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ABSTRACT 
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Dr. Laura Favetta 
 

 

In the domestic pig mosaic translocations are underrepresented, hence their phenotypic and fertility 

implications are not well understood. This thesis presents the first study of mosaic translocations 

identified in swine through routine cytogenetic practices. Routine chromosome analysis on 5,481 

boars revealed 32 carriers of mosaic translocations, half of which were carrying a recurrent 

translocation, mos t(7;9). An additional 7 mosaic translocations were identified through analysis 

of relatives of mosaic carriers (n=48) and control animals (n=97). Mosaic translocations in the 

carriers were recognized to be somatic and confined to hematopoietic cells because mosaicism was 

not identified in fibroblast, fertility of the carriers and their relatives were comparable to breed 

averages (p>0.05), and cryptic mosaicism was not detected in the pedigree. The results obtained 

in this study suggest that the incidence of mosaic translocations in Canadian swine is 0.7%, 

however they impose no observable phenotype or impact on fertility on the carrier animals. 
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INTRODUCTION 
 

Acquired chromosome abnormalities in dividing cells, derived from a single zygote, may result in 

genomic heterogeneity within cellular populations in individuals (Machiela et al., 2017). Genomic 

differences between cells may arise from mistakes during cell division processes that lead to 

unfaithful transmission of chromosomes to daughter nuclei (Hall, 1988). The acquired sub-

population of chromosomal abnormal cells create a mosaic individual that is comprised of at least 

two distinct chromosomal cell lines (Snustad et al., 2012). Depending on the type of the acquired 

abnormality and the distribution of the affected cells among tissues, mosaicism may lead to 

different pathologies or may be benign (Youssoufian et al., 2002).  

 One of the commonly diagnosed mosaic chromosome abnormalities that are implicated in  

disease pathology are balanced reciprocal chromosome translocations, a type of structural 

abnormality that is formed as a consequence of an exchange between two non-related 

chromosomes (Hanahan et al., 2011; Mitelman et al., 2007). Mosaic balanced reciprocal 

chromosome translocations, herein after referred to as mosaic translocations, that alter gene 

function have been identified in cancer and disease (Lieber, 2016). Alternatively, fertility issues 

or liveborn affected offspring have been associated with mosaic translocations in phenotypically 

asymptomatic parents (Dupont et al., 2008; Kouru et al., 2011; Youssoufian et al., 2002). Mosaic 

translocations have also been identified in apparently healthy individuals, however, their effect on 

individuals with respect to genome instability and genetic variation in normal development is 

understudied (Kleczkowska et al., 1990; Kouru et al., 2011; Warburton, 1991). 

 In the absence of a pathology, detection of benign mosaic translocations is challenging, 

thus mosaicism for chromosome translocations are underreported in animals. Especially in the 
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domestic animals, despite the over 30 years history of cytogenetic practices, little attention has 

been paid to mosaic translocations. In the domestic pig (Sus scrofa domestica), cytogenetic 

screening practices are routinely performed in order to detect and eliminate constitutional 

translocation carriers as they are proven to impose adverse fertility effects on the carriers (Ducos 

et al., 2008; Richards, 2001). However, mosaicism for chromosome translocations in the domestic 

pigs have not been previously identified or reported in the literature.   

 Thus, the main goal of this study was to characterize mosaic chromosome abnormalities in 

young reproductively unproven domestic breeding boars. Classical cytogenetics and cell culture 

approaches were applied to estimate the incidence of mosaic events in the Canadian swine 

population. Furthermore, tissue distribution of mosaicism was investigated to determine whether 

the abnormality may be inherited to the offspring. Inheritance and genetic predisposition to 

developing mosaic translocations were further investigated by examining familial relationships. 

Fertility data was also analyzed to determine the potential effect of mosaicism on reproduction and 

to validate the confinement of mosaicism to somatic cells. 
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REVIEW OF LITERATURE 

Chromosomes in Cell Cycle 

Chromosomes are highly organized complexes of chromatin fibers through which the entire set of 

genetic information referred to as the genome is properly stored (Snustad & Simmons, 2012). The 

dynamic organization of the genome, comprised of Deoxyribonucleic Acid (DNA) and proteins, 

allows for the morphological changes in the structure of chromosomes during cell proliferation 

(O’Connor, 2008). The changes in the structure of chromosomes during various cell cycle 

processes ensures proper distribution of chromosomes to daughter cells and an error-free cell 

division (Barrington et al., 2017).  

 In somatic cells in interphase, early in the cell cycle or after the completion of cell division, 

chromosomes consist of a single thin structure referred to as the chromatid (Snustad & Simmons, 

2012). In a diploid (2n) organism (n=haploid), there are two sets for each chromatid in the nucleus 

of the cells, one inherited from the mother and the other inherited from the father (Annunziato, 

2008). The chromatid pairs are referred to as homologous since they appear structurally similar, 

however, have small genetic differences reflecting the different genomes of the mother and father 

(Snustad & Simmons, 2012). Chromatids as loosely packed fibers of chromatin (DNA and 

proteins) are duplicated during interphase, generating two sister chromatids that carry identical 

DNA matter (O’Connor, 2008). During prophase, sister chromatids condense into chromosomes 

and align with one another at the centromere, which is the main chromatin constriction point 

comprised of kinetochore proteins to which spindle microtubules become attached at the end of 

prophase (Snustad & Simmons, 2012). In metaphase, chromosomes migrate to the middle of the 

cell, midway between the spindle poles referred to as the equatorial plate (Tan et al., 2015). 
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Chromosomes are at their most condensed form during metaphase, thus, individual chromosomes 

are recognizable and their conformation may be observed as an X- or U-shaped morphology under 

light microscopy (O’Connor, 2008). In anaphase, the sister chromatids separate from each other 

by being pulled to the opposite poles of the cell by shortening of the spindle microtubules (Snustad 

& Simmons, 2012). In telophase, the chromosomes located on the opposite side of the cell 

decondense back into the thin chromatid structure while the cell is being separated into two 

daughter cells by the formation of a membrane in the middle of it (O’Connor, 2008). The end of 

cell division is marked by cytokinesis which refers to the complete separation of the daughter cells 

(O’Connor, 2008).  

 The faithful distribution of the genetic material carried out by chromosomes to the daughter 

cells is confirmed throughout the cell cycle by various checkpoints that ensure an error free cell 

division (Snustad & Simmons, 2012). Occasionally mistakes may happen during cell cycle 

processes that are undetected or mis-repaired, such as mis-segregation of sister chromatids during 

anaphase or illegitimate joining of two broken DNA strands during interphase, that alter the 

number and structure of chromosomes leading to chromosome abnormalities and genetic 

differences among daughter cells (Shaffer & Lupski, 2000).  

Chromosome Abnormalities 

Chromosome abnormalities in the daughter nuclei derived from meiotic or mitotic cell division 

mistakes lead to two different abnormal conditions, constitutional or mosaic abnormalities, 

respectively. Meiotic mistakes in the germ cells may result in the formation of gametes with 

abnormal chromosomes. Fertilization of such gametes result in de novo constitutional chromosome 

abnormalities in the offspring in which all cells are comprised of the abnormal chromosome 
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composition (Taylor et al., 2014). Constitutional chromosome abnormalities may also be inherited 

to the offspring by a parent that is a heterozygous translocation carrier, carrying a normal and an 

abnormal chromosome in a homologous pair (Potapova et al., 2017). Chromosome abnormalities 

may also be acquired during mitotic development, after the fertilization of gametes and formation 

of a zygote, which are referred to as mosaic abnormalities (Machiela & Chanock, 2017). Mosaic 

chromosome abnormalities only present in the somatic, non-reproductive cells, exert their 

consequences on only the carrier (Siudeja & Bardin, 2017). Mosaic abnormalities developed in the 

gonads, prior to meiotic cell division, may result in formation of abnormal gametes that may be 

fertilized and passed on to offspring as a constitutional abnormality (Zlotogora, 1998).  

 Large scale chromosome abnormalities in either constitutional or mosaic state may involve 

alterations in the number or the structure of the chromosomes. Numerical chromosome 

abnormalities include the addition or elimination of whole chromosomes to the chromosome 

complement of the cell, altering the number of chromosomes in the daughter nuclei. Structural 

chromosome abnormalities result from gross rearrangement of chromosome segments (Snustad & 

Simmons, 2012).  

 Structural chromosome abnormalities are categorized into four major types: 

insertions/duplications, deletions, inversions, and translocations (Griffiths et al., 2005). Insertions 

result from the duplication of a chromosome segment in which the resulting chromosome will have 

two copies of a segment while deletions involve removal of a section of a chromosome (Figure 1A 

and 1C, respectively). Inversions are a result of the breakage of chromosome at two places and the 

repair of the chromosome in an inverted manner (Figure 1B). Translocations are a consequence of 

an exchange between two non-homologous chromosomes that may occur in two manners, 
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Robertsonian and reciprocal. Robertsonian translocations occur as a result of the joining of whole 

chromosomes at the centromere, whereas reciprocal translocations are the product of two 

illegitimately joined broken chromosome segments (Figure 1D) (Gardner & Amor, 2018).  

 Chromosome abnormalities may result in disease conditions or may have no apparent 

abnormal phenotypical depending on the type of the chromosome variation and the chromosomes 

involved. Numerical abnormalities for many chromosomes in human and animals are 

embryonically lethal, however, for a few chromosomes such as the human chromosome 21, the 

addition of a third chromosome to the homologous set may result in a liveborn offspring but with 

physical and mental disabilities, as observed in individuals diagnosed with down syndrome 

(Hultén et al., 2008). On the other hand, structural abnormalities such as balanced reciprocal 

chromosome translocation which are not accompanied by deletions or insertions at the site of the 

breakage, may exert no observable abnormal phenotype in the carriers if gene function is not 

altered as a result of the chromosomal exchange. Although translocations may not be accompanied 

by observably abnormal phenotypes, in some carriers of balanced translocations, fertility of the 

Figure 1. Schematic presentation of 4 different types of chromosome rearrangements. A. Duplication/insertion. 
B. Deletion. C. Inversions. D. Balanced translocation. 
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carriers is negatively affected due to the impaired meiotic cell division in the germ cells of the 

carriers (Gustavsson, 1980). 

Classical Cytogenetics 

The epidemiology of large scale chromosome abnormalities may be studied through the 

practice of cytogenetics which is the study of chromosome structure, function, and behavior during 

cell division (Smeets, 2004). Classical cytogenetics mostly focuses on analyzing somatic 

chromosomes at the metaphase stage of mitotic cell division since the compactness of metaphase 

chromosomes makes them suitable for discerning the chromosome number and structure compared 

to other phases of cell cycle (Basrur & Stranzinger, 2008).  

 Individual somatic chromosomes, those observed microscopically at the metaphase stage, 

are classified and organized into a karyotype according to their structural and centromere position 

(Figure 2A) (Snustad & Simmons, 2012). Four categories of chromosomes are thus defined based 

on the position of the centromere on the chromosomes. Metacentric, submetacentric, and 

acrocentric chromosomes have their centromere pinching the chromosomes into two arms referred 

to as the p arm (top) and the q arm (bottom). Telocentric chromosomes have their centromere at 

the very end of the chromosome, thus they are classified as pertaining only a q arm  (Gardner & 

Amor, 2018).  

 Initially, classical cytogenetics enabled the detection of the correct chromosome number 

for many species which made identification of numerical abnormalities possible (Smeets, 2004). 

However, many techniques had to be developed to improve the state at which metaphase 

chromosomes are observed under light microscopy in order to enable the detection of structural 

abnormalities (Smeets, 2004). The advancements in high quality banding and staining, such as 
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applying trypsin to relax the chromatin and staining with Giemsa, referred to as GTG-banding, 

allowed the characteristic landmarks of metaphase chromosomes and their base composition to be 

discerned (Bickmore, 2001; Seabright, 1971). Since GTG-banding of metaphase chromosomes 

offers differential staining of Giemsa on individual chromosomes, characteristic light and dark G-

bands are appeared on each chromosome, revealing two types of chromatin structure, 

heterochromatin and euchromatin (Snustad & Simmons, 2012). The heterochromatin sites of the 

chromosomes stain dark since they are chromatin dense while the euchromatin regions are lightly 

stained due to the less compact DNA in these regions (Bickmore, 2001) (Figure 2B).  

 Based on the position of the centromere and the GTG-banding characteristics of somatic 

chromosomes, an internationally agreed upon standard karyotype system has been established for 

several domestic animal species (Gustavsson, 1988; Iannuzzi, 1996; Richer et al., 1990). Hence, a 

delineation for any structural chromosome changes was made possible according to a standard 

nomenclature for reporting structural chromosome abnormalities based on the standard karyotype 

(“ISCN Rules for Listing Chromosomal Rearrangements,” 1998). According to the nomenclature 

rules, a balanced reciprocal chromosome translocation, for instance between chromosome 1 with 

a breakage at the q arm, and chromosome 2 with a breakpoint at the p arm may be denoted as rcp 

t(1;2)(q;p) (Ford et al., 1980). Additionally, abnormal chromosomes may also be referred to as 

derivative (der) chromosomes. 

 The GTG-banded karyotype of somatic chromosomes has been widely used for the 

detection of various chromosome abnormalities, since it offers a resolution of approximately 300-

500 band level (Bickmore, 2001). Band level refers to the number of characteristic light and dark 

G-bands recognized on individual chromosomes, which in many species allows the detection of 

abnormalities down to 5-10 megabases in size (Bickmore, 2001). However, one limitation that 
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may be faced upon classical GTG-banded chromosome analysis is the detection of small scale 

chromosome abnormalities (Connor et al., 2017). Variations in the structure of chromosomes 

below 5-10 Mb are generally not detected by an optimally GTG-banded karyotype (Bickmore, 

2001). Hence, where applicable, beyond the study of G-banded metaphase chromosomes, 

molecular techniques such as Fluorescent in situ Hybridization (FISH) have been developed to 

detect smaller scale chromosome aberrations (Ferguson-smith, 2015). Alternatively, chromosome 

variations in the sequences of the genome may be detected by Whole Genome Sequencing (WGS) 

or targeted sequencing (D. A. King et al., 2017). Sequencing also provides the resources utilized 

by molecular techniques for more accurate analysis of cryptic chromosome abnormalities (Connor 

et al., 2017). Despite the advanced and more detailed chromosome analysis provided by molecular 

and sequencing techniques, their application is limited by the high costs and the limited availability 

for domestic animals, thus, these techniques are not as wildly utilized in the chromosome analyses 

of domestic animals as classical cytogenetics. 

Veterinary Cytogenetics 

In the domestic species, the practice of cytogenetics enabled the detection of chromosome 

abnormalities in relationship to disease and animal production (Basrur & Stranzinger, 2008). In 

1964, Gustavsson and Rockborn, identified a Robertsonian translocation between chromosomes 1 

and 29, rob t(1;29), in the lymphocyte culture of three Swedish Red-and-White cows diagnosed 

with lymphatic leukemia (Gustavsson & Rockborn, 1964). In the same year, 1964, Henricson and 

Backstrom identified a reciprocal translocation, rcp t(11;15), in a phenotypically normal boar 

reported as being hypoprolific, a boar with reduced litter size. By the late 70’s, various studies on 

the rob t(1;29) in cattle and reciprocal translocations in hypoprolific boars corroborated the early 
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reports that chromosome translocations are implicated in the reduced fertility of various breeds 

around the world (Basrur & Stranzinger, 2008). These findings led to the expansion of veterinary 

cytogenetics in the domestic animals, specifically cattle and pig, and the extensive research on the 

effect of chromosome abnormalities on fertility as an economically important trait (Ducos et al., 

2008). In the domestic pig alone, the cytogenetic screening of breeding boars in various countries 

has led to the identification of over 190 constitutional reciprocal translocations (Quach et al., 2016; 

Yimer & Rosnina, 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. A. 

Figure 2. Schematic presentation of the G-banded pig karyotype on the left. p refers to the arm above the 
centromere and q refer to the arm below the centromere (Gustavsson, 1988). Picture of the G-banded male pig 
karyotype on the right. The dark bands represent heterochromatin, where the DNA is more condensed. The 
light bands, euchromatin, are regions where the DNA is loosely packed in comparison to heterochromatic 
regions. 
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The Domestic Pig Cytogenetics 

Pig chromosomes have been studied as early as 1913, well before the advent the advanced 

veterinary cytogenetic methods and the discovery of chromosome abnormalities in relationship to 

reduced fertility (Gustavsson, 1988; Wodsedalek, 1913). The correct number of pig chromosomes 

was described for the first time in 1931 by Krallinger (Krallinger, 1931). Krallinger’s findings on 

the pig chromosome number was confirmed by Makino in 1954 in which he reported the correct 

chromosome number as 2n=38 (Makino, 1951). It was thus established that the pig chromosomes 

complement consists of 18 pairs of autosomes and two sex chromosomes (Gustavsson, 1988). 

Male pigs are recognized by an XY karyotype while female pigs are identified with an XX 

karyotype. 

 The advancements in cytogenetic techniques enabled the characterization of individual pig 

chromosomes in the early 70’s (Basrur & Stranzinger, 2008). The adoption of a banding technique 

with Quinacrine Mustard (QM) from the human cytogenetics by Gustavsson in 1971 facilitated 

the identification of individual pig chromosomes (Gustavsson et al., 1971). QM staining created 

reproducible fluorescent patterns on chromosomes that enabled individual chromosomes in the pig 

karyotype to be distinguishable (Gustavsson et al., 1971). However, Gustavsson, two years later, 

applied GTG-banding to somatic metaphase chromosome spread of the pig which enables even 

more precise identification of each pig chromosome (Hageltorn & Gustavsson, 1973). Further 

description of each individual pig chromosome based on their G-banded landmarks was published 

in the Proceedings of the First International Conference for the Standardization of Banded 

Karyotypes of Domestic Animals in the University of Reading, England 2nd- 6th August 1976. In 

1988, Gustavsson added more detailed description and landmark systems to the standard pig 
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karyotype which enhanced the characterization of normal as well as aberrant chromosomes (Fig. 

2) (Basrur & Stranzinger, 2008; Gustavsson, 1988; Popescu et al., 2000). 

The improvements made in the domestic pig cytogenetics were relevant to the pig-breeding 

industry. In the domestic pig, fertility is one of the characteristics or traits that is of economic 

importance and the profitability of pig-breeding is closely associated with reproductive efficiency 

(G. King, 2006; Quach et al., 2016). Although sows produce many offspring per birth, from 3-19 

piglets per litter depending on the breed and may have on average 2.4 litters each year, breeding 

boars may sire upwards of 2000 offspring each year (G. King, 2006; Rothschild & Ruvinsky, 

2011). Thereby, in the pig breeding farms, boars have a larger impact on the herd litter size average 

because fertile boars from valuable genetic lines are used to mate or artificially inseminate 20 to 

50 sows, leaving a greater influence on the herd than sows (Beaulieu et al., 2008; G. King, 2006).  

Historically, pig producers have attempted to optimize fertility and large litter sizes of their 

herds by breeding highly fertile pigs with economically important traits (Andersson, 2001). 

Nevertheless, hypoprolific boars born from valuable pedigrees demonstrated lower than average 

fertility despite their normal physiological features (Pinton et al., 2000). Through cytogenetic 

analysis on hypoprolific boars it was demonstrated that about 50% are carrying a chromosome 

rearrangement (Pinton et al., 2000). As such chromosome analysis of young reproductively 

unproven breeding boars has become a routine in the swine industry of many countries to certify 

the normal chromosome profile of boars prior to breeding.  

Extensive routine standard screening procedures is currently being performed on young 

reproductively unproven boars in many countries such as France and Canada. Ducos et al. in 2008 

reported the prevalence of newly formed, de novo, constitutional chromosome abnormalities 

among the screened French pig population, 1 in 200 screened pigs. Since France has the longest 
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running cytogenetic screening of breeding boars among other countries and has possibly 

eliminated the inherited cases of chromosome abnormalities, 0.5% may be considered the 

approximate rate at which the pig genome spontaneously rearranges its chromosomes in germ cells 

during meiosis (Ducos et al., 2008). Moreover, the most prevalent chromosome rearrangement 

observed in the pig cytogenetic screening programs is the observably phenotypically normal  

reciprocal translocations, which are well documented for their negative impacts on fertility and are 

only diagnosed through karyotype analysis (Ducos et al., 2008).  

Chromosome Translocations 

Double Strand Breaks 

Chromosome translocations are formed as the result of at least two concurrent and 

simultaneous DNA Double Strand Breaks (DSB) in two non-homologous chromosomes (Lieber, 

2010). Breaks in the DNA may occur as a result of damages by endogenous sources such as 

reactive oxygen species and replication errors or exogenous stressors such as radiation and 

smoking, leaving the DNA with overhanging ends (Ganem & Pellman, 2012). DSBs may also 

happen as a part of complex molecular mechanisms programmed during lymphocyte maturation 

and meiotic crossing-over (Lemaitre & Sagot, 2008). 

 DNA breaks may occur in many regions in chromosomes, however, chromosome 

translocation breakpoints occur in fragile sites more than random (Ronne, 1995). Fragile sites are 

regions in the DNA that are more prone to breakage under stress and have the potential for 

rearrangements and exhibit genome instability (Durkin & Glover, 2007).  DNA lesions may also 

be observed in regions of the genome with structurally complex features that predisposes the 

formation of chromosome rearrangements. Two of the structural features that are proposed to be 
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sites of rearrangements are mobile elements such as Long Interspersed Elements (LINEs) and 

Short Interspersed Elements (SINEs) (Fang et al., 2012). These elements are subclasses of 

transposable elements which are DNA sequences that have the ability to move around in the 

genome contributing to genetic diversity in individuals (Fedoroff, 2012). Due to their mobile 

nature and sequence similarity, transposable elements have been suggested to contribute to 

genomic instability in human (Ayarpadikannan et al., 2014; Elliott et al., 2005).  

Chromosome rearrangements may also occur in the same genomic regions in various 

unrelated individuals referred to as recurrent rearrangements (Lui et al., 2012). Recurrent 

translocations are suggested to be sequence dependent in nature as well. A structural feature 

identified with the recurrent translocations in human is a subclass of SINEs referred to as Alu 

repeats which are stretches of repetitive DNA sequences that contain sites for the aluI restriction 

enzyme (Elliott et al., 2005). Restriction enzymes or endonucleases cut the DNA at specific sites 

and allow for the insertion of transposable elements into specific DNA regions (Snustad & 

Simmons, 2012). Thus, recombination between Alu-Alu elements or between Alu and non-Alu 

sequences have been mediated in reciprocal translocations in human due to their sequence 

similarity in addition to their ability to create DSB (Elliott et al., 2005; Kolomietz et al., 2002). 

For instance, Alu elements have been identified near or in breakpoint regions of somatic 

chromosome rearrangements that are recurrent within the human genome such as in Leukemia 

between chromosomes 9 and 22 (Kolomietz et al., 2002).  

Alu elements are specific to human and primates, while other structural features in which 

human rearrangement breakpoints tend to cluster in, such as palindromic AT regions and Low 

Copy Repeats (LCR) regions, are found in other mammals as well (Kato et al., 2012). Palindromic 
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repeats are sequences that read the same on opposite DNA strands while LCRs are blocks of highly 

repetitive (more than 95%) DNA segments that are 10-500 kb in size and contribute to 5-10% of 

the human genome (Shaw & Lupski, 2004). Although AT rich regions and SINE sequences are 

found to be abundant in the pig genome, the mediation of specific structural features in recurrent 

and non-recurrent translocation breakpoints in the domestic pig is yet to be elucidated (Ellegren, 

1993; Fang et al., 2012; Thomsen & Miller, 1996).  

Repair Mechanisms 

Upon formation of DNA lesions in fragile sites or elsewhere in the genome, cellular repair 

mechanism are recruited in an attempt to reattach the broken chromosome segments (Lieber, 

2010). Homologous recombination (HR) mechanism repairs DSB using sequence homology from 

a homologous donor (Siudeja & Bardin, 2017). It has high fidelity and thus is not widely implicated 

in the formation of translocations (Mao et al., 2008). Nonhomologous end joining (NHEJ) 

mechanism requires little or no homology between sequences in order to execute the repair thus it 

is highly error-prone (Mao et al., 2008). NHEJ has been proposed to be the mechanism involved 

in repairing DNA lesions scattered through the genome involved in non-recurrent translocations 

(Roth & Wilson, 1986). Thus, if there is an error in the repair by the NHEJ, the DNA hanging ends 

may be joined incorrectly and chromosome translocations may occur (Lieber, 2010; Siudeja & 

Bardin, 2017). Nonallelic homologous recombination (NAHR) is another error-prone mechanism 

that has been implicated in recurrent translocations between regions of sequence similarity such 

as LCRs (Ou et al., 2011). 

Translocation Products 

The mis-repair of double strand breaks may lead to the illegitimate joining of two 

nonhomologous chromosomes leading to the formation of derivative chromosomes that have 
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distinct morphology unlike their homologous partners. During the translocation process, the loss, 

addition, or alterations in or around the breakpoint sequences in derivative chromosomes generates 

an unbalanced translocation (Shaffer & Lupski, 2000). Unbalanced translocation carriers are 

typically diagnosed with clinical conditions (Weckselblatt et al., 2015). Alternatively, balanced 

reciprocal chromosome translocations may involve no significant gain or loss of genetic material 

however, they may still lead to disease by altering gene function or by activating proto-oncogenes 

at the sites of breakpoints (Lieber, 2016). Balanced translocations in which no genes are actively 

disrupted through the exchange of chromosome segments are typically not implicated with 

phenotypical abnormalities. However, they may alter meiosis in carriers and lead to fertility issues 

in human and reduced fertility in the domestic animals.  

Constitutional chromosome rearrangements in Swine 

Chromosome translocations are generally known to have no physical manifestations, 

however, they have negative effects on the reproduction of the carriers (Basrur & Stranzinger, 

2008). Reproduction in the translocation carriers is affected due to the impaired meiotic cell 

division in the gametes (W. A. King, 1981). The synapsis process of meiosis is especially 

implicated because during synapsis homologous chromosomes align and cross-over in order to 

equally exchange segments with each other ensuring the genetic diversity of gametes (Moore & 

Orr-Weaver, 1997). In a heterozygous translocation carrier, derivative chromosomes alter the 

synapsis process during meiosis which results in the production of gametes containing normal, 

balanced, or unbalanced chromosome complement (Scriven et al., 1998) (Figure 3). When 

fertilized, gametes containing the balanced chromosomes will lead to a normal offspring, gametes 

with the balanced yet abnormal chromosomes composition may result in a liveborn offspring that 
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may be phenotypically normal however it has inherited the translocation, and gametes containing 

unbalanced chromosome content rarely give rise to an offspring (Villagomez & Pinton, 2008).  

The proportion of normal and abnormal chromosomes in the gametes is reported to vary 

from 18.6 %– 80.7 % of spermatozoa in the carrier boars of chromosome translocations depending 

on the chromosomes involved in the rearrangement (e.g. metacentric versus acrocentric 

chromosomes) (Benet et al., 2005; Ducos et al., 2008). In order to illustrate the rate at which 

different types of chromosome segregations occur among the gametes of a carrier boar, Pinton et 

al. (2004) analyzed the sperms of a rcp t(3;15) carrier and detected that 47.83% of the gametes 

were chromosomal unbalanced. Although the unbalanced gametes are observed to reach the end 

of meiosis and may fertilize an egg, the resulting zygote and fetus containing these unbalanced 

chromosomes are eliminated early during embryo development (Pinton, Ducos, & Yerle, 2004). 

The increased mortality is observed through decreased litter size and thus far only one live 

offspring has been reported in the literature to carry an unbalanced translocation for the domestic 

pig. Villagomez et al. (1995) have reported a tertiary trisomy carrier boar product of a reciprocal 

translocation. This evidence is in accordance to a general assumption in mammals that duplications 

of genetic material are more tolerated than deletions (Tucker et al., 2013). 

Thereby, translocation carriers have a reduced number of viable gametes that can be 

fertilized to produce live and healthy offspring (Figure 3). As such, fertility of constitutional 

translocation carriers is greatly reduced. In the domestic pig, reduction in the litter size of carriers 

may range from 10-100%, depending on the nature of the rearrangement, the size of the 

translocation, and the chromosomes involved (Villagomez & Pinton, 2008). 
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 Constitutional chromosome translocations in the domestic pigs are reported to occur de 

novo at a rate of 0.5% (Ducos et al., 2008). This rate may represent the frequency in a swine 

population that has systematically eradicated inherited cases of chromosome translocations, as 

seen in France (Ducos et al., 2008). In swine populations where screening services are newly 

established, the inherited cases of abnormalities are more prevalent, thus translocation carriers are 

identified at a higher frequency. For instance, the frequency of chromosome abnormalities in a the 

screened Canadian swine population in 2016 was 1.64% (Quach et al., 2016). This rate has 

decreased to 0.91%, possibly due to eradication of carrier boars from the breeding pool (W. A. 

King et al., 2019). 

 

Figure 3. Possible segregation products of a heterozygous translocation carrier during meiosis. 
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Unlike cytogenetics in the domestic animals, the goal of human cytogenetics is to diagnose 

the source for a clinical condition, thus estimating the true rate of phenotypically asymptomatic 

translocations in a population is challenging (Ravel, Berthaut, Bresson, & Siffroi, 2006). 

Nevertheless, multiple studies have reported the rate of 0.05% to be the approximate frequency of 

constitutional translocation carriers in a cohort of phenotypically normal individuals (Ravel et al., 

2006; Warburton, 1991). It should not be surprising that the frequency of constitutional 

chromosome translocation carriers is found to be higher in reproductively challenged males and 

females with the frequency of chromosome rearrangements in infertile couples varying between 0 

- 4.7% (Fryns et al., 1998). Thus, balanced constitutional chromosome translocations are more 

widely associated with reduced fertility than other clinical conditions such as cancer in carriers. 

Although increased susceptibility to developing breast cancer in the carriers of the recurrent 

constitutional rcp t(11;22) has been suggested, acquired chromosome translocations are more 

directly linked to cancer formation (Schoemaker et al., 2018).  

Mosaic Chromosome rearrangements 

Acquired chromosome abnormalities that occur after the fertilization of the gametes are referred 

to as postzygotic or mosaic chromosome aberrations. Hence, mosaic abnormalities may be present 

in a subset of cells in individuals leading to the presence of at least two distinct cell lines in an 

animal (Taylor et al., 2014). Despite the distinct karyotypes identified in the mosaic cells, the 

genome is still comprised of the material inherited from one zygote. Alternatively, the presence of 

distinct genetic lineages in an individual may be derived from the fusion of two zygotes or by 

placental exchange of blood between twins, referred to as chimerism (Villagomez et al., 2009). 

Chimeric animals may reveal karyotype differences when derived from male and female 
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chromosome constitutions. However, chimerism may be indistinguishable from mosaicism in 

cases where zygotes with the same chromosome sex but with different chromosome compositions 

are fused together (Drexler & Wagner, 2006). Gonadal dysgenesis, infertility, and fertility issues 

are a few consequences of chimerism in animals (Villagomez et al., 2009). 

The associated consequences with mosaicism may depend on the ontogenetic period when 

the mutation has occurred, the type of mosaicism, and whether the mutation has interfered with 

cellular functions (Freed et al., 2014). The ontogenetic period where the mosaic mutation arises 

during development or through the animal’s life span may determine the tissue distribution of the 

abnormal cell lineage (Taylor et al., 2014). The occurrence of a mutation or genetic change prior 

to the embryonic differentiation may result in general mosaicism as it may be present in various 

cell types (Taylor et al., 2014). Alternatively, if the mosaic cell lineage arises after the formation 

of germ layers or later in development, it may be confined to a particular tissue type. Therefore, 

three types of mosaicism are defined based on the location of abnormal cell lines in an individual. 

Somatic mosaicism refers to a mosaicism confined to somatic cells or non-reproductive cells; 

gonadal or germline mosaicism which is confined to only the gonads or germ cells; and 

somatogonadal mosaicism that includes mosaicism in both somatic tissues and germ cells (Spinner 

& Conlin, 2014).  

Mosaic cells may be unable to proliferate and may be selected against at further stages of 

development depending on the type of the genetic change and the chromosomes involved (Taylor 

et al., 2014). In this case, regardless of the origin of the mutation, mosaicism may not have 

phenotypic effects in adults as the number of somatic mosaic cells are insignificant (Freed et al., 

2014). In contrast, a chromosome abnormality may be reproductively advantageous and thus, may 

be propagated to the daughter cells in the lineage (Freed et al., 2014). Genetic changes derived 
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from chromosome abnormalities that activate cell proliferation may be observed in cancerous and 

tumor cells (Freed et al., 2014).  

 Acquired chromosome abnormalities or mosaicism in association with cancer has been 

studied in human as early as 1914 when Theodor Boveri discovered the presence of abnormal 

karyotypes in cancer tissue. Many studies pursued to corroborate the relationship between somatic 

mosaicism and cancer, and by 1971 a model of cancer resulting from mutations in a single cell line 

was developed, which to date remains largely unchanged (Freed et al., 2014; Knudson, 1971; 

Vogelstein et al., 2013). Somatic mosaicism was later discovered to be involved in aspects further 

than cancer in lymphocyte maturation, antibody diversity, aging, and disease (Brack et al., 1978; 

Erickson, 2010; Machiela & Chanock, 2017). Somatic mutations of varying genomic sizes have 

been discovered to modify gene function in association with disease phenotypes, from small 

genetic alterations such as point mutations to large scale chromosomal changes such as 

translocations (Freed et al., 2014). 

 Chromosome translocations are a type of genetic alteration that are implicated as both a 

cause and a result of cancer and tumour pathology (Vogelstein et al., 2013). Chromosome 

translocations often do not lead to observable phenotypical characteristics, however, they may 

become idiopathic through two principal avenues. Occasionally, the breakpoint in two 

chromosomes may lie within intron of genes thereby illegitimate joining of derivative 

chromosomes results in gene fusion, altering transcription factors (Rabbitts, 1994). For instance, 

in chronic myeloid leukemia in human, the translocation between chromosomes 9 and 22 leads to 

the abnormal activity of oncoproteins (Zheng, 2013). Alternatively, during lymphocyte maturation 

in which T-cell receptor (TCR) genes or immunoglobulin proteins (IgH) naturally rearrange to 
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produce specific immune responses, a translocation may occur that may juxtapose proto-

oncogenes to the regulatory regions of TCR and IgH genes (Janeway et al., 2001; Lieber, 2016). 

T-cell and B-cell lymphomas are instances of such illegitimate translocations resulting from 

overexpression of proto-oncogenes (Zheng, 2013).  

 Benign mosaic translocations, those that do not alter gene function or manifest disease 

phenotype may be identified during diagnosis of fertility issues or liveborn affected offspring from 

unaffected parents. In apparently normal human the approximate rate of mosaic chromosome 

translocations is estimated at 0.002-0.004% (Warburton, 1991). In contrast, among individuals 

experiencing fertility problems, the probability of identifying mosaic translocations is 

approximately 0.04% (Kleczkowska et al., 1990; Opheim et al., 1995).  

 Fertility issues such as miscarriages may arise in a mosaic translocation carrier in 

circumstances where the presence of mosaic translocations is suspected in the gonads due to the 

identification of the abnormality in the somatic cells of the carrier (Kleczkowska et al., 1990). 

Additionally, affected offspring born from unaffected parents may be indicative of gonadal 

mosaicism in either of the parents if mosaicism is identified in the parents or their pedigree (Hall, 

1988). Such a case was identified by Kouru et al. in 2011, in which the origin of an unbalanced 

translocation in an abnormal offspring from apparently normal parents was investigated. Although 

the peripheral blood karyotypes of either parents were normal, the fibroblast chromosome analysis 

obtained from skin tissue revealed the same unbalanced translocation in 4% of the karyotyped cells 

in the mother (Kouru et al., 2011).  

 

 



 

 

 

 
23 

Detection of Mosaicism 

Despite the application of classical cytogenetics and karyotyping in analysis of 

chromosomes from multiple tissues to detect chromosomal mosaicism, karyotyping is not a high 

throughput technique. Nevertheless, it remains the most effective tool for detection of mosaicism 

for balanced translocations in swine due to its accessibility and overall reliability. Additionally, 

there are a number of associated fallbacks with alternative techniques that hampers their 

widespread use in detection of mosaic translocations, especially in the domestic animals.  

 For instance, although molecular analysis techniques such as FISH provide a better 

resolution to detect translocations down to 1-2 Kb however, they require previous knowledge of 

the translocation breakpoints in order to be utilized in detection of mosaicism (Jong et al., 1999). 

Additionally, chromosomal microarray analysis (CMA) which are valuable tools for detecting 

high-grade mosaicism for aneuploidy or unbalance abnormalities are not suitable for identifying 

balanced translocations, since CMA detect chromosomal losses and gains in comparison with a 

control DNA genome (Bi et al., 2013; Pham et al., 2014). Alternatively, DNA sequencing tools 

such as Next-generation sequencing may be used to detect balanced translocations, however, the 

cost and the diagnosis time associated with such technologies are not feasible in routine 

cytogenetic practices especially for domestic animals (Shaffer et al. 2012). Moreover, the current 

technological advances are more refined for investigating the human genome, hence current high-

resolution and high-throughput methods for the pig genome are still not as comprehensive to detect 

low level mosaicism as karyotyping.   

 Karyotyping of multiple tissue types, such as peripheral blood and skin tissue, may be the 

first approach to determine the tissue distribution of mosaicism and estimate the approximate time 

line where the genetic change in an individual has occurred. Mitotic mutations may occur at any 
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time after fertilization, from the time during the cleavage period where the zygote rapidly divides 

from 1 cell to 32, to the cell differentiation during gastrulation and beyond. Thus, the distribution 

of mosaic mutation may include many cell types or be confined to one cell lineage (Fujimoto et 

al., 1977). Mutations leading to mosaicism prior to gastrulation may be distributed in many cell 

types. Mutations occurred after gastrulation in any of the three germ layers, mesoderm, ectoderm, 

and endoderm, may remain confined to those lineages (Speicher et al., 2010). Lymphocytes are 

derived from mesoderm, the ectoderm gives rise to outer skin tissue, and the endoderm forms the 

internal layers and organs. Post-zygotic mutations occurred before the end of gastrulation could 

contribute to the presence of the same abnormality in lymphocytes, skin, and germ cells (Campbell 

et al., 2014). Thus, analysis of multiple tissue types not only provides an approximate time line in 

which mosaicism has occurred, it may also indicate whether the abnormal cells were formed early 

or late in the ontogenetic development (Youssoufian & Pyeritz, 2002).  

Mosaic Translocations in Swine 

Despite the association of mosaic translocations to human disease and fertility, little attention has 

been paid to somatic mosaic translocations in the domestic pig. There are a few reports of 

mosaicism for sex chromosome aneuploidy and sex chromosome chimera in the literature and only 

one report on mosaicism for a chromosome rearrangement in a malformed stillborn boar (Hansen‐

Melander et al., 1970; Mcfee et al., 1966; Quilter et al., 2003) 

 In the swine cytogenetic screening programs, the focus of karyotyping is to identify 

constitutional chromosome abnormalities for which adverse fertility for the carriers and negative 

economic impacts for the breeders are well reported (Basrur & Stranzinger, 2008; Ducos et al., 

2008). Constitutional abnormalities of 5-10 Mb may be identified in the routine practices by 

karyotyping 2-3 optimally GTG-banded metaphases and analysis of 15 cells (Bickmore, 2001). 
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This standard approach limits the diagnosis of low-level mosaic translocations that are not 

identified within the analyzed metaphases. Hence, mosaic translocations are greatly 

underrepresented in the swine cytogenetic practices despite its history of over 30 years. 
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RATIONALE 
 

The associated consequences of chromosome rearrangements on an animal depends on the 

type of the chromosome alteration and the chromosome segments involved. Constitutional 

reciprocal chromosome translocations are well studied in domestic pig because of the unfavorable 

effects they impose on the reproduction of pigs with no apparent abnormal phenotypical features 

(Ducos et al., 2008). In contrast, mosaic reciprocal chromosome translocations have not been 

previously identified and reported in swine thus their biological impact on the animal is yet 

unknown.  

Fertility is an economically important trait in the domestic pig, thus, reduction in the litter 

size of the carriers of may impose great financial losses for the breeders. Fertility of mosaic 

translocations carriers may be adversely affected by the presence of mosaicism in reproductive 

cells. Since breeding boars in the swine industry are widely utilized in artificial insemination 

centers, the reproductive consequences of chromosomal abnormal boars may have widespread 

negative impacts on the herd (Rodriguez et al., 2010). Thus, characterization and identification of 

mosaic translocations in the domestic pig is imperative to determine its potential biological 

implications and its consequences on the development on the animal as well as its impact on the 

swine industry.  

The hypothesis of this study is that mosaic chromosome translocations are occurring in the 

breeding swine population and they impose adverse biological effects on fertility of carriers. 
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To test the hypothesis, the following objectives were addressed: 

Objective 1: Identify chromosomal mosaicism in the lymphocyte culture of breeding boars. 

Objective 2: Screen the lymphocyte culture of the relatives of the carrier boars for 

chromosome abnormalities. 

 Objective 3: Examine fibroblast chromosomes from carrier animals and their family 

members. 

 Objective 4: Analyze the fertility data of carrier animals and their relatives. 
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MATERIALS AND METHODS 
 

Animals  

 Peripheral blood collection: The peripheral blood of 5,587 domestic pigs (Sus scrofa 

domestica) raised at various farms in Canada were collected by a Canadian Food Inspection 

Agency veterinarian or a trained farm technician according to the Canadian Council on Animal 

Care and the University of Guelph’s Animal Care Committee guidelines. The breeds of the pigs 

were Yorkshire (n=1999), Duroc (n=1703), Landrace (n=1307), Pietrain (n=106), and other 

(n=472). The majority of the pigs (98.5%) in this study were young reproductively unproven boars 

that were subjected to karyotype analysis before being used in artificial insemination centers. 

Family members of translocation carriers including females comprised the remaining proportion 

of the collected peripheral blood samples (n=106).  

Tissue collection: Ear or tail biopsy from 34 animals, 19 Landrace, 11 Yorkshire, and 4 

Duroc, were collected by a veterinarian or a trained technician according to the Canadian Council 

on Animal Care and the University of Guelph’s Animal Care Committee guidelines (Table 1).  

Lymphocyte Culture and Chromosome Analysis 

The lymphocyte metaphase chromosome preparation techniques applied on blood samples from 

the animals were according to standard guidelines with minor modifications (Donlon & Bangs, 

2005). 

 Culture: Briefly, 1.0 ml of whole peripheral blood was added to a T25 flask containing 

media consisting of 8.9 ml Roswell Park Memorial Institute (RPMI) 1X1640 medium (Gibco, 

Grand Island, USA), 1.0 ml of fetal bovine serum (FBS; Gibco, Canada), 0.07 ml of 

phytohemagglutinin (PHA; M form, Gibco, Grand Island, USA), and 0.02 ml of antibiotic solution 
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(10,000 IU penicillin, 10 mg/ml streptomycin sulphate; Sigma-Aldrich, Saint Louise, USA). The 

flask was placed in an incubator for 72 hours at 37.5°C.  

 Harvest: After 3 days of incubation, the culture was treated with 30μl of colcemid (Gibco, 

Grand Island, USA), 20 minutes prior to harvesting in order to arrest dividing cells at the 

metaphase stage. The culture medium was transferred to 50ml conical tubes that were then 

centrifuged for 10 minutes at 300 rpm. After which the serum was aspirated and the cell suspension 

was treated with a 0.56% hypotonic solution of potassium chloride (1.12mg 0.075 M potassium 

chloride; Sigma-Aldrich, Saint Louise, USA, in 200ml MilliQ water) in order to swell the cells. 

The tubes were then placed in an oven at 37.5℃ for 20 minutes before being subjected to a volume 

of 200μl of a 3:1 methanol (Fisher Chemical, Fair Lawn, USA) to acetic acid (Glacial Acetic Acid, 

Fisher Chemical, Fair Lawn, USA) fixative solution. The tubes were centrifuged for 10 minutes, 

followed by the removal of the supernatant and further fixation with 3ml of fixative while using a 

vortex to completely re-suspend the cells. The tubes were filled up to 13ml with fixative and placed 

in a 4℃  refrigerator for a minimum of 30 minutes. This last step was repeated twice. After three 

rounds of fixative treatment, the supernatant was aspirated a final time and the cells were re-

suspended with a small amount of fixative. Over a humidifier the cells were dropped on glass 

slides (Fisherbrand, Pittsburgh, USA) and placed over a water bath to dry for 3 minutes.  
 Staining: After 4 days of aging, the slides were placed overnight in an oven at 40℃ to be 

stained on the 5th day. In order to partially digest the chromosomes, the slides were treated with 

1.6ml of 0.25% sterile trypsin (Sigma, Saint. Louise, USA) diluted in 40 ml of 0.01M phosphate 

buffered saline (PBS; Sigma, Saint Louise, USA) for 38-120 seconds. For optimal staining, the 

trypsin-treated slides were stained with 3ml of Giemsa stain (Sigma, Saint Louise, USA) diluted 

in 50 ml of MilliQ water for 8 minutes, after which they were washed with distilled water and were 
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left to be air dried. The slides were screened under a camera mounted Leica microscope, connected 

to a computer, with 10x and 100x objectives to capture metaphases with chromosomes of optimal 

length, minimal overlaps, and clear G-banding. The images were captured and saved on the 

Openlab 5.02 software.  

 Routine chromosome analysis: According to the international standard guide lines, 10-15 

metaphases were examined and 2-3 optimal karyotypes were analyzed through the SmartType 

Software for the young reproductively unproven boars (Digital Scientific UK) (Donlon & Bangs, 

2005; Gustavsson, 1988).  

Extensive chromosome analysis: Boars that were identified as mosaic translocation carriers in the 

standard 2-3 karyotypes were then subjected to 22-23 additional karyotypes. Chromosome analysis 

on the relatives of mosaic translocation included examination of 50 cell and complete karyotypes 

of 25 metaphases. In total, 25 karyotypes were done for each of the mosaic carriers and their 

relatives. 

Fibroblast Culture and Chromosome analysis 

Fibroblast chromosomes obtained from skin tissue were analyzed by setting primary cell culture 

from skin tissue, ear biopsy or tail clipping, for 34 animals (Stanyon & Galleni, 1991).  

 Culture: The tissue samples were shipped in a small tube containing sterile saline solution 

and 1% antibiotic/antimycotic (ABAM, 100X; Wisent, St. Bruno, Canada). The samples were then 

transferred to a 50ml tube and was washed with fresh sterile saline and ABAM multiple times. 

The tissue was then transferred to a tube containing 3ml of Dulbecco’s Modified Eagel Medium 

(DMEM, Gibco, Grand Island, USA), 1% ABAM, and 0.1% gentamicin (Sigma, Saint Louise, 

USA) to prevent from drying out. Then it was transferred to a small petri dish and was minced to 
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small pieces. The pieces were transferred to a 15ml conical tube and they were washed one final 

time by DMEM and ABAM. The media was then removed with a transfer pipette and 1ml 

collagenase (Sigma, Saint Louise, USA) was added to the tube. In order to allow the tissue to be 

dissociated, the tube was placed for 2-3 hours in an incubator at 37.5°C. After which, 3ml of media 

containing DMEM, 1% ABAM, 0.1% gentamicin, 2% L-Glutamine (Sigma, Saint Louise, USA), 

and FBS was added to tube and mixed via a vortex. The contents of the tube were transferred to a 

T25 flask which were then placed at 38.5°C incubator. The tissue culture medium was changed 

every 3-4 days until the cells reached 90% confluency. At which time the cells were divided into 

four units: three flasks and one cryopreservation vial. 

 In order to passage the cells, the medium was removed, and trypsin was added to the flask. 

The flask was put back in the incubator for 3-5 minutes for trypsin to lift off the cells from the 

bottom of the flask. Media containing FBS was added to stop the trypsin from further digesting 

the cells. The contents of the flask were then transferred to a 15ml conical tube which were 

centrifuged at 200 rpm for 5 minutes. The supernatant was aspirated and 4ml fresh media was 

added to the tube and the contents were mixed on a vortex. The cells were seeded into three flasks 

containing 3ml fresh media, in which 1ml of the cells from the tube was added to and mixed. In 

order to cryopreserve the cells, the remaining 1ml cells in tube was centrifuged and then the 

supernatant removed. The cells are resuspended with 1ml of a cryoprotectant (CPA) made with 

DMEM media and 1% Dimethyl Sulfoxide (DMSO; Fisher Chemical, Fair Lawn, USA). The cells 

were transferred into a cryopreservation vial, then into a freezing container, and placed into a -80°C 

freezer. After 24 hours the cryopreservation vial was transferred to a nitrogen tank.  
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 Harvest: Fibroblast metaphase chromosome preparation techniques were performed the 

next day after passaging into new flasks, when most of the cells were going through a first round 

of cell division. In brief, 45μL of colcemid was added to the medium for a 25 minutes treatment. 

After which, 3ml of trypsin was added to the flask to lift off the cells from the bottom of the flask. 

The tube was centrifuged for 5 min at 400 rpm. After which, the supernatant was discarded, and 

the cells were gently resuspended by adding 1 ml of 75 mM KCl. The tubes were then put in an 

oven at 37.5℃ for 20 minutes. Afterwards, 4 drops of fixative were added to the suspension. Then, 

the tube was centrifuged for 5 minutes at 400 rpm. The supernatant was discarded and 1ml of 

fixative was added to it while gently mixing it. The volume was adjusted to 5ml and the tube was 

refrigerated for 15 minutes. The last step was repeated one more time and the tube was stored 

overnight at 4°C to improve the quality of the preparation. The cell suspension was dropped, 

banded, and stained by Giemsa as previously stated in the lymphocyte culture section. 

Chromosome analysis was conducted similar to section 1.8.2. 

Control Study 

The animals for the control study were randomly selected using the Microsoft Excel random 

number function on a pool of previously karyotyped breeding boars that were determined as 

chromosomally normal upon analysis of 2-3 karyotypes and were unrelated to any carrier. 

Moreover, translocation carriers, their relatives, and animals for which 25 karyotypes could not be 

established were excluded from the pool. In total, 73 animals including 7 sire and carrier pairs 

were re-karyotyped to identify mosaicism in a population where 25 karyotypes are performed on 

each sample.   
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Mitogen study 

Duplicate cultures were set for 20 young reproductively unproven boars. For each boar a peripheral 

blood culture was set with PHA according to the protocol in section 1.8.2. A duplicate culture was 

set with Lectin from Phytolacca americana (L8777, pokeweed, PWM, Sigma-Aldrich, Saint 

Louise, USA), in place of PHA, following the protocol stated in section 1.8.2.  

Statistical Analysis 

Students T-test was performed to compare the fertility data on two parameters, piglets alive after 

24 hours and mummies (fetus that have dies in utero). Fertility data from 40 animals: 3 mosaic 

carriers, 18 sires of mosaic carriers, 18 dams of mosaic carriers, and 7 sisters of mosaic carriers 

were compared to the corresponding breed averages. The fertility information for each animal was 

compared to the average specific to that breed. 

Chi square analysis was performed to determine breed differences among mosaic translocation 

carriers. 
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RESULTS 
 

Chromosome analysis was performed on the lymphocyte metaphase spreads of 5,587 domestic 

pigs in Canada to determine their karyotype and detect chromosome abnormalities. In total, 39 

mosaic translocation carriers were identified among the lymphocyte chromosomes of the domestic 

pig. All carriers except one were diagnosed with low-grade mosaicism with approximately 4% 

(1/25) of the cells carrying a mosaic translocation; the carrier with high-level mosaicism had 60% 

abnormal cells in its analyzed metaphases (case 29).   

Chromosome analysis of lymphocyte culture: Mosaic translocations were identified in 

32 boars (cases 1-32) through standard and routine karyotype analysis of 2-3 metaphases among 

10-15 cells. In addition, extensive karyotype analysis of 25 metaphases on 48 relatives of carrier 

boars led to the identification of 3 additional mosaic translocations (cases 33, 34, and 35), different 

from the one identified in the carrier (Table 1). An additional 4 mosaic translocations were 

identified among the 73 boars in the control groups and the 20 boars in the mitogen study (cases 

36-39) (Table 1). 

A second lymphocyte culture for 10 carriers (cases 9, 13, 17, 22, 23, 26, 27, 30, and 33) 

which was set up a month after mosaicism was detected in their peripheral blood, did not lead to 

the identification of the same abnormal karyotype however, genome instability was observed in 3 

cases in which a mosaic translocation, t(6;7) in case 17, der5 and der7 in case 13, and der13 in 

case 27 were identified in the second culture.  

Chromosome analysis of fibroblast culture: Chromosome analysis of metaphases 

obtained from skin tissue culture of 10 carriers and 10 relatives did not reveal any chromosome 

abnormalities (Appendix, Table 6). However, analysis of the fibroblast chromosomes from 14 
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offspring of the mos t(3;7), case 23, revealed an abnormal karyotype. Due to the incomplete 

chromosome count in the abnormal metaphase and the quality of the metaphase spread, a 

delineation of the abnormality could not be made (Appendix, Figure 29). The abnormal karyotype 

in the fibroblast marks the first mosaic translocation reported in the skin tissue of the domestic pig. 

The peripheral blood for this carrier was not available thus it is was not possible to determine the 

presence of the same abnormality in lymphocyte metaphase spreads. Additionally, one of the 

offspring was identified as chimera, a female with 2n=38 XX/XY. Another offspring which was 

identified as a chimera as well as sex chromosome aneuploidy was a stillborn of unidentified sex 

with 2n=38, XX/XY and 2n=39, XXY.  

Table 1. Mosaic carriers and the relatives for which peripheral blood was analyzed. * Animals for which both 
peripheral blood and skin tissue were analyzed. ** Animals for which only skin tissue was analyzed. *** 
Animals carrying reciprocal translocations.  

Case # Sire dam Brother Sister Offspring Uncle Grandsire 
Great 

Grandsire 

4 X 33* X   
   

5 X X    
   

6 X X    
   

8* X  X** X*(n=4)  
   

9* X  X* X*(n=2)  
   

10* X     
   

13* X     
   

15   X   
   

17*  X    
   

18* X     
   

22*  X X   
   

23 X X X* 34* X**(n=13)    
24* X X    X (n=2), X***(n=2) X*** X 
25 X X* X   

   
26 X X    

   
27 X X    

   
29  X    

   
30 35 X  X  

   
32 X     

 X  
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Routine Lymphocyte Screening  

In the routinely screened Canadian Swine population of 5,481 breeding boars, 32 carriers of 

mosaic chromosome translocations were identified. The mosaic translocations were found in the 

GTG banded chromosome spreads of breeding boars from various breeds with no significant 

difference among them (p=0.2) according to Chi-square test. The breeds of mosaic translocation 

carriers were 13 Duroc, 10 Yorkshire, 7 Landrace, and 2 Pietrain. The GTG-banded karyotypes of 

the carriers revealed 17 different types of reciprocal translocations. Recurrent translocations 

comprised more than half of the identified carriers with 18 of the carriers identified with mos 

t(7;9)(q24;q24). Mosaic t(7;18)(q22;q11) was the second recurrent translocation characterized in 

two carriers. The breeds and specific populations are summarized in table 2.  

Table 2. Breed and type of mosaicism involved in the routinely screened boar population. 

Breed Case Number Duroc Yorkshire Landrace Pietrain 

Recurrent mosaic t(7;9) 1-18 8 5 4 1 

Recurrent mosaic t(7;18) 19-20 1 1 - - 

non-recurrent mosaic carrier 21-32 4 4 3 1 

Total Mosaic Translocation Carriers 32 13 10 7 2 

 

Carriers of the recurrent t(7;9) 

The recurrent mosaic reciprocal chromosome translocation t(7;9) was identified in 18 boars of 

different breeds and different populations. Cases 1-15 were diagnosed with only the recurrent 

mos t(7;9) in their analyzed metaphases obtained from peripheral blood. Cases 16-18 were 

identified with other abnormalities as well as the recurrent mos t(7;9). 
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• Cases 1-15: 

The t(7;9) is the first recurrent chromosome translocation identified in the domestic pig. The breed 

of the carriers is depicted in table 2. The GTG-banded karyotype of the carriers reveals the 

breakpoint on chromosome 7 to be on band q 24. Similarly, the breakpoint on chromosome 9 was 

identified on band q24. The exchange was recognized as reciprocal since there is no apparent gain 

or loss of cytogenetic bands observed at the GTG-banding resolution of approximately 250 band 

level in this exchange. Figure 4 is the abnormal karyotype identified in case 5 representing the 

recurrent mos t(7;9). 

 

 

 

 

 

 

 

 

 

• Cases 16 to 18: 

Cases 16-18 were identified with the recurrent mos t(7;9) as well as another chromosome 

abnormality. The Duroc boar in case 16 was carrier of a mos t(7;9)(q24;q24) and mos 

t(3;13)(q21;49) in metaphases obtained from one lymphocyte culture (Appendix, Fig. 11). In case 

Figure 4. A GTG-banded karyotype representing the recurrent mos t(7;9). Arrows indicate the presumed 
breakpoints on the derivative chromosomes. Ideograms are placed on the left, normal chromosomes are placed 
in the middle, and their derivate chromosomes are placed on the right. On the left, the karyotype of case #5 is 
presented which is a Landrace boar was diagnosed with the recurrent mos t(7;9) in the lymphocyte 
chromosome spread. On the right, the presumed breakpoints on the SSC7 and SSC9 are compared to the 
ideogram. 



 

 

 

 
38 

17, a Yorkshire boar was identified with mos t(7;9)(q24;q24) in a culture set for routine screening 

and a mos t(6;7)(q21,q22) in another culture set 20 days later for further diagnosis (Appendix, Fig. 

12). Case 18 was a Landrace boar diagnosed as XX/XY chimera and XY, mos t(7;9)(q24;q24) 

(Figure 5). 

 

 

 

 

 

 

 

Carriers of the recurrent mos t(7;18) 

• Cases 19 and 20: 

The second recurrent mosaic translocation in the screened Canadian pig population was observed 

in two boars from different breeds, a Yorkshire boar and a Duroc boar. The presumptive 

breakpoints based on the GTG-banded karyotype of lymphocyte chromosomes were determined 

as mos t(7;18)(q22,q11). Figure 6 depicts the karyotype of the abnormal mos t(7;18) identified in 

the lymphocyte metaphase spreads of case 19. 

 

 

Figure 5. GTG-banded karyotype of a Landrace chimera boar 38, XX [42]/XY[7]/38, XY, t(7;9)(q24;q24)/38. 
Ideograms are placed on the left and normal chromosomes are placed on the right. On the left, the GTG-banded 
karyotype of the metaphase containing the XX cells. On the left is a metaphase representing the XY karyotype 
in the animal. 
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Carriers of Non-Recurrent Mosaic Translocations: 

• Case 21-32:  

Unique mosaic translocations which were non-recurrent among the screened boar population were 

observed in 12 boars. Figures 13-24 in the appendix illustrate the karyotypes and the breakpoints 

for each event.   

Pedigree Analysis 

Extensive chromosome analysis of 25 karyotypes performed on the peripheral blood of 48 family 

members of 19 mosaic translocation carriers led to the identification of 3 additional de novo mosaic 

translocation carriers and 3 previously identified constitutional translocation carriers. In total, it 

was observed that 21% of mosaic carriers have chromosomally abnormal family members. 

However, the translocations identified in the relatives were distinct from the mosaic translocations 

identified in the carriers. Table 3 depicts the examined relatives and their karyotype. 

Figure 6. GTG-banded karyotype of case 19 carrying the recurrent mos t(7;18). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints. On the left is the GTG-banded karyotype of the metaphase 
containing the mos t(7;18) in a Duroc boar. On the right is a detailed presentation of the breakpoints on SSC7 
and SSC18 compared to the ideogram. 
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Table 3. Karyotype results of the relatives of mosaic carriers. Only the examined relative’s karyotypes are shown. Relatives with abnormal karyotypes 
are shown in bold.  

 

 

 

Case # Carrier Karyotype Sire 
Karyotype 

Dam 
Karyotype 

Brother 
Karyotype 

Sister 
Karyotype 

Other % Affected of 
Examined Relatives 

4 mos t(7;9) Normal mos t(9;13) Normal - - 33% 

5 mos t(7;9) Normal Normal - - - 0% 

6 mos t(7;9) Normal Normal - - - 0% 

8 mos t(7;9) Normal - Normal Normal (n=4) - 0% 

9 mos t(7;9) Normal - Normal Normal (n=2) - 0% 

10 mos t(7;9) Normal - - - - 0% 

13 mos t(7;9) Normal - - - - 0% 

15 mos t(7;9) Normal - Normal - - 0% 

17 mos t(7;9);(6;7) Normal Normal - - - 0% 

18 mos t(7;9),XX/XY Normal - - - - 0% 

22 mos t(8;9) Normal Normal Normal - - 0% 

23 mos t(3;7) Normal Normal Normal mos t(7;9) - 25% 

24 mos t(3;10) Normal Normal - - Normal (n=3), 
rcp t(5;12)(n=3) 

37% 

25 mos t(2;3) Normal Normal Normal - - 0% 

26 mos t(7;7) Normal Normal - - - 0% 

27 mos t(7;9)* Normal Normal - - - 0% 

29 mos(5;9) Normal Normal - - - 0% 

30 mos t(6;16) mos t(7;9) Normal - Normal - 33% 

32 mos t(7;13) Normal - - - Normal 0% 
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• Case 33: mos t(9;13)(p32;q41) 

Available family members of case 4, which was a carrier of the recurrent mos t(7;9), were 

cytogenetically analyzed. The pedigree consisted of a sire, a dam, and a brother. The analyzed 

cells for the father (8 cells) did not show an abnormal karyotype. The brother also showed no 

mosaicism in its 25 analyzed cells. However, among the 25 metaphase cells cytogenetically 

analyzed for the dam of the carrier, an abnormal cell was identified with a mos t(9;13)(p32;q41). 

A second blood sample was received from the dam a month and a half later for which chromosome 

analysis did not reveal any additional abnormalities.  

 

 

 

 

 

 

 

 

 

 

 

A. B. 

C.  

Figure 7. The GTG-banded karyotype of a Landrace dam carrying a mos t(9;13). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on derivative chromosomes. A. The karyotype of the abnormal cell. 
B. The detailed description of the breakpoints on the derivative chromosomes. C. The pedigree of the case 4. 
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• Case 35: mos t(7;9)(q24;q24) 

At the time of diagnosis for the mosaic t(3;7) carrier (case 23), 4 of its family members were 

available for cytogenetic analysis. The pedigree consisted of the parents and two siblings. The 

GTG banding on all the somatic cells from 3 family members revealed normal karyotypes 

however, a sister was diagnosed with the recurrent mos t(7;9) translocation in its lymphocyte 

metaphases. 

 

 

 

 

 

/ 

 

 

 

• Case 36: mos t(7;9)(q24;q24) 

The peripheral blood of sire, dam, and sister of case 30, mos t(6;16), were available for 

chromosome analysis. The chromosome analysis was performed on 25 metaphases for each 

relative. Only the sire was identified with an abnormal karyotype, the recurrent mos t(7;9) in its 

lymphocyte metaphases. 

  

Figure 8. The GTG-banded karyotype of the sister of case 23. Ideograms are placed on the left, normal 
chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. Arrows indicate 
the presumed breakpoints on derivative chromosomes. A. The karyotype of the abnormal cell mosaic t(7;9). B. 
The detailed description of the breakpoints on the derivative chromosomes. C. The pedigree of case 23. 

A. 

 

C. 

B. 
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• Pedigree of case 24: 

Analysis of the available pedigree of the mosaic (3;10) translocation carrier led to an interesting 

observation with regards the genealogy of mosaic translocation carriers. The case 24 was found to 

be involved in a pedigree of a constitutional translocation family. Investigating the pedigree 

revealed that a constitutional translocation carrier rcp t(5;12)(q21;q13) was mated with a normal 

sow. It had 5 male offspring, two of which inherited the constitutional translocation. One of the 

three normal offspring was mated with a normal sow which sired a boar that was diagnosed with 

a mosaic (3;10) translocation.  

 

C. 

A. B. 

Figure 9. The GTG-banded karyotype of the sire of case 30. Ideograms are placed on the left, normal chromosomes 
are placed in the middle, and their derivate chromosomes are placed on the right. Arrows indicate the presumed 
breakpoints on derivative chromosomes. A. The karyotype of the abnormal cell identified as mos t(7;9). B. The 
detailed description of the breakpoints on the derivative chromosomes. C. The pedigree of case 30. 
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Control Study 

Control samples were randomly selected in order to observe whether mosaic translocations are 

more prevalent in the screened population for which 25 karyotypes are analyzed. The recurrent 

mosaic t(7;9) was identified in one sample (Case 36. Appendix, Figure 25). Based on this 

preliminary study, the rate of mosaicism in the extensively karyotyped young unproven boars is 

1.33%. The rate of mosaicism found from routine karyotype analysis is 0.57%, less than half of 

the observed incidence once 25 cells are analyzed in animals. 

Mitogen Study  

Chromosome analyses on 20 animals that were subjected to different mitogens in cell culture 

revealed 2 mosaic translocations in the PWM culture in one animal (Case 37, appendix, Fig. 26; 

case 39, appendix, Fig. 28 ) and a mosaic translocation in the PHA culture of another animal (case 

A. 

 

B. 

 

C. 

Figure 10. The GTG-banded karyotype of the constitutional rcp t(5;12). Ideograms are placed on the left, normal 
chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. Arrows indicate the 
presumed breakpoints on derivative chromosomes. ? indicates an unknown karyotype status. A. The karyotype of 
the constitutional t(5;12). B. The detailed description of the breakpoints on the derivative chromosomes. C. The 
pedigree of case 24. 
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38, appendix, Fig. 27). The mosaic translocation t(9;18) identified in the PHA culture of case 38 

appeared to be similar to the previously identified mos t(9;18) in case 27. Thus, the mos t(9;18) 

may be considered as a recurrent translocation in swine due to its detection in two non-related 

boars. The results indicate that mosaic translocations may not be specific to T-cells as they are also 

observed in B-cells.  

Cytogenetic bands 

Due to the recurrent nature of the t(7;9), the bands on 7q24 and 9q24 were identified in 26% of the 

translocations each. The 7q24 is considered as a fragile site in the pig chromosomes with 

breakpoints to occur at this region frequently, however, the 9q24 is not recognized as a fragile site 

(Ronne, 1995). Three other fragile sites 13q21, 13q41, and 16q21 were also identified in a total of 

4% of the mosaic translocations in this study (Riggs & Ronne, 2009).  

Fertility 

Fertility with respect to two parameters, piglets alive after 24 hours and mummies, were 

analyzed for four mosaic carriers (cases 23, 33, 34, and 35) and 37 relatives with normal 

chromosome profile. The data obtained from these animals were compared to the corresponding 

breed averages. The p-values were not significantly different from breed averaged for all carriers 

except case 34 for which a significant decrease for the two parameters, the piglets alive after 24 

hours and mummies, was observed (Table 1). This observation may be due to the small litter size 

for this animal and that a larger litter information is be required to validate the significant decrease 

in the two parameters. The litter size information for relatives that had a normal karyotype is 

presented in the appendix, table 4. The p-value for the breeds were as follows: Yorkshire and 

Pietrain had a p-value of 0.07 where their values for piglets alive after 24 hours were compared to 

their breed average values. The p-values for piglets alive after 24 hours for Landrace and Duroc 
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were 0.39 and 0.52 respectively. The p-values for mummies were as follows: Yorkshire (p=0.25), 

Duroc (p=0.74), Landrace (p=0.92), and Pietrain (p=0.72). 

Table 4. Fertility of mosaic translocation carriers and their  p-values compared to breed averages. 

Case #  Carrier Breed Litter # 
Average 

Alive After 
24 Hours 

Breed Average 
Alive After 24 

Hours 
p-value Mummies 

Breed 
Average 

Mummies 
p-value 

23 
 

Mos t(3;7) L 5 11.2 12.12 0.72 0.4 0.34 0.81 

33 
 

mos t(9;13) L 4 13 12.12 0.52 0.5 0.34 0.59 

34 
 

mos t(7;9) L 2 8.5 12.12 0.01 0 0.34 0.02 

35 
 

mos t(7;9) Y 13 13.07 12.09 0.48 0.53 0.36 0.41 
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DISCUSSION 
 

The primary goal of this study was to characterize and identify mosaic chromosome translocations 

in the Canadian breeding boar population. Upon detection of mosaicism in the peripheral blood of 

young reproductively unproven boars, multiple tissue types and fertility data of the mosaic 

translocation carriers and their relatives were analyzed. Thereby, the tissue distribution of 

mosaicism in carriers, the predisposition of carriers to developing mosaic translocations, and the 

potential biological impact of mosaicism on the fertility of the carriers and their pedigree were 

investigated.  

Chromosome translocations are the most common constitutional chromosome abnormality 

identified in breeding boars with over 190 cases reported in the literature (Ducos et al., 2008; 

Quach et al., 2016). However, to the best of our knowledge, there are no reports of mosaic 

translocations recognized in the same populations through routine cytogenetic screening programs. 

In this study, through routine karyotype analysis of the peripheral blood of 5,481 breeding boars 

from various breeds and populations, mosaic chromosome translocations were identified with a 

prevalence of 0.58%. In contrast, the prevalence of mosaic translocations was discovered to be 

0.7% when including the extensively karyotyped relatives and control animals.  

Mosaicism for chromosome abnormalities are generally identified in human in association 

with cancer and ageing (Machiela et al., 2015; Vorsanova et al., 2005). Genome-wide association 

studies have reported a significantly higher incidence of mosaic chromosome abnormalities in 

individuals with cancer (p=0.016) as well as in non-cancer individuals above the age of 75 

(p=4.8×10−8) (Jacobs et al., 2012). Despite such correlations, the mosaic translocation carriers in 

our study, identified through routine screening, were young reproductively unproven breeding 
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boars with normal phenotypical and physiological features. Additionally, the mosaic translocation 

carriers identified through investigation of the pedigree, especially the dams, were also relatively 

young animals without apparent phenotypical abnormalities. The absence of an observable 

phenotype in carriers may presumably be due to the low frequency of abnormal cells and the 

genetically non-disruptive nature of the translocations.  

Overall, the effect of benign balanced mosaic translocations with respect to genome 

instability and genetic variation in normal development in human and animals is difficult to study 

(De, 2011). This in large part is due to the substantial number of cells that should be investigated 

to detect low-level chromosomal mosaicism, the inability of current chromosome analysis methods 

to detect reciprocal translocations, and the tissue specificity of certain mosaic events. Thus, there 

are only a few studies of single cell mosaic translocations in normal human with observably normal 

phenotypical and physiological which only were reported in association with fertility issues 

(Higgins & Palmer, 1987).  

Fertility issues may arise from mosaicism if the observed translocation in the somatic cells 

is present in the germ cells as well. In such circumstances, the chromosome aberrations observed 

in the lymphocyte chromosomes of the patients with fertility problems, reflect gonadal mosaicism 

that may have led to the observed pregnancy losses. Somatic mosaicism is not always indicative 

of gonadal mosaicism, since in this study, mosaic translocation carriers and their relatives had 

comparable fertility to breed averages with respect to multiple litter size factors such as piglets 

alive after 24 hours and mummies (p>0.05).  

Despite the lack of fertility issues in the carriers, the confinement of mosaicism to somatic 

cells and in particular the lymphocyte tissue in the carriers was further corroborated by analyzing 
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fibroblast chromosomes obtained from ear or tail biopsies. Studies have shown that analysis of 

multiple tissue types derived from different germ layers may allow for a better description of the 

tissue distribution of mosaicism and estimation of the approximate timeline where mosaicism has 

occurred in the individual (Youssoufian & Pyeritz, 2002). Mosaic events occurred prior to 

differentiation of germ layers may be present in more tissue types than a mosaic event occurred 

proceeding gastrulation and after birth. Since the fibroblast chromosome analysis, representing the 

ectoderm, from ear biopsies of 10 carrier animals, revealed normal karyotypes in 25 cells, it was 

presumed that the mosaic translocations in the carriers were confined to hematopoietic cells and 

mosaicism may have developed either during lymphocyte maturation or in terminally 

differentiated lymphocytes in the carriers.  

Benign reciprocal translocations confined to hematopoietic tissue are observed at low 

frequency in the lymphocyte of normal humans however, in certain circumstances illegitimate 

translocations occurred during natural lymphocyte maturation may give rise to hematopoietic 

malignancies (Jackson, 2002). The joining of two chromosome segments due to the errors in 

recombination and repair events during lymphocyte maturation may become idiopathic through 

gene fusion that activates oncogenes or by juxtaposition of proto-oncogenes with regulatory 

elements of proteins (Aplan, 2006; Musilova et al., 2014). For instance, somatic translocations 

have been observed to occur in the human chromosomes 7 and 14 at sites of T-cell receptor (TCR) 

genes during lymphocyte maturation to produce antigen specific receptors (Musilova et al., 2014). 

However, high frequencies of illegitimate translocations that result in the placement of TCR 

regulatory sequences near proto-oncogenes is observed in some T-cell lymphomas (Allam & 

Kabelitz, 2006). Similarly, B-cell lymphomas arise from illegitimate recombination of 

immunoglobulin heavy chains to proto-oncogenes (Jackson, 2002). 



 

 

 

 
50 

In the peripheral blood of the domestic pig the proportion of T-cell lymphocytes are higher 

than in the peripheral blood of humans, thus the proportion of illegitimate translocations with 

breakpoints in the TCR loci in the peripheral blood of the domestic pig should be higher as well 

(H. Yang & Parkhouse, 1996). The TCR genes in the domestic pig reside in chromosomes 7q15.3-

q21, 9q21-22, and 18q11.3-q12 (Hiraiwa et al., 2001). Hence, translocations observed between 

t(7;9), t(7;18), and t(9;18) at the TCR loci may represent illegitimate recombination mediated by 

mistakes during lymphocyte maturation. To date only one study, Musilova et al. in 2014, has 

assessed the frequency of translocations in the TCR loci in the domestic pig. Analysis of over 

70,000 somatic metaphases from 13 boars revealed the frequency of t(7;9), t(7;18), and t(9;18) to 

be 0.18%, 0.22%, and 0.01%, respectively (Musilova et al., 2014). When compared to human, the 

prevalence of illegitimate translocation between the TCR genes were significantly higher in pigs 

(P < 0.001)(Hecht et al., 1987; Musilova et al., 2014). 

 The identified breakpoints observed on the somatic t(7;9) in the study by Musilova et al. 

differs from the breakpoints of the recurrent translocations mos t(7;9)(q24,q24) in our study, 

however, the breakpoints on t(7;18) and t(9;18) were similar between the two studies. In our study, 

analysis of approximately 21,000 cells among 5,586 boars revealed the frequency of the t(7;9) to 

be 0.1% and the t(7;18) and t(9;18) to be 0.01%. All the recurrent translocations were identified in 

the PHA induced cultured which stimulates T-cell proliferation whereas the cultures where B-cell 

division was induced by PWM did not reveal any of the recurrent abnormalities (Mellstedt, 1975).  

Nevertheless, since further analysis of the breakpoints in our study was not possible due to 

the low frequency of mosaicism, and that possibly different breakpoints were observed in the mos 

t(7;9) it is not possible to conclude this recurrent mosaic event is mediated by illegitimate 
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recombination of TCR genes during T-cell maturation. Yet, these are intriguing observations for 

the study of T-cell lymphoma in pigs since investigation of the frequency of innocent but 

illegitimate translocations with the occurrence of lymphoma may provide valuable information 

with regards to low-degree recurrent mosaicism and the risk for developing cancer in swine and 

human (Misdorp, 2003).  

Although the observed breakpoint on the t(7;9) was not on the TCR locus on either 

chromosomes, cytogenetic analysis of the breakpoints on SSC7 reveals that 7q24 is observed as a 

common site for breakage and or gaps, corroborated by three independent studies on lymphocyte 

chromosomes in the domestic pig (Riggs et al., 1993; Ronne, 1995; Yang & Long, 1993). Thus, 

regardless of the mechanisms involved in the illegitimate recombination of chromosome segments 

in translocations, genomic features such as fragility may mediate genomic instability in somatic 

cells (Shaw & Lupski, 2004).  

A constitutional translocation or a high degree mosaicism in the observed mosaic 

translocations would be informative with regards to defining the genomic elements that mediated 

the translocation as well as identifying the mechanisms that facilitate the recurrent nature of some. 

In our study, a mosaic translocation t(5;9) was the only mosaic carrier with a high degree 

mosaicism with which further research such as genome sequencing may be done to determine the 

genomic landmarks on the translocation breakpoints and discern the possible mechanisms involved 

in the formation of non-recurrent mosaic translocations in the domestic pig.  

Susceptibility to developing mosaic translocations may be assessed through chromosome 

analysis of the pedigree. In spite of the non-heritable nature of acquired somatic translocations, 

pedigree analysis is a common practice in investigating the source of mosaicism observed in 
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carriers (Youssoufian et al., 2002). In our study, the peripheral blood of 48 family members from 

19 carriers were cytogenetically investigated. Although similar mosaic translocations were not 

found within the family members of the carriers, 21% of mosaic carriers were associated with 

chromosomally abnormal relatives (Table 1). Predisposition of mosaic carriers to developing 

mosaic mutations and the genome instability in form of mosaic translocations observed in the of 

relatives of carriers may be indicative of susceptibility to developing mosaic mutations. 

Additionally, identification of a mosaic carrier in a pedigree of constitutional translocation carriers 

was of specific interest, further illustrating that genomic rearrangements in a genealogy may 

increase susceptibility of direct family members to developing chromosome rearrangements.  

Since the mosaic events in the family members were distinct from the carriers, gonadal 

mosaicism in the parents and cryptic mosaicism was ruled out. However, karyotype assessment of 

additional tissue types from family members as well as molecular and genome analysis should be 

performed to ascertain the absence of mosaicism in other tissue types. Since detection of an 

abnormal cell in the fibroblast tissue of an offspring of a mosaic carrier (case 23), may suggest that 

mosaicism may be present in other cell lineages in family members.  

The absence of information with regards to mosaicism in the domestic pig may be due to 

the focus of routine screening on identifying constitutional translocations. It is suspected that 

single cell chromosome abnormalities are not reported in the routine cytogenetic screening 

programs and are considered as an artifact induced by culture, if upon more karyotypes no more 

abnormal cells are observed (Aughton et al., 1993; Ballif et al., 2006). Furthermore, low-grade 

mosaicism, below 20%, may be missed in routine karyotype analyses since the abnormal karyotype 

may be masked by a high number of normal cells (Hook, 1977). In this study, the validity of the 
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observed mosaic translocations was supported through three avenues. First, the identification of 

three recurrent translocations t(7;9), t(7;18), and t(9;18) in pigs from different breeds and 

populations over the years is indicative of the non-random nature of such rearrangements and 

possibly certain genome elements may be involved in facilitating somatic chromosomal 

rearrangements in the domestic pig. Second, the identification of mosaic translocations in 6% of 

the relatives of mosaic carriers and 1.3% of the control boars demonstrates that mosaic 

translocations may be more prevalent in swine but not diagnosed in routine screening procedures. 

Additionally, since no significant difference in the rate of mosaic translocations were observed in 

the duplicate cultures induced by PHA or PWM mitogens, the translocations observed were not 

induced by a specific mitogen. Moreover, it may indicate that the mosaic translocations are not 

specific to T-cell lymphocytes as they are observed in B-cells as well. 

The observed prevalence of mosaicism in the swine population in this study was 0.7%, a 

substantially high rate, just below the rate of constitutional abnormalities in the same population. 

An interesting observation may be made when comparing the rate of mosaic versus constitutional 

translocations in the screened Canadian pig population over five years. As the rate of constitutional 

chromosome translocations has decreased due to the elimination of the de novo and inherited cases 

of constitutional abnormalities over the years, the rate of mosaicism was increased. In Canada in 

2015-2016, the observed rate of translocations was 1.36% whereas in 2017-2018, this rate has been 

lowered to 0.59% (W. A. King et al., 2019). Conversely, the rate of mosaicism observed through 

the same periods in Canada increased from 0.15% in 2015-2016 to 0.95% in 2017-2018.  

It is not unprecedent that all the chromosome rearrangements observed in a mosaic state 

were balanced reciprocal translocations, since translocations are the most common chromosome 
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abnormality in the domestic pig (Ducos et al., 2008). Chromosome translocation carriers are 

identified in the domestic pig among various breeds and different populations raised across many 

geographical areas. Thus, detection of chromosome abnormalities in the domestic pig may be less 

dependent on breed and environmental factors than the genome of the pig itself. The total observed 

rate of chromosome abnormalities in the Canadian swine is approximately 1.5% which may 

indicate that the pig genome is presumably susceptible to genomic rearrangements.  

The significance of identifying chromosome rearrangement in pigs, whether it be a 

constitutional or mosaic relies on the physiology of this animal. Pigs are polytocous, the average 

litter size of pigs is approximately 12 piglets per litter, however this number varies among breeds 

(G. King, 2006). In the pig industry breeding constitutional translocation carriers is not 

economically viable, especially since constitutional translocation carriers transmit the 

translocation to the progeny at an expected rate of 50% (Raudsepp & Chowdhary, 2016). Thus, a 

chromosome rearrangement may be easily disseminated in the population which consequently 

leads to diminished litter sizes in a herd. Hence, cytogenetic screening practices have been an 

invaluable tool for the industry, serving as a detection platform for identifying carriers of 

chromosome rearrangements and allowing the eradication of carriers before they are being placed 

in the breeding pool.  

In conclusion, although several mosaic cases of aneuploidy such as sex chromosome 

aneuploidy have been previously identified in swine, detection of a double mosaic t(7;9)(3;13) in 

this study was a first in swine cytogenetics (Quilter et al., 2003). The biological effects of mosaic 

translocation carriers are unknown and thus the mosaic carriers are eradicated from the farms as a 

precaution. As more mosaic cases have been identified, it will not be beneficial to eliminate the 
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boars from the population without empirical evidence that mosaic reciprocal translocations are 

inheritable, have negative biological consequences, or create a susceptible population to 

developing chromosome rearrangements. In this study, we report that mosaic states of reciprocal 

chromosome translocations are occurring in approximately 1 out of 200 of the screened breeding 

boars. Although a mosaic event was identified in a fibroblast of a boar, the majority of the mosaic 

events in this study were confined to hematopoietic tissue. Furthermore, mosaicism was presumed 

to be confined to somatic cells, since the fertility of the carriers and their pedigree was not 

negatively influenced by the chromosome abnormality. Nevertheless, 6% of the relatives displayed 

genome instability by being mosaic carriers themselves, thus, a genetic predisposition to 

developing mosaic chromosome abnormalities may be assumed. Investigation of the mosaic 

chromosome abnormalities in pigs may shed light into the mechanisms involved in developing 

mutations that lead to benign chromosome abnormalities and may allow for the study of the 

genome elements that mediate translocations. In addition, the study benign of mosaic 

translocations in domestic pig with regards to their role in normal development, genomic diversity, 

and disease may be extrapolated to human for whom the study of asymptomatic mosaicism is 

challenging due to the absence of routine screening.  
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SUMMARY AND FUTURE DIRECTIONS  
 

In this study, 39 mosaic translocation carriers were identified through chromosome analysis of 

somatic metaphase spreads of the domestic pig. Mosaic translocations were diagnosed to have 

occurred in the somatic cells of the carriers, specifically confined to lymphocytes, and thus were 

observed to have no fertility or observable phenotypical implications on the carriers.  

• Through the routine cytogenetic screening of 5,481 young reproductively unproven boars 

32 mosaic translocation carriers were identified (cases 1-32).  

• The family members of 19 mosaic carriers were extensively karyotyped, which led to the 

detection of an additional 3 mosaic translocations in the 48 relatives (cases 33-35). The 

relatives were detected with a different translocation than the carrier’s case. 

• Extensive chromosome analysis in a control pig population of 77 boars, which previously 

were diagnosed as normal via the routine screening, led to the identification of 1 mosaic 

translocation carrier (case 36).   

• In a group of 20 young reproductively unproven boars that were subjected to PKW and 

PHA mitogens in separate cultures, 2 mosaic translocations were diagnosed in the PKW 

culture of 2 different boars, and 1 mosaic translocation was identified in the PHA culture 

of another boar (cases 37-39).  

• Fibroblast chromosome analysis of 8 mosaic carriers and 27 relatives of mosaic carriers, 

revealed one abnormal karyotype (case 40) and two carriers of sex chromosome chimera 

(table 1).  

• Fertility of 3 mosaic carriers and 40 relatives of mosaic carriers were not significantly 

different than breed averages (p<0.5). 
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• Three recurrent mosaic translocations, mosaic t(7;9), t(7;18), and t(9;18) were identified in 

unrelated boars of various breeds.  

 

Mosaicism in the domestic pig should be further investigated through molecular analysis such as 

FISH with focus on SSC7, SSC9, and SSC18 in order to better describe and confirm the 

breakpoints that was observed in the GTG-banded karyotypes, especially since the recurrent 

breakpoints were observed to be in close proximity to the genomic sites of TCR genes. In addition, 

FISH may aid in identifying additional recurrent rearrangements per animal than karyotyping, 

which may lead to a more accurate assessment of the incidence of recurrent mosaic translocations 

in the domestic pig. Alternatively, genome sequencing may be performed to elucidate various 

elements of the genome of the carriers: To identify the genomic elements that mediated the 

recurrent nature of translocations; To detect genome variations that may have contributed to the 

genome instability in the carriers; to determine the breakpoint sequences; And to identify common 

elements shared among carriers that distinguish them from non-carriers. Furthermore, extensive 

karyotype analysis of all the relatives of carriers should be performed in order to construct a more 

comprehensive genealogy for each carrier and establish a stronger case for genetic predisposition. 

Alternatively, sequencing the genome of relatives may provide genomic clues shared among 

relatives and carriers that may contribute to genome variation observed in carrier animals.  
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Appendix 
Karyotypes of mosaic translocation carriers. 

• Case 16: mos t(7;9)(q24;q24), t(3;13)(q21;49) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. 

 

A. 

B. 

 

D. 

 

D. 

C. 

 

C. 

Figure 11. GTG-banded karyotype of a Duroc boar carrying two mosaic translocations in different cells. Ideograms 
are placed on the left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on 
the right. Arrows indicate the presumed breakpoints. A. The GTG-banded karyotype of the metaphase containing 
the mos t(7;9). B. A detailed presentation of the breakpoints on SSC7 and SSC9 compared to the ideogram. C. GTG-
banded karyotype of the abnormal metaphase mos t(3;13). D. Isolated SSC3 and SSC13 from the karyotype to 
showcase the breakpoints. 
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• Case 17: Mos t(7;9)(q24;q24), t(6;7)(q21,q22) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. 

 

A. 

B. 

 

B. 

C. 

 

D. 

 

D. 

Figure 12. GTG-banded karyotype of a Yorkshire boar carrying two mosaic translocations in different cells. 
Ideograms are placed on the left, normal chromosomes are placed in the middle, and their derivate 
chromosomes are placed on the right. Arrows indicate the presumed breakpoints. A. The GTG-banded 
karyotype of the metaphase containing the mos t(7;9). B. A detailed presentation of the breakpoints on SSC7 
and SSC9 compared to the ideogram. C. GTG-banded karyotype of a the mos t(6;7) observed in the second 
lymphocyte culture from the same animal. D. Isolated SSC6 and SSC7 from the karyotype to showcase the 
breakpoints. 
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• Case 21: mos t(3;7)(p15;q13) 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Case 22: mos t(8;9)(p21;q24) 
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Figure 13. The GTG-banded karyotype of a Duroc boar carrying a mos t(3;7). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The abnormal metaphase 
containing the t(3;7). B. A close up view of the approximate breakpoints involved in the reciprocal exchange. 
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Figure 14. The GTG-banded karyotype of a Landrace boar carrying mos t(8;9). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The abnormal metaphase with 
the translocation (8;9). B. A close up view of the approximate breakpoints involved in the reciprocal exchange. 
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• Case 23: mos t(3;7)(q23;q26) 
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• Case 24: mos t(3;10)(q23;p13) 
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Figure 15. The GTG-banded karyotype of a Landrace boar carrying mos t(3;7). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The karyotyped metaphase with 
the abnormal chromosome composition. B. Overview of the proposed breakpoints on the derivative 
chromosomes.  
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Figure 16.  The GTG-banded karyotype of a Yorkshire boar carrying mos t(3;10). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. A. 
The karyotype of mos t(3;10). B. A detailed description of breakpoints on each derivative chromosome.  
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• Case 25: mos t(7;7)(q24;q15) 

 

 

 

 

 

 

 

 

• Case 26: mos t(7;9)(q26;q22) 
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Figure 17. The GTG-banded karyotype of a Yorkshire boar carrying mos t(7;7). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The complete chromosome 
profile of the abnormal t(7;7). B. The location of the presumed breakpoints on the SSC7 derivatives.  
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Figure 18. The GTG-banded karyotype of a Yorkshire boar carrying mos t(7;9)(q26;q22). Ideograms are placed 
on the left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the 
right. Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The chromosome profile of 
the t(7;9)(q26;q22). B. The detailed description of the derivative chromosomes. 
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• Case 27: mos t(9;18)(q22;q11) 

 

 

 

 

 

 

 

 

 

• Case 28: mos t(2;8)(q23;q21) 
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Figure 19. The GTG-banded karyotype of a Landrace boar carrying mos t(9;18). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The complete chromosome 
profile of the abnormal cell. B. A close up picture of SSC9 and SSC18. 

A. 

 

Figure 20. The GTG-banded karyotype of a Duroc boar carrying the mos t(2;8). Ideograms are placed on the left, 
normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. Arrows 
indicate the presumed breakpoints on the derivative chromosomes. A. The complete chromosome profile of the 
abnormal cell. B. Detailed description of the presumed breakpoints. 

B. 

 

A. 

 

A. 

 

A. 

 

A. 

 

A. 

 

A. 

 

A. 



 

 

 

 
74 

• Case 29: mos t(5;9)(q21;p22)  

 

 

 

 

 

 

 

 

 

• Case 30: mos t(6;16)(p15;q21) 
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Figure 22. The GTG-banded karyotype of a Yorkshire boar carrying mos t(6;16). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The karyotype of the abnormal 
cell. B. The detailed description of the approximate breakpoints on derivative chromosomes. 
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Figure 21. GTG-banded karyotype of a Duroc boar carrying mos t(5;9). Ideograms are placed on the left, normal 
chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. Arrows indicate 
the presumed breakpoints on the derivative chromosomes. A. The karyotype of the abnormal cell. B. The 
approximate breakpoints on SSC5 and SSC9 derivate chromosomes.  
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• Case 31: mos t(7;9)(q15;q15) 

 

 

 

 

 

 

 

 

 

• Case #32: mos t(7;13)(q22;q21) 
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Figure 24. The GTG-banded karyotype of a Duroc boar carrying mos t(7;13). Ideograms are placed on 
the left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on 
the right. Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The karyotype 
of the abnormal cell. B. The presumed breakpoints on the derivate SSC7 and SSC13.  

Figure 23. The GTG-banded karyotype of a Duroc boar carrying mos t(7;9). Ideograms are placed on the left, 
normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. Arrows 
indicate the presumed breakpoints on the derivative chromosomes. A. The karyotype of the abnormal cell is 
represented. B. The presumed breakpoints on the derivate SSC7 and SSC13 are illustrated. 
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• Case 36: mos t(7;9)(q24;q24) 

 

 

 

 

 

 

 

 

 

 

• Case 37: mos t(10;12)(q15;q11) 
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Figure 25. GTG-banded karyotype of a Duroc boar carrying the recurrent mos t(7;9). Ideograms are placed 
on the left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the 
right. Arrows indicate the presumed breakpoints. A. The GTG-banded karyotype of the metaphase containing 
the mos t(7;9). B. A detailed presentation of the breakpoints on SSC7 and SSC9 compared to the ideogram.  

A. B. 

Figure 26. GTG-banded karyotype of a Duroc boar carrying mos t(10;12) in the culture induce by PWM. 
Ideograms are placed on the left, normal chromosomes are placed in the middle, and their derivate 
chromosomes are placed on the right. Arrows indicate the presumed breakpoints. A. The GTG-banded 
karyotype of the metaphase containing the mos t(10;12). B. A detailed presentation of the breakpoints on SSC7 
and SSC9 compared to the ideogram.  
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• Case 38: mos t(9;18)(q22;q11) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Case 39: mos t(5;7)(q21;q22) 
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Figure 27. The GTG-banded karyotype of a Yorkshire boar carrying mos t(9;18). Ideograms are placed on the 
left, normal chromosomes are placed in the middle, and their derivate chromosomes are placed on the right. 
Arrows indicate the presumed breakpoints on the derivative chromosomes. A. The complete chromosome 
profile of the abnormal cell. B. A closeup picture of SSC9 and SSC18 and the derivative chromosomes. 

Figure 28. The GTG-banded karyotype of a Yorkshire boar carrying mos t(5;7) identified in the PKW culture. 
Ideograms are placed on the left, normal chromosomes are placed in the middle, and their derivate chromosomes are 
placed on the right. Arrows indicate the presumed break points on the derivative chromosomes. A. The complete 
chromosome profile of the abnormal cell. B. A closeup picture of SSC5 and SSC7. 

A. B. 
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• Case 40: Abnormal metaphase in fibroblast chromosomes 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. A metaphase containing an abnormal karyotype. Due to the incomplete chromosome count a delineation 
of the abnormality was not possible. 
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Table 5.Carriers of mosaic translocation in the Canadian population. 

Number Mosaic Translocation Breed 

1 t(7;9)(q24;q24) Large White (Yotkshire) 

2 t(7;9)(q24;q24) Pietrain 
3 t(7;9)(q24;q24) Duroc 

4 t(7;9)(q24;q24) Landrace (French) 

5 t(7;9)(q24;q24) Landrace (Canadian) 

6 t(7;9)(q24;q24) Landrace (French) 
7 t(7;9)(q24;q24) Duroc 

8 t(7;9)(q24;q24) Yorkshire (French) 

9 t(7;9)(q24;q24) Duroc 
10 t(7;9)(q24;q24) Yorkshire (French) 

11 t(7;9)(q24;q24) Duroc 

12 t(7;9)(q24;q24) Duroc 
13 t(7;9)(q24;q24) Yorkshire (French) 

14 t(7;9)(q24;q24) Duroc 

15 t(7;9)(q24;q24) Duroc 

16 t(7;9)(q24,q24), t(3;13)(q21;q49) Duroc 
17 t(7;9)(q24;q24), t(6;7)(q21;q22) Yorkshire (Canadian) 

18 XX/XY; XY t(7;9)(q24;q24) Landrace 

19 t(7;18)(q22;q11) Duroc 
20 t(7;18)(q22;q11) Large White (Yorkshire) 

21 t(3;7)(p15;q13) Duroc 

22 t(8;9)(q21;q24) Landrace (Canadian) 

23 t(3;7)(q23;q26) Landrace (French) 
24 t(3;10)(q23;p13) Landrace (French) 

25 t(7;7)(q24;q15) Yorkshire (French) 

26 t(7;9)(q26,q22) Yorkshire (French) 
27 t(9;18)(q22;q11) Landrace 

28 t(2;8)(q23;q21) Duroc 

29 t(5;9)(q21;p22) Duroc 
30 t(6;16)(p15;q21) Yorkshire (French) 

31 t(7;9)(q15;q15) Duroc 
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32 t(7;13)(q22;q21) Pietrain 

33 t(9:13)(p32:q41) Landrace (French) 

34 t(7;9)(q24;q24) Landrace (Canadian) 

35 t(7;9)(q24;q24) Yorkshire (French) 
36 t(7;9)(q24;q24) Duroc 

37 t(10;12)(q15;q11) Duroc 

38 t(9;18)(q22;q11) Yorkshire (Canadian) 
39 t(5;7)(q21;q22) Yorkshire (French) 

 

 

Table 6. Breeds of the animal for which fibroblast chromosomes obtained from skin tissue biopsy were 
analyzed. 

Skin Tissue Biopsy Sample Size Duroc Yorkshire Landrace 

Recurrent t(7;9) 6 1 4 1 

Non-recurrent 2 0 1 1 

Relatives 12 3 6 3 

Offspring 14 - - 14 

total 34 4 11 19 

 


