

This syndrome is very rare in domestic animals [105]. Although very rare, XX hu-
man males show a variety of clinical manifestations from a normal male phenotype to
ambiguous genitalia in newborns. The syndrome is correlated to a translocation of the
SRY gene from the Y chromosome to the X chromosome in about 80% of XX sex reversal
cases [106,107]. An essential role in this syndrome is played by the chromosome position
of the SRY gene in the Y chromosome. When it is located close to the PAR region (as in
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humans), there are more probabilities for translocations from the Y to X chromosomes
during meiotic recombination. In domestic animals, the SRY gene is generally located far
from the PAR region [108–110], thus explaining its rare occurrence in domestic animals. No
documented XX sex reversal related to the SRY gene have been found so far in domestic
animals [111,112]. Detailed information on sex reversal syndrome in placental animal
species has been reviewed by Parma et al. [113].

2.4. XX/XY Mosaicism (Free-Martinism)

This syndrome is the most common sex chromosome abnormality found in domestic
bovids in twins of different sexes. In cattle, about 90% of twins of different sexes are
free-martin [80,114]. In dairy cattle, the percentage of free-martin twins is higher than
that in meat breeds. It varies between 0.5% and 2.0%, with the rate of twinning in dairy
breeds between 1% and 4% [115] when the male–female sex ratio is 1:1. Twin pregnancy
percentages are also influenced by seasonal effects, reaching the highest levels during
springtime and in older dairy cows (6%) [116]. Alterations of internal sex traits seem to
be more severe in females than in males, although studies following several free-martin
males also reported damage to interior male features [114]. In Italian Friesian cattle, most
females with chromosome abnormalities (13%) were free-martin [80]. The presence of
XX/XY mosaicism has been found also in bone marrow cattle cells [5].

Free-martin females generally show the typical body conformation and external gen-
italia. Still, they have pronounced gonadal dysgenesis, varying from a complete lack of
internal sex organs (closed vagina) to Mullerian-duct atrophy (Figure 5). Furthermore,
several studies reported that damage to the internal sex structures is not correlated with
the percentage of male cells in either cattle [116] or river buffalo [117]. Indeed, in both
cattle and river buffalo, aberrant internal sex organs were found even in the presence of
small percentages of male cells [117]. This is essentially due to three events: (1) placental
anastomosis occurring at 20–25 days of embryonic life; (2) sex differentiation occurring
later (at 40–45 days) in cattle; and (3) male sex differentiation occurring one week before
females [118]. For this reason, the presence of male cells, even in low percentages (and
male hormones, in particular AMH), affects the development of internal female sex char-
acteristics [118,119]. For this reason, male free-martins seem to be less prone to abnormal
sex anomalies. However, some cases of reduced fertility have been reported in free-martin
males [120–123]. The presence of material belonging to the Y chromosome has also been
identified in female subjects with reduced reproductive efficiency [124].

Many free-martin cases are from single births (the other twin dying during early
embryonic development). In river buffalo, about 90% of free-martin females were born
in single births [55]. This phenomenon is essential because these females generally show
normal body conformation and external genitalia, thus escaping breeding selection, unlike
in twin births. In the latter case, the breeder knows that the female is probably free-martin
and requires a veterinary examination by rectal palpation and cytogenetic or molecular
(PCR with specific sex markers) analyses to confirm it.

In sheep and goats, although twins are frequent (but also triplets or quadruplets
in some breeds), XX/XY mosaicism correlated to free-martinism occurs at very low fre-
quencies (5−6%) in twins of different sexes, probably because sex differentiation occurs
much earlier in sheep (20–25 days after fertilization) than in cattle [125]. Several cases
of free-martins have been reported in both sheep [114] and goats [126–128], although the
frequency of free-martinism is much lower in sheep and goats than in cattle and river
buffalo. Sheep and goats carrying XX/XY mosaicism show a pronounced presence of both
male and female traits, easily recognizable by breeders [98,129,130].
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Figure 5. (a) River buffalo female showing normal body conformation and external genitalia but
found with XX/XY mosaicism (free-martin). Note the atrophic uterine body (b).

2.5. Diploid-Triploid XX/XXY Mosaicism (Mixoploidy)

This syndrome is very rare in both humans and animals. In domestic bovids, only
four cases have been reported of cattle with 2n = 60,XX and 3n = 90,XXY mosaicism [131].
Generally, the mixoploidy depends on the type of cell in cattle and humans, triploid cells
being absent or present in lower percentages in blood lymphocytes and present in higher
percentages in fibroblasts or cells of the uterine body or limbs [131–133]. In humans, the few
46,XX/69,XXY cases fall into three phenotypic groups: males with testicular development,
ovo-testicular disorder of sex development (DSD), or under-virilized male DSD [134]. In
cattle, the four cases reported so far showed various phenotypes, including aplasia of the
vulva, a rudimentary penis, the presence of ovaries, an empty scrotum, and ovaries with
corpus luteum [131].

3. Structural Chromosome Abnormalities

3.1. Reciprocal Translocations

Reciprocal translocations (rcp) have been found only in cattle and sheep (Table 7).
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Table 7. Reciprocal translocations (rcp) found in cattle and sheep, with the chromosomes involved, phenotypic effects
(when available), and author reference.

Species Rcp/Chrom. Involved Phenotype Reference

Cattle

double rcp(2q−;20q +, 8q-;27q +) reduced fertility [135]
rcp(8;15) (q21;q24) reduced fertility [136]
rcp(1;8) (q44:q16) 2 males and 3 females, reduced fertility [137]

rcp(1;8;9) (q43;q13;q26) subfertile bull subfertile bulls (n = 3) [138,139]
rcp(8;13) (q11;q24) azoospemic bull [140]
rcp(20;24) (q17;q25) subfertile bull [141]

rcp(X;1) (42;13) normal female calf with mosaicism XX/XY [142]
rcp(12;17) (q22;q14) subfertile bull [143]

rcp(1;5) (q21;q35) azoospermic bull and its dam (reduced fertility) [144]
rcp(Y;9) (q12.3;q2.1) azoospermic bull [145]
rcp(11;21) (q28;q12) bull, no libido, rare spermatozoa [146]
rcp(9;11) (q27;q11) male addressed to reproduction [147]
rcp(2;4) (q45;q34) bull (post mortem SC-analysis) [148]
rcp(4;7) (q14;q28) bull, balanced, cyto-genomic analysis (CGH-arrays) [149]

rcp(Y;21) (p11;q11) bull testosterone negative [150]
rcp(11;25) (q24;q11) cow with reduced fertility [41]

rcp(13;26) cow with reduced fertility [151]
rcp(5;6) (q13;q34) bull, balanced, cyto-genomic analysis (CGH-arrays) [16]

rcp(13;26) (q24;q11) dam and calf, balanced [152]
rcp(12;23) two subfertile bulls [153]

Sheep

rcp(1p;19q) low fertility [154]
rcp(13;20) (q12;q22) low fertility [155]

rcp(2q;3q) low fertility [156,157]
rcp(2p−;3q +) low fertility [80,158]

rcp(4q;12q) (q13;q25) low fertility [159]
rcp(18;23) (q14;q26) low fertility [160]
rcp(13;20) (q12;q22) poor fertility [155]

Rcp are generally balanced, and for this reason, animal carriers show a normal body
conformation. Still, they have reduced fertility due to disturbances that occurred during
meiosis caused by abnormal (quadrivalent) configurations and erroneous chromosome
disjunctions, which can give rise to abnormal embryos that generally die during early
embryonic life [138,141,161–163]. Without a cytogenetic analysis, these abnormalities
escape genetic selection and spread in the offspring, especially when using AI. However, rcp
often escape cytogenetic analyses. Most animal cytogenetic labs apply routine cytogenetic
analyses with only standard chromosome staining to detect robs, in particular rob(1;29).
All cattle autosomes being acrocentric, only when abnormal autosomes are larger and/or
shorter than BTA1 and BTA29, respectively, does the lab try to better investigate the case
to identify a possible presence of rcp using chromosome-banding techniques and, more
recently, chromosome-specific molecular markers (or chromosome-painting probes) by
FISH-mapping techniques. For this reason, rcp have been reported with lower frequencies
in cattle compared to dicentric robs. A study investigating all rcp found in cattle and
correlating them to relative chromosome length concluded that the expected frequency of
rcp in cattle is about four times higher than dicentric robs [164]. This estimate is based on
two different approaches: (i) a mathematical approach; and (ii) a bioinformatics simulation
approach. Both approaches provided similar value and therefore this estimate is believed
to be reliable. However, when fertility values, such as (a) the interval between two births,
(b) the return to estrus after natural or artificial insemination, and (c) a low number of
calves during the reproductive life, appear abnormal, cytogenetic investigations must be
done using both chromosome-banding and FISH-mapping techniques [13] to determine
the presence, or lack thereof, of chromosome abnormalities like rcp. Generally, only single
rcp has been found in bovids, involving only two chromosomes (Table 7). Only rarely
has single rcp involved three chromosomes (Table 7) [80,138]. The only case of double rcp
involving four chromosomes has been reported by De Schepper et al. [135] (Table 7). Only
two rcp involved an autosome and the Y chromosome in an azoospermic bull [145] and a
bull negative for testosterone (Table 7) [148].
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Significant advantages for detecting rcp in domestic bovids (i.e., cattle and sheep) have
been derived from improved chromosome-banding and FISH-mapping techniques with
specific molecular markers (generally bovine or ovine BAC clones; Figure 6) or chromosome
paint probes. Recently, a method using a panel of subtelomeric FISH-probes on a multi-
hybridization device, as a means of highlighting the ends of each chromosome, has also
been applied to cattle chromosomes to detect structural chromosome abnormalities [153].
However, only two studies extended the analyses using the CGH array to establish possible
genetic material losses during chromosome rearrangements (Table 7) [16,149]. At least in
these two latter cases, no genetic losses occurred during the rearrangements. Considering
that the carriers of rcp are morphologically normal, it is possible to support the hypothesis
that the rcp found so far in cattle and sheep are generally balanced.

Figure 6. (a) Cattle metaphase treated for RBG banding and showing a case of rcp(9;11) (q27;q11) in a young male for
reproduction. Arrows indicate the sex chromosomes der(9) and der(11). FISH mapping with two chromosome-specific
BAC clones mapping on BTA9 and BTA11 confirmed the chromosomes involved in the rcp (b,c). Note the presence of FITC
signals of a BTA9 marker in BTA9, der(9), and der(11) (b), as well as of FITC signals of a BTA11 marker only in BTA11 and
der(9), being absent in der(11) (c) because the chromosome region was positioned after the break point.

In humans, the routine uses of genomic investigations allow the study of rcp. Indeed,
mapping discordant mate pairs from long-insert, low-pass genome sequencing now per-
mits efficient, cost-effective discovery and nucleotide-level resolution of rearrangement
breakpoints, necessary for interpreting the etiology of clinical phenotypes in patients with
rearrangements [165]. However, in domestic bovids, because breeders directly eliminate
calves showing abnormal phenotypes potentially born from carriers of rcp, it is difficult to
study these kinds of mating products.

A rare example has been found in a female calf with partial trisomy 11 and partial
monosomy 25, which was unable to stand up and died after a few weeks (Table 2) [39].
The mother of this calf was a carrier of rcp(11;25) (Table 7) [41]. These two latter cases
demonstrate that rcp cause reduced fertility by generating unbalanced embryos that die in
early embryonic life or a few days after birth.

3.2. Robertsonian Translocations (rob)

Centric-fusion translocations are the most common chromosome abnormalities found
in cattle. With the exception of rob(1;29), which is monocentric, all remaining robs found in
cattle are dicentric (two centromeres; Table 8).
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Table 8. Dicentric Robertsonian translocations reported in cattle, river buffalo, sheep, and goat.

Species Rob/Chrom. Breed/Country Reference

Cattle

1 4 Czech Republic [166]
- 7 Not reported [167]
- Blond D’Aquitaine, France [80]
- 21 Friesian [168]
- 22 Czech Republic [166]
- 23 Czech Republic [166]
- 25 Blonde d’Aquitaine, N.Z. Piebald cattle Germany [169,170]
- 26 Friesian, Japan [171]
- 27 British Friesian [172]
- 28 Czech Republic [166]
2 4 Friesian, England [173]
- 8 Friesian, England [167]
- 27 Not reported [167]
- 28 Vietnamese cattle [174]
3 4 Limousine, France [175]
- 12 Blond D’Aquitaine, France [80]
- 16 Montbéliarde, France [176]
- 27 Black spotted, Romania [95]
4 4 Czech Republic [167]
- 8 Chianina, Italy [177]
- 10 Blonde d’Aquitaine, France [178]
5 18 Simmenthal, Hungary [179]
- 21 Japanese Black, Japan [167]
- 22 Polish Red White, Poland [180]
- 23 Brown, Romania [95]
6 8 Chianina, Italy [177,181]
- 28 Czech Republic [166]
7 21 Japanese Black Cattle, Japan [182,183]
8 9 Brown Swiss, Switzerland [167]
- 23 Ukrainian Grey [167]
9 23 Blonde d’Aquitaine, France [184]
10 15 Pitangueiras, Spain [185]
11 16 Simmenthal, Hungary [186]
- 21 Brown, Romania [95]
- 22 Czech Republic [167]

12 12 Simmenthal, Germany [167]
- 15 Friesian, Argentina [167]

13 14 Friesian, Slovakia [187]
- 19 Marchigiana, Italy [188]
- 21 Friesian, Hungary [189]
- 24 Red &White, Poland. Not reported [80,187,190]

14 17 Marchigiana, Italy [191,192]
- 19 Braunvieh, Switzerland [167]
- 20 Simmenthal, Switzerland, USA. Spotted, Romania [95,193–195]
- 21 Simmental, Hungary [167]
- 24 Podolian, Italy [196]
- 28 Friesian, USA [197]

15 25 Barrosã, Portugal [198]
16 18 Barrosã, Portugal [199]
- 19 Marchigiana, Italy [167]
- 20 Simmenthal, Czeck Rep. [200,201]
- 21 RedPied, Czeck Rep. [167]

19 21 Friesian, France [202]
20 20 Simmenthal, Germany [167]
21 27 Blonde d’Aquitaine, France [203]
21 23 Maremmana, Italy [204]
- 29 Blonde d’Aquitaine, France [80]

24 27 Friesian, Egypt [167]
25 27 Alpine Grey, Italy [139]
26 29 Alpine Grey, Italy [139,181,205]
27 29 Guernsey, Canada [206]
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Table 8. Cont.

Species Rob/Chrom. Breed/Country Reference

R. buffalo
1p 23 Ital. Mediterranean, Italy [207]
1p 18 Ital. Mediterranean, Italy [208]
X X Murrah, India [81]

Sheep

6 24 (t1) New Zeland Romney, NZ [209,210]
9 10 (t2) New Zeland Romney, NZ [210,211]
7 25 (t3) New Zeland Romney, New Zeland [210,211]
5 8 (t4) New Zeland Romney, New Zeland [212]
8 22 (t5) New Zeland Romney, New Zeland [212]
1 20 Undefined Race, Germany [213]
8 11 Churra da Terra Quente, Portugal [214]

Goat

2 13 Undefined Race, France [215]
3 7 - [161]
5 15 Saanen, Scotland. Saanen, Brazil [216,217]
6 17 Saanen, Switzerland. Saanen, Germany [218,219]
6 15 Saanen, Italy. Saanen, France. Saanen, Brazil [220–222]

10 12 Malaguena, Spain [223]

The dicentric translocations reported so far in cattle have generally been found in sin-
gle cases. Two exceptions are rob(14;20), reported in Simmenthal cattle in both Switzerland
and the USA [193–195], and rob(26;29), reported in Alpine Grey cattle [139,181,205], where
several carriers were found, probably due to the use of AI from bull carriers.

Generally, dicentric robs disappear after some generations, being unstable due to the
presence of two active centromeres and restabilizing to the normal diploid number. In
contrast, rob(1;29) is monocentric, showing one (and large) C-banding block particularly
present in the q arm (Figure 7). Although this abnormality was discovered a long time
ago [1,2], and various studies tried to show the origin of this translocation, only recently
and with the use of cytogenetic (high-resolution chromosome banding and FISH-mapping
techniques) and genomic (CGH array) analyses, was it possible to establish the origin
and evolution of this frequent chromosome abnormality. Indeed, a chromosome segment
of about 5 Mb translocated from the proximal region of BTA29 to the proximal region
of BTA1, with inversion during the evolution of rob(1;29) [224]. A loss of constitutive
heterochromatin (C bands) and of some SAT DNA also was observed on rob(1;29) [225,226].

Figure 7. Female cattle metaphase treated for CBA banding in a heterozygous carrier of rob(1;29)
(2n = 59,XX). Note the single C-band block in the rob(1;29), especially present on the q arms (large
arrow). Small arrows indicate X chromosomes.

14



Animals 2021, 11, 802

Rob(1;29), first found in Swedish red cattle [1,2], has been found widely in several
breeds (more than 50) [227], mainly in meat breeds. Thus, cytogenetic investigations are
particularly focused on meat breeds rather than on dairy cattle breeds, where rob(1;29)
has rarely been found, probably because the genetic selection is more strictly applied to
dairy breeds. Another hypothesis is that the lower frequency is due to the attempt to
reduce the meat breeds’ diploid number from 2n = 60 to 2n = 58 to gain genetic advantages
derived from this new genetic linkage between the two chromosomes. The frequency of
this translocation varies among cattle breeds, reaching high values in several breeds, in
particular in the Barrosa (Portugal), where the frequency of rob(1;29) carriers has been
observed at 70%, of which 53.2% were heterozygous carriers (2n = 59) and 16.6% were
homozygous (2n = 58) carriers [228]. This abnormality reduces fertility in the carriers
due to the presence of abnormal trivalent meiotic configurations [2,229] originating in
unbalanced gametes that give rise to abnormal embryos that die in early embryonic life.
The cow returns to estrus but with some delay compared to the normal interval due to the
service’s failure after AI [205]. The reduction in reproductive value in cow rob(1;29) carriers
is around 8−9% [80], while in the male carriers it appears to be lower. Indeed, meiotic
studies by sperm-FISH in two bulls carrying rob(1;29) revealed a lower percentage (around
2%) of abnormal and unbalanced sperm [230] than those achieved in oocytes of four female
carriers of rob(1;29), which showed 21.83% diploid oocytes and 4.06% chromosomally
unbalanced sets, with significant variation among carriers. However, these studies should
be applied to a larger number of carriers (at least to males) to better establish the real
reproductive value of bulls carrying the translocation in terms of unbalanced gametes.
Sperm-FISH analyses also should be performed not only on the total sperm fraction but
primarily on the motile sperm fraction (i.e., the effective sperm which fertilize the oocytes),
as demonstrated in a river buffalo bull sperm carrying a rob(1p;18) translocation [231].
A possible effect of bulls carrying robs(16;20) and (14;20) on the development of bovine
oocytes fertilized and matured in vitro was assessed on the basis of embryo yield and
blastocyst formation [232]. The study demonstrated that, in bulls carrying the 16;20 and
14;20 translocations, in vitro preimplantation embryo development was reduced (compared
to fertilization by a bull with a normal karyotype), probably due to genetically unbalanced
spermatozoa [232].

A chromosome-specific marker for rob(1;29) has been found, making it possible to
directly detect the presence of this translocation on sperm [233]. This marker, and sperm-
FISH with specific chromosome markers, could be particularly useful in males bred for
reproduction when no karyotype analyses are applied.

In river buffalo, in addition to the five biarmed pairs originating from centric-fusion
translocations during the karyotype evolution [234], three more robs have been found
so far as chromosome abnormalities in this species (Table 8). Two of them originated
from a complex chromosome mechanism: fission of BBU1 and subsequent centric-fusion
translocation between BBU1p and BBU23 in a cow with reduced fertility [207], and later
with BBU18 in a very famous Italian bull (named Magnifico) of the Mediterranean Italian
breed [208]. Since rob(1p;18) was also found in the bull’s offspring [208], the bull was
excluded from reproduction by the Italian buffalo breeder association. Analyses in both
total and motile sperm fractions of carrier bulls, by triple-color FISH analysis with a pool
of specific BAC probes, revealed that normal sperm were 27% and 69% in the total sperm
fraction and motile sperm fraction, respectively [231].

The third case of centric-fusion translocation, rob(X;X), found in river buffalo (Table 8)
was reported in a case of an XXY bull with testicular hypoplasia (Table 5) [81].

These studies suggested the necessity of applying cytogenetic investigations in this
important species, particularly for all males bred for reproduction and all females with repro-
ductive disturbances, in order to increase the fertility and economic value of river buffalo.

The normal karyotype of sheep (Ovis aries, 2n = 54) has three biarmed pairs (OAR1,
OAR2, and OAR3), which originated from centric-fusion translocations on chromosomes
homologous to cattle (and goat, ancestral bovid) 1–3, 2–8, and 5–11, respectively [17]. In
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addition to these normal biarmed pairs, six centric-fusion translocations, as chromosome
abnormalities, were found in sheep, of which five were named t1, t2, t3, t4, and t5, and in-
volving goat-cattle homologous chromosomes 6–24, 9–10, 7–25, 5–8, and 8–22, respectively
(Table 8) [209–212]. More recently, rob(8;11) was found in the Churra da Terra Quente
sheep breed (Portugal) [214]. Except for the t4 translocation, which disappeared, and the
most recent rob(8;11), found in a single case, the remaining four robs (t1, t2, t3, and t5)
remained in New Zealand sheep flocks. Homozygous carriers (2n = 48 and 2n = 46) were
later found in these same sheep flocks [235]. At least for t1, t2, and t3, no particular effects
on reproduction seemed to be present in the carriers [236].

Several Robertsonian translocations have also been reported in goats (Table 8). Very
probably, some robs, like rob(5;15), rob(6;17), and rob(6;15), reported in Saanen goats, are
identical [220,221]. As has generally occurred in other bovids, the translocations were
reported in single cases, except for those found in the offspring of males carrying the
translocation [217]. The authors performed cytogenetic and genealogical analyses on 205
goats, which were descendants of a sire imported from Switzerland. They reported 29.7%
and 4.9% heterozygous and homozygous carriers of rob (5;15), respectively.

3.3. Simple Translocation

This chromosome abnormality consists of a chromosome segment region translocated
from one chromosome to another. It has been rarely reported. A case of a Y;17 translocation
was found in a cattle bull, phenotypically normal (normal reproductive organs and testic-
ular function), but with slight pathospermia (oligozoospermia and asthenozoospermia),
However, the portions of the Y chromosome with TDF and AZF were not lost [237]. A case
of X-autosome translocation was reported involving almost all of chromosome 23 translo-
cating to the p- arms of the X chromosome of a cow [238]. The same translocation was
later found in a bull, which showed malformed spermatozoa [162]. Five cases of 1;8 simple
translocation (two males and three females), including a carrier of rob(1;29), were reported
by [137].

A case of 2q−;5p+ translocation mosaicism has been reported in a bull, identified by
chromosome painting using probes generated by conventional microdissection [239]. Its
fertility could not be estimated since the owner culled it before reproduction.

3.4. Pericentric Inversion

Few cases of pericentric inversions have been reported in cattle. Popescu [240] found
a pericentric inversion involving BTA14 in a female bovine showing reduced fertility.
Switonsky [241] found a pericentric inversion involving one of the two X chromosomes in
a female with reduced fertility. Iannuzzi et al. [242] found a pericentric inversion in the
Y chromosome of 12 male offspring (Podolian breed), of which one had a female-shaped
head with reduced horn size, signs of udders, a significantly reduced scrotum, and an
atrophic penis. Once slaughtered, an atrophic penis, absence of testis, sign of prostate,
and absence of internal female organs were observed. All the remaining carriers of the
chromosome abnormality showed normal phenotypes.

De Lorenzi et al. [243] found a possible case of pericentric inversion in the autosomes of
a young male cattle. Still, after a detailed FISH-mapping analysis, the authors demonstrated
that a centromere repositioning had occurred in BTA17. Subsequent CGH and SNP arrays
indicated no loss or gain had occurred in the centromeric region of BTA17 or other BTA17
regions [243].

3.5. Tandem Fusion (TAN)

The TANs found so far are centromere–telomere (with two active centromeres as
revealed by C-banding techniques) and were rarely found in domestic bovids. Hansen [244]
found a case of TAN in the red Holstein breed, while two cases of TAN were found in a male
and female of Romanian cattle [95], demonstrating the maternal origin of this abnormality
by genealogical investigations. The female carrier of TAN showed a lower non-returned
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rate and had only two offspring, of which one had a normal karyotype and the other
carried the same TAN. The evolution of male carriers was fascinating because the first two
analyses revealed a large percentage of mitosis with TAN. Subsequent investigations in
four examinations revealed a decreasing number of mitosis with TAN until a total lack
of TAN occurred. Indeed, six descendants of this bull showed normal karyotypes [95]. A
particular case of TAN (1;16) has been found in a Brown Swiss bull affected by anatomical
defects with the simultaneous presence of both TAN(1;16) and trisomy 16 [24]. A case
of TAN (4;21) was found in a new-born Holstein-Friesian heifer, which was also XX/XY
mosaic (free-martin) [245].

A recent TAN case has been found in a female calf affected by hypospadias, growth
retardation, and ventricular septal defects [42]. The TAN involved BTA18 and BTA27 with
an accompanying loss of genomic sequences, as demonstrated by chromosome banding,
FISH mapping, and genome sequencing [42].

3.6. Cytogenetically Detectable Deletions and Duplications

Genetic deletions and duplications have been reported in several studies using ge-
nomic approaches and have rarely been reported as chromosome abnormalities. This is
probably due to the harmful effects of large genomic losses (deletions) or gains (duplica-
tions). These conditions can cause the death of embryos in early embryonic life, especially
chromosome deletions. Among the few reported cases of chromosome deletions, only
two involved an autosome: the first one in an infertile cow [246] and another one, more
recently, in a female calf with several anatomic defects (head asymmetry, relocation of
the frontal sinus and eye orbits, hypoplastic thymus without neck part, ductus Botalli,
unfinished obliteration in umbilical arteries, and a bilateral series of tooth germs in the
temporal region) [247]. In this case, mosaic cells were observed, of which 92% were normal
(2n = 60, XX) and 8% abnormal (2n = 60, XX+ mar) due to the presence of a small marker
chromosome showing only the centromere and a proximal part due to the deletion of the
remaining material [247].

The remaining cases of deletions involve the X chromosome (generally the inactive and
late-replicating X). Indeed, chromosome abnormalities are often found on sex chromosomes
because they are more tolerated by the species (for gene inactivation in one of the two
Xs) and easily discovered for both shape and C-banding, which are different from the
autosomes. A Swiss Holstein bovine, affected by hypotrichosis and oligodontia, was found
affected by Xq deletion [248]. A large Xq-arm deletion has been found in a cow carrying
rob(1;29) [249]. An interesting case of Xp deletion (2n = 60, XX) has been found in a young
cow of the Marchigiana breed (central Italy) with normal body conformation and external
genitalia [250]. Detailed cytogenetic investigation by both C- and R-banding and FISH-
mapping techniques showed that almost all the p arms of the late-replicating (inactive) X
chromosome were absent. A CGH-array analysis showed that the deletion involved the Xp
arm from the telomere to around 39.5 Mb, referring to the BosTau6 cattle genome assembly.
This abnormality deletes about 40 Mb of the X-chromosome sequences, but none of them
are programmed to escape from inactivation despite the large number of genes deleted,
explaining the normal phenotype of the female. However, this carrier gave rise to a female
carrying the same deletion, which later would not remain pregnant after several services
and was then eliminated from the farm. The second female carrier gave birth to two calves,
both females, of which one was normal and another one carried the same deletion. Later,
after several failed services the mother carrier was eliminated from the farm [251]. Both
female carries had essentially similar reproductive problems.

Only two cases of chromosome duplications correlating to abnormal phenotypes have
been reported in cattle. A possible duplication of a survival motor neuron gene (SMN)
has been demonstrated in a calf affected by arthrogryposis (a disease characterized by
congenital contractures in the limbs having different origins) using extended-chromosome
fiber-FISH [252]. Another chromosome duplication of about 99 Kb has been found in
BTA18 using a CGH array on an XY female cattle (SRY positive) affected by a disorder of
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sex development (DSD), although the authors could not demonstrate its relationship with
the phenotype [253].

4. Conclusions

As shown in this review, there is a strict relationship between chromosome abnor-
malities and fertility problems in domestic bovids. In particular, numerical abnormalities
have been found very rarely because of their phenotypical visibility, resulting in elimi-
nation by breeders. On the other hand, numerical sex chromosome abnormalities often
escape selection, as the body conformation and external genitalia are generally normal, but
are responsible for sterility in most of cases, including free-martinism, or lower fertility.
Structural chromosome abnormalities are usually related to lower fertility compared to
normal-karyotyped animals. However, centric-fusion translocations are often present in
high percentages in meat breeds, particularly rob(1;29). For this reason, many breeder
associations required karyotype analyses for males bred for reproduction, especially for
AI, only in meat breeds. This choice is only partially correct because animals belonging
to dairy breeds are generally not examined. This could cause reproductive problems in
animals, as has occurred in the Italian Friesian breed, where 16.2% of the investigated
animals (males and females showing reproductive problems) were found to be carriers of
sex chromosome abnormalities, especially of XX/XY mosaicism (see [80]). Finally, only
with a good collaboration between breeders, veterinary doctors, and cytogeneticists, as well
as between different labs that use genomic and/or cytogenetic approaches, is it possible to
correctly investigate the presence of chromosome abnormalities and their effects on fertility
in domestic animals in order to better select reproductive animals to improve both their
genetic and economic value.
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BTA Bos taurus chromosome, 2n = 60
BBU Bubalus bubalis chromosome, 2n = 50
OAR Ovis aries chromosome, 2n = 54
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BIN Bos indicus chromosome, 2n = 60
FISH fluorescence in situ hybridization
Fiber-FISH extended chromatin fiber-FISH
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DSD disorder sex development
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Simple Summary: The cytogenetic analysis of dogs is mainly focused on the diagnosis of disorders of
sex development (DSD) and cancers. Unfortunately, the study of canine chromosomes is a challenging
task due a high chromosome number (2n = 78) and the one-arm morphology of all autosomes. For
years, the application of conventional cytogenetic techniques, Giemsa staining and G and DAPI (4′,6-
diamidino-2-phenylindole) bandings, allowed the identification of sex chromosome aneuploidies
and centric fusions. An advanced clinical cytogenetic diagnosis is also needed due to the fact that the
dog is a valuable animal model in biomedical research. The application of hybridization methods,
such as fluorescence in situ hybridization (FISH) and array comparative genome hybridization
(aCGH), facilitated the detection of other chromosomal rearrangements. It can be foreseen that a
wide use of modern molecular techniques (e.g., SNP microarray and next generation sequencing)
will substantially extend the knowledge on canine chromosome mutations.

Abstract: The dog is an important companion animal and has been recognized as a model in
biomedical research. Its karyotype is characterized by a high chromosome number (2n = 78) and
by the presence of one-arm autosomes, which are mostly small in size. This makes the dog a
difficult subject for cytogenetic studies. However, there are some chromosome abnormalities that
can be easily identified, such as sex chromosome aneuploidies, XX/XY leukocyte chimerism, and
centric fusions (Robertsonian translocations). Fluorescence in situ hybridization (FISH) with the use
of whole-chromosome painting or locus-specific probes has improved our ability to identify and
characterize chromosomal abnormalities, including reciprocal translocations. The evaluation of sex
chromosome complement is an important diagnostic step in dogs with disorders of sex development
(DSD). In such cases, FISH can detect the copy number variants (CNVs) associated with the DSD
phenotype. Since cancers are frequently diagnosed in dogs, cytogenetic evaluation of tumors has
also been undertaken and specific chromosome mutations for some cancers have been reported.
However, the study of meiotic, gamete, and embryo chromosomes is not very advanced. Knowledge
of canine genome organization and new molecular tools, such as aCGH (array comparative genome
hybridization), SNP (single nucleotide polymorphism) microarray, and ddPCR (droplet digital PCR)
allow the identification of chromosomal rearrangements. It is anticipated that the comprehensive use
of chromosome banding, FISH, and molecular techniques will substantially improve the diagnosis of
chromosome abnormalities in dogs.

Keywords: aneuploidy; cancer cytogenetics; centric fusion; chimerism; disorder of sex development;
freemartinism; intersexualism; mosaicism; reciprocal translocation

1. Introduction

The dog is the most important companion animal species, and one for which extreme
interbreed phenotypic variation has arisen over the last 200 years [1]. One side effect of this
intensive breeding, caused by genetic drift, is the preservation of undesired mutations in
the gene pool. About 400 DNA variants that cause hereditary diseases in dogs have been
described (Online Mendelian Inheritance in Animals—OMIA, https://omia.org/home/,
(accessed on 20 December 2020)).

Animals 2021, 11, 947. https://doi.org/10.3390/ani11040947 https://www.mdpi.com/journal/animals29
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Our knowledge of canine chromosomal mutations is less advanced, as the chro-
mosome set of this species is a very difficult analytic subject. The diploid number of
chromosomes is high (2n = 78), but the genome size of this species (2.4 Gb) is similar to
other domestic mammals. The majority of chromosomes are thus small, and their banding
patterns do not allow for unambiguous recognition of all homologs. Sex chromosomes are
biarmed and easily recognizable, but all autosomes are acrocentric, and only the largest
pair of chromosome 1 (CFA1, Canis Familiaris chromosome 1) is distinctly different from
the other autosomes.

There have been several attempts to arrange a reference banded karyotype of the dog
(review by [2]). In 1993, the DogMap consortium, which was focused on the development
of the canine marker genome map, suggested that a commonly accepted chromosome
nomenclature for this species be established by a group of cytogeneticists experienced
in canine chromosomes research. The international committee agreed that, due to the
similarity of G-banding patterns of the small autosomes, only the largest 21 autosome pairs
and the sex chromosome pair can be recognized with certainty. As a result of this work,
a partial standard karyotype was developed [3]. An important step in characterizing the
canine chromosomes was the use of a set of chromosome-specific painting probes for all
autosomes and sex chromosomes [4]. Unfortunately, these probes are not available for
diagnostic purposes. BAC (Bacterial Artificial Chromosome) probes with known chromo-
somal localization are very useful tools in clinical cytogenetics. Canine BAC clones can be
purchased from the BAC libraries: CHORI-82 Canine boxer (Canis familiaris) BAC library
and RPCI-81 Canine BAC Library (https://bacpacresources.org/clones.htm, accessed on
2 March 2021). Information on the localization of the CHORI-82 BAC clones is available
in the CanFam3.1 assembly in NCBI - National Center for Biotechnology Information
(Genome Data Viewer, accessed on 2 March 2021). Moreover, chromosome specific BAC
clones from the RPCI-81 library were cytogenetically assigned [5,6]. Such probes can prove
very helpful in recognizing all chromosomes, including the small autosomes (pairs 22–38)
that are not included in the standard partial karyotype. However, it should be pointed
out that conventional Giemsa staining is sufficient to identify sex chromosome aneuploi-
dies and XX/XY leukocyte chimerism. Detecting centric fusions is also easy on Giemsa
stained metaphase spreads, but identifying the autosomes involved requires the use of
chromosome banding or fluorescence in situ hybridization (FISH).

The progress on various aspects of canine cytogenetics was reviewed by Breen [2]
and by Reimann-Berg et al. [7]. In this article, we focus on the importance of chromosome
analysis in diagnosing clinical cases.

2. Sex Chromosome Aneuploidies

Although sex chromosome aneuploidies are an important cause of infertility and
sterility, they have rarely been observed in dogs (Table 1). X monosomy has been reported
in five female dogs to date, usually presenting abnormal estrus cycle and small ovaries,
with no evidence of ovarian follicle development. Other abnormalities, such as small
stature, juvenile appearance, or excessive skin in the ventrum of the neck (typical of Turner
syndrome in women), were observed only in dogs with a pure monosomy, 77,X [8,9]. The
vertical septum in the vagina, observed in a single case, could be coincidental [10]. The
frequency of the monosomic cell line in individuals with mosaic karyotypes (77,X/78,XX)
varied over a wide range, from 5% [10] to 95% [11]. This shows that a large number of
metaphase spreads need to be evaluated in infertile female dogs suspected of X monosomy.
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Table 1. Cases of X monosomy reported in dogs.

Karyotype No. of Cells Analyzed Breed
Characteristic Feature of

Phenotype
Reference

77,X Lack of information Doberman Pinscher

Small stature, excessive skin
in the ventrum of the neck, no
signs of estrus, small ovaries

consisting primarily of
interstitial-type cells and solid

epithelial cords

[8]

77,X 60 Miniature American
Eskimo

Juvenile appearance, signs of
proestrus, small and fibrous

ovaries, no evidence of ovarian
follicle development or

corpora lutea

[9]

77,X[95%]/78,XX[5%] 40 Toy Poodle
Abnormal estrus cycle and

apparently persistent follicles,
gonadal dysgenesis

[11]

77,X[5%]/78,XX[95%] 220 Munsterlander Infertility, vertical septum in
vagina [10]

77,X[6%]/78,XX[94%] 473 Bearded Collie Infertility, irregular and poorly
manifested estrus cycles [10]

The low incidence of X monosomy in female dogs is probably associated with the
large size of the pseudoautosomal region (PAR), estimated at 6.4 Mb, which is more rich in
genes than human or equine PAR [12,13]. The loss of one X chromosome is associated with
the lack of a long PAR, leading to haploinsufficiency in a long genomic segment responsible
for embryonic mortality. No correlation between PAR size and X trisomy was observed,
which indicates that the overdose of PAR-located genes has no effect on the phenotype of X
trisomy carriers [12].

Only a few females with X trisomy have been described in dogs, and they usually
had abnormal estrous cycles and hypoplastic ovaries (Table 2). Interestingly, among the
six reported cases with X trisomy, three females showed behavioral problems, such as
fearfulness, lack of barking, or coprophagy. The majority of these cases had only a single
cell line, 79,XXX. A mosaic 79,XXX/78,XX karyotype was incidentally diagnosed in a
female dog with normal estrus [14]. It is worth mentioning that trisomic cell lines occurred
in a low frequency (5%) of cells, which suggests that the frequency of the mosaic karyotype
(79,XXX/78,XX)—associated with normal fertility or subfertility—may be underestimated.

Table 2. Cases of X trisomy reported in dogs.

Karyotype Breed Characteristic Feature of Phenotype Reference

79,XXX Airedale Terrier
Primary anestrus, ovaries with solid epithelial

cords and large masses of interstitial cells, lack of
follicles and corpora lutea

[15]

79,XXX Mixed breed

Infertility, normal reproductive organs, ovaries
with primary follicles and corpora

lutea, dental anomalies, abnormal behavior (lack
of barking and fearfulness)

[16]

79,XXX Labrador Retriever Primary anestrus, chronic dermatitis, abnormal
behavior (coprophagy) [17]

79,XXX Silky Terrier
Infertility, abnormal estrous cycles, hypoplastic
ovaries, absence of normal follicular structures,

shy and timid behavior
[18]

79,XXX Labrador Retriever Infertility, abnormal estrous cycles, hypoplastic
ovaries, absence of normal follicular structures [18]

79,XXX/78,XX Boston Terrier Estrus symptoms occurred once, ovary with
corpora lutea [14]
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The XXY complement has been found in six dogs, including two cases of XX/XXY
mosaicism (Table 3). This abnormality is known as a cause of hyperplastic testes and
sterility. However, other abnormalities, such as congenital heart disease and bilateral
cryptorchidism, have also been described [19–21]. In some XXY dogs, testicular tumors
were diagnosed [20,22] and the feminization of such dogs has also been reported [23].

Table 3. Cases of the XXY complement reported in dogs.

Karyotype Breed
Characteristic Feature of

Phenotype
Reference

79,XXY German Shorthair Pointer

Testicular hypoplasia, lack of
spermatogenesis, ventricular septal

defect, congenital heart
abnormalities

[19]

79,XXY Great Dane
Female external and internal

genitalia, structure reminiscent of a
vestigial scrotal sac

[23]

79,XXY Norwich Terrier Testicular dysgenesis, azoospermia [24]

79,XXY West Highland White Terrier
High stature, rugae of the dermis

and hypodermis, low level of
testosterone, Sertoli cell tumor

[22]

79,XXY/78,XY Miniature Schnauzer Alopecia, gynecomastia, bilateral
cryptorchidism, Sertoli cell tumor [20]

79,XXY[18%]/78,XY[82%] Poodle

Bilateral cryptorchidism, testes with
vacuolation of the seminal cells and

small nests of Leydig cells, total
absence of sperm cells

[21]

3. Leukocyte Chimerism XX/XY

The XX/XY leukocyte chimerism, which is caused by the formation of anastomoses
between the placentas of heterosexual fetuses, is associated with freemartinism, a form of
disorder of sex development (DSD). The anastomoses enable the exchange of hematopoietic
cells and molecules involved in sex differentiation between the fetuses [25]. The masculiniz-
ing factors (Sex Determining Region Y - SRY, which is a transcription factor; anti-Mullerian
hormone and testosterone) produced by the fetal testes alter the sexual differentiation of
the female fetus. This syndrome is well known in ruminants [26], but is also observed in
other species, including dogs (Table 4). Between-species differences in the frequency of
the chimerism are associated with the type of placenta: the high incidence of anastomoses
in ruminants is associated with a cotyledonary organization of the placenta, while in car-
nivores the incidence is much lower due to the zonary organization of the placenta. It
also seems that diffused placentas may be associated with an elevated risk of anastomoses
in litters with a large number of fetuses, as has been observed in highly prolific lines of
pigs [27]. This may suggest that in dogs, too, a greater number of puppies in a litter may
be associated with a higher incidence of freemartinism.

The appearance of external genitalia is a major criterion for identifying DSD in dogs,
but is less useful in freemartin dogs. Some freemartins present almost normal female
genitalia [28], while others have a normal male appearance [29,30]; in sporadic cases there
are ambiguous external genitalia [31].

It is important to point out that virilization can be caused by freemartinism or by tes-
ticular or ovotesticular XX DSD; a correct diagnosis should thus be made using cytogenetic
analysis. A comprehensive study of six French bulldogs with ambiguous external genitalia
revealed that five were testicular or ovotesticular XX DSD, while one was a freemartin [32].
Using the nomenclature of DSD dogs, XX/XY leukocyte chimerism can be considered
testicular, ovarian, or ovotesticular DSD [33]. These forms are also observed in dogs and,
as in ruminants, there is no correlation between the percentage of XY cells and the extent
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of the virilization. In the reported cases, the proportion of the XY cell line ranged from 15%
to 80% (Table 4).

Table 4. Leukocyte chimerism XX/XY reported in dogs.

Proportion of XX and
XY Cell Lines

[%]
Breed

Phenotypic Sex
Considered by Owners

Characteristic Feature of
Phenotype

Reference

Lack of information Schipperke female Enlarged clitoris, testis and ovotestis,
uterus, [34]

43/57 Pug female Enlarged clitoris, hypospadias, no
signs of estrus, testis and ovotestis [23]

45/55 Dachshund male Abnormal urogenital tract,
hematuria, ovaries [35]

Lack of information Spaniel × Papillon unknown Ovaries [36]
Lack of information American Eskimo female Normal vulva and clitoris, ovotestis [37]

Lack of information Spaniel unknown
Small penis, empty rudimentary

scrotum, uterus, ovaries with
reduced number of follicles

[38]

85/15 Belgium Shepherd male

Aggressive behavior, intersexuality,
abdominal testes, underdeveloped

penis, urethra ended under the anus,
vas deferens connected to an oviduct,

blind uterus

[29]

Lack of information Fila Brasileiro male
Prepuce-like structure located closer

to the anus, testicles with an
immature epididymides

[39]

43/57 Border Terrier male Undeveloped penis, ovarian-like
structure [30]

70/30 Wirehaired Pointing
Griffon female Primary anestrus, juvenile vulva,

enlarged clitoris, testis [28]

78/22 Shih Tzu ambiguous

Residual penis with a
prepuce located in a position typical

of a male,
prostate, gonads

remained undetectable

[31]

20/80 French Bulldog female Enlarge clitoris, ovotestes [32]

30/70 Great Dane female
Underdeveloped internal

reproductive organs, rudimentary
testicles

[40]

54/46 Great Dane female Undeveloped foreskin [14]

The diagnosis of XX/XY leukocyte chimerism also requires the analysis of another
tissue, such as hair follicles or buccal epithelial cells, in order to distinguish between
leukocyte chimerism and whole-body chimerism. Moreover, it facilitates the establishment
of concordance between phenotypic and chromosomal sex. Since external genitalia of
freemartins are often ambiguous, it cannot be excluded that some cases are incorrectly
considered by owners as males. In Table 4, two cases were described as males, but this was
not confirmed by cytogenetic or molecular studies of other tissue.

A common diagnostic strategy involves the cytogenetic analysis of leukocytes (Figure 1),
the molecular detection of Y-linked genes (e.g., SRY and ZFY), or microsatellite markers
in DNA samples derived from the blood and the second tissue [31]. Droplet digital PCR
(ddPCR) has recently been demonstrated to be a fast and reliable method for detecting
XX/XY leukocyte chimerism in cattle and pigs [27,41]. This method can also be recom-
mended for DSD diagnosis in dogs.
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Figure 1. Identification of (a) 78,XX and (b) 78,XY Giemsa-stained metaphase spreads from in vitro cultured leukocytes
obtained from a DSD (disorder of sex development) dog. Sex chromosomes are indicated with arrows.

4. Structural Chromosome Rearrangements

Robertsonian translocations (centric fusions) have been reported quite often in dogs,
probably due to their ease of identification. Such mutations lead to a reduction in the
diploid chromosome number to 77 and the formation of a biarmed derivative (der) chro-
mosome (Figure 2). The first Robertsonian translocations in dogs were described in the
1960s, and over a dozen different translocations have now been reported in total (Table 5).
Different chromosomes are involved in these mutations, but in several cases no attempt
was undertaken to indicate the autosomes involved. Two autosomes, named CFA13 and
CFA23 (Canis Familiaris chromosome 13 and 23), were identified more often, but this
finding should be taken with caution due to the difficulties in identifying small autosomes
when only chromosome banding was used. There is only a single report on the use of FISH
with locus-specific probes to describe a centric fusion, which found rob(5;23), as described
by Switonski et al. [42].

Figure 2. Robertsonian translocation, 77,XX, rob(5;23) in an infertile DSD female dog: (a) Q-banded metaphase spread with
three biarmed chromosomes; (b) the same metaphase spread after fluorescence in situ hybridization (FISH) using whole X
chromosome painting probe to facilitate recognition of X chromosomes from the fused chromosome (rob). The autosomes
involved in the translocation were identified by FISH with locus-specific probes (for details, see [42]).
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Dogs with Robertsonian translocations present normal phenotype, but there is often a
small decrease in fertility. However, this abnormality has also been diagnosed in infertile
bitches [43–45], which either showed a lack of estrus or were unsuccessfully mated many
times. Moreover, two dogs with persistent Müllerian duct syndrome (PMDS) were found
to have centric fusions, but coincidentally [46,47]. An interesting case of centric fusion in
a testicular/ovotesticular XX DSD (SRY-negative) female dog with an enlarged clitoris
and uterus was described by Switonski et al. [42]. CFA5 and CFA23 were involved in this
rearrangement and the fusion led to a pericentromeric fragment of CFA23 being deleted.
It was hypothesized that this could cause the deletion of regulatory sequences for genes
that are important in ovarian development located in CFA23, such as PISRT1, FOXL2,
and CTNNB1.

Table 5. Robertsonian translocations reported in dogs.

Chromosome Involved
in the Fusion

Breed
(Number of Cases)

Characteristic Feature of Phenotype Reference

Not identified Mixed terrier (1) Cardiac defect [48]
Not identified Miniature Poodle (1) Bone chondrodysplasia [49]

Not identified Setter–Retriever cross (1) Phenotypically and clinically normal
female [50]

13 and 17 Golden Retriever cross (1) Normal, fertile female [51]

13 and 23 Golden Retriever-type (1 + 11 offspring)
Normal phenotype with the exception of
congenital inguinal hernia in two female

homozygotes in progeny
[52]

1 and 31 Poodle (6, including 1 homozygote
male) Normal phenotype [53]

21 and 33 Walker Hound
(1 + sister and 4 offspring) Narrow vulva, absence of estrus [43]

Not identified Mixed breed (1) Infertile female [44]

8 and 14 West Highland White Terrier (1) Infertile female, normal reproductive
organs [45]

5 and 23 Bernese Mountain Dog (1) XX DSD, SRY-negative
enlarged clitoris, testicle, ovotestis, uterus [42]

Not identified Miniature Schnauzer (1) XY DSD, PMDS (Persistent Mullerian
Duct Syndrome) [46]

1 and unidentified Miniature Schnauzer (1) XY DSD, PMDS [47]

Not identified American Staffordshire Terrier (1)
XX DSD, SRY-negative (Sex Determining

Region Y)
enlarged clitoris, ovotestis,

[14]

Reciprocal translocations have rarely been diagnosed in dogs, probably due to dif-
ficulties in the recognition of one-armed autosomes. Until now, only three X/autosome
mutations have been found, and this was possible because the translocation chromosome
derived from the X had the abnormal morphology. The first mutation was identified in a
male-to-female sex-reversed Yorkshire terrier [54]. The dog had two cell lines—a normal
78,XY and a line with X-autosome translocation. The mutation was identified using a
whole X-chromosome painting probe which showed the hybridization signals on the X
chromosome and unidentified autosome. Recently, two new cases of such rearrangement
were observed in two female dogs with abnormalities of the genitourinary system [14]. In
one of the female dogs, a pure X/autosome translocation, 78,X,t(X;2), was found, while
in the second case a mosaicism of 78,X,t(X;A)/78,XX was observed. The cell line with
the translocation occurred with a low incidence and it was not possible to identify the
autosome involved.

It can be foreseen that the detection of canine chromosome translocations could be
more efficient if a more sophisticated tool, such as multihybridization slides with a set
of canine subtelomeric probes, were available, as has been recently developed for the
chromosomes of pigs [55,56] and cattle [57].
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5. Cytogenetic Characterization of Other Forms of DSD Cases

Cytogenetic analysis is a crucial step in classifying DSD [33,58]. Some DSD dogs
may have chromosome abnormalities (sex chromosome DSD), as described above, but
the majority of cases have a normal chromosome set described as XX DSD or XY DSD.
Sex chromosomes are usually identified in such cases by Giemsa staining, karyotyping of
R-banded chromosomes, or FISH with chromosome-specific probes (Figure 3) [32,59–61].

Figure 3. Identification of sex chromosomes by FISH with the use of painting probes (X: red) and (Y: green): (a) 78,XX, (b)
78,XY, with visible signals in pseudoautosomal region (PAR).

Cytogenetic analysis is also helpful for visualizing copy number variation (CNV). It
has been shown that, in some dogs, CNVs in the SOX9 gene region (CFA9) are associated
with XX DSD phenotype. FISH with BAC probes specific to this region was used to identify
duplication or multiplication (Figure 4) [62–64].

Figure 4. Identification of the copy number variation (CNV) in the region of SOX9, located on CFA9. Two BAC (Bacterial
Artificial Chromosome) clones were used: the green signals are specific to the SOX9 gene and the red signals are specific
to the upstream CNV. The red probe also presents homology to CFA18. (a) The two large red signals on CFA9 indicate
multiplication of the CNV region. (b) Another example of the variation - the single large, red signal is visible on one CFA9
chromosome, only.
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Since the resolution of the hybridization signals on metaphase chromosomes is not
sufficient to detect SOX9 gene triplication, interphase nuclei were examined (Figure 5) [64].
It should be mentioned that molecular techniques such as MLPA (Multiplex Ligation-
dependent Probe Amplification) and a-CGH (array Comparative Genome Hybridization)
have also been employed for the identification of this CNV [60–62].

 
Figure 5. FISH for identification of three copies of SOX9 gene (green signals) in two interphase nuclei (a,b). Moreover,
multiple copies at CNV region upstream SOX9, as well as homologous region of CFA18 (red signals), are visible. For details,
see [64].

6. Sperm Cytogenetics

The dog is a valuable large animal model in studies of human reproduction and
development [65]. The segregation of sperm into two fractions, rich in, respectively, X-
chromosome or Y-chromosome bearing cells, is an assisted reproductive biotechnology
that has been developed for dogs. The effectiveness of this technology can be validated
using the FISH technique with molecular probes specific to sex chromosomes on the
segregated sperm samples. Dual color FISH has shown that the sorting of dog sperm by
flow cytometry is very efficient, and the purity of the sorted samples was high at about
90% [66]. Komaki et al. [67] also used FISH to evaluate sex chromosome aneuploidy in
sperm. The authors performed three color FISH with probes for chromosomes CFAX,
CFAY and CFA1. Altogether, the sperms from eight dogs were analyzed and the mean
frequencies of aneuploidy were: 0.016% (XX), 0.024% (YY), 0.08% (XY), and 0.176% (lack of
sex chromosomes but with CFA1).

There has to date been no information on chromosome abnormalities in oocytes or
embryos, despite the fact that studies of in vitro embryo production in dogs are quite
advanced [68]. It can be foreseen that more such studies will be undertaken due to the
increase in interest in biomedical research using induced pluripotent somatic cells [69].

7. Cancer Cytogenetics

Cancer is a genetic disease caused by gene or chromosomal mutations, classified
as germline (inherited) or somatic. The somatic mutations can cause the disease or can
have an effect on its development. Knowledge of the germline mutations responsible for
cancer development in domestic animals, including dogs, is scarce [70]. Studies to identify
mutations in cancer cells are also poorly advanced in domestic animals, though canine
cancers have been considered more frequently than others [71].
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Cytogenetic studies of canine cancer have a long history, with the first papers being
published almost sixty years ago [72]. Early reports of chromosome abnormalities in canine
tumors should be taken with caution due to the difficulties in recognizing autosomes. Since
the partial international standard karyotype of the dog was agreed on in 1996, and since
chromosome-specific molecular probes for FISH became available in the late 1990s, we
focused this review on reports published after 1996.

Sex chromosome and autosomal aneuploidies, as well as centric fusions, are easy
to identify as it was already mentioned earlier; however, the identification of small auto-
somes involved in such abnormalities is challenging. There are several reports showing a
clonal predominance of specific aneuploidies in canine cancer cells. Analysis of G-banded
chromosomes of cells derived from thyroid adenomas showed that the trisomy of chromo-
some 18 (CFA18) was predominant in the studied metaphase spreads [73]. Another study
of in vitro cultured lymphocytes derived from the bone marrow of two dogs suffering
from acute myeloid leukemia revealed two clonal aberrations: a trisomy of chromosome
1 (CFA1) and a chromosome translocation t(X;8) [74]. These aberrations were identified
using G-banding. Polysomy of chromosome 13 (CFA13), caused by centric fusion between
these chromosomes, was observed with an elevated frequency in cells derived from the
prostate carcinomas of two dogs [75,76]. Interestingly, aberrations of this chromosome have
also been observed in other dog cancers [7].

The introduction of molecular techniques into chromosome analysis was a very impor-
tant step for canine cancer cytogenetics. Establishing the canine BAC library allowed the
identification of BAC clones harboring 25 candidate genes for different cancers, which could
be used in FISH analysis of cancer cells [77]. Researchers have searched for BAC clones
in the canine genome library to use as FISH probes. Using this approach, it was shown
by Breen and Modiano [78] that the well-known somatic chromosome rearrangements
associated with some human cancers are also present in canine counterparts. These re-
searchers examined the canine counterparts of three human cancers: chronic myelogenous
leukemia (CML) associated with BCR and ABL fusion, sporadic Burkitt lymphoma (BL)
associated with MYC-IgH fusion, and chronic lymphocytic leukemia/small lymphocytic
lymphoma (CLL) associated with a hemizygous deletion harboring the RB1 gene. They
found that approximately 25% of the metaphase spreads or interphase nuclei of cancer cells
they studied carried similar chromosome rearrangements. This study confirmed that the
dog is a valuable animal model for studies of human cancerogenesis. The colocalization of
BCR-ABL was also detected by FISH in dogs suffering from chronic monocytic leukemia
(CMoL) [79] and acute myeloblastic leukemia without maturation (AML-M1) [80]. Canine
BAC clones and whole chromosome painting probes were used by Vozdova et al. [81],
who studied canine cutaneous mast cell tumors. Among different clonal aneuploidies and
structural rearrangements, the most common was trisomy of CFA11.

Complex chromosome rearrangements causing genomic imbalances (loss or gain of
genetic material) can be efficiently analyzed by comparative genomic hybridization (CGH).
However, the classic CGH approach requires the reliable identification of banded chromo-
somes. The first attempt to use CGH to analyze canine cancer cells was by Dunn et al. [82],
who studied a glial tumor cell line. Unfortunately, difficulties with chromosome recognition
meant it was not possible to present a detailed characterization of the imbalances. The
study showed that the only abnormality observed in all metaphase spreads was CFA1
trisomy. To overcome problems with identifying chromosomes using banding techniques,
a molecular version of the CGH, called array CGH (aCGH), was developed. The first
canine aCGH for 87 canine BAC clones was presented by Thomas et al. [83]. Soon after,
two advanced aCGH microarrays were developed. One included 1158 canine BAC clones
harboring canine genome fragments distributed along all chromosomes, with an average
interval of 2 Mb [84]. In the second, the distribution of the BAC clones was approximately
10 Mb [85]. These molecular tools have replaced classical cytogenetic techniques in studies
of complex chromosome rearrangements in cancer cells.
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8. Conclusions and Perspectives

Although great progress has been achieved in studies of the organization of the canine
genome, analysis of its chromosomes remains challenging. It is not surprising that the
majority of abnormalities identified so far are sex chromosome abnormalities and centric
fusions, as these can be identified by conventional Giemsa staining. The identification of sex
chromosomes in DSD dogs plays a very important role in elucidating the DSD background,
so classical analysis of chromosome preparations should be a common diagnostic approach.
It facilitates the identification of sex chromosome abnormalities (e.g., X monosomy and
XXY trisomy) or of abnormal sets of sex chromosomes in leukocytes (XX/XY leukocyte
chimerism). The unequivocal identification of structural chromosome rearrangements
in which small autosomes are involved usually requires the use of the FISH technique
with probes derived from the canine BAC library. A promising perspective is related
with the application of synthetic oligonucleotide probes (oligos) designed with the use
of computational tools. The oligonucleotide libraries can be a valuable source of probes
specific for a given chromosome, its region or a single gene [86–88].

It can also be expected that, in the near future, molecular techniques will play an
important role in animal clinical cytogenetics. One of such techniques is digital droplet PCR
(ddPCR), which allows the determination of the number of X and Y chromosome copies
and the detection of sex chromosome aneuploidies and XX/XY leukocyte chimerism in a
rapid, reliable manner. Other molecular techniques such as arrayCGH, SNP-microarray,
MLPA, and NGS (next generation sequencing) are already very useful in human clinical
cytogenetics in detecting structural rearrangements [89,90]. Moreover, the application
of BioNano technologies offers the detection of chromosomal abnormalities, CNVs and
structural variants [89] with a high resolution [91]. A very recent update of the canine
genome reference sequence [92] should facilitate the successful use of the sequencing
technologies. Taken together, it is expected that the spectrum of traditional cytogenetic
techniques used in clinical diagnosis will be replaced by advanced DNA-based technologies,
which are named “cytogenomics” [93].

The development of canine cytogenetics/cytogenomics also depends on the interest
of veterinarians and dog breeders, who should be aware of the importance of such testing.
Since the dog is an important biomedical animal, it may be expected that new diagnostic
tools will be developed to overcome the difficulties of chromosome identification.
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on the Progress of Standardization of the G-Banded Canine (Canis Familiaris) Karyotype. Chromosome Res. 1996, 4, 306–309.
[CrossRef] [PubMed]

4. Breen, M.; Bullerdiek, J.; Langford, C.F. The DAPI banded karyotype of the domestic dog (Canis familiaris) generated using
chromosome-specific paint probes. Chromosome Res. 1999, 7, 401–406. [CrossRef] [PubMed]

5. Breen, M.; Hitte, C.; Lorentzen, T.D.; Thomas, R.; Cadieu, E.; Sabacan, L.; Scott, A.; Evanno, G.; Parker, H.G.; Kirkness, E.F.; et al.
An Integrated 4249 Marker FISH/RH Map of the Canine Genome. BMC Genom. 2004, 5, 65. [CrossRef] [PubMed]

39



Animals 2021, 11, 947

6. Thomas, R.; Smith, K.C.; Ostrander, E.A.; Galibert, F.; Breen, M. Chromosome Aberrations in Canine Multicentric Lymphomas De-
tected with Comparative Genomic Hybridisation and a Panel of Single Locus Probes. Br. J. Cancer 2003, 89, 1530–1537. [CrossRef]

7. Reimann-Berg, N.; Bullerdiek, J.; Escobar, H.; Nolte, I. Chromosome analyses in dogs. Tierärztl. Prax. Ausg. K Kleintiere Heimtiere
2012, 40, 191–196. [CrossRef]

8. Smith, F.W.K.; Buoen, L.C.; Weber, A.F.; Johnston, S.D.; Randolph, J.F.; Waters, D.J. X-Chromosomal Monosomy (77, XO) in a
Doberman Pinscher With Gonadal Dysgenesis. J. Vet. Intern. Med. 1989, 3, 90–95. [CrossRef] [PubMed]

9. Löfstedt, R.M.; Buoen, L.C.; Weber, A.F.; Johnston, S.D.; Huntington, A.; Concannon, P.W. Prolonged Proestrus in a Bitch with X
Chromosomal Monosomy (77,XO). J. Am. Vet. Med. Assoc. 1992, 200, 1104–1106.

10. Switonski, M. Two Cases of Infertile Bitches with 78,XX/77,X Mosaic Karyotype: A Need for Cytogenetic Evaluation of Dogs
With Reproductive Disorders. J. Hered. 2003, 94, 65–68. [CrossRef]

11. Mayenco-Aguirre, A.M.; Padilla, J.A.; Flores, J.M.; Daza, M.A. Canine Gonadal Dysgenesis Syndrome: A Case of Mosaicism
(77,XO-78,XX). Vet. Rec. 1999, 145, 582–584. [CrossRef] [PubMed]

12. Raudsepp, T.; Das, P.J.; Avila, F.; Chowdhary, B.P. The Pseudoautosomal Region and Sex Chromosome Aneuploidies in Domestic
Species. Sex. Dev. 2012, 6, 72–83. [CrossRef] [PubMed]

13. Raudsepp, T.; Chowdhary, B.P. The Eutherian Pseudoautosomal Region. Cytogenet. Genome Res. 2015, 147, 81–94. [CrossRef]
14. Szczerbal, I.; Nizanski, W.; Dzimira, S.; Nowacka-Woszuk, J.; Stachecka, J.; Biezynski, J.; Ligocka, Z.; Jagodka, D.; Fabian-

Kurzok, H.; Switonski, M. Chromosome Abnormalities in Dogs with Disorders of Sex Development (DSD). Anim. Reprod. Sci.
2021. submitted.

15. Johnston, S.D.; Buoen, L.C.; Weber, A.F.; Madl, J.E. X Trisomy in an Airedale Bitch with Ovarian Dysplasia and Primary Anestrus.
Theriogenology 1985, 24, 597–607. [CrossRef]

16. Switonski, M.; Godynicki, S.; Jackowiak, H.; Piekowska, A.; Turczuk-Bierla, I.; Szymas, J.; Golinski, P.; Bereszynski, A. Brief Com-
munication. X Trisomy in an Infertile Bitch: Cytogenetic, Anatomic, and Histologic Studies. J. Hered. 2000, 91, 149–150. [CrossRef]

17. Goldschmidt, B.; Paulino, F.O.; Sauza, L.M.; Gomes, H.F. Infertility Related to X-Trisomy in a Labrador Retriever Bitch. J. Israeli
Vet. Med. Assoc. 2003, 58, 123–124.

18. O’Connor, C.L.; Schweizer, C.; Gradil, C.; Schlafer, D.; Lopate, C.; Prociuk, U.; Meyers-Wallen, V.N.; Casal, M.L. Trisomy-X with
Estrous Cycle Anomalies in Two Female Dogs. Theriogenology 2011, 76, 374–380. [CrossRef]

19. Clough, E.; Pyle, R.L.; Hare, W.C.D.; Kelly, D.F.; Patterson, D.F. An XXY Sex-Chromosome Constitution in a Dog with Testicular
Hypoplasia and Congenital Heart Disease. Cytogenet. Genome Res. 1970, 9, 71–77. [CrossRef]

20. Marshall, L.S.; Oehlert, M.L.; Haskins, M.E.; Selden, J.R.; Patterson, D.F. Persistent Müllerian Duct Syndrome in Miniature
Schnauzers. J. Am. Vet. Med. Assoc. 1982, 181, 798–801.

21. Goldschmidt, B.; El-Jaick, K.B.; Souza, L.M.; Carvalho, E.C.Q.; Moura, V.L.S.; Benevides Filho, I.M. Cryptorchidism Associated
with 78,XY/79,XXY Mosaicism in Dog. Israel J. Vet. Med. 2001, 56, 56e8.

22. Reimann-Berg, N.; Escobar, H.M.; Nolte, I.; Bullerdiek, J. Testicular Tumor in an XXY Dog. Cancer Genet. Cytogenet. 2008, 183,
114–116. [CrossRef]

23. Bosu, W.T.; Chick, B.F.; Basrur, P.K. Clinical, Pathologic and Cytogenetic Observations on Two Intersex Dogs. Cornell Vet. 1978, 68,
375–390.

24. Nie, G.J.; Johnston, S.D.; Hayden, D.W.; Buoen, L.C.; Stephens, M. Theriogenology Question of the Month. Azoospermia
Associated with 79,XXY Chromosome Complement (Canine Klinefelter’s Syndrome). J. Am. Vet. Med. Assoc. 1998, 212, 1545–1547.

25. Biason-Lauber, A. Control of Sex Development. Best Pract. Res. Clin. Endocrinol. Metab. 2010, 24, 163–186. [CrossRef]
26. Esteves, A.; Bage, R.; Payan-Carreira, R. Freemartinism in cattle. In Ruminants: Anatomy, Behavior and Diseases; Mendes, R.E., Ed.;

Nova Science Publishers Inc.: Hauppauge, NY, USA, 2012; pp. 99–120.
27. Szczerbal, I.; Nowacka-Woszuk, J.; Dzimira, S.; Matuszczyk, A.; Iskrzak, P.; Switonski, M. Elevated Incidence of Freemartinism in

Pigs Detected by Droplet Digital PCR and Cytogenetic Techniques. Livest. Sci. 2019, 219, 52–56. [CrossRef]
28. Beccaglia, M.; Ronchese, M.; Grieco, V.; Parma, P.; Luvoni, G.C. XX/XY Chimaerism/Mosaicism in a Phenotypically Female

Wirehaired Pointing Griffon Dog. In Proceedings of the 7th International Symposium on Canine and Feline Reproduction,
Whistler, BC, Canada, 26–29 July 2012.

29. Genero, E.R.; Moreno-Millán, M.; Ocaña-Quero, J.M. XX/XY Chromosome Chimaerism in an Intersex Dog. Vet. Rec. 1998, 142,
340. [CrossRef]

30. Kuiper, H.; Distl, O. Intersexuality in dogs: Causes and genetics. DTW Dtsch. Tierarztl. Wochenschr. 2004, 111, 251–258.
31. Szczerbal, I.; Nowacka-Woszuk, J.; Nizanski, W.; Salamon, S.; Ochota, M.; Dzimira, S.; Atamaniuk, W.; Switonski, M. A Case of

Leucocyte Chimerism (78,XX/78,XY) in a Dog with a Disorder of Sexual Development. Reprod. Domest. Anim. 2014, 49, e31–e34.
[CrossRef] [PubMed]

32. Szczerbal, I.; Nowacka-Woszuk, J.; Nizanski, W.; Dzimira, S.; Ligocka, Z.; Jastrzebska, A.; Kabala, B.; Biernacik, M.; Przadka, P.;
Switonski, M. Disorders of Sex Development Are an Emerging Problem in French Bulldogs: A Description of Six New Cases and
a Review of the Literature. Sex. Dev. 2019, 13, 205–211. [CrossRef]

33. Poth, T.; Breuer, W.; Walter, B.; Hecht, W.; Hermanns, W. Disorders of Sex Development in the Dog—Adoption of a New
Nomenclature and Reclassification of Reported Cases. Anim. Reprod. Sci. 2010, 121, 197–207. [CrossRef]

34. Hare, W.C. Intersexuality in the Dog. Can. Vet. J. Rev. Veterinaire Can. 1976, 17, 7–15.

40



Animals 2021, 11, 947

35. Weaver, A.D.; Harvey, M.J.; Munro, C.D.; Rogerson, P.; McDonald, M. Phenotypic Intersex (Female Pseudohermaphroditism) in a
Dachshund Dog. Vet. Rec. 1979, 105, 230–232. [CrossRef] [PubMed]

36. Holt, P.E.; Long, S.E.; Gibbs, C. Disorders of Urination Associated with Canine Intersexuality. J. Small Anim. Pract. 1983, 24,
475–487. [CrossRef]

37. Johnston, S.D. Premature Gonadal Failure in Female Dogs and Cats. J. Reprod. Fertil. Suppl. 1989, 39, 65–72. [PubMed]
38. Chaffaux, S.; Cribiu, E. Clinical, Histological and Cytogenetic Observations on Nine Intersex Dogs. Genet. Sel. Evol. 1991, 23,

S81. [CrossRef]
39. Meyers-Wallen, V.N. Inherited abnormalities of sexual development in dogs and cats. In Recent Advances in Small Animal

Reproduction; Concannon, P.W., England, G., Ver-stegen, J., Eds.; International Veterinary Information Service, USA, 2001.
Available online: https://www.ivis.org/library/recent-advances-small-animal-reproduction/inherited-abnormalities-of-sexual-
development (accessed on 10 January 2021).

40. Sumner, S.M.; Case, J.B.; Regier, P.J.; Oliveira, L.; Abbott, J.R. Laparoscopic Gonadectomy in a Dog with 78,XX/78,XY Chimerism
and Underdeveloped Reproductive Organs. J. Am. Vet. Med. Assoc. 2021, 258, 80–84. [CrossRef]

41. Szczerbal, I.; Nowacka-Woszuk, J.; Albarella, S.; Switonski, M. Technical Note: Droplet Digital PCR as a New Molecular Method
for a Simple and Reliable Diagnosis of Freemartinism in Cattle. J. Dairy Sci. 2019, 102, 10100–10104. [CrossRef] [PubMed]

42. Switonski, M.; Szczerbal, I.; Nizanski, W.; Kociucka, B.; Bartz, M.; Dzimira, S.; Mikolajewska, N. Robertsonian Translocation in a
Sex Reversal Dog (XX, SRY Negative) May Indicate That the Causative Mutation for This Intersexuality Syndrome Resides on
Canine Chromosome 23 (CFA23). Sex. Dev. 2011, 5, 141–146. [CrossRef]

43. Stone, D.M.; Mickelsen, W.D.; Jacky, P.B.; Prieur, D.J. A Novel Robertsonian Translocation in a Family of Walker Hounds. Genome
1991, 34, 677–680. [CrossRef] [PubMed]

44. Switonski, M.; Slota, E.; Pietrzak, A.; Klukowska, J. Chimerism 78,XX/77,XX, Rb in a bitch revealed by chromosome and
microsatellite studies. Vet. Med. Czech. 2000, 45, 296–298.

45. Switonski, M.; Szczerbal, I.; Skorczyk, A.; Yang, F.; Antosik, P. Robertsonian Translocation (8;14) in an Infertile Bitch (Canis
Familiaris). J. Appl. Genet. 2003, 44, 525–527. [PubMed]

46. Dzimira, S.; Wydooghe, E.; Van Soom, A.; Van Brantegem, L.; Nowacka-Woszuk, J.; Szczerbal, I.; Switonski, M. Sertoli Cell
Tumour and Uterine Leiomyoma in Miniature Schnauzer Dogs with Persistent Müllerian Duct Syndrome Caused by Mutation in
the AMHR2 Gene. J. Comp. Pathol. 2018, 161, 20–24. [CrossRef] [PubMed]

47. Nogueira, D.M.; Armada, J.L.A.; Penedo, D.M.; Tannouz, V.G.S.; Meyers-Wallen, V.N. Persistent Mullerian Duct Syndrome in a
Brazilian Miniature Schnauzer Dog. An. Acad. Bras. Ciênc. 2019, 91, e20180752. [CrossRef]

48. Shive, R.J.; Hare, W.C.D.; Patterson, D.F. Chromosome Studies in Dogs with Congenital Cardiac Defects. Cytogenet. Genome Res.
1965, 4, 340–348. [CrossRef]

49. Hare, W.C.; Wilkinson, J.S.; McFeely, R.A.; Riser, W.H. Bone Chondroplasia and a Chromosome Abnormality in the Same Dog.
Am. J. Vet. Res. 1967, 28, 583–587.

50. Ma, N.S.F.; Gilmore, C.E. Chromosomal Abnormality in a Phenotypically and Clinically Normal Dog. Cytogenet. Genome Res.
1971, 10, 254–259. [CrossRef] [PubMed]

51. Larsen, R.E.; Dias, E.; Cervenka, J. Centric Fusion of Autosomal Chromosomes in a Bitch and Offspring. Am. J. Vet. Res. 1978, 39,
861–864.

52. Larsen, R.E.; Dias, E.; Flores, G.; Selden, J.R. Breeding Studies Reveal Segregation of a Canine Robertsonian Translocation along
Mendelian Proportions. Cytogenet. Cell Genet. 1979, 24, 95–101. [CrossRef]

53. Mayr, B.; Krutzler, J.; Schleger, W.; Auer, H. A New Type of Robertsonian Translocation in the Domestic Dog. J. Hered. 1986, 77,
127. [CrossRef]
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Simple Summary: Horse chromosomes have been studied for veterinary diagnostic purposes for
over half a century. The findings show that changes in the chromosome number or structure are
among the most common non-infectious causes of decreased fertility, infertility, and developmental
abnormalities. Based on large-scale surveys, almost 30% of horses with reproductive or developmen-
tal problems have abnormal chromosomes. For a comparison, only 2–5% of horses in the general
population have abnormal chromosomes. Most chromosome abnormalities are rare and found in one
or a few animals. However, two conditions are recurrent: sterile mares with only one X chromosome,
instead of two, and sterile mares with XY male sex chromosomes where the Y has lost the ‘maleness’
gene SRY. The two are signature features of chromosome abnormalities in the horse, being rare or
absent in other domestic animals. The progress in horse genome sequencing and the development of
molecular tools have improved the depth and quality of diagnostic chromosome analysis, allowing
for an understanding of the underlying molecular mechanisms. Nevertheless, cutting-edge genomics
tools are not about to entirely replace traditional chromosome analysis, which still is the most straight-
forward, cost-effective, and fastest approach for the initial evaluation of potential breeding animals
and horses with reproductive or developmental disorders.

Abstract: Clinical cytogenetic studies in horses have been ongoing for over half a century and clearly
demonstrate that chromosomal disorders are among the most common non-infectious causes of
decreased fertility, infertility, and congenital defects. Large-scale cytogenetic surveys show that
almost 30% of horses with reproductive or developmental problems have chromosome aberrations,
whereas abnormal karyotypes are found in only 2–5% of the general population. Among the many
chromosome abnormalities reported in the horse, most are unique or rare. However, all surveys
agree that there are two recurrent conditions: X-monosomy and SRY-negative XY male-to-female sex
reversal, making up approximately 35% and 11% of all chromosome abnormalities, respectively. The
two are signature conditions for the horse and rare or absent in other domestic species. The progress
in equine genomics and the development of molecular tools, have qualitatively improved clinical
cytogenetics today, allowing for refined characterization of aberrations and understanding the under-
lying molecular mechanisms. While cutting-edge genomics tools promise further improvements in
chromosome analysis, they will not entirely replace traditional cytogenetics, which still is the most
straightforward, cost-effective, and fastest approach for the initial evaluation of potential breeding
animals and horses with reproductive or developmental disorders.

Keywords: horse; chromosome aberration; aneuploidy; translocation; structural rearrangements; sex
reversal; chimerism; molecular cytogenetics; FISH; CGH

1. Introduction

Clinical cytogenetic research in horses has been ongoing for over half a century and
has clearly demonstrated that chromosome abnormalities are associated with congenital
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disorders, embryonic loss, reduced fertility, and infertility. Changes in the chromosome
number or structure typically result in genomic imbalance and affect meiotic cell division,
gametogenesis, and the viability of zygotes and embryos. Genetically balanced chromo-
somal changes, such as translocations, can be transmitted, causing fertility problems in
subsequent generations. In cases where chromosomal aberrations do not show phenotypic
or behavioral effects, the carriers can be included in breeding, resulting in significant
economic loss due to veterinary fees and the costs related to maintaining a sterile or a
subfertile horse over the years. Therefore, the cytogenetic screening of potential breeding
animals and clinical cytogenetic evaluation of problem horses are of economic importance
for the equine industry, as well as for the owners and breeders.

During the peak of equine clinical cytogenetics in the 1970s–1990s, many abnormal
karyotypes were published and in the following years, and the findings have been well-
reviewed in books [1,2], book chapters [3–7], and multiple review papers, some specifically
focusing on equine cytogenetics [8–10], others on cytogenetics of domestic animals, includ-
ing the horse [11–14]. Since the last comprehensive and horse-focused reviews about a
decade ago [4,5], equine clinical cytogenetics has advanced qualitatively, mainly thanks
to the progress in equine genomics and the availability of new powerful genomic tools
(reviewed by [15]). At the same time, the quantity of clinical cytogenetic publications
in the horse has reduced compared to the pinnacle times in 1970s–1990s. This, however,
is not because there are less horses with karyotype aberrations but rather because not
every cytogenetic case results in a publication. The majority of recent reports combine
conventional cytogenetics with molecular methods which allow for the validation and
refinement of the findings, but also start revealing the underlying molecular causes and
mechanisms of chromosome abnormalities in the horse.

In this review, we appraise the cytogenetic findings of the past and combine those with
recent reports to identify novel findings and highlight recurrent patterns of chromosome
abnormalities in the horse. We also discuss how molecular tools and the availability of the
horse reference genome have essentially advanced equine clinical cytogenetics today and
what the perspectives for the future are.

2. The Horse Chromosomes

2.1. Chromosome Number

The first reports about horse chromosomes date back to the early 20th century, when,
using spermatogonial and meiotic preparations, it was proposed that the horse diploid
number is approximately 20–37 [16–18] with an XO sex chromosome system [19]. Thanks
to improvements in the chromosome analysis methodology, these early findings were soon
revised showing that like in other mammals, horse has XY sex chromosome system [20] and
the correct diploid number for the domestic horse (Equus caballus, ECA) is 2n = 64 [21–23].

2.2. Application of Different Chromosome Banding Techniques

Horse cytogenetics has evolved in conjunction with human cytogenetics and adopted
from the latter all main chromosome differential staining or banding techniques (reviewed
by [3]). Of the many techniques developed in the 1970s, only a few have remained in active
everyday use in equine clinical chromosome analysis. Among these, the most common
are G-banding [24] and its fluorescent version with 4′,6-diamidino-2-phenylindole, known
as DAPI-banding [25]. The latter produces G-band-like pattern and is an essential part of
all molecular cytogenetic methods (see Section 4). C-banding [26] is an excellent method
to visualize horse sex chromosomes and is still in use as an additional method in cases
involving sex chromosome abnormalities [27,28]. Compared to these, R-banding [29] and
NOR-banding [30] are predominantly used for research [31–33] and not for routine clinical
karyotyping.
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2.3. Karyotype Features and Chromosome Nomenclature

In order to properly characterize chromosome abnormalities and communicate the
findings between cytogenetic laboratories, standard karyotypes, and chromosome nomen-
clatures have been developed. These are agreements among researchers worldwide about
how to number the chromosomes and arrange them by size, centromere position, and
specific banding patterns, and demarcate individual chromosomal regions and bands.

To date, three standard karyotypes have been developed for the horse, the first from
1980 [34] and the second from 1990 [35], mainly differed by chromosome arrangement and
numbering, but provided detailed description of the horse karyotype and chromosome
banding patterns and established common grounds for clinical cytogeneticists. The third
and current standard karyotype from 1997 [36] maintained the second arrangement [35]
but included an enumerated nomenclature of chromosome bands.

According to ISCNH 1997 [36], the autosomes are divided into two groups: in the
first group there are 13 pairs of meta- and sub-metacentric chromosomes, the second
group includes 18 pairs of acrocentric chromosomes. Within each group, the autosomes
are ordered by length. The sex chromosomes—a sub-metacentric X chromosome and an
acrocentric Y chromosome [37]—are located in the center of the karyogram, next to the
row of the three smallest bi-armed chromosomes. Horse sex chromosomes show distinct
C-banding patterns. The X chromosome has two C-bands, one corresponding to the
pericentromeric heterochromatin, another to an ampliconic array of ETSTY7 sequences [38]
interstitially in Xq17. The ETSTY7 sequences prevail in the Y chromosome, which is
almost completely C-band positive. Heterochromatin-rich pericentromeric C-bands are also
present in most of the autosomes, except chr11. The latter is devoid of centromeric satellite
DNA and presents an example of a chromosome with a neo-centromere where centromere
function precedes satellite repeat accumulation [39]. The standard also describes the
location of the 18S-5.8S-28S ribosomal RNA gene clusters or nucleolus organizer regions
(NORs), which are in the telomeric region of chr1 and in the secondary constriction in chr28
and chr31. Some studies also found NOR in chr27 [40,41], though a more recent study [33]
did not confirm the presence of a fourth pair of an NOR-bearing chromosome.

3. Chromosome Aberrations

3.1. Emerging Patterns of Chromosome Abnormalities—Large-Scale Studies

Diagnostic cytogenetic research in horses dates back to the late 1960s, preceding the
introduction of chromosome banding techniques [42]. The first karyotype abnormalities
detected by banding methods were published by Chandley et al. in 1975 [43]: in 7 mares
referred for research due to reproductive problems, aneuploidies 63,X and 63,XXX; mo-
saicism 63,X/64,XX and 64,XY sex reversal were identified. Over the following years,
several large-scale cytogenetic surveys [8,44–46] started to reveal the most prevalent and
specific patterns of chromosome abnormalities in the horse.

A study of 180 mares with gonadal dysgenesis [44] found chromosomal abnormalities
in 54%. The most common abnormality was X-monosomy (63,X), followed by 64,XY
male-to-female sex reversal syndrome. Two mares showed structural abnormalities of
one X chromosome [64,X,del(Xp)]. Chromosomal abnormalities, such as 63,X; 63,X/64,XX;
64,X,del(Xp) and 64,XX,i(26q), were also found in 4 fillies that were tested due to their
small size and poor thriving [44].

A survey by Power [8], recorded X-monosomy in 204 mares (51%) out of 401 tested
horses with chromosomal abnormalities. Of these, 70% had non-mosaic X-monosomy. Like
in the survey by Bowling et al. [44], the second most frequent karyotype aberration was XY
sex reversal, which was diagnosed in 27% out of the 401 horses. Over 13% of horses had
various non-mosaic and mosaic forms of sex chromosome aneuploidies, such as 65,XXX;
65,XXY; 66,XXXY; 64,XX/65XXX; 63,X/64XY; 63,X/65,XYY; 64,XX/65,XXY; 63,X/64,XX/64,XY;
63,X/64,XY/65,XXY; 63,X/64,XX/65,XXY; 64,XX/64,XY/65,XXY; 63,X/64,XX/64,XY/65,XXY
and 63,X/64,XX/65,XXX/65,XXY/66,XXXY/66,XXYY). The remaining 6% had structural
aberrations (translocations, deletions, isochromosomes) or autosomal trisomies.
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A third survey by Parada et al. [45] examined 244 mares with reproductive problems.
Chromosome aberrations were found in 10 of the studied mares, which accounted for 4%
of the entire study population, and 12.8% of completely sterile mares [45]. Like in the two
previous large-scale surveys [8,44], the most common aberration was X-monosomy with
non-mosaic 63,X in 3 mares, and mosaic 63,X/64,XX in four mares, which in total accounted
for 70% of all aberrations [45]. Other findings included XX/XY leukocyte chimerism and
an elongation of the p-arm of chr 12 [45]. The prevalence of sex chromosome abnormalities
was also reported by a smaller-scale cytogenetic analysis of 42 mares with reproductive
problems [47,48] showing mosaicism 63,X/64,XX in five individuals and a three-cell line
mosaicism 63,X/64,XX/65,XXX in one mare. In addition, the analysis of two fillies and one
colt from two different-sex twin pregnancies revealed one pair of twins with lymphocyte
chimerism 64,XX/64,XY.

In order to find out the prevalence of chromosome abnormalities in general horse pop-
ulations, Bugno et al. [46] conducted cytogenetic analysis in 500 young horses—272 fillies
and 228 colts of 10 diverse breeds and breed crosses. Karyotype abnormalities were found
in 10 young mares, which accounted for 2% of the entire population and 3.7% of the female
population [46]. Among the diagnosed aberrations, 8 were X chromosome aneuploidies
(80%)—one pure 63,X and seven 63,X/64,XX mosaics, one case of XX/XY chimerism, and
one case of mosaicism for trisomy 31 (64,XX/65,XX,+31).

The above described surveys of reproductively abnormal and general horse pop-
ulations were all conducted using conventional cytogenetic techniques. However, the
development of molecular cytogenetic methods (see Section 4 for details), has increased
the accuracy and power of diagnosis. For example, two recent studies validated the results
of prior cytogenetic findings in a population of 500 young (up to 2 years) horses using
fluorescence in situ hybridization (FISH) with molecular probes specific for the horse sex
chromosomes [49,50]. The preliminary karyotyping results of 238 horses showed normal
female or male karyotype in 225 animals. In 13 horses (5.5%) the following aberrations
were found: 63,X/64,XX (3 mares); 63,X/64,XX/65,XXX (1 mare); 64,XX/65,XXX (2 mares);
64,XX/64,XX,del(Xp) (1 mare); 63,X/64,XX del(X)?/64,XX (1 mare); 63,X/64,XX/65,XXX
del(X)? (1 mare); 64,XY/65XYY (1 stallion); 64,XX/64,XY (1 stallion); 64,XY SRY-negative
sex reversal (1 mare), and one mare with a reciprocal translocation between chromosome
1 and X: 64,X,t(1p;Xp)(1q;Xq).

Finally, over the past 20 years (2001–2021), the Texas A&M Molecular Cytogenetics
Laboratory (TAMUMCL) has analyzed 766 horses with congenital abnormalities, disorders
of sex development, and/or reproductive problems, using a combination of conventional
and molecular cytogenetic approaches. The data (Table 1, Figure 1) show that 28% of
problem horses have karyotype abnormalities and like in all previous large-scale surveys,
the most prevalent chromosome abnormalities are X-monosomy (35% of all chromosome
abnormalities; 10% of all problem horses; 18% of all problem females) and SRY-negative
XY sex reversal (11% of all chromosome abnormalities; 3% of all problem horses; 6% of
problem females).

Table 1. Summary of clinical cytogenetic findings of the Texas A&M Molecular Cytogenetics Laboratory (TAMUMCL) in
the period of 2001–2021.

Problem Horses Total Number of Individuals % of All Horses Studied
% of All Chromosome

Abnormalities
Reference

Subjected for karyotyping due to
reproductive or developmental problems 766 - -

Males 244 31.9 -

Females 427 55.7 -

Ambiguous sex 95 12.4 -
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Table 1. Cont.

Problem Horses Total Number of Individuals % of All Horses Studied
% of All Chromosome

Abnormalities
Reference

Horses with chromosome abnormalities 215 28.1 -

Types of chromosome abnormalities

X-monosomy 76 9.9; (17.8) * 35.3 [51]

X-trisomy 5 0.7; (1.2) * 2.3 [51]

Sex chromosome and ploidy mosaicism

• 63,X/64,XY
• 64,XX/128,XXXX
• 63,X/64,X,i(Yq) (Figure 1A)

3 0.4 1.4 [37]

X chromosome structural rearrangements

• 64,X,del(Xp)
• 64,X,i(Xq); 2 cases
• 65,XX,+Xq (Figure 1B)

5 0.7 2.3

X-autosome complex rearrangement

• 63,X,der(X),del(q22),dup(q21q11),
t(X;16)(q21;q11),dic(X;16)
(Figure 1C)

1 0.1 0.5 [27]

Y chromosome structural rearrangements

• 64,XY,del(Y)(q11q13) (Figure 1E) 1 0.1 0.5

Y-autosome structural rearrangement

• 64,XY,t(Yq;13p) 1 0.1 0.5 [52]

XX/XY blood chimerism 4 0.5 1.9 [53]

Autosomal translocations

• 64,XX,t(2;13); familial, 2 cases
• 64,XX;t(4;10)
• 64,X?;t(5;16),+mar; familial, 9 cases
• 64,XY;t(12q;25q),der(12p)
• 64,XY;t(4p;30q); familial, 6 cases

20 2.6 9.3 [4,54–56]

Autosomal aneuploidies

• 65,XY+27
• 65,XY+30; 2 cases
• 64,XY,i(26q) or 64,XY,rob(26q26q)

4 0.5 1.9 [57]

XY Sex reversal conditions

• SRY-neg XY DSD females; 24 cases
(Figure 1D)

• SRY-pos XY DSDs female-like; 20
cases

44
24
20

5.7; (10.3) *
3.1; (5.6) *
2.6; (4.7) *

20.5
11.2
9.3

[28,58]

XX DSDs; ambiguous sex 41 5.4 19.1 [58]

SRY-pos XY DSDs; male-like 8 1.0 3.7 [58]

* numbers in parentheses show percent of all problem females; DSD—Disorder of Sex Development.

3.2. Sex Chromosome Aneuploidies

As shown by large-scale surveys and by many individual case reports (reviewed
by [3,5,9,10,51]), the most common karyotype abnormality in horses worldwide is X-
monosomy (63,X) and its mosaic forms 63,X/64,XX and 63,X/64,XY. Occasionally, X-
monosomy has been found together with a second, also abnormal cell line, e.g.,
63,X/65,XXX [59] or 63,X/65,XYY [60,61], or as a mosaic of several cell lines [62–67].

X-monosomy. Mares with X-monosomy are often characterized by a lower height
than age- and breed-mates with normal karyotype. They usually have properly developed
external genitalia but have often underdeveloped small hypoplastic ovaries with no pal-
pable follicles, and a small and flaccid uterus. Mares with X-monosomy show decreased
steroidogenic activity of the ovaries and have overall higher levels of the luteinizing hor-
mone, and lower levels of estrogen, progesterone, testosterone and cortisol [45,68,69]. The
consequence of these changes are disturbances in the development and functioning of the
reproductive system, leading to the absence of the estrus cycle and sterility. While the
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typical consequence of non-mosaic X-monosomy is sterility, a few cases of foals born to
mares with a mosaic karyotype 63,X/64,XX have been described [8,44,47,66,69–71].

Figure 1. Examples of horse sex chromosome structural rearrangements (TAMUMCL archive). (A) Isochromosome Xq
in a mare with short stature, no ovaries and 64,X,i(Xq) karyotype; (B) Trisomy Xq in a non-cycling mare with 65,XX,+Xq
karyotype; (C) Complex dicentric X-autosome rearrangement in a mare with short stature but no other obvious problems,
fertility unknown; (D) Sex chromosomes of three mares with SRY-neg XY male-to-female sex reversal syndrome; the first
two have large deletions in the Y, the third one has a cytogenetically normal-looking Y, but a submicroscopic deletion
around the SRY gene; (E) Partial Y chromosome deletion in a Shetland pony without penis (left, middle), comparison with
the sex chromosomes of a normal male (right).

Sex chromosome trisomies—XXX, XXY and XYY. The second type of aneuploidy di-
agnosed in horses is sex chromosome trisomy—the presence of supernumerary X or Y
chromosomes. These abnormalities are rare and like X-monosomy occur as non-mosaic
65,XXX [43,72–75] and 65,XXY [76–78], or as a mosaic of two [59,79–81], or more cell
lines [46,63,82–84]. Mares with X-trisomy may look phenotypically normal. Some, es-
pecially those with mosaic X-trisomy, may show signs of estrus, but are rarely able to
produce offspring because of hypoplastic gonads [59,74,85]. Likewise, stallions with XXY
sex chromosomes may look normal and show normal male behavior but are sterile due
to testicular hypoplasia and azoospermia [76–79,86]. Cases of male horses with an extra
Y chromosome (65,XYY) are rare, show various forms of Disorders of Sex Development
(DSDs), and have been described as pseudohermaphrodites [60,61,64]. In the 1970s, it was
believed that the presence of two Y chromosomes could positively affect the performance
of stallions. However, the cytogenetic research carried out among champions at that time
did not confirm these expectations [87].

3.3. Autosomal Aneuploidies

Autosomal aneuploidies are rare in horses because the resulting genetic imbalance is
typically lethal, and the few reported live-born cases are exclusively trisomies (Table 2).
Among the large-scale cytogenetic surveys discussed in Section 3.1, autosomal aneuploidies
were recorded only by two—the survey by M. Power [8] and TAMUMCL 20-year data.
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In the latter, autosomal trisomies were found in just 4 animals out of the 766 abnormal
horses studied, and account for less than 2% of all detected chromosome abnormalities
(Table 1). In contrast, a recent whole genome analysis identified autosomal aneuploidies
(both trisomies and monosomies) in over 20% of equine early pregnancy losses (EPLs) at
14–65 days of gestation [88]. This is in line with the data for humans where autosomal
aneuploidies are well understood and described, and account for approximately 50% of all
diagnosed chromosome disorders in miscarried fetuses [89,90].

Table 2. Summary data about all individual cases of autosomal aneuploidies reported for the horse.

Chr.
Karyotype/Type
of Aneuploidy

Mosaicism Phenotype Methods Breed Maternal Age Reference

1 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR WB 4 [88]

3 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR TB 6 [88]

15 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR TB 19 [88]

20 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR TB 13 [88]

20 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR TB 19 [88]

23 65,XY,+23 non-mosaic
Liveborn,
congenital

defects

G- and
C-banding STB n/a [84]

23, 24 n/a; double
trisomy n/a

Early
pregnancy loss

fetus

SNP-CGH;
WGS; ddPCR TB 3 [88]

26 64,XX,i(26q) or
64,XX,rob(26q26q) non-mosaic

Liveborn,
congenital

defects, fertile

G-, R- and
C-banding TB 3 [92]

26 64,XX,i(26q) or
64,XX,rob(26q26q) non-mosaic

Liveborn,
congenital

defects

G-banding;
BAC-FISH TB 5 TAMUMCL

27 65,XY,+27 non-mosaic
Liveborn,
congenital

defects
G-banding QH 26 [93]

27 65,XY,+27 non-mosaic
Liveborn,
congenital

defects
G-banding AR 25 [94]

27 65,XY,+27 non-mosaic
Liveborn,
congenital

defects

G-banding;
BAC-FISH STB 5 [57]

27 64,XX/65,XX,+27 mosaic
Liveborn,
congenital

defects

G-banding,
BAC-FISH;
SNP-CGH

FR n/a [95]

27 n/a;
monosomy n/a

Early
pregnancy loss

fetus

SNP-CGH;
WGS; ddPCR TB 10 [88]
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Table 2. Cont.

Chr.
Karyotype/Type
of Aneuploidy

Mosaicism Phenotype Methods Breed Maternal Age Reference

27 n/a;
monosomy n/a

Early
pregnancy loss

fetus

SNP-CGH;
WGS; ddPCR TB 19 [88]

28 65,XY,+28 non-mosaic
Liveborn,
congenital

defects

G- and
R-banding TB 14 [91]

30 65,XX,+30 non-mosaic
Liveborn,
congenital

defects

G-, R- and
C-banding AR 23 [92]

30 n/a; trisomy non-mosaic
Liveborn,
congenital

defects
SNP-CGH WP n/a [95]

30 65,XX,+30 non-mosaic
Liveborn,
congenital

defects

G-banding;
BAC-FISH M 23 TAMUMCL

30 65,XY,+30 non-mosaic
Liveborn,
congenital

defects

G-banding;
BAC-FISH AR 9 TAMUMCL

30 64,XX/65,XX,+30 mosaic Liveborn,
fertile G-banding PK n/a [97]

30 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR TB 9 [88]

30 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR TB 19 [88]

31 65,XY,+31 non-mosaic
Liveborn,
congenital

defects
G-banding TB 26 [96]

31 n/a; trisomy n/a
Early

pregnancy loss
fetus

SNP-CGH;
WGS; ddPCR WB 10 [88]

31 64,XX/65,XX,+31 mosaic Liveborn,
normal

G-and
C-banding TB n/a [46]

CGH—comparative genomic hybridization; WGS—whole genome sequencing; ddPCR—digital droplet PCR; abbreviations of horse breeds:
AR- Arabian; FR—Friesian; M—Morgan; PK—Polish Konik; QH—American Quarter Horse; STB—Standardbred; TB—Thoroughbred;
WB—Warmblood; WP—Welsh Pony.

To date, 14 liveborn cases with trisomies involving 6 autosomes have been reported
and in all, the extra chromosome is one of the smallest acrocentrics (Table 2). Phenotypes
of the carriers vary but typically have numerous severe congenital malformations and
primary infertility. The first diagnosed case was trisomy 28 in a Thoroughbred male with
very short stature, cryptorchidism and azoospermia [91]. A foal with trisomy 23 had
numerous defects of the skeletal system and sexual organs [84]. Trisomy 26 has been
reported twice: in a filly with poor constitution, neurologic and behavioral issues ([92],
and a colt with neurologic and gait defects and poor thriving (TAMUMCL). Curiously, in
both cases, the chromosome number was normal 2n = 64, either due to the formation of
isochromosome 26 or by Robertsonian fusion of the extra chr26. The dams of the abnormal
foals in both cases were relatively young (3 years-old and 5 years-old, respectively), thus
excluding advanced maternal age as a contributing factor. However, the most notable is
that the filly with trisomy 26 turned into a fertile mare who gave birth to a healthy and
chromosomally normal colt [92]. Trisomy 27 has been found in 4 cases and in all, the
affected foals had multiple congenital malformations, including contracted tendon [93],
arthrogryposis [94], skeletal malformations [95], and gait and behavioral abnormalities [57].
Four cases have also been diagnosed with trisomy 30, all having multiple developmental
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and behavioral abnormalities, such as poor thriving (TAMUMCL cases); abnormal gait and
limb malformations [92]; facial deformities, scoliosis and heart and artery defects [95]. In
contrast, trisomy for the smallest equine autosome, chr31, has been reported only once—a
colt with underdevelopment of the limbs and reproductive organs [96].

Primary infertility, which is associated with the majority of non-mosaic autosomal
trisomies, prevents propagating the aberrations in the population. However, this is not the
case of mosaic forms. For example, Kubień and Tischner [97] described a phenotypically
normal Polish Konik mare with 64, XX/65,XX 0 karyotype that gave birth to a normal foal.
Likewise, Bugno et al. [46] diagnosed a 64,XX/65,XX,+31 karyotype in a few months-old
filly with no developmental anomalies at this age. The lack of developmental abnormalities
and normal fertility in mosaic forms of autosomal trisomy is likely due to the presence of a
cell line with a normal karyotype.

It is well-established that the risk for autosomal trisomies in humans increases with
advancing maternal age [98]. No such statistics is available for the horse, mainly because
of the small number of reported cases. However, in some of the above-described studies,
advanced age of the dam has been considered as a contributing factor [44,92]. In others,
however, foals with an autosomal trisomy have been born to mares of average reproductive
age (Table 2). Likewise, no clear correlation between maternal age and aneuploidies were
detected in the single study of EPLs [88]. Because horses are used for breeding at all ages,
continuing collection of cases with phenotypic and parental information is needed to shed
more light into this matter.

3.4. Structural Rearrangements

Structural rearrangements change the constitution of one or more chromosomes and
are typically caused by double-stranded DNA breaks and subsequent mistakes in repair
during meiosis [99]. Depending on their effect on genome integrity, structural rearrange-
ments are classified as genetically balanced and unbalanced. Balanced rearrangements
include inversions and most translocations, and do not change the DNA content of a cell.
Balanced structural changes typically do not have noticeable phenotypic manifestation and
can easily remain unnoticed in carrier animals. In contrast, unbalanced rearrangements,
such as deletions, duplications, and unbalanced translocations, cause a gain or loss of the
genetic material and depending on the size and content, may have more or less severe
effects on development, viability and reproduction (reviewed by [13,14]).

Translocations. Translocations involve nonhomologous chromosomes which exchange
parts or fuse, giving rise to reciprocal or nonreciprocal translocations, respectively [100].
Carriers of genetically balanced translocations appear phenotypically normal but have
reduced fertility because of producing both genetically balanced and unbalanced gametes.
The former can pass the translocation between generations, whereas fertilization of un-
balanced gametes typically results in embryonic or fetal death, and is noticed as reduced
fertility [14,54]. Carriers of unbalanced translocations, on the other hand, show a range of
developmental and reproductive disorders depending on the extent of genetic imbalance
and the regions involved [100].

Translocations are rare in horses and to date, only 15 unique translocations have
been reported (Table 3). Of these, 11 are autosomal and 4 involve an autosome and a sex
chromosome.

Autosomal translocations. The majority of autosomal translocations found in horses are
balanced, thus not affecting the performance or appearance of the carrier animal. They were
discovered because the carrier mare or stallion was subjected for chromosome analysis
due to recurrent early embryonic loss (REEL) and subfertility (reviewed by [4,5,9,14]).
Therefore, the actual frequency of balanced autosomal translocations in equine populations
may be higher, but due to no phenotypic effect and because only select individuals are
used for breeding, they remain undetected [54]. In contrast, the single case of a live
horse with unbalanced autosomal translocation, a Warmblood colt with 64,XY,t(4;30),+4p
(Table 3), was euthanized due to poor thriving [54]. Overall, live animals with unbalanced
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autosomal translocations are extremely rare and typically, the condition is not viable
beyond preimplantation [101].

Table 3. Summary data of all translocations found in horses.

Karyotype Type Genetic Balance
Evidence of

Transmission
Reproductive

Phenotype
Methods Breed Reference

64,XX,t(1q;3q) Reciprocal balanced no REEL G- and
R-banding TB [102]

64,XY,t(1;30) Tandem balanced no subfertility G- and
C-banding TB [103]

64,XX,t(1;16) Reciprocal balanced no subfertility

G-and
C-banding;
BAC-FISH;
Zoo-FISH

TB [104]

64,XX,t(1;21) nonreciprocal balanced no REEL
G-and

C-banding;
BAC-FISH

TB [105]

64,XX,t(2;13) nonreciprocal balanced yes REEL G-banding;
BAC-FISH TB [56]

64,XX,t(4;13) Reciprocal balanced no REEL
G-and

C-banding;
BAC-FISH

TB [105]

64,XX,t(4;10) nonreciprocal balanced no REEL G-banding;
BAC-FISH AR [55]

64,XY,t(4;30),der(4q) and
64,XY,t(4;30),+4p nonreciprocal balanced/

unbalanced yes
foals with
congenital

abnormalities

G-banding;
BAC-FISH WB [58]

64,XY,t(5;16),+mar nonreciprocal balanced yes REEL G-banding;
BAC-FISH TB [4]

64,XY,t(12;25),der(12p) nonreciprocal balanced no azoospermia,
small testes

G-banding;
BAC-FISH AR [58]

64,XX,t(16;22),+mar Reciprocal balanced no REEL
G-and

C-banding;
BAC-FISH

TB [105]

64,X,t(1p;Xp)(1q;Xq) Reciprocal balanced no n/a G-banding;
BAC-FISH n/a [49]

63,X,t(Xq;16),+ complex X
rearrangements nonreciprocal unbalanced no n/a G-banding;

BAC-FISH TB [27]

64,X,t(15;X),-Xp,+15 * nonreciprocal unbalanced no infertility G- and
R-banding TB [91]

64,X,t(13;Y) Reciprocal balanced no azoospermia
G-and

C-banding;
BAC-FISH

FR [52]

* According to ISCNH1997, the involved autosome is chr17; REEL—Recurrent Early Embryonic Loss; Abbreviations of horse breeds:
AR—Arabian; FR-Friesian; TB—Thoroughbred; WB—Warmblood.

Balanced translocations are among the few hereditary chromosome abnormalities be-
cause the carriers can pass the condition to their offspring. If transmitted, the translocation
will cause similar subfertility issues in the next generation [14]. In horse breeding where
sires and dams are selected based on their athletic performance, appearance, and pedigrees,
rather than reproductive performance, this can lead to propagating translocations over
generations. Currently, there is cytogenetic evidence for three such ’translocation families’
(Table 3): an elite Thoroughbred stallion with 64,XY,t(5;16),+mar passing the rearrange-
ment to 8 offspring [4]; an elite Warmblood stallion with 64,XY,t(4;30),der(4q) passing the
rearrangement to 5 offspring [54], and a Thoroughbred mare with 64,XX,t(2;13) passing
the rearrangement to a single foal [54,56]. Therefore, systematic chromosome analysis
of prospective breeding animals is needed for early detection of translocation carriers to
prevent transmission and reduce economic loss due to subfertility.

Autosome and sex chromosome translocations. The phenotypic effects of translocations
involving sex chromosomes differ from those of autosomes, as well as from each other. In
each case, the genetic consequences depend on whether the horse is male or female and
which X chromosome regions are involved. This is because random X inactivation (XCI) in
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mammalian females [106,107], balances X chromosome gene dosage between sexes, but
also buffers deleterious effects of X chromosome mutations [108,109]. This is illustrated
by phenotypic differences between the three reported cases of X-autosome translocations
(Table 3). The mare with a balanced 64,X,t(1p;Xp)(1q;Xq) karyotype was phenotypically
normal [49]. The Thoroughbred mare with unbalanced, dicentric complex X chromosome
rearrangement and t(16;X) (Figure 1C), had only mild phenotype with short stature. This
is because there was no autosomal imbalance and the rearranged X chromosome portion
was subject for XCI, which probably did not spread over to chr16 [27]. In contrast, the
Thoroughbred mare with unbalanced 64,X,t(15;X),-Xp,+15 karyotype had a short stature
and was infertile [91], which is consistent with monosomy for Xp [14]. However, this mare
also had trisomy 15, which most likely should not be viable, but because one copy of chr15
was translocated to Xq, it was functionally silenced by XCI [91].

A unique case is a balanced reciprocal Y-chr13 translocation in a Friesian stallion
with complete azoospermia [52]. It is the first case of azoospermia in stallions with a
cytogenetically detected Y chromosome abnormality. However, because balanced translo-
cations typically cause only subfertility, the complete meiotic arrest and azoospermia in
this stallion remained a puzzle [52]. The mystery was resolved by a recent hypothesis
about Y-linked meiotic executioner genes which are necessary for successful meiosis but
must also be subjected to meiotic sex chromosome inactivation (MSCI) [110]. If such genes
are translocated to an autosome, ectopic expression of these genes during MSCI results
in fatal meiotic arrest [110]. Thus, the Friesian stallion with Y-autosome translocation is
a proof-of-principle to this hypothesis and another example illustrating different genetic
consequences of translocations involving autosomes only compared to those involving an
autosome and a sex chromosome.

Translocation-prone chromosomes. Even though none of equine translocations have
been recurrent, i.e., have not independently occurred in unrelated individuals, some horse
chromosomes tend to be engaged more often than others. For example, only 14 autosomes
(out of 31) and the sex chromosomes have been involved in the 15 currently known
translocations (Table 3) [54]. Of these, chr1 has been involved five times, chr16 four times,
chr4, 13, and X three times each, chr30 twice, and chr2, 3, 5, 10, 12, 17, 21, 22, 25, and Y once
each. Whether or not the involvement of particular chromosomes is random or associated
with specific molecular features, remains a topic for future research. Studies in humans and
pigs, where translocation frequency is high, indicate that translocation breakpoints are not
random and occur preferentially in regions with open chromatin (G-negative bands), higher
gene density and common fragile sites, and are demarcated by repetitive elements such
as LINEs, SINEs, and endogenous retroviral elements [99,111]. Continuing the collection
of additional clinical and cytogenetic data on translocations is the key for revealing their
molecular patterns in horse chromosomes.

Deletions and duplications. Deletions and duplications decrease or increase the total
amount of DNA in a cell, respectively, and cause genomic imbalance. Loss or gain of large
chromosomal segments is usually lethal or accompanied by severe malformations and
infertility. Smaller submicroscopic deletions and duplications, also known as DNA copy
number variants (CNVs), may or may not have any evident phenotypic effect, and their
contribution to equine health and fertility is, as of yet, poorly understood [112].

Chromosomal deletions and duplications are part of unbalanced translocations and
were discussed in the previous section (Table 3). Otherwise, there are just two reports on
cytogenetically detected autosomal deletions: deletion of chr13qter [64,XY,del(13)(qter)]
in a Standardbred stallion [63] and an Arabian stallion with mosaicism for XX/XY and
chr10 deletion [64,XY/63,XY,–10; 64,XX/63,XX,–10;] [113]. Both cases were identified due
to fertility issues. However, it must be noted that these studies predated the availability of
molecular cytogenetic tools to validate the findings.

Horse Y chromosome is particularly prone for deletions, most of which cause SRY-
negative XY sex reversal syndrome and are discussed in Sections 3.6 and 5. In addition,
TAMUMCL has studied a case of a male Shetland pony with no penis. The horse was
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SRY-positive and had 64,XY karyotype with an unusually small Y chromosome that had
lost the majority of the C-band positive heterochromatin (Table 1, Figure 1E).

Inversions. An inversion occurs when a piece of a chromosome breaks and reinserts
within the same chromosome in inverted orientation [100]. Inversions are hard to detect
both by conventional and molecular cytogenetic approaches, and to date there are no
reports about equine clinical cases caused by inversions. The only known cytogenetically
detectable inversion in the horse is the over 40 Mb-size inversion in chr3q causing the
tobiano color pattern but is not associated with a disease or disorder [114].

Isochromosomes. Isochromosomes (i) are structurally abnormal chromosomes that
are formed through a centric mis-division and result in chromosome arms which are mirror
image of each other and genetically identical [115]. If one copy of the normal chromosome
is also retained, the result is trisomy for that chromosome arm. Thus, isochromosome
formation is both a structural and numerical rearrangement.

Isochromosomes have been reported for horse sex chromosomes –i(Xq) ([116]; TAMUMCL,
Table 1, Figure 1A) and i(Yq) [37,117,118]. The two cases of 64,X,i(Xq) ([116]; TAMUMCL) were
both described as having short stature and small inactive ovaries—a typical phenotype for
X-monosomy or the deletion of Xp [14]. Isochromosome Y has been found only in mosaic
form as 63,X/64,X,i(Yq) [37,117,118] (Figure 2). Two cases had similar DSD phenotypes—a
male pseudohermaphrodite [117] and an intersex [37]. The third case was slightly different
describing a female horse with abnormal external genitalia (Figure 2), but here the researchers
also detected by PCR analysis Y chromosome microdeletions [118].

Among autosomes, there are two cases with putative isochromosome 26—a fertile
Thoroughbred mare [92] and a Thoroughbred colt with neurologic issues, gait problems
and poor growth (TAMUMCL, Table 1). Both horses had normal chromosome number
with 64,XX or 64,XY karyotypes, respectively, but carried one normal chr26 and one
metacentric marker chromosome which both arms corresponded to chr26. Further analysis
by microsatellite genotyping (see Section 4.3) is needed to reveal whether the abnormal
metacentric chromosome is an isochromosome or a result of Robertsonian fusion. In
the first case, all chr26 markers should be bi-allelic, in the latter, three alleles can be
detected. Regardless, recurrence of i(26q) or rob(26q26q) in unrelated horses is certainly a
curious observation.

Fragile sites. Fragile sites are specific chromosomal loci that exhibit gaps and breaks on
metaphase chromosomes following partial inhibition of DNA synthesis. Common fragile
sites are found in all individuals, while rare fragile sites occur infrequently, are inherited in
the Mendelian manner and can be associated with congenital disorders [119,120].

Chromosomal fragility has also been reported in horses in connection with sterility
and reduced fertility [32], though the mechanism underlying this connection remains
unclear [119]. Difficulty of interpretation is probably one of the reasons why fragile sites
or chromosome breaks have not been included in any equine clinical cytogenetic case
report, even though breaks and gaps have been observed and recorded in laboratory
notes (TAMUMCL archive). Fragile sites certainly deserve further attention by clinical
cytogenetics and basic genome research because in both humans and horses, they have
been co-localized with interstitial telomeric sequences, known as genomic ‘scars’ marking
DNA break/repair sites and possibly more unstable genomic regions [121].

3.5. Chimerism

The term chimera is defined as an individual that has two cell lines derived from two
separate zygotes. This disorder may appear as a result of the early fusion of zygotes, which
are the result of fertilization of the egg and polar body. In a situation where their genetic
sex is different (XX and XY), chimerism involving all tissues leads to intersex with ovotestis.
Chimerism may also be caused by early embryo fusion [122].
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Figure 2. Example of a horse with isochromosome Y in a mosaic karyotype 63,X/64,X,i(Yq). (A) Abnormal external genitalia
of a 6 month-old mare; (B) Cell line with X-monosomy 63,X (97%); the single X is labeled green with X-specific painting
probe; (C) Cell line with isochromosome Y and 64,X,i(Yq) karyotype (3%); X is labeled green with X-specific painting
probe and Y is labeled red with Y-specific painting probe; (D) Part of the same metaphase after G-banding showing i(Yq)
(arrow); (E) Partial metaphase after FISH with a probe specific for USP9Y region in Y (note the red signal at both ends of the
isochromosome Y).

The best-known form of chimerism in mammals is the presence of two cell populations
in individuals born from twin or multiple pregnancy, both the same-sex and different-
sex. In these cases, the occurrence of cellular chimerism is the result of the formation
of a common bloodstream through anastomoses, i.e., vascular connections between the
fetal membranes of co-twins [123,124]. The consequence is the exchange of hematopoi-
etic cells and the interaction of the endocrine and immune systems between the twins.
The consequence of the formation of anastomoses are changes in the female reproduc-
tive system, which most often lead to infertility (cattle, sheep) or reproductive problems
(horses) [53,125–131].

The cases of fertile mares with XX/XY leukocyte chimerism may indicate a late contact
of placental vessels between fetuses [129]. If the fusion takes place after sex determination
and differentiation towards ovaries, they do not undergo masculinization, which occurs in
freemartin heifers derived from different-sex twin pregnancies [131].

3.6. Cytogenetics of Sex Reversal Conditions

The term sex reversal has been used to describe situations where the genetic sex as de-
termined by sex chromosomes does not agree with the gonadal and/or external phenotypic
sex. In human medicine, due to social and ethical issues, gender-based diagnostic labels
such as sex reversal, intersex, hermaphroditism, and pseudohermaphroditism, have been replaced
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by a more neutral term disorders of sex development (DSDs) [132]. The term has also been
extended to veterinary medicine to denote congenital conditions in which development
of chromosomal, gonadal, or anatomic sex is atypical [11]. Conditions with a normal
karyotype but atypical or ambiguous sex development are classified according to the sex
chromosomes into XY and XX DSDs.

64,XY DSDs. Many cases of male-to-female sex reversal or XY DSDs have been de-
scribed in horses and after X-monosomy, they are the most common equine chromosome
abnormalities (reviewed by [4,5,10–14,133,134]). It has been estimated that approximately
12% to 30% of all cytogenetically abnormal cases are XY DSDs [28,44,135] (Table 1).

In earlier studies, when XY DSDs were recognized solely by karyotyping, without test-
ing for the SRY gene, the researchers observed that phenotypes of XY sex reversal horses can
vary in a broad range—from a very feminine to a greatly masculinized mare [44,135–137].
With the inception of SRY testing in equine cytogenetics, first by Southern blotting [138]
and thereafter by PCR [73,139,140], horse XY DSDs are categorized as SRY-negative and
SRY-positive.

SRY-negative XY DSDs. This is the most prevalent form of XY DSDs and encompasses
the majority of the feminine-type cases. The affected mares typically have normal female
external genitalia and no somatic or behavioral abnormalities but are sterile due to ovarian
and uterine dysgenesis [10,11,28,73,78,133,138,141–144]. The phenotype of SRY-negative
XY DSD very closely resembles that of X-monosomy, indicating that while the absence of
SRY blocks the male development pathway in these individuals, normal female develop-
ment still requires the presence of two X chromosomes. At molecular level, SRY-negative
XY DSD in horses is caused by Y chromosome deletions (Figure 1D) and discussed in detail
in Section 6.

SRY-positive XY DSDs. This group of XY DSDs encompasses female-like horses show-
ing various degrees of masculinization and virilization, as well as stallion-like behavior.
These horses usually have abnormally developed genital tract, the gonads can range
from ovotestes to testicular feminization, and the cases are described as male pseudo-
hermaphrodites, intersex or ambiguous sex [28,44,133,134,136,137,145–149].

Despite female-like appearance, these horses are genetically male with an intact Y chro-
mosome and a normal SRY gene [28]. Molecular causes for abnormal sex development are
known or suggested only for a few cases. In three families of different breeds, SRY-positive
XY DSD was associated with androgen insensitivity syndrome and with different muta-
tions in the androgen receptor gene [150–152]. In two related male pseudohermaphrodite
Standardbreds with SRY-positive XY DSD [146], a large (~200 kb) homozygous deletion in
chr29 was found and proposed as a likely cause because the deletion removed a cluster of
genes (AKR1C family) with known functions in steroid hormone biosynthesis, including
androgens and estrogens [58,112]. However, AR mutations or the deletion in chr29 are not
present in many other cases of SRY-positive XY DSDs [58], suggesting that the molecular
causes of the condition are heterogeneous.

64,XX DSDs. Horses with XX DSDs are SRY-negative and cytogenetically indistin-
guishable from normal females. However, all equine XX DSDs cases have highly abnormal
and ambiguous sex phenotypes (reviewed by [10,12–14]). In contrast to humans where
multiple cases of SRY-positive XX males have been reported [153], true XX female-to-male
sex reversal condition has not been found in horses. Over the years, tens of XX DSD cases
have been described [133,139,154–160], including 41 unpublished cases from TAMUMCL
(Table 1). While clinical details of individual cases may vary, they are typically reported
as intersex, hermaphrodite or ambiguous sex because of difficulties to decide about the
gonadal and/or phenotypic sex of the horse (reviewed by [134]). Molecular causes of
equine XX DSD are unknown.

4. Molecular Cytogenetic Methods and Applications

During the past three decades, largely thanks to the progress in horse gene mapping
and genome sequencing (reviewed by [15]), methodological advancements have also
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shaped equine cytogenetics, leading to improved resolution and accuracy in detecting
various types of chromosome abnormalities. Clinical cytogenetics today is essentially a
combination of conventional chromosome analysis by banding techniques and a variety of
molecular approaches.

4.1. Fluorescence In Situ Hybridization (FISH)

The most widely used molecular approach in equine clinical cytogenetics is fluores-
cence in situ hybridization (FISH). The method was developed in the 1980s (reviewed
by [161]), relies on the Watson–Crick DNA base-pairing complementarity principle and
permits identification of the location of DNA sequences in their original place (in situ) in
mitotic and meiotic chromosomes at different stages of the cell cycle [162,163]. The most
commonly used probes for FISH in cytogenetic studies are clones from the horse genomic
bacterial artificial chromosome (BAC) library CHORI-241 (https://bacpacresources.org/
accessed on 1 March 2021). This is because thanks to the whole-genome radiation hybrid
and FISH map [164] and available end sequence data for approximately 315,000 BACs [165],
precise chromosomal and sequence map locations are known for thousands of clones from
this library. Therefore, if a BAC clone is needed for FISH to identify the chromosomes
involved in numerical or structural rearrangements or for determining rearrangement
breakpoints, it can be found from the Genomic Clones track of EquCab3 assembly in NCBI
Genome (https://www.ncbi.nlm.nih.gov/genome/?term=horse accessed on 1 March 2021)
and ordered from the CHORI BACPAC resources (https://bacpacresources.org/ accessed
on 1 March 2021).

Other important FISH probes are horse chromosome-specific paints generated by
chromosome flow sorting [72,166] or microdissection [167–170]. The latter method also
allows for the preparation of probes specific for chromosomal segments and has been used
to generate painting probes for the short- and long arm of the horse X chromosome [171].

In addition to BACs and chromosome painting probes, FISH probes are available
for vertebrate telomeric repeats (Discovery®: https://www.discoverypeptides.com/pna/
pna-telomere-fish-probes accessed on 1 March 2021), multicopy 18S-5.8S-28S ribosomal
DNA (rDNA) sequences [33], also known as nucleolus organizer regions (NORs), and
horse centromeres [172]. Alternatively, researchers have used primed in situ DNA synthesis
(PRINS) for the detection of telomere, centromere, and rDNA repeat sequences in horse
chromosomes [33,173,174].

4.2. Application of FISH in Horse Clinical Cytogenetics

The first application of FISH in equine clinical cytogenetics was the use of a flow
sorted X chromosome paint to detect X chromosome aneuploidies [72]. Since then, X
chromosome paints have been used in multiple cytogenetic cases for the detection of
mosaic (see Figure 2B,C) and non-mosaic X chromosome aneuploidies [64,74,167,169],
aneuploidies of X chromosome arms [171], sex chromosome mosaicism [175], and in one
recent case, to show premature X chromosome centromere division in a Hucul mare [176].
Combination of both the X and the Y chromosome paints (Figure 2C) or the Y paint alone,
have been used to confirm sex chromosome complement and large Y chromosome deletions
in cases of XY male-to-female sex reversal [28,141].

In contrast to the wide use of sex chromosome paints, there are no reports about
FISH with horse autosomal paints to analyze cases of autosomal aneuploidies or struc-
tural rearrangements. So far, all FISH experiments validating and refining various horse
translocations (Table 3) have used BAC clones. Likewise, BAC-FISH has also been instru-
mental for the accurate identification of the small autosomes involved in trisomies [57,95]
(Table 2), for confirming isochromosome formation [37], and for characterizing two cases
with complex structural rearrangements. The first one involved 5;16 translocation and a
de novo small marker chromosome [4], another had a dicentric X;16 translocation with
partial Xq duplication and deletion [27]. The use of BACs instead of chromosome paints
in these cases is probably because BAC-FISH provides better resolution for resolving re-
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arrangement breakpoints, but also because horse chromosome painting probes are not
commercially available.

Compared to BACs and sex chromosome paints, the use of FISH with centromeric,
telomeric, or rDNA probes in equine clinical cytogenetics has been limited. The few
examples include centromere-FISH to locate centromeric sequences in a dicentric derivative
chromosome [27] and show the position of centromeres in isochromosome Y [37]. The
latter study also determined that the horse Y chromosome is an acrocentric and not sub-
metacentric as presented in ISCNH 1997 [36].

4.3. Cytogenetic Evaluation of Stallions by Sperm-FISH

Sperm-FISH is a state-of-art technique to analyze chromosomal constitution of mature
spermatozoa, which have highly condensed chromatin, do not undergo cell division and
cannot be studied by conventional cytogenetic approaches. Sperm-FISH is carried out
on decondensed sperm nuclei using chromosome-specific paints or BAC clones. The
method was initially developed for men [177] but has been optimized for domestic species,
including the stallion [178]. While karyotyping evaluates chromosomes in diploid somatic
cells, sperm-FISH allows determining the chromosomal constitution of mature haploid
sperm and is potentially more informative for fertility evaluation. However, the ability to
detect aneuploidies is limited to the availability of chromosome-specific probes and the
number of fluorochromes that can be simultaneously visualized under the microscope.

Owing to these limitations, sperm-FISH studies in stallions have been restricted to
analyzing sex chromosome aneuploidies in reproductively normal [179–181] and subfertile
stallions [182]. These studies indicate that sex chromosome aneuploidy rate in normal stal-
lions is in the range of 0.32–1.14% [179–181] with the highest frequency for sex chromosome
nullisomy (0.47–1.22%) and the lowest for trisomy XXX or XXY (0.008–0.02%) [180,181].
Correlation has also been found between stallion age and the total number of aberrations in
sperm [180,181]. Compared to normal stallions, subfertile Sorraia stallions have over five
times more (5.83%) sex chromosome aneuploidies [182], whereas stallions in general show
the highest rate of X and Y aneuploidies among domestic species (reviewed by [14]). Based
on these data, it is tempting to speculate that the relatively high frequency of X-monosomy
found in horses (see Section 3.2.) is partially caused by sperm aneuploidies, particularly
the sex chromosome nullisomy.

4.4. Whole Genome Analysis by Comparative Genomic Hybridization and Sequencing

Comparative genomic hybridization (CGH) was originally designed for human cancer
cytogenetics to overcome the difficulties to obtain high-quality metaphase spreads from
various solid tumors [183]. The technique uses competitive hybridization of two differently
labeled (red and green) DNA probes, one from a normal control, another from a cancer cell
to normal metaphase chromosomes. The measurement of the ratios of red-to-green fluores-
cence along chromosomes will identify gains and losses in the cancer genome compared
to the control. In horses, the CGH technique has been used to identify chromosome rear-
rangements involving large deletions and amplifications in equine sarcoid cells [184]. With
the development of array technology, CGH has been adapted for SNP and oligonucleotide
tiling arrays, known as array CGH (aCGH) [185,186].

The contribution of aCGH to horse clinical cytogenetics has been limited to just four
studies. The first one used the Equine SNP50 BeadChip (Illumina) to confirm previously
known cases of X monosomy and trisomy 31 and identified new cases with trisomy 27 and
31 [95]. The second study, used aCGH to investigate CNVs in normal horse genome, but
coincidentally discovered a large, over 200 kb deletion in chr29 of two female-like horses
with 64,XY SRY-positive DSD [112]. The third study applied aCGH to identify chromosome
rearrangements in an intersex horse [187]. The most recent study used the high density 670K
equine SNP array [188] and detected 12 different, mostly novel, autosomal aneuploidies in
fetuses from early pregnancy loss [88] (Table 2). The findings were confirmed by whole
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genome sequencing (WGS) and digital droplet PCR, suggesting that advanced molecular
methods will gradually become an integral part of equine clinical cytogenetics.

4.5. Immunolocalization of Chromosomal Proteins

The use of fluorescently labeled antibodies for chromosomal proteins such as cen-
tromere kinetochore proteins, synaptonemal complex proteins SCP1 and SCP3, proteins
associated with double stranded break repair and recombination or meiotic silencing, has
considerably improved the knowledge about chromosome function in normal cells, as well
as in cells with chromosomal aberrations (reviewed by [189]). Immunostaining is often
combined with FISH, which further increases the power and resolution of analysis.

In horse cytogenetics, immunostaining has been used to understand the organiza-
tion, function, and evolution of centromeres [190,191] and for the study of synaptonemal
complexes, recombination sites and the chiasmata in meiosis prophase and MI of normal
stallions [192,193]. To date, immunostaining has not been used for the study of aberrant
horse chromosomes.

4.6. STR Genotyping in Cytogenetics—Advantages and Limitations

Short tandem repeats (STR), also known as microsatellites, are widely used markers
in parentage testing. The International Society of Animal Genetics (ISAG) recommends
the use of a properly standardized panel of 17 microsatellite markers for horses, located
on 12 different autosomes and the X chromosome. By adding to this set additional X
and Y chromosome markers, whole-genome STR genotyping for parentage testing can
simultaneously be used for the initial detection of chromosomal aberrations, such as
monosomy, trisomy, XY sex reversal syndrome and chimerism [53,126,127,194–196]. Mi-
crosatellite genotyping has also been used to determine the parental origin of an aberrant
chromosome [27,197] and in a study of two cloned horses, one with a de novo autosomal
translocation, to confirm that the clones and their sire were genetically identical [54]. Other
potential uses of STR genotyping are the identification of isochromosomes and determining
the parental origin of the single X chromosome in X-monosomy. The latter will improve our
currently limited understanding about the underlying mechanisms of this most common
cytogenetic abnormality in horses.

The greatest advantages of this method are high sensitivity and specificity, speed
of analysis, ease of interpretation of the results, and relatively low cost. As discussed in
Section 3, chromosomal aberrations are most often associated with disorders of reproduc-
tive function, which are the most common reason for referral of horses for cytogenetic
diagnostic testing. Therefore, in many cases, chromosome abnormalities are detected in
adult individuals. Parentage tests, on the other hand, are usually performed in yearlings,
which allows for the early diagnosis of any problems. It should be emphasized that DNA
for STR analysis can be isolated from tissues other than blood and does not require lym-
phocyte culture for several days. Despite the many advantages, STR genotyping also
has limitations in karyotype analysis. It cannot detect balanced structural aberrationsor
aneuploidy in a mosaic form Though, in cases of X-monosomy, STR genotyping can be
used to exclude mosaicism.

5. Molecular Underpinnings of the Unique Patterns of Horse
Chromosome Abnormalities

All large-scale cytogenetic surveys (see Section 3.1) unanimously agree that the two
most frequent chromosome abnormalities in the horse are X-monosomy and SRY-negative
XY male-to-female sex reversal syndrome (SRY-negative XY DSD). The high prevalence of
the two conditions is a signature feature of equine clinical cytogenetics, with no similar
patterns found in other domestic species [14,28,51]. Recent advances in horse genomics
(reviewed by [15]), particularly in the genomics of horse sex chromosomes [38,198], start to
provide the first clues for these signatures.

X-monosomy. The high frequency of viable X-monosomy in horses, but not in other
domestic species, has been associated with the molecular features of the horse pseudoau-
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tosomal region (PAR) [51]. The equine PAR is approximately 2 Mb in size [199], which is
several magnitudes smaller than the 6–9 Mb-size PARs in other domestic species, such as
cattle, sheep, goat, pig, camelids, dog and cat [14,51,198]. Since PAR genes escape X chro-
mosome inactivation (XCI) in females and must be expressed bi-allelically, X-monosomy
causes haploinsufficiency for these genes. It has been theorized that because the horse PAR
is relatively small, less genes are affected by X-monosomy, resulting in viable live birth,
whereas X-monosomy in species with larger PARs causes embryonic or fetal loss [14,51]. An
alternative hypothesis, however, proposes that the rate of sex chromosome rearrangements,
including aneuploidies, increases when the PAR shrinks because reduced X-Y synapsis in
male meiosis causes more mistakes [200]. Both theories are consistent with the relatively
high frequency of X-monosomy in humans (0.04% of live female births) [201], which is
another species with a small PAR (2.7 Mb) [202]. However, the small PAR does not explain
the dramatic differences between horses and humans regardings X chromosome and PAR
overdose. Compared to X-monosomy, XXX or XXY aneuploidies are rare in the horse
and the few reported cases show gonadal dysgenesis and infertility (see Section 3.2). In
contrast, the XXY Klinefelter’s syndrome and X-trisomy are the most common sex chro-
mosome abnormalities in humans, affecting 0.1–0.2% of male births [203] and 0.1% of
female births [204], respectively. Furthermore, many women with X-trisomy are fertile,
thus potentially increasing the number of XXY male births. It has been proposed that the
low number of identified 65,XXX horses is because the majority of mares with X-trisomy
are normal fertile and escape detection [8]. However, in such cases, the incidence of 65,XXY
male horses should be higher. A more plausible explanation is that despite similar PARs,
the molecular regulation of the X chromosome in horses and humans is different, though
more research is needed to confirm this.

SRY-negative 64,XY sex reversal. Thanks to recent sequencing of the horse Y chro-
mosome [38], more is known about the molecular underpinnings of the relatively high
frequency of mares with SRY-negative XY DSD. It appears that the single-copy horse SRY
is located in a structurally unstable region in the Y chromosome, being embedded between
ampliconic sequences and surrounded by direct and inverted repeats [38]. Such a location
facilitates SRY involvement in ectopic inter-and intra-chromatid gene conversion and re-
combination within the Y chromosome [205]. These events may result in SRY deletion in
one sperm and duplication in another [28,38]. Therefore, SRY-negative XY DSD females
may have male siblings with two copies of SRY. The latter probably has no effect on the
phenotype and remains undetected. Since the organization and content of mammalian Y
chromosomes is different across species [38], this also explains why SRY-negative XY sex
reversal is rare or absent in other species studied, including humans. For example, only
10–20% of human XY females (Swyer syndrome) have SRY mutations and the majority
carry normal SRY [206].

6. Summary and Future Directions

Equine clinical cytogenetics has come a long and eventful way since the first descrip-
tion of karyotype abnormalities in horses in 1975 [43]. Starting with basic karyotyping of
routinely Giemsa-stained chromosomes, it soon developed into an international, actively
publishing, and methodologically sophisticated field of research to study the genetic causes
of equine reproductive and congenital disorders. Despite the predictions that with the
development of molecular methods, classical chromosome analysis will gradually disap-
pear, horse clinical cytogenetics has remained. It successfully survived the golden days
of equine gene mapping in the 1990s by adopting molecular cytogenetic methods, such
as FISH and CGH. It remained active during the years of horse genome sequencing by
applying genomic information to make chromosome analysis more refined and accurate.
In the post-genome era today, cytogenetic research is blending with whole genome se-
quencing (WGS) and other cutting-edge technologies. Among the latter, perhaps the most
promising for clinical cytogenetics is BioNano Genomics, which utilizes nanochannel tech-
nology and high-resolution imaging of ultra-high molecular weight DNA. The platform
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can detect almost any structural or numerical changes in the genome, including balanced
translocations and inversions [207], and differently from WGS, the estimated price per
sample of BioNano analysis is comparable to that of conventional clinical cytogenetics.
The downsides, however, are that BioNano sets extremely high requirements for sample
quality, and both WGS and BioNano are bioinformatically demanding. Therefore, despite
the promises of new technologies, it is unlikely that they will entirely replace conventional
and FISH-based chromosome analysis. Traditional clinical cytogenetics is still the most
straightforward, cost-effective, and fastest approach to diagnose chromosome abnormal-
ities, and will remain the gold standard for the initial evaluation of potential breeding
animals and horses with reproductive or developmental disorders.
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Simple Summary: Chromosome rearrangements are one of the main etiological factors leading to
impaired fertility in the domestic pig. The high prevalence of chromosome rearrangements in swine
herds, coupled with the production of significantly lower litter sizes, has led to the implementation
of cytogenetics techniques in screening prospective breeding boars for rearrangements. Beginning
in the 1960s, classical cytogenetics techniques have been applied in laboratories, resulting in the
identification of over 200 distinct chromosome rearrangements in the pig. More recently advances
in technology, and the development of molecular cytogenetics and cytogenomics techniques, have
enhanced the resolution of rearrangements and advanced diagnostic techniques, allowing for more
precise and rapid diagnosis of rearrangements.

Abstract: The chromosomes of the domestic pig (Sus scrofa domesticus) are known to be prone to recip-
rocal chromosome translocations and other balanced chromosome rearrangements with concomitant
fertility impairment of carriers. In response to the remarkable prevalence of chromosome rearrange-
ments in swine herds, clinical cytogenetics laboratories have been established in several countries in
order to screen young boars for chromosome rearrangements prior to service. At present, clinical
cytogenetics laboratories typically apply classical cytogenetics techniques such as giemsa-trypsin
(GTG)-banding to produce high-quality karyotypes and reveal large-scale chromosome ectopic ex-
changes. Further refinements to clinical cytogenetics practices have led to the implementation of
molecular cytogenetics techniques such as fluorescent in-situ hybridization (FISH), allowing for
rearrangements to be visualized and breakpoints refined using fluorescently labelled painting probes.
The next-generation of clinical cytogenetics include the implementation of DNA microarrays, and
next-generation sequencing (NGS) technologies such as DNA sequencing to better explore tentative
genome architecture changes. The implementation of these cytogenomics techniques allow the
genomes of rearrangement carriers to be deciphered at the highest resolution, allowing rearrange-
ments to be detected; breakpoints to be delineated; and, most importantly, potential gene implications
of those chromosome rearrangements to be interrogated. Clinical cytogenetics has become an integral
tool in the livestock industry, identifying rearrangements and allowing breeders to make informed
breeding decisions.

Keywords: clinical cytogenetics; genomics; chromosome abnormality; reciprocal translocation;
domestic pig

1. Introduction

The domestic pig (Sus scrofa domesticus) is known to have a high proportion of chro-
mosomal rearrangements relative to other species [1]. Chromosome rearrangements are
structural chromosome abnormalities that result from the breakage of one or more chro-
matids and a subsequent rearrangement or ectopic exchange of chromosome segments.
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This results in the production of derivative chromosomes (e.g., translocation chromosomes),
a gross change in the karyotype of the carrier that is often visible under light microscopy.
Despite the large-scale rearrangement of genetic material within the genome, often on
the scale of millions of base pairs, chromosome rearrangements typically occur with no
associated observable signs of their presence [2]. Nevertheless, there are some reports
describing chromosome abnormalities associated with physical malformations [3].

Most of the time, chromosome rearrangements appear to occur with minimal losses
of genetic material, and thus produce no physical malformations typically associated
with aneuploidy. Chromosome rearrangements are, however, known to cause predictable
fertility loss in carriers. The litter size losses caused by chromosome rearrangements
are variable among carriers and are dependent on a variety of factors, including the
morphology of the rearrangement [4]. The derivative chromosomes must satisfy the need
for homologous chromosomes to pair during meiosis and do so with a variety of complex
formations between derivative chromosomes and their counterparts [5]. Asymmetric
segregation of these chromosomes during meiosis leads to a subset of gametes being
genetically unbalanced [6]. Resulting unbalanced embryos, or those with lethal mutation
due to rearrangement, die early during post-fertilization development due to the presence
of genetic imbalances—partial aneuploidies—from derivative chromosomes. Chromosome
rearrangements, most notably reciprocal translocations (i.e., balanced exchanges between
non-homologous chromosomes), are one of the leading causes of reproductive dysfunction
in the domestic pig, with 50% of hypoprolific boars estimated to be carriers [2]. Balanced
reciprocal translocations are known to cause the largest litter size losses, averaging 40%
piglet loss relative to the herd average, while other chromosome rearrangements have a
lesser yet significant impact on litter size [4,7].

Chromosome rearrangements are known to occur in various mammalian species, with
reciprocal translocations being especially prevalent in the domestic pig relative to other
species. Chromosome rearrangements, including balanced reciprocal translocations, are
expected to occur frequently in swine herds throughout the world, being proposed to
occur spontaneously in 1/200 live births [8,9]. Carriers of rearrangements, if permitted
to breed, may then pass on the rearrangement to approximately 50% of their successful
offspring, increasing the prevalence of chromosome rearrangements in swine herds over
time [10]. In order to reduce the presence of chromosome rearrangements in swine herds,
several labs operate cytogenetic screening programs in order to screen prospective breeding
boars for chromosome rearrangements [11]. Although screening programs cannot totally
eliminate rearrangements from herds, they can prevent carriers from breeding, resulting
in the maintenance of litter size, eliminating the possibility of inheritance, and reducing
the prevalence of rearrangements. In countries where such programs are available, many
breeders will voluntarily submit their breeding boars for cytogenetic screening, seeing
clear economic benefits to managing the presence of rearrangements [7]. Most large swine
producing countries, however, fail to implement cytogenetic screening of their swine herds.
Thus, the implementation of cytogenetic screening, or some other methods, to identify
carriers or potential carriers have room to be widely implemented in the swine industry
and greatly reduce the impact of chromosome rearrangements on swine herds.

The field of clinical cytogenetics seeks to apply various laboratory, molecular, and
genomic techniques to the study of chromosome rearrangements in order to understand
their possible implications on gene and genome functionality. Clinical cytogenetics labora-
tories, though relatively sparse and underutilized, serve an important purpose to identify
chromosomal rearrangements and other chromosome abnormalities in the pig genome, to
not only assist selection of boars for breeding services but also to help further the study
and understanding of chromosome rearrangements in the domestic pig, including their
breadth, diagnosis, origins, and the effect they have on meiosis and the genome itself.
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2. Classical Cytogenetics

Conventional laboratory techniques applied to effectively view chromosomes under
a light microscope are referred to as classical cytogenetics techniques. This encompasses
the in vitro culture of cells such as peripheral blood lymphocytes and fibroblasts, and the
subsequent preparation of chromosomes using a series of staining and banding techniques
allowing metaphase chromosomes to be effectively viewed under a common light micro-
scope. The first cytogenetics techniques employed in the pig used fixed testicular material
and non-differential stains such as crystal violet, allowing the chromosomes to be differen-
tiated from their surroundings, enabling descriptions of the general morphology and the
determination of the diploid chromosome number [12]. The diploid chromosome number
of the pig is 2n = 38, consisting of 18 autosomal chromosome pairs, which vary in length
and morphology (12-bi-armed and 6 one-armed pairs), and two sex chromosomes, XX or
XY [12–14]. The employment of classical cytogenetics techniques to properly determine
the diploid chromosome number in mammalian species, especially humans, was essential
for the later development of clinical cytogenetics, which linked chromosomal aneuploidy
such as trisomy of human chromosomes 13, 18, and 21 to known diseases and later linked
sex chromosome aneuploidy and chromosome rearrangement to infertility [15–20].

Following the development of modern in vitro cell culture techniques, providing high-
quality, well-spread metaphase chromosomes on glass slides [21,22], researchers began to
employ banding techniques and differential staining in order to distinguish chromosomes
from one another and observe those chromosomes at a higher resolution. One of the
first banding techniques introduced was the hybridization of quinacrine mustard (QM)
to chromosomes, which produced a distinct fluorescent pattern on each chromosome as
a function of the relative density of guanine residues across each chromosome [23]. The
resulting technique was referred to as quinacrine fluorescence (QFQ), or Q-banding. Soon
after, other differential banding techniques were developed, including Giemsa-trypsin
banding (GTG), or G-banding [24]; replication banding with Giemsa staining (RBG), or R-
banding [25]; and reverse-banding with acridine orange staining (RBA), or R-banding [26].

GTG-banding technique employs the proteolytic enzyme trypsin to partially digest
the chromosomes, and Giemsa stain, producing a distinct banding pattern on each chro-
mosome where the condensed heterochromatic regions of chromosomes characterized as
less transcriptionally active, late-replicating, and AT-rich are stained more intensely than
the less condensed euchromatic regions characterized as more transcriptionally active,
early-replicating, and GC-rich [24,27,28]. RBA-banding employs the use of the protease
trypsin similar to GTG, and acridine orange fluorochrome to stain euchromatic regions
more intensely, resulting in a banding pattern that is the inverse of GTG-banding [25,26,28].
RBG-banding employs bromodeoxyuridine (BrdU), which incorporates into DNA, sub-
stituting for thymidine residues, and Giemsa to stain regions of the chromosome where
BrdU has incorporated, staining AT-rich heterochromatin deeply, producing R-bands [26].
Although these banding patterns were initially developed for the examination of human
chromosomes, these methods have been adapted for use on porcine chromosomes and are
still routinely applied to the study of porcine chromosomes [5,29].

Chromosomal banding techniques may also be complemented with a variety of
staining protocols selective for specific chromosomal regions [30]. These staining techniques
may be used to reveal chromosomal features such as constitutive heterochromatin blocks
through the use of barium hydroxide (C-bands, CBG technique), nucleolar organizing
regions by employing silver-staining techniques (Ag-NOR-bands, Ag-I technique), and
telomeric regions through thermal denaturation (T-bands, THA technique) [31–33].

RBA-banding and especially GTG-banding are the most common banding techniques
employed in porcine conventional cytogenetics. These banding methods produce ap-
proximately 300 bands across all chromosomes, thus the resolution provided by these
methods is referred to as the 300 band-level [34]. More specifically, standard GTG-banding
and RBA-banding produce a resolution of approximately 5–10 Mb, with chromosome
features or rearrangements under 5 Mb in size typically t being indistinguishable [28,35].
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Less condensed pro-metaphase chromosomes obtained through the use of replication or
condensation blockers preventing cells from progressing to metaphase may be used to
provide a higher resolution look at the structure and organization of chromosomes [36].
Pro-metaphase chromosomes may be banded using the GTG or RBA banding methods,
producing more finely banded chromosomes with 600 total bands, increasing the resolution
to 2–5 Mb [28,37,38]. These higher resolution banding methods enable more refined chro-
mosome analysis in order to more accurately determine the sites of chromosome breakage
and establish gene loci.

Classical cytogenetics banding techniques have been used to produce standard kary-
otypes of the pig, as the banding patterns allow for homologous chromosomes to be paired
and their banded patterns converted into standard ideograms [30]. The first standard
karyotype arranged for the pig used the QFQ-banding technique popular in the early
years of porcine cytogenetics [39]. Previous to this, chromosomes were often arranged in
an order that varied among laboratories and often simply ordered the chromosomes by
length. Additional karyotypes were arranged using novel banding methods, including
GTG-banding [30] and RBA-banding [40,41]. The standard application of the GTG and
RBA banding techniques to porcine chromosomes, in tandem with the guidelines provided
by the Reading conference [42], resulted in the establishment of a standard karyotype of the
domestic pig and schematic representations of GTG and RBA-banded chromosomes [34].
Along with these standard karyotypes was the development of one of the first banding
nomenclature systems in domestic species [34]. The development of a distinct nomen-
clature system allowed porcine cytogeneticists to characterize and report chromosome
rearrangements and aberrations in a standardized way easily reported to and understood
by other cytogeneticists, helping to further develop the field of clinical cytogenetics of
the pig.

3. Chromosome Rearrangements in the Domestic Pig

Chromosome abnormalities, particularly structural chromosome rearrangements, are
remarkably prevalent in the domestic pig relative to other species, with over 200 distinct
structural rearrangements in the pig genome being identified [1,43]. The prevalence of
structural chromosome rearrangements is variable between countries ranging from 0.47%
to 3.3% and is largely influenced by access to screening laboratories that identify carriers
and removal affected boars from breeding eligibility [8,11,44]. A variety of chromosome
rearrangements are known to occur in the pig, including reciprocal translocations, Robert-
sonian translocations, tandem fusions, inversions, and deletions of chromosomes [1]. The
tendency for pigs to experience balanced reciprocal translocations at the largest frequency
results in a large variety of rearrangements reported, with all chromosomes of the pig
known to be susceptible to ectopic rearrangements [45].

4. Clinical Cytogenetics

The recognized association between chromosome rearrangements and lower fertility
has led to the development of routine cytogenetic screening programs in several coun-
tries [11]. Worldwide, cytogenetics laboratories primarily apply conventional cytogenetics
techniques such as GTG-banding to screen young boars for chromosome rearrangements
prior to entering artificial insemination (AI) centres. The National Sow Herd Management
Program in France was the first of such cytogenetic screening programs and mandated that
boars siring litters of eight piglets or less on average are to be cytogenetically examined
prior to servicing additional sows [46,47]. This program has greatly increased the num-
ber of boars subject to cytogenetic examination in France over the years and resulted in
20 reported reciprocal translocations in French boars by 1999 [10,48]. This program was
expanded in 1999 to include mandatory cytogenetic screening of all boars born of small
litters prior to approval for A.I [7]. The success of this program is shown by the reduction
in the prevalence of chromosome rearrangements in French boars, with France reporting
the lowest prevalence of rearrangements, 0.47%, amongst countries reporting cytogenetic
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screening results [8]. Many French breeders now voluntarily submit boars for cytogenetic
investigation regardless of whether the criteria for screening is met [7,49].

Clinical cytogenetics laboratories have been established in many countries, and at
least seventeen countries have laboratories reporting rearrangements in the domestic pig.
The countries with the largest cytogenetic screening programs include France, Poland,
the Netherlands, Canada, and Spain, with several other countries, including Finland and
the United Kingdom, also screening boars for rearrangements. As of 2017, the largest
cytogenetic screening program for pigs is conducted at the National Veterinary School
of France in Toulouse, with 31,000 boars having passed through this lab as of 2017 [50].
Other large cytogenetic screening programs take place in Spain, the Netherlands, Poland,
and Canada, screening 800, 1000, 2000, and 7000 boars, respectively [4,11,43,44]. Clinical
cytogenetics programs, although time-consuming, are effective at reducing the prevalence
of rearrangements in herds and are cost-effective for breeders, with a cost-benefit ratio
of 5.3/1 due to reduced losses from breeding carriers [9]. As of 2021, there are a limited
number of cytogenetics laboratories that report the effects of pig screening programs
on the prevalence of rearrangement within herds and describe individual chromosome
rearrangements [51]. Despite these labs performing cytogenetic screening for breeding
boars, just a small percentage of breeding boars worldwide are subject to cytogenetic
screening. Further advances in technologies applied in cytogenetics laboratories that
reduce the cost of screening, or allow for more rapid results, alongside awareness of the
efficacy of cytogenetic screening may increase adoption amongst large swine breeders.

5. Reciprocal Translocations

Reciprocal translocations are the most prevalent chromosome rearrangement known
to occur in the pig, representing 84% of all observed structural rearrangements [8]. Re-
ciprocal translocations result from an exchange of chromatid segments between two non-
homologous chromosomes following simultaneous chromatid breaks producing two novel
derivative chromosomes (Figure 1). All chromosomes of the pig are susceptible to recip-
rocal translocation, although chromosomes 7, 10, 12, 14, and 17 appear more susceptible
to rearrangement than chromosomes 2, 8, 9, 18, and Y [43,45]. Reciprocal translocations
typically have unique breakpoints with just one rearrangement, t(12;14)(q13;q21), being
observed in two unrelated boars [8,43].

Figure 1. (A). GTG-banded karyotype of a Duroc boar carrying a t(9;13)(q24;q31). Derivative chro-
mosomes are placed to the right. Arrows indicate presumptive breakpoints. (B). GTG-banded
chromosomes of chromosomes 9, 13, and the derivative chromosomes formed by the reciprocal
translocation event. The ideogram to the left of each chromosome pair indicates the normal chro-
mosome structure. The ideogram to the right of each chromosome pair indicates the derivative
chromosome structure. Arrows indicate presumptive breakpoints. Chromosome ideograms adapted
from ref. [34].
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Balanced structural chromosome rearrangements are a leading cause of fertility losses
in pigs, particularly reciprocal translocations, with carriers experiencing average litter size
losses of 40% (ranging between 10–100%) relative to the herd average [7,43]. In the case of
reciprocal translocations, during meiosis the normal and derivative chromosomes form
a quadrivalent shape as a result of full homologous pairing, which progressively may be
segregated in a variety of ways, including alternate, adjacent-I, adjacent-II, 3:1 or 4:0, which
allow for a high proportion (approximately 50%) of unbalanced gametes to be formed.
The exact litter size losses are difficult to predict, with the morphology of chromosomes,
size of the rearranged fragments, and involvement of the Y chromosome known to result
in complete infertility, proposed to influence piglet loss [52]. The significant loss of litter
size and high prevalence of reciprocal translocation in swine herds is one of the principle
reasons for the adoption of routine cytogenetic screening programs for young boars prior
to entering A.I centres [11].

6. Robertsonian Translocations and Tandem Fusions

Robertsonian translocations are a ubiquitous feature of the wild boar, known to have
diploid chromosome number of 2n = 36, or 2n = 37 in the case hybridization with domestic
hybrids, primarily due to the presence of rob(13;17) wild boar rearrangement in the homozy-
gotic or heterozygotic state, respectively [53,54]. Robertsonian translocations, and especially
tandem fusions, are by contrast relatively rare chromosomal events in the domestic pig. Just
seven cases of Robertsonian translocation have been described in the pig, primarily cases of
the same rob(13;17) rearrangement endemic in wild pigs [4,8,55–57]. Robertsonian transloca-
tion is known to occur in the acrocentric chromosomes 13, 14, 15, 16, 17, and 18. In these
cases, the chromosomes fuse at the centromeric region, resulting in the production of two
derivative chromosomes, a large bi-armed chromosome, and a secondary short chromo-
some often lost in subsequent cell divisions. Thus, the karyotype of a domestic pig carrying
Robertsonian translocation has a distinct 2n = 37 diploid chromosome number, with the
noticeable addition of a novel large bi-armed chromosome. Tandem fusion occurs similarly
to Robertsonian translocations; however, it instead involves the fusion of the telomeric
region of one chromosome to the centromeric region of another. Tandem fusion is a rare
event in the pig, with just one such rearrangement reported, 37, XY, der(14;17)(q29;q10) [58].

As with other chromosome rearrangements, carriers of Robertsonian rearrangements
experience subfertility; however, the effect is less severe than in carriers of reciprocal
translocations [4,57]. The trivalent formed by the Robertsonian rearrangement during
meiosis segregates asymmetrically but results in a smaller percentage of unbalanced ga-
metes that is sex-dependent, with males having a lower proportion of unbalanced gametes
[3.2%] relative to female carriers [28.9%] [59]. The higher proportion of balanced gametes
in Robertsonian translocations results in less severe litter size losses (5–22%) relative to
carriers of reciprocal translocations [2,4,60,61].

7. Paracentric and Pericentric Inversions

Cases of chromosome inversion are relatively rare in the domestic pig with only
12 cases reported in the pig [8]. Chromosomal inversions may be divided into pericentric,
involving the centromere, and paracentric, not involving the centromere. In cases of inver-
sion there is no exchange of chromatid segments. Instead, inversions occur as a result of a
broken chromatid segment that rotates 180 degrees and reattaches to the original chromo-
some. Carriers of chromosomal inversions experience minimum litter size loss amongst
chromosome rearrangement carriers. Although inversions may result in a proportion of
unbalanced gametes during meiosis, the overall proportion is estimated to be small, with
average litter size losses of approximately 4% relative to the herd average [2,4,60,61].

8. Chromosomal Aneuploidy

Numerical chromosome aneuploidy in the pig is relatively rare and largely confined
to observations in embryos and, in the case of live-birth, the sex chromosomes [62–66].
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Cases of whole chromosome aneuploidy 37,X, X-chromosome monosomy [63], and 39,XXY
Klinefelter Syndrome have been reported [64–66]. Cases of aneuploidy involving autosomal
chromosomes are rare in the pig, as even partial chromosome aneuploidy, such is the case
in the embryos of rearrangement carriers, is not tolerated by the pig. A handful of cases of
live boars carrying a partial autosomal aneuploidy have been observed in the pig, the result
of inheritance of an unbalanced rearrangement involving short segments in the telomeric
regions [3,67,68]. In these cases, aneuploidy is accompanied by physical malformation
such as cleft palate [3,68].

9. Mosaicism

Chromosome rearrangements are also known to occur in somatic cell lines. Mosaic
chromosome rearrangements are estimated to occur frequently in pigs, with limited screen-
ing of karyotypes revealing mosaic rearrangements in the karyotypes of 1/300 boars [69].
Mosaic rearrangements arise in somatic cells, rather than the germ line, often appearing
confined to certain cell types, such as peripheral blood leukocytes, and thus are not her-
itable. Indeed, carrier pigs experimentally bred were shown to have offspring with a
normal karyotype composition [69]. In addition, mosaic rearrangements have a tendency
for recurrence, with three mosaic rearrangements, t(7;9); t(7;18), and t(9;18), being shown to
occur recurrently in swine herds [69,70]. Mosaic rearrangements share the same tendency
for constitutional rearrangements to experience reciprocal translocation at the highest rate,
with no current cases of Robertsonian translocation or inversion being observed in somatic
cells. Mosaic rearrangements interestingly appear to tolerate conformations not seen in
constitutional rearrangements, including a case of rearrangement between homologous
chromosomes, t(7;7) [69]. Mosaic aneuploidies of the sex chromosomes have also been
observed in a handful of cases [65,71]. Chimerism, the presence of two distinct sets of DNA
in blood leukocytes, has also been described in the form of XX/XY individuals [8,69,72–76].
Somatic or mosaic rearrangements are well known in humans, and are often associated
with cancers, especially leukemias and lymphomas that result from the aberrant rearrange-
ment of genes [77]. Although there is no concrete evidence of a relationship between
mosaic rearrangements and cancer in the pig, recurrent somatic rearrangements described
above are homologous for recurrent somatic rearrangements associated with leukemias in
humans [69,70,78].

10. Fragile Sites

Fragile sites are heritable chromosome regions known to break under exposure to distinct
chemical stressors such as aphidicolin, bromodeoxyuridine (BrdU), and folate [79–81]. Sixty
of these fragile sites are considered common amongst pigs and are expected to occur in most
individuals [81]. Analysis of fragile sites in pigs has shown that cytogenetic bands harboring
common fragile sites often overlap with known reciprocal translocation breakpoints, and the
presence of fragile sites may be associated with higher frequency of rearrangement in those
chromosome regions [4,43,81]. As such, it has been suggested that a subset of chromosome
rearrangements in the pig are the result of the breakage of fragile chromosome regions as a
response to chemical toxins present in farm environments [4,79,80,82].

11. Molecular Cytogenetics

Classical cytogenetics techniques have been instrumental in the development of clini-
cal cytogenetics in the pig and the identification of structural chromosomes rearrangements;
however, the limited resolution (>5 Mb) provided by classical cytogenetics impaired the
ability to resolve rearrangements at the highest level. Molecular cytogenetics techniques
developed in the 1980s were initially applied for physical gene mapping to chromosomes
and were later implemented in clinical cytogenetics for the detection of chromosome rear-
rangements [83]. Molecular cytogenetics as a whole operates around two principles: the
target and the probe. Molecular probes are developed to target regions as large as a whole
chromosome, or more specific chromosome regions such as the centromere or a specific
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gene locus [84]. Probes are fluorescently labelled directly with fluorochromes or indirectly
with molecules that bind to the probe via fluorochrome-conjugated antibodies [85]. The
specificity of the probe for the target is based around the principle of DNA complementary
base-pairing, whereby the nucleic acids of fluorescently labelled probes hybridize to the
complementary DNA of the target, producing a specific fluorescent signal on the chromo-
some regions bound by the probe. The specificity of probes for targets enables molecular
cytogenetics to achieve a much higher resolution (0.5–10 Mb) than can be obtained through
the classical banding techniques [5,28,83].

In the pig, the most common technique for molecular cytogenetics analysis is fluores-
cent in situ hybridization (FISH) and primed in-situ labelling (PRINS) [5]. The DNA-probes
used for FISH include whole chromosome painting probes and probes obtained by cloning
genomic DNA inserts from genomic libraries. The probes obtained from genomic libraries
may vary in size depending on the origin and the purpose, and may include cosmid
probes with DNA insert sizes of <20–40 kb, bacterial probes, or bacterial artificial chro-
mosome (BAC), with DNA insert sizes of 100–300 kb [86]. Chromosome-specific painting
probes may be obtained through flow sorting chromosomes, a process that applies dyes
to metaphase chromosome suspensions then runs the suspension through a flow cytome-
ter with a laser exciting the chromosomes, and sorting the chromosomes according to
relative amounts of genetic material present, roughly corresponding to the length of chro-
mosomes [87–89]. Other techniques for the generation of chromosome painting probes
include needle microdissection, which dissects a whole chromosome out of the nucleus
or part of a chromosome such as an arm or band using a glass needle [90–92], and laser
microdissection, which uses a laser to cut out a chromosome or chromosome arm from the
metaphase cell [93,94]. Chromosome painting probes for one, two, or the whole chromo-
some set may then be applied to metaphase spreads. Different colored fluorescent probes
may be applied such as single-color (one chromosome), dual-color (two chromosomes), or
multi-color (three or more chromosomes) in order to visualize chromosome rearrangement
within the genome [95] (Figure 2).

Figure 2. (A). GTG-banded karyotype of the t(Y:13) translocation carrier boar. (B). FISH chromosome painting of a
metaphase plate from the t(Y:13) carrier, green signal pains the Y-chromosome segments, and redish signal pains the SSC13
chromosome segments. The presumptive psuedoautosomal region (green dots) on the X-chromosome is depicted.

PRINS is a technique that anneals short unlabeled oligonucleotide probes to comple-
mentary DNA sequences, which are subsequently extended by Taq DNA polymerase [96].
The PRINS technique is most useful for identifying repetitive DNA sequences such as
telomeric and centromeric sequences [97,98]. In the pig, oligonucleotide probes for use of
the PRINS technique are available, for telomeric (TTAGG)n repeats, centromeric sequences,
and a subset of autosomal chromosomes (1, 9, 11, 14) and sex (Y) chromosomes [83,98–101].
Most often, PRINS is used as an alternative technique to FISH, for similar applications
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in the observation of chromosome rearrangements, and gene loci, with the focus on rear-
rangements located near repetitive sequences in the genome [102].

Another molecular cytogenetics technique that has been applied in the pig is in-
terspecies in-situ hybridization (Zoo-FISH), which applies human genomic probes that
hybridize to homologous sequences in animal genomes [103,104]. The use of Zoo-FISH
has been used to study the evolution of mammalian karyotypes by analyzing regions of
chromosome synteny between species, and for identifying chromosome segments shared
by a common ancestor [104]. However, the expanded availability of flow sorted and
microdissected chromosome probes available that are specific for the pig have resulted
in Zoo-FISH being rarely implemented in the pig [89]. Another molecular cytogenet-
ics technique, sperm-FISH, applies fluorescently labelled probes to decondensed sperm
heads, allowing for the analysis of the sperm chromosome constitution [105]. The FISH
technique may also be applied to the chromosomes of oocytes and embryos to analyze
chromosome composition.

12. Implementation in Clinical Cytogenetics

Molecular cytogenetics techniques such as FISH have become essential diagnostic tools
for the study of pig chromosome rearrangements, allowing for high-resolution viewing of
chromosome rearrangements, their meiotic products, and the more accurate diagnosis of
rearrangement breaks (e.g., delineation of chromosomal structural changes) [83]. Molecular
cytogenetics is typically performed in a manner complementary to that of the classical
cytogenetics techniques, and is most often applied in order to refine and/or verify the
breakpoints of chromosome rearrangements originally discovered using banding tech-
niques. The use of chromosome painting probes for FISH, or probes for centromeric and
telomeric sequences for PRINS, have been used to examine and refine over 20 chromosome
rearrangements [5]. The first instance of FISH being used in this way to study porcine
rearrangements was by Konfortova et al. [106], who utilized single-colored painting probes
in order to visualize the reciprocal exchange of a t(7;15)(q24;p12). Additional experiments
applied flow-sorted probes for dual-color chromosome painting to demonstrate the ex-
change of small terminal chromosome segments not clearly visible via the classical banding
techniques, and to verify several reciprocal translocations originally identified through
GTG and RBA banding [7,10,48,49,107]. In these cases, the use of FISH was able to detect
small exchanges of chromosome material and pinpoint breakpoints with greater accuracy
than is available using banding techniques alone. Additionally, flow sorted dual color
probes were used in this instance to correctly identify the breakpoints of a rearrangement,
originally delineated as t(11;16)(p14;q14), to t(11;16)(p12;q12) [108]. The use of probes for
centromeric sequences and the PRINS technique has also been incorporated into cytoge-
netic analysis to identify breakpoints and subsequent repositioning of the centromere in a
rearrangement involving two pig chromosomes [108].

Other instances of cytomolecular analysis using DNA-probes generated by laser mi-
crodissection have been used in the analysis of mosaic rearrangements in pigs. Here,
laser-microdissected probes specific to chromosomes 7, 9, and 18 were employed to identify
three mosaic rearrangements, t(7;9), t(7;18), and t(9;18), amongst thousands of metaphase
spreads [77]. Microdissected probes have also been used for the PRINS technique, with
telomeric probes labelling the (TTAGG)n telomeric repeat sequence used to confirm the
diagnosis of a reciprocal translocation previously identified through banding techniques
t(7;13)(q13;q46) [102]. Notably, inversions may be difficult to discern in a banded karyotype
due to there being no inter-chromosomal exchange, making it harder to compare chromo-
some banding patterns. The use of two painting probes, each specific to a chromosome arm
obtained through glass-needle microdissection, have been employed to verify the presence
of a peri-centric inversion inv(4)(p14;q23) [92]. Another instance of an inversion being
re-examined using cytomolecular techniques was a paracentric inversion that employed
BAC probes corresponding to microsatellite markers [109].
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Although the application of molecular cytogenetics techniques to porcine chromo-
somes is typically done complimentary to GTG-banding, recent developments have been
made to produce a FISH screening assay of multiple BAC probes specific for the subtelom-
eric regions of each chromosome arm to rapidly identify any chromosome rearrangement
without the need to arrange karyotypes [110]. Preliminary research has shown that this
method is useful for diagnosing reciprocal chromosomal rearrangements, and may en-
able the accurate detection of sub-microscopic rearrangements involving small telomeric
exchanges of chromosome material near impossible to detect using classical banding
techniques. The application of this assay confirmed the presence of four rearrangements
originally identified through GTG banding while identifying a fifth rearrangement, involv-
ing small telomeric regions of pig chromosomes 5 and 6 not originally detected through
GTG banding [110]. New research into the application of molecular cytogenetics into
clinical cytogenetic screening laboratories may thus enable the rapid identification of chro-
mosome rearrangements, helping to reduce the time and labor necessary for the production
of GTG-banded karyotypes of each animal.

FISH may also be employed to analyze the interaction of chromosome rearrange-
ments in germ cells, through analysis of synaptonemal complexes and meiotic segregation
patterns in spermatocytes. Analysis of the meiotic segregation patterns of chromosome
rearrangements provides an estimate of the prevalence of unbalanced gametes, facilitating
estimates of fertility loss in carriers [111,112]. The application of FISH to synaptonemal com-
plexes has revealed a complete loss of fertility in three carriers of reciprocal translocations
involving the Y-chromosome, t(Y;1) [111], t(Y;14)(q11;q11) [113], and t(Y;13)(p13;q33) [52],
and has been applied to other reciprocal translocations such as a t(3;15)(q27;q13) and
t(12;14)(q13;q21), revealing expected losses of fertility of 47.83% and 24.33% relative to
herd averages, respectively [114]. This technique has also been applied to non-reciprocal
rearrangements such as a Robertsonian translocation rob(13;17) and paracentric inversions
such as inv(2)(q13;q25), revealing less significant fertility losses of 2.96–3.83% and 4.12%
respectively [59,115,116]. These studies have been essential in quantifying expected losses
of fertility characteristic of each rearrangement, including analysis of the meiotic segrega-
tion profiles of male and female carriers, and comparing fertility losses between types of
rearrangements and between the sexes [59,107,116].

Zoo-FISH is rarely used in porcine cytogenetic analyses except in rare instances such
as to confirm the diagnosis of a tandem fusion-translocation der(14;17)(q29;q10) previ-
ously identified using GTG-banding [117]. A similar approach was used for Robertsonian
translocation 15;17 in a European wild boar with a karyotype 37,XY,rob(15;17) in which
human painting probes for the homologous chromosomes in the pig were used to demon-
strate the fusion of the chromosomes and complement the initial diagnosis based upon
GTG-banding [118]. In pigs, sperm-FISH has been used to validate the purity of flow
cytometrically sorted boar sperm [119,120], to estimate the rate of aneuploidies in nor-
mal individuals [121], and to analyze meiotic segregation patterns in translocation and
inversion carriers [114,115,122,123].

13. Cytogenomics

In recent years, cytogenomics, which refers to the use of DNA microarrays and whole
genome sequencing (WGS) tools to visualize the genome at a high resolution, has increased
in prominence. Cytogenomics tools allow the genome and structural variants within to be
visualized at a higher resolution than molecular cytogenetics techniques, with resolutions of
100 kb in case of DNA microarrays and nucleotide level resolution in case of WGS [124,125].
The development of a high-quality annotated reference pig genome built upon the founda-
tion laid by the development of autosomal radiation hybrid, recombination, cytogenetic,
and BAC maps has been key to the implementation of cytogenomics technologies [126–131].
Genome sequences of the pig have been integral to the development and implementation
of single nucleotide polymorphism (SNP) chips, and the WGS efforts in the pig providing
a framework for genetic and structural variant discovery, and linkage with gene function,
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have helped to unravel the genetic and genomic factors associated with complex and
disease traits [132,133].

DNA microarrays are tools used to analyze genomes consisting of a series of DNA
probes attached to a solid surface (chip). SNP-arrays such as Illumina SNP-array genotyp-
ing use single-stranded DNA hybridized to fluorescently labelled DNA probes, producing
a fluorescent signal that can be read and interpreted, providing an indication of the relative
amount of genetic material present corresponding to a nucleotide base at each probe [134].
SNP array genotyping is most often employed to perform association studies between SNP
genotypes and disease traits; however, it may also identify copy number variants (CNV),
deletions, and duplications of genetic material, and unbalanced rearrangements (partial
monosomy or trisomy) at probes expressing higher or lower signal intensity corresponding
to proportional changes in the amount of genetic material. Genomic selection, which
analyzes associations between tens of thousands of SNPs and specific trait variations in
a phenotyped population, is one of the most widely adopted applications of SNP array
genotyping in pigs. Genomic selection incorporates phenotypic and genotypic data from
pigs and applies regression analysis to estimate the effect of a genotype on a phenotype,
resulting in the estimated breeding value (EBV) used to select candidate breeding animals,
resulting in genomics-enabled genetic improvement [135–137]. Initially introduced for
application in dairy cattle breeding, genomic selection is now being used in many sectors
within animal and plant breeding, including leading pig breeding companies [138,139].
Genomic selection in the pig has been continually improved through novel genome-wide
association studies analyzing novel and refining established phenotype-genotype asso-
ciations in the pig. These studies primarily focus on economically important traits such
as back-fat thickness [140] and meat quality [141], and reproductive traits such as farrow-
ing interval [142].

Comparative genomic hybridization (CGH) similarly uses competitive hybridization
between normal and cancer cells to fluorescently labelled probes. The ratio of red-green
fluorescence along a chromosome would then indicate the presence of gains or losses of
genetic material in the chromosomes of cancer cells. This technique has been applied in
porcine cytogenetics in order to detect small chromosomal losses and detect aneuploidy
in porcine embryos [143,144]. Array-CGH refines this technology using bacterial artificial
chromosome (BAC) clone inserts, or short oligonucleotide sequences spaced over the entire
chromosome or a region of interest to enhance resolution [145]. The primary application of
array-CGH is the detection of disease-associated complex chromosome rearrangements,
such as rearrangements associated with tumors. Array-CGH may also have applications in
detecting large copy number variants (deletions and duplications) that may be associated
with a specific phenotype or disease [146,147].

WGS methods such as Illumina next-generation sequencing provide a higher reso-
lution look at the genome than DNA microarrays by fragmenting DNA into short DNA
segments several bases to hundreds of bases long. Adapters are ligated to these DNA seg-
ments and then amplified via polymerase chain reaction (PCR), producing several copies
of each DNA segment. The DNA segments are then exposed to fluorescently labelled
nucleotides and DNA polymerase, binding to one base at a time, and taking an image
that is interpreted by computer software. This process is repeated several times, allowing
for each segment to be sequenced several times over and aligned, producing an accurate
sequence of the genomic region of interest. WGS has been applied by cytogeneticists to
delineate chromosome rearrangement breakpoints, and the breakpoint signatures coincid-
ing with the repair mechanism, small copy number variants and indels (CNV less than
1 kb in length) not visible via SNP array, and novel single nucleotide variants within genes
that may be associated with disease [148]. Although a relatively new technology, the cost
of WGS in the pig has dropped dramatically in recent years, enabling methods such as
Illumina short-read sequencing to be more widely implemented in research, facilitating the
sequencing of several hundred pig genomes for variant discovery [149–151].
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The application of WGS results in reads that provide the base pair sequence of regions
of chromosomes, or whole chromosomes. WGS may detect balanced rearrangements using
split alignments that map to two different locations in the reference genome, and discordant
read pairs, paired ends that do not align within an expected distance or orientation [152].
These methods indicate regions of chromosomes where breakpoint junctions may occur and
are the most successful and precise methods of identifying balanced rearrangements [153].
The most used sequencing methods for the detection of balanced reciprocal translocation
in humans include long-read, short-read, and linked-read sequencing. Long-read sequenc-
ing is an expensive technique capable of producing long continuous sequences reads of
DNA > 10 kb [154]. Long-read sequencing may be used to detect any type of structural
variation; however, it is most successful at the detection of complex rearrangements, and
breakpoints present in repetitive elements relative to other methods of WGS [153,155,156].
Short-read sequencing in contrast produces many overlapping short reads (150–300 bases)
of the DNA [157]. Short-read sequencing is more established and less expensive than long-
read sequencing, and is most useful for detecting simple rearrangements such as reciprocal
translocations [158–160]. Linked-read sequencing is a method that uses small amounts of
high-molecular-weight genomic DNA, spread across 100,000 droplets, each of which is
tagged with a barcode [161]. The barcode-tagged droplets undergo short-read sequencing,
with a computer algorithm using the barcode to link the sequenced reads to the original
molecules and construct continuous segments of DNA. From here, structural variants may
be determined from reads belonging to disparate regions but sharing the same barcode. Al-
though less developed than long-read and short-read sequencing, linked-read sequencing
has been successfully implemented in the detection of rearrangements spanning repetitive
elements, overcoming one of the deficiencies of short-read sequencing [162].

In research, WGS has been used to detect a wide range of mutations, including
copy number variations [163–165] as well as balanced chromosomal rearrangements such
as translocations [148,166] and inversions [167]. Approximately 90% of breakpoints of
balanced rearrangements can be identified using WGS [159]. Notably, low-level mosaicism
and Robertsonian rearrangements, as well as supernumerary chromosomes and a subset of
reciprocal translocations, especially those with breakpoint in repetitive sequences, cannot
be routinely detected through short-read sequencing [159,168]. The cost of WGS, and the
fact that not all rearrangements may be detected by WGS, indicates that cytogenomics
are unlikely to overtake the classical and molecular cytogenetics techniques as a standard
test for the detection of chromosome rearrangements. Even in the case of WGS being
used to identify a rearrangement, it is recommended that follow-up studies consist of
karyotyping and/or FISH in order to visualize the rearrangement and determine the
structural rearrangement underlying the imbalance [169,170].

14. Implementation of Cytogenomics in Clinical Cytogenetics

The use of DNA microarrays such as SNP-array genotyping is widespread in the pig,
and is primarily used for the purposes of genomic selection [136]. SNP-array genotyping
and array-CGH are comparatively seldom applied in the field of clinical cytogenetics as
both techniques are ineffective at identifying the balanced chromosome rearrangements
characteristic of the pig and instead are only capable of detecting rare unbalanced rear-
rangements [171]. Instead, DNA microarrays are more often applied in order to identify
copy number variants in pigs, deletions and duplications of genomic material that may be
identified as they are characterized by genomic imbalance. Analysis of CNV rarely falls un-
der the purview of cytogenetics laboratories as these structural variants are often too small
to be detected through classical or molecular cytogenetics techniques. The importance of
CNV has increased in recent years, with these structural variants being linked to much of
the genomic variation observed in mammalian species and associated with diseases seen
in human and animal genomes [172]. Currently, studies of CNV have sought to link these
variants to traits relevant for breeding such as meat quality [173] and fertility [174], as well
as diseases such as porcine reproductive and respiratory syndrome [175]. The expansion of
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WGS technologies will allow for more in-depth exploration of smaller structural variants
in the genomes of pigs such as CNV and indels, along with an increased understanding
of those variants with both economically desirable traits as well as disease. The linkage
of CNV to fertility may indicate that one-day it may be routine to include screening for
specific CNV alongside chromosome rearrangements in pigs prior to breeding [174].

SNP array genotyping has been used to identify the sire of unbalanced rearrangement
carriers through identifying an imbalance in the inheritance of paternal alleles, resulting
from a partial monosomy of chromosome 8, and a partial trisomy of chromosome 14 [3].
Although SNP genotypes may be used to identify unbalanced rearrangements and aneu-
ploidies, such chromosomal events are rare in the pig, occurring in less than 10% of cases
of clinically diagnosed chromosome abnormality [1]. The use of SNP array genotyping
for the identification of balanced chromosome rearrangements may be applicable in a
small subset of cases using karyomapping. This approach determines the linkage phase of
SNPs, and has seen application as a pre-implantation genetic test for known rearrangement
carriers, allowing those embryos with the same linkage phase as the rearrangement carrier
to be identified [176]. This technique is unlikely to see widespread application in clinical
cytogenetics programs as the carrier must be identified prior to karyomapping, and is only
useful in cases where the goal is the identification of the offspring of carriers or of the
parents of carriers.

WGS technologies provide the clearest avenue for implementation of cytogenomics
techniques into clinical cytogenetics laboratories. Classical chromosome banding tech-
niques as well as molecular technique such as FISH, although effective at identifying large
rearrangements, may miss smaller terminal rearrangements and are incapable of identi-
fying the precise breakpoints of the rearrangements [110]. The application of sequencing
technologies will allow for further refinements to the identification and study of chromo-
some rearrangements, allowing for breakpoint junctions to be delineated. WGS has been
successfully applied in humans to identify the precise breakpoint junctions of hundreds
of balanced rearrangements [148,177]. Currently, WGS has been applied to just a handful
of chromosome rearrangements in the pig, with the high cost of genome sequencing only
recently reduced serving as a barrier to the more widespread implementation of WGS in the
pig [126]. In one case, short-read sequencing was conducted on boars carrying unbalanced
rearrangements [3]. The rearrangement was identified through reduced sequence coverage
on chromosome 8, and increased sequence coverage on chromosome 14, corresponding
to a partial monosomy and a partial trisomy, along with discordant paired-end sequence
reads aligning on chromosomes 8 and 14, confirming the presence of a rearrangement [3].

The largest study of the applications of WGS into the study of porcine chromosome
rearrangements performed short-read sequencing to seven carriers of karyotypically bal-
anced rearrangements alongside 15 non-carriers [178]. Here, it was found that short-read
sequencing was capable of accurately detecting the breakpoint junctions of six of seven
carriers, with no false-positives detected. The main deficiency of short-read sequencing
noted was that it was not capable of identifying breakpoint junctions occurring in repetitive
sequences [178]. This study for the first time described the breakpoints of chromosome
rearrangements in the pig genome, identifying several varieties of breakpoint signatures
including microhomology, microinsertions, and blunt-end ligations also characteristic of
human rearrangement breakpoint junctions [156,178]. Genes disrupted by the breakpoint
interrupting the gene sequence were also found at the sites of breakpoint junctions, with
the heterozygous nature of the disruption suggested to be protective of any phenotypic
effect associated with the rearrangement. The sequencing of these breakpoints therefore
indicates that so-called balanced rearrangements may not be as balanced as once thought,
with the presence of small deletions, insertions, and gene disruptions noted as occurring in
the pig [178].

The factors influencing the formation of chromosome rearrangements in pigs are
still largely unknown, despite the sequencing of a handful of rearrangement breakpoint
junctions. No clear pattern presents itself, with breakpoints appearing with different break-
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point signatures and in a variety of chromosome regions and landscapes [148,156,178]. A
study of mosaic rearrangement carriers indicated that relatives of mosaic carriers them-
selves carried mosaic rearrangements at 2.5× the frequency as control animals, indicating
a possible genetic component to the formation of chromosome rearrangements [74]. A
preliminary genome-wide association study (GWAS) was performed in our laboratory
on 15 carriers of reciprocal translocations, and 11 control boars with normal karyotypes,
revealing the presence of five SNPs on three chromosomes associated with reciprocal
translocation [179]. Functional analysis of these SNPs revealed that each was in close
proximity (<2 Mb) to genes playing roles in the maintenance of DNA, detection of DNA
damage, and the initiation of the DNA damage response [179]. These results indicate
that genetic factors may play a large role in the susceptibility of pigs to produce de-novo
chromosome rearrangements during meiotic events that are then passed on to offspring.
The identification of SNPs closely linked to chromosome rearrangement could be incorpo-
rated alongside other cytogenomics analyses, as a control effort to identify boars at risk of
producing carrier offspring.

15. Future Perspectives and Conclusions

The factors influencing the formation of chromosome rearrangements in mammalian
genomes are still poorly understood. Various chromosomal characteristics such as relative
chromosome density and the presence of common fragile sites have been associated with
breakage hotspots in the pig genome [43]. The precise breakpoints, and the genomic
landscape surrounding those breaks, is largely unknown, making it difficult to determine
why a given chromosome region may experience more or less chromosome breaks and
how this may subsequently lead to permanent rearrangement of chromosomes. The
application of classical banding, and molecular cytogenetics techniques (although they have
limited applications), will still be useful for primary identification of gross chromosome
rearrangements. Therefore, it is necessary to incorporate WGS technologies into clinical
cytogenetics programs in order to visualize rearrangements at the highest level, allowing
for the delineation of breakpoints and the best understanding of any genomic consequences
associated with the rearrangement.

Although currently too expensive for widespread application into clinical cytogenetics
programs, the cost of WGS in humans has dramatically dropped in recent years from
>$10,000 USD in 2010 to under $1000 USD as of 2020 [180]. Given this trend, it is not
too unreasonable to predict that the price of DNA sequencing may further reduce in
the coming years, facilitating the widespread introduction of WGS into the livestock
industry. Access to sequencing data could allow for the routine detection of various
chromosome rearrangements and aneuploidies ranging from balanced and unbalanced
rearrangements, and CNV, to aneuploidies. This could be a cost-effective strategy for both
breeders and cytogeneticists allowing for a wide range of accurate tests to be conducted
on a single genomic data set. Although unlikely to fully replace banding techniques
and FISH for chromosome analysis as both techniques allow for the visualization of the
rearrangement, cost-reductions in WGS could enable DNA sequencing to be a first-tier
genetic test for livestock [165,167].

The development and implementation of laboratory and genomic techniques for use in
clinical cytogenetics has played an important role in swine breeding for the last forty years.
From the first chromosome rearrangements and abnormalities identified, it has been clear
that the pig is susceptible to a number of chromosome abnormalities resulting in impaired
fertility to total infertility [181]. The development of the classical cytogenetics techniques
and their subsequent application in pigs led to the first clinical cytogenetics programs,
and to this day continue to form the basis of clinical cytogenetics operations. With the
development of molecular cytogenetics techniques such as FISH, further refinements were
made to the visualization of chromosome rearrangements, allowing rearrangements to be
viewed at the highest resolution yet, along with refinements made to the identification of
breakpoints, and the identification of sub-telomeric breaks. Lastly, as WGS technologies
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continue to be developed and applied in the pig, along with associated cost-reductions,
there is an opportunity to revolutionize livestock breeding and clinical cytogenetics, al-
lowing for DNA sequencing data to be used in concert with banding techniques or FISH
to identify and study a large range of chromosomal rearrangements and abnormalities
furthering the study and understanding of chromosome rearrangements. It is hopeful
that with the implementation of WGS technologies, our understanding of chromosome
rearrangements will increase and the factors influencing rearrangements in the pig genome
be fully understood.
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Simple Summary: The red deer (Cervus elaphus) de novo genome assembly (CerEla1.0) has provided
a great resource for genetic studies in various deer species. In this study, we used gene order
comparisons between C. elaphus CerEla1.0 and B. taurus ARS-UCD1.2 genome assemblies and
fluorescence in situ hybridization (FISH) with bovine BAC probes to verify the red deer-bovine
chromosome relationships and anchor the CerEla1.0 C-scaffolds to karyotypes of both species. We
showed the homology between bovine and deer chromosomes and determined the centromere-
telomere orientation of the CerEla1.0 C-scaffolds. Using a set of BAC probes, we were able to
narrow the positions of evolutionary chromosome breakpoints defining the family Cervidae. In
addition, we revealed several errors in the current CerEla1.0 genome assembly. Finally, we expanded
our analysis to other Cervidae and confirmed the locations of the cervid evolutionary fissions and
orientation of the fused chromosomes in eight cervid species. Our results can serve as a basis for
necessary improvements of the red deer genome assembly and provide support to other genetic
studies in Cervidae.

Abstract: The family Cervidae groups a range of species with an increasing economic significance.
Their karyotypes share 35 evolutionary conserved chromosomal segments with cattle (Bos taurus).
Recent publication of the annotated red deer (Cervus elaphus) whole genome assembly (CerEla1.0) has
provided a basis for advanced genetic studies. In this study, we compared the red deer CerEla1.0 and
bovine ARS-UCD1.2 genome assembly and used fluorescence in situ hybridization with bovine BAC
probes to verify the homology between bovine and deer chromosomes, determined the centromere-
telomere orientation of the CerEla1.0 C-scaffolds and specified positions of the cervid evolutionary
chromosome breakpoints. In addition, we revealed several incongruences between the current deer
and bovine genome assemblies that were shown to be caused by errors in the CerEla1.0 assembly.
Finally, we verified the centromere-to-centromere orientation of evolutionarily fused chromosomes in
seven additional deer species, giving a support to previous studies on their chromosome evolution.

Keywords: BAC mapping; comparative cytogenetics; chromosome fission; chromosome fusion;
FISH; genome assembly; karyotype

1. Introduction

The family Cervidae (Ruminantia) groups more than fifty extant deer species, includ-
ing species with growing economic importance. Deer species can be divided into three
subfamilies: Cervinae, Capreolinae and Hydropotinae [1] and show a great karyotype
diversity reflecting chromosome evolution of the taxon. The diploid chromosome num-
bers range from 2n = 6 in the female Indian muntjac (Muntiacus vaginalis) to 2n = 70 in

Animals 2021, 11, 2614. https://doi.org/10.3390/ani11092614 https://www.mdpi.com/journal/animals93
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several species of Capreolinae [2–4]. The 2n = 70 karyotypes of Hydropotes inermis and
Mazama gouzoubira, involving 68 acrocentric autosomes, an acrocentric X and a small sub-
metacentric Y, most probably represent an ancestral cervid karyotype [4] which evolved
from the hypothetical ancestral pecoran karyotype (2n = 58) by six chromosome fissions [5].

Comparative cytogenetic studies revealing interspecies chromosome homologies and
tracking of evolutionary karyotype rearrangements have been still scarce in Cervidae, with
the exception of Muntjacini. The published studies were based mostly on standard banding
methods [6–8] or on fluorescence in situ hybridisation (FISH) using whole chromosome
painting probes [5,9–13]. The known data show that the most common mechanism of
karyotype evolution in Cervidae is represented by Robertsonian (centric) fusions [4,7],
whereas tandem fusions were described as the major evolutionary karyotype shaping factor
in Muntiacini [9,11]. On the other hand, fissions of several ancestral pecoran chromosomes
conserved in Bos taurus (BTA, 2n = 60) as BTA1, 2, 5, 6, 8, 9 and intrachromosomal rear-
rangements of the BTA1 orthologue and the X chromosome were also detected in Cervidae
using bovine BAC (Bacterial Artificial Chromosome) probes [13,14].

However, the recent rapid development of high throughput molecular methods,
namely whole genome sequencing, has brought new resources for comparative phyloge-
netic studies. At the level of chromosomes and their parts, an analysis of the next generation
sequencing data can enable a precise determination of evolutionary chromosome break-
points and allow a detection of small or intrachromosomal rearrangements that cannot
be visualized by conventional cytogenetics or FISH with whole chromosome painting
probes. In ruminants, cryptic interspecies chromosome differences as small as 3.3 Mb were
identified in cattle and sheep using an in silico comparative bioinformatic approach [15].
This indicates that the use of sensitive methods can bring interesting discoveries even in
seemingly well-described taxa.

Unfortunately, this approach is only limited to species with completely sequenced
and well-assembled genomes. Regarding Cervidae, whole genome assembly divided to
chromosome-scale scaffolds (C-scaffolds) and including basic gene annotation is avail-
able only for the red deer (Cervus elaphus, CEL, 2n = 68) [16]. The CerEla 1.0 assembly
available in the NCBI database has a total length of 3438.62 Mb and a total ungapped
length 1960.83 Mb. It includes 406,637 contigs, 11,479 scaffolds and 35 chromosome-scale
scaffolds (C-scaffolds) (https://www.ncbi.nlm.nih.gov/assembly/GCA_002197005.1/#/st
accessed on 5 November 2020). The C-scaffolds in the CerEla1.0 genome assembly currently
available in the NCBI database are arranged in accordance with the red deer genetic linkage
map [17]. As a result, their order does not comply with the physical chromosome length
and the chromosome order and centromere-telomere orientation in the red-deer karyotype.

Generally, the use of other methods, i.e. BAC FISH mapping, is recommended to
verify the newly established genome assemblies and physically anchor them to to chro-
mosomes, thus upgrading them to a chromosome level [18–21]. In this study, we used
comparisons with cattle (B. taurus), a closely related species used as model for comparative
studies among Cetartiodactyla, with a range of available BACs and, above all, a well
established whole genome sequence that served as a reference sequence for the CerEla1.0
assembly establishment [16]. We paired the 34 deer chromosome-scale scaffolds of the
C. elaphus (CerEla1.0) genome assembly with bovine chromosomes by comparison of the
gene annotation of the C. elaphus (CerEla1.0) and B. taurus (ARS-UCD1.2) assemblies avail-
able in the NCBI database. We selected bovine BACs for a construction of FISH probes
that we used to anchor the CerEla1.0 C-scaffolds to C. elaphus karyotype, to compare the
centromere-telomere orientation of the deer and bovine chromosomes and to analyse cervid
evolutionary chromosome rearrangements. Using this approach, we revealed and cor-
rected several incongruences between the CerEla1.0 and ARS-UCD1.2 genome assemblies,
specified the orientation of the C. elaphus C-scaffolds and adjusted the predicted positions of
evolutionary breakpoints characteristic for the cervid lineage. Using BAC-FISH mapping,
we verified the breakpoints positions in a total of eight karyotypically different cervid
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species from subfamilies Cervinae and Capreolinae and specified the centromere-telomere
orientation of their evolutionarily rearranged chromosomes.

2. Materials and Methods

2.1. Samples and Karyotype Analysis

Samples of whole peripheral blood of cattle (Bos taurus) and eight deer species includ-
ing the red deer (C. elaphus) were obtained from captive born animals held in the Prague
zoological garden and/or in deer enclosures in Bila Lhota and Frycovice (Czech Republic).
The analysed species are listed in Table 1. Taxonomic nomenclature published by Groves
and Grubb (2011) was used in this study [22].

Table 1. List of analysed species.

Species Latin Name Abbrev. 2n FNa Bia X Fused BTA Orthologues

Red deer Cervus elaphus CEL 68 68 2 A 17/19
White-lipped deer Cervus albirostris CAL 66 68 4 A 17/19, 25/6prox

Rusa deer Rusa timorensis RTI 60 68 10 A 17/19, 5prox/22, 2dist/7, 5dist/8prox,
5prox/22, 18/3

Eld’s deer Rucervus eldii REL 58 68 12 A 17/19, 2dist/7, 5dist/8prox, 5prox/10,
18/1prox, 22/1dist

Roe deer Capreolus capreolus CCA 70 68 0 B
Reindeer Rangifer tarandus RTA 70 70 2 B

Moose Alces alces AAL 68 70 4 B 29/17
White-tailed deer Odocoileus virginianus OVI 70 70 2 B

2n—diploid number; FNa—fundamental number of autosomal arms; Bia—number of bi-armed autosomes; BTA—Bos Taurus;
A—acrocentric; B—bi-armed. The evolutionary chromosome fusions were detected previously using bovine whole chromosome painting
probes [13].

Peripheral blood lymphocytes were cultured, harvested and fixed according to the
previously described protocols [23]. Metaphase chromosome spreads for the karyotype
and FISH analysis were prepared according to the procedures described previously [24].
GTG-banded karyotypes of B. taurus and C. elaphus were prepared using the standard
trypsin/Giemsa method [25]. The karyotype of C. elaphus was arranged in accordance with
the previously published deer karyotypes [13,26].

2.2. Chromosome Orthology and Breakpoint Site Prediction

Orthology between the red deer and bovine chromosomes was assessed by a com-
parison of B. taurus ARS-UCD1.2 and C. elaphus hippelaphus CerEla1.0 annotated genome
assemblies available in the NCBI database (Accessed on 15 May 2020). Predicted locations
of protein coding genes in the CerEla1.0 genome assembly (https://www.ncbi.nlm.nih.gov/
genome/browse/#!/proteins/10790/321837%7CCervus%20elaphus%20hippelaphus/ ac-
cessed on 15 May 2020) were compared with positions of the corresponding genes in the
bovine genome (https://www.ncbi.nlm.nih.gov/gene/advanced accessed on 15 May 2020).
Briefly, we selected predicted protein coding genes separated by a distance of approxi-
mately 5 Mb along the length of the C. elaphus CerEla1.0 C-scaffolds and searched for their
positions in the bovine ARS-UCD1.2 genome assembly. The 5 Mb distance was chosen to
enable a reliable distinguishing of the mutual positions of BAC probes mapping to these
regions when any incongruences would need to be solved by a dual colour BAC-FISH. To
specify the breakpoints of the evolutionary chromosome fissions of ancestral chromosomes
corresponding to bovine BTA1, 2, 5, 6, 8 and 9 [13,14], we predicted the putative ancestral
breakpoint sites on the basis of the flanking gene positions in the deer and bovine genome
assembly. The real positions of the evolutionary breakpoints were narrowed using a set of
BAC probes and verified in all deer species available for this study.

2.3. FISH Probes

BAC clones specific to proximal and distal chromosome regions, to regions flanking the
predicted evolutionary breakpoint sites in Cervidae, and to regions showing incongruences

95



Animals 2021, 11, 2614

between the deer and bovine genome assembly were selected from the CHORI-240 bovine
BAC library (BACPAC Genomics, Emeryville, CA, USA) on the basis of their location
along the bovine chromosomes in the ARS-UCD1.2 genome assembly. The chromosome
positions of cervid evolutionary breakpoints were further narrowed using additional
BAC clones located in neighbouring positions. The BAC clones used in this study are
listed in Supplementary Tables S1–S3. The BAC DNA was isolated using Wizard Plus SV
Minipreps DNA Purification System (Promega, Madison, WI, USA), labelled with Green-
dUTP (Abbott, Abbott Park, IL, USA), biotin-16-dUTP (Roche, Mannheim, Germany),
or digoxigenin-11-dUTP (Roche) using BioPrime Array CGH Genomic Labeling Module
(Invitrogen, Carlsbad, CA, USA) and used for FISH.

2.4. FISH

A hybridization mixture containing 50% formamide, 2 × SSC, 10% dextran sulfate,
0.7 μg salmon sperm, 1.3 μg Bovine Hybloc DNA (Applied Genetics Laboratories, Mel-
bourne, FL, USA) and 200 ng of the labeled DNA probe was prepared. Ten μL of the
mixture were denatured at 75 ◦C for 10 min, preannealed at 37 ◦C for at least 30 min, and
applied on slides with metaphase chromosomes denatured by 0.07 M NaOH as previously
described [27]. After hybridization in a humid chamber at 37 ◦C overnight, the slides were
washed in 0.7 × SSC at 72 ◦C for 2 min. The BAC probes labeled with biotin-16-dUTP or
digoxigenin-11-dUTP were detected with Avidin-Cy3 (Amersham Pharmacia Biotech, Pis-
cataway, NJ, USA), Streptavidine-Cy5 (Invitrogen/Molecular Probes, Camarillo, CA, USA)
and antidigoxigenin-rhodamine (Roche) according to manufacturers’ instructions. If we
used a combination of two probes labelled/detected by the same fluorochrome for the same
chromosome, we performed two rounds of FISH, so that the position of each probe could be
reliably determined. The slides were mounted in Vectashield mounting medium containing
1.5 mg DAPI (Vector Laboratories) and analysed using Zeiss Axio Imager.Z2 fluorescence
microscope (Carl Zeiss Microimaging GmbH, Jena Germany) equipped with appropriate
fluorescent filters and the Metafer Slide Scanning System (MetaSystems, Altlussheim, Ger-
many). Images of well-spread metaphase cells were captured by CoolCube CCD camera
(MetaSystems) and analysed using Isis3 software (MetaSystems). The reliability of the BAC
probes was confirmed by their hybridization on bovine chromosomes prior to FISH in deer.

3. Results

Comparing chromosomal positions of the predicted genes annotated to the CerEla1.0
C-scaffolds with their locations in the bovine ARS-UCD1.2 genome assembly, we assigned
all red deer C-scaffolds to their bovine orthologues (Supplementary Table S4). Then we
verified the deer-bovine chromosome orthology by BAC-FISH, which also enabled reliable
physical anchoring of CerEla1.0 C-scaffolds to C. elaphus karyotype. Using BAC probes, we
observed identical physical centromere-telomere orientation of orthologous red deer and
bovine chromosomes. However, the orientation of CerEla1.0 C-scaffolds 2, 6, 8, 11, 12, 16,
and 22 in the NCBI database was found to be reversed, and the deer chromosome CEL4 was
found rearranged, when compared with the corresponding CerEla1.0 C-scaffold 19. The
orthology between the G-banded red deer and cattle karyotypes are displayed in Figure 1
and Supplementary Figure S1. The relationships among the CerEla1.0 C-scaffolds and the
red deer and cattle chromosomes are summarized in Table 2. The comparative FISH results
in cattle and the red deer are documented in Figure 2. Karyotypes of the additional studied
cervid species with indicated homologies with B. taurus are displayed in Supplementary
Figure S2.
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Figure 1. The orthology between the G-banded chromosomes of cattle (B. taurus, BTA) and red deer (C. elaphus, CEL).
Arrowheads indicate the position of centromeres on the X chromosomes.

Table 2. CerEla1.0 and ARS-UCD1.2 genome assembly comparisons.

Red Deer (CerEla1.0)
CEL Chr

Cattle (ARS-UCD1.2)
Comments *

Pseudochr INSDC Size (Mb) BTA Chr RefSeq Size (Mb)

1 CM0080008.1 104.5 13 15 NC_037342.1 85.01
2 CM0080009.1 63.26 31 29 NC_037356.1 51.1 Reverse
3 CM0080010.1 88.46 17 5prox (1–70 Mb) NC_037332.1 120.09 1–55 Mb of BTA5
4 CM0080011.1 81.2 15 18 NC_037345.1 65.82

5 CM0080012.1 178.03 1 17/19
NC_037344.1 73.17
NC_037346.1 63.45

6 CM0080013.1 73.11 21 6dist (64–118 Mb) NC_037333.1 117.81 Reverse, 70–118
Mb of BTA6

7 CM0080014.1 66.84 26 23 NC_037350.1 52.5

8 CM0080015.1 55.92 28 2dist (94–136 Mb) NC_037329.1 136.23 Reverse, 80–136
Mb of BTA2

9 CM0080016.1 141.95 5 7 NC_037334.1 110.68
10 CM0080017.1 55.94 30 25 NC_037352.1 42.35
11 CM0080018.1 140.39 9 11 NC_037338.1 106.98 Reverse
12 CM0080019.1 127.78 7 10 NC_037337.1 103.31 Reverse
13 CM0080020.1 89.79 24 21 NC_037348.1 69.86
14 CM0080021.1 103.59 14 16 NC_037343.1 81.01
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Table 2. Cont.

Red Deer (CerEla1.0)
CEL Chr

Cattle (ARS-UCD1.2)
Comments *

Pseudochr INSDC Size (Mb) BTA Chr RefSeq Size (Mb)

15 CM0080022.1 125.28 8 28/26
NC_037355.1 45.94
NC_037353.1 51.99

16 CM0080023.1 62.95 32 8dist (64–112 Mb) NC_037335.1 113.32 Reverse, 69–112
Mb of BTA8

17 CM0080024.1 79.72 20 6prox (1–63 Mb) NC_037333.1 117.81 1–66 Mb of BTA6
18 CM0080025.1 152.66 3 4 NC_037331.1 120

19 CM0080026.1 127.24 4 1dist (59–158 Mb) NC_037328.1 158.53 Rearranged,
57–158 Mb of BTA1

20 CM0080027.1 149.34 2 3 NC_037330.1 121.01
21 CM0080028.1 107.36 12 14 NC_037341.1 82.4

22 CM0080029.1 63.92 18 5dist (71–121 Mb) NC_037332.1 120.09 Reverse, 60–121
Mb of BTA5

23 CM0080030.1 109.47 11 13 NC_037340.1 83.47
24 CM0080031.1 78.16 25 22 NC_037349.1 60.77
25 CM0080032.1 96.54 23 20 NC_037347.1 71.97
26 CM0080033.1 55.1 33 9dist (64–106 Mb) NC_037336.1 105.45 65–106 Mb of BTA9
27 CM0080034.1 84.64 27 24 NC_037351.1 62.32
28 CM0080035.1 82.07 19 9prox (1–62 Mb) NC_037336.1 105.45 1–64 Mb of BTA9
29 CM0080036.1 80.17 22 8prox (1–63 Mb) NC_037335.1 113.32 1–64 Mb of BTA8
30 CM0080037.1 117.8 10 12 NC_037339.1 87.22
31 CM0080038.1 75.46 16 1prox (1–58 Mb) NC_037328.1 158.53 1–51 Mb of BTA1
32 CM0080039.1 60.01 29 27 NC_037354.1 45.61
33 CM0080040.1 121.43 6 2prox (1–92 Mb) NC_037329.1 136.23 1–71 Mb of BTA2
X CM008041.1 181.54 X NC_037357.1 139.01
Y CM008042.1 4.03 - - -

* Reverse—inversed centromere-telomere orientation of the CerEla1.0 sequence; Rearranged—intrachromosomal rearrangement. Factual
span on the BTA orthologue verified by BAC-FISH.

Minor differences in the gene order revealed between CerEla1.0 C-scaffolds 4, 5, 6,
11, 12, 18, 19, 23, 27, 33 and X and their bovine orthologues in the ARS-UCD1.2 genome
assembly are highlighted in Supplementary Table S4. We clarified the incongruences in
eight of these regions on six red deer chromosomes, i.e., where the order of the BAC probes
mapping to the incongruent regions was clearly visible. We observed an identical order
of the BAC-FISH signals on cattle and red deer in all of the regions (Figure 3). Interesting
results were obtained using the BAC probe CH240-134N9 targeted to the incongruent
proximal region of the C-scaffold 11 corresponding to the distal part (82.9 Mb) of BTA11
according to CerEla1.0 and ARS-UCD1.2 comparisons, and to orthologous C. elaphus
chromosome CEL9. Instead of BTA11 and CEL9, this probe hybridized to a distal part
of other chromosome in both cattle and red deer. This chromosome was subsequently
identified as BTA29, and CEL31, respectively, by FISH with the BAC probe CH240-384F12
specific to the proximal part (5.8 Mb) of BTA29 orthologous to CEL31 (Figure 3B).

Regarding the X chromosome, we found that the sequences spanning 1–86 Mb of the
CerEla1.0 X chromosome C-scaffold copy the gene order of the bovine X chromosome.
However, a different order of the evolutionary conserved X chromosome segments was
previously reported in studies using BAC-FISH in Cervidae [13,28].

Positions of the evolutionary chromosome breakpoints in chromosomes orthologous to
BTA1, 2, 5, 6, 8 and 9 in the cervid ancestor were predicted on the basis of the genes located
in the most proximal and distal positions of the corresponding CerEla1.0 C-scaffolds and,
thus, flanking the assumed breakpoints. However, we revealed that the real breakpoints
were located in a slightly different positions by a physical FISH-mapping with a series
of BAC probes distributed along the chromosomes in the proximity of the predicted
breakpoints (Figures 4 and 5). The subsequent analysis of the breakpoint positions in
additional cervid species showed similar results in all deer species analysed in this study
(Supplementary Figure S3).

98



Animals 2021, 11, 2614

 

Figure 2. Centromere-telomere orientation of orthologous bovine (B. taurus, BTA) and red deer (C. elaphus, CEL) chromo-
somes confirmed by BAC-FISH. Green signal—proximal BAC probe; red signal—distal BAC probe.

The evolution of the BTA1 orthologue in the cervid lineage involved an initial fission
followed by intrachromosomal rearrangements of one of the newly formed chromosomes.
Two differentially rearranged types of the chromosome orthologous to the distal part of
the BTA1 were observed in this study: An acrocentric chromosome common to Cervinae
and C. capreolus and a submetacentric chromosome observed in the remaining Capreolinae
in this study (R. tarandus, A. alces and O. virginianus) that was most probably derived from
the previous by a pericentric inversion (Figure 5).

Using CerEla1.0 and ARS-UCD1.2 genome assembly comparisons, the fusion site of
the ancestral chromosomes corresponding to BTA17 and BTA19, which roughly represents
the position of centromere, was found at 95 Mb of the deer C-scaffold 5 (CEL1) length. The
evolutionary fission, giving rise to bovine separated BTA28 and BTA26, was located to
60 Mb of the CerEla1.0 C-scaffold 15 (CEL8).

Finally, we used the bovine BAC probes to determine the centromere-telomere ori-
entation of their evolutionarily fused chromosomes in seven additional deer species with
rearranged karyotypes (Table 1). Except for the tandem fusion of BTA28;26 common to all
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Cervidae, the rearranged chromosomes were formed by evolutionary centric fusions in all
studied species (Figure 6).

 

Figure 3. BAC-FISH mapping of the selected regions showing different gene order in CerEla1.0
and ARS-UCD1.2 genome assembly. Numbers indicate the BAC positions (Mb) on individual BTA
chromosomes. (A,B) Identical signal order on orthologous bovine and red deer chromosomes.
(B) Signal of the BAC probe CH240-134N9 on BTA29 and CEL31 instead of BTA11 and CEL9.
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Figure 4. Evolutionary breakpoints on BTA2, 5, 6, 8 and 9 orthologues. (A) Schematic presentation of the CerEla1.0 C-
scaffolds and BTA and CEL chromosomes with indicated positions of BAC clones used for the verification of the breakpoint
positions. The BAC gene content and the position of the genes on the CerEla1.0 C-scaffolds is also shown. Notice differences
in the assumed breakpoint positions on the CerEla1.0 C-scaffolds and the positions of breakpoints detected by FISH on
the red deer chromosomes. (B) BAC-FISH signals at proximal, breakpoint and distal positions on C. elaphus chromosomes
orthologous to BTA2, 5, 6, 8 and 9. Positions of selected BAC probes indicating the approximate evolutionary breakpoints
are marked by letters (a–j): a—182F21, b—141M6, c—56D20, d—4M4, e—98F4, f—66P17, g—223P21, h—512A24, i—64B22,
j—4G18. The unmarked FISH signals correspond to the proximal (green); and distal (red) BAC probes.

101



Animals 2021, 11, 2614

Figure 5. Evolutionary rearrangements of the BTA1 orthologue in Cervidae. (A) Schematic pre-
sentation. (B) BAC-FISH results in B. taurus (BTA), C. elaphus (CEL) and R. tarandus (RTA) using
selected individual BAC probes indicated by letters (a–f): a—106N15, b—91H4, c—171H5, d—283N23,
e—418B14, f—273F5.
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Figure 6. Centromere-telomere orientation of the fused chromosomes in (A) R. eldii, (B) R. timorensis, (C) C. albirostris and
(D) A. alces. Green signal—proximal BAC probe; red signal—distal BAC probe.

4. Discussion

The recent publishing of the C. elaphus whole genome assembly (CerEla1.0) [16]
brought a great resource for a research in the field of deer evolution, conservation and
population genetics. However, the high automation in the genomic assembly construction
may lead to errors. A verification and further improvements provided by molecular genetic
and cytogenetic approaches are recommended for all newly established genome assem-
blies [18–21]. Inter- and intraspecies assembly comparisons supported by FISH enabled the
detection and correction of misassembled sequences in genome assemblies of economically
important bovid species (cattle, Bos taurus, sheep, Ovis aries and goat, Capra hircus) [29,30].
The combination of bioinformatic comparisons and BAC-FISH allowed identification of
cryptic divergences between cattle and goat [15]. Using universal BAC sets, multiple
scaffolds can be anchored to chromosomes of various species, as it was shown in birds [20].

In this study, we focused on the verification of chromosome relationships among
C. elaphus CerEla1.0 and B. taurus ARS-UCD1.2 genome assemblies and karyotypes of
both species. Using bovine BAC probes, we physically anchored the CerEla1.0 C-scaffolds
to C. elaphus and B. taurus karyotype (Figure 1). Similar approach exploiting BAC-FISH
mapping technique was previously successfully used for an integration of cytogenetic land-
marks or upgrading draft genome sequences to chromosomal level in other species [20,31].
The C-scaffolds of the CerEla1.0 genome assembly had been constructed according to
the reference deer linkage map [17] and the well-established bovine (B. taurus) Btau_5.0.1
genome assembly [16]. The order, orientation and schematic length of the C-scaffolds in
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the NCBI database comply with the deer genetic linkage map [17] but do not correspond
with their sequence length in Mb, nor the position of the chromosomes in the red deer
karyotype [5,26,32].

To document the results of this study, we arranged the G-banded red deer karyotype
with regard to the chromosome morphology, physical lengths and G-banding patterns.
Our G-banding and BAC-FISH showed concordant centromere-telomere orientation of
the orthologous chromosomes in C. elaphus and B. taurus karyotypes. In compliance
with the published paper on the CerEla1.0 assembly [16], we observed that the CerEla1.0
C-scaffolds 2, 6, 8, 11, 12, 16, 19 and 22 are presented in reversed centromere-telomere
orientation in the NCBI database compared with the physical orientation of the red deer
and bovine chromosomes.

Comparing the gene order in the CerEla1.0 and ARS-UCD1.2 genome assembly, we
observed differences in several CerEla1.0 C-scaffolds. Bana et al. [16] suggested that these
red deer genomic regions represent inverted segments. We analysed eight of these regions
by BAC-FISH and observed identical BAC probes order in the orthologous bovine and
deer chromosomes in all studied regions (Figure 3). Nevertheless, we revealed that the
BAC probe CH240-134N9, selected from the position 82.9 Mb of the BTA11 in ARS-UCD1.2
genome assembly, hybridised to a distal part of BTA29 and, correspondingly, to the BTA29
orthologue in the red deer (CEL31). Either the chromosome position of this BAC in the
NCBI database is incorrect, or the region covered by this BAC probe in the bovine ARS-
UCD1.2 genome assembly and probably the wider region at the start of the CerEla1.0
C-scaffold 11 showing several incongruences with ARS-UCD1.2 (Supplementary Table S4),
actually represent sequences of the chromosome BTA29 and CEL31, respectively. The
above-mentioned regions of the CerEla1.0 assembly need further thorough revision.

In the published paper on the CerEla1.0 de novo genome assembly, the C-scaffold
33 was supposed to comprise sequences orthologous to parts of chromosomes BTA2 and
BTA22 [16]. However, the bovine counterparts of all genes predicted to the CerEla1.0
C-scaffold 33 and selected for the CerEla1.0 - ARS-UCD1.2 comparisons in this study were
found on BTA2.

Our comparisons of the CerEla1.0 C-scaffold X with the bovine chromosome X in
ARS-UCD1.2 showed that, despite several smaller discrepancies, the gene order on the
CerEla1.0 C-scaffold X corresponds to that on the bovine X chromosome. However, it was
previously published that cervid X chromosomes were shaped by complex evolutionary
rearrangements, including neocetromere formation, that differentiated them to two distinct
types characteristic for Cervinae and Capreolinae [13,28]. With regard to the previously
published findings on the X chromosome structure in Cervidae [13,28], the first 86 Mb of
the CerEla1.0 X chromosome C-scaffold need to be revised accordingly.

Regarding another evolutionary chromosome changes, it is known that karyotypes of
the current deer species derived from the pecoran ancestral karyotype (2n = 58) by fissions
of six ancestral chromosomes orthologous to BTA1, 2, 5, 6, 8, 9 [12–14,17]. We used BAC
probes selected on the basis of CerEla1.0 and ARS-UCD1.2 comparisons to hybridise to
positions flanking the predicted evolutionary breakpoints, with the aim to physically verify
the breakpoint sites. We revealed that the factual breakpoints differed from those predicted
on the basis of CerEla1.0 C-scaffolds by up to 10 Mb, showing that the sequence span of
the CerEla1.0 C-scaffolds needs to be properly adjusted. The newly assessed breakpoint
locations were proved in all analysed species (four Cervinae and four Capreolinae) in
this study.

We also showed that the evolutionary history of the BTA1 orthologue in Cervidae was
more complicated than a simple fission and involved also intrachromosomal rearrange-
ments, as was previously suggested [13,16]. The actual evolutionary breakpoint sites on
the ancestral BTA1 orthologue, approximated by the set of BAC probes used in this study,
diverged from those predicted on the basis of the CerEla1.0 and ARS-UCD1.2 genome
assembly comparisons, neither they corresponded to the schematic presentation of the
B. taurus and C. elaphus chromosome differences shown in Bana et al. (2018). Using BAC
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probes at positions flanking the evolutionary breakpoints, we showed that the primary
evolutionary fission of the ancestral chromosome orthologous to BTA1 occurred between
52 and 57 Mb of the BTA1 length. This led to the formation of two neochromosomes
with different lengths. The smaller neochromosome orthologous to the proximal part of
BTA1 corresponds to CEL16 and CerEla1.0 C-scaffold 31 is present in both Cervinae and
Capreolinae. This indicates that this fission of the ancestral BTA1 orthologue together
with fissions of BTA2, 5, 6, 8 and 9 orthologues probably represent a defining event of the
karyotype evolution of Cervidae. The larger neochromosome orthologous to the distal part
of BTA1 then underwent an intrachromosomal rearrangement with a breakpoint between
119 and 125 Mb of the BTA1 length in the common ancestor of C. capreolus and the current
Cervinae. This rearrangement was followed by a pericentric inversion of the proximal
part of the rearranged chromosome during a separate evolution of the lineage leading to
R. tarandus, A. alces and O. virginianus (Figure 5).

Because the BAC-FISH was proved to be an advantageous and sensitive tool for
karyotype evolution studies [7,11,13–15,33–36], we used this method for verification of
the evolutionary chromosomal rearrangements in Cervidae. The four species of Cervini
analysed in this study share the fusion of BTA17;19 previously described on the basis of
banding patterns and chromosome painting [7,13,14,37]. Using BAC probes, we proved
that the ancestral chromosomes fused by their centromeres. Apart from the BTA17;19, five
other centric fusions were proved in R. eldii, four in R. timorensis and one in C. albirostris
by BAC-FISH in this study (Figure 6). As for Capreolini, the centric fusion BTA29;17 was
confirmed in A. alces in this study. The chromosomes involved in the above mentioned
fusions were previously identified by FISH with painting probes but their orientation in
fused chromosomes could not be further specified by whole chromosome probes [7,13,14].

In general, our analysis of chromosome evolution in the studied cervid species showed
that centric fusions probably represented the main evolutionary mechanism shaping their
karyotypes. In species analysed in this study, only the chromosome comprising BTA28;26
orthologues (CEL8) was shown to be formed by a tandem (centromere to telomere) fusion.
The fact that the BTA28;26 fusion is common to all Cervidae and characteristic for all
pecoran species excluding Bovidae [12–14,17] suggests that this chromosome probably
represents an ancestral chromosome which underwent a fission at the origin of the Bovidae
lineage [38]. Centric fusions are generally characteristic for the karyotype evolution in
the family Bovidae [38,39]. However, in Cervidae, centric and tandem fusions dominate
differentially in individual clades. In the subfamily Cervinae, centric fusions are relatively
common in the tribe Cervini but the karyotypes of Muntjacini were diversified by extensive
tandem fusions [4,5,11,33,38]. Among Capreolinae, presumed centric fusions occurred in
the karyotype evolution of Ozotoceros bezoarticus, Blastocerus dichotomus and A. alces [3,4]
(the latter one was proved in this study). On the other hand, both centric and tandem
fusions were involved in the karyotype diversification of South-American Capreolinae
species of the genus Mazama [40–42]. This suggests that the karyotype evolution has been
driven by different mechanisms in the individual cervid lineages and cytogenetic studies
employing BAC-FISH for the detailed differentiation of the evolutionary rearrangements
can help in future studies focused on the reconstruction of the cervid phylogeny.

5. Conclusions

In this study, we verified the red deer-cattle chromosome relationships, anchored the
CerEla1.0 C-scaffolds to the red deer and cattle karyotype and proved the centromere-
telomere orientation of the CerEla1.0 C-scaffolds. We indicated necessary adjustments to
the CerEla1.0 genome assembly, including better specification of the sequence span of the
chromosomes that underwent evolutionary chromosome fissions. Finally, we proved the
location of the cervid evolutionary fissions and orientation of the fused chromosomes in
a total of eight cervid species. Our results can serve as a basis for the CerEla1.0 genome
assembly improvement, supporting, thus, future research in Cervidae.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11092614/s1, Figure S1. The red deer (C. elaphus, CEL) karyotype with indicated orthology
with chromosomes of cattle (B. taurus, BTA). Figure S2. G-banded karyotypes of (A) C. albirostris
(CAL), (B) R. timorensis (RTI), (C) R. eldii (REL), (D) R. tarandus (RTA), (E) A. alces (AAL) and (F)
O. virginianus (OVI) with indicated orthology with chromosomes of Bos taurus (BTA). The karyotype
of RTI was previously published in Frohlich et al. (2017) [13]; the karyotypes of CAL and REL
were published in O’Brien et al. (2020) [26]. Figure S3. Evolutionary chromosome breakpoints in
BTA2, 5, 6, 8 and 9 orthologues in the analysed cervid species. C. albirostris (CAL), R. timorensis
(RTI), R. eldii (REL), C. capreolus (CCA), R. tarandus (RTA), A. alces (AAL) and O. virginianus (OVI).
Positions of BAC probes indicating the approximate evolutionary breakpoints are marked by letters
(a–j): a—182F21, b—141M6, c—56D20, d—4M4, e—98F4, f—66P17, g—223P21, h—512A24, i—64B22,
j—4G18. Table S1: BACs for the physical analysis of the cattle-red deer chromosome orthology
and centromere-telomere orientation. Table S2: BACs for the analysis of incongruences between
CerEla1.0 and ARS-UCD1.2. Table S3: BACs for the specification of evolutionary chromosome
breakpoints in Cervidae. Table S4: Comparison of the CerEla1.0 and ARS-UCD1.2 genome assembly
with indicated incongruences.
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Simple Summary: Detailed chromosome studies of birds, addressing both macrochromosomes and
microchromosomes, have been reported only for few species. Hence, in this study, we performed
investigations of chromosome evolution in the Saffron finch (Sicalis flaveola), a semi-domestic species,
tolerant of human proximity and nesting in roof spaces. We also explored the organization of simple
short repeats (SSR) in the genome of this species. Our results revealed that most of the Saffron finch
chromosomes remained highly conserved when compared to the avian ancestral karyotype and that
the SSR accumulated mainly in the microchromosomes and the short arms of Z (sex) chromosome.
Finally, we compared our results with other avian species, contributing to a better understanding of
the chromosome organization and evolution of the Saffron finch genome.

Abstract: The Saffron finch (Sicalis flaveola), a semi-domestic species, is tolerant of human proximity
and nesting in roof spaces. Considering the importance of cytogenomic approaches in revealing
different aspects of genomic organization and evolution, we provide detailed cytogenetic data for S.
flaveola, including the standard Giemsa karyotype, C- and G-banding, repetitive DNA mapping, and
bacterial artificial chromosome (BAC) FISH. We also compared our results with the sister groups,
Passeriformes and Psittaciformes, bringing new insights into the chromosome and genome evolution
of birds. The results revealed contrasting rates of intrachromosomal changes, highlighting the role of
SSR (simple short repetition probes) accumulation in the karyotype reorganization. The SSRs showed
scattered hybridization, but brighter signals were observed in the microchromosomes and the short
arms of Z chromosome in S. flaveola. BACs probes showed conservation of ancestral syntenies of
macrochromosomes (except GGA1), as well as the tested microchromosomes. The comparison of our
results with previous studies indicates that the great biological diversity observed in Passeriformes
was not likely accompanied by interchromosomal changes. In addition, although repetitive sequences
often act as hotspots of genome rearrangements, Passeriformes species showed a higher number of
signals when compared with the sister group Psittaciformes, indicating that these sequences were
not involved in the extensive karyotype reorganization seen in the latter.

Keywords: Thraupidae; micro and macrochromosomes; inter and intrachromosomal rearrangements;
genetic organization; SSRs
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1. Introduction

The tanagers (Passeriformes: Thraupidae) exhibit a range of plumage colors and
patterns, behaviors, morphologies, and habitats [1]. According to Gill et al. [2], the tan-
agers are composed of approximately 380 species, representing 4% of the members of the
order Passeriformes. Given the extensive diversity found among tanagers, their taxonomic
classification has been problematic [1,3]. For instance, the genus Sicalis has already been
the subject of several taxonomic studies due to controversies on its permanence in Ember-
izidae [4] or Thraupidae [5]. Sicalis flaveola, the subject of this study, is popularly known
as the Saffron finch and has an extremely large range in South America [6]. It is a semi-
domestic species, tolerant of humans, and frequently nesting in the roof eaves of suburban
houses in Eastern Ecuador, Western Peru, Eastern and Southern Brazil (where it is com-
monly referred to as the “canário-da-terra” or “native canary”—despite not, taxonomically,
being a canary).

Cytogenetic studies in tanager species are still scarce and based mostly on conventional
staining (Giemsa) [7]. Although only 11% of Thraupidae species have been karyotyped,
high chromosomal similarities were observed among them, which approximately 63%
of karyotyped species showing 2n = 78 chromosomes [7]. However, some deviations
have been described, such as 2n = 72 in Oryzoborus maximiliani [8], and 2n = 88 in Salta-
tor coerulescens [9]. Molecular cytogenetic studies are even more scarce, with only two
species—Saltator aurantiirostris and Saltator similis, both with 2n = 80—analyzed by com-
parative chromosome painting using Gallus gallus (GGA) and Leucopternis albicollis (LAL)
probes [10]. Both species presented macrochromosome conservation, except for centric
fission of chromosome GGA1, which has been found in all passerines thus far analyzed [11].

Despite the low rate of interchromosomal rearrangements in Passeriformes species, a
high rate of intrachromosomal rearrangements, such as inversions, have been described,
both in silico [12,13] and following in situ experiments [10,14–18]. The most phylogenetically
informative finding is a series of intrachromosomal rearrangements involving paracentric
and pericentric inversions in the syntenic group corresponding to GGA1q, including
oscines and suboscines [10,14–18]. Therefore, these studies suggested that this complex
pattern of intrachromosomal rearrangements was already present in the common ancestor
of Passeriformes.

Microchromosomes correspond to approximately 25% of the avian genome [19], and
around 50% of avian genes are on these chromosomes [20]. Because of technical limitations,
however, most of the molecular cytogenetics studies in Passeriformes have focused only
on the comparison of homology with chicken macrochromosomes [11]. For instance, up to
now, only four Passeriformes species had their karyotype analyzed in detail, i.e., macro
and microchromosomes: Taeniopygia guttata, Turdus merula, and Serinus canaria [17,21,22]
from oscines suborder, and Willisornis vidua from suboscines suborder [23]. The results
revealed that the microchromosomes were not involved in interchromosomal events in
the oscines species. However, the chicken microchromosome 17 was found fused to a
macrochromosome of W. vidua. Interchromosomal rearrangements involving these small
elements are rare in birds but have been found only extensively in Falconiformes and
Psittaciformes [22,24–27]. In addition, microchromosome fusions have been found in
Cuculiformes, Suliformes, and Caprimulgiformes species [28,29], and future studies are
necessary to investigate if it is a species-specific feature or if it is shared with other mem-
bers of these orders. Future studies are also necessary for other Passeriformes members,
considering the great diversity in the number of species.

Cytogenomic studies using other types of chromosomal markers, such as repetitive
sequences, are also scarce in birds. Repetitive DNA plays an important role in the chro-
mosome structure and genome organization [30,31]. Furthermore, they often serve as
hotspots of genome rearrangements and evolutionary innovation [32]. These sequences
are classified into distinct categories. Among them are the microsatellites, which represent
the most variable types of DNA sequences [33]. To this end, it is essential to know how
these elements are organized in the genome. Despite the significance of simple short
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repetition probes (SSR), data concerning the mapping of these sequences by fluorescent
in situ hybridization (FISH) are available for a few species of birds and results so far have
shown the involvement of amplification of these elements in atypical sex chromosomes,
in which the repetitive DNA amount was related to the enlargement of these elements in
some cases [34–40].

The karyotype of S. flaveola has been investigated only by giemsa staining, revealing a
diploid number of 80 chromosomes [41–43]. In the present study, we provide the detailed
cytogenetic data for the Saffron finch, S. flaveola, including the standard Giemsa karyotype,
C- and G-banding, repetitive DNA mapping, and bacterial artificial chromosome (BAC)
FISH, bringing new insights into the chromosome and genome evolution of birds, especially
tanagers and Passeriformes.

2. Materials and Methods

2.1. Animals and Chromosome Preparations

Fibroblast cell lines were established from 1 male and 3 female embryos of S. flaveola,
selected after sexing by Giemsa staining, chromosome banding, and FISH results using
BAC for chicken Z and W chromosomes. The cells were cultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 15% fetal bovine serum, 2% penicillin–
streptomycin, and 1% L-glutamine at 37 ◦C, according to Sasaki et al. [44]. Metaphase
chromosomes were obtained by standard protocols: treatment with colcemid (1 h), hy-
potonic solution (0.075 M KCl, 15 min), and fixation with 3:1 methanol/acetic acid. The
embryos were collected in their natural environment in São Gabriel city, Rio Grande do Sul
State, Brazil, following the procedures approved by the “Biodiversity Authorization and
Information System”, permission numbers 44173-1 and 33860-4. The experiments using
animals were approved by the Ethics Committee on Animal Experimentation (CEUA) of
the Universidade Federal do Pampa under no. 026/2012 and 018/2014.

2.2. Diploid Number, C and G-Banding

For the karyotype description and diploid number, an average of 30 metaphases in
conventional staining (5% Giemsa in 0.07 M phosphate buffer, pH 6.8) were analyzed per
specimen. Chromosomes were arranged and classified according to the nomenclature of
Guerra [45]. Blocks of constitutive heterochromatic were detected by C-banding [46]. G-
banding patterns were performed according to Schnedl [47], with modifications proposed
by Costa et al. [48].

2.3. Fluorescence In Situ Hybridization (FISH) with Simple Short Repeat Probes (SSR) and
Bacterial Artificial Chromosomes (BAC) Probes

Six simple short repeat probes (SSR) were used: (CA)15, (CAA)10, (CAC)10, (CAG)10,
(GAA)10, and (GAG)10. Probes were directly labeled with Streptavidin-Cy3 during their
synthesis and the hybridization procedures followed Kubat et al. [49].

A total of 64 bacterial artificial chromosomes (BAC) probes from G. gallus (GGA,
CH261) or Taeniopygia guttata (TGMCBA), corresponding to GGA1-28 (except GGA16) and
Z and W sex chromosomes were selected and applied to the metaphases of S. flaveola. Two
BAC clones corresponded to pairs GGA4-28 were used (Table S1). However, a higher num-
ber of BAC clones were used to pairs GGA1, 2, and 3 in order to detect intrachromosomal
rearrangements (Table S1). Isolation, amplification, labeling, and hybridization of BAC
clones were performed according to O’Connor et al. [22]. Probes were labeled with Texas
red (red) or FITC (green).
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2.4. Microscopic Analysis and Image Capturing

For conventional experiments, the slides were analyzed using an Olympus DP53
optical microscope. Images of repetitive DNAs FISH experiments were analyzed and
captured using a Zeiss Imager 2 microscope with Axiovision 4.8 software (Zeiss, Germany).
Images of BAC FISH experiments were captured using a CCD camera and SmartCapture
(Digital Scientific UK) system coupled on an Olympus BX61 epifluorescence microscope.
Final image processing was performed using Adobe Photoshop 7.0. At least 15 metaphase
spreads were analyzed to confirm the chromosomal morphologies and FISH results.

3. Results

3.1. Karyotype Description, C and G-Banding

The results showed a diploid number of 2n = 80 in S. flaveola, with 11 pairs of
macrochromosomes, including the sex chromosomes, and 28 pairs of microchromosomes,
as previously proposed [41–43]. Pairs 1, 4, and Z were submetacentric, while the remaining
ones were acrocentric (Figure 1). C-banding revealed huge blocks of constitutive hete-
rochromatin in three pairs of microchromosomes, in the short arms of chromosome Z, in
the centromere of most macro and microchromosomes, and in the W chromosome, which
is heterochromatic in most of its length (Figure 2A).

Figure 1. Complete karyotype of a female specimen of Sicalis flaveola 2n = 80.

Figure 2. C-banding patterns (A) and hybridization of simple short repeats (B–G) onto metaphases of
a female individual of Sicalis flaveola. The chromosome probes used are indicated on the left bottom,
and the sex chromosomes (Z and W) are indicated by arrows.
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3.2. Chromosomal Distribution of Simple Short Repeats (SSRs)

In general, the SSRs tested here showed scattered hybridization, but a general higher
accumulation was observed in the microchromosomes and the short arm of the Z chromo-
some (Figure 2B–G). The W chromosome, on the other hand, showed dispersed signals,
like the autosomes. Specifically, sequences (CA)15, (GAA)10, (CAG)10, and (CAC)10 showed
scattered signals in all chromosomes but with strong signals on the telomere regions of
macrochromosomes and in the microchromosomes (Figure 2B,C,E,G). (GAA)10, (CAC)10,
and (CAG)10 also produced signals in the short arms of chromosome Z (Figure 2B,C,G).
(GAG)10 and (CAA)10 produced bright signals in two microchromosome pairs and slight
signals in an additional pair of microchromosomes (Figure 2B,F). (GAG)10 also showed
signals on the Z chromosome (Figure 2B).

3.3. Chromosomal Homology Between Chicken and Sicalis flaveola

The chromosomal mapping of BAC clones corresponding to chicken chromosomes
GGA1-28, except 16 and 25, and sex chromosomes Z and W evidenced the syntenic conser-
vation of these chromosomes in S. flaveola (SFL), with exception of GGA1, which was split
into two pairs (SFL 2 and 4) due to centric fission (Figures 3–6). The S. flaveola homologous
chromosomes to GGA16 and 25 could not be identified because there were no BAC probes
to GGA16, and the probes from GGA25 did not produce signals. Chicken chromosome 4 re-
vealed the GGA4q and 4p as separated chromosomes in S. flaveola (SFL5 and 12), as in the
putative Neognathae karyotype [29]. The analysis of different BAC clones corresponding
to GGA1 revealed that intrachromosomal rearrangements occurred in SFL2, homologous
to GGA1q. On the other hand, no evidence of this type of rearrangement was observed in
the pairs homologous to GGA1p, 2, and 3 (Figure 5). The homology map between G. gallus
and S. flaveola is shown in Figure 6.

Figure 3. Representative FISH experiments using chicken (CH261) and zebra finch (TGMCBA)
macrochromosomes BAC probes in Sicalis flaveola: (A) chicken macrochromosome Z TGMCBA-
270I9 (red) and CH261-94E12 (green); (B) chicken macrochromosome 1 TGMCBA-146O14 (red) and
TGMCBA-206D5 (green); (C) chicken macrochromosome 2 TGMCBA-340P4 (red) and TGMCBA-
78C11 (green); (D) chicken macrochromosome 3 CH261-130M12 (red) and CH261-97P20 (green);
(E) chicken macrochromosome 4 CH261-89P6 (red) and CH261-71L6 (green); (F) chicken macrochro-
mosome 7 CH261-180H18 (red) and CH261-56K7 (green).
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Figure 4. Representative FISH experiments using chicken (CH261) and zebra finch (TGMCBA) mi-
crochromosomes BAC probes in Sicalis flaveola: (A) chicken microchromosome 17 CH261-42P16 (red)
and TGMCBA-375I5 (green); (B) chicken microchromosome 18 CH261-72B18 (red) and CH26-60N6
(green); (C) chicken microchromosome 19 CH261-10F1 (red) and CH261-50H12 (green); (D) chicken
microchromosome 20 TGMCBA-250E3 (red) and TGMCBA-341F20 (green); (E) chicken microchromo-
some 27 CH261-28L10 (red) and CH261-66M16 (green); (F) chicken microchromosome 28 CH261-
72A10 (red) and CH261-64A15 (green).

Figure 5. Schematic representation of BAC clones from Gallus (CH261) or Taeniopygia guttata (TGM-
CBA) homologous to G. gallus chromosome 1 (GGA 1) (A), chromosome 2 (GGA 2) (B), and chro-
mosome 3 (GGA 3) (C) in Sicalis flaveola (SFL). Ideograms are represented with G-banding patterns.
G-banding data from G. gallus followed Ladjali-Mohammedi et al. [50].
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Figure 6. G-banded karyotype of Sicalis flaveola and homologous chromosomal segments with Gallus chromosomes (right).
* Asterisks indicate the probable chromosomes corresponding to GGA16 and GGA25.

4. Discussion

We described here a detailed karyotype description for S. flaveola, a representative
member of the Thraupidae family, and compared our results with previous studies in
Passeriformes, especially Thraupidae. Our results confirmed a typical avian karyotype,
with 80 chromosomes, divided into 11 pairs of macrochromosomes, including the Z and
W sex chromosomes, and 28 pairs of microchromosomes, corroborating the previous
karyotype description [41–43]. This pattern of karyotype is also typical for Passeriformes
and Thraupidae species [7].

Despite the constancy of the 2n among Thraupidae species, their C-positive hete-
rochromatin distribution shows distinct patterns among them. In S. flaveola, we found
C-banding positive in three pairs of microchromosomes, in the centromere of the seventh
pair, in the W, and in the entire short arms of the Z. Interestingly, in four other species of
Thraupidae, S. similis, S. aurantiirostris, Ramphocelus carbo, and Tangara cayana, a block of
constitutive heterochromatin was also found in the short arms of the Z chromosome [10,51].
The only exception so far is Tachyphonus rufus, in which this block was not found [51]. R.
carbo and T. rufus are a member from the same subfamily (Tachyphoninae). Hence, it is
likely that the block of constitutive heterochromatin is a common trait of Thraupidae family,
and it was eliminated in T. rufus. However, the block of constitutive heterochromatin on
the short arms of Z chromosome is not restricted to Thraupidae since a similar pattern
has been observed in Passeridae [52,53] and Estrildidae [54] species. Future studies are
necessary to investigate if this block of constitutive heterochromatin has a common or inde-
pendent origin in Thraupidae, Passeridae, and Estrildidae. Nevertheless, these findings
highlight that the accumulation/elimination of constitutive heterochromatin in the sex
chromosomes is an active process during the chromosomal evolution of Passeriformes.
Such role of heterochromatin in the differentiation of sex chromosomes is widely reported
in many other groups, including mammals [55], fishes [56,57], plants [58], reptiles [59],
among others.

Overall, the SSR probes tested showed scattered hybridization, but brighter signals
were observed in the microchromosomes and the short arms of the Z chromosome. They
were preferentially associated with heterochromatic regions, corroborating the hypothesis
that repetitive DNAs are found in condensed and inactive regions of the genome [11,33]. In
addition, previous studies also mentioned that most SSRs are incorporated into non-coding
DNA, although they can be found in coding regions, suggesting that these sequences may
affect the structure and function of proteins [60].
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A distinct pattern of SSRs hybridization has been described in the sex chromosomes
among birds. In general, SSRs accumulate in the W chromosomes [28,36–39], except for Pici-
formes, in which no specific hybridization signal was observed in this chromosome [35,61].
The Piciformes, in contrast, showed extensive SSRs hybridization signals in the Z chro-
mosome of all species tested so far, which were proposed as the main cause of its en-
largement [35,61]. SSRs hybridization signals have also been found in the Z chromosome
of Passeriformes and Psittaciformes, but it is not a general rule in species from these or-
ders [36,38]. For instance, in Psittaciformes, it has been found in Myiopsitta monachus, but
no evidence of SSRs accumulation in Amazona aestiva has been observed [36]. Similarly,
in Passeriformes, it has been described in Progne tapera, but not in Progne chalybea and
Pygochelidon cyanoleuca [38]. Therefore, these studies highlight the role of species-specific
repetitive DNAs accumulation in the avian sex chromosomes.

The chromosomal mapping of BAC clones indicated a high degree of inter-chromosomal
karyotype conservation between G. gallus and S. flaveola, due to the unique interchromoso-
mal rearrangement that was detected, involving centric fission of the ancestral chromosome
1 (GGA1). This fission is widely reported in Passeriformes species and is therefore con-
sidered a synapomorphy for the group [11]. Chicken chromosome 4 hybridized two
chromosome pairs in S. flaveola (SFL5 and 12). However, this is the ancestral state, as
proposed to the putative Neognathae karyotype [29]. Furthermore, intrachromosomal
rearrangements already detected in previous studies in other species of Passeriformes
were also observed in the chromosome homologous to GGA1q (SFL2). These paracentric
and pericentric inversions occurred in the GGA1q chromosome in different Passeriformes
species, both oscines and suboscines [10,15–18]. Hence, our study reinforces the hypothesis
that these intrachromosomal rearrangements were already present in the common ancestral
of Passeriformes [15,16].

Most of the cytogenetic studies on birds address only the macrochromosomes, limiting
our understanding of the GGA1-9 [11]. Here we provided, for the first time, a detailed
analysis of the microchromosomes in Thraupidae species. Our results revealed that the
microchromosomes GGA10-28 (except GGA16 that does not have BAC clones, and GGA25,
which in turn do not hybridize in Passeriformes species), are conserved as individual
chromosomes in S. flaveola. Similar results were found recently in other oscines species, Tae-
niopygia guttata, Turdus merula, and Serinus canaria [22]. These data indicate that not only the
macrochromosomes but also the microchromosomes are highly conserved among Passeri-
formes. Thus, we suggest that the ancestral pattern of microchromosome organization was
already present in the last common ancestral to Passeriformes.

The order Passeriformes represents approximately 60% of the avian species [2], and
no other avian clade has evolved such great diversity in terms of number of species,
morphological and ecological diversification [62]. Interestingly, this diversity was not ac-
companied by interchromosomal reorganization (Figure 7 and Table S2). On the other hand,
parrots (Psittaciformes), the sister group of the Passeriformes [63–65], which represent
approximately 3.6% of the avian species [2], underwent a high rate of interchromosomal
rearrangements, involving fusions of macrochromosomes (Figure 7 and Table S2) and mi-
crochromosomes [22,25,27]. This may indicate that the maintenance of the ancestral pattern
of karyotype in Passeriformes was crucial to the successful diversification seen in this clade.
Intrachromosomal rearrangements, such as inversions, have been extensively described in
both Passeriformes and Psittaciformes species. For instance, 125 and 134 intrachromosomal
changes have been described in T. guttata and Melopsittacus undulatus, respectively [66].
Although intrachromosomal rearrangements are considered as one of the most prominent
adaptation mechanisms [67–69], this type of rearrangement does not explain the great
difference in terms of the number of species between Passeriformes and Psittaciformes,
since both orders underwent a similar amount of intrachromosomal changes.
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Figure 7. Chromosomal rearrangements in Passeriformes and Psittaciformes species analyzed with
chromosome painting with Gallus gallus (GGA) probes (GGA1-10) or BACs clones corresponding
to these GGA chromosomes. The phylogenetic tree was sourced from TimeTree databases (http:
//www.timetree.org, accessed on 12 May 2021) [70]. Rearrangements are represented by fissions
(red) and fusions (blue). Seg = segment, q = long arm, micro = microchromosome.

Repetitive DNA plays an important role in genome organization and function, and
they often serve as hotspots of genome rearrangements [31,32]. Hence, by comparing the
chromosomal mapping of microsatellite sequences between the sister clades Passeriformes
and Psittaciformes, with low and high rates of chromosomal rearrangements, respectively,
we can speculate about the importance of these sequence in the karyotype reorganization
and the diversification of these clades. Up to now, only four Passeriformes species (P.
tapera, P. chalybea, P. cyanoleuca, and S. flaveola) and two Psittaciformes ones (Myiopsitta
monachus and Amazona aestiva) have been analyzed with chromosomal mapping of SSRs
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sequences [36,38] (Table 1). Comparing the three SSRs used in common in these species
is clear that these Passeriformes have a higher number of signals than the Psittaciformes
species. These findings suggest that the SSRs were not involved in the high difference ob-
served between the karyotype organization of Passeriformes and Psittaciformes. However,
we cannot discard the involvement of repetitive sequences in the karyotype reorganiza-
tion of Psittaciformes since other types of these sequences were not explored, such as
transposable elements and satellites DNA.

Table 1. Chromosome mapping comparison of microsatellites among Passeriformes and Psittaciformes species.

Species
SSRs

(CAA)10 (CAG)10 (CA)15

S. flaveola, 2n = 80 1 Three pairs of micros

Scattered signals in all
chromosomes but strong signals

on the telomere regions of macros
and micros, and in the Zp

Scattered signals in all
chromosomes but strong signals

on the telomere regions of macros
and in the micros

P. cyanoleuca, 2n = 76 2 Telomere of Wq Telomere of Wpq Telomere of Wq

P. tapera, 2n = 76 2 Telomere of 1q Wq Telomere of 1q, 2q, Wq;
Pericentromeric region of 6, 7, Wq

P. chalybea, 2n = 76 2 Telomere of 1pq, 2q, Wq;
pericentromeric region of 1pq - Telomere of 1pq, 2q, 4q, Wq;

pericentromeric region of 1pq, Wpq

M. monachus, 2n = 48 3 Wq

Telomere region of 1p, 2q, 3q, 4pq,
5q, 6p, Zp; pericentromeric region
of 1q, 7q, Wq; centromeric region

1-9; all micros

-

A. aestiva, 2n = 70 3 - - -
1 Present study, 2 Barcellos et al. [38], 3 Furo et al. [36], 2n = diploid number, macro = macrochromosomes, micro = microchromosomes,
p = short arms, and q = long arms.

5. Conclusions

In the present study, we demonstrated the most complete cytogenetic analysis to date
of a Thraupidae family member, contributing to a better understanding of its chromo-
some organization and evolution. The BAC probes of G. gallus were applied for the first
time in S. flaveola, showing conservation in the ancestral microchromosomes and most
macrochromosomes. Taken together, our findings displayed a typical avian karyotype
with a high rate of homology with G. gallus, some intrachromosomal rearrangements,
scattered SSRs distribution, and an uncommon accumulation of these sequences in the Z
chromosome. Our comparison of chromosomal mapping of SSRs between the sister clades
Passeriformes and Psittaciformes indicated that these sequences were not involved in the
karyotype reorganization of Psittaciformes since Passeriformes species showed a higher
number of signals.
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Simple Summary: We present chromosome and DNA analysis of a normal Thoroughbred mare and
her abnormal foal born with neurologic defects. We show that the foal has an abnormal karyotype
with three copies of chromosome 26 (trisomy chr26), instead of the normal two. However, two
of the three chr26 have fused, forming an unusual derivative chromosome. Chromosomes of the
dam are normal, suggesting that the chromosome abnormality found in the foal happened during
egg or sperm formation or after fertilization. Analysis of the foal and the dam with chr26 DNA
markers indicates that the extra chr26 in the foal is likely of maternal origin and that the unusual
derivative chromosome resulted from the fusion of two parental chr26. We demonstrate that although
conventional karyotype analysis can accurately identify chromosome abnormalities, determining
the mechanism and parental origin of these abnormalities requires DNA analysis. Most curiously,
this is the second case of trisomy chr26 with unusual derivative chromosome in the horse, whereas
all other equine trisomies have three separate copies of the chromosome involved. Because horse
chr26 shares genetic similarity with human chr21, which trisomy causes Down syndrome, common
features between trisomies of horse chr26 and human chr21 are discussed.

Abstract: We present cytogenetic and genotyping analysis of a Thoroughbred foal with congenital
neurologic disorders and its phenotypically normal dam. We show that the foal has non-mosaic
trisomy for chromosome 26 (ECA26) but normal 2n = 64 diploid number because two copies of ECA26
form a metacentric derivative chromosome der(26q;26q). The dam has normal 64,XX karyotype
indicating that der(26q;26q) in the foal originates from errors in parental meiosis or post-fertilization
events. Genotyping ECA26 microsatellites in the foal and its dam suggests that trisomy ECA26 is
likely of maternal origin and that der(26q;26q) resulted from Robertsonian fusion. We demonstrate
that conventional and molecular cytogenetic approaches can accurately identify aneuploidy with a
derivative chromosome but determining the mechanism and parental origin of the rearrangement
requires genotyping with chromosome-specific polymorphic markers. Most curiously, this is the
second case of trisomy ECA26 with der(26q;26q) in the horse, whereas all other equine autosomal
trisomies are ‘traditional’ with three separate chromosomes. We discuss possible ECA26 instability
as a contributing factor for the aberration and likely ECA26-specific genetic effects on the clinical
phenotype. Finally, because ECA26 shares evolutionary homology with human chromosome 21,
which trisomy causes Down syndrome, cytogenetic, molecular, and phenotypic similarities between
trisomies ECA26 and HSA21 are discussed.

Keywords: karyotyping; FISH; STR genotyping; parental origin; congenital abnormalities; neurologic
disorders; Down syndrome
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1. Introduction

Multiple forms of chromosome rearrangements have been reported in the domestic
horse, Equus caballus (ECA) and most are associated with decreased fertility, embryonic or
fetal loss, congenital and developmental disorders, causing significant economic loss to
breeders and the equine industry [1,2]. The most commonly found chromosomal abnor-
malities in horses are X-monosomy and XY male-to-female sex reversal (also known as XY
disorder of sex development or XY DSD) [1–3], which owe to the specific features of equine
sex chromosome organization [2,4,5]. Rearrangements involving autosomes, however, are
rare in horses and include mainly a few translocations and autosomal aneuploidies [2].

Aneuploidies cause genetic imbalance, due to which most of them are lethal [6], and
the 14 reported live-born cases of autosomal trisomies involve only the six smallest equine
autosomes—ECA23, 26, 27, 28, 30 and 31 [1,2,7]. Autosomal aneuploidies are equally rare
in other domestic species. There are 16 reported cases of autosomal trisomies in cattle
involving the 10 smallest autosomes, typically resulting in fetal death or postnatal culling
by breeders due to congenital defects [8,9]. In the domestic pig, there are no reports of
live-born animals with whole autosome aneuploidies [10], and all autosomal trisomies in
dogs have exclusively been found in tumor cells [11]. Likewise, although aneuploidies
occur in at least 5% of clinically recognized human (Homo sapiens, HSA) pregnancies and
account for over 25% of spontaneous abortions, only trisomies of HSA13, 18 and 21 have
been found in live born, of which only trisomy HSA21 survives to adulthood [12,13].

Extensive studies of human autosomal aneuploidies show that the majority are caused
by errors in maternal meiosis I (MI) with advanced maternal age being a critical contributing
factor, whereas only 5–10% of trisomies are caused by paternal errors [13]. At the same time,
human data also show remarkable variation among trisomies regarding the parent and
meiotic stage (MI or MII) of origin of the extra chromosome. For example, paternal errors
account for nearly 50% of trisomy HSA2 but almost never for trisomy HSA16. Likewise,
errors in maternal MI account for almost all cases of trisomy HSA16, whereas trisomy
HSA18 is predominantly caused by errors in maternal MII, suggesting that the patterns of
non-disjunction may have chromosome specific effects [13,14].

In rare occasions, trisomies of acrocentric autosomes are combined with Robertsonian
fusion or isochromosome formation [15–17], so that despite of aneuploidy, the diploid chro-
mosome number remains normal. For example, about 5–6% of cases with Down syndrome
carry unbalanced heterologous or homologous fusions involving HSA21 [15,17]. The mech-
anism for heterologous fusions is Robertsonian translocation, of which the most common
(82%) in Down syndrome patients is rob (14q;21q), with the remaining 8% represented
by rob(13q;21q), rob(15q;21q) and rob(21q;22q) [17]. On the other hand, trisomy due to
homologous fusion of (21q;21q) can result from different mechanisms—by isochromosome
i(21q) formation or due to Robertsonian translocation rob(21q;21q). Since isochromosomes
result from the duplication of a single chromosome arm [18], the duplicated parts are ge-
netically identical and can be distinguished from homologous translocation by genotyping
for allelic variation using chromosome specific polymorphic short tandem repeat (STR)
markers [15,16,18,19].

In domestic animals, the only case of autosomal trisomy combined with centric fusion or
isochromosome formation has been reported in horses for trisomy ECA26 [20,21]. The kary-
otype formula of the affected Thoroughbred mare was presented as 64,XX, −26,+t(26q;26q),
but because polymorphic STR markers were not available for horses at that time, the
researchers could not determine whether the abnormal chromosome (26q;26q) was an
isochromosome or the result of a Robertsonian fusion.

In the present study, we report and characterize the second equine case of trisomy
26 involving homologous fusion 26q;26q. We will characterize the case using classical
and molecular cytogenetic approaches and genotype the affected individual and its dam
with ECA26 STR markers to determine the mechanism and likely parental origin of the
aberration.
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2. Material and Methods

2.1. Ethics Statement

Procurement of blood samples followed the United States Government Principles for
the Utilization and Care of Vertebrate Animals Used in Testing, Research and Training.
These protocols were approved as AUP and CRRC #2018-0342 CA at Texas A&M University.

2.2. Case Description and Sampling

A Thoroughbred foal (ID: H1063) was euthanized at the age of 5 months and 3 weeks
due to stupors that gradually developed into ataxia, due to failure to thrive despite nurs-
ing well and being initially treated for possible neonatal mal-adjustment syndrome, and
due to being inappropriate mentally. Although cervical radiographs did not provide an
explanation for progressing ataxia, necropsy revealed axonal degeneration in brainstem
and spinal cord suggestive of equine degenerative myeloencephalopathy. This was the
first foal of a 5-year-old maiden Thoroughbred mare boarded on a large, well-managed
farm. The sire had had several normal foals before. Peripheral blood samples in EDTA-
and sodium heparin-containing vacutainers (VACUTAINERTM, Becton Dickinson) were
obtained from the affected foal and its dam (ID: H1066) for cytogenetic and DNA analysis.

2.3. Cell Cultures and Chromosome Preparations

Metaphase chromosome spreads were prepared from peripheral blood lymphocytes
following standard protocols [22]. Briefly, 1 mL of sodium heparin stabilized peripheral
blood was grown for 72 h in 9 mL of culture medium RPMI-1640 supplemented with
HEPES and Glutamax (Gibco), 30% fetal bovine serum (FBS; R&D Systems Inc., Min-
neapolis, MN, USA), 1X antibiotic-antimycotic (100×; Invitrogen, Waltham, MA, USA),
and 15 μg/mL pokeweed mitogen (Sigma Aldrich, St. Louis, MO, USA). Lymphocyte
cultures were harvested with demecolcine solution (10 μg/mL; Sigma Aldrich), treated
with Optimal Hypotonic Solution (Rainbow Scientific, Windsor, CT, USA), and fixed in
3:1 methanol/acetic acid. The cells were dropped on clean, wet glass slides and checked
under phase contrast microscope (×200) for quality.

2.4. Karyotyping and Cytogenetic Analysis

Chromosomes were stained by GTG-banding [23] for karyotyping. Karyotyping and
chromosome analysis were performed with a motorized fluorescence microscope Axio Im-
ager M2p (Zeiss) equipped with a high-resolution progressive scan CCD camera CoolCube
1 and Ikaros v5.3.18 software (MetaSystems GmbH, Altlußheim, Germany). Images of a
minimum of 30 cells were captured and analyzed per individual. Horse chromosomes
were identified and arranged into karyotypes according to the International System of
Cytogenetic Nomenclature of the Domestic Horse [24] and chromosome aberrations were
described following Human Cytogenomic, Nomenclature [25].

2.5. Fluorescence In Situ Hybridization (FISH)

The rearrangements identified by conventional cytogenetic analysis were validated
by two-color FISH with ECA26-specific Bacterial Artificial Chromosome (BAC) clones
(Table 1) from horse genomic BAC library CHORI-241 (https://bacpacresources.org/, last
accessed 1 December 2021). The probes were labeled with biotin or digoxigenin by nick
translation using Biotin or DIG Nick Translation Mix (Roche Diagnostics, Basel, Switzer-
land), following the manufacturer’s protocol. Hybridization and signal detection followed
standard protocols described elsewhere [22]. Biotin-labeled probes were detected with
Alexa Fluor® 488 streptavidin conjugate (Molecular Probes, Life Technologies, Carlsbad,
CA, USA) and digoxigenin-labeled probes with DyLight® 594 anti-digoxigenin conjugate
(Vector Laboratories, Burlingame, CA, USA). Chromosomes were counterstained with
4′,6-diamidino-2-phenylindole (DAPI). At least 10 cells were captured and analyzed for
each experiment using Isis v5.3.18 software (MetaSystems GmbH, Altlußheim, Germany).
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Table 1. Information about ECA26 BAC clones used for FISH. Genomic location of BACs was
retrieved from NCBI Genome (https://www.ncbi.nlm.nih.gov/genome/, last accessed 15 October
2021) and cytogenetic map information from [26].

CHORI-241 BAC Clone BAC Location in EquCab3 Cytogenetic Location Representative Genes

9N4 chr26:12,142,705–12,318,937 26q14 ROBO2

91H11 chr26:42,857,954–43,065,765 26q17 S100B

2.6. DNA Isolation, PCR Analysis and STR Genotyping

Genomic DNA was isolated from EDTA-stabilized blood with QIAamp DNA Blood
Mini Kit (Qiagen, Hilden, Germany). Both horses were tested by PCR for the Y-linked
SRY gene and X-linked androgen receptor (AR) gene as described earlier [27], followed
by genotyping for the 15 autosomal STRs of the standard equine parentage panel [28],
and an additional 24 STRs specific for ECA26 (Table 2). Genotyping was performed either
with directly fluorescently labeled primers [29] or with three-primer nested PCR where the
forward primer in each primer-pair had an M13-tail which was targeted by a fluorescently
labeled universal M13 primer during PCR reactions [30]. Annealing temperature for all
PCR reactions was 58 ◦C. The PCR products were resolved with an ABI PRISM 377 (Applied
Biosystems, Foster City, CA, USA) and allele sizes were determined using GeneScan-500
LIZ Size Standard and GeneMapper® v4.1 (Applied Biosystems, Waltham, MA, USA).

Table 2. Information about ECA26 STR markers used for genotyping.

STR Forward Primer: 5′-3′ Reverse Primer: 5′-3′ NCBI Accession or Reference

A-17 ** GTGGAGAGATAAAAGAAGATCC GGCCACAAGGAATGAACACAC X94446

COR071 ** CTTGGGCTACAACAGGGAATA CTGCTATTTCAAACACTTGGA AF142608

LEX044 * TTGGGCTTCTTATCTTGTTAC GGCCATATGATTTGCTTT AF075646

NVHEQ070 ** GCTGGTCAAGTCACACTGTG AACCTCACCCCAAGTTGTAT AJ245765

TKY1155 * AGCTCAGGGCGAATCTTACA AAACCTGGGCATCTTCCTTT AB104373

TKY275 * TCTCAGTGGATATAACTAGC GAGATGGATACAGATAGAAG AB033926

TKY3385 * TGACACCACCAGGGAAAAGT CATGTTCCCTCACCTCTGGT AB217328

TKY414 * CCTGAAATCCGCTTCCATTA ACCGGGTTATTTTGACATGG AB103632

TKY488 * TGTGTTTGTGTGCTATATACATGCTT TGACATGAAGGCTGGACTTG AB103706

TKY502 * ACGGAAAACGTATGCCACTC AGTGGGGACTTTGTTGAGGA AB103720

TKY523 * TGCACACCCATTCTAGCTCA GTGGCTCACTCCTCGCTTAC AB103741

TKY664 * TACTGCCCTTGGCTGACTCT CAGAACATGAACCCCTCCAG AB103882

TKY766 * ACTTTGCACCTGTGCAAAAAG CTGATTCTTGGCATCTGGAAA AB103984

TKY778 * CTTAGATGGAGTCCTCCTAC GGGTTCCTTTTACCTTCTCC AB103996

TKY846 * TCAAACCATCTGCTCAGAAG AAATCCCAATCTGAGGGTAG AB104064

TKY934 * TTCCAGTGGTTAGGATGTAG TTGAGCATAGTGATAGCATATG AB104152

UM005 * CCCTACCTGAAATGAGAATTG GGCAAAAGATCAGGCCAT AF195127

UMNe127 * TTATAAATCACCACTGTTTACACAC TCTTGAAGCAGGATGGGC AY391298

UMNe153 * GTGCTGGAGTGAGCTGACC ATCCAAATCGGAGACCATATG AF536265

UMNe188 * GTTAACAAGGATTGTTTTGGGC TGCGTTTCTGCTTCTCCC AY391317

UMNe434 * TCTGCTGTTGGCCATCATC ACCTGCCTGCAAAACCTTC [26]

UMNe542 * TGAAAGAGACCATACACGATGC CACGACTTAGAGACGTGTGAGC AY735263
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Table 2. Cont.

STR Forward Primer: 5′-3′ Reverse Primer: 5′-3′ NCBI Accession or Reference

UMNe559 * CTTCCCATTCTCTATCACCCC CTGTTCTCCCAATTCTTTCTGG [26]

UMNe588 * CGCAGGTAGACTGTGTTAGGC CAAGACTGGAAATTTTCAAGGG [26]

* Forward primers had a M13 tail: TGTAAAACGACGGCCAGT ** Directly fluorescently labeled primers; Primer
sequences were retrieved from [26,31].

3. Results

3.1. Chromosome Analysis

Cytogenetic analysis showed that the affected foal (H1063) had normal 2n = 64 diploid
number, XY sex chromosomes, one copy of normal ECA26, and the karyotype contained
a morphologically abnormal metacentric derivative chromosome (Figure 1A,B). Analysis
of GTG-banding suggested that the derivative chromosome was composed of two copies
of ECA26 likely fused at the centromeres. Molecular cytogenetic analysis by FISH with
two ECA26 BAC clones, one corresponding to the proximal (BAC 9N4) and the other,
to the distal (BAC 91H11) portion of the chromosome, confirmed that the derivative
chromosome was the result of homologous centric fusion 26q;26q (Figure 1C). Thus, despite
the normal diploid number, the foal carried trisomy ECA26 in all cells analyzed. However,
by cytogenetic analysis alone, it was not possible to determine whether the derivative
chromosome resulted from Robertsonian fusion rob(26q;26q) or from isochromosome
formation i(26q).

Figure 1. Cytogenetic analysis results. (A) GTG-banded karyotype of the affected foal H1063 showing
64,XY karyotype with a single ECA26 and a metacentric derivative chromosome with the arms corre-
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sponding to ECA26q; (B) Metaphase spread corresponding to H1063 karyotype; arrows show the
normal and derivative ECA26; (C) FISH results with ECA26 BAC clones (BAC 9N4 green; BAC 91H11
red) showing (arrows) the presence of a single ECA26 and a metacentric derivative chromosome
26q;26q; (D) GTG-banded karyotype of the dam (H1066) showing normal 64,XX female karyotype;
(E) Metaphase spread corresponding to the karyotype of the dam (H1066).

Karyotype analysis of the dam (H1066) of the abnormal foal showed normal 64,XX
female karyotype (Figure 1D,E) indicating that chromosomal abnormality of the foal must
have originated from a parental meiotic error or a post-fertilization zygotic event.

As a standard part of cytogenetic analysis, both horses were tested by PCR for the SRY
and AR genes and the results agreed with karyotype analysis and the phenotypic sex of the
two horses: the XY foal H1063 was SRY-positive, the XX dam H1066 was SRY-negative,
and both horses were positive for the X-linked control marker AR.

3.2. STR Genotyping: Parentage and the Origin of ECA26 Trisomy

Genotyping for 15 genome-wide autosomal STRs [28] qualified the cytogenetically
normal Thoroughbred mare H1066 as the dam of the affected foal H1063. The two horses
were also genotyped for 24 STR markers which were evenly distributed over ECA26,
starting with UMNe588 as the most proximal marker and ending with TKY523 as the most
distal one (Table 3). As expected, the STR markers showed the presence of one or two
alleles in the cytogenetically normal dam H1066. However, five STRs had three alleles
in the abnormal foal H1063 (Figure 2, Table 3), indicating that the metacentric derivative
chromosome was the result of Robertsonian fusion rob(26q;26q) and not an isochromosome.
The karyotype of the foal was designated as 64,XY,der(26),rob(26q;26q) [25].

Table 3. Genotyping results with ECA26 STRs. Markers are presented according to their linear order
from centromere to telomere in ECA26; markers with three alleles in the foal are highlighted.

ECA26 Genomic
Location, EquCab3

ECA26 STR H1063: Alleles H1066: Alleles

5,190,320–5,190,461 UMNe588 156 156

6,518,546–6,518,920 TKY934 158/160 158/160

7,006,025–7,006,186 UMNe559 173/175/177 173/175

8,845,111–8,845,452 TKY846 201/203 201

11,835,911–11,836,148 TKY766 104/110 110

19,109,482–19,110,003 TKY502 220 220

19,136,880–19,137,134 UMNe153 142/162 142/162

19,767,544–19,767,787 COR071 202/210 202/210

20,212,459–20,212,887 TKY275 142/158 142/158

20,367,221–20,367,742 LEX044 204/218 204/218

21,795,871–21,795,973 A-17 107/109 107/109

23,979,076–23,979,467 TKY778 226 226

24,637,783–24,638,172 TKY488 107/109 107/109

26,379,056–26,379,415 UMNe127 148 148
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Table 3. Cont.

ECA26 Genomic
Location, EquCab3

ECA26 STR H1063: Alleles H1066: Alleles

26,766,980–26,767,353 UM005 230/232/234 232/234

31,041,466–31,041,914 TKY1155 180/188/192 180/188

31,486,888–31,487,451 NVHEQ70 198/202/204 198/202

32,006,987–32,007,419 UMNe188 142/144 142/144

34,426,999–34,427,199 TKY3385 204 204

36,846,956–36,847,298 TKY664 271 271

37,488,847–37,489,215 UMNe542 270/276 270/276

38,794,949–38,795,212 UMNe434 284/286/288 284/288

39,259,334–39,259,638 TKY414 171/173 171/173

39,552,914–39,553,412 TKY523 162 162

 

Figure 2. Genotyping results for ECA26 STRs UM005 (A), UMNe559 (B), UMNe434 (C), TKY1155
(D), and NVHEQ70 (E) showing the presence of three alleles in the foal H1063 (upper row) and two
alleles in its dam H1066 (lower row). Note that for each STR, the two alleles present in the dam
are shared with the foal. Allele size scales are aligned between the foal and the dam (vertical red
dotted lines).

Further comparison of the genotyping patterns between the foal and the dam showed
that in all 5 cases where the foal had 3 alleles, two of the alleles were identical with those of
the dam (Figure 2). Additionally, of the 10 markers that were heterozygous both in the foal
and the dam, the two horses shared the same alleles (Table 3). Based on these observations,
and despite having no genotype information for the sire, it is very likely that the extra
ECA26 in the foal was of maternal origin.

4. Discussion

Here, we characterized by chromosome analysis and STR genotyping an equine
case of trisomy for chromosome 26 with homologous fusion 26q;26q (Figures 1 and 2,
Table 2). Genotyping ECA26 STRs in the affected horse and its dam showed that the
abnormal chromosome was the result of Robertsonian translocation and most likely of
maternal origin. Since the dam of the affected foal had normal 64,XX karyotype (Figure 1D),
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the aneuploidy must have originated from maternal meiotic nondisjunction, though the
following fusion could have taken place either in meiosis or post-fertilization.

It is certainly curious that this is the second case of trisomy ECA26 with a derivative
chromosome 26q;26q in horses. The first case was described more than three decades
ago [20,21], but because of uninformative blood typing, the mechanism (Robertsonian
fusion or isochromosome) or parental origin of the aneuploidy remained unknown [21].
In our case, the presence of three alleles for 5 ECA26 STRs in the affected foal (Figure 2,
Table 2) was a compelling piece of evidence that the derivative metacentric chromosome
resulted from Robertsonian fusion. Furthermore, since all heterozygous STRs of the dam
had the same two alleles also present in the affected foal (Table 2), we concluded that the
extra chromosome ECA26 was likely of maternal origin. Though, complete evidence for
the parental origin requires STR genotyping of the sire, whose samples were not available.
Nevertheless, the findings underscore the importance of combining STR genotyping with
cytogenetic analysis of possible isochromosomes or Robertsonian fusions. Isochromosome
is formed by centromere mis-division of sister chromatids resulting in a bi-armed chro-
mosome with identical genetic material in each arm [18,32]. Homologous Robertsonian
fusions, on the other hand, result in genetically distinct arms preserving the heterozygosity
from the parent from which the extra chromosome came from [16,18,33].

Another intriguing aspect of the present and the previous case [21] was that there
have been no reports about ECA26 trisomy with three separate copies of the chromosome.
This contrasts with other recurrently reported equine trisomies: all cases of cytogenetically
studied trisomies of ECA27 (4 cases), ECA30 (5 cases), and ECA31 (2 cases) (reviewed
by [2]) involve three separate chromosomes without homologous fusions. Furthermore, the
trisomy ECA26 described in this study, is so far the only confirmed Robertsonian fusion in
equine clinical cytogenetics [2], even though Robertsonian type rearrangements have been
a normal part of equid and Perissodactyl karyotype evolution [34].

Can it be that ECA26 is more prone for centric fusion than other equine small acrocen-
tric chromosomes? Chromosome-specific effects have been observed in humans where a
small percentage of cases of Down and Patau syndrome with trisomy HSA21 and HSA13,
respectively, have the extra chromosome in the form of Robertsonian fusion or an isochro-
mosome [15–17,35,36]. In Down syndrome, there are even rare mosaic cases where one cell
line carries HSA21 isochromosome and another, a Robertsonian fusion [17]. It is thought
that some human chromosomes, such as HSA21, are inherently unstable and more prone
to rearrangements [17] due to certain features of their sequence architecture (e.g., region-
specific low copy number repeats) [18]. Based on our current knowledge of the horse
genome [37], ECA26 does not stand out with any sequence peculiarities. Additionally,
unlike HSA21 and other human acrocentric autosomes, ECA26 does not carry the satellite
with multicopy rRNA genes that may contribute to instability [18]. On the other hand, and
based on comparative chromosome painting [38] and gene mapping [26], ECA26 is more
similar to HSA21 than to any other human chromosome because about 30 Mb (70%) of
ECA26 shares evolutionary homology with the entire HSA21. However, the remaining
13 Mb (30%) of ECA26 is homologous to a part of HSA3 and this happens to be the peri-
centromeric/proximal portion of ECA26 which is involved in homologous fusion 26q;26q.
Therefore, it is perhaps not relevant to expand the known instability of HSA21 [17] to
ECA26 and it remains unclear whether the two cases of ECA26 trisomy with 26q;26q fusion
were merely a coincidence or true reflections of presently unknown sequence properties of
this horse autosome.

On the other hand, it is also possible that ECA26 instability and rearrangements are
due to sequence variants segregating in certain horse breeds or families and not due to the
genomic architecture of ECA26 per se. Indeed, the case described in this study and the one
reported earlier [20,21], both occurred in Thoroughbreds. However, then again, two cases
are too few for any conclusions.

Besides cytogenetics, there are several other shared features of interest between the
two cases of trisomy ECA26 (this study; [20,21]). In both, the dams of the affected foals were
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young—5 years-old in this case and 3 years-old in the one described by Bowling et al. [21],
thus excluding advanced maternal age as a contributing factor and rather supporting
chromosome-specific effects. Additionally, both affected horses had gait deficits (ataxia),
were not thriving, and had behavioral and mental issues. However, because the case
presented in this study resulted in euthanasia at a young age but the horse described by
Bowling et al. [21] lived many years, the basis of comparison is rather limited. It is, though,
noteworthy that necropsy of the present case showed axonal degeneration in brainstem and
spinal cord as seen in equine degenerative myeloencephalopathy (EDM) [39]. Although
genetic basis for EDM is suspected but currently unknown [39], the present findings
suggest that possible contribution of chromosome abnormalities/genetic imbalance should
be considered. The fact that both cases were described as “inappropriate mentally” (this
study) or “mentally dull” [21], and because of the homology between ECA26 and HSA21,
there is a temptation to compare equine trisomy 26 with human Down syndrome. Indeed,
there are some similarities: the horse described by Bowling et al. [21] lived many years
and it is well-known that trisomy HSA21 is the only human autosomal trisomy surviving
to adulthood [12,13]. Furthermore, at the age of 4, the mare with trisomy ECA26 gave
birth to a chromosomally normal colt [21], and there are many cases of fertile women with
Down syndrome in humans [40]. Despite this, drawing parallels between the two cases of
ECA26 trisomy in horses with human Down syndrome should be taken with great caution.
Firstly, genetic homology between ECA26 and HSA21 is not one-to-one since ECA26 is
homologous also to part of HSA3 [26,38]. Secondly, stupors and ataxia which were the
prevailing features of the two equine cases, are not the predominant characteristics of
Down syndrome [41]. Most importantly, however, it is extremely narrow to compare the
few phenotypic characteristics of two equine cases with the extensive research and clinical
material available for Down syndrome since 1866 [41]. Furthermore, phenotypic features
of the two equine cases share similarities with the phenotypes of other reported equine
autosomal aneuploidies. For example, gait deficiencies, behavioral abnormalities and poor
thriving have also been found in cases of trisomy ECA27 and ECA30 (reviewed by [2]),
thus not being unique to trisomy ECA26. All in all, it is hard to tell which phenotypic
features of trisomy ECA26 are the specific consequences of ECA26 overdose and which
ones are due to general genomic imbalance.

5. Conclusions

We demonstrated that proper characterization of an autosomal (ECA26) trisomy
with homologous fusion (26q;26q) and determining the mechanism and parental origin
of the rearrangement, require the use of complementary approaches—cytogenetics and
genotyping. To date, equine trisomy with homologous fusion has been unique to ECA26.
However, to determine whether this is an ECA26-specific effect or just a coincidence,
requires more cytogenetic cases and improved knowledge about the genomic architecture
and functional annotation of ECA26. The latter is also needed to shed more light on the
possible homology between trisomy ECA26 in the horse and the Down syndrome with
trisomy HSA21 in humans.
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Simple Summary: Intestinal parasites are among the main causes of hidden economic losses in
livestock farming. This study reports the results of chromosome instability analyses in Esperia
ponies with different intestinal strongyles fecal egg counts. Interestingly, animals with higher fecal
egg counts showed increased levels of chromosome instability. If this condition is confirmed in
other horse breeds and livestock species, it will be important to understand the causes in order to
implement therapeutic strategies for the management of intestinal parasites.

Abstract: The Pony of Esperia is an Italian autochthonous horse breed reared in the wild on the
Aurunci and Ausoni Mountains. Currently, it is considered an endangered breed, as its population
consists of 1623 animals. It is therefore essential to identify all aspects that can improve the man-
agement and economy of its breeding, favoring its diffusion. In this paper, the effects of intestinal
strongyle infection on the chromosome stability of peripheral blood lymphocytes (PBLs) was evalu-
ated through aneuploidy and chromosome aberration (gap, chromatid and chromosome breaks, and
the number of abnormal cells) test. Statistical difference in the mean values of aneuploidy, cells with
chromosome abnormalities, and chromosome and chromatid breaks were observed between ponies
with high fecal egg counts (eggs per gram > 930) and those with undetectable intestinal strongylosis.
The causes of this phenomenon and possible repercussions on the management of Pony of Esperia
are discussed in the paper.

Keywords: Pony of Esperia; chromosome instability (CIN); intestinal strongylosis; eggs per gram
(EPG); chromosome aberrations (CAs)

1. Introduction

The Pony of Esperia (Figure 1) is an autochthonous horse breed reared in the province
of Frosinone (Lazio, Central Italy). It is characterized by a morello coat, sometimes with
socks and head star, and a very thick mane and tail. The head is short and conical with a
straight profile; the neck is proportionate and not excessively muscular; the robust shoulder
is well-attached to the trunk; the withers is pronounced; the back is inclined; the chest
is developed and muscular; the thorax is shallow; and the limbs are robust. It has a
maximum withers height of 138 cm for males and 132 cm for females with a maximum
live weight of 350 Kg. It originated in the area of the Aurunci and Ausoni Mountains and
underwent crossbreeding along successive generations with Arabian horses of Nedjad
origin. The selective pressure of the mountainous environment in which it developed
determined its small size, the ability to live in hostile environments, and its rusticity. This
horse was used for different purposes such as the transport of materials or people, riding,
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and mule production. The Pony of Esperia is currently bred as a saddle animal and for
riding competitions.

Figure 1. (a) Pony of Esperia. (b) Grazing herd of Pony of Esperia.

This breed is reared in the wild and it stays in the pastures throughout the year. No
food supplementations are administered, and pharmacological treatments are performed
only when strictly necessary.

Currently, there are 1623 individuals enrolled in the studbook, so it is included in the
breeds with limited diffusion to be safeguarded. For this purpose, it is necessary to improve
our knowledge about their geno-morphofunctional characteristics and to highlight the
conditions that make its farming more difficult and economically burdensome. The main
breeding issues to which this breed is exposed are attacks by predators (which usually affect
younger individuals or those in a precarious state of health), infectious diseases transmitted
by other wild animals or transmitted from endo-ectoparasites. A study performed in 2006
on 230 individuals belonging to 33 families, showed the presence of polyparasitism in this
breed. Intestinal Strongyles, Parascaris spp., Oxyuris equi, Anoplocephala spp., ticks, flies, and
Gasterophilus spp. larvae have been found in all groups, suggesting that despite this breed
being considered rustic and disease-resistant it needs parasitosis control plans [1].

Intestinal parasites are often responsible for delays in growth and the worsening of
athletic performance, causing hidden economic losses in breeding [2]. Since they are often
clinically asymptomatic, in livestock preventive therapies are carried out at specific times
of the year, but this is not the case in Pony of Esperia breeding.

The aim of this study was to evaluate the effect of different degrees of natural intesti-
nal strongyles infection on peripheral blood lymphocytes (PBLs) chromosome instability
(CIN) in Pony of Esperia using aneuploidy and chromosome aberration (CA) tests [3].
Both tests have been used in humans and animals to evaluate the mutagenetic effects of
environmental pollutants [4–6], drug and food supplements [7,8]; correlations among con-
genital malformations and chromosome stability [9–11], chromosome stability differences
within different breeds of the same species [12], and the effects of micro- and macronutrient
deficiencies [13].

PBLs are the ideal cells for CIN evaluation in an individual since they circulate through-
out the body, thus being exposed to all possible risk conditions and thus representing an
early and easy marker to analyze after in vitro cultivation [14].

CIN is a type of genomic instability with an increase in the numerical and structural
alterations in chromosomes, and it is due to an increase in DNA damages, the malfunction
of DNA damage repair mechanisms, or both [15]. The increase in CIN, as well as being a
risk factor for the development of cancers, represents an index of altered homeostasis that
negatively influences the well-being of the individual. Moreover, in livestock an increase in
CIN has been negatively correlated to fertility and reproduction [16].

To the best authors knowledge, this is the first time that a relation between aneuploidy
and CAs and the degree of intestinal parasitic infection was investigated in horse species.
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2. Materials and Methods

2.1. Animals

For this study, fifty female Ponies of Esperia, aged between 3 and 20 years, were
enrolled. All animals belonged to the same farm located in the province of Frosinone
(Lazio Region) and were reared under the same conditions. All individuals were sampled
twice (D0, before the treatment, and D14, 14 days after the treatment) for blood and
feces to perform karyotype, aneuploidy, and CA tests in PBLs and fecal egg counts (FEC),
respectively. At both sampling times, a clinical evaluation was performed, and the body
condition scores (BCS) were determined using a five-point system (1 = poor, 2 = moderate,
3 = ideal, 4 = fat, and 5 = obese) [17] by the same investigator, and all animals were healthy,
with a BCS = 3.

2.2. Coprological Analysis

Individual fecal samples were collected from all ponies involved in the study, and
according to general recommendations proposed by Nielsen et al. [18], feces were taken
directly from the rectum of each animal. Individual fecal egg counts (FECs) were performed
for all ponies before the start of the trial (D0) and at 14 days post-treatment (D14) using a
special modification of the McMaster method with a lower detection limit of 10 eggs per
gram (EPG) using a Sheather’s saturated sugar solution with a specific gravity of 1.250
as a flotation medium [19]. Based on the morphological identification [20], each egg was
classified as belonging to intestinal strongyles, Parascaris spp., Strongyloides westeri, Oxyuris
equi, or Anoplocephala spp.

2.3. Anthelmintic Treatment

After the first collection, the ponies were divided in two groups of 25 animals that
were homogeneous per age and fecal egg count: in the treatment group (T group), animals
were treated with fenbendazole (FBZ) at the horse dose rate (7.5 mg/kg BW, Panacur Oral
Paste, MSD Animal Health, Walton, Milton Keynes, UK), and control group (C group)
animals were left untreated. Two weeks after the treatment (day 14) the blood and feces of
all animals were resampled to verify changes in aneuploidy, CA, and parasitic infection. To
determine the anthelmintic efficacy of FBZ, the arithmetic mean (AM) of EPG was calculated
14 days post-treatment, and the percent efficacy (%) was considered in terms of a fecal
egg count reduction (FECR) test using the formula: FECR = [(AM FEC PRE-TREATMENT
− AM FEC POST-TREATMENT)/AM FEC PRE-TREATMENT] × 100, according to the
American Association of Equine Practitioners (AAEP) guidelines [21]. The cut-off values
used to interpret the results of the FECRT were the following: efficacy > 95%, suspected
resistance 90–95%, and resistance < 90% [21]. Microsoft Office Excel 2010 software was used
for data recording, and FEC reductions, expressed as percentages with 95% confidence
intervals, were calculated using the RESO FECRT analysis program, version 4 [22], for
Excel. The simultaneous finding of a lower confidence limit (LCL) below 90% [23] and a
mean percentage of FECR below 90% [21] was indicative of resistance; if only one of these
two criteria was present, resistance was suspected.

2.4. Cytogenetic Analyses

Cell cultures for chromosome isolation were set up as reported by Ciotola et al. [24].
Briefly, peripheral blood (1 mL) was cultured at 37.5 ◦C in RPMI medium and enriched with
fetal calf serum (10%), L-glutamine (1%), and lectin (1.5%) for 48 h. Cells were harvested
after colcemid (0.3 lg/mL) treatment for 1 h and given a hypotonic treatment (KCl 0.5%)
and three fixations in methanol–acetic acid (3:1), the third occurring overnight. Three drops
of cell suspension were air-dried on cleaned and wet slides that were stained a day later
with acridine orange (0.1% in a phosphate buffer, pH 7.0) for 3 min, washed in tap and
distilled water, and mounted in the same phosphate buffer. The slides were observed 24 h
after staining or later (1 week). At least 10, 100, and 50 cells per animal were examined from
slides of normal cultures to perform conventional karyotype, aneuploidy, and chromosome
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aberration (CA) tests, i.e., gaps, chromatid and chromosome breaks, and the percentage of
abnormal cells (abnormal cells are those with at least one chromatid or chromosome break)
(Figure 2) [8,25]. All metaphase plates were observed under a fluorescence Nikon Eclipse
80i microscope, captured with a Nikon Sight DS-5M digital camera, transferred to a PC,
and later processed with an image analysis software by two cytogeneticists.

Figure 2. Details of chromosome metaphase plates of Pony of Esperia. The white arrow indicates a
gap, the yellow arrow indicates a chromatid break, and the red arrow indicates a chromosome break.

2.5. Statistical Analyses

Microsoft Office Excel 2010 software was used for data recording then IBM SPSS
for Windows software package version 22.0 (SPSS Inc., Chicago, IL, USA) was used for
statistical analyses. The Esperia ponies were divided into five groups: group C + T included
all the animals at day 0, groups CD0 and CD14 referred to the control group on day 0 and
day 14, respectively, and groups TD0 and TD14 referred to the treated animals on day 0
and day 14, respectively. A statistical subanalysis was performed by dividing the groups
C + T and TD0 according to the EPG and then according to age of the individuals (up to
6 years and equal or higher to 6 years). The parasitic burden ranges of the groups were
chosen by making multiple comparisons to verify if there were ranges within which the
CAs increased or decreased significantly. Age groups were established according to Wójcik
and Smalec [25].

Student’s t-test was used to compare the structural percentage and cells with the CA
percentage in all groups. The independent-sample t-test (Mann–Whitney test) was used to
compare the means of the quantitative variables in the groups [26]. A Spearman correlation
was performed between FEC and CAs.
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3. Results

3.1. Coprological Analysis and Anthelmintic Efficacy

Intestinal strongyle eggs were found in all tested animals. At the start of the study,
the mean EPG count was 992.20 ± 443.75. The mean EPG values in the T and C groups
were 1096.80 ± 424.31 and 887.60 ± 446.31, respectively, and no statistical differences were
observed between the two group (t = 1.6986; p = 0.0959). For all animals, the dose was
administered carefully, and no adverse reactions were observed in any of the treated ponies.
FBZ was effective in reducing FECs at 14 days after treatment, showing an FECRT = 100%.

3.2. Cytogenetic Analyses

All investigated animals showed a normal karyotype, thus excluding the presence of
congenital numerical and structural chromosome abnormalities that could alter CIN. Thus,
the identified aneuploidy and chromosomal abnormalities observed in the metaphases of
the analyzed horses did not cause birth defects.

With regards to aneuploidy and the CA assay: for seven animals at D0 and another
seven animals at D14, it was not possible to analyze enough metaphases.

As it has been reported that chromosomal stability in horses is influenced by age [25],
to verify if this parameter significantly influenced the values of aneuploidy and CAs in the
studied population, the TD14 group (animals negative for intestinal parasites) was divided
into two groups: TD14 < 5 (n = 9) and TD14 > 6 (n = 9), comprising, respectively, individuals
aged less than or equal to 5 years and individuals older than or equal to 6 years. Statistically
significant differences were observed for gaps and aneuploidy (Table 1).

When considering aneuploidy, it was decreased in all groups after the first collection
in a statistically significant way, while all CA values were increased in group CD14 and
decreased in TD14.

When comparing groups divided according to EPG (Table 2), statistically significant
differences were found for chromatid breaks, chromosome breaks, and CAs excluding gaps
between groups 1TD0 and 2TD0, with all values being higher in 2TD0. In the comparison
between 1TD0 and TD14, a statistically significant difference was found only for gaps, while
in the comparison between 2TD0 and TD14 all parameters showed a statistically significant
differences. Statistically significant higher mean values for all CA parameters were also
observed in group 3C + T when compared to TD14 and for chromatid breaks, chromosome
breaks, and CAs excluding gaps in 3C + T when compared to groups 1TD0 and 1C + T.

When animals grouped according to EPG and age (up to 5 years and older than
6 years) were compared, a statistical difference was observed only between the aneuploidy
percentage and gaps of animals with high EPG (930–1970).

Finally, the Spearman correlation test showed a negative correlation between EPG and
gaps (r = −0.07; p < 0.01) and positive correlations between EPG and chromosome breaks
(r = 0.05; p < 0.01) and EPG and CAs excluding gaps (r = 0.33; p < 0.05).
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4. Discussion

The Pony of Esperia is an endangered autochthonous breed reared in the Aurunci and
Ausoni Italian Mountains. The implementation of safeguard plans for this breed is essential
not only to avoid the loss of biodiversity but also to avoid the abandonment of marginal
areas. For this purpose, it appears important to highlight the causes that can worsen the
profitability of this breed and to verify the treatments that can improve its productivity.

One of the main causes of hidden economic losses in animal farming is parasitic
infections of digestive tract. In fact, they can induce states of subclinical malnutrition due
to the alteration of the intestinal absorption capacity as well as the actual subtraction of
nutrients by parasites.

In this pony population, anthelmintic treatments are carried out without performing
a coprological diagnosis once per year, and this anthelmintic treatment scheme is quite
different from those reported in horses in Italy [27] but is very similar to that reported in
the Italian donkey population [28]. Contrary to the diffusion of anthelmintic resistance
worldwide [29], anthelmintic treatment with fenbendazole has been shown to be highly
effective in this wild pony population, and for this reason, as reported for donkeys [30],
ponies of Esperia can be considered an animal population in refugia.

With regards to the effect of intestinal strongyles on chromosome stability in PBLs, the
aneuploidy and CA tests have provided interesting results.

After dividing group TD14 (animals with EPG = 0) into two groups based on age
(up to 5 years and equal to or older than 6 years), a statistically significant difference
was observed between aneuploidy and gap. It is interesting to note that, while the gaps
were higher in younger ponies, a reduction was observed in the older ones in favor of
the percentage of aneuploid cells that instead was higher in older animals. This result is
congruent with what was observed by Wojcik and Smalec [25], who found that in horses
the mean value of SCEs was significantly different between horses under 6 years of age and
horses older than 6 years, indicating that the age of the investigated animals also represents
a reference parameter for sampling when studying CIN by aneuploidy and CAs but only
when considering gaps. In fact, abnormal cells percentages, chromatid and chromosome
breaks, and CAs excluding gap are not affected by age.

The main finding is that the mean values of chromosome breaks and CAs excluding
gaps significantly increase in ponies with high fecal egg counts. Another interesting result
is that a statistically significant higher value of CAs was found in animals with EPG > 930
when compared to animals with EPG < 930. In this regard, it has been seen that, in equids,
the number of parasites present could be decisive in evaluating the state of health of an
individual, for which EPG < 500 represents a low infection, 500 < EPG < 1000 represents a
moderate infection, and EPG > 1000 represents a high infection [31,32]. The only parameter
in which an inconsistency was observed is aneuploidy, which was higher in subjects with
260 < EPG < 640 than in animals with 690 < EPG < 930. However, the differences were not
statistically significant.

When animals were grouped by EPG and then by age, statistically significant dif-
ferences were only observed in the mean number of gaps in individuals with high EPG
(950–1970).

The data reported here show that intestinal parasites affect chromosomal stability as
evaluated by aneuploidy and CAs. The studies published to date on the application of
chromosomal stability tests in different animal species show correlations with age and
breed, while correlations with any parasitic condition have never been considered. This
study is therefore the first to report this effect, but the data are limited to aneuploidy and CA
tests. It therefore appears necessary to verify whether other tests, such as SCE, micronuclei,
the comet assay, and fragile sites, can also be affected by intestinal parasites or other types
of endoparasitosis.

The CA test detects exposure to substances that cause DNA strand breaks or a defi-
ciency of substances that are involved in DNA repair mechanisms but does not allow the
identification of the clastogen class or micronutrient deficiency [33]. Thus, it is possible to
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hypothesize that increased CAs in animals with high EPG could be due to a subclinical
deficiency of micro- and macronutrients linked to the action of parasites present in the
intestine, which in addition to subtracting nutrients, cause alterations in the composition of
the microbiota [34] (fundamental in these species to produce micro- and macronutrients)
and to the structure of the intestinal barrier, with consequences for the absorption ability.
Another possibility is that the alterations in the intestinal barrier of the microbiota and the
inflammatory processes induced by parasites allow the passage of toxic substances into the
circulation that would normally be eliminated with the feces and that have a negative effect
on PBLs. Both situations may cause decreases in sport performance and fertility, which in
both cases, become possible causes of reduced earnings with significant impacts on the
profitability of the breeding of native breeds such as the Pony of Esperia.

These hypotheses, if confirmed through specific dosage analyses of micro- and macronu-
trients or of other substances at the serum level, would suggest the intervention, in subjects
with EPG > 930, with appropriate food supplements. Moreover, it would be interesting to
evaluate in other horse breeds and in other livestock species the impact on CIN of intestinal
strongyle FEC, verifying the minimum EPG count at which it is appropriate to carry out
pharmacological treatments, possibly associated with food supplement administration.
These data would be useful for breeds raised in the wild, for the semi-extensive technique
in which carrying out pharmacological treatments is not particularly easy, and for animals
in intensive farming in which the improper use of pharmacological molecules causes a
considerable environmental impact. Furthermore, in native breeds these data acquire
further value since the low profitability of breeding involves an accurate evaluation of the
cost/benefit ratios of any treatment that is selected.

5. Conclusions

According to the results observed in this study, it is possible to speculate that in the
wildly reared Pony of Esperia breed: (1) an anthelmintic treatment with fenbendazole
is highly effective, (2) a high FEC (>930 EPG) causes an increase in CAs that is reduced
after only 14 days of drug treatment, and (3) in a cost–benefit assessment, the treatment of
parasitosis could be useful in subjects with FEC > 930. Finally, an important aspect emerges
that should be verified with future studies: individuals with FEC > 930 could benefit from
food supplementation with micro- and macronutrients.
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Simple Summary: The genome of domestic sheep (Ovis aries) harbors at least twenty-seven copies of
enJSRVs, endogenous retroviruses (ERVs) highly related to the exogenous and pathogenic Jaagsiekte
sheep betaretrovirus (JSRV). Interestingly, some of these loci are insertionally polymorphic, that
is they are present only in some individuals or populations of their host species. This differential
distribution of enJSRVs has provided important insights into tracing host and viral evolution. In this
study, we report the first comparative fluorescent in situ hybridization (FISH) mapping of genetically
characterized enJSRVs in domestic sheep (2n = 54) and river buffalo (Bubalus bubalis, 2n = 50), and
reveal a high conservation of enJSRVs chromosome localization between these two species.

Abstract: Endogenous retroviruses (ERVs) are the remnants of ancient infections of host germline
cells, thus representing key tools to study host and viral evolution. Homologous ERV sequences often
map at the same genomic locus of different species, indicating that retroviral integration occurred in
the genomes of the common ancestors of those species. The genome of domestic sheep (Ovis aries)
harbors at least twenty-seven copies of ERVs related to the exogenous and pathogenic Jaagsiekte sheep
retrovirus (JSRVs), thus referred to as enJSRVs. Some of these loci are unequally distributed between
breeds and individuals of the host species due to polymorphic insertions, thereby representing
invaluable tools to trace the evolutionary dynamics of virus populations within their hosts. In this
study, we extend the cytogenetic physical maps of sheep and river buffalo by performing fluorescent
in situ hybridization (FISH) mapping of twenty-three genetically characterized enJSRVs. Additionally,
we report the first comparative FISH mapping of enJSRVs in domestic sheep (2n = 54) and river
buffalo (Bubalus bubalis, 2n = 50). Finally, we demonstrate that enJSRV loci are conserved in the
homologous chromosomes and chromosome bands of both species. Altogether, our results support
the hypothesis that enJSRVs were present in the genomes of both species before they differentiated
within the Bovidae family.

Keywords: sheep; river buffalo; endogenous retrovirus; FISH-mapping; cytogenetic map

1. Introduction

Retroviruses possess the unique ability to integrate into the genome of infected cells.
Occasionally, they can infect germline cells and give rise to endogenous retroviruses
(ERVs), retroviral sequences transmitted vertically, in a Mendelian fashion, as part of the
host genome. As such, ERVs represent fascinating tools to study both virus and host
genome evolution [1]. ERVs have been found in all vertebrates studied to date, including
fish, amphibians, birds, reptiles, and mammals [2]. Comparative genomic studies have
shown that related species often share ERV families or specific ERV loci, and that, in many
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cases, homologous ERV sequences map at the same genomic locus in multiple species’
genomes, indicating that retroviral integration events occurred in the genomes of the
common ancestors of those species [3,4].

In 2013, Garcia-Etxebarria and Jugo traced the evolutionary history of bovine ERVs
(BoERVs) by performing computational analyses on the genomes of several bovid species,
including cattle, sheep, goat, and water buffalo [5]. Interestingly, they found twenty-six
BoERV families in all the species studied, suggesting that most of these families could be
present in all members of the Bovidae family. However, they could not detect four BoERV
families (i.e., BoERV24, BoERV26, BoERV28, and BoERV29) in sheep or goat genomes, indi-
cating that these families may be specific to the Bovinae subfamily. The authors hypothesize
that the majority of the BoERV families invaded the genome of the common ancestor of the
Bovidae family approximately 20 million years ago (MYA) and only later, between 12MYA
and 20MYA, the ancestors of the BoERV24, BoERV26, BoERV28, and BoERV29 families
might have been inserted into the genome of the Bovinae subfamily ancestor [5].

The domestic sheep (Ovis aries) harbors at least twenty-seven ERV loci related to
the exogenous and pathogenic Jaagsiekte sheep retrovirus (JSRV), thus referred to as
enJSRVs [6,7]. Interestingly, some enJSRV loci are insertionally polymorphic, that is they
are present only in some individuals or populations of their host species. This differential
distribution has provided important insights into tracing the evolutionary dynamics of
virus populations within their hosts [8].

Along these lines, in previous studies, we used enJSRVs to (i) investigate the history
of sheep domestication [9], (ii) explore the molecular mechanisms through which the most
recent enJSRV—enJSRV-26—eludes the restriction exerted by enJS56A1 (which entered the
sheep genome before and during the speciation within the genus Ovis) [10], or (iii) study
the chromosome location of some enJSRV loci by fluorescent in situ hybridization (FISH)
analyses of metaphase R-banded sheep chromosomes [9,10].

In the present work, we extend the cytogenetic physical maps of both sheep and
river buffalo chromosomes by FISH mapping fifteen and twenty-three additional enJSRVs,
respectively. In addition, we perform the first comparative FISH mapping of genetically
characterized enJSRVs in domestic sheep and river buffalo (Bubalus bubalis).

2. Materials and Methods

Cell cultures. Peripheral blood lymphocytes of sheep (Ovis aries, OAR; 2n = 54) (four
animals) and river buffalo (Bubalus bubalis, BBU; 2n = 50) (three animals) were cultured
for 72 h in Roswell Park Memorial Institute (RPMI)-1640 culture medium enriched with
15% fetal calf serum (FCS), concanavalin A (15 μg/mL), penicillin/streptomycin (0.1 mL),
L-glutamine (0.1 mL), and one drop of sterile sodium heparin to prevent coagulation. In
order to obtain R-banding patterns and cause metaphase arrest, 7 h prior to harvesting,
cells were labeled with BrdU (15 μg/mL) and Hoechst 33258 (30 μg/mL) and, 6 h later,
they were treated with colcemid (0.1 μg/mL). After incubation in a hypotonic solution
(KCl 0.075 M at 37.5 ◦C for 20 min), cells were fixed three times with 3:1 methanol–acetic
acid (v/v) solution. Cell suspensions were then spread onto a slide, and stored at −20 ◦C.

Probes and FISH mapping. FISH analysis was performed using standard procedures [11,12].
Briefly, cells were pre-treated overnight at 50 ◦C, and subsequently stained with Hoechst
33258 (25 μg/mL) for 10 min. Slides were then exposed to UV light for 20 min, washed with
distilled water, and air-dried. Hybridization, chromosome staining, signal detection and image
processing were carried out as already described [11,12]. Slides were mounted in antifade
mounting medium with propidium iodide to visualize both FITC-signals and RBPI-banding
using two microscope filter combinations. Two images for each metaphase were acquired with
both FITC signals and RBPI-banding. Next, FITC signals were superimposed on RBPI-banding
to get a precise position of FITC-signals on chromosome bands. Thirty metaphases for each
probe were examined. Chromosome identification and banding numbering system followed
the standard nomenclature of both species [13,14]. The bacterial artificial chromosome (BAC)
clones used for sheep cytogenetic mapping have been already characterized and described
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elsewhere [6]. Notably, each BAC clone used to obtain the sequences of the various enJSRV
loci was subjected to Southern blot analyses to verify that it contained only one locus. The list
of sheep BAC clones of the CHORI-243 library containing the 27 enJSRVs used in this study is
reported in Table 1:

Table 1. List of sheep BAC clones containing the 27 enJSRVs used in the present study.

Provirus BAC Clone

enJSRV-1 6g20
enJSRV-2 6j6
enJSRV-3 7i2
enJSRV-4 15c2
enJSRV-5 19l17
enJSRV-6 33k3
enJSRV-7 35o24
enJSRV-8 36d13
enJSRV-9 36p8
enJSRV-10 42k15
enJSRV-11 44o16
enJSRV-12 45l23
enJSRV-13 48b6
enJSRV-14 52d13
enJSRV-15 57m3
enJSRV-16 57m4
enJSRV-17 65c8
enJSRV-18 67f9
enJSRV-19 70l9
enJSRV-20 81j8
enJSRV-21 84d10
enJSRV-22 88g3
enJSRV-23 90k11
enJSRV-24 94c2
enJSRV-25 98k22
enJSRV-26 102b15
enJSRV-27 14c2

3. Results

In the present study, we conducted FISH mapping on sheep and river buffalo chromo-
somes (or chromosome arms) using twenty-seven sheep BAC clones (Table 1). As reported in
Table 2, we obtained good hybridization signals only with twenty-three BAC clones, allowing
us to map the corresponding twenty-three enJSRV loci. Interestingly, we localized these
loci on twelve different chromosomes (or chromosome arms) of both species. As reported
in Table 1, we found that, for all the probes used, hybridization signals and chromosome
bands localized in the same homologous chromosome pairs of both sheep and river buffalo
(Table 2). For example, we found that the enJSRV-1 and enJSRV-10 loci map onto homologous
sheep and river buffalo R-banded chromosomes, as shown in Figure 1. Moreover, the BAC
containing the enJSRV-1 map onto two different chromosomes in both sheep (chromosomes
6 and 18) and river buffalo (chromosomes 7 and 20) (Figure 1 and Table 2). In addition, the
enJSRV-15, enJSRV-20, enJSRV-21, and enJSRV-27 display the same chromosome localization
as the enJSRV-1 in both species (OAR6q13 and BBU7q21, respectively) (Table 2). Finally, the
enJSRV-2 and enJSRV-6 map very close in both sheep (OAR1q45 and OARiq43, respectively)
and river buffalo homologous chromosomes (BBU1q45 and BBU1q43, respectively). Notably,
only the enJSRV-7 maps onto the centromeric regions of all autosomes [10], probably due to
the presence of highly repetitive sequences in the BAC clones, the centromeric regions being
highly rich in these sequences.
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Table 2. Chromosomal localization of 23 enJSRVs in sheep (OAR) and river buffalo (BBU) chromo-
somes by FISH-mapping.

enJSRV OAR BBU

enJSRV-1 18q22 20q22
6q13 7q13

enJSRV-2 1q45 1q45
enJSRV-3 14q24dist 18q24dist
enJSRV-4 2p21prox 3q21prox
enJSRV-6 1q41 1q41
enJSRV-7 centromeric centromeric
enJSRV-8 3q21 4q21
enJSRV-10 14q24 18q24
enJSRV-11 1p13 6q13
enJSRV-12 19q24 21q24
enJSRV-13 14q24dist 18q24
enJSRV-14 3p24 12q34
enJSRV-15 6q13 7q21
enJSRV-16 10q24 13q24
enJSRV-17 19q24 21q24
enJSRV-18 11q17 3p22
enJSRV-19 1p23 6q25
enJSRV-20 6q13 7q13
enJSRV-21 6q13 7q13
enJSRV-22 15q23 16q23dist
enJSRV-24 18q24 20q24
enJSRV-26 2p25dist 3q25
enJSRV-27 6q13 7q13

 

Figure 1. FISH mapping of enJSRV-1 (A,B) and enJSRV-10 (C,D) in sheep (OAR) and river buffalo
(BBU) chromosomes. Two different images were taken, with hybridization FITC signal and with
RBPI-banding. Subsequently, hybridization FITC signals were superimposed on RBPI-banding to get
a precise localization of mapped loci in both species. Note that enJSRV-1 maps onto two different
chromosomes in both species (A,B).
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4. Discussion

FISH represents a very powerful cytogenetic technique for mapping a particular genomic
sequence on a chromosome [15,16], and better anchoring of radiation hybrid (RH) and ge-
nomic maps to specific chromosome regions [17–20]. In more recent years, FISH has also
been recognized as a reliable diagnostic and discovery tool to evaluate genetic anomalies,
by studying chromosomal aberrations in both metaphase and interphase nuclei [reviewed
in [21–25], and defects in chromosome segregation during meiosis [26,27]. In addition, imple-
mentations of FISH with whole-chromosome painting have led to the generation of detailed
comparative maps to study chromosomal homologies and divergences between related and
unrelated species [28–32]. Finally, FISH has also become instrumental in generating detailed
comparative maps to study gene order, conserved chromosomal regions, and chromosomal
rearrangements between related and unrelated species [33–36].

Along these lines, FISH analyses unveiled the phylogenetic relationships between the
Caprinae subfamily and the earliest-diverging Bovinae subfamily, by showing two main
chromosome events occurring at the autosomes 9 and 14, and the sex chromosomes (mainly
the X-chromosome). More specifically, in previous studies carried out in our group, we
demonstrated that a chromosome transposition has occurred from the proximal region
of Bovinae chromosome 9 to the proximal region of Caprinae chromosome 14, and that
at least four chromosome rearrangements (i.e., three transpositions and one inversion)
differentiated the Caprinae from the Bovinae X-chromosomes reviewed in [37].

A comparative FISH mapping of enJSRVs has been reported previously in sheep and
goat cell lines [38]. In this study, the authors only partially found enJSRVs localized on the
same homologous chromosome band of the two species. In addition, they found enJSRV
loci in seven and eight chromosomes of sheep and goats, respectively.

In the present work, we report the first comparative FISH mapping between two
species belonging to the Caprinae (Ovis aries) and Bovinae (Bubalus bubalis) subfamilies of
the Bovidae family by using well-identified and genetically characterized enJSRVs [5,6].
We show that hybridization signals of enJSRVs are found in at least twelve different
chromosomes (or chromosome arms) of both species, and that all mapped loci are conserved
in homologous chromosome regions and chromosome bands of these two species (Table 1).
However, since BACs contain large genomic inserts, it is entirely possible that, besides
enJSRVs, we also simultaneously mapped other genes and sequences present on such
clones that share homology with some river buffalo chromosomal regions. Indeed, since
some BoERV families (i.e., BoERV24, BoERV26, BoERV28, and BoERV29) are specific to the
Bovinae family [5], the same could have occurred for some enJSRV which are present in the
Caprinae subfamily (i.e., Ovis aries) but not in the Bovinae subfamily (i.e., Bubabus bubalis).

We observed that, in both species, the BAC clones containing enJSRV-1 map onto two
different chromosomal locations (Table 2). Interestingly, we found that enJSRV-7 is the only
locus mapping at the centromeric regions of both sheep [10] and buffalo chromosomes.

The same results were achieved by FISH mapping several ERV in sheep chromosomes
which exhibited abundant centromeric to the dispersed distribution of various endoviruses,
probably due to the abundance of genomic organization ERV-related repetitive elements
which are particularly present at the centromeric regions of the chromosomes [39].

Our comparative FISH mapping in two different bovid species further confirms the high
degree of chromosome (and chromosome arm) conservation among bovids reviewed in [37].
In addition, our study supports the hypothesis that enJSRVs were present in the genomes of
their bovine ancestor before the differentiation of the Caprinae subfamily (including Ovis aries)
from the most ancient Bovinae subfamily (including Bubalus bubalis) [37,40]. These results are
in agreement with those published in a previous study [5] tracing BoERVs evolution in several
species of the Bovidae family, including cattle, sheep, goats, and water buffalo [5]. Interestingly,
these authors found that most of the BoERV families are present in all the species studied,
supporting the hypothesis that BoERVs entered the genome of the common ancestor of the
Bovidae family about 20 MYA or less. In addition, they detected higher BoERV copy numbers
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in cattle compared to other bovid species, suggesting that an additional expansion of retroviral
copies might have occurred in the cattle genome [5].

Interestingly, we found five enJSRV loci (enJSRV-1, enJSRV-15, enJSRV-20, enJSRV-21,
and enJSRV-27) on the same chromosome band (OAR6q13/BBU7q21) (Table 2). Previous
FISH mapping conducted in our group revealed two type-one loci on this very same
chromosome band: the pyroglutamylated RFamide peptide receptor (QRFPR) and the
translocation-associated membrane protein 1-like 1 (TRAM1L1) [41]. The RFamide peptide
family consists of several groups, including the neuropeptide FF group, the prolactin-
releasing peptide group, the gonadotropin inhibitory hormone group, the kisspeptin group,
and the pyroglutamylated RFamide peptide (26RFa/QRFP) group [42]. Interestingly, pyrog-
lutamylated RFamide peptide 43 has been proven to be a putative modulator of testicular
steroidogenesis, playing an important role in reproduction [43]. Notably, ERVs are key
in placental morphogenesis and mammalian reproduction [44]. TRAM1L1 seems to be
closely related to chronic widespread musculoskeletal pain (CWP), a common disorder
affecting about 5–15% of the population, and one of the main symptoms of fibromyal-
gia, which has been shown to be associated with an altered gut microbiome [45]. By
using the sheep genome reference sequence (https://www.ncbi.nlm.nih.gov/genome/
gdv/browser/genome/?id=GCF_016772045.1, accessed on 12 May 2018), we identified
sixteen genes included between QRFPR and TRAM1L (Supplementary Table S1). In this
table we reported some of the functions of those genes (including QRFPR and TRAM1L),
mostly involved in anti-tumor immune response probably to counteract the presence of
several enJSRVs in these chromosomic regions. Indeed, genomic amplification within the
6q13 region was detected, and it was found that the number of enJSRV-6q13 is correlated to
the number of protective mutations [46].

5. Conclusions

To our knowledge, this is the first comparative FISH mapping of sheep and river
buffalo chromosomes using genetically characterized enJSRVs. Interestingly, our results
reveal a high degree of conservation of enJSRVs localization in the homologous chromo-
somes and chromosome bands of both species. These findings support the hypothesis
that enJSRVs entered the host genome before the differentiation of the Caprinae subfamily
from the earliest-diverging Bovinae subfamily of the Bovidae family. Finally, the present
study extends the current genetic physical maps of sheep and river buffalo by mapping,
respectively, fifteen and twenty-three additional enJSRV loci on the chromosomes and
chromosome arms of these two species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani12202834/s1, Table S1: List of genes present in the ORA6q13 and in-
cluded between QRFPR and TRAM1L1 (from: https://www.ncbi.nlm.nih.gov/genome/gdv/browser/
genome/?id=GCF_016772045.1), accessed on 2 October 2022) their main functions and references.
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Simple Summary: Freemartinism is the most common type of disorder of sex development (DSD) in
heifers; it is caused by the formation of placental anastomoses between heterosexual twin fetuses and
the transfer of masculine factors produced by the testes of the male co-twin to the female fetus. The
abnormal development of external genitalia is commonly observed in such heifers, but it cannot be
assumed that each heifer with ambiguous genitalia is an example of freemartinism. We genetically
analyzed five DSD heifers, and four appeared to be freemartins, as revealed by the presence of XX/XY
leukocyte chimerism. The fifth heifer had a normal XX sex chromosome complement and lacked the Y-
chromosome-derived genes (SRY, ZFY and AMELY) in blood cells. This heifer was extensively studied
through genetic, anatomical, and histological approaches. Postmortem anatomical and histological
analysis showed the presence of normal ovaries, oviducts, and uterus, while three Y-linked genes
(SRY, ZFY, and AMELY) were detected in DNA isolated from these organs. In conclusion, we suggest
that among virilized heifers, there are, besides freemartins with XX/XY leukocyte chimerism, also
cases with XX/XY chimerism in internal genitalia, the etiology of which remains unknown.

Abstract: Five DSD heifers underwent genetic analysis in the present study. We cytogenetically
analyzed in vitro cultured leukocytes and searched for SRY, AMELX/AMELY and ZFX/ZFY genes
in leukocytes and hair follicles, finding that four of the studied heifers were freemartins (XX/XY
leukocyte chimerism). The fifth case had an underdeveloped vulva localized ventrally and cranially
to the mammary gland, a normal female sex chromosome complement (60,XX) in the leukocytes, and
a lack of Y-chromosome-derived genes in the leukocytes and hair follicles. Postmortem anatomical
examination of this heifer revealed the presence of normal ovaries with follicles, uterus, and oviducts,
but molecular detection of the SRY, ZFX, ZFY, AMELX, and AMELY genes in these organs indicated
the presence of a cell line carrying the Y chromosome. Further analysis of twelve microsatellite
markers revealed the presence of additional variants at six loci in DNA samples derived from the
reproductive organs; XX/XY chimerism was thus suspected in these samples. On the basis of the
detection of AMELY (Y-linked) versus AMELX (X-linked) and SOX9 (autosomal) versus AMELY genes
by droplet digital PCR (ddPCR), the Y/X and Y/autosome ratios were evaluated; they indicated
the presence of XX and XY cell lines in the reproductive tissues. Our study showed that XX/XY
chimerism can be present in the internal reproductive organs of the virilized heifers with a normal
female set of sex chromosomes (60,XX) and a lack of Y-chromosome-derived genes in the leukocytes.
The etiology of this phenomenon remains unknown.

Keywords: cattle; disorder of sex development; freemartinism; intersexuality; XX/XY chimerism;
SOX9; SRY; AMELX; AMELY; ZFX; ZFY
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1. Introduction

Freemartinism is the most common type of disorder of sex development (DSD) in
cattle. It is caused by a transfer of masculine factors from a male fetus to a co-twin female
fetus through placental anastomoses. This abnormality is classified as a sex chromosome
DSD, and its diagnosis is mainly based on cytogenetic or molecular detection of XX/XY
leukocyte chimerism [1–3]. Other forms of sex chromosome DSD, such as sex chromosome
aneuploidies, have rarely been reported in cattle, while there have been no reports of gene
mutations responsible for the DSD phenotype in individuals with the normal complement
of sex chromosomes—i.e., XX DSD or XY DSD [4].

The identification of the mechanisms causing DSD phenotype is an important issue
from the point of view of breeding. Some DSDs have a de novo origin (e.g., freemartinism,
X monosomy, and XXY syndrome) and are not heritable, as the affected animals are
sterile. On the contrary, carriers of gene mutations responsible for XX DSD or XY DSD can
easily spread the mutation in populations. It is important to point out that distinguishing
between heritable and non-heritable DSDs, based on the appearance of external genitalia,
is not possible.

In domestic animals, heritable forms of XX DSD are quite common, but it is associated
with the presence of ovotestis or testis. Until now, the causative mutation affecting the
expression of the FOXL2 gene involved in ovarian development has been identified only
in goats [5,6]. In pigs, the XX DSD is associated with DNA variants in a region harboring
the SOX9 gene, which plays a crucial role in development of the testes [7,8]; in dogs, it is
associated with variants near SOX9 or PADI6 [9–12]. Upstream DNA variants of SOX9 are
also known to cause of XX DSD in humans [13].

In cattle, three cases of XX DSD have been reported, and in all these cases, sequences
derived from the Y chromosome were detected in the urogenital organs [14], leukocytes [15],
blood cells, ovaries, and lymph nodes [16]. However, the SRY gene has only been detected
in two reports [14,16]. Interestingly, in some DSD heifers, mosaicism with the presence
of a triploid cell line carrying the Y chromosome (60,XX/90,XXY) has also been observed
(summarized in [17]).

In this study, we analyzed five DSD heifers with ambiguous external genitalia, includ-
ing a case with extensive virilization. This case was the main subject of molecular analysis
due to the presence of a normal set of female sex chromosomes (60,XX) in leukocytes.

2. Material and Methods

2.1. Animals

Five heifers (four Holstein Friesians and one Limousin × Simmental crossbred) were
subjected to genetic analysis on the request of breeders or veterinarians due to the presence
of ambiguous external genitalia (Table 1). These heifers were not related and originated
from four farms located in western or central Poland. In four of the heifers, enlarged
clitoris or extended anus–vulva distance was observed (Figure 1a–d). The most extensive
virilization was observed in the fifth case (#7514), with a rudimentary vulva being ventrally
located near mammary gland (Figure 1e,f).
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Figure 1. Virilized external genitalia of studied cases. (a) Case #7497. (b) Case #7502. (c) Case #7515.
(d) Case #7518. (e,f) Case #7514.

Table 1. Phenotypes and classification of DSD cases.

Lab No.
(Breed *)

External Genitalia
Sex

Chromosomes in
Leukocytes

AMELY/AMELX
Copy Number Ratio

in Blood Cells

Detection of SRY
and ZFY Genes

DSD
Classification

7497
(HF) enlarged clitoris not analyzed 0.074

present in blood
cells, absent in hair

follicles
freemartinism

7502
(L × S) enlarged clitoris

XX [71%]/XY
[29%] leukocyte

chimerism
0.317

present in blood
cells, absent in hair

follicles
freemartinism
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Table 1. Cont.

Lab No.
(Breed *)

External Genitalia
Sex

Chromosomes in
Leukocytes

AMELY/AMELX
Copy Number Ratio

in Blood Cells

Detection of SRY
and ZFY Genes

DSD
Classification

7515
(HF)

extended
anus–vulva distance

XX [98%]/XY [2%]
leukocyte
chimerism

0.0277
present in blood

cells, absent in hair
follicles

freemartinism

7518
(HF)

enlarged clitoris,
extended

anus–vulva distance

XX [25%]/XY
[75%] leukocyte

chimerism
0.367

present in blood
cells, absent in hair

follicles
Freemartinism

7514
(HF)

rudimentary vulva
localized ventrally,

near mammary
gland

XX AMELY not detected

present in internal
genitalia, absent in

blood and hair
follicles

XX DSD, with
XX/XY chimerism

in internal
genitalia

* HF: Holstein Friesian; L × S: Limousin × Simmental crossbred.

2.2. Histological Studies

Samples of the uterus (approx. 4 cm), oviducts (approx. 1.5 cm), and gonads (approx.
3 and 4 cm) collected postmortem were fixed in neutral buffered 10% formalin solution
and used for preparation of paraffin sections (3 μm), which were stained with hematoxylin
and eosin (H&E). Microscopic observations were carried out under an Axio Lab.A1 micro-
scope (Carl Zeiss, Oberkochen, Germany) equipped an ERc5s digital camera (Carl Zeiss,
Oberkochen, Germany) and analyzed with the use of Zen 2.3 software (blue edition; Carl
Zeiss Microscopy, 2011).

2.3. Cytogenetic Analysis

Blood samples were collected in heparinized tubes for establishing short-term (48 h)
in vitro leukocyte cultures. The cells were cultured in RPMI-1640 medium (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 15% (v/v) fetal calf serum and 1% (v/v) peni-
cillin/streptomycin and phytohemagglutinin at 37 ◦C in a humidified atmosphere of 5%
CO2. A standard cell culture harvesting procedure was used, including colcemid, hypotonic
and fixative treatments. Chromosomes were analyzed using Giemsa staining and C- and G-
banding techniques (applied to case #7514), according to methods reviewed by Iannuzzi
and Di Berardino [18]. Bovine sex chromosomes were identified based on their biarmed
morphology (a large submetacentric X and a small metacentric Y), contrasting with the
one-arm morphology of all autosomes, lack of centromeric C band and the characteristic
G banding pattern (case #7514). One hundred metaphase Giemsa-stained spreads were
analyzed for each case. In addition, twenty C-banded and G-banded spreads derived
from DSD heifer #7514 were also evaluated. The slides were examined with an epiflu-
orescence Nikon E600 Eclipse microscope (Melville, NY, USA) equipped with a cooled
CCD digital camera (Melville, NY, USA) and Lucia software (Laboratory Imaging, Prague,
Czech Republic).

2.4. Molecular Detection of X-Linked and Y-Linked Genes

DNA was isolated from blood using DNA Blood Mini kit (A&A Biotechnology, Gdansk.
Poland) and from hair follicles using Sherlock AX kit (A&A Biotechnology, Gdansk, Poland).
The SRY gene fragment covering the whole coding sequence (851 bp) was amplified by PCR
using the primers shown in Supplementary Table S1, and its presence was verified using
agarose gel electrophoresis. The X-linked and Y-linked (ZFX and ZFY, respectively) genes
were amplified (448 bp) by PCR (Supplementary Table S1) and distinguished by restriction
enzyme (BsmI) digestion at 37 ◦C for 4 h following agarose gel electrophoresis (448 bp
for ZFY; 391 and 57 bp for ZFX). Moreover, PCR detection of the Y-chromosome-derived
genes was also performed on DNA samples isolated from the ovaries, uterus, and oviduct
(Genomic Mini kit, A&A Biotechnology, Gdansk). All PCR primers were designed using
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Primer3 (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi; accessed
on 10 August 2009), and all details (primer sequences, annealing temperatures and the
amplicon lengths) are shown in Supplementary Table S1.

2.5. Analysis of SOX9 and AMELY/AMELX Copy Number

Droplet digital PCR (ddPCR) was used to detect the AMELX (X-linked) and AMELY (Y-
linked) genes, with a fluorescent ratio of AMELY/AMELX amplicons below 1.0 confirming
the presence of XX/XY chimerism, following the procedure described by Szczerbal et al. [3].
Moreover, ddPCR was also used to estimate the copy number of the SOX9 gene by taking
the copy number of the F2 autosomal gene as a reference [19]. To establish the amplicon
ratio of the Y-derived gene (AMELY) to the autosomal gene (SOX9), an additional reaction
was performed with these genes. The procedure described by Nowacka-Woszuk et al. [11]
was followed. Briefly, the reaction mixture contained 10 μL of 2×ddPCR Supermix for
Probes (Bio-Rad, Hercules, CA, USA), 1 μL of 20× primers/FAM probe, 1 μL of 20×
primers/HEX probe, and 1 μL of the BsuI and HaeIII restriction enzymes for the AMELX
and AMELY genes and the SOX9 and F2 genes, respectively. The PCR mixtures were
partitioned into approximately 20,000 droplets using a QX200 droplet generator (Bio-Rad,
Hercules, CA, USA). PCR was run using following conditions: denaturation at 95 ◦C for
10 min; 40 cycles at 94 ◦C for 30 s, and at 55 ◦C (for AMELX and AMELY), 57 ◦C (for SOX9
and F2) and 56 ◦C (for AMELY and SOX9) for 60 s (ramp rate 2 ◦C/s); 98 ◦C for 10 min, and
10 ◦C until reading time. The droplets were analyzed on a QX200 droplet reader (Bio-Rad,
Hercules, CA, USA). The concentration of the genes was calculated by Poisson distribution
using Quantasoft software (Bio-Rad, Hercules, CA, USA). The primer and probe sequences
are shown in Supplementary Table S1.

2.6. Genotyping of Selected Tissues Using Microsatellite Markers

The genotyping of DSD heifer #7514 was performed using microsatellite (short tandem
repeats—STR) markers in DNA samples collected from the blood, hair follicles, ovaries,
uterus, and oviduct. Altogether, twelve markers (BM1818, BM1824, BM2113, ETH3, ETH10,
ETH225, INRA23, SPS115, TGLA53, TGLA122, TGLA126 and TGLA227) recommended
by the International Society of Animal Genetics (ISAG) for parentage testing and genetic
profiling were analyzed by a certified laboratory at the Institute of Animal Production
(Balice, Poland). Briefly, the analysis was based on the amplified fragment length poly-
morphisms (AFLP) method, where all markers were amplified in a single multiplex using
TypeIt Microsatellite PCR Kit (Qiagen, Hilden, Germany). The amplicons were separated by
capillary electrophoresis on Genetic Analyzer 3500 xL (Applied Biosystems, Waltham, MA,
USA) with the use of POP-7 polymer (Thermofisher Scientific, Waltham, MA, USA). The
length of amplicon was determined using GeneMapper Software 5 (Applied Biosystems,
Waltham, MA, USA).

3. Results

The microscopic evaluation of cytogenetic slides obtained from in vitro cultured leuko-
cytes could be performed for the four DSD heifers (#7502, #7514, #7515 and #7518), and
the molecular detection of the Y-derived sequences could be performed for all DSD heifers
(#7497, #7502, #7514, #7515 and #7518).

A normal XX sex chromosome complement, analyzed by Giemsa staining, as well as
by C- and G-banding (Figure 2) was observed in one of the heifers (#7514), and XX/XY
leukocyte chimerism was detected in the other three (#7502, #7515, and #7518) (data not
shown). The proportion of XX and XY metaphase spreads varied from XX [98%]/XY
[2%] to XX [25%]/XY [75%] (Table 1). In the next step, Y-derived genes (SRY and ZFY)
were not detected in case #7514. On the other hand, both genes were found in blood
cells, though not in DNA samples isolated from hair follicles, in the other four cases
(#7497, #7502, #7515 and #7518) (Supplementary Figure S1). In addition, the presence
of the chimerism was confirmed by estimating the Y/X copy number through ddPCR,
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based on the number of amplicons derived from the AMELY (Y-derived) and AMELX
(X-linked) genes (Supplementary Figure S2). The results were concordant with those of the
cytogenetic analysis. On the basis of these results, case #7514 was tentatively classified as an
XX (SRY-negative) DSD, while the remaining four cases appeared to be typical freemartins
(Table 1).

Figure 2. Representative metaphase spreads derived from in vitro leukocyte culture of DSD
heifer #7514: (a) Giemsa staining—submetacentric X chromosomes are indicated by arrows,
(b) C-banding—X chromosomes with no centromeric positive C band block are indicated by ar-
rows, (c) G-banding—X chromosomes with normal patterns are indicated by arrows and enlarged in
a right down corner. Scale bar = 10 μm.

Further analysis focused on DSD heifer #7514. Postmortem anatomical examination of
the genitourinary system revealed normal female internal genitalia and virilized external
genital organs. The uterine horns and cervix were of normal structure, shape, and con-
sistency (Figure 3a). The ovaries were also normal in structure and shape but contained
only a few follicles and corpora lutea. Both oviducts were complete and normal in size.
The vagina, despite its normal structure in the cranial part, was dilated in the caudal part.
Vulva, vestibule, cervix, uterine body and uterine horns were connected to each other and
unobstructed. The absence of a vulval cleft in the perineal area was noted. The urinary
bladder and ureter were of normal structure and shape. The urethral orifice was in its
normal position in the vagina, and the urethra was connected to the bladder. There was a
hypoplastic penile-like structure with a penile retractor muscle connected to the vestibule
of the vagina; inside this, there was a virilized urethra with a secondary external orifice
located on the ventral body aspect, cranial to the udder. This was in the form of a vulval
cleft-like structure or preputial-like structure. The male external genitalia were absent from
the inguinal area.

Histological analysis of gonads, oviducts, and uterus showed them to have normal
structure (Figure 3b–d). In the ovaries were observed follicles, including a Graafian fol-
licle, as well as corpora lutea and corpora albicans. No structures resembling testicular
organization were found.

We focused in the first step of the molecular study on elucidating the background of
the observed phenotype in DSD heifer #7514. PCR revealed the presence of Y-chromosome-
derived genes (SRY and ZFY) in the gonads, oviduct, and uterus (Figure 4). This observation
indicated the presence of another cell line or lines.
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Figure 3. Anatomical and histological analysis of the DSD heifer #7514: (a) internal genitalia—uterus
with oviducts and ovaries; (b) Graafian follicle with an oocyte surrounded by granulosa cells, scale
bar = 200 μm; (c) cross section of the oviduct: folded mucosa and thin muscularis, scale bar = 500 μm;
(d) uterine mucosa with small endometrial glands in the basal layer and tubular glands in the
functional layer, scale bar = 500 μm. Corpus luteum (CL) and ovarian follicle (OF) are indicated
by arrows.

Figure 4. Detection of SRY (a) and ZFY (b) genes in DSD heifer #7514. L: GeneRuler DNA ladder; B:
blood; H: hair follicles; O1: ovary 1; O2: ovary 2; U: uterus; OD: oviduct; M: control male; FM: control
female; NC: negative control (no DNA).
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We thus genotyped DNA samples isolated from blood, hair follicles, ovaries, oviduct,
and uterus at twelve microsatellite loci, as is commonly done in parentage testing. Addi-
tional variants were observed at six loci (ETH3, ETH10, ETH225, SPS115, TGLA53, and
TGLA227) in the internal genitalia, while only one or two variants were found in blood
and hair follicles (Figure 5; Supplementary Table S2).

Figure 5. Genotypes for selected microsatellite markers in different tissues of DSD heifer #7514:
TGLA227 (a) and TGLA53 (b). Three size variants for TGLA227 (83, 89 and 103 bp) and TGLA53 (160,
162 and 170) in internal genitalia, instead of two variants observed in blood cells and hair follicles,
are visible.

This result, indicating the presence of chimerism in the internal genitalia, was followed
by molecular detection of the number of copies of sex chromosomes and autosomes. Firstly,
ddPCR was used to estimate the number of copies of the SOX9 gene, since an elevated
number usually affects gonadal development in females (ovotestis or testis instead of
ovaries) and causes virilization. In all studied tissues, the copy number of SOX9 was
normal (two copies), as it was also observed in the studied freemartins (Supplementary
Figure S3). Next, ddPCR was used to estimate the Y/X ratio, on the basis of the amplicon
numbers of the AMELY (Y-linked) and AMELX (X-linked) genes. The expected Y/X ratio
for a normal male cell line carrying X and Y chromosomes is 1.0, while for a normal female
line (XX), it is 0. In our case, the Y/X ratio was low (<0.3, Figure 6), thus confirming the
presence of two cell lines (XX and XY). In addition, the AMELY/SOX9 ratio was lowered
than the expected 0.5 for a single XY cell line (Supplementary Figure S4). This also indicated
the presence of another cell line carrying the Y chromosome in this heifer.
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Figure 6. Estimation of the Y/X ratio by ddPCR based on the proportion of AMELY (Ch2) and
AMELX (Ch1) amplicons in the DSD heifer #7514. (a) Amplification signals from chromosome X
(blue color) and Y (green color). (b) Y/X ratio is presented. B: blood; H: hair follicles; O1: ovary 1; O2:
ovary 2; U: uterus; OD: oviduct; M: control male; FM: control female; NC: negative control (no DNA).

4. Discussion

The incidence, consequences, and background of bovine freemartinism have been
frequently reported on Esteves et al. [2]. It is well-known that such heifers have underdevel-
oped internal genitalia and that their external genitalia are often virilized. Heifers born as
co-twins to males are usually culled due to the high risk of freemartinism (>90%). However,
some freemartins are born as singletons due to early fetal death of the male co-twin [20].
Where virilized genitalia are observed in such heifers, distinguishing between nonheritable
freemartinism and other types of DSD requires genetic analysis. Unfortunately, knowledge
of the mechanisms responsible for DSD phenotype in heifers with a normal set of XX
chromosomes is scarce.

To our best knowledge, there have only been three reports of XX DSD heifers, and
in all these cases, Y-chromosome-derived sequences were detected [14–16]. In the heifer
reported by Takagi et al. [14], a vulval orifice-like structure localized ventrally and cranially
to the mammary gland, as well as normal internal genitalia, including ovaries with follicles
and corpora lutea, were observed. Interestingly, DSD case #7514 in the present study had
a very similar phenotype, and in both cases three Y-linked genes (SRY, ZFY and AMELY)
were detected in the internal genitalia, though not in blood cells.

A different XX DSD heifer phenotype was reported by Payan-Carreira et al. [15], who
observed rudimentary external genitalia with a small clitoris-like structure, bilateral streak
gonads, a normal uterus, a long vagina, and the urethral orifice at the normal location. Flu-
orescent in situ hybridization (FISH) with a genomic degenerate oligonucleotide-primed
(DOP)-PCR probe derived from the heifer revealed the presence of Y chromosome se-
quences in both X chromosomes, though the SRY gene was not detected by PCR.

The third XX DSD case reported in the literature was a female with a normal uterus,
ovaries, and mammary gland, but also with a prepuce, normally urinating penis, and
scrotum [16]. Molecular analysis revealed the presence of the SRY gene in several tissues,
including the blood, ovaries, and lymph nodes.

The external genitalia of the DSD heifer (case # 7514) described here were extensively
virilized, though a normal uterus and ovaries with follicles were observed. Since earlier
reports of XX DSD heifers indicated the presence of Y-derived sequences in some organs,
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we also searched for three Y-derived genes (SRY, ZFY and AMELY); we detected them in
internal genitalia. Our study thus confirmed that the presence of Y-chromosome-derived
genes plays a crucial role in the virilization of XX DSD heifers with female internal genitalia,
including ovaries.

It is well-known that the presence of a functional SRY gene triggers the development
of undifferentiated fetal gonads of mammals toward testis, while ovaries develop when
functional SRY transcription factor is not expressed [21]. Thus, the detection of the SRY
gene in ovaries is a very unusual situation. On the other hand, there are reports suggesting
that the XX/XY chimerism can be present in both blood cells and gonadal tissue of bulls
originating from heterosexual twins [22,23]. There has also been a report concerning an
XY (SRY-positive) DSD heifer, in which the SRY gene was detected in the blood and
ovaries with follicles and a large corpus luteum, despite XX/XY chimerism (freemartinism)
being excluded though analysis of in vitro cultured leukocytes and genotyping of eighteen
microsatellite markers in DNA isolated from blood [24]. In the present case, we also
observed a normal set of female sex chromosomes in leukocytes, and the analysis of
microsatellites in DNA isolated from blood cells excluded the presence of the chimerism.
In fact, it was in the internal genitalia that the chimerism was detected, as it was revealed
by the microsatellite genotyping and ddPCR of sex-linked genes.

5. Conclusions

Our study has shown the presence of XX/XY chimerism in internal genitalia, including
ovaries, in a DSD heifer with a normal set of female sex chromosomes (XX) in the leukocytes.
Since chimersism was not observed in leukocytes, we could exclude a classical form of
freemartinism. The most intriguing issue of the presence of the SRY gene in normally
developed ovaries and the mechanisms responsible for the migration of XY cells to internal
female genitalia requires further studies to be elucidated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani12212932/s1. Supplementary Table S1. PCR conditions applied
in molecular analysis of the selected genes. Supplementary Table S2. STR markers analyzed in DSD
heifer #7514. Supplementary Figure S1. Detection of SRY (a) and ZFY (b) genes in freemartin cases. L:
GeneRuler DNA ladder; B: blood; H: hair follicles; M: control male; FM: control female; NC: negative
control (no DNA). Supplementary Figure S2. Estimation of the Y/X ratio by ddPCR based on the
proportion of AMELY and AMELX amplicons in freemartin cases. (a) amplification signals from
chromosome X (blue color) and Y (green color). (b) Y/X ratio is presented. B: blood; H: hair follicles;
M: control male; FM: control female; NC: negative control (no DNA). Supplementary Figure S3. SOX9
copy number by ddPCR for freemartin cases (a) and DSD heifer #7514 (b). B: blood; H: hair follicles;
O1: ovary 1; O2: ovary 2; U: uterus; OD: oviduct; FM: control female; NC: negative control (no DNA).
Supplementary Figure S4. Estimation of the Y/autosome ratio by ddPCR based on the proportion of
AMELY and SOX9 amplicons in the DSD heifer #7514. B: blood; H: hair follicles; O1: ovary 1: O2:
ovary 2; U: uterus; OD: oviduct; M: control male; FM: control female; NC: negative control (no DNA).
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6. Simon, R.; Lischer, H.E.L.; Pieńkowska-Schelling, A.; Keller, I.; Häfliger, I.M.; Letko, A.; Schelling, C.; Lühken, G.; Drögemüller, C.

New Genomic Features of the Polled Intersex Syndrome Variant in Goats Unraveled by Long-read Whole-genome Sequencing.
Anim. Genet. 2020, 51, 439–448. [CrossRef] [PubMed]

7. Rousseau, S.; Iannuccelli, N.; Mercat, M.-J.; Naylies, C.; Thouly, J.-C.; Servin, B.; Milan, D.; Pailhoux, E.; Riquet, J. A Genome-Wide
Association Study Points out the Causal Implication of SOX9 in the Sex-Reversal Phenotype in XX Pigs. PLoS ONE 2013, 8, e79882.
[CrossRef] [PubMed]

8. Stachowiak, M.; Szczerbal, I.; Nowacka-Woszuk, J.; Jackowiak, H.; Sledzinski, P.; Iskrzak, P.; Dzimira, S.; Switonski, M.
Polymorphisms in the SOX9 Region and Testicular Disorder of Sex Development (38,XX.; SRY -Negative) in Pigs. Livest. Sci. 2017,
203, 48–53. [CrossRef]

9. Rossi, E.; Radi, O.; De Lorenzi, L.; Vetro, A.; Groppetti, D.; Bigliardi, E.; Luvoni, G.C.; Rota, A.; Camerino, G.; Zuffardi, O.; et al.
Sox9 Duplications Are a Relevant Cause of Sry-Negative XX Sex Reversal Dogs. PLoS ONE 2014, 9, e101244. [CrossRef]

10. Marcinkowska-Swojak, M.; Szczerbal, I.; Pausch, H.; Nowacka-Woszuk, J.; Flisikowski, K.; Dzimira, S.; Nizanski, W.; Payan-
Carreira, R.; Fries, R.; Kozlowski, P.; et al. Copy Number Variation in the Region Harboring SOX9 Gene in Dogs with Testicu-
lar/Ovotesticular Disorder of Sex Development (78,XX.; SRY-Negative). Sci. Rep. 2015, 5, 14696. [CrossRef]

11. Nowacka-Woszuk, J.; Szczerbal, I.; Stachowiak, M.; Szydlowski, M.; Nizanski, W.; Dzimira, S.; Maslak, A.; Payan-Carreira,
R.; Wydooghe, E.; Nowak, T.; et al. Association between Polymorphisms in the SOX9 Region and Canine Disorder of Sex
Development (78,XX.; SRY-Negative) Revisited in a Multibreed Case-Control Study. PLoS ONE 2019, 14, e0218565. [CrossRef]

12. Nowacka-Woszuk, J.; Stachowiak, M.; Szczerbal, I.; Szydlowski, M.; Szabelska-Beresewicz, A.; Zyprych-Walczak, J.; Krzeminska,
P.; Nowak, T.; Lukomska, A.; Ligocka, Z.; et al. Whole Genome Sequencing Identifies a Missense Polymorphism in PADI6
Associated with Testicular/Ovotesticular XX Disorder of Sex Development in Dogs. Genomics 2022, 114, 110389. [CrossRef]

13. Croft, B.; Ohnesorg, T.; Sinclair, A.H. The Role of Copy Number Variants in Disorders of Sex Development. Sex. Dev. Genet. Mol.
Biol. Evol. Endocrinol. Embryol. Pathol. Sex Determ. Differ. 2018, 12, 19–29. [CrossRef]

14. Takagi, M.; Yamagishi, N.; Oboshi, K.; Kageyama, S.; Hirayama, H.; Minamihashi, A.; Sasaki, M.; Wijayagunawardane, M.P.B. A
Female Pseudohermaphrodite Holstein Heifer with Gonadal Mosaicism. Theriogenology 2005, 63, 60–71. [CrossRef]

15. Payan-Carreira, R.; Pires, M.A.; Quaresma, M.; Chaves, R.; Adega, F.; Guedes Pinto, H.; Colaço, B.; Villar, V. A Complex Intersex
Condition in a Holstein Calf. Anim. Reprod. Sci. 2008, 103, 154–163. [CrossRef]

16. Bresciani, C.; Parma, P.; De Lorenzi, L.; Di Ianni, F.; Bertocchi, M.; Bertani, V.; Cantoni, A.M.; Parmigiani, E. A Clinical Case of an
SRY-Positive Intersex/Hermaphrodite Holstein Cattle. Sex. Dev. 2015, 9, 229–238. [CrossRef]

17. Szczerbal, I.; Komosa, M.; Nowacka-Woszuk, J.; Uzar, T.; Houszka, M.; Semrau, J.; Musial, M.; Barczykowski, M.; Lukomska, A.;
Switonski, M. A Disorder of Sex Development in a Holstein–Friesian Heifer with a Rare Mosaicism (60,XX/90,XXY): A Genetic,
Anatomical, and Histological Study. Animals 2021, 11, 285. [CrossRef]

18. Iannuzzi, L.; Di Berardino, D. Tools of the Trade: Diagnostics and Research in Domestic Animal Cytogenetics. J. Appl. Genet. 2008,
49, 357–366. [CrossRef]

19. Floren, C.; Wiedemann, I.; Brenig, B.; Schütz, E.; Beck, J. Species Identification and Quantification in Meat and Meat Products
Using Droplet Digital PCR (DdPCR). Food Chem. 2015, 173, 1054–1058. [CrossRef]

163



Animals 2022, 12, 2932

20. Szczerbal, I.; Kociucka, B.; Nowacka-Woszuk, J.; Lach, Z.; Jaskowski, J.M.; Switonski, M. A High Incidence of Leukocyte
Chimerism (60,XX/60,XY) in Single Born Heifers Culled Due to Underdevelopment of Internal Reproductive Tracts&nbsp. Czech
J. Anim. Sci. 2014, 59, 445–449. [CrossRef]

21. Lamothe, S.; Bernard, V.; Christin-Maitre, S. Gonad Differentiation toward Ovary. Ann. Endocrinol. 2020, 81, 83–88. [CrossRef]
22. Stranzlnger, G.; Dolf, G.; Fries, R.; Stocker, H. Some Rare Cases of Chimerism in Twin Cattle and Their Proposed Use in

Determining Germinal Cell Migration. J. Hered. 1981, 72, 360–362. [CrossRef] [PubMed]
23. Rejduch, B.; Słota, E.; Gustavsson, I. 60,XY/60,XX Chimerism in the Germ Cell Line of Mature Bulls Born in Heterosexual

Twinning. Theriogenology 2000, 54, 621–627. [CrossRef]
24. De Lorenzi, L.; Arrighi, S.; Rossi, E.; Grignani, P.; Previderè, C.; Bonacina, S.; Cremonesi, F.; Parma, P. XY (SRY-Positive) Ovarian

Disorder of Sex Development in Cattle. Sex. Dev. 2018, 12, 196–203. [CrossRef] [PubMed]

164



Citation: Cernohorska, H.;

Kubickova, S.; Musilova, P.; Vozdova,

M.; Vodicka, R.; Rubes, J.

Supernumerary Marker

Chromosome Identified in Asian

Elephant (Elephas maximus). Animals

2023, 13, 701. https://doi.org/

10.3390/ani13040701

Academic Editors: Clive J. C. Phillips

and Leopoldo Iannuzzi

Received: 20 December 2022

Revised: 14 February 2023

Accepted: 14 February 2023

Published: 17 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Supernumerary Marker Chromosome Identified in Asian
Elephant (Elephas maximus)

Halina Cernohorska 1,*, Svatava Kubickova 1, Petra Musilova 1, Miluse Vozdova 1, Roman Vodicka 2

and Jiri Rubes 1

1 Department of Genetics and Reproductive Biotechnologies, Veterinary Research Institute,
62100 Brno, Czech Republic

2 Zoo Praha, 17100 Praha, Czech Republic
* Correspondence: halina.cernohorska@vri.cz; Tel.: +420-533331425

Simple Summary: Supernumerary marker chromosomes, as they are known in the human popula-
tion, are usually small chromosomes that differ morphologically and structurally from the standard
ones and in many cases are formed by genetically inert heterochromatin. Similar features were
observed for a supernumerary chromosome discovered in two Asian elephants, a mother and her
male offspring. In this study, we present its detailed analysis using several molecular cytogenetic
techniques including laser microdissection and fluorescence in situ hybridization that allowed identi-
fication of this marker chromosome. Based on our findings, we propose the most possible mechanism
for the origin of the marker studied. We extended our investigation and showed that the distribution
of nucleolar organizer regions on the chromosomes of Asian and savanna elephants may be related
to the distribution of heterochromatin. Supernumerary chromosomes or, in other words, additional
or extra chromosomes added to typical human or animal karyotypes, have recently gained the
attention of scientists as model systems for the study of chromosome evolution, which may include
the chromosome marker described here.

Abstract: We identified a small, supernumerary marker chromosome (sSMC) in two phenotypically
normal Asian elephants (Elephas maximus): a female (2n = 57,XX,+mar) and her male offspring
(2n = 57,XY,+mar). sSMCs are defined as structurally abnormal chromosomes that cannot be identified
by conventional banding analysis since they are usually small and often lack distinct banding patterns.
Although current molecular techniques can reveal their origin, the mechanism of their formation
is not yet fully understood. We determined the origin of the marker using a suite of conventional
and molecular cytogenetic approaches that included (a) G- and C-banding, (b) AgNOR staining,
(c) preparation of a DNA clone using laser microdissection of the marker chromosome, (d) FISH
with commercially available human painting and telomeric probes, and (e) FISH with centromeric
DNA derived from the centromeric regions of a marker-free Asian elephant. Moreover, we present
new information on the location and number of NORs in Asian and savanna elephants. We show
that the metacentric marker was composed of heterochromatin with NORs at the terminal ends,
originating most likely from the heterochromatic region of chromosome 27. In this context, we
discuss the possible mechanism of marker formation. We also discuss the similarities between sSMCs
and B chromosomes and whether the marker chromosome presented here could evolve into a B
chromosome in the future.

Keywords: small supernumerary marker chromosome; sSMC; laser microdissection; FISH; karyotype;
heterochromatin; NOR; Asian elephant; savanna elephant

1. Introduction

The occurrence of a small supernumerary marker chromosome (sSMC) in the human
karyotype is relatively rare and its identification is always difficult using standard cytoge-
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netic methods [1]. This is because sSMCs represent a heterogeneous group of derivative
chromosomes in terms of their chromosomal origin and shape as well as their clinical conse-
quences [2]. It is estimated that in the human population, approximately 0.044% of newborn
children are sSMC carriers [3]. About half of sSMCs are represented by heterochromatic
markers that are usually harmless to their carriers. Most of them are derived from short
arms and pericentric regions of acrocentric chromosomes, in which the most implicated
acrocentrics are HSA15 (https://cs-tl.de/DB/CA/sSMC/0-Start.html; (accessed on 14
January 2023) [4]. The risk of an abnormal phenotype for the carrier depends on factors
such as the size of the marker, genetic content, and level of mosaicism [5]. Approximately
one third of the published cases correlate with specific clinical signs and symptoms, such
as Emanuel, Pallister-Killian, Turner, or cat eye syndromes, while two-thirds of cases have
not been associated with clinical abnormalities [5,6]. Because of the wide variety of marker
chromosomes in the human population, it remains difficult to correlate a particular sSMC
with a particular phenotype, especially in de novo cases [7]. Recently, it has been suggested
that approximately 77% are de novo mutations, while 23% are inherited either maternally
(16%) or paternally (7%) [8]. In most of the familial cases, there is no discernible increased
risk of offspring abnormalities if one parent has the same marker and their phenotype is nor-
mal [9]. Familial sSMCs are preferentially maternally transmitted [10–15], suggesting either
reduced fertility in male carriers or that the marker is excluded in spermatogenesis [14].

Even though numerous studies have been published on human cytogenetics, the
presence of sSMCs in animals has not been reported to our knowledge. We identified a small
metacentric marker chromosome in two phenotypically normal Asian elephants, which
is undoubtedly a karyotypic novelty within elephants. Living elephantids (Elephantidae
family) include three species: (a) two species of the genus Loxodonta, the savanna elephant
(Loxodonta africana) and forest elephant (Loxodonta cyclotis), which are restricted to Africa,
and (b) one species of the genus Elephas, the Asian or Indian elephant (Elephas maximus),
which is endemic to Asia [16]. The latter species is of considerable economic significance in
many Asian countries. Chromosomal data based on G- and C- banding and comparative
FISH available for E. maximus and L. africana show a high level of chromosome band
homology [17–19]. Their karyotypes possess 56 chromosomes and differ only in the amount
and distribution of C-band positive heterochromatin [19].

In the present study, we report the outcome of a detailed molecular cytogenetic
dissection of the marker chromosome and its identification. Moreover, we provide new
information about the location and number of NORs and distribution of heterochromatin in
Asian and savanna elephants. We hypothesize that the sSMC identified in this study might
have some features that could contribute to its future development into a B chromosome.

2. Materials and Methods

2.1. The Asian Elephant Family

The female Asian elephant originating from the Pinnawala Elephant Orphanage, Sri
Lanka Island, was imported to Prague Zoo (Prague, Czech Republic). In the Prague Zoo,
she gave birth to two calves, a male and a female, who were sired by two different males.
The pedigree chart is presented in Figure 1. All members of the elephant family were
cytogenetically examined except the male who sired the male offspring because he is
currently kept in a Zoo in Switzerland and his karyotype is not available.

2.2. Samples and Banding Techniques

Peripheral blood samples were collected from four Asian elephants (E. maximus, EMA)
held in the Prague Zoo: two females and two males. A blood sample was also taken from
the female savanna elephant (L. africana, LAF) held in the Dvur Kralove Zoo. Blood samples
were collected by zoo veterinarians for the purpose of preventive examinations or other
medical procedures and an aliquot of the blood was used for cytogenetic studies. Metaphase
spreads were prepared using culture protocols described by Cernohorska et al. [20]. Con-
ventional protocols for G- and C-banding and AgNOR staining followed Seabright [21],
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Sumner [22], and Goodpasture and Bloom [23], respectively. The G-banded karyotype of
the Asian elephant was arranged according to Yang et al. [19].

Figure 1. Pedigree chart for the Asian elephant family. Circles represent females and squares represent
male individuals. sSMC carriers are marked in black.

2.3. DNA Probes and Fluorescence In Situ Hybridization (FISH)
2.3.1. Preparation of the EMAM1 Clone

We used the PALM Microlaser system (Carl Zeiss MicroImaging GmbH, Munich,
Germany) to collect 20 copies of the marker chromosome. DNA of the collected chromo-
somes was amplified by degenerate oligonucleotide primed polymerase chain reaction
(DOP-PCR), labeled during the secondary PCR with Orange-dUTP (Abbott, IL, USA) as
described by Kubickova et al. [24] and checked by FISH. Amplification products derived
from the marker were cloned into a pDrive vector (Qiagen, Hilden, Germany). The clones
were screened by DOT-BLOT hybridization [25], fluorescently labeled by Orange-dUTP,
and checked for specificity by FISH. Plasmid DNA of the selected clone was subsequently
isolated and sequenced by Sanger sequencing. The clone comprised repetitive DNA but
was not long enough to represent a basic repeat unit (BRU). Therefore, primers amplifying
the 5′- and 3′- flanking regions were designed and inverse PCR was performed on the
genomic DNA [20]. The amplification products representing the BRU obtained by PCR
were cloned and the plasmid DNA was isolated, fluorescently labeled by Orange-dUTP,
and used in the FISH analysis. The BRU clone was named EMAM1 clone, sequenced, and
deposited in GenBank under accession number OP918028.

2.3.2. Preparation of the LAFM1 Clone

Primers selected for inverse PCR in E. maximus were used on L. africana genomic DNA
to obtain the BRU. The amplification products were cloned and the plasmid DNA was
isolated, labeled by Orange-dUTP, and checked for specificity by FISH (see the procedure
described above). One clone was chosen based on fluorescence intensity and sequenced.
The BRU was named LAFM1 clone and deposited in GenBank under accession number
OP918029. The sequences of both clones were compared using BLAST2 software and
screened for interspersed repeats using RepeatMasker (https://www.repeatmasker.org/
cgi-bin/WEBRepeatMasker; (accessed on 20 May 2019).

2.3.3. Preparation of the Centromeric Probe

For generation of the centromeric probe, the DNA template was taken from the
centromeric regions of the selected marker-free Asian elephant chromosomes by laser mi-
crodissection. The pooled DNA was amplified by DOP-PCR, labeled during the secondary
PCR with Orange-d UTP, and checked by FISH [24].

2.3.4. Telomere-Specific Probe

A commercially available Telomere PNA/FITC probe (DAKO A/S, Glostrup, Den-
mark) was used for FISH following the manufacturer’s recommendations.
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2.3.5. FISH

FISH procedures for chromosome painting and specific probes followed previously
described protocols [20,26]. Hybridization signals were examined using Zeiss Axio im-
ager.Z2 fluorescence microscope with appropriate fluorescent filters; images were captured
by a CoolCube CCD camera (MetaSystems, Altlussheim, Germany) and analyzed by ISIS
(MetaSystems).

2.3.6. Identification of the NOR-Bearing Chromosomes in E. maximus and L. africana

NOR-bearing chromosomes were identified by FISH using human whole chromosome
painting probes. The chromosome correspondence between human and elephants (Asian,
EMA and African, LAF) was inferred from the comparative chromosome map established
by Yang et al. [19]. A subset of Green- or Orange-labeled commercially available human
chromosome-specific probes (MetaSystems, Altlussheim, Germany) were applied to both
E. maximus and L. africana chromosomes following the hybridization protocol described
by Yang et al. [19]. After hybridization, digital images were captured and the slides were
subsequently treated with AgNOR staining [23]. The obtained images were compared to
the FISH results to identify the NOR bearing chromosomes.

3. Results

Chromosome G-banding revealed a supernumerary chromosome in the elephant
mother (2n = 57,XX,+mar) (Figure 2) and her son (2n = 57,XY,+mar). The marker was
present in all metaphases examined in both animals (we examined 100 cells per animal). The
diploid chromosome number of both the daughter and her father was 2n = 56, which was in
accordance with the normal Asian elephant karyotype [17,27,28]. The marker chromosome
was identified as small, metacentric (Figures 2 and 3), and C-band positive (Figure 3)
with NOR sites at the terminal ends (Figure 4a). Hybridization with the telomeric probe
showed (a) strong signals at the terminal ends of all E. maximus chromosomes including
the marker, (b) weak signals at the centromeric region of biarmed chromosomes, and (c) a
strong signal in the central constriction of the biarmed marker (Figure 5a). Hybridization
with the centromeric probe showed signals at the centromeric regions of most E. maximus
chromosomes. The centromeric regions of the biarmed autosomes including the marker
were not painted (data not shown).

Figure 2. G-banded karyotype of Elephas maximus (2n = 57,XX,+mar). The chromosomes were
arranged according to Yang et al. [19]. The arrowheads show the NOR positions.
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Figure 3. C-banded chromosomes of E. maximus (2n = 57,XX,+mar).

Figure 4. NOR positions in (a) E. maximus (2n = 57,XY,+mar) and (b) L. africana (2n = 56,XX).

Figure 5. (a) FISH of a telomeric probe (green) to the E. maximus, EMA (2n = 57,XY,+mar). (b) The
same metaphase spread hybridized with the EMAM1 probe (red). (c) FISH of the LAFM1 probe
(red) to the L. africana, LAF chromosomes (2n = 56,XX). The chromosomes are counterstained with
DAPI (blue).
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3.1. Identification of the Marker Origin

In order to identify the origin of the marker chromosome, we applied several con-
ventional and molecular cytogenetic methods. FISH with the EMAM1 probe prepared by
microdissection of the marker revealed strong signals at the marker and p-arms of two
small autosomal pairs, one metacentric and one submetacentric, which appeared almost
entirely heterochromatic upon C-banding. Weaker signals were observed at the centromeric
regions of several other autosomes (Figures 3 and 5b). We identified the two autosomal
pairs with heterochromatic p-arms using human (Homo sapiens, HSA) painting probes. The
q-arm of the small metacentric pair was painted by the HSA2 probe and corresponded to
the EMA27 chromosome on the comparative map. The q-arm of the small submetacentric
pair was painted by the HSA13 probe corresponding to EMA16 (Figure 6). The subsequent
silver-staining revealed that the terminal ends of the marker and heterochromatic p-arms
of EMA27 and EMA16 possessed NORs (Figure 4a). Both FISH and NOR staining results
indicated that the marker may have originated either from the EMA27 or EMA16 chro-
mosomes. Based on the amount of heterochromatin included into the marker, it seems
reasonable to suggest that the marker originated from p-arms of EMA27 rather than EMA16
(Figures 3 and 5b). On closer inspection, variation in the amount of heterochromatin in
EMA27 chromosomes was found in all of the Asian elephants examined. The metacentric
shape of the marker suggested the isochromosome nature of the sSMC.

Figure 6. Co-hybridization of the EMAM1 (green) and HSA13 probes (red) to metaphase chromo-
somes of E. maximus (2n = 57,XX,+mar). The HSA13 probe shows signals on the EMA16 chromosome.
The chromosomes are counterstained with DAPI (blue).

3.2. Identification of the NOR-Bearing Chromosomes Using Human Painting Probes and
AgNOR Staining
3.2.1. E. maximus

The NOR positions determined in both marker carrier and marker-free Asian elephants
were on four autosomal pairs and their number ranged from 5 to 8 in the metaphases
examined (Figure 4a). The NORs, all terminal, were located on the heterochromatic p-
arms of EMA16 and EMA27 (see above) and q-arms of two acrocentric autosomal pairs
corresponding to HSA17 (EMA11) and HSA18 (EMA13).

3.2.2. L. africana

The NOR sites detected in the savanna elephant were located on nine terminal regions
of eight autosomal pairs and their number varied from 11–16 in the metaphases examined
(Figure 4b). The NORs, all terminal, were identified on: (a) the minute heterochromatic
p-arms of six autosomal pairs corresponding to HSA1 (LAF2), HSA5 (LAF3), HSA4 (LAF5),
HSA2 (LAF6), HSA13 (LAF16), and HSA2 (LAF27); (b) the q-arms of the autosomal pair

170



Animals 2023, 13, 701

corresponding to HSA17 (LAF11), and (c) both p- and q-arms of the autosomal pair corre-
sponding to HSA18 (LAF13).

3.3. Comparison of the EMAM1 and LAFM1 Clones

The sequence homology of the BRU clones obtained from the Asian (EMAM1, 2619 kb
in length) and savanna (LAFM1, 2629 kb in length) elephants was high (94%) and both
clones lacked interspersed repeats (i.e., SINE, LINE or LTR elements), as revealed by
RepeatMasker. We designated both sequences as satellite DNA based of the fact that the
organization of repeat units in head-to-tail (or tandem) fashion permitted inverse PCR
amplification [29]. The hybridization results with the EMAM1 probe to the E. maximus
(Figure 5b) chromosomes are mentioned above. Hybridization with the LAFM1 probe to
the L. africana chromosomes resulted in positive signals in the short p-arms of about half of
the autosomes, whereas other chromosomes were unlabeled. (Figure 5c).

4. Discussion

Detection of an sSMC in phenotypically normal individuals is almost always an un-
expected result in cytogenetic analysis and several molecular cytogenetic techniques are
usually needed for their characterization. Using laser microdissection of the marker with
subsequent reverse FISH that permitted the identification of the marker origin, we provide
the first finding of an sSMC in wild mammals, to our knowledge. In the elephant family, the
male offspring inherited the supernumerary chromosome from his mother while her daugh-
ter did not. Our observation fit the recently outlined fact that in humans, familial sSMCs are
predominantly transmitted through the maternal line and familial marker chromosomes
are usually harmless to their carriers [6]. Our marker is metacentric and only one central
constriction was apparent. Since the supernumerary chromosome is mitotically stable, it
presumably contains a functional centromere, even though the centromeric sequences were
not detected with the centromeric probe, as with other biarmed chromosomes. The mirror-
image shape of the marker indicates that the marker could have arisen in the same manner
as isochromosomes [30]. The most possible explanation for the formation of our marker is
that it might have originated in any ancestor during meiosis with an initial break in the
(peri)centromeric region of EMA27 followed by horizontal separation of the p- and q-arms
giving rise to isochromosomes i(27p) and i(27q). The separated heterochromatic p-arms,
i(27p), later formed the marker chromosome (Figure 7). The strongest support for this
explanation comes from the FISH results using a telomeric probe, which showed stronger
fluorescence in the centromeric region of the marker in comparison to EMA27 (terminal
telomeres are not considered here). As a consequence of the joining of the sister heterochro-
matic arms, the telomeric sequences located in the pericentromeric region appeared very
close to one another, amplifying the signal in the center (Figure 5a). The nondisjunction
of EMA27p during the first meiotic division subsequently resulted in maturation of an
abnormal gamete, leading to the abnormal zygote with the heterochromatic sSMC after
fertilization (Figure 7).

4.1. NORs

The marker chromosome detected in our study was heterochromatic with NORs at the
terminal ends. In order to identify the origin of the marker, we determined chromosomes
bearing both heterochromatin and NORs using a combination of AgNOR staining and FISH
with human painting probes. Previous studies have used AgNOR staining on chromosomes
of only E. maximus [31,32] without the identification of NOR-bearing chromosomes. Here,
we present this information for E. maximus and also include the data for L. africana. Although
the karyotypes of both species are largely conserved [19], the location and number of NORs
show differences. Four NOR-bearing sites found in E. maximus (11q, 13q, 16p, and 27p)
were shared by L. africana. Five other NOR sites identified in L. africana (2p, 3p, 5p, 6p, and
13p) were not found in E. maximus. In both species, NOR sites seem to be preferentially
associated with heterochromatin, suggesting that the expansion of heterochromatic regions
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in L. africana might be related to the expansion of NORs and vice versa; the reduction of
heterochromatic regions in E. maximus might be related to the reduction of NOR sites in
the species.

Figure 7. Schematic reconstruction showing the most possible marker formation during meiosis. The
initial break in the (peri)centromeric region of one of the EMA27 homologs led to the horizontal
separation of the p- and q-arms producing two isochromosomes, i(27p) and i(27q). One product of
the misdivision was the sSMC formed by heterochromatic p-arms, i(27p). The other product was
formed by the q-arms of the chromosome, i(27q). During the first meiotic division (MD), the marker
along with the normal EMA27 chromosome segregated into one daughter cell. During the second
MD, the sister chromatids of the normal EMA27 were released and segregated from one another. The
marker chromosome along with one of the normal EMA27 chromatids segregated into the daughter
cell, giving rise to an abnormal gamete, and leading to the abnormal zygote with the heterochromatic
sSMC after fertilization.

4.2. Can We Consider the Marker Chromosome Identified in Two Asian Elephants as a Kind of
Proto-B Chromosome?

There is some recent discussion in the literature about possible similarities between
supernumerary marker chromosomes described in human and B chromosomes, which are
enigmatic elements in eukaryotic karyotypes [33,34]. Both represent additional material to
the main karyotype and may consist of heterochromatin and/or euchromatin. They are
generally small in size and often lack specific phenotypic effects on the organisms that
carry them. They are predominantly maternally transmitted and may be prone to mitotic
instability [1,3,6,7,34,35]. It is estimated that B chromosomes occur in approximately 15%
of eukaryotic species, the vast majority of which have been discovered in plants [36]. Other
species in which B chromosomes have evolved include fungi, insects, helminth parasites,
crustaceans, fish, amphibians, reptiles, birds, and mammals [35]. For the last group, up to
85 species carrying B chromosomes have been listed [37]. We reviewed the available litera-
ture in an attempt to determine whether the marker chromosome identified in our study in
Asian elephants could evolve into a B chromosome in the future. It is believed that the best
candidates for future B chromosomes in humans are (i) genetically inert (heterochromatic)
supernumerary chromosomes that might manage to drive in either sex [34], (ii) sSMCs on
which only their own DNA hybridizes [38], and (iii) acrocentric-derived inverted duplica-
tion sSMC with normal phenotypes [1,3,4]. Due to its heterochromatic nature, phenotypic
inertness, and ability to be transmitted from parent to offspring, the marker chromosome
identified in the two elephants in the current study can be included among the proposed
candidates. In the recent review by Vujošević et al. ([37] and references in the article), the
authors summarized that a typical B chromosome in mammals is seen as supernumerary,
heterochromatic, smaller, and morphologically different from chromosomes of the standard
set and does not evoke visible phenotypic effects. The size of the most common B chro-

172



Animals 2023, 13, 701

mosomes in mammals corresponds to the size of the smallest chromosome in the genome
(occurring in 52 species, 65%), with metacentric and submetacentric shapes being more
common than acrocentric shapes in this group. B chromosomes usually contain various
repetitive sequences originally derived from autosomes, among which ribosomal and
telomeric sequences have also been identified. Based on its morphological and molecular
structure (i.e., small metacentric, heterochromatic chromosome with telomeric and rDNA
sequences) and regardless of possible fertility disorders of their carriers, it seems that the
marker chromosome identified in the current study has the potential to evolve into a B
chromosome in the future. Additional rDNA sequences and/or other repeats or sequences
on the marker may give some selective advantage to the carrier and thus may spread in a
population of Asian elephants. In the future, it would be useful to collect DNA from the
marker chromosome by microdissection and use it as a template for sequencing [39], as
knowing the DNA content in the marker could help us determine how these chromosomes
are formed.

5. Conclusions

We describe here the finding of a small supernumerary marker chromosome in a
female elephant and her male offspring. Both animals were phenotypically normal, as
is the case for most human carriers of markers containing heterochromatin. The fertility
of the female did not appear to be affected by marker carriage, as she gave birth to two
healthy offspring. Currently, we do not have any information about the fertility of the
male offspring because he is not yet sexually mature. However, before being included
in the captive breeding population, we recommend that his examination should entail
microscopic and cytogenetic evaluation of the semen sample. Supernumerary marker
chromosomes, especially B chromosomes, have recently gained the attention of scientists as
model systems for the study of chromosome evolution, so it would be interesting to follow
the fate of both elephants and their offspring in the future given that they carry a unique
supernumerary chromosome that is not detrimental to their health and fitness.
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Abbreviations

sSMC small supernumerary marker chromosome
NOR nucleolar organizer region
FISH fluorescence in situ hybridization
EMA Elephas maximus
LAF Loxodonta africana
DOP-PCR degenerate oligonucleotide primed polymerase chain reaction
BRU basic repeat unit
PNA peptide nucleic acid
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Simple Summary: Horses are well known for the increased number of individuals carrying chromo-
somal abnormalities related to the sex pair, which have been identified as a major cause of idiopathic
infertility. However, large-scale populational studies evaluating the occurrence of these chromosomal
aberrations in commercial or wild populations are extremely scarce. We, therefore, performed a
cytogenetic analysis on a large dataset of 25,237 individuals, gathered over a period of 24 months,
using a two-step genomic-based diagnostic methodology. We first screened the entire population,
analyzing the results of short tandem repeats parentage testing to determine individuals showing
abnormal results. Thereafter, the positive samples, together with the individuals showing morpholog-
ical abnormalities in the reproductive tract, were reanalyzed using a single nucleotide polymorphism
(SNP)-based procedure to determine the occurrence of chromosomal abnormalities. Our results
showed that the overall prevalence of individuals carrying chromosomal alterations was close to
0.05%, with blood chimerism and 64,XY sex-reversed mares the most common type of aberrations
detected. In addition, one case of Turner and one of Klinefelter syndrome, as well as a small number
of individuals carrying complex karyotypes, were also detected. However, these results should be
taken with caution since the occurrence of X chromosome monosomy, a sex-related chromosomal
aberration commonly reported in mares, cannot be screened using the methodology employed in this
study. To our knowledge, this is the largest study performed aimed at determining the prevalence of
the most important chromosomal abnormalities in the domestic horse.

Abstract: Chromosomal abnormalities are largely associated with fertility impairments in the do-
mestic horse. To date, over 600 cases of individuals carrying abnormal chromosome complements
have been reported, making the domestic horse the species with the highest prevalence. However,
studies analyzing the prevalence of chromosomal diseases in whole populations are scarce. We,
therefore, employed a two-step molecular tool to screen and diagnose chromosomal abnormalities
in a large population of 25,237 Pura Raza Español horses. Individuals were first screened using
short tandem repeats parentage testing results and phenotypic evaluations. Those animals showing
results suggesting chromosomal abnormalities were re-tested using a single nucleotide polymor-
phism (SNP)-based diagnostic methodology to accurately determine the chromosomal complements.
Thirteen individuals showed a positive screening, all of which were diagnosed as chromosomally
abnormal, including five 64,XY mares with sex development disorders (DSD) and four cases of blood
chimerism (two male/female and two female/female cases). In addition, we detected one Turner and
one Klinefelter syndrome and two individuals carrying complex karyotypes. The overall prevalence
in the entire population was ~0.05%, with the prevalence of 64,XY DSD and blood chimerism ~0.02%
and ~0.016%, respectively. However, the overall results should be taken with caution since the
individuals carrying Turner syndrome (in full (63,X) or mosaic (mos 63,X/64,XX) forms) cannot be
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detected due to limitations in the methodology employed. Finally, the lack of agreement between
populational studies performed using karyotyping or molecular methods is discussed. To our knowl-
edge, this is the largest populational study performed evaluating the prevalence of the most common
chromosomal abnormalities in the domestic horse.

Keywords: chromosomal abnormalities; horse; genomic; prevalence; SNP-array; cytogenetics

1. Introduction

Chromosomal abnormalities related to the sex pair are a common genetic disease in
domestic horses, Equus caballus. This knowledge is not new [1] but was demonstrated
30 years ago by Power [2], who compiled the karyotyping results of nearly 400 cases
showing chromosomal aberrations. More recently, Bugno-Poniewierska and Raudsepp [3]
established that chromosomal disorders are among the most common non-infectious causes
of subfertility, infertility, and congenital defects in the species, accounting for ~30% of
horses with reproductive or developmental problems. However, cytogenetic analysis in
such individuals is not a common practice and is far from being a systematic practice in
large populations and/or commercial herds [4]. This lack of testing may make it difficult
to determine the prevalence of chromosomal abnormalities in horses, especially since
some individuals carrying chromosomal aberrations may be phenotypically normal, thus
avoiding detection [5].

The most comprehensive and largest cytogenetic evaluation of a horse population
existing to date was performed 15 years ago by Bugno, et al. [6], who reported a preva-
lence of chromosomal abnormalities related to the sex pair close to 2% by karyotyping
500 horses selected randomly. In contrast, Kakoi, et al. [7] conducted a large-scale analysis
of 17,471 newborn light-breed foals in Japan using high-throughput molecular methods
(instead of karyotyping) and found a much lower prevalence of chromosomal abnormali-
ties, approximately 0.01%. Similarly, Anaya, et al. [8] used molecular methods to detect
blood chimerism in 21,097 Pura Raza Español (PRE) horses, reporting a prevalence of
0.01%, which is 20 times lower than the previous existing reports. Given the discrepancy
existing between results obtained using different methodologies, any additional data pro-
duced will help us to determine a more accurate rate of chromosomal abnormalities in the
domestic horse.

Thirty years ago, Bowling, et al. [9] demonstrated the usefulness of short tandem
repeats (STR) genotyping to detect chimerism in horses. More recently, this approach was
further employed to detect the same type of chromosomal abnormality in an American
Bashkir Curly [10] and several Pura Raza Español horses [8,11]. However, the standard-
ized STR panel employed for parentage testing in the species includes only one ECAX
marker and none located in the ECAY. Therefore, most of the aberrations associated with
reproductive impairments, such as sex reversions (DSD) or ECAX monosomy [5], cannot
be detected. To solve this issue, Kakoi, et al. [7] developed an extended STR panel with
better coverage of sex chromosomes, detecting 17 individuals with abnormal complements
in a large population of Japanese horses. However, more recently, our laboratory validated
a novel, more accurate methodology for chromosome testing, based on the analysis of
the information provided by single nucleotide polymorphism (SNP) genotyping arrays,
in the PRE breed [12]. This method, which can detect almost any type of chromosomal
abnormalities, was integrated as an auxiliary tool of the PRE breeding program in 2021.

The Pura Raza Español horse is one of the oldest and most important horse breeds
bred in Europe [13], with more than 250,000 active individuals bred in over 60 countries
in the present day [14]. Its studbook was created in 1912, and since then, it has been
managed by the Real Asociación Nacional de Criadores de Caballos de Pura Raza Española
(ANCCE), following a closed enrolment policy. For this reason, to be included in the
PRE studbook, all individuals need to perform mandatory DNA testing to confirm the
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parentage assignation, as well as a phenotypic characterization to avoid the enrolment
of individuals with morphological variations forbidden by the PRE breeding program
bylaws. Since 2021, all PRE individuals showing any reproductive abnormality in the
mandatory pre-enrolment phenotypic assessment or those whose STR-based parentage
test results showed any abnormal or incongruent results (more than 2 alleles per loci or
incompatibility between genotypes and phenotypic sex) are being flagged as presumptive
carriers of chromosomal abnormalities, and submitted for further investigation using SNP
genotyping. Two years later, almost 25,237 horses have now been screened in one of the
largest cytogenetic studies conducted on the species.

Here, we present the results of the screening for sex-related chromosomal alterations
in a large population of PRE horses, with the aim of establishing a more accurate estimation
of the prevalence of chromosomal abnormalities in the species.

2. Materials and Methods

2.1. Animal Samples

All the individuals analyzed in this study are included in the screening program for
chromosomal abnormalities of the Real Asociación Nacional de Criadores de Caballo Pura
Raza Español (ANCCE) studbook. All of them provided blood samples collected by the
ANCCE official veterinary services, according to the breeding association standard protocol
for parentage testing, before their enrollment in the studbook. During the last 24 months,
25,237 individuals were evaluated (12,569 in 2021 and 12,668 in 2022).

2.2. Genotyping and Chromosomal Analysis

DNA was obtained from biological samples (either whole blood or hair bulbs) using
regulation extraction kits from Qiagen (Madrid, Spain). Thereafter, the samples were first
genotyped using the 17 STR panel for determining parentage in horses proposed by the
International Society for Animal Genetics (ISAG) in a multiplexed determination using
a set of commercially-available fluorescent-labeled primers (StockMarks kit for horses,
PE Applied Biosystems, Foster City, CA, USA). In the same reaction, we determined the
presence or absence of ECAX and ECAY gene-specific amelogenin markers using a slight
modification of the PCR reaction proposed by Hasegawa, et al. [15]. Finally, the genotyping
and allele calling was performed by capillary electrophoresis using an Applied Biosystems
3130xl DNA sequencer (ANCCE, Spain).

Any individuals who showed abnormal genotyping results (more than 3 alleles in
different loci or those showing a discrepancy between the phenotypic and genotypic sex
in the ECAX specific marker (LEX003) or AMELX and AMELY fragments, according to
Anaya-Calvo [16]) or which showed phenotypic abnormalities in the external reproductive
organs were further genotyped using a medium density SNP array chip (Equine GGP 70K,
Neogen Inc, Scotland, UK). Finally, the chromosomal complements of these animals were
determined according to the methodology validated in the PRE by Pirosanto, et al. [12].
In addition, these individuals were reinspected phenotypically by an official ANCCE
veterinarian in situ to confirm the phenotypic sex and to determine the presence or absence
of phenotypic abnormalities in the reproductive tract.

3. Results

Thirteen individuals (0.051% of the total population analyzed) were submitted for
chromosomal analysis during the 24-month period (Table 1). Among them, three were
submitted due to the existence of morphological abnormalities in the external gonads, four
showed three or more alleles in a single locus in the parentage testing STR panel, and
six showed incongruences between phenotypic and genotypic sex. In all the cases, the
presence of chromosomal abnormalities was confirmed by the SNP genotyping (Table 1).
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Table 1. Individuals carrying chromosomal abnormalities during the 24-month period in the PRE breed.

Individual Year Phenotypic Sex Parentage STR
SNP

Genotypìng

1 2021 Intersex Female 63,X
2 2021 Male Multiallellic chi 64,XX,64,XY
3 2021 Female Multiallellic chi 64,XX,64,XX
4 2021 Female Multiallellic chi 64,XX,64,XY
5 2021 Female Sex incongruence 64,XY
6 2021 Female Sex incongruence 64,XY
7 2021 Intersex Normal female mos 63,X/64,XX
8 2022 Female Sex incongruence 64,XY
9 2022 Male Sex incongruence 65,XXY
10 2022 Female Multiallellic chi 64,XX,64,XX
11 2022 Intersex Male mos 63,X/64,XY
12 2022 Female Sex incongruence 64,XY
13 2022 Female Sex incongruence 64,XY

A short tandem repeat (STR) based parentage test was performed according to Demyda-Peyras, et al. [11]. Single
nucleotide polymorphism (SNP) genotyping analyses were performed according to Pirosanto, et al. [12]. N.d.:
not detected.

The results show that 64,XY DSD sex reversal mare (see Figure 1) was the most
common syndrome detected (five cases, 0.02%), followed by blood chimerism (four cases,
0.015%). Interestingly, two of them were male/female chimeras, whereas the remaining
two were female/female chimeras (see Figure 2).

Figure 1. Copy number alterations (CNA) analysis profile of a 64,XY DSD mare. Analysis of the B
allele frequency (BAF) and Log R ratio (LRR) values from a 64,XY DSD individual according to [10].
BAF values (upper part) depicting hemizygous markers (close to 0 or 1) in the non-pseudoautosomal
region (XPAR, green). Conversely, the XPAR (in yellow) is mostly heterozygous (values close to 0.5).
LRR values (lower part) are close to 0 in XPAR (in yellow), depicting diploidy. On the contrary, values
in the non-XPAR region (in purple) are close to −0.5, depicting monosomy.
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Figure 2. Copy number alterations (CNA) analysis profile of 64,XY/64,XX and 64,XX/64,XX blood

chimeras. Analysis of the B allele frequency (BAF) and Log R ratio (LRR) values of the ECAX from
64,XY/64,XX (Sample 4, left part) and 64,XX/64,XX individuals (Sample 10, shown on the right of the
figure) according to Pirosanto, et al. [12].

In addition, we detected a Klinefelter horse (65,XXY), a Turner’s mare (63,X) and two
mosaicisms (63,X/64,XX and 63,X/64,XY). Finally, the overall prevalence of individuals
carrying chromosomal abnormalities in the PRE during the last 24 months was 0.051%
(13/25,237). However, it should be mentioned that individuals carrying 63,X ECAX mono-
somy or low-level chimerisms could be screened using the diagnostic pipeline employed in
this study, and therefore, the overall prevalence is most likely underestimated.

4. Discussion

It is well established that the domestic horse is the domestic species with the highest
number of individuals carrying chromosomal alterations [17], most of which are associated
with reproductive failures and abnormal phenotypes [5]. This knowledge is mostly built
on the compelling number of cases reported to date, such as the ~400 horses compiled by
Power [2] 30 years ago or the 214 horses analyzed by the TAMU cytogenetic lab over the
last 20 years [3]. However, large-scale cytogenetic surveys analyzing whole populations are
scarce. Here, we establish the incidence of the most important chromosomal abnormalities
in a population of 25,237 Pura Raza Español horses.

Several reasons have been suggested for the lack of large cytogenetic surveys in horses,
such as the inability of field practitioners to establish an association between infertility and
chromosomal failures, but also the scarce availability of commercial laboratories providing
karyotyping services in the species [4]. In addition, the classical cytogenetics techniques
are slow, expensive, and require the collection and shipping of biological samples for
cell culture. However, 20 years ago, Kakoi, et al. [7] proposed the viability of the use
of STR parentage genotyping as a screening tool to detect chromosomal abnormalities
in horses. Based on this idea, we established a relationship with the Pura Raza Español
breeding association, which allowed us to detect several individuals carrying chromosomal
abnormalities in the PRE breed, including chimerisms [11], DSD sex reversal horses [18]
and complex karyotypes [19], such as normal and abnormal cell lines originating in two
different individuals in the same horse. However, it was not until more recently, with the
validation of an SNP-based methodology [12], that chromosomal screening was integrated
into the breeding program. Since then, more than 25,000 horses have been screened, thus
producing one of the most comprehensive datasets analyzed to date.

So far, two large-scale studies have been performed to analyze horse populations from
a cytogenetic point of view. In 2005, Kakoi, et al. [7] analyzed 17,471 light-breed Japanese
horses using a molecular approach based on STR parentage genotyping, similar to the
one used in our study. The authors were able to detect 18 individuals with presumptive
chromosomal abnormalities in the sex pair, establishing a prevalence of close to 1/1000.
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In the second step, they employed an extended ECAX/ECAY STR panel, thus confirming
the existence of 13 Turner mares (63,X, 0.07%), 4 Klinefelter horses (65,XXY, 0.02%), and a
65,XXX mare (0.006%). However, only four of these cases could be confirmed by karyotyp-
ing due to the lack of availability of biological samples. Two years later, Bugno, et al. [6]
karyotyped 500 young Polish horses from several breeds, reporting 10 individuals (2%) with
chromosomal abnormalities. Among them, the authors reported a male/female chimera
(64,XX/64,XY, 0.2%), one Turner syndrome (63,X, 0.2%), 7 ECAX mosaicisms (63,X/64,XX,
1.4%), and an individual with an autosomal trisomy in the ECA31. Our study agrees with
the results provided by Kakoi, et al. [7], probably due to the fact that they were performed
using a similar diagnostic methodology in which a large population was first screened, and
then only the horses suspected of carrying chromosomal abnormalities were re-analyzed
for confirmation. In contrast, the later study karyotyped all 500 horses, with the most
common abnormality reported being 63,X/64,XX mosaicism, which was barely detected in
our study (just one case). Since this later syndrome is difficult to screen using molecular
methods [20], it may explain the differences observed between these different approaches.
However, it is also worth mentioning that an overall incidence equal to that reported by [6]
would be equivalent to detecting nearly 500 horses carrying chromosomal abnormalities
in our PRE dataset, which is far higher than the figure we found. In this context, Shah,
et al. [21] reported a 33% discordance rate between karyotyping and molecular methods in
the analysis of human miscarriages, with the appearance of chromosomal artifacts due to
prolonged culture being one of the potential causes. This lack of consensus was even more
noticeable when the growth of cultured cells was stimulated with phytohaemagglutinin
(PHA), which resulted in an increased number of abnormalities in comparison with the
same samples analyzed from unstimulated cultures [22]. However, we previously com-
pared the results of karyotyping and molecular methods in 30 PRE horses (10 carrying
chromosomal abnormalities) with 100% of accuracy [23]. For this reason, we hypothesize
that this could be an additional cause to explain the differences observed among studies,
such as the breed effect, or maybe another, which was not analyzed in the present report.

One of the key questions about the use of molecular methods for detecting chromoso-
mal abnormalities is their accuracy in determining the presence of mosaicisms/chimerisms
in which the percentage of abnormal cells is low [24]. This is particularly important since
Power [2] reported that 15% of the 401 individuals carrying chromosomal abnormali-
ties were 63,X/64,XX mares. These limitations were recently demonstrated in horses by
Szczerbal, et al. [20] using a highly accurate technique (ddPCR) and by our group using
an array-based SNP methodology [12]. However, this is also a well-known problem in
humans, where the ability to detect low levels of mosaicism with less than 10% of abnormal
cells is questionable [25]. Pienkowska-Schelling, et al. [26] recently reported a substan-
tial increase in the rate of ECAX mosaicism (63,X/64,XX) in fertile mares by performing
classical karyotyping. This finding agrees (although the incidence was different) with the
reports demonstrating that some of these individuals can develop normally and produce
offspring [6,27]. Nevertheless, most of the cases of 63,X/64,XX described are associated
with subfertility [17]. Despite the fact that the use of molecular methods for this particular
syndrome is still in its infancy, its importance may be limited in the whole population in
comparison with the other chromosomal abnormalities reported to date [2,3].

One important limitation of this study worth mentioning is the inability to screen
Turner’s syndrome (63,X; ECAX monosomy) using parentage STR markers since the stan-
dardized test performed worldwide includes only one STR located in the ECAX. In this
context, Bugno, et al. [6] reported a prevalence value of 0.2% (1 in 500) for this abnormality
in the whole population (1/500). Similarly, several reports [2,17,28,29] have established
that ECAX monosomy can account for approximately 30/40% of all the chromosomal
abnormalities detected in horses. In contrast, Kakoi, et al. [7] reported a prevalence of
this abnormality close to 0.075% (13/17,471), although they were only able to determine
those individuals in which the foal’s ECAX was of paternal origin. Since we are not able
to estimate the incidence of such aberrations in PRE, we extrapolated the results obtained
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in other breeds (30% of incidence among chromosomal abnormalities) to our dataset to
obtain a hypothetical incidence for comparison purposes. This estimated value (0.016%) is
ten times lower than that reported by Bugno, et al. [6] but more in line with that reported
by Kakoi, et al. [7] as well as with the incidence of this syndrome in humans (0.04%, ac-
cording to Bondy [30]), although a large-scale study would be needed to determine the real
prevalence of this syndrome in horse populations. Here, SNP-based methodologies can
accurately detect mares carrying 63,X complements [12]. Given the introduction of SNP
arrays and the genotyping of horses in breeding programs [31–33]), we should expect to
find an increase in the detection of this chromosomal abnormality in large populations of
horses within the next few years.

Disorders in sex development constitute another common syndrome in horses [5].
Among these, the most common is the sex-reversal mare (64,XY DSD), in which the indi-
vidual shows a mare phenotype instead of carrying male chromosomal complements [34],
even in the PRE breed [18]. In our study, we used a combination of an ECAX STR marker
(LEX003) together with determining two fragments of the sex-related amelogenin gene
(AME), which reduces the possibility of misdiagnosis close to null. However, Martinez,
et al. [35] reported a very low percentage of inconsistencies in the AMEY testing (8/100,000)
in a large population of horses, suggesting that they might be the result of a translocation
(in the paternal line) from the Y to another chromosome. In our case, all the individuals
showing a positive AMEY amplification were confirmed as 64,XY DSD by SNP genotyping
(6/6). In terms of prevalence, Power [2] stated that 28% of the individuals carrying chro-
mosomal abnormalities showed a 64,XY karyotype, whereas Bowling, et al. [28] detected
22 individuals showing this chromosomal arrangement among 98 mares. In our case,
the incidence of 64,XY DSD among individuals showing abnormal karyotypes was ~40%.
However, 63,X was not included in this study, and therefore, results may, to some extent, be
overestimated. Interestingly, we determined a prevalence of 0.02% 64,XY DSD in the whole
population analyzed. This result is in full agreement with the largest screening programs
performed for this syndrome in the species, which reported the same value [35]. Inter-
estingly, neither [6] nor [7] reported any individual showing a DSD in their populational
studies. However, the fact is that analysis of almost 235,000 individuals, together with the
long history of cases reported during the last 40 years, suggest that 64,XY DSD is one of the
major chromosomal abnormalities in the domestic horse.

Finally, we were able to detect four cases of blood chimerism in the whole population
(4/25,237; 0.016%). These results agree with Anaya, et al. [8] (0.024%), who analyzed
~21,000 PRE foalings but were ten times lower than those reported by Bugno, et al. [6].
Since the electropherogram pattern obtained in STR parentage can only be caused either
by blood chimerism or by cross-contamination of the sample, the use of an additional
DNA sample is mandatory. In our case, the results obtained using DNA obtained from
hair bulbs were normal (not chimeric). However, SNP genotyping also allowed us to
detect 64,XX/64,XX blood chimeras, which cannot be detected using classical or molecular
karyotyping. Since it is perfectly possible to misdiagnose chimeric samples as normal, we
believe that the occurrence of one case of blood chimerism every 5000 foals is a reasonable
and reliable estimation for the domestic horse.

5. Conclusions

Chromosomal abnormalities associated with the sex pair are a noticeable problem in
horse fertility. In this study, we demonstrated that the use of a combined technique, in-
cluding STR and SNP genotyping, can detect most of these genetic abnormalities in horses
at an early age. We detected the existence of chromosomal abnormalities in 0.05% of the
25,237 PRE individuals analyzed over the 24-month period within the official breeding
program. However, we were also able to estimate a reliable prevalence for specific chro-
mosomal abnormalities, such as 64,XY DSD and blood chimerism, by analyzing one of the
largest datasets to date. However, the overall prevalence could be underestimated because
of our inability to screen 63,X individuals due to methodological limitations. Finally, we

183



Animals 2023, 13, 539

suggest that the increasing use of SNP genotyping within breeding programs will allow us
to detect most of the individuals carrying chromosomal abnormalities in the next few years
in a reliable, systematic way.
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Simple Summary: Molecular cytogenetics, and particularly the use of fluorescence in situ hybridiza-
tion (FISH), has allowed deeper investigation of the chromosomes of domestic animals in order
to: (a) create physical maps of specific DNA sequences on chromosome regions; (b) use specific
chromosome markers to confirm the identification of chromosomes or chromosome regions involved
in chromosome abnormalities, especially when poor banding patterns are produced; (c) better anchor
radiation hybrid and genetic maps to specific chromosome regions; (d) better compare related and
unrelated species by comparative FISH mapping and/or Zoo-FISH techniques; (e) study meiotic
segregation, especially by sperm-FISH, in some chromosome abnormalities; (f) better show conserved
or lost DNA sequences in chromosome abnormalities; (g) use informatic and genomic reconstructions,
in addition to CGH arrays in related species, to predict conserved or lost chromosome regions; and
(h) study some chromosome abnormalities and genomic stability using PCR applications. This review
summarizes the most important applications of molecular cytogenetics in domestic bovids, with an
emphasis on FISH mapping applications.

Abstract: The discovery of the Robertsonian translocation (rob) involving cattle chromosomes 1 and
29 and the demonstration of its deleterious effects on fertility focused the interest of many scientific
groups on using chromosome banding techniques to reveal chromosome abnormalities and verify
their effects on fertility in domestic animals. At the same time, comparative banding studies among
various species of domestic or wild animals were found useful for delineating chromosome evolution
among species. The advent of molecular cytogenetics, particularly the use of fluorescence in situ
hybridization (FISH), has allowed a deeper investigation of the chromosomes of domestic animals
through: (a) the physical mapping of specific DNA sequences on chromosome regions; (b) the use of
specific chromosome markers for the identification of the chromosomes or chromosome regions in-
volved in chromosome abnormalities, especially when poor banding patterns are produced; (c) better
anchoring of radiation hybrid and genetic maps to specific chromosome regions; (d) better compar-
isons of related and unrelated species by comparative FISH mapping and/or Zoo-FISH techniques;
(e) the study of meiotic segregation, especially by sperm-FISH, in some chromosome abnormalities;
(f) better demonstration of conserved or lost DNA sequences in chromosome abnormalities; (g) the
use of informatic and genomic reconstructions, in addition to CGH arrays, to predict conserved or
lost chromosome regions in related species; and (h) the study of some chromosome abnormalities and
genomic stability using PCR applications. This review summarizes the most important applications
of molecular cytogenetics in domestic bovids, with an emphasis on FISH mapping applications.

Keywords: animal cytogenetics; cattle; river buffalo; sheep; goat; FISH mapping; PCR

1. Introduction

The application of cytogenetics to domestic animals emerged about 60 years ago
with the study of normal stained chromosome preparations from some cases of domestic
animals with reproductive defects [1–3]. However, the discovery of the Robertsonian
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translocation (rob) involving cattle chromosomes 1 and 29 [4,5] and the demonstration
of its deleterious effects on fertility [6,7] was what piqued the interest of many scientific
groups and focused their attention on studying the chromosomes of domestic animals. This
approach was particularly useful for selecting bulls to be used for artificial insemination,
as it could avoid the transmission of chromosome abnormalities (i.e., rob1;29) from bull
carriers to their progeny. Evolutionary studies also benefitted from advancements beyond
normal chromosome staining. Among the various studies, the most important was the
study of the Bovidae family by Wurster and Benirske [8], who looked at the diploid
number and shape of chromosomes. They concluded that while the diploid number varies
from 38 to 60 among all bovid species, the number of chromosome arms (Fundamental
Number = NF) varies only between 58 and 62, with three exceptions; therefore, they
hypothesized a high degree of autosome arm conservation among all bovid species. This
hypothesis was later confirmed with the application of chromosome banding techniques [9],
which ushered in a new era of chromosome studies in various domestic animal species,
allowing (a) the establishment of standard karyotypes of the most important domestic
species as a point of reference for various applications; (b) better characterization and
identification of the chromosomes involved in chromosome abnormalities of domestic
animals [10], particularly domestic bovids [11], pigs [12], horses [13], and dogs [14]; (c) the
study of the chromosome homologies between related and unrelated species [15–17]; and
(d) the study of chromosome fragility in animals exposed in vivo or in vitro to particular
mutagens [18,19]. The molecular cytogenetics, particularly the introduction of fluorescence
in situ hybridization (FISH), offered a deeper investigation of the chromosomes of domestic
animals through: (a) the physical mapping of specific DNA sequences on chromosome
regions; (b) the use of specific chromosome markers for the identification of chromosomes
or chromosome regions involved in chromosome abnormalities, especially when poor
banding patterns are produced; (c) better anchoring of radiation hybrid (RH) and genetic
maps to specific chromosome regions; (d) better comparisons of related and unrelated
species by comparative FISH mapping and/or Zoo-FISH techniques; (e) the study of meiotic
segregation, especially by sperm-FISH, in some chromosome abnormalities or aneuploidies
in both oocytes and embryos; (f) better demonstration of conserved or lost DNA sequences
in chromosome abnormalities by CGH (comparative genomic hybridization) or SNP (single-
nucleotide polymorphism) arrays; (g) the use of informatic and genomic reconstructions,
in addition to CGH arrays, for the prediction of conserved or lost chromosome regions
in related species; and (h) the study of chromosome abnormalities and genomic stability
using PCR (polymerase chain reaction).

This review summarizes the most important applications of molecular cytogenetics in
domestic bovids, with particular emphasis on FISH mapping applications.

2. The Fluorescence In Situ Hybridization (FISH) Technique

The FISH mapping technique is based on two main principles: the target and the probe.
The target can be a whole chromosome (or chromosome arms) or a specific chromosome
region. The probe is prepared according to the size of the target and is typically: (a) cDNA
(generally applied when the target gene is a multi-copy); (b) cosmids with DNA insert sizes
of 20–40 kb; (c) bacterial artificial chromosomes (BACs) with DNA insert sizes of 100–300 kb;
(d) yeast artificial chromosome (YAC) clones (these are actually not used because they have a
low cloning efficiency and show a high level of chimerism); (e) chromosome painting probes
(obtained by cell sorter or chromosome microdissection techniques) that can visualize parts
of or entire chromosomes; and (f) CGH arrays to check for genomic gains or losses. The
probes are labeled directly with fluorochromes or indirectly with molecules that bind to the
probe via fluorochrome-conjugated antibodies. The probe is specific for the target, based
on complementary DNA base pairing, which allows the fluorescence-labeled probes to
hybridize and form specific fluorescent signals on specific chromosome regions.

The advent of the fluorescence in situ hybridization (FISH) technique, initially applied
to human chromosomes [20,21], noticeably expanded cytogenetics research and investiga-
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tions applied to domestic animals due to the possibility of revealing specific chromosome
regions, entire chromosomes, or chromosome arms according to the choice of probe. One
of the great advantages of the FISH technique is that it can be applied to interphase cell
nuclei, meiotic preparations (sperm and oocytes), embryos, and elongated chromatin fibers,
in addition to metaphase chromosomes, thereby allowing more complete cytogenetic in-
vestigations of animal cells. The following sections describe the main uses of FISH in
domestic bovids.

2.1. FISH and Chromosome Abnormalities

The first study to apply FISH for the precise identification of the chromosomes in-
volved in a chromosome abnormality was published by Gallagher et al. [22], who dis-
covered an X-autosome translocation (X;23) using both Q-banding and a BoLA Class I
cDNA probe. The probe shows hybridization signals to the normal chromosome 23 and
to the translocated autosomal material present on the X chromosome, allowing a more
precise localization of MHC (major histocompatibility complex) in cattle than was achieved
earlier by genetic mapping. Several subsequent studies also applied FISH to obtain better
confirmation of the chromosome(s) involved in abnormalities (especially when banding
was poor) and identification of the break points, especially in reciprocal translocations.
Table 1 shows the main studies that applied FISH mapping, either alone or in combination
with other classical cytogenetic techniques (e.g., C-banding, G-banding, R-banding, and
Ag-NORs), to study the chromosome abnormalities of domestic bovids in somatic cells at
the metaphase (Figure 1) or interphase nuclei of germinal cells, such as sperm and oocytes,
or embryos at different cell stages.

Table 1. FISH mapping approaches applied for the detection of chromosome abnormalities in
domestic bovids. The type of chromosome abnormality, the techniques used (including FISH), the
main results, and authors are reported.

Species Chromosome Abnormality Techniques Used Main Results References

Cattle

t(X-BTA23) in two normal
cows QBH, FISH Better position of MHC-locus [22]

Minute fragment Bovine SAT-DNA Visualization of fragment [23]

rob(4;10) Bovine bivariate flow painting
probes on R-banded karyotype Discovery of a new rob [24]

iso(Yp) GTG, FISH with repeat
sequences Visualization of iso(Yp) [25]

Trisomy 20 QBH, FISH Malformed calf with
cranial defects [26]

rob(2;28) Q-, R-banding, telomeric probe Monocentric translocation [27]

rob(1;29), rob(6;8), rob(26;29) GBG, RBG, CBA, FISH, HAS
painting probe

correct identification of two of
the three robs earlier

published
[28]

Mixoploidy Dual-color FISH with
BTA6/BTA7 painting probes

72% of IVP blastocysts were
mixoploid, versus 25% in vivo [29]

Mixoploidy/polyploidy
Dual-color FISH with BTA6

and 7 painting probes on
in vitro embryo cells

Numerical chromosome
aberrations were detected as

early as day 2 post
insemination (pi)

[30]

rcp(1;5)(q21;qter)(q11;q33)
CBA, GBG, RBG, FISH with
HSA3 and HSA12 painting

probes

Bull and dam carriers, the
latter with poor fertility [31]

invY(Yq11-q12.2) CBG, RBA, FISH 12 young males of which one
(carrier) had female traits [32]
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Table 1. Cont.

Species Chromosome Abnormality Techniques Used Main Results References

Trisomy 28 CBG, RBA, FISH
New chrom. identification of a

previous studied case of
abnormal calf

[33]

t(Xp+;23q-) FISH with painting probe,
SCA Oligospermic bull [34]

rcp(Y;9)(q12.3:q21.1). CBA, RBG, FISH Azoospermic bull [35]

Polyploidy
Painting probe BTA6 and

BTA7 by microdissection on
in vitro embryos

Polyploidy was significantly
higher in trophectoderm (TE)
cells than in embryonic disc

(ED) cells

[36]

rob(1;29) FISH with SAT-I, III, IV

Different pattern of satellite
DNA families in several

chromosomes, model of rob(1;
29) origin

[37]

Mosaicism
2 n = 60/2 n = 60 t (2q−;5p+)

FISH with painting probes
BTA2 and BTA5

Translocation mosaicism in
a bull [38]

XXY-Trisomy X-Y painting probes Testicular hypoplasia [39]

fragm/hypoploidy/hypoploidy-
mixoploidy;

hyperploidy/hyperploidy-
mixoploidy

Karyotyping, FISH with X-Y
painting probes in nuclear

transfer embryos

Anomalies occurred in NT
embryos varied according to

the donor cell culture and
paralleled the frequency of

anomalies in donor cells

[40]

rob(1;29) CBG, GTG, FISH with a
rob(1;29) painting probe

Presence of rob(1;29) in Gaur
(Bos gaurus) [41]

rob(1;29) CBA, RBA, FISH Origin of rob(1;29) by complex
chromosome rearrangements [42]

rob(1;29) Sperm-FISH Low percentage of abnormal
sperm in two carriers [43]

rcp(9;11)(q27;q11) RBG and FISH De novo origin of the rcp [44]

Mosaicism XX/XY cells
FISH with a male-specific
BC1.2 DNA sequence in

interphase cell nuclei
Diagnosis of freemartin [45]

rcp(11;21)(q28-q12) CBA, RBA, Ag-NORs, FISH

Normal bull but with absence
of libido; reduced fertility

(very low presence of
spermatozoa in germinal

elements)

[46]

rob(1;29)
microdissection, DOP-PCR,

cloning and sequencing,
sperm-FISH

Detection of sperm-carrying
rob(1;29) [47]

rcp(2;4)(q45;q34) G-banding, SCA, and
chromosome painting Detection of a new rcp in bull [48]

Aneuploidy Dual-color FISH with Xcen/Y
painting probes in sperm

Study the aneuploidy in
different breeds [49]

rcp(4;7) RBG, FISH (painting probe),
aCGH

Normal male and no genomic
loss in the rcp [50]

Aneuploidy Dual-color FISH with Xcen
and BTA5 painting probes

Study of aneuploidy in
oocytes of two breeds [51]

Aneuploidy
FISH with BTAX, BTAY, and

BTA6 painting probes on
sperm of several young bulls

Aneuploidy frequencies in
young fertile bull spermatozoa

were relatively low
[52]

rcp(Y;21)(p11;q11) G-banding, FISH Normal young bull but lower
testosterone level at 12 months [53]
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Table 1. Cont.

Species Chromosome Abnormality Techniques Used Main Results References

rcp(11;25)(q11, q14∼21) CBA, RBA, FISH, NOR

der11 with two C-bands for a
break at the centromere of
BTA25; cow with reduced

fertility

[54]

Aberrant oocytes Dual-color FISH of
X-cent/BTA5 painting probes

Similar rate of aneuploidy in
different cattle breeds [55]

rob(1;29) FISH, aCGH

New results of the origin of
this rob by transposition,

inversion; no gene-coding
regions were disrupted during

the rearrangements

[56]

Xp-del (inactive X) CBA, RBA, FISH del found in both dam and calf
(normal cow) [57]

X-Y aneuploidy Dual-color FISH with
Xcen-BTAY painting probes

Testing X-Y ratio and
aneuploidy [58]

Aneuploidy
Dual-color FISH with Xcen
and five autosome painting

probes

Similar rates of chromosomal
aberrant secondary oocytes in
two indigenous cattle breeds

[59]

Mixoploidy FISH with BTAX and BTA6
painting probes

First zygotic cleavage (FZC) is
a marker of embryo quality by
demonstrating a significantly
lower incidence of aberrations

in early embryos

[60]

Aneuploidy/polyploidy CA, SCE, MN, MI, FISH

Effect of the
tebuconazole-based fungicide:
monosomies and trisomies on

BTA5 and 7

[61]

rcp(5;6)(q13;q34) RBG, FISH, aCGH Normal young bull with
balanced rcp [62]

rcp(13;26)(q24;q11) CBG, GTG, painting probes
BTA13 and 26, telomeric probe

De novo rcp in both dam
and calf [63]

der(11)t(11;25)(q11;q14–21) CBA, RBA, FISH Abnormal female calf [64]

Chromosome damages SCE, MN, FISH with BTA1, 5,
7 painting probes

No significant chromosome
fragility with use of

thiacloprid
[65]

Abnormal BTA17 in a young
bull

CBA, R-banding, FISH,
PNA-telomeric probe, aCGH,

SNP array
Centromere repositioning [66]

X-monosomy Karyotyping, FISH, SNP
genotype data

Sterile for abnormal internal
sex adducts [67]

rob(3;16) Sperm-FISH

Low rate of unbalanced
gametes produced by adjacent

segregation (5.87%) and
interchromosomal effect (ICE)

on BTA17 and BTA20

[68]

Trisomy 20 Q-banding, FISH Malformed fetus,
cranial defects [69]

Trisomy 29 FISH/genomic analysis
Malformed female calf

showing dwarfism with severe
facial anomalies

[70]

rob(1;29); rcp(12;23)

FISH, use of BAC clones
mapping prox- and dist-

regions of all cattle autosomes
and X

Identification of chromosome
abnormalities in all autosomes

and BTAX
[71]

tan(18;27) CBA, RBA, FISH
Male calf with congenital

hypospadias and a ventricular
septal defect

[72]
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Table 1. Cont.

Species Chromosome Abnormality Techniques Used Main Results References

River buffalo X-monosomy CBA, RBA, FISH
Normal body conformation

and external genitalia, ovaries
not detectable, sterile

[73]

rob(1p;23) CBA, RBA, Ag-NORS, FISH

Complex chromosome
abnormality with fission on
BBU1 and centric fusion of
BBU1p with BBU23 in both

dam and female calf; reduced
fertility in the dam

[74]

rob(1p;18) CBA, RBA, FISH

Famous bull eliminated from
reproduction for the presence

of the same chrom.
abnormality in part of progeny

[75]

Chromosome abnormalities Zoo-FISH

Sequential approach with 13
chromosome river buffalo

painting probes to detect river
buffalo chromosome

abnormalities

[76]

rob(1p;18) Sperm-FISH in motile and
total fraction sperm

Limited effects on the
aneuploidy in gametes on the

motile fraction sperm
[77]

River/Swamp buffalo Aneuploidy M-FISH Study of aneuploidy in river
and swamp buffalo oocytes [78]

Sheep

Chromosome abnormality
Production of all sheep

chromosome painting probes
from cell sorter technique

Easy identification of
chromosome abnormalities [79]

rob(8;11) G-bands, painting probes 8
and 11, SAT-I and SAT-II

SAT-I proximal on both arms
with SAT-II covering the

centromere
[80]

Diploid-polyploid mosaicism

Zoo-FISH with bovine
painting probes X/Y and 1;29

on nuclei of in vivo and
in vitro embryos

In vitro embryos showed
significant higher number of

abnormal embryos than
in vivo ones

[81]

del(10q22) Use of ovine BAC clone in
addition to genetic analyses

Micro-chromosomal deletion
responsible for EDNRB

gene lack
[82]

rcp(4q;12q)(q13;q25)
CBA, RBA, FISH with both

specific markers and
PNA-telomeric probe

Characterization of a new rcp
in a young sheep [83]

rcp(18;23)(q14;q26). CBA, RBA, FISH with bovine
painting probe Reduced fertility [84]

Chromosome abnormalities in
bovids

Partial river buffalo
chromosome painting probes

from microdissection

Detection of chromosome
abnormalities in bovids [85]

A more complete classification of all chromosome abnormalities studied by classical
cytogenetic techniques alone or (in some cases) with other molecular cytogenetic techniques
is provided by Iannuzzi et al. [11].

Two examples of the importance of the use of FISH for the correct identification of the
chromosomes involved in chromosome abnormalities of cattle were a case of autosome
trisomy and two types of Robertsonian translocations. A case of autosome trisomy 28 in an
abnormal calf, revealed by both R-banding and FISH mapping with a specific molecular
marker [33], was identified, and the same abnormality was reported earlier as trisomy 22
using only the banding technique [86]. Two robs earlier reported as rob (4;8) [87] and rob
(25;27) [88] in cattle were later corrected as rob (6;8) and rob (26;29), respectively, using C-,
G-, and R-banding and FISH mapping with specific molecular markers and the use of HSA
painting probes [28].
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Figure 1. FISH mapping with a BAC clone mapping proximal to BTA29 (large arrow) and proximal to
q-arms (BTA1) of rob (1;29) (small arrows). Indeed, a small chromosome region of 5,4 Mb translocated
from proximal BTA29 to the proximal region of BTA1 (with an inversion), originating rob (1;29) [56].
Different colors indicate different BACs.

Table 1 shows that FISH mapping applications were used for the diagnosis of chro-
mosome abnormalities in both metaphase (the majority) and interphase cells, the latter
applied to lymphocyte nuclei (Figure 2), sperm (Figure 3), oocytes, and embryos.

 
Figure 2. FISH mapping in an interphase nucleus of a female river buffalo affected by X-trisomy.
Note the three hybridization signals due to the X chromosome PGK marker.
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Figure 3. Sperm-FISH in a river buffalo bull carrying a rob (1p;18) using BAC probes for BBU 1p (red),
BBU 1q (green), and BBU 18q (yellow) chromosomes. Normal sperm nucleus with 1/1/1 fluorescent
phenotype and separate signals on left. Unbalanced sperm nucleus with 1/0/1 fluorescent phenotype
on right.

Concerning the studies on meiotic preparations, those performed on the synaptonemal
complexes (SCs), especially in spermatocytes, were particularly important for establishing
the regularity of the pairing processes during the pachytene substage of meiotic prophase
in animals carrying chromosome abnormalities (reviewed in [89]). Recent analyses of
meiotic preparations have been performed using immune fluorescence approaches and
have provided more detailed information on SCs [90–92]. Other studies have addressed
the fragile sites in the chromosomes of domestic animals (reviewed by [93]), and limited
studies have used CGH and SNP arrays to establish possible genomic losses occurring
during chromosome rearrangements (Table 1).

FISH mapping was also very important for the definitive establishment of the agree-
ment between various chromosome nomenclatures due to some discrepancies found during
the Reading conference [94] and the subsequent ISCNDA1989 [95] (the inverted position
between BTA4 and BTA6, as well as the correct position of BTA25, BTA27, and BTA29). This
aspect was vital for the clinical cytogenetics of domestic bovids, as it allowed a correct iden-
tification of the chromosomes involved in chromosome abnormalities. During the Texas
conference [96], specific molecular markers (only type I loci) were selected for each bovine
syntenic group and each cattle chromosome based on previous standard chromosome
nomenclatures.

The next advance was the application of FISH mapping by two labs that used 31
selected BAC clones (from the Texas Conference) on RBG- and QBH-banded cattle prepara-
tions [97]. The chromosome-banding homologies among bovids (cattle, sheep, goats, and
river buffalo) were then used to establish a definitive standard chromosome nomenclature
for the main domestic bovid species [98]. Subsequent studies using FISH mapping and
the same Texas markers on river buffalo, sheep, and goat R-banded chromosomes [99,100]
definitively confirmed the chromosome homologies among domestic bovids, as established
at the ISCNDB2000 [98].

2.2. FISH in Physical Mapping

The identification of the DNA structure [101] paved the way for the development of
in situ hybridization technology. In the early stages of its development, this technology
allowed the localization of genes using radioactive probes [102]. It was also used in studies
of domestic animals [103,104], but the greatest diffusion of the physical mapping of genes
awaited the development of fluorescent probes [105]. At that moment, we entered the
golden years of gene mapping, and domestic animals were not excluded. One of the first
examples was the localization of bovine alpha and beta interferon genes [106], and this
localization was rapidly replicated in buffalos, goats, and sheep [107,108]. Subsequently,
many other localizations were obtained using this technology (Figure 4).
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Figure 4. FISH mapping of type II loci in river buffalo R-banded chromosomes. FITC signals
(arrows) of the markers and RBH banding were separately acquired by two different microscope
filter combinations. Then signals were precisely superimposed to R-banded chromosomes (Drawn
from Iannuzzi et al., Cytogenet Cell Genet. 102, 65–75, 2003, DOI: 1 0.1159/000075727, S. Karger AG,
Basel [109]).

Considering the practical impossibility of compiling a complete list of all gene local-
izations obtained using this technology, some significant examples are listed in Table 2.

Table 2. Gene mapping obtained with FISH in domestic bovids. Type I and type II markers are
expressed with polymorphic (SSRs, microsatellite, STSs) sequences, respectively.

Gene/Genes/Marker Species Reference

Lysozyme gene cluster BBU [110]

Uridine monophosphate synthase BTA [111]

Uridine monophosphate synthase BBU [112]

BTA1 to 7 BTA [113]

Microsatellites BTA [114]

Microsatellites BTA [115]

Beta-defensin genes BTA; OAR [116]

Alpha-S2 casein BTA; BBU [117]

Fas/APO-1 BTA [118]

Interferon gamma OAR [119]

Interleukin-2 receptor gamma BTA [120]

Beta-lactoglobulin pseudogene BTA, OAR, CHI [121]

Bone morphogenetic protein 1 BTA [122]

TSPY BTA, OAR, CHI [123]

VIL OAR, CHI, BBU [124]

Type I markers BTA [125]
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Table 2. Cont.

Gene/Genes/Marker Species Reference

Prion protein gene BTA, OAR, CHI, BBU [126]

IL2RA, VIM, THBD, PLC-II, CSNK2A1, TOP1 BTA [127]

NF1, CRYB1, CHRNB1, TP53, P4HB, GH1 OAR, BBU [128]

PAX8 BTA, OAR, CHI [129]

Type I markers BTA [97]

PREF1 BTA [130]

PRKCI BTA [131]

MHC BTA [132]

Type I markers OAR, CHI [100]

CACNA2D1 BTA [133]

SLC26a2 BTA [134]

SMN BTA, OAR, CHI, BBU [135]

Type I markers BBU [109]

Type I and II markers OAR [136]

PRPH BTA [137]

CYP11b/CYHR1 BTA [138]

SRY, ANT3, CSF2RA BTA [139]

Autosomal loci (11) BTA, OAR, CHI, BBU [140]

Autosomal loci (88) OAR [141]

Autosomal loci (68) BBU [142]

BMPR1B, BMP15, GDF9 BTA, OAR, CHI, BBU [143]

Localization sometimes involved a single gene [124,129] or a family of genes [132].
Other reports, however, mapped many genomic markers [100,141]. A point to remem-
ber is that FISH technology has significantly benefited from the availability of BAC ge-
nomic libraries—elements that represent the ideal source for the construction of the probes.
Among these, the INRA library [144] and the CHORI-240 have played relevant roles. The
publication of genomes [145–148] has since inevitably diminished interest in using this
technology for mapping genetic factors, although genetic factor mapping continued for
species whose genomes were sequenced later, such as the water buffalo [149]. However,
this technology has proved useful in several aspects, including: a) the identification of
errors in genomic assembly [150]; b) the refinement of genome assembly [151]; and c) the
mapping of sequences not included in genomic assemblages [152]. Clearly, the interest
today is very limited in locating a genetic factor in a species whose genomic sequence
is available, but this does not mean that FISH technology is no longer indispensable for
solving other problems related to the organization of genomes.

The mapping of genomic elements by FISH has also been used successfully for the
physical mapping of data obtained by other technologies. The first examples concerned
the physical anchoring of a genetic map to a chromosome [153–155] and the mapping of a
synteny group to a specific chromosome [114]. Subsequent examples of the combined use
of FISH and genetic maps followed [127,156].

2.3. Comparative FISH Mapping

Two main methods have been applied thus far to obtain a FISH mapping comparison
between related and unrelated species: Zoo-FISH, which uses chromosome painting probes,
and FISH mapping, which uses specific molecular markers of both type I and type II. Zoo-
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FISH is a molecular technique that provides an easier comparison between related and
unrelated species from a macro point of view. The term was first reported by [157], based
on earlier studies that used genomic chromosome painting probes, obtained by cell sorter
chromosomes, to compare related species [158–160].

Zoo-FISH was first applied in domestic animals when human chromosome painting
probes became commercially available. This approach demonstrated the conservation of
several human chromosome segments in both domestic bovids (Table 3) and other domestic
species (reviewed in [161]).

Table 3. Comparative FISH mapping in domestic bovids with related and unrelated species.

Author/s Results

[107] Mapping omega and trophoblast interferon genes in cattle and river buffalo

[162] Mapping of lactoperoxidase, retinoblastoma, and alpha-lactalbumin genes in cattle, sheep, and goats

[108] Mapping omega and trophoblast interferon genes in sheep and goats

[163] Mapping LGB and IGHML in cattle, sheep, and goats

[164] Mapping CASAS2 gene to the cattle, sheep, and goat chromosome 4

[165] Mapping MHC-complex in cattle and river buffalo

[166] Mapping inhibin-alpha (INHA) to OAR2 and BTA2

[167] Mapping inhibin subunit beta b to OAR2 and BTA2

[121] Mapping beta-lactoglobulin pseudogene in sheep, goats, and cattle

[168] Mapping ZNF164, ZNF146, GGTA1, SOX2, PRLR, and EEF2 in bovids

[117] Mapping of the alpha-S2 casein gene on river buffalo and cattle

[116] Mapping of beta-defensin genes to river buffalo and sheep chromosomes suggest a chromosome discrepancy in
cattle standard karyotypes

[169] Mapping STAT5A gene maps to BTA19, CHI19, and ORA11

[170] Mapping in Y chromosomes of cattle and zebu by microdissected painting probes

[124] Mapping of villin (VIL) gene in river buffalo, sheep, and goats

[126] Mapping prion protein gene (PRNP) on cattle, river buffalo, sheep, and goats

[171] Mapping BCAT2 gene to cattle, sheep, and goats

[172] Comparative mapping in X chromosomes of bovids

[173] Comparative mapping between BTA-X and CHI-X

[174] Survey of chromosome rearrangements between ruminants and humans

[175] Comparative mapping between cattle and pig chromosomes using pig painting probes

[176] Extensive conservation of human chromosome regions in euchromatic regions of river buffalo chromosomes

[128] Mapping of six expressed gene loci (NF1, CRYB1, CHRNB1, TP53, P4HB, and GH1) to river buffalo and sheep
chromosomes

[177] Comparison of human and sheep chromosomes using human chromosome painting probes

[178] Mapping four HSA2 type I loci in river buffalo chromosomes 2q and 12

[179] Mapping BCAT1 in cattle, sheep, and goats

[180] Comparative mapping in bovid X chromosomes reveals homologies and divergences between the subfamilies
Bovinae and Caprinae

[181] Mapping 16 type I loci in river buffalo and sheep

[182] Mapping 13 type I loci from HSA4q, HSA6p, HSA7q, and HSA12q on in river buffalo

[183] Mapping forty autosomal type I loci in river buffalo and sheep chromosomes and assignment from sixteen human
chromosomes

[184] Mapping eight genes from HSA11 to bovine chromosomes 15 and 29
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Table 3. Cont.

Author/s Results

[98] International chromosome nomenclature in domestic bovids based on Q-, G-, and R-banding and FISH with
31 specific Texas marker chromosomes

[185] Mapping 28 loci in river buffalo and sheep chromosomes

[186] Sheep/human comparative map in a chromosome region involved in scrapie incubation time shows multiple
breakpoints between human chromosomes 14 and 15 and sheep chromosomes 7 and 18

[135] Physical map of the survival of motor neuron gene (SMN) in domestic bovids

[100] Assignment of the 31 type I Texas bovine markers in sheep and goat chromosomes by comparative FISH mapping
and R-banding

[187] Mapping 195 genes in cattle and updated comparative map with humans, mice, rats, and pigs

[188] Mapping of F9, HPRT, and XIST in BTAX and HSAX clarifies breakpoints between the two species

[189] 15 gene loci were mapped in the telomeric region of BTA18q and HSA19q

[190] Comparative G- and Q-banding of saola and cattle chromosomes as well as FISH mapping of 32 type I Texas
markers

[191] Mapping of fragile histidine triad (FHIT) gene in bovids

[192] Chromosome evolution and improved cytogenetic maps of the Y chromosome in cattle, zebu, river buffalo, sheep,
and goats

[193] Physical map of mucin 1, transmembrane (MUC1) among cattle, river buffalo, sheep, and goat chromosomes and
comparison with HSA1

[194] Mapping of LEP and SLC26A2 in bovidae chrom. 4 (BTA4/OAR4/CHI4) and HSA7

[140] Mapping 11 genes to BTA2, BBU2q, OAR2q, and CHI2, and comparison with HSA2q

[195] Mapping among humans, cattle, and mice suggests a role for repeat sequences in mammalian genome evolution

[196] Mapping sheep and goat BAC clones identifies the transcriptional orientation of T cell receptor gamma genes on
chromosome 4 in bovids

[197] Mapping of twelve loci in river buffalo and sheep chromosomes: comparison with HSA8p and HSA4q

[198] Mapping 25 new loci in BTA27 and comparison with both human and mouse chromosomes

[141] An advanced sheep cytogenetic map and assignment of 88 new autosomal loci

[199] Cross-species FISH with cattle whole-chromosome paints and satellite DNA I probes was used to identify the
chromosomes involved in the translocations of some tribe Bovinae species

[142] Extended river buffalo cytogenetic map, assignment of 68 autosomal loci and comparison with human
chromosomes

[200] FISH with 28S and telomeric probes in 17 bovid species. NORs are an important and frequently overlooked source
of additional phylogenetic information within the Bovidae

[201] Mapping DMRT1 genes to BTA8 and HSA9

[202] Comparative DM domain genes between cattle and pigs

[203] Assignments of new loci to BBU7 and OAR6 and comparison with HSA4

[204] Mapping 22 ovine BAC clones in sheep, cattle, and human X chromosome

[205] Mapping and genomic annotation of bovine oncosuppressor gene in domestic bovids

[206] Cytogenetic map in sheep as anchor of genomic maps also using different genomic resources from other species

[207] Molecular cytogenetics in goats and comparative mapping with human maps

[208] Mapping of 6 loci containing genes involved in the dioxin metabolism of domestic bovids

[209] Extended cytogenetic maps of sheep chromosome 1 and their cattle and river buffalo homologues: comparison
with the OAR1 RH-map and HSA2, 3, 21, and 1q

[210] Mapping between BTA5 and some Antilopinae species using Sat-I and SAT-II sequence and BTA-painting probes

[211] Comparison of centromeric repeats between cattle and other Bovidae species
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Table 3. Cont.

Author/s Results

[212] Advanced comparative map in X chromosome of Bovidae

[143] Physical map of BMPR1B, BMP15, and GDF9 fecundity genes on cattle, river buffalo, sheep, and goat
chromosomes

[152] Physical mapping of 20 unmapped fragments in Btau 4.0 Genome Assembly in cattle, sheep, and river buffalo

[213] Physical map of LCA5L gene in cattle, sheep, and goats

[214] New cryptic difference between cattle and goat karyotypes

[215] Small evolutionary rearrangement between BTA21 and homologous OAR18

[216] Assignment of 23 endogenous retrovirus to both sheep and homologous chromosomes regions of river buffalo

The use of human-chromosome painting probes allowed the identification of a
substantial number of human chromosome segments (around 50) in bovid chromo-
somes [175,176,217–219]. Zoo-FISH has also been applied to correctly identify some
chromosomes involved in the chromosome abnormalities shown in Table 1. The availabil-
ity of specific painting probes obtained by both cell sorting and/or by the microdissection
of specific chromosomes (or chromosome arms) from domestic animals extended these
studies to investigations between related species (Table 3). For example, in cattle, Zoo-
FISH was applied to study X-Y aneuploidy in sperm [55] and in oocytes [58] (Table 1).
An interesting approach was demonstrated in two studies characterizing two cases of
goat/sheep [220] and donkey/zebra [221] hybrids using multicolor FISH (M-FISH),
starting from painting probes obtained from microdissected river buffalo chromosomes
(or chromosome arms) and from flow-sorted donkey chromosomes, respectively.

Chromosome painting probes allow the delineation of large, conserved chromosome
regions between related and unrelated species, as reported above. The use of comparative
FISH mapping using several chromosome markers to map a single type I or type II locus
along the chromosomes allows a more accurate establishment of the gene order within
chromosome regions, thereby confirming that chromosome rearrangements occurred to
differentiate related or unrelated species in key evolutionary studies (Table 3). These
detailed comparisons have confirmed a high degree of autosome (or chromosome arm)
conservation among all bovid species. The main autosome difference found thus far in
bovids was a chromosome translocation of a proximal chromosome region from Bovinae
chromosome 9 to Caprinae chromosome 14, as demonstrated by both chromosome banding
and, in particular, by a molecular marker (COL9A1) mapping proximal to Bovinae chro-
mosome 9 and proximal to Caprinae chromosome 14 (reviewed in [9]). This translocation
involved a genome region of about 13 MB and was followed by an inversion in Caprinae
chromosome 14, as demonstrated earlier [213]. This chromosome event was common to all
remaining Bovidae subfamilies, leading to the conclusion that the Bovinae subfamily is an
ancestor to the remaining Bovidae subfamilies (reviewed in [9]).

In contrast to autosomes, sex chromosomes are differentiated by more complex chro-
mosome rearrangements. Indeed, the Caprinae X chromosome (as for all remaining X
chromosomes of the other Bovidae subfamilies) is differentiated from the ancestor Bovinae X
(very probably a large acrocentric chromosome, such as that of the water buffalo) by at least
three chromosome transpositions and one inversion (reviewed in [9]). Detailed FISH map-
ping data are also useful for better anchoring of both genetic and RH maps [203,222–224].
The availability of detailed cytogenetic maps in bovid species allowed a better comparison
of the bovid and human chromosomes, especially using type I loci. These comparisons fa-
cilitated the translation of genomic information from the human genome to the genomes of
domestic animals, especially in those with no genome sequencing available. These compar-
isons also revealed a very high number of chromosome rearrangements that differentiate
bovid species from humans. Indeed, the conservation of entire chromosomes or large
regions of them between bovid and human chromosomes, as revealed by Zoo-FISH, was
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the result of complex chromosome rearrangements that differentiated human and bovid
species according to their gene order. An example is presented in Figure 5 which illustrates
the comparison of FISH mapping between HSA2q and BTA2. As seen, when utilizing
the Zoo-FISH technique with the HSA2q painting probe, almost all BTA2 is painted [217],
indicating a high degree of chromosome conservation between the chromosomes of the
two species. By conducting the same comparison using comparative FISH mapping and
examining the gene order along the chromosomes of the two species, we observe a distinct
gene order between the two species, thus revealing complex chromosome rearrangements
that differentiated the chromosomes of the two species during their evolution.

Figure 5. Comparative FISH mapping between HSA2q and BTA2. Note the different gene order
between the two chromosomes due to complex chromosome rearrangements occurred during the
chromosome evolution of the two species (Drawn from Di Meo et al., Animal Genetics 37, 299–300, 2006,
Wiley Online Library [140]).

2.4. Fiber-FISH

The various FISH mapping techniques developed for human cytogenetics (reviewed
by [225]) include SKY-FISH (spectral karyotyping FISH), Q-FISH (quantitative FISH), M-
FISH (multicolor FISH), heterochromatin-M-FISH, COBRA-FISH (combined binary ratio
labeling FISH), cenM-FISH (centromere-specific M-FISH), and fiber-FISH. Among these
techniques, only fiber-FISH and M-FISH have been applied to domestic bovids. The use
of fiber-FISH yields high-resolution maps of chromosomal regions and related genes on
a single DNA fiber. This approach establishes the physical location of DNA probes with
a resolution of 1000 bp. It is particularly useful for detecting gene duplications, gaps,
and variations in the nuclear genome. The DNA fibers are obtained from nucleated cells
by releasing the DNA fibers from the nucleus, stretching them mechanically, and then
fixing them on slides [226] (Figure 6). Table 4 summarizes the studies that have used this
technique in domestic bovids.
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Figure 6. Details of the fiber-FISH performed on a lymphocyte nucleus of cattle affected by arthro-
gryposis using a BAC clone containing the survival of motor neuron gene (SMN). The presence of
two groups of linear hybridization signals (arrows) supports the hypothesis that SMN was at least
duplicated [135].

Table 4. Studies using the fiber-FISH on domestic bovids.

Species Author/s Results

Cattle [227] Genomic organization of the bovine aromatase

[228] Molecular characterization of STAT5A- and STAT5B-encoding genes

[135] Demonstration of survival of motor neuron gene (SMN) duplication in a calf affected by arthrogryposis

[229] Demonstration of multiple TSPY copies on the Y chromosome

Sheep [230] DNA fiber barcodes indicated a chromosomal deletion

2.5. CGH Arrays

The CGH array technology, an evolution of in situ comparative genomic hybridization
(CGH), is a method of cytogenetic investigation that emerged in the 1990s to overcome
the limitations of common banding cytogenetic analyses, especially those involving the
presence of genomic imbalances, such as duplications or deletions [231,232]. In situ CGH
technology has many similarities to FISH: the support used is the same, i.e., denatured
metaphases fixed on slides and the approaches to label the probes are identical. However, in
this case, the probes are produced using complete genomic DNA deriving from two subjects:
typically, one healthy and one relating to the subject being investigated. The two DNAs are
labeled with two different fluorochromes and then hybridized simultaneously on the slide.
In the hybridization phase, a competition is therefore created between the probes, and in
the presence of a normal chromosomal segment, an intermediate color is obtained, while in
the presence of chromosomal alterations, a fluorescence closer to one of the two colors used
is obtained. Although this technology has been widely used and has provided important
results, its major limitation lies in the resolution. CGH array technology follows the same
principle, but the support is no longer represented by slides but by synthetic DNA fixed on
slides. Initially, the chips for CGH array analyses contained DNA extracted from BAC to
provide as uniform a representation of the genome as possible [233]. Current CGH array
analyses are performed using devices containing oligonucleotides chosen that uniformly
cover the whole genome and achieve resolutions of 5–10 kb [234,235]. More information
about this technology and its use is provided by [236]. In species of zootechnical interest,
CGH array analyses (Figure 7) became common following the appearance of the first
commercial arrays, and these analyses are conducted essentially for two purposes: the
identification of copy number variation (CNV) polymorphisms and the characterization
of chromosome anomalies. CNVs are polymorphic variations present very frequently in
the genomes of higher organisms [237–239]. In humans, approximately 4.8–9.7% of the
genome contains CNVs [240]. The introduction of commercial arrays has allowed the use
of this technology to obtain a great amount of information about the distribution of CNVs
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in species differences and how these variations are related to phenotypic traits. The transfer
of this technology to the animal field and the availability of commercial arrays has led to
the publication of several reports (Table 5).

Table 5. Identification of CNV.

Specie Reference Note

Cattle [241] 3 Holstein bulls

Cattle [242] 90 animals: 11 Bos taurus breeds, 3 Bos indicus breeds, and 3
composite breeds for beef, dairy, or dual purpose

Cattle [243] 20 animals: 14 Holsteins, 3 Simmental 2 Red Danish and 1 Hereford

Cattle [244] 47 Holstein bulls

Cattle [245] 24 animals from Chianese breeds

Cattle [246] 3 Angus, 6 Brahman, and 1 composite animal

Sheep [247] 36 animals

Sheep [248] 12 animals

Goat [249] 10 animals

 
Figure 7. Identification of the PAR region present on BTAX and BTAY. The PAR region (yellow box) is
identified by comparing DNA obtained from a male subject and that obtained from a female subject
using a SurePrint G3 Bovine CGH Microarray 180 k (Agilent Technologies, Santa Clara, CA, USA).
Parma P. Personal communication.

3. Combined Informatic and Genomic Information

The publication of animal genomes [145–149,250] has made available a very large
series of data that required the development of sophisticated analysis techniques and often
required the use of computers with large processing capacities. The first bio-informatic
analyses were used to assemble thousands of short genomic sequences, produced by
modern high-throughput sequencing technologies, into genomes. Today, most of these
programs are available free of charge through web pages that function as interfaces between
the user and calculation tools [251]. Currently, dozens of bio-informatics programs are
available to analyze the data contained in genomic assemblies, and many of these are
accessible through various web platforms. Making a complete list is very complicated,
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in part because this is a rapidly evolving discipline that introduces, almost daily, new
analytical tools.

3.1. Visualization of Genomes

The genomic sequences produced by the various assemblies can be visualized us-
ing one of the available websites available, including Genome Data viewer [252], UCSC
Genome Browser [253], and Ensembl [254]. Currently, these websites provide the ability to
view and process data relating to several genome assemblies (Table 6).

Table 6. Independent genomic assemblies that can be analyzed through the main genomic visualiza-
tion sites.

Specie 1 Genome Assembly 2 Origin GDW 3 UCSC 4 ENS 5

BTA ARS-UCD1.3 USDA ARS yes no no

ARS-UCD1.2 USDA ARS no yes no

Btau_5.0.1 Cattle Gen. Seq. Int.
Consortium yes no no

Btau_4.6.1 Cattle Gen. Seq. Int.
Consortium no yes no

Btau_4.0 Cattle Gen. Seq. Int.
Consortium no no yes

UMD_3.1.1 University of Maryland yes yes no

UMD_3.1 University of Maryland no no yes

Baylor 4.0 Baylor College of Medicine no yes no

OAR ARS-UI_Ramb_v2.0 University of Idaho yes no no

Oar_rambouillet_v1.0 Baylor College of Medicine yes no yes

Oar_v4.0 Int. Sheep Gen. Consortium yes yes no

CAU_O.aries_1.0 China Agricultural
University yes no no

CHI ARS1.2 USDA ARS yes no no

ARS1 USDA ARS no no yes

CHIR_1.0 Int. Goat Gen. Consortium yes no no

BBU NDDB_SH_1 Nat. Dairy Dev. Board,
India yes no no

UOA_WB_1 University of Adelaide yes no no

BIN Bos_indicus_1.0 Genoa Biotecnologia SA yes no no
1 BTA = cattle; OAR = sheep; CHI = goat; BBU = water buffalo and BIN = Zebu. 2 Only genomic assemblages at
the chromosomal level were considered and not those limited to scaffolds. 3 Genome data viewer. 4 USCS genome
browser. 5 Ensembl genome browser.

These genome viewers are constantly evolving and contain several tools within them
that allow the user to obtain highly relevant genetic data and information. This includes, but
is not limited to, the possibility of: (a) identifying the structure of genetic factors (in terms
of exon–intron boundaries); (b) identifying SNP polymorphisms in a particular region of
the genome; (c) identifying the position of BACs by mapping the BES (Bac Ends Sequences,
particularly useful when the user wants to choose the BACs to use in FISH analysis);
(d) observing the genomic regions expressed in particular types of tissues; (e) analyzing
the relationships between different assemblies of the same species; (f) visualizing the
relationships between similar regions in different species (comparative genomics); and
(g) viewing the repeating regions. In this review, we do not specify a best genome viewer,
as this will often depend on personal needs and experience. However, as each genome
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viewer has its own specific analysis tools, sometimes the best solution is to use all three to
obtain more complete information.

3.2. Use of Genomic Assemblies

The availability of genomic assemblages has, on the one hand, limited the interest
in the physical mapping of genomic elements, but has, on the other hand, allowed the
evolution of a very large number of genetic and genomic analyses. Probably one of the most
common uses (even if not directly related to cytogenetics) is to design primers for use in PCR
amplifications. This operation can be performed using different software, both available
for free and for a fee. Among those available free of charge, the most frequently used is
Primer3 [255]. The availability of genomic assemblages also makes rapid evolutionary
investigation possible (i.e., visualizing, in a simple and rapid way, the similarities that exist
between the various genomic regions of different species). The publication of genomes
has certainly had a great impact on cytogenetics (both negatively and positively). If the
golden era of gene mapping has ended, the possibility of rapidly identifying BACs for
use as probes in FISH experiments has certainly provided great benefits to cytogenetics,
as it avoids long and tedious testing of BAC libraries. This aspect has allowed the rapid
characterization of some chromosomal anomalies, such as a centromere repositioning
event in cattle [66], a reciprocal translocation, also in cattle [62], and cryptic evolutionary
rearrangements between cattle and sheep [213]. Finally, the rapid localization of BACs
on genomes has allowed the development of complex approaches for the identification of
chromosomal abnormalities, which are also difficult to identify [71]. Obviously, these are
not all the possible uses of genomic assemblies, but they represent the best examples in
relation to cytogenetics. Each genomic assembly contains substantial information that can
be used for very specific purposes and avoids the need for probes that would be complex
to synthesize. The continuous evolution of these data analysis tools creates difficulty in any
attempt to compile their possible uses.

3.3. Tools for Genomic Data Analyses

Simultaneously with the publication of the genomes, bio-informatics tools were devel-
oped for the analysis of the vast amount of data generated—data that are characterized by
both their great variety and their large quantity. One of the main repositories of tools for
analyzing genomic data is Galaxy [251]. This repository provides access to bio-informatic
analysis tools, which are constantly updated. SNP variations represent the major source
of variation in genomes, and the genomes of the species covered in this review are no
exception. Currently, identifying these sources of variation is quite simple (through modern
high-throughput sequencing techniques at ever-lower cost), but this does not characterize
the effect that these variations can cause. For this scenario, the variant effect predictor (VEP
available on the Ensembl website) software is helpful [256].

Without a doubt, BACs represent one of the most useful tools for molecular cytogenet-
ics, and, as previously mentioned, their identification in genomes is currently greatly facili-
tated. However, the current situation would not be possible without the existence of two
important institutions that have dedicated part of their activities to the construction, main-
tenance, and distribution of BAC libraries: the BACPAC Resources Center (BPRC, https:
//bacpacresources.org/ (accessed on 2 March 2023)) and INRA (http://abridge.inra.fr/
index.php?option=com_flexicontent&view=item&cid=17&id=61&Itemid=202&lang=fr (ac-
cessed on 2 March 2023)). Through these two institutes, BACs belonging to different
libraries can be obtained.

3.4. Whole-Genome Sequencing

In recent years, the decreasing costs of sequencing have made it possible to analyze
many subjects. The purposes of these sequencings are different; in many cases, the aim is the
identification of signatures of selection [257–259], but other purposes are represented, such
as: (a) the identification of genetic variants in specific genes [260]; (b) the verification of data
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obtained regarding the identification of SNPs with chip arrays [261]; (c) the identification of
the run of homozygosity in breeds intended for different productions [262]; (d) prediction
and QTL mapping [263]; and (e) the identification of copy number variants [264] and
transcriptome characterization [265]. Similar analyses were performed on sheep [266,267]
and goats [268,269]. Additionally, in this case, the water buffalo seems to be slightly behind,
as there are very few papers available on it [265].

4. PCR-Based Methods and Molecular Cytogenetics

The polymerase chain reaction (PCR) [270] is a method largely used to make millions
of copies of a specific DNA sample in a fast and economical way for the detection, quantifi-
cation, and typing of infectious diseases and genetic changes. Current PCR-based methods
are distinguished as: (a) first-generation PCR, (b) second-generation quantitative PCR
(qPCR), and (c) third-generation droplet-based digital PCR (dPCR). PCR detects endpoint,
qualitative, or semi-quantitative assays by gel electrophoresis, separating DNA fragments
according to size. The qPCR measures DNA/RNA in real time using PCR methods, flu-
orescent dyes, and fluorometry for relative quantification and quantitative assays with
standard curves. The dPCR splits a PCR sample labeled with fluorescent dye into millions
of microsamples to digitize the pool of DNA molecules with a single or no copy in each
droplet. It quantifies the DNA/RNA copy number faster than qPCR based on standard
curves [271].

In recent years, PCR-based methods have replaced the classic cytogenetic techniques
for detecting chromosome abnormalities and aneuploidy due to greater precision, lower
cost, and faster data than are possible with cytogenetic methods, because of the small
quantities of DNA (30 ng) required from any stored or fresh biological samples. PCR-based
approaches are most commonly used in bovid studies to examine sex chromosomes in
early-sex-determination assays to detect aberrations (Table 7).

Table 7. PCR-based approaches on bovids for the detection of chromosomal aberrations.

Species Objective Sample PCR-Based Method Reference

Cattle Sex-determination Embryos PCR [272]

Cattle Freemartinism diagnosis Blood PCR [273]

Cattle Sex-determination Embryos PCR [274]

Cattle Sex-determination Spermatozoa PCR [275]

Cattle Chimerism diagnosis Blood qPCR [276]

Cattle XX/XY chimerism diagnosis Blood PCR [277]

Cattle SRY-positive hermaphrodite diagnosis Blood PCR [278]

Cattle XY (SRY-positive) diagnosis Blood PCR [279]

Cattle Freemartinism diagnosis Blood qPCR [280]

Cattle Freemartinism diagnosis Blood dPCR [281]

Cattle Sex-determination Spermatozoa dPCR [282]

Cattle Mosaic karyotype (60,XX/60,XX,+mar)
diagnosis Skin tissue PCR [283]

Cattle Mosaicism (60,XX/90,XXY) diagnosis Blood, skin, buccal epithelial
cells, and hair follicles dPCR [284]

Cattle XX/XY chimerism diagnosis Blood and hair follicles dPCR [285]

Telomere assessment is another critical goal of cytogenetics research due to the central
roles of telomeres in chromosome stability, aging, cancer development, apoptosis, and
senescence. The telomeres consist of thousands of noncoding repetitive sequences of DNA
composed of six nucleotide motifs (TTAGGG)n localized at the ends of chromosomes
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and are responsible for maintaining DNA integrity during each cell division. They are
associated with several proteins, with the most abundant being the shelterin complex,
which is made up of six different polypeptides. Telomeres also contain other genomic
structures, such as T-loops, D-loops, G-quadruplexes (G4), R-loops, and long noncoding
RNA (TERRA) [286].

In farm animals, telomere length (TL) did not receive much interest initially due
to the difficulty in determining the natural limits of their lifespans. However, a recent
study related TL to health, genome stability, and aging in cattle aged between 2 and
13 years and transformed TL into a sensitive biomarker for longevity and wellness (critical
traits of selective breeding), responding to the “One Health” approach (improving animal
welfare) [287]. TL is not often used as a unique marker of aging in humans because of
its poor predictive accuracy due to increased telomere shortening in elderly humans as a
consequence of age-related diseases (e.g., cancer, atherosclerosis, autoimmune disorders,
obesity, chronic obstructive pulmonary disease, diabetes, hematological disorders, and
neurodegenerative diseases) [288]. By contrast, TL proved to be a relevant biomarker of the
general state of farm animals due to their lack of age-related pathologies [289,290].

Approaches for measuring TL include: (a) telomere restriction fragment (TRF)
length [291]; (b) length analysis by Southern blotting; (c) fluorescent in situ hybridization
(FISH) by flow cytometry (flow-FISH) or in metaphase cells (Q-FISH) [292,293]; and
(d) PCR-based methods. Most of these methods have several limitations. For example,
TRF and flow-FISH are labor-intensive and expensive; Southern blot analysis requires
large amounts of genomic DNA, and Q-FISH works only on chromosomes (metaphase
stage). Of the available methods, the PCR-based ones are the fastest, most recent,
and least costly and require only small quantities of DNA (30 ng) from stored or fresh
biological samples [294]. The qPCR method amplifies telomere repeats relative to a single-
copy gene (reference gene) according to a method described by Cawthon et al. [295]
and follows the MIQE guidelines [296]. One limitation of qPCR is the inconsistent
repeatability and reproducibility of different TL measurement methods, producing a
high variation in results [297]. Several studies on humans and animals indicated that
the DNA extraction method might affect TL measurements using q-PCR, as DNA yields
were higher using the non-silica membrane kit (salting-out method), and DNA integrity
on electrophoresis gels varied [298,299]. A recent study showed comparable results
for DNA quality and purity (tested using a NanoDrop instrument and electrophoresis
gels) in cattle blood and milk samples using two different extraction kits (a salting-
out kit for blood and a silica membrane kit for milk samples) due to the difficulty of
extracting DNA from milk matrices. The DNA quality results were similar in both
matrices, demonstrating a synchronous trend between them for the first time [287].

5. Current Developments and Knowledge Gaps

Molecular cytogenetics is approaching its first 30 years of history and during this
period, it performed important functions that evolved over time. It therefore seems normal
that in the coming years, we will witness further developments; however, some approaches
will always be current and irreplaceable. The FISH technology represents, and will rep-
resent, the main methodology for the verification of chromosomal anomalies eventually
identified with other approaches, just as the CGH array technology that will be increas-
ingly used for the identification of genomic variants linked to a particular phenotype.
Molecular cytogenetics could be very useful for the study of those species which have
not yet benefited from the genomic revolution, or which are still in its early stages: in
this sense, the water buffalo (Bubalus bubalis) is the main example. Despite possessing
a great economic importance, its genome has been decrypted and made available only
recently, and the application of other technologies is very late. A further gap that can be
filled is the development of a technological approach that can allow the identification of all
chromosomal types identifiable by cytogenetic analyses. A similar approach has already
been published [71], but only the transfer of SKY-FISH technologies [300] from humans to
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bovids will bridge this gap. Finally, the certain decrease in costs will mean that even the
species considered in this review will be able to benefit from long-read genomic sequencing,
such as PacBio [301] and Oxford Nanopore [302].

6. Conclusions

The study of the chromosomes of domestic bovids is about to enter its seventh decade,
and, as expected, it has undergone a notable evolution along the way. This evolutionary
process for this discipline is mainly a result of the appearance of technologies that have sig-
nificantly increased the potential of applied cytogenetics. Banding techniques, FISH, CGH
arrays, and PCR have radically changed animal cytogenetics, making them irreplaceable
tools for understanding the genetics of bred animals. Therefore, considering the history
of cytogenetics, a quite easy prediction is that even the next evolutions will be dictated by
technological advances. Predicting the next technological leap is difficult, but if we were
to make a prediction, it would be that long-read genomic sequencing technologies will
have important impacts on cytogenetics. Cytogenetics will likely retain its functionality,
particularly in the confirmation of genomic results and the characterization of cytogenetic
anomalies, as well as in evolutionary studies. This is because the most significant genetic
mutations have accumulated at the chromosome level during the evolution of species.
Finally, the implication and progresses from animal cytogenetics can be summarized as
follows:

• In the pre-genomic era, FISH technology represented the almost exclusive technology
available for the localization of genes in genomes.

• Prior to the availability of low-cost genomic sequencing, molecular cytogenetics was
the only approach for identifying similarities between karyotypes of different species.

• The technologies of molecular cytogenetics represent the best approach for the charac-
terization of chromosomal abnormalities.

• Despite scientific progress in similar disciplines, molecular cytogenetics will always
find its place and represent an inescapable investigation methodology.
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Abbreviations

aCGH array Comparative Genomic Hybridization
BAC Bacterial Artificial Chromosome
BBU Bubalus bubalis Chromosome, 2 n = 50
BES Bac Ends Sequences
BIN Bos indicus Chromosomes, 2 n = 60
BTA Bos taurus Chromosome, 2 n = 60
CA Chromosome Abnormalities (chromosome breaks)
CBA C-banding by Acrine Orange Staining
CHI Capra hircus Chromosomes, 2 n = 60
Fiber-FISH Extended Chromatin Fiber-FISH
FISH Fluorescence In Situ Hybridization
GBG G-banding by Early BrdU-Incorporation and Giemsa Staining
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HSA Human sapiens Chromosome, 2 n = 46
IVP In Vitro Production
MHC Major Histocompatibility Complex
MI Mitotic Index
MN Micronuclei
OAR Ovis aries Chromosomes, 2 n = 54
PCR Polymerase Chain Reaction
PNA Peptide Nucleic Acids
QBH Q-banding by Early BrdU-Incorporation and Hoescht Staining
RBA R-banding by Late BrdU-Incorporation and Acridine Orange Staining
RBG R-banding by Late BrdU-Incorporation and Giemsa Staining
RH Radiation Hybrids
SCA Synaptonemal Complex Analysis
SCE Sister Chromatid Exchange
SKY-FISH Spectral Karyotyping
SNP Single Nucleotide Polymorphism
YAC Yeast Artificial Chromosome
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