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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].
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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).
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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 (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
[lumina 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 2.5x 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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