Investigation of Genome Variations as Potential Markers for
Boar Fertility

by
Anh Tuyet Quach

A Thesis
Presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Doctor of Philosophy
in
Biomedical Sciences

Guelph, Ontario, Canada
© Anh Tuyet Quach, September, 2015

ABSTRACT

INVESTIGATION OF GENOME VARIATIONS AS POTENTIAL
MARKERS FOR BOAR FERTILITY

Anh Tuyet Quach
University of Guelph, 2015

Advisor:
Dr. W. Allan King

Boars can greatly affect the reproductive success of a herd, especially with the current
widespread use of artificial insemination (AI). Low fertility boars in AI centers can cause
enormous economic losses. Thus, identifying a method to detect low fertility boars at an early
stage of their life will increase profitability for the swine industry. The purposes of this thesis
were to investigate genomic variations including chromosome abnormalities, copy number
variation (CNV) and a very special case of CNV on the Y chromosome, testis specific protein Yencoded (TSPY) gene in pig populations to develop and assess significant tools for detecting low
fertility boars. These assessments included karyotyping all young AI boars and evaluating
whether CNV of some genes can be used as genetic markers of male fertility in pig. At the
chromosome level, this study identified 12 different chromosome rearrangements including 9
reciprocal translocations, two inversions and one Robertsonian translocation. The large adverse
effect on litter size of carriers of chromosome abnormalities together with the high prevalence of
chromosome abnormalities (1.64%) and high percentage of de novo cases (2/5 cases) in the
Canadian pig populations highlights the significant value of having an imperative screening
program for chromosome abnormalities in Canadian swine industry. At the DNA level, two

groups of animals with direct boar effects (DBE) values in the upper (high fertility) and lower
(low fertility) end of the distribution were used for CNV analysis and the identification of
putative markers of fertility. This study identified 35 CNV regions (CNVRs) covering 36.5 Mb
or ~1.3% of the porcine genome. The identified 35 CNVRs encompassed 50 genes. A functional
analysis of several databases revealed that the genes found in CNVRs from the low fertility
group have been significantly enriched in members of the innate immune system, Toll-like
receptor and RIG-I-like receptor signaling and fatty acid oxidation pathways. Unlike humans and
cattle, boars have only 3 copies of TSPY gene that do not vary among individuals thus copy
number of TSPY gene represents a poor marker for fertility in pig.
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INTRODUCTION
Canada is the third largest pork exporter in the world and because of its outstanding
quality is exported to more than 100 countries. In 2014, Canada exported about 1.2 million tons
of pork products that generated 3.7 billion CAD revenue (“Canadian Pork Exports”). Hence, the
swine industry plays a vital role in the Canadian economy. Moreover, as the global population is
expected to reach 9 billion people by 2050, the demand for food continues to increase
dramatically, which not only opens a promising opportunity for the Canadian pork industry, but
also poses a challenge to fulfill. Maintaining a competitive edge in the highly competitive global
swine industry requires that Canadian producers continuously improve traits that affect
productivity. Therefore, one of the main emphases of Canadian swine research must be aimed at
increasing productivity through improved health, nutrition, carcass yield, and fertility.
Heritable genetic variation is the basis for diversity within and between species and
influences production parameters such as fertility, fecundity, growth, disease resistance, and
health (Andersson 2001). From the beginning of the 20th century, genetics has undeniably
dramatically changed many production schemes, resulting in swine improvement breeding
programs throughout the world. Now in the era of large-scale sequencing technologies, genetics
has been foreseen to change the performance of an individual animal even much more
spectacularly. Since the completion of the pioneering human genome project in 2003 there has
been a significant increase in our understanding of genomic variability resulting in benefits for
many areas of study including evolution and disease (Sebat et al. 2004). This led to the
sequencing of other domestic animal genomes such as bovine (Elsik et al. 2009) and pig (Schook
et al. 2005; Archibald et al. 2010) with the hopes of providing an important resource for further
genetic improvements of these important livestock species.
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In the case of swine and most other food producing domestic animals, artificial
insemination (AI) technique has been widely recognized as the best way to maximize genetic
gain and productivity. The underlying principle of this selection tool is that a genetically superior
individual male produces as many offspring as possible with a large number of females, making
fertility a key component of successful breeding. Among Canadian pigs the number of piglets
born per litter varies from 2 to 19 (Beaulieu et al. 2010). Individuals that produce small litters,
particularly AI boars represent a financial burden necessitating their detection and elimination as
soon as possible. Thus, looking for a method to detect these low fertility boars, or the ability to
select high fertility boars, at an early stage of their life will significantly increase profitability for
the swine industry. One approach to this is to use genomic variability as a marker of fertility.
Chromosome abnormalities, a type of genome variation that comprises large stretches of DNA,
are broadly known as the cause of low fertility in about 50% of affected boars (Quach et al.
2010; a. Ducos et al. 2008). GTG-banding technique was proven as a very useful technique to
detect changes in chromosome structure that constitute chromosome abnormalities (Basrur and
Stranzinger 2008). However, very tiny structural changes such as deletions and duplications that
result in variation in the number of copies of DNA sequences known as copy number variations
(CNVs) cannot be detected by this technique. Genome-wide technologies have been developed
to facilitate study of these small changes. However, in contrast to chromosome abnormalities,
which usually are associated with fertility problems, studies of sequence CNVs in humans and
cattle showed that depending on the number of copies of specific genes such as testis specific
protein Y encoded (TSPY), is associated with an increase or decrease in the fertility of the
carriers compared with other members of the population (Giachini et al. 2009; Hamilton et al.
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2012; Nickkholgh et al. 2010). Thus, studies of CNVs with the hopes of finding genetic markers
not only for low fertility but also for high fertility boars are in progress.
The aim of this thesis was to investigate genomic variation including chromosome
abnormalities and CNV in the Canadian AI boar population with the hopes of providing breeding
stock suppliers’ markers of boar fertility as well as a strategy for the detection of boars with
chromosomal abnormalities and preventing the transmission of these aberrations to the
subsequent generations. The effect of rearrangements on total born litter size was investigated to
emphasize the cost of chromosome abnormalities for individual herds and the Canadian pig
industry as a whole.
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LITERATURE REVIEW
FERTILITY IN PIGS
Fertility in its broadest sense is the ability to produce progeny whereas reproduction refers to
the production of offspring, which in mammals are derived from two organisms which each
contribute almost equally to the offspring’s genome (Wells 2014). Infertility is the inability to
produce progeny or subfertility is the below average chance of producing progeny. Pig
reproduction is a very complex and delicate process that relies on the mating of fertile
individuals. The potential reasons for infertility or fertility impairment in both sow and boar are
numerous. It can be affected by genital malformations, physical dysfunctions, various diseases,
nutrition, management, environmental stresses and genetics (Gordon 1997). In polytocous
species such as pigs, total failure to reproduce is rare, and thus the degree of fertility is of
greatest interest. This is reflected in the number of piglets born. Hence, understanding the causes
of infertility or subfertility is important as these are among the most important components of
profitable pig production.
What affects fertility?
Nutrition
Among the various costs of swine production, feed costs account for the most significant
proportion ranging from 65% to 75% of overall cost. As a result, feeding strategies aim to
maintain the animals in excellent condition for reproduction from minimal feed. Moreover, many
studies have shown that excessively low or high feed intake may affect fertility indirectly
(Franco DA and Pearl G 2000; Dunn TG 1980). Hence, a balanced diet in both quantity and
quality must strictly be followed to meet pigs’ nutritional needs at different stages of growth in
order to have the highest fertility.
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Sows in various stages of reproduction such as early pregnancy, late pregnancy and lactation
need to have an optimum feeding strategy for each stage. Studies have shown that sows with low
feed intake during lactation resulted in weight loss, extended re-mating intervals, reduced
pregnancy rate and hence reduced embryo survival. In boars, low feed intake is known to
diminish their libido (Louis et al. 1994). However, high feed intake is related to weight gain and
the boars become lazy and libido decreases. Moreover, high levels of fat above the testicles
interferes with spermatogenesis (Herrick and Self 1962).
Many vitamin and mineral supplements have been recommended as additives to the feed to
maximise reproductive performance. Sows injected with vitamin A 6 days before mating or
before ovulation had increasing the number of piglets born alive and early embryonic survival,
respectively (Pusateri et al. 1999; Whaley et al. 1997). Supplementation of vitamin E for boar
had been reported to raise sperm concentration in the ejaculate and better semen quality
(Kolodziej A and Jacyno E 2005; Brezezińska-Slebodzińska E, Slebodziński AB, Pietras B et al.
1995).
Diseases
Most pathogens that cause fever in sows result in fertility problems. In pigs, these viruses
and bacteria including aujeszky's disease (AD) virus or pseudorabies virus (PRV), porcine
parvovirus (PPV), porcine reproductive and respiratory syndrome (PRRS) virus, classical swine
fever virus (CSF), swine influenza virus (SI), porcine enteroviruses, leptospirosis, erysipelas and
brucellosis can directly affect the fertility of animals. When sows are attacked by such infectious
agents, the clinical signs include abortion, return-to-service, embryo death, fetal death, stillborn
and mummified fetuses (Pozzi and Alborali 2012). Boars that are infected with AD virus,
enterovirus, parvovirus and swine fever virus often do not have noticeable symptoms.
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Unfortunately, their semen can contain these viruses and they can be transmitted to sows during
breeding. Hence, high quality semen must to be carefully and routinely examined for those
viruses (Herrick and Self 1962).
Management and environmental factors
Many factors including too low or high temperature, humidity, short lactation and
weaning, transportation, high stocking densities and grouping of unfamiliar individuals act as
stressors for pigs. The effect of stress on reproduction varies depending on the type of stress,
timing of stress, the duration of stress and the ability of the animals to cope with stress. Most
forms of prolonged stress have negative effects on the fertility (Einarsson et al. 2008). High
temperature, above 340C, in the summer has been reported to lower total sperm counts and
decrease ejaculate volume (Stone 1981). High embryo mortality was noticed when sows were
exposed to heat stress at the time of implantation (Ronnie E. Nelson et al. 1970). Further, short
transportation (about one hour) delayed the puberty of most of the gilts, but it was noted to be a
stimulation for estrous in sows (Dalin AM, Nyberg L 1988).
Genetics
It is obvious that genetic improvement plays an important role in domestic animals in
general and in pigs in particular. Genetic variability of reproductive traits varies considerably
from breed to breed (Max F Rothschild and Ruvinsky 2011). A number of reproductive traits
including age at puberty, total born litter size, pre-weaning viability, functional teats, ovulation
rate, libido, sperm volume, and testis weight have been measured and selected. The heritability
of reproduction traits have been estimated from low to moderate (Groenen et al. 2012). With the
application of genetic selection by advanced technology to analyze whole genome variability,
large gains in the efficiency of pig reproduction have been made (Max F Rothschild and
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Ruvinsky 2011). Based on data from CCSI (Canadian Centre for Swine Improvement Inc) for
different Canadian pig breeds, the average total pigs born of Yorkshire, Landrace and Duroc
breeds in 1998 vs 2013 are 10.4 vs 13.4, 10.1 vs 12.5, 10 vs 10 piglets per litter, respectively
(CCSI 2014; CCSI 1999). After 4 years, genetic trends for total born litter size of Yorkshire and
Landrace showed much improvement, but that was not the case for Duroc. The economic values
of genetic improvements for Canadian sows have also been estimated for the period 2008 to
2013. Because of genetic improvements influencing total born litter size, piglet survival, number
of teats and other traits, sows are about $126/sow/year more productive today than 6 years ago
(CCSI 2014). Moreover, numerous studies have shown that genetic disorders resulting in fertility
problems such as poor semen quality, defects of the genitalia and reduced total born litter size
could be due to genome variations such as chromosome abnormalities (a. Ducos et al. 2008;
Barasc et al. 2012; Harvey 1967).
How is fertility measured?
The complete interruption of fertility of individuals is of great concern for farmers.
However, it is usually not the case in pig farming where fertility is affected in different levels but
rarely arrested. Low and moderate levels of fertility are harder to detect and take longer to
identify and confirm. The longer the delay in detection is, the larger the overalls loss in
profitability. Hence, in pig farming, measuring fertility efficiency is extremely important and
should be done carefully and systematically. Fertility can be measured in many ways including
weaning to estrus interval, anestrus, conception rate, farrowing interval, total number of pigs
born, pigs born alive, stillborn, mummified, piglet perinatal survival, repeat breeding rate and
semen quality (sperm concentrate, motility, color, volume). As a combination of total born litter
size, piglet survival and farrowing interval, piglets weaned per sow per year is the most
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important measure of swine fertility (info@ruralni.gov.uk 2015). Piglets weaned/sow/year is
calculated by total number of piglets weaned divided by total sows and mature gilts in the barn.
The goal should be 22 or more piglets raised per sow per year. In other words, potential
problems should be considered if the target is not reached (King G 2002).
Currently, most Canadian breeding stock pig farms use EBV (estimated breeding value)
for reproduction traits to measure and directly compare fertility of sows and boars in the same
breed in the same herd or even across-herds (CCSI 2012). EBV of each boar and sow is obtained
by using best linear unbiased prediction (BLUP). It is calculated based on the combination of
many factors including the heritability of the trait, all information (individual animal and its
relatives) available for each boar and sow, the genetic level of the herd, genetic trend, and nongenetic factors such as management groups. EBV, a statistical numerical prediction, predicts the
genetic value of an animal that will be passed on to its offspring. In theory, only half of each
animal’s genes will be passed on to its offspring. For example, a pig with EBV of +3 is expected
to produce progeny that will have, on average, 1.5 more piglets than progeny of a pig with an
EBV of 0. However, EBVs are expressed in relative not absolute units. Therefore, the previous
example only means prolificacy of offspring of the first pig is better than with the second’s if
they are raised in the same conditions. EBVs are calculated based on the performance of the
animal itself and its relatives including ancestors, siblings and progeny. The accuracy of an
animal’s EBV depends on the amount of records available and the relationships of the animal
being evaluated. Among relatives, record of parents and progeny that have half of their genes in
the evaluated animals has higher percentage of contribution to estimated EBV when comparing
with other relatives such as grandparents and siblings (CCSI 2012).
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An alternative measure of boar fertility is the DBE (direct boar effects) on total born litter
size of his mates and the value is calculated and used by CCSI (“34th Centralia Swine Research
Update, Kirkton Ontario 28 January 2015” 2015; Tribout et al. 2000). DBE is a corrected EBV
for total born litter size and hence is based on farrowing records. The boar will have a DBE
computed only once he has sired his own litters. To generate EBV for total born litter size, the
factors included in the statistical model are covariate factors (litter inbreeding, sow inbreeding,
farrowing age within parity and lactation length of previous parity), fixed factors (management
group or herd-year-season, parity, mating type*number of services and service sire breed) and
random factors (litter of sow’s birth effect, permanent environmental effect on the sow and
additive genetic effect of the sow). DBE for total born litter size has the statistical modeled with
all factors as seen in EBV and an additional factor as a fixed factor (service sire). DBE is an
excellent indicator for fertility of a boar. However, it is usually only precise after at least 10
litters are born. Boars are usually already culled when their first DBE is computed. Therefore, it
is not so helpful for detecting the fertility problems occurring in the farm. But it is still very
valuable to detect high and low fertility boars for research or to track down relatives of carriers
of chromosome abnormalities.
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STRUCTURAL VARIATIONS OF THE GENOME
Genomic variations are heritable differences in DNA sequences between individuals and
are fundamental to evolution, adaptation and phenotypic divergence. The range of this variation
starts from sequence variants at the single nucleotide level (SNP = single nucleotide
polymorphism) to structural variations, some large enough to be visible under the microscope.
The latter, chromosome abnormalities, are large-scale reorganizations of the genome structure
that generally encompass 5-10 Mb long DNA segments. The ability to visualize mitotic
chromosomes led to the early recognition of differences among species and extensive
comparative evolutionary investigations (Graphodatsky et al. 2011). Also, clinical cases of
various phenotypes were identified as carriers of chromosome abnormalities and initiated the
establishment of both human and animal clinical cytogenetic laboratories worldwide (a. Ducos et
al. 2008; Gersen and Keagle 2013). Recent development of microarrays and sequencing
technologies enabled a closer view of the genome and led to the identification of submicroscopic structural variants - called copy number variations or CNVs -, that can range from
50bp – to several Mb (Feuk et al. 2006). Figure 1 represents the major classes of genome
variations.

Figure 1. Representative examples of genomic variations and their size differences:
(A) Chromosomal abnormality > (B) Copy Number variation > (C) SNP
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Although the estimated 10 million SNPs in the human genome were thought to be
responsible for the majority of genetic variation (“The International HapMap Project” 2003), the
accumulated almost 2.5 million CNV in the Database of Genomic Variants represent an even
larger portion of variations in the genome and seem to have at least similar significance in human
health and disease (Zarrei et al. 2015). From a population genetics point of view these variants
are also classified according to their occurrence in the given population, thus called
“polymorphism” (SNP, CNP) if they exist in greater than 1% frequency and “alteration” (SNA,
CNA) in case of rare (<1%) variants.
Chromosome abnormalities
Chromosome abnormalities are microscopically visible genome rearrangements, the
largest ones among structural variations (Basrur and Stranzinger 2008b). According to the
traditional classification there are numerical chromosome abnormalities and structural ones. The
latter are sub-divided into reciprocal translocations, Robertsonian translocations (or centric
fusions), inversions, deletions and duplications. Although numerical abnormalities are not
necessarily changing the structure of the genome only the number of chromosomes, they could
be considered as gross insertions in case of chromosome surplus or deletions when chromosomes
are missing from the complement. These aneuploid conditions (trisomic - an extra chromosome
or monosomic - a missing chromosome) represent a large genomic imbalance and in most cases
are lethal although there are exceptions such as the human Downs, Edwards, Patau syndromes
and cases of sex chromosome aneuploidies (A. I. Taylor 2008; Hassold and Jacobs 1984).
Structural abnormalities could also be characterized according to their effect on genomic balance
(of dosage sensitive regions), thus translocations and inversions could keep genomic balance
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while duplications and deletions obviously lead to imbalance. Figure 2 represents the different
types of structural chromosome abnormalities.

Figure 2. Types of chromosome abnormalities. (a) reciprocal translocation, (b)
Robertsonian translocation, (c) paracentric inversion, (d) pericentric inversion, (e)
duplication, (f) deletion (Modified from US National Library of Medicine)
Chromosomal abnormalities are identified to be major contributors to infertility,
miscarriages, congenital malformations and mental retardations in human, thus routine clinical
cytogenetic screening programs were implemented from the early 1980’s. In order to facilitate
genetic counselling, several large-scale human clinical cytogenetic studies have investigated the
frequency of chromosome abnormalities and attempted to estimate the risk of developing disease
phenotypes (Warburton 1991; Tonk et al. 2003; Menasha et al. 2005; Jacobs et al. 1992).
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Van Dyke et al. (1983) reported that 0.32% of 6,595 human newborns was carrier of
chromosome abnormalities; among those 21% was de novo. The frequency of reciprocal
translocation, inversion and Robertsonial translocation was 0.15%, 0.06% and 0.11%,
respectively (Van Dyke et al. 1983). The study of almost 15,000 newborns analyzed in the same
institute over 15 years (Jacobs et al. 1992) estimated the total frequency of all types of
chromosomal abnormalities to be 0.9%. Approximately 1/200 humans were carriers of balanced
structural abnormalities of which 7% were de novo. These values are slightly higher than the
estimate from almost 90,000 amniocentesis tests, which resulted in 0.18% balanced reciprocal
translocations, 0.09% inversions and 1/6,800 deletions. An even larger study of 380,000
amniocentesis analyses found 1/2,000 de novo reciprocal, 1/9,000 Robertsonial translocation and
1/10,000 de novo inversions (Warburton 1991). The proportions of these cases that are
associated with clinical symptoms are estimated to be 3-10%.
Just as described above in humans, spontaneous chromosome abnormalities occur in
every other species’ population as well. Not surprisingly, veterinary cytogeneticists have paid
special attention to investigating the chromosomes of the economically most important foodproducing animals; among those the studies involving pigs are presented here. These efforts were
centered on three main areas: 1. The prevalence of chromosomal abnormalities. 2. The effects of
chromosome abnormalities, especially from the producers view. 3. Efforts to eliminate carriers.
Chromosomal abnormalities in pigs.
The domestic pig (Sus scrofa domestica, L) has 38XX or 38XY chromosome constitution
(figure 9). Twelve among the 18 autosomes plus the sex chromosomes are bi-armed while six
autosomes are acrocentric with one arm. The analysis of the karyotype is quite straightforward
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due to the not so numerous and well differentiated chromosomes and available standard
nomenclature (Gustavsson 1988a).
Pigs have been systematically screened in France for more than 20 years. Using high
resolution G-band technique on more than 7,700 samples of young boars intended for AI use, the
frequency of chromosome abnormality in this population has been estimated as 0.47%. This
frequency of chromosomal aberration is sometimes higher in some particular populations and
reaches as high as 1.5% in the Dutch pig population ( a. Ducos et al. 2008) and 2.5% in the
Canadian pig population (Quach et al. 2010). For that reason, pig is the only domestic animal for
which a precise prevalence of balance structural chromosomal abnormalities is available.
Although not on the same scale as the study in France, scientists of some other countries such as
Poland, The Netherlands, Hungary and Canada have conducted smaller population sampling,
together contributing to the more than 180 different chromosome rearrangements reported in the
literature. Among the structural chromosome abnormalities the reciprocal translocations surpass
by far any other type of abnormality. So far, over 150 cases of reciprocal translocations, 22 cases
of inversions, four of Robertsonian translocations and two duplications have been described
(Appendix I and II).

Figure 3. Spontaneous chromosome abnormalities occur in every swine population. The
actual frequency of carriers is determined by the rate of de novo events, the presence of
inherited abnormalities and successful eradication efforts.
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The effects of chromosome aberrations
Unless there is deletion or duplication associated with chromosome aberrations, carriers
of balanced chromosome rearrangements are viable and phenotypically normal. However, their
reproductive efficiency does not stay untouched and their mating usually results in reduced total
born litter size, thus they are termed hypoprolific or subfertile (Figure 4). The fact that almost
50% of hypoprolific boars carry balanced rearrangements underlines that chromosome
abnormalities are a major cause of reproductive failure (Popescu et al. 1984; Popescu and Tixier
1984; Gustavsson 1990; A Ducos et al. 2007; Quach et al. 2010).

Figure 4. Chromosome abnormalities are a major cause of subfertility. The pink sow
(normal) has a litter with 9 piglets while the red sow (carrier of chromosome abnormality)
has a litter with only 5 piglets and 2 of them (red) carry the same chromosome
abnormality.
The explanation of total born litter size reduction lies in the gametogenesis of the carrier
animals. The pairing of homologous chromosomes during meiosis is more complicated in case of
chromosome abnormality carriers (especially in case of translocation or inversion). The
sophisticated and well-regulated formation of bivalents should be modified to accommodate the
reorganized and mostly heterozygous chromosome structures. This gives rise to alternative
segregation products; some of them leading to gametes with unbalanced DNA composition
(Gustavsson 1990; D. a F. Villagómez et al. 2008). Carriers of a reciprocal translocation
generally produce more chromosomally unbalanced sperm than normal or balanced ones (figure
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5). Robertsonian translocations have little effect on the normal segregation pattern, while
inversions could show a great variability in the percentages of unbalanced gametes (K. Massip et
al. 2008; a. Pinton et al. 2005; K. Massip et al. 2009). This is in agreement with the general
effect on total born litter size reduction of these scenarios. A normal egg fertilized by a
chromosomally unbalanced sperm - or vice versa -, leads to the formation of non-viable
unbalanced embryos that die early in gestation and thus result in reduced total born litter size.

Figure 5. Meiotic segregation pattern of a reciprocal translocation leading to chromosomal
unbalanced gametes and embryos (Farndon 2015)
Efforts to eliminate carriers
As the balanced carriers usually express normal physical, growth characteristics,
phenotypic clues do not help their elimination before breeding decisions (A Ducos et al. 2007).
However, the carried chromosome rearrangement reveals its adverse effects when a carrier boar
is used as a semen donor in AI. With wide application of the AI technique, a boar can serve
hundreds of sows per month and consequently thousands of small size litters could be produced
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per year with the inevitable economic loss. Depending on the chromosomes involved in the
translocation, the average reduction of the total born litter size of a sow mated with a carrier boar
ranges from 10% - 100% (A Ducos et al. 2007). It is estimated that an affected boar costs
$30,000-$60,000 until the reduction in total born litter size is first reliably detected on farm.
Within that period of time, the boar will have, on average, produced more than 1000 piglets and
50% of them will in turn carry the rearrangement (Gustavsson et al. 1983; a. Ducos et al. 2008).
We have calculated the projected economic loss due to the total born litter size reduction to reach
as high $1.6M in Ontario and $12M in Canada, yearly. Although, the AI favourably hastens the
spread of superior genetics of boars, it also causes detrimental impacts through the rapid
dissemination of chromosome abnormalities from a carrier boar to its numerous progeny (Figure
6). For all of these reasons, development of a program for systematic screening of chromosome
abnormalities with appropriate follow up studies of relatives (especially parents to determine de
novo status) and counselling the optimal eradication strategy would be beneficial in Canada
where the prevalence of alterations is still very high (>2%).

Figure 6. Chromosome abnormalities are transmissible to the progeny. The pink sow
(normal) has a litter with 9 piglets while the red sow (carrier of chromosome abnormality)
has a litter with only 5 piglets and 2 of them (red) carry the same chromosome
abnormality. Again, if these two carrier piglets are used for breeding, the chromosome
abnormality is transmitted to their progeny.
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Copy number variation
Copy number variations (CNVs) are structurally unbalanced genomic variations
(duplication and/or deletion) in the size range below that of chromosomal abnormality (50 bp –
Mb). CNVs have been discovered in most mammalian species e.g. cover about 0.68-1.07% of
the cattle genome, ~4% of the dog genome and 4.8-9.5% of the human genome (Zarrei et al.
2015). In the case of humans, thousands of individuals were investigated with the highest
resolution analytical techniques and the most precisely mapped reference genome. Data is
constantly deposited to the Database of Genomic Variants (DGV) (MacDonald et al. 2014), that
now contains more than 6.5 million entries. The curated number of CNVs reaches 2.5 million
and about 200,000 CNVRs (that refers to CNV Regions where the CNV is detected in at least
two individuals). Chromosomal distribution of CNVs is uneven and varies between 5-55% being
the lowest on chromosome 3 and 18 and the highest on chromosome 19 and 22, however in
overall they cover ~78% of the human genome. Also, annotating CNV positions with the key
functional elements of the genome shows that 94% of transcripts and 86.5% of microRNAs
overlap with CNVs (MacDonald et al. 2014), thus representing a larger proportion of the genome
than that involved in SNPs.
Deletions are rare and under negative selection in healthy individuals within genes with
essential functions or in the ones showing strong evolutionary conservation (Lin et al. 2015).
However, they are frequent in promoters, non-coding genes and genes with non-essential
functions. Many of these non-essential genes are members of gene families, where the other
members can substitute the deleted function or genes that act late in the lifespan and affect agerelated phenotypes such as osteoporosis, multiple sclerosis or autoimmune disease (McLeanTooke et al. 2007; Barcellos et al. 2000).
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Duplications on the other hand, more frequently affect genes with critical functions, they
seem to be less pathogenic and often under positive selection that could lead to the fixation of
multicopy genes or gene families (Zarrei et al. 2015; Hurles 2004). An example is the human
salivary amylase (AMY1) gene that hydrolyzes starch and was identified to exist in higher copies
in populations with high-starch diet than in low-starch consuming ones. Most interestingly the
amylase protein levels correlated with the changes of gene copy, thus could be considered as an
example for positive selection and adaptation to the change of human diet (Carpenter et al.
2015).
The gene functions of common CNV (that exist in healthy individuals) covered regions
could provide insights into their effects on normal phenotypic variation. These results show that
olfactory receptors, pathways of drug, steroid, sucrose and starch metabolism are frequently
involved in CNVs (Radke and Lee 2015; Zarrei et al. 2015). Moreover, CNVs are rare in regions
that function in signal transduction, regulation of gene expression, cell cycle, development and
differentiation, thus these rare variants likely contribute to serious pathologic conditions
(Stankiewicz and Lupski 2010). Rare or de novo CNVs are often behind the onset of genomic
disorders, such as Prader-Willi syndrome, Duchenne muscular dystrophy, Charcot-Mary-Tooth
disease or Williams’s syndrome, to name a few. DNA copy number alterations are signatures of
cancer development and interestingly high correlation was found between the copy number and
gene expression that suggests functional roles of CNV in tumor progression (Stankiewicz and
Lupski 2010; B. S. Taylor et al. 2008). The various mechanisms by which CNVs could affect
gene function are visualized in Figure 7.
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Figure 7. CNVs could affect phenotype in various ways (from Feuk et al. 2006). Structural
variants can be benign, can have subtle influences on phenotypes (for example, they can modify
drug response), can predispose to or cause disease in the current generation (for example, owing
to inversion, translocation or microdeletion that involves a disease-associated gene), or can
predispose to disease in the next generation. On the basis of their proximity to structural variants,
genes might be influenced in several ways. (a) Dosage-sensitive genes that are encompassed by a
structural variant can cause disease through a duplication or deletion event (upper panel; a
deletion is shown here). Dosage-insensitive genes can also cause disease if a deletion of the gene
unmasks a recessive mutation on the homologous chromosome (lower panel). (b) Genes that
overlap structural variants can be disrupted directly by inversion (upper panel), translocation or
deletion (lower panel), or copy-number variant breakpoints (not shown), which leads to the
reduced expression of dosage-sensitive genes. Breakpoints that disrupt gene structures can also
lead to the formation of new transcripts through gene fusion or exon shuffling (not shown). (c)
Structural variants that are located at a distance from dosage-sensitive genes can affect
expression through position effects. An example is shown in the upper panel. A deletion of
important regulatory elements can alter gene expression; similar effects could result from
inversion or translocation of such elements. Alternatively, deletion of a functional element could
unmask a functional polymorphism within an effector (lower panel), which could have
consequences for gene function. (d) Structural variants can function as susceptibility alleles,
where a combination of several genetic factors is required to produce the phenotype. This is
illustrated by an example of two structural variants that, individually, do not produce a
phenotype. However, in combination they contribute to a complex disease state.
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The first insight into CNV content of the porcine genome resulted from a study of only
four chromosomes, as genome-wide array tools were not yet available (Fadista et al. 2008).
Recently, a genome-wide 720k resolution comparative genomic hybridization array (aCGH) was
used to investigate 12 pigs from many different breeds and found 259 CNVRs (Y. Li, Mei, et al.
2012). Various Chinese and European breeds were tested on a 2.1M high-density arrayCGH by
Wang et al. (2014), describing 1344 CNVRs with 1.7% genome coverage. Ramayo-Caldas et al.
(2010) have identified 49 CNVRs in 55 pigs. A study of nearly 1700 pigs from 18 populations
described 565 CNVRs and 1.8% genome coverage (C. Chen et al. 2012). CNVRs covering the
largest fraction of the genome (560Mb or 26.2%) were identified in 585 Large White x Minzhu
pigs by Wang et al. (2013). Fernandez et al. (2014) investigated Iberian pigs and found 65
CNVRs with a total length of 9.7Mb that equals 0.33% of the genome.
As there is not a collective porcine CNV database – similar to the human DGV – it is not
easy to estimate the overall CNV-covered portion of the pig genome. However, based on the
studies using the SNP60k chip, 16.08% of the porcine genome is involved (Fernández et al.
2014). Also, there appear to be breed-specific differences in CNVs in pigs which are consistent
with a report in cattle (G. E. Liu et al. 2010). Specifically, Chinese indigenous breeds show more
genetic variations than western breeds (Y. Wang et al. 2014).
Additionally, descriptive investigations of this level of genome variability, have been
assessed in some studies and are associated with quantitative traits (QTL) related to carcass
length, backfat thickness, abdominal fat weight, length of scapula, intramuscular fat content of
longissimus muscle, body weight at 240 days, glycolytic potential of LD, mean corpuscular
hemoglobin, mean corpuscular volume and humerus diameter with CNVRs and seven candidate
genes potentially affecting these traits (Jiying Wang et al. 2014; Jiying Wang et al. 2013; Y.
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Wang et al. 2014). The BTN1A1 and F5, genes related to milk-lipid droplets and preterm
delivery in humans were found in CNVRs of the pig genome (Hao et al. 2004; Ogg et al. 2004).
Fowler et al. (2013) attempted to identify candidate CNVs associated with fatness (Fowler et al.
2013).
Most importantly, as mentioned above ~50% of the hypoprolific boars are carriers of
chromosome abnormalities but the limited resolution of cytogenetic investigations might have
left minor rearrangements hidden. It can be argued that the remaining 50% of the hypoprolific
boars may potentially carry smaller genome rearrangements, such as deletions or duplications
that result in CNVs. According to our knowledge there is no study that investigated the possible
role of CNVs in low fertile boars.
Considering the scope of this thesis in investigating genomic variations related to
fertility, this chapter cannot be complete without mentioning the role of the Y-chromosome and
the unparalleled situation of multicopy genes within it. The male specific Y-chromosome due to
its restricted recombination capability - with the X-chromosome -, evolved into a specialized
DNA structure that contains essential and unique genes for maleness, but it is also enriched in
highly variable repeated elements (Skaletsky et al. 2003). Intrachromosomal recombination
events generate a remarkable variability in structure, content and sometimes express serious
consequences on fertility (Figure 8) (Jobling 2008).

One such variable region is the

Azoospermia Factors (AZF) region built from almost identical sequence elements that surrounds
genes that function in spermatogenesis. Frequent deletion within this region causes the loss of
these genes and results in infertility (Vogt et al. 1996). Also, there are amplified genes that exist
in many apparently full length and functional copies, such as HSFY and TSPY. While both of
these genes have predicted functions in spermatogenesis, the former keeps its high but stable
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copy number and TSPY is most probably the gene having the highest and most variable copy
number among all mammalian genes (Hamilton et al. 2009b; Hamilton et al. 2012). Investigation
of these barely known Y-chromosomal CNVs in relation to their effect on boar fertility is
certainly a challenging opportunity.

Figure 8. CNVs on the human Y-chromosome (Jobling, 2008). Green spots mark copy
number gains while red spots deletions. The height of signals reflect frequency of CNVs
identified

HOW TO DETECT STRUCTURAL VARIATIONS
A vast array of methods have been developed to detect genomic variation of different sizes,
however, the following review will be limited to techniques that are commonly used and/or have
been applied to detect genomic variations in pigs.
Cytogenetics
Classical cytogenetic techniques visualize the chromosomes under light microscopy, thus
providing a genome-wide snapshot, although with limited resolution. The chromosomes are

24

prepared from dividing cells arrested at the metaphase stage of the mitotic cell cycle. Even the
simplest Giemsa staining allow the experienced observer to recognize numerical abnormalities,
such as sex chromosome aneuploidy or mosaicism that are of immediate clinical use as the most
frequent abnormalities in humans or horses (Lear and Bailey 2008). Identification of the
individual chromosomes has been made possible by the development of various banding
techniques, among the most frequently used is G-banding. Here a controlled digestion of the
chromatin with trypsin followed by Giemsa staining generates the light and dark banding pattern
(Seabright 1971). During the 1980s and ‘90s international expert groups were formed to
determine the standard karyotypes of most domestic animals, including the pig (Gustavsson
1988a) (Figure 9).

Figure 9. Standard karyotype of the pig (Gustavsson, 1988)
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Comparison of the G-banding pattern to the standard karyotype can help with the
identification of numerical or structural chromosomal abnormalities including reciprocal
translocation, Robersonian translocation, inversion, duplication and deletion (Iannuzzi L, King
WA 2009; Bayani and Squire 2004). Thus, the G-banding - due to its simplicity, low cost and the
available standard karyotypes – became the essential routine cytogenetic method to investigate
human or some domestic animal cases (a. Ducos et al. 2008). Many other chromosome banding
methods were developed, providing insight into different structural elements of chromosomes,
but these are used less frequently for routine clinical investigations. These include QFQ
(quinacrine fluorescence (Q)-banding) (Caspersson et al. 1970), RBG (reverse (R)-banding with
Giemsa staining) (Dutrillaux and Lejeune 1971), RBA (reverse (R)-banding with acridine orange
staining) (Dutrillaux 1973), C-banding (centromeric heterochromatin staining) (Sumner 1972)
and NOR staining (nucleolar organizer region) (Mikelsaar and Schwarzacher 1978).
Although the complete view of the chromosomal organization of the genome and its
alterations represent an inevitable advantage of investigating cytogenetic preparations under the
light microscope, the size of the recognizable G-bands limits the resolution of this analysis. At
the routine G-band level, the chromatin is so condensed that only deletions or duplications larger
than 5-10Mb DNA segment can be recognized, as well as translocation breakpoints mapped at
this precision (Shaffer and Bejjani 2004; Carter 2007).
Molecular cytogenetics
To overcome the limited resolution of classical cytogenetic methods and to detect smaller
genomic variations, molecular cytogenetics was born. The use of labeled DNA probes hybridized
to complementary chromosome segments and visualized by fluorescent signal amplification
techniques allowed the detection of sub-microscopic targets. Thus, fluorescent in situ
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hybridization (FISH) became the tool for gene or translocation breakpoint mapping, although the
sometimes-laborious generation of appropriate and specific probes restricts its routine use except
for human clinical cases (Basrur and Stranzinger 2008a; Shaffer and Bejjani 2004).
A modification of the general FISH technique is called comparative genomic
hybridization (CGH) that detects the structural alteration of a case genome relative to the
reference DNA of a healthy subject (Figure 10). CGH was originally developed to investigate the
frequent and large scale genome rearrangements representative of tumors, especially in cases of
solid tumors where chromosome preparation is particularly difficult (Kallioniemi et al., 1992).
During CGH the test DNA (e.g. tumor tissue) and the reference DNA (e.g. normal tissue) are
differentially labeled (green/red), mixed in equal ratio and simultaneously hybridized onto
normal metaphase spreads. The ratio of green vs. red fluorescence along the length of each
chromosome reflects the DNA copy number (loss or gain) in the test sample in relation to the
reference one. Chromosomal regions without copy number changes fluoresce in yellow, while an
excess of green fluorescence is indicative of a DNA gain, and excess of red fluorescence is
indicative of DNA loss. The resolution of CGH is in the range of the highest resolution (and very
cumbersome) banding techniques, typically 3-5Mb, as it is limited by the capabilities of the
detection camera systems (Carter 2007). Moreover, CGH can only detect copy number
alterations, but not translocations and inversions.
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Figure 10. CGH and aCGH (“Genetics of Auditory Disorders” 2015)

High resolution arrays for the investigation of Structural Variations
Increased resolution of the CGH could be achieved by replacing the reference metaphase
chromosomes with genome wide microarrays in the so-called arrayCGH or aCGH technique
(Ishkanian et al. 2004; Oostlander, Meijer, and Ylstra 2004; Freeman et al. 2006). Thus, the use
of a large number of mapped marker points on the glass assay surface and the short DNA
sequences served as hybridization targets both resulted in a highly capable platform, able to
detect small CNVs (Figure 11).
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Various DNA probes sources were used to build arrays from large-insert clones such as
bacterial artificial chromosomes (BACs) (80-200kb in size), fosmid or cosmid (1.5-4.5kb) to
small genomic PCR products (100bp-1.5kb) and oligonucleotides (25-80bp) (Solinas-Toldo et al.
1997; Pinkel et al. 1998; Mantripragada et al. 2004; Dhami et al. 2005; Fiegler et al. 2007).
Hence, oligonucleotides offer the highest potential resolution for aCGH. Over the past several
years, one could witness a tremendous development of the array preparation technologies.
Agilent and NimbleGen (Roche) are the two biggest companies providing commercial
oligonucleotide arrays. Agilent uses ink-jet technology and can achieve 1 M (million)
oligonucleotides per array, whereas NimbleGen uses photolithography technology and can
achieve 6.3 M oligonucleotides per array. Przybytkowski et al. (2010) reported that 1 M arrays of
Agilent could detect copy number alterations as small as ~8 kb. While Fadista et al. (2010)
reported that 6.3 M arrays of NimbleGen could identify the CNVR in the cattle genome as small
as 1.7 kb. The highest resolution aCGH for the pig is a custom designed 2.1 M aCGH by
NimbleGen. It covered all 20 pig chromosomes, containing 2,167,769 oligonucleotide probes
with median and average intervals of 900bp and 889 bp, respectively, and can detect CNVs as
small as 3.37kb (Jiying Wang et al. 2014).
In brief, aCGH is a powerful technique able to screen the whole genome at kb resolution
and sensitive enough to detect single copy changes (Ishkanian et al. 2004; Carter 2007; J. H. Lee
and Jeon 2008).
Recently, high-density SNP genotyping arrays became an alternative tool to detect
genome-wide CNVs. Especially, as the SNP genotypes are widely used for genome wide
association studies (GWAS) in human or animal models and it is fundamental for implementing
genome selection for breeding improvement in dairy cattle with similarly promising future
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applications in other farm animals too. Thus, SNP genotypes of large populations are already
available and the same experimental data could be simultaneously mined for CNV information.
Either one or both oligonucleotide probes detect the di-allelic SNP at a given locus generating
red, green or yellow signals, representing AA, BB or AB genotypes. The feature that makes
CNV detection possible is that the normalized total probe fluorescence intensity is proportional
to the amount of DNA bound to that locus, thus the copy number (Gregory M. Cooper and
Heather C. Mefford 2011) (Figure 11).

Signal
intensity

Genotype A
Genotype B
Genotype AB

Figure 11. Schematic view of the SNP genotyping array. The signal at each locus
corresponds to the amount of DNA

The higher the density of the SNP array, the higher the resolution coverage that could be
achieved. At present, the commercial human whole genome SNP chip contains over 2.7 million
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SNP markers (Halper-Stromberg et al. 2011). For pig, quite far behind the human, the highest
density chip in the market used for CNV analysis is the PorcineSNP60 BeadChip, released by
Illumina in 2009 (Ramos et al. 2009). It contains more than 64,232 SNPs across the entire
porcine genome and its mean and median gap size is 43.4 kb and 27.9 kb, respectively. Due to
the uneven distribution of SNPs within the pig genome, although SNP 60k chip can detect some
small CNVRs as of 5.03kb, other areas of the genome are not covered that densely, several
CNVs could be missed using this technique. Recently a 700k Porcine SNP array was released
and welcomed by the research community interested in exploring genome-wide CNVs.
CNV detection from whole genome sequence information
The development of new generation sequencing (NGS) technologies allows one to
sequence full-length individual genomes and assemble the raw sequence to the reference within
days. The tremendous information content of the sequence reads could also be used to deduct
copy number status in various ways. Figure 12 shows two scenarios. The read-depth analysis
compares the observed read coverage to the expected read distributions, thus insertions are
identified where significantly more reads are generated, and similarly, deletions detected in
regions lacking read coverage. The paired-reads in the second scenario could identify deletion or
insertion events based on how they map to the reference genome (Valsesia et al. 2013).
Although the cost of sequencing is rapidly decreasing, thus become more affordable for
large-scale studies, currently it is the method of choice for only human investigations. This is not
only the case due to the overall cost of experiments, but also by the limited precision of the
available reference genome assembly. Nonetheless some pioneer NGS studies were performed in
pigs to provide insights into evolutionary and population genetics aspects of this species (Rubin
et al. 2012; Paudel et al. 2013).
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Figure 12. CNV detection from Whole Genome Sequencing data (Valsesia et al. 2013)

Independent validation of high throughput assays with small-scale techniques
Since the above methodologies target the whole genome and predict CNV status from
differential signal intensity values, the small-scale validation using an independent method is a
general requirement (J. H. Lee and Jeon 2008).
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This can be done using quantitative real time polymerase chain reaction (qPCR) that goes
beyond studying gene expression and is frequently used to verify the aCGH and SNP genotyping
array results as well (Ginzinger 2002; Tse et al. 2005; Weaver et al. 2010). qPCR differs from
the traditional PCR in that it allows real-time detection of the amplification curve by measuring
the amount of DNA in each PCR cycle (Ginzinger 2002)(Figure 13).

Figure 13. Real-time quantitative PCR amplification curves

The quantity of target amplicon can be determined as the ratio to a single copy reference
gene (Ginzinger 2002; Tse et al. 2005; Weaver et al. 2010). qPCR has been shown to be sensitive
enough to detect single copy changes (Weaver et al. 2010). As qPCR cannot be used to examine
CNVs in a genome-wide fashion, it is usually applied to validate a selected number of loci in
large-scale studies. Although qPCR in ideal conditions is an optimal tool to validate CNVs, its
relative nature often requires challenging calculations.
Recently, another technique called digital droplet PCR (ddPCR) has been developed by BioRad and provides absolute quantity measurements. The method is similar to a qPCR assay,
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although the reaction mix is partitioned into 20,000 uniform nanoliter volume droplets where the
amplification is spatially separated. Depending on the concentration of the target DNA more or
less droplets become amplification positive and are precisely detected by a microfluidic device.
ddPCR carries the advantage of absolute quantitation using end-point detection instead of the
efficiency dependent amplification curve-based relative calculation of qPCR (Manoj 2014).
Many publications used ddPCR as a diagnostic tool for conditions such as hepatitis B virus copy
number (J.-T. Huang et al. 2015), 22q11.2 deletion syndrome (Pretto et al. 2015), various human
CNVs (Marques et al. 2014; Bharuthram et al. 2014) etc. but it has not been applied to detect
porcine gene copy numbers.

Figure 14. Droplet digital PCR (Bio-Rad Bulletin #6407)

34

RATIONALE
A previous study of chromosome abnormalities in Canadian breeding boars revealed that
about 50% of the hypoprolific boars raised for service in AI were carriers of chromosome
abnormalities (Quach et al. 2010). This study depended heavily on the GTG-banding technique
for the detection of chromosome abnormalities. However, GTG-banding alone is not sensitive
enough to detect minor changes in the genome of boars (Basrur and Stranzinger 2008a). It can be
argued that the remaining 50% of the hypoprolific boars may potentially carry very tiny
chromosome abnormalities such as deletions, duplications that result in CNVs or small
translocations which cannot be detected by the GTG-banding technique.
Genome-wide selection is currently revolutionizing livestock breeding programs around
the world (Meuwissen, Hayes, and Goddard 2001). Numerous molecular genetic markers have
been identified as valuable aids for selecting prolific boars. Up to now, most of genetic markers
are based on SNPs, but no CNVs have been found. Although CNV studies on pigs are quite well
established (C. Chen et al. 2012; J. Wang et al. 2014; J. Wang et al. 2012; Clop et al. 2012;
Fadista et al. 2008; Y. Ramayo-Caldas et al. 2010; Jiang et al. 2014), they are still just on the
beginning stage. Studies found lots of CNVRs, and many of them contain various genes. Some
studies tried to associate some traits such as meat, carcass quality and fat to CNVRs and then
identified candidate genes which potential affect those traits (Fowler et al. 2013). No attempt has
been made to associate fertility traits to CNVRs for potential genes related to fertility. No further
studies have been reported to characterize the number of copies of any genes on CNVRs or
compare copy number with related traits in pigs.
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TSPY is a gene on the male specific region of the Y chromosome (MSY). It is a multicopies gene in many species and also found in pig (Quilter et al. 2002). It was reported copy
number differs between species with two copies in rats, 6 copies in chimpanzee, 20-60 copies in
human and as much as 200 copies in cattle. Even more interestingly, copy number of this gene
has a positive correlation with fertility in cattle. Hamilton et al., 2011 showed that when bulls
were grouped as high or low fertility, those in the high fertility group had a significantly higher
average TSPY copy number than bulls in the low fertility group. How many copies of TSPY that
pig have and whether there any variations of TSPY copies associated with fertility in pig is still
unknown.
The hypothesis of our study is as follows: subfertile or infertile boars are carriers of
chromosome abnormalities and/or CNVs. Also, specific large (>1000 bp) genomic variations
(CNV) are associated with total born litter size. The following objectives will be used to address
this hypothesis:
Objectives 1: Screen for and identify chromosomal abnormalities in boars using cytogenetic
techniques
Objectives 2: Use the SNP 60K array technology to compare boars of known low or high fertility
to identify consistent differences related to CNVs
Objectives 3: Investigate the copy number of TSPY (testis specific protein Y encoded) gene
In Canada, previous estimates of the frequency of chromosome abnormalities was 2.5%
based on a small group of young boars (40 samples) (Quach et al. 2010). In Vietnam, no
cytogenetic analysis has ever been applied in this pig population. Therefore, for the first
objective, screening for chromosome abnormalities was carried out in over 700 young boars
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from many different farms across Canada and 3 farms in the south of Vietnam to have a more
accurate number to estimate the frequency of chromosome abnormalities in those pig
populations. All available fertility data for carriers were also collected to estimate the effect of
each rearrangement on the reproduction of that carrier.
The Canadian Centre for Swine Improvement Inc. has genotyping projects underway and
provided access to their database of thousands of 60k Porcine SNP panel genotypes of breeding
animals and corresponding fertility data of each animal, which facilitated our second objective.
Genome-wide studies on CNVs were be made on low and high fertility boars which assumed
without chromosome abnormalities to find the associate between copy number variation regions
and fertility.
Finally, special attention was be paid to CNV of the TSPY gene on the Y chromosome
due to its essential roles in gametogenesis, and hence may relate to fertility of a boar.
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CHAPTER ONE
The prevalence and consequences of chromosome abnormalities in
Canadian and Vietnamese breeding pig populations
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INTRODUCTION
Pork is the most consumed meat in the world (FAO 2014) and with the expansion of the
global population, the need for efficient large-scale breeding is more important than ever. Factors
such as fertility and total born litter size have major impacts on the economics of pork production
(Max F. Rothschild 1996). Minimizing embryonic loss during pregnancy is key to improving
total born litter size and it is well known that chromosome abnormalities are considered to be
among the major etiologic factors in the induction of malformations and early embryo mortality
in the domestic pig (Gustavsson and Settergren 1984). The negative impact of chromosome
abnormalities on farm animal reproduction has led to the establishment of cytogenetic screening
programs in many countries (a. Ducos et al. 2008). The largest of these programs was initiated in
France over 15 years ago and led to the regular testing of all young AI boars in the country. This
resulted in not only the most precise estimate of the prevalence of structural chromosomal
abnormalities in a farm animal species, but also in the appreciation of economic benefits of the
eradication of carriers by the breeding companies. The overall rate of chromosomal
rearrangements in hypoprolific boars in service is close to 50% and its prevalence in young
untested AI boar candidates is 0.47% (Alain Ducos et al. 2007). This most probably reflects the
rate of “de novo” abnormalities, as in other less intensively tested populations their frequency is
usually much higher according to reports from Poland (1%), the Netherland (1.5%) and Spain
(3.4%) (Danielak-Czech et al. 1997; Rodriguez et al. 2010). In Canada, screening for
chromosome abnormalities has not yet been seriously considered by farmers. Only a few cases
identified in Canadian pig populations were published including rcp(Xp+;14q-) (Singh et al.
1994; Neal et al. 1998), rcp(1;6)(p22,q12), rcp(10;13), and rcp(9;14)(p24;q27) (Quach et al.
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2010). Furthermore, cytogenetic testing has never been applied to Vietnamese pig populations
before.
Therefore, the aims of the present study were to estimate the frequency of chromosome
abnormalities in pig populations in Canada and Vietnam, where cytogenetic screening programs
have not been broadly implemented, and evaluate the effect of each chromosome abnormality on
the fertility of the carriers.
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MATERIALS AND METHODS
Animals
A total of 732 young boars from various Canadian farms and 43 randomly chosen
breeding pigs from Vietnamese farms were included in this study. The tested population
consisted of 4 different breeds: Duroc (344), Landrace (245), Yorkshire (162) and Pietrain (24).
All Canadian samples were young boars intended to be used for AI. However, Vietnamese
samples were breeding boars and sows that were used on the farms, but their fertility data were
unavailable at the time of blood collection. In addition, relatives and offspring of boars that were
identified as carriers of chromosomal abnormalities were also included in analyses.
Chromosome analysis
Whole blood cultures were set up as previously described (Quach et al. 2010). Briefly,
1.0ml of heparinized blood was cultured at 37°C in a medium consisting of 8.0 ml of RPMI 1640
medium (Gibco) with Lglutamine (0.3g/l), 75μl phytohaemagglutinin (PHA; M form, Gibco),
1.5 ml fetal bovine serum (FBS; Gibco) and 20μl of an antibiotic solution (10,000 IU penicillin,
10 mg/ml streptomycin sulphate). Seventy-two hours after the initiation of culture, 40μl
colcemid (10μg/ml, Gibco) was added to the culture medium and incubated for 20 minutes at
37°C to arrest mitotic cells in metaphase. Then cells were then treated with a hypotonic solution
(0.075 M KCl) for 20 min at 370C, followed by fixation in methanol: acetic acid (3:1).
For some offspring that were mummified and stillborn, fibroblast cultures from the tails
were also initiated as soon as the tails arrived in our laboratory, no later than 72 hours after birth.
The cells were cultured in a T25 flask containing medium consisting of DMEM (Gibco) with
20% fetal bovine serum (FBS; Gibco), L-glutamine (0.3g/l) and 0.4% of an antibiotic solution
(10,000 IU penicillin, 10 mg/ml streptomycin sulphate) until completely confluent. After
confluence was reached, the cells were passaged to T75 flasks for 14 hours. Cells were observed

41

from 2 to 4 hours for the accumulating presence of dividing cells, and then 10μl/ml of colcemid
(Gibco) was added to the culture. After 3 hours, the cells were trypsinized and centrifuged at
350g for 6 minutes and harvested as described above. Fixed cells were spread on wet slides and
air dried for one week. Slides were placed in 0.0125% trypsin for 1 to 3 minutes at room
temperature to generate GTG banding (Seabright 1971) and stained with 5% Giemsa for 10
minutes.
For confirming rob(13;17), DAPI staining and C-banding were used. In DAPI staining,
metaphase chromosome spreads were stained with 1ug/ml DAPI in PBS for 5 minutes. Cbanding was performed according to the procedure described by (Sumner 1972). Briefly, slides
were placed in 0.1N HCl for 30 minutes at room temperature, followed by a rinse with distilled
water then placed in 5% Ba(OH)2 at 500C for 5-15 minutes. After incubation in Ba(OH)2, slides
were removed and rinsed with distilled water. Then, they were placed in 2 X SSC at room
temperature for 15 seconds, removed, rinsed with distilled water and again placed in 2 X SSC at
600C for 1 hour. Slides were placed in 2 X SSC for a third rinse at room temperature for 15
seconds and dehydrated by serial ethanol washing 30%, 70%, 96% (2 minutes; 2 minutes; 4
minutes, respectively). Finally, slides were stained with Giemsa 5% for 10-20 minutes, removed,
rinsed with tap water and air dried.
Image capture and karyotyping: the stained slides were examined and digitally
photographed individually using a light microscope at 100X objective and CCD camera
connected to a computer equipped with Openlab 5.02 software. For each animal, 10-20
metaphase spreads were examined and at least three good quality metaphases per animal were
karyotyped according to the international standard for the domestic pig (Gustavsson 1988a)
using SmartType software.
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Reproductive Data Analysis
Reproductive data for each identified carrier boar and their relatives (if available) were
collected and compared with their herd averages, which were determined for the same period
when the carrier boar was in service. Additionally, estimated breeding value (EBV) on total born
litter size (CCSI 2012) or the direct boar effect (DBE) (Tribout et al. 2000) on total born litter
size was also used for comparison, when available. DBE could also be obtained as a by-product
of the national genetic evaluation for total born litter size (BLUP) by computing the average total
born litter size of its mates, followed by correction for different factors, such as herd, period and
breeding values of the mates. A Student’s t test was used to compare total born litter size, born
alive, stillbirths and mummified fetuses for each translocation carrier boar with the
corresponding data for the herd whenever the data was available.
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RESULTS
Identification of Rearrangement Carriers
Among the 775 pig samples that were sent for karyotyping, 14 animals were identified as
carriers of one of 12 different chromosome abnormalities. These rearrangements fell into 3
different types of structural abnormalities including reciprocal translocations (9), Robertsonian
translocation (1) and inversions (2).
Below is a description of the rearrangements with their presumptive breakpoints based on
the observed GTG banding pattern:
Case 1: a Landrace boar with rcp(1;5)(q21;q23)
GTG banding revealed two altered chromosomes: a metacentric corresponding to
chromosome 1 shortened on its long arm (1q-) and a modified telocentric created by lengthening
of the long arm of chromosome 5 (5q+) confirming that the exchange was reciprocal. The
presumptive break points for this interchange at bands 1q21 and at 5q13 defined this as
rcp(1;5)(q21; q13) (fig. 15).

Figure 15. GTG-banded karyotype of a boar carrying rcp(1; 5). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype
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Case 2: A Yorkshire boar with rcp(1;15)(q211;q13)
GTG banding revealed a reciprocal exchange between chromosome 1 and 15. Most of
15q was transferred to chromosome 1 (1q+), while chromosome 15 remains as a small element
(15q-) which had the size similar to chromosome 18. The presumptive break points occurred in
bands 1q211 and 15q13 defined this as rcp(1;15)(q211;q13) (fig. 16).

Figure 16. GTG-banded karyotype of a boar carrying rcp(1; 15). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype

Case 3: A Landrace boar with rcp(2;5)(p16;p11)
A reciprocal exchange between chromosomes 2 and 5 was discernible mainly from the
changes of the tips of these chromosomes: as chromosome 2 displayed a gain of a small band
(2p+) and the short arm of chromosome 5 missing one dark band (5p-). The remaining dark band
on the tip of 5p was smaller than normal and seemed closer to the centromere than normal. Thus,
we believe it was not 5p12 rather than half of 2p16. Therefore, the presumptive break points are
at the middle of dark band of the short arm of 2 (2p16), and at the negative band of chromosome
5 (5p11), very close to the centromere (fig. 17).
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Figure 17. GTG-banded karyotype of a boar carrying rcp(2; 5). Normal chromosomes are
placed on the right, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the left in the karyotype

Case 4: A Landrace boar with rcp(3;4)(p15;q13)
GTG banding revealed a break on chromosome 4 at q13, the fractured segment was
translocated to the short arm of chromosome number 3, forming a large metacentric
chromosome. A tentative breakage in the terminal G-negative band of the short arm of
chromosome 3 (3p15) resulted a minute element which was translocated to the shortened arm of
chromosome 4 making this a small metacentric chromosome similar in size to chromosome 12
(fig. 18).

Figure 18. GTG-banded karyotype of a boar carrying rcp(3; 4). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype
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Case 5: A Yorkshire boar rcp(3;12)(p13;q15)
Similar to case 3, this abnormality could not be detected by simple Giemsa staining
technique. Examination of the chromosomes after GTG banding revealed alteration of
chromosome 3 and 12. The breakpoints involved in this translocation seemed to be situated at
3p13 and 12q15 (fig. 19).

Figure 19. GTG-banded karyotype of a boar carrying rcp(3; 12). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype

Case 6: A Duroc boar with rcp(6;7)(p15; q13)
This abnormality was very easy to observe by GTG banding pattern since the derivative
chromosome 6 was much different from any chromosome showing the standard banding pattern.
However, the derivative chromosome 7 was much more difficult to recognize because its size
and its pattern was very similar to chromosome 12. Break points presumably occurred in bands
6p15 and 7q13 defined this as rcp(6;7)(p15; q13) (fig. 20).
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Figure 20. GTG-banded karyotype of a boar carrying rcp(6;7). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype

Case 7: A Duroc boar with rcp(7;15)(q13;q13)
In this boar a large translocation between chromosomes 7 and 15 was observed, almost
the whole long arms of both chromosomes. The breakpoints involved in this translocation
seemed to be situated on bands 7q13 and 15q13 (fig. 21).

Figure 21. GTG-banded karyotype of a boar carrying rcp(7;15). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype
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Case 8: A Landrace boar with rcp(8;13)(p21;q41)
By analyzing the GTG banding the breakages tentatively occurred in a GTG negative
bands in the central part of the short arm of chromosome 8 (p21), and in a GTG negative bands
in the long arm of chromosome 13 (q41). The translocation resulted a derivative chromosome 8
that is longer than normal with two prominent dark bands on the tip; the derivative chromosome
13 is slightly shorter and lacking two dark bands at the end of the q arm (fig. 22).

Figure 22. GTG-banded karyotype of a boar carrying rcp(8;13). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype

Case 9: Two Duroc boars with rcp(12;14)(q15;q23)
In two boars, most of chromosome 14 was translocated to the q arm of chromosome 12.
The breakage occurred at the very end (q15) of chromosome 12. While chromosome 14 broke at
the region just below the dark G-band of this proximal segment (14q23). This translocation
appears to be rcp(12;14)(q15;q23) (fig. 23).
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Figure 23. GTG-banded karyotype of a boar carrying rcp(12;14). Normal chromosomes
are placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype

Case 10: A Landrace boar with rob(13;17)
The centromeric fusion of two acrocentric chromosomes 13 and 17 resulted in one
submetacentric chromosome with a size similar to chromosome 1 (fig. 24).

Figure 24. Boars carrying rob(13;17). Arrows indicate the derived chromosomes. (a) and
(b): GTG banded karyotypes of boars carrying heterozygous and homozygous rob(13;17),
respectively. (c): C band of a boar carrying heterozygous rob(13;17). (d) DAPI stain of a
boar carrying homozygous rob(13;17)

50

Case 11: A Duroc boar with inv(8)(q11;q25)
GTG banding showed that there was a peculiar appearance of chromosome 8. The
structure of the other chromosomes was normal. On the long arm of the abnormal chromosome
8, close to the centromere, the presence of two dark bands instead of one dark band (8q12) was
observed. We also observed the presence of two dark bands at the tip of the derivative
chromosome 8 instead of one dark band (8q26). The tentative double breaks occurred in the light
band of the long arm (8q11) and in 8q25 light band, followed by a paracentric inversion. The
chromosomal rearrangement could be described as inv(8)(q11;q25) (fig. 25).

Figure 25. GTG-banded karyotype of a boar carrying inv(8). Normal chromosomes are
placed on the left, and their altered counterparts (derived) chromosomes indicating the
presumed break points (arrows) are on the right in the karyotype
Case 12: Two Landrace sows with inv(6)(q23;q35)
In two sows, the structure of one arm of chromosome 6 was normal, but the two dark
bands normally situated at the end of the q arm were moved proximal to the centromere on the
derivative chromosome 6. It was hypothesized that one break on the long arm close to the
centromere (q23) and another break at the end of the long arm (q35) followed by an inversion of
the paracentric part of the chromosome had occurred. The chromosomal rearrangement could be
described as inv(6)(q23;q35)(fig. 26).
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Figure 26. GTG-banded karyotype of a boar carrying inv(6)(q23;q35). Normal
chromosomes are placed on the left, and their altered counterparts (derived) chromosomes
indicating the presumed break points (arrows) are on the right in the karyotype
Origin and dissemination of rearrangements
The dam and/or sire of 5 rearrangements (case 4, 6, 8, 9 and 10) were available for
cytogenetic investigation to determine whether the translocation was inherited or had occurred
“de novo”. In 3 out of 5 cases (case 4, 9 and 10), the abnormality was inherited from the dam,
while the other 2 rearrangements (case 6 and 8) were a de novo event that was confirmed by the
presence of only normal karyotypes in both parents.
In case 4, rcp(3;4), 1 full sister and 3 half-sisters of the carrier boar were identified as
carriers as well. In case 7, rcp(7;15), we were able to karyotype 1 full-sister and 2 paternal halfsisters and all 3 sows were normal. Nevertheless, the sire and dam of rcp(7;15) carrier were no
longer available and were therefore not tested and the inheritance or “de novo” status could not
be determined. In case 12, surprisingly, the same previously unreported rearrangement, an
inversion in chromosome 6, was found in two unrelated (different parents and grandparents)
Vietnamese Landrace sows.
Since semen from three carrier boars were used in services prior to the discovery of the
abnormalities, it was possible, in those instances, to sample the progeny and study the
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dissemination of chromosomal abnormalities to the offspring of these carrier boars. In case 5,
rcp(3;12), karyotyping of 23 (5 males and 18 females) randomly selected offspring resulted in
the identification of 7 females, which inherited the abnormality from their sire; In this instance
the transmission rate to progeny was 30%. In case 7, rcp(7;15), karyotyping of 15 (7 males and 8
females) randomly selected offspring resulted in the identification of 2 males and 2 females, as
carriers of the abnormality, and resulted in a 27% transmission rate to progeny. These
transmission rates were based on partial litters and had statistical difference from the expected
rate (50%).
In case 10, rob(13;17), an average of 36% of the piglets from two litters were identified
as carriers when carrier boars were mated with normal sows. A total of 55% of the carrier piglets
were female and 45% were male. Screening of two litters (29 piglets) resulting from the mating
of carrier boars mated with carrier sows, 77% of the animals were carriers; 49% were
heterozygous and 28% were homozygous. Among carrier piglets, 58% were female and 42%
were male. These matings yielded surprisingly high total born litter sizes (13 and 16 piglets).
Reproductive performance of carriers
All carrier boars were destined for AI centers and the sows were being used in farms as
breeding sows; they were healthy and had a normal phenotype. Semen quality and quantity of
identified carrier boars had been tested and ranged in the average or above average of the herd.
Among 12 cases, 10 cases (except case 1 and 11) had been used and had some fertility
data available. Average total born litter size for cases 2 to 10 were as follow: 10.8, 7.2, 9.2, 10.7,
10, 6, 8.4, 6.8 and 12.7, respectively, and of case 12 was 7.4 piglets per litter. Nine cases showed
a reduction in total born litter size ranging from 4% to 46% in comparison to the herd average.
Surprisingly, case 6 showed a slight increase in total born litter size of +7.5%, but it was
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calculated based on 4 litters only. Reductions on born alive was also seen in all cases (5 cases)
for which data was available. Moreover, the numbers of stillborn and mummified piglets were
also lower in cases 2, 4, 5 and 8 (reciprocal translocations) herd averages for these 4 reciprocal
translocations (table 1). These differences were statistically significant in most cases (Table 1).
In contrast to reciprocal translocations, the number of stillborn and mummified piglets born from
animals with Robertsonian translocations (rob(13;17)) were increased, although not significantly.
DBEs were also available for cases 2, 4, 5 and 8 which were -4.82, -2.67, -4.4 and -4.39,
respectively.
Table 1. Fertility data of carriers. L=Landrace; Y=Yorkshire; Mat= maternal; Dn= de
novo; ***=p<0.001; **=p<0.01; *=p<0.05; ns: no statistical difference when comparing
with the same herd.
Case
#

Abnormality

Breed

Origin

Number
of litters

Average
little
size

%
different
TB litter
size

%
different
NBA

%
different

%
different

DBE/EBV

Stillborn

mummies

-28***

-14ns

-51ns

-4.82

For TB
little size

1

Rcp(1;5)

L

2

Rcp(1;15)

Y

13

10.8

-27***

3

Rcp(2;5)

L

25

7.2

-46

4

Rcp(3;4)

L

73

9.2

-22***

-21***

-66***

-85***

-2.67

5

Rcp(3;12)

Y

15

10.7

-17*

-17*

-21ns

-63***

-4.4

6

Rcp(6;7)

D

4

10

+7.5

7

Rcp(7;15)

D

54

6

-36

8

Rcp(8;13)

L

Dn

61

8.4

-28***

-27***

-38***

-22**

-4.39

9

Rcp(12;14)

D

Mat

6

6.8

-27

10

Rob(13;17)

L

Mat

68

12.7

-4ns

-6ns

+19ns

+14ns

11

Inv(8)

D

12

Inv(6)

L

14

7.4

-24

Mat

Dn

-1.46; 0.37
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In case 4, boar with rcp(3;4), 4 sows (dam, 1 full sister and two maternal half-sister of the
carrier boar) were identified as carriers of the same translocation. The dam had farrowed 6 litters
and the other 3 sisters had 7 litters in total. The average total born litter size, number born alive
(NBA), stillborn and mummified piglets for carrier sows were 11.5, 10.5, 1 and 0.38
piglets/litter, respectively. That represented a 10% reduction in prolificacy, when compared with
the herd average of 12.8 piglets per litter. The number of stillborn piglets per litter was similar to
the herd average (1 vs. 0.9 piglets/litter) and number of mummified piglets was slightly lower
(0.38 vs. 0.5 piglets/litter). Furthermore, the EBV for total born litter size of these sows (-0.37, 0.25, +0.33, and +0.22) were in the range of the herd average. This suggests that this
translocation has adverse effect on male fertility, but affected female carriers to a lower extent.
For case 12, inv(6), these two sows had different parents and grandparents. Sow #1
produced 9 litters (6.9 piglets/litter) and sow #2 had 5 litters (8.4 piglets/litter). Those represent a
29% and 13% reduction in total born litter size (herd average 9.68 piglets/litter). EBVs were 1.46 and -0.37, respectively.
The frequency of chromosome abnormalities in Canadian and Vietnamese pig populations
Among the screened 732 young Canadian AI boars, 12 were identified as carriers of a
chromosomal abnormality, which indicates a 1.64% prevalence. For Vietnamese farms, among
the 43 randomly chosen boars and sows, two unrelated sows carrying the same inversion were
found. Therefore, the frequency of chromosome abnormalities in this study for the Vietnamese
pig population was 4.7%.
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DISCUSSION
In this study, the 9 reciprocal translocations and 2 inversions presented are novel and
have not been reported to date. There have been publications about the exchanges between 2
chromosomes 1/5, 1/15, 7/15 and 12/14, which were similar but not identical to cases 1, 2, 7 and
9 (table 2) of our study. Inversion 6 and 8 had also been described in the past (table 3). The
breakpoints reported in those papers were different from the ones described here. Moreover, the
two inversions described in this study are paracentric inversions, hence different from the
pericentric inversions inv(8)(p21;q11), inv(8)(p11;q25) and inv(6)(p14;q12) reported by Ducos
et al.,(2007). Appendix VI to XIII show the comparison of the cases described here with those
reported in the literature. Some rearrangements have one of the breakpoints in common with
some of the reported cases but the second breakpoint is different. Therefore, our cases reported
here are clearly distinctive.
Table 2. Comparison of cases 1, 2, 7 and 9 from the current study to the literature
Rearrangements
t(1;5)(q21;q23)
t(1;5)(q21;q21)
t(1;15)(q211;q13)
t(1;15)(p25;q13)
t(1;15)(q17;q22)
t(1;15)(q26;qter)
t(7;15)(q13;q13)
t(7;15)(7q-;15q+)
t(7;15)(q24;q12)
t(12;14)(q15;q23)
t(12,14)(q13;q15)
t(12;14)(q15;q13)

Fragile sites
Breed
1q21
Landrace
1q21
1q211
Duroc
1p25
1q17
Synthetic
1q26
Duroc

14q15

Reference
This thesis (case 1)
Danielak-Czech et al., 1994
This thesis (case 2)
Koukkanen and Makinen, 1988
Ducos et al., 2007
Popescu et al., 1988
This thesis (case 7)
Popescu et al., 1983
Large White
Konfortovaet al., 1995
Duroc
This thesis (case 9)
French Duroc
Ducos et al., 2007
French Pietrain Ducos et al., 2007
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Table 3. Comparison of inversions reported in the current study (case 11 & 12) to results
from previous studies
Rearrangement

Breed

Reference

Inv(8)(q11;q25)
Inv(8)(p21;q11)
Inv(8)(p11;q25)
Inv(8)(p11;p12)
Inv(6)(q23;q35)
Inv(6)(p14;q12)

Duroc
Pietrain
Large white
Polish Landrace
Landrace
Sino European

This thesis (case 11)
Ducos et al., 2007
Ducos et al., 2007
M. Switonski 1991
This thesis (case 12)
Ducos et al., 2007

Traditionally, the detection of hypoprolific boars was usually only possible after a
minimum of 10 litters were born. By that time, an AI boar has been used for at least 4 months
and served between 100 and 300 sows. In most of cases, substantially more than 10 litters born
are needed for detection of a hypoprolific boar. There are many factors that can affect total born
litter size including management practices, time of the year, breeding values of sows and using
semen from multiple boars at each breeding…; this requires that the farmer be cautious in the
classification of a boar as hypoprolific. Recently, DBE were extracted based on routine
computations in national databases and have been used increasingly as an enhanced detection
tool for hypoprolific boars (Tribout et al. 2000; CCSI 2004). The effect of service sire is usually
included in the evaluation model, as a fixed or a random effect. The main advantage of DBEs is
to provide direct effects of service sires on total born litter size, with these effects being
corrected for various effects, such as herd, season and breeding values of sows. Therefore, DBEs
are expected to be more accurate than using the average total born litter size alone to compare
with the herd average (Tribout et al. 2000). The four carrier boars described in this study had
DBEs considerably lower than 0 (-4.82, -4.4, -4.39 and -2.67), indicating that DBEs are a good
measurement for total born litter size in boars. Despite DBEs being an advanced tool used to
detect hypoprolific boars, enough litters sired by a suspect boar have to be born and sow litter
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data entered to obtain an accurate DBE. Again, that boar could be used for services for almost 4
months before having its first litter born. Therefore, although a DBE value is a good
measurement for fertility, it is not as helpful for detecting fertility problems that are happening
currently on a farm. Nevertheless, it is valuable to screen relatives of an animal previously
identified as a carrier of a chromosome abnormality, especially in cases where parents of the
carrier are no longer available for karyotype analysis to investigate the origin of the abnormality.
Examples for the utility of DBE in this study are outlined below. In only 5 cases, the
parents were still available for karyotyping to determine the origin of the rearrangements. Case 2,
5 and 11 are 3 cases where the origin of rearrangements could not be confirmed. By looking at
the DBEs of related males, it is possible to obtain some information as to the origin of the
abnormality. For case 2, rcp(1;15), the karyotyped Yorkshire carrier boar had a very low DBE, 4.82, indicating a large adverse effect of this translocation on total born litter size. This boar had
a sire with DBE of -6.0294 with 19 litters and a paternal grand sire with DBE of -4.7 from 63
litters while the dam, maternal grandparents had average total born litter sizes above herd
average. The origin of this rcp(1;15) abnormality is therefore most probably from the paternal
line. For case 5, rcp(3;12), the carrier boar had a negative DBE value (-4.4) based on data from
11 litters, which indicated that this translocation had a large adverse effect on total born litter
size. However, the parents and grandparents of the carrier boar all had an average total born litter
size around/above line average. In detail, the sire has DBE of +0.8213 (19 litters). The affected
animal’s dam had an EBV of +1.22 (14 piglets/litter), which was based on data from 3 litters.
The paternal grand-sire had a slightly negative DBE value (-0.57) from 94 litters, the paternal
grand-dam had an EBV of +3.18 (18.7 piglets/litter) based on 5 litter records. The maternal
grand-sire had a positive DBE value of +0.452 based on 10 litter records and the maternal grand-
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dam had an EBV of +0.51 (13piglets/litter) from 3 litters. Therefore, rcp(3;12) seemed to have
occurred spontaneously. For case 11, inv(8), the boar has no litters, hence we cannot confirm the
adverse effect of this inversion on total born litter size. However, this carrier boar has a dam and
maternal grand-sire with average total born litter sizes below line average. Specifically, his dam
had an EBV of -0.06 (6.5 piglets/litter, herd average for Duroc was 9.64 piglets/litter) from 4
litters and his maternal grand-sire had a DBE value of -2.78 based on 8 litter records. Thus, the
origin of this inversion 8 was most probably maternal.
The 12 rearrangements reported here involved 12 out of 18 autosomal chromosomes in
pig. In addition, they seemed to occur randomly although specific chromosomes are thought to
be at greater risk for translocation than others are. Our case 1 and 2 are reciprocal translocations
related to chromosome number 1. Chromosome 1, the largest chromosome in the pig karyotype,
covers 10.4% of the whole genome; It is involved in 44 or more rearrangements (Appendix III)
of approximately 180 chromosomal abnormalities (Appendix I and II) reported so far in
domestic pigs. This indicates that chromosome 1 most frequently participates in chromosomal
defects presumably due to its large size (Fries and Stranzinger 1982; Gustavsson et al. 1988).
Fragile sites are heritable points on chromosomes at which the chromosomes are prone to
breakage under condition such as aphidicolin, folate-sensitive sites and BrdU (Riggs and
Chrisman 1991; Rønne 1995; M. Y. Yang and Long 1993). In the pig, 60 fragile sites have been
reported in GTG banded chromosome in total (Rønne 1995). The high number of unstable
regions (14 fragile sites) existing on chromosome 1 and identified as the breakpoints in 32
different translocations in vivo (Appendix III) so far suggests that this chromosome is
particularly fragile as well. Review of 37 reciprocal translocations involving chromosome 1 are
also interesting since the majority of chromosomes exchanged with chromosome 1 are one-
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armed chromosomes (chromosome 13 to 18: 16 different reciprocal translocations) or a
subtelocentric chromosome (chromosome 6 and 7: 9 different reciprocal translocations), which
might predispose a close orientation and location of these chromosomes in the nuclei. The
frequency of exchange of two specific chromosomes has been explained by the mechanism(s) of
formation of chromosomal translocations. The combination of broken chromosome ends located
near each other in the interphase nucleus or may brought together in an active process lead to
establish a new translocation (Gollin 2007). Chromosome 15 is also an acrocentric chromosome.
Including the one described in this study, often 4 reciprocal translocations between chromosome
1 and 15 have been reported in the literature (table 2). Similarly to chromosome 1, chromosome
13 (our case 8 and 10 are related to this chromosome) is the largest acrocentric chromosome,
covers 7.2% of the whole genome and contains 7 fragile sites, which makes it the most fragile
among acrocentric chromosomes. However, it is involved in only 22 different in vivo
rearrangements, while 35 rearrangements in vivo have been reported for the acrocentric
chromosome 14 (Appendix IV and V). Chromosome 14, is a medium size chromosome and
covers 5% of the whole genome; the number of fragile sites reported on this chromosome was
few (5 fragile sites). The break point 14q23 in case 9 of this study is not a fragile site and has
been reported in 4 different translocations (Appendix IX). In addition, 7q13 and 15q13 in cases 7
and 2 are also not fragile sites, but they have been involved in 6 and 8 different translocations,
respectively, while 1q211 (in case 2) is a fragile site and is the first time described in this study
(Appendix X). Briefly, it is clear that specific chromosomes are at a higher risk for
rearrangements than others are. The large size of the chromosome and fragile sites are factors
known to increase the occurrence of rearrangements. However, in the pig, there are more factors
that we still do not know that can enable this process.
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In this study, 10 out of 12 boars with chromosome rearrangements had total born litter
size data available for analysis. All of them, except case 6, rcp(6;7), showed a reduction in total
born litter sizes and number of piglets born alive (NBA). However, only 4 litters were recorded
for case 6, and the slight increase (+7.5%) in comparison to the herd average could be due to few
records (bias resulting from small data sets). Regardless the type of translocation, the effect of
chromosome abnormalities was already well known due to unbalance gametes which were
produced by carriers. When those unbalanced gametes were fertilized with normal gametes,
unbalanced zygotes were produced and were usually eliminated before implantation due to an
imbalance in the number of copies of genes located in the affected chromosomes, resulting in
small total born litter sizes (King 1981; Popescu and Boscher 1982). The actual extent of the
reduction varied in different rearrangements. In this study, they varied from 4% to 46%.
Robertsonian translocations had the smallest effect with only 4% reduction, while reciprocal
translocations resulted in a reduction of total born litter sizes ranging from 17% to 46%. Even
some cases were reported with 100% reduction such as rcp(6p+;14q-) (Madan et al. 1978) and
rcp(6p+;15q-) (Bouter R et al., 1974). Experiments using sperm FISH to estimate the percentages
of different types of balanced and unbalanced sperm have also shown that they vary from
translocation to translocation (Kociucka et al. 2014; A. Pinton et al. 2004). Carriers of
translocations in the pig usually have normal sperm parameters, which indicated that the
synapses during meiosis are resolved in different way such as quadrivalent or heterosynapses (D.
a Villagómez et al. 1995; D. a F. Villagómez and Pinton 2008). However, the type of the
chromosomes involved in rearrangements (e.g. metacentric, submetacentric and acrocentric),
location of the breakpoints involved in chromosome arrangement (central, terminal and
interstitial location), size of the chromosome segments involved and candidate genes for total
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born litter size which are located at the breakpoints as well as chromosomes involved can
contribute to the percentage of unbalanced gametes and possibly the ability to fertilize those
gametes due to the gene for total born litter size were altered. More detailed experiments for each
specific translocation need to be carried out to determine the main cause for the level of the
reduction in total born litter size. Case 3 has the highest reduction of total born litter size (-46%).
This reciprocal translocation involved chromosome 2 and 5. Although it has a small exchange
segments on the tip of each chromosome, the presumptive breakpoint is in the genes FSHb on
chromosome 2 (figure 27), which was reported associated with total born litter size in the pig
(Pripwai and Mekchay 2011; Du et al. 2002). Moreover, among the 12 cases, only the presumed
breakpoint of case 3 was on a dark band (2p16) while others were located on a light G band. In
mouse, it is hypothesized that the break occurs in a dark G band, more suppression of crossing
over later on synapsis (Ashley 1988). Besides chromosome 2, other chromosomes in pigs have
been reported to contain genes related to total born litter size. Chromosome 1 (case 1 and 2)
contains ESR (Buske et al., 2006). Chromosome 6 (case 6) has FUT1 and LEPR (Buske et al.,
2006). Chromosome 7 (case 7) has BF and VEGFA(Buske et al., 2006; Chen et al. 2015).
Chromosome 8 (case 8) contains SPP1, GNRHR and EGF (Buske et al. 2006; Distl 2007).
Chromosome 12 (case 5 and 9) enclose NAT9 and IBP4 (Jiugang et al., 2012; Shifei and
Yonggang 2012). Chromosome 14 (case 9) has RBP4, GADD45G and LIF (Distl 2007; Liu et al.
2015; M F Rothschild et al. 2000).
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Figure 27. GTG banded and schematic drawings with QTL and candidate genes
influencing fecundity. Figure legend: bold solid lines = level of significance p < 0.05; dashed
lines = level of significance p > 0.05; EPOR=erythropoietin receptor; FSHb=follicle
stimulating hormone beta; FUT1=fucosyltransferase 1; GNRHR=gonadotropin releasing
hormone receptor; LEPR=leptin receptor; SPP1 (OPN)=secreted phosphoprotein 1 (from
Buske et al., 2006).
Similar to reciprocal translocations, inversions are thought to cause fertility problems due
to unbalanced gametes (Morel et al. 2007) and associated gene copy number. Moreover, if the
size of the inverted segment constitutes >30% of the chromosome, crossing-over may likely
occurs within inverted synapsed regions, resulting in the risk of having unbalanced offspring
(Iwarsson et al. 1998). In our study, two paracentric inversions were found with inverted
segment of ~35% and ~55% for chromosome 8 and 6, respectively. In addition, the breakpoints
on those inversions are located in fertility genes and QTL for total born litter size (figure 27).
Hence, those inversion were expected to cause large adverse effect on reduce total born litter size
of carriers. Unfortunately, the boar that is a carrier of the inv(8)(q11;q25) was young and sired
no litters. Thus, we are not able to identify any effects of this inversion on fertility. Two sows,
carriers of the inv(6)(q23;q35), had 13% and 29% reduced total born litter size. Although the
size of inverted segment is quite large (55%) and both breakpoints occur right in fertility genes
and QTL for total born litter size, the effect of the abnormality is not as serious (figure 27). To
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date, most of the studies on inversions in the pig show that the inversions had little or no effect
on the fertility of carriers (Y-I. Miyake, T. Matsubara 1994; Anielak-Czech B., A. KozubskaSobocinska, E. Slota 1996; Katia Massip et al. 2010; K. Massip et al. 2009; a Ducos et al. 1997;
Świtoński 1991). Only inv(2)(p13;q11) was found in a hypoprolific boar but no reproductive
data was mentioned in detail (Alain Ducos et al. 2002). The inversions in those studies including
both small and large inversion segments, some breakpoints occurred right in fertility genes
(figure 28). Hence, inversions in pigs may have some mechanism to resolve the problem in
synapses to minimize the effect of this rearrangement.

Figure 28. Schematic drawings with candidate genes influencing fecundity. ESR=estrogen
receptor; EPOR=erythropoietin receptor; FSHb=follicle stimulating hormone beta;
GNRHR=gonadotropin releasing hormone receptor; SPP1 (OPN)=secreted phosphoprotein 1
(from Buske et al., 2006). a= inv(1)(p21;q11) (Y-I. Miyake, T. Matsubara 1994); b=
inv(1)(p221;q11)(Anielak-Czech B. et al., 1996); c= inv(1)(p24;q29); d= inv(1)(q12;q24); e=
inv(1)(p21;q210); f= inv(2)(p11;q11); g= inv(2)(p11;q21); h= inv(2)(q13;q25)(K. Massip et al.
2009); i= inv(2)(p13;q11) (Alain Ducos et al., 2002); j=inv(4)(p14;q23)(Katia Massip et al.
2010; a Ducos et al. 1997); k= inv(8)(p11;p12) (Świtoński 1991).
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The rob(13;17) translocation has been described in countries like China (Shan et al.
1994), France (Ducos et al., 2007) and Germany (Schwerin et al. 1986). Studies on the
rob(13;17) translocation showed a reduction of fertility in pigs between 10-20% (Golisch 1989;
R. McFeely et al. 1988; Wnuk and Kotylak 2005). However, in our study, carrier boars of the
rob(13;17) translocation had only a slight reduction of 4% in total born litter size. This result is
in agreement with the findings of Pinton et al., 2009. In that study, dual colour fluorescence in
situ hybridization of decondensed sperm nuclei was used and found that in males, the rate of
unbalanced spermatozoa ranged from 2.96% to 3.83% ( a. Pinton et al. 2009). Unbalanced
sperms fertilize with normal eggs resulting in unbalanced zygotes which are eliminated during
pregnancy (King 1981; Popescu et al. 1984). Similarly, if a carrier boar mates with a carrier sow,
more unbalanced zygotes are expected to be produced, and lead to a higher reduction in total
born litter size. In a study pertaining to the rcp(4;14) translocation by Popescu et al., (1984), the
authors reported that the mating of one carrier parent resulted in 45% reduction in total born litter
size while mating of two carrier parents resulting 52% reduction of total born litter size.
Surprisingly, when a carrier sow and boar of rob(13;17) were mated together, a higher total born
litter size (14.5piglets/litter) than the herd average (13 piglets/litter) were produced. However,
the results are based on only two litters, more data and experiments are needed to confirm and
explain for this observation. Although the rob(13;17) translocation leads to a minor reduction in
the total born litter size of carrier boars, it caused a high dissemination of the translocation
especially when a carrier boar was bred with a carrier sow, a total of 77% of progeny had
inherited the translocation. Due to the small effect on total born litter size, boars that are carriers
of rob(13;17) translocation are not easily recognized by breeders and therefore are usually used
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for services for a long time. In addition with high dissemination, it is easily wide spread to many
countries as a result.
In conclusion, in agreement with previous reports, the results of the present study
underline the high incidence and variability of chromosome abnormalities in domestic pig
populations. The prevalence of reciprocal translocation in the Canadian pig populations (1.64%)
seems to be much higher than other frequencies reported. Reciprocal translocations seem to be
the most frequent chromosomal abnormality occurring in domestic pig populations; they have a
large negative effect on the fertility of carrier animals, which leads to lower total born litter sizes,
decreased number of stillbirth and malformed piglets as common symptoms (Quach et al. 2010).
Nevertheless, inversion and especially Robertsonian translocations also have a small effect on
reducing total born litter size of animal carriers. The findings here emphasize the relevance of
cytogenetic screening programs to systematically test all breeding boars as an essential tool for
swine improvement in any country with an intensive pork industry.
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CHAPTER TWO
Copy number variations in high and low fertility breeding boars
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INTRODUCTION
Pork is the most consumed meat in the world (USDA and Foreign Agricultural Service
2014), thus high prolificacy of breeding animals represent a very important economic factor for
the industry. As pigs are polytocous species, total born litter size is a direct measure of efficient
fertilization and successful breeding. As a consequence, various total born litter size related traits
are incorporated into genetic improvement programs with high economic importance. Genetic
variability in genes with predicted reproductive functions and genotypes of linked SNP markers
have been explored to identify hundreds of QTLs (Hernandez et al. 2014) and these markers
have been successfully used to increase the rate of genetic gains. It is also known that large
structural variations, such as chromosome rearrangements are major etiologic factors behind
reproductive dysfunction and eradication of carriers could help in efficient and economical
breeding (A Ducos et al. 2008). Smaller sized genome rearrangements, such as deletions or
duplications that disrupt the balance in genome integrity and result in copy number variations
(CNVs) represent a novel type of molecular marker (Bickhart and Liu 2014). This class of
structural variations have become the focus of research since its discovery (Iafrate et al. 2004;
Sebat et al. 2004) and in particular the recognition that a surprisingly high proportion of the
human genome is involved in CNVs, potentially affecting gene expression and phenotype
(Haraksingh and Snyder 2013). Since then, numerous studies described CNV in human
populations and the current Database of Genomic Variants contains ~110,000 CNVs, covering
71.5% of the human genome. Also, 90% of transcripts and 79% of microRNA loci are
overlapped by CNVs (MacDonald et al. 2014). Association of CNVs to disease states have also
been attempted leading to the identification of putative markers involved in the development of
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various cancers, neurological disorders, recessive diseases, etc. (Almal and Padh 2012; Boone et
al. 2013).
Recently, this level of genome variability has also been investigated in domestic animals
including cattle, pig, goat, sheep, horse, dog and chicken (Clop, Vidal, and Amills 2012) and
hold promise to become useful markers for genetic selection (Gurgul et al. 2014; Bickhart and
Liu 2014). The first insight into CNV content of the porcine genome was from a study that
involved only four chromosomes due to the difficulty of array CGH (aCGH) platform design
(Fadista et al. 2008). Recently, with the availability of a more refined genome assembly,
genome-wide high density oligonucleotide CGH arrays could be designed and used to investigate
pigs from many different breeds(Y. Li, Mei, et al. 2012; Jiying Wang et al. 2014), but it also
opened the possibility of investigating CNVs from individual whole genome sequences (Rubin et
al. 2012; Paudel et al. 2013).
The applicability of SNP genotyping arrays for the estimation of DNA copy numbers
have made the Porcine SNP60k chip (Ramos et al. 2009) the method of choice for several other
research projects. Ramayo-Caldas et al. (Yuliaxis Ramayo-Caldas et al. 2010) have identified 49
CNVRs in 55 pigs, while 565 CNVRs have been described in a study of nearly 1700 pigs from
18 populations (C. Chen et al. 2012). Wang et al. (L. Wang et al. 2013) investigated a large
population of Large White x Minzhu pigs and described 249 CNVRs, while Fernandez et al.
(Fernández et al. 2014) investigated a highly inbred Iberian strain and found 65 CNVRs. Based
on the studies using the SNP60k chip, CNVs cover 16.08% of the porcine genome (Fernández et
al. 2014). This is a fraction of CNVR length reported in humans, most probably due to the
smaller number of animals investigated and the less refined genome assembly and screening
tools available, leaving much to discover.
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Most of the available porcine CNV studies contain functional annotations of the gene
content of identified CNVRs and provide important descriptions of new individual or breed
specific variants with slightly different estimates of this level of genome variation in pig
populations. Furthermore, Chen et al. (C. Chen et al. 2012) has associated several meat and
carcass quality traits (QTL) with CNVRs and identified seven candidate genes potentially
affecting these traits. Also, six CNVRs contained significant SNPs for several meat quality traits
after merging genome-wide SNP association data with the copy number variation map (L. Wang
et al. 2013). To our knowledge, only one study has initiated CNV discovery in pigs that were
selected from the two ends of the fat/lean estimated breeding value spectrum, in an attempt to
identify candidate CNVs associated with fatness (Fowler et al. 2013).
The goal of this study is to investigate the feasibility of identifying candidate CNVs
related to fertility in a selected population of high and low fertility boars. Gene content and
reproduction QTLs that are mapped to the positions of identified CNVs were analyzed.
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MATERIALS AND METHODS
Animals and array genotyping
The Canadian Centre for Swine Improvement Inc. (“Canadian Centre for Swine
Improvement Inc.”), as a non-profit organization, collects and manages pedigree, breeding and
performance information, as well as SNP genotypes of breeding animals from numerous major
breeders across Canada to calculate and provide estimated breeding values for various traits. This
integrated database was screened to identify boars with exceptional high and low fertility. The
fertility indicator was defined as the calculated direct boar effect on total born litter size (DBE)
that can be obtained as a by-product of the national genetic evaluation for total born litter size
(BLUP). DBEs are more accurate than only considering total born litter size averages in mates,
since the estimated boar effects are then corrected for all identified environmental effects and
breeding values of their mates (Tribout et al. 2000). The DBE value precisely shows how many
more or less piglets a given boar produces per litter on average, as compared to the overall
average of the population. The database contained 16,959 Yorkshire, 14,188 Landrace and 7,366
Duroc boars with calculated DBE values. From these more than 38,500 boars we catalogued
animals from the most extreme 10% on both sides of the distribution, that would be equal to
approximately 2 more or less piglets than herd average. Among these high and low fertile boars
we have selected the ones which had the Porcine SNP60k array genotypes available, generated at
the genomics facility in DNA LandMarks Inc. (QC, Canada), as part of large genotyping
projects. For the purpose of CNV prediction 11 high fertility boars having 2.83±0.61 (mean±SD)
DBE value and 10 low fertile boars with -2.72±0.79 DBE value were randomly selected.
Moreover, eight high fertile (DBE 2.38±0.36) and 9 low fertile boars (DBE -3.38±0.97) were
randomly chosen to be used for validation of the CNV predictions. Distribution of DBE values of
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the various groups are presented in Figure 29. All together, the selected 19 high fertile and 19
low fertile animals represent various breeds, such as Yorkshire (21), Landrace (14) and Duroc
(3).

Figure 29. Descriptive statistics (mean ± SD) of the direct boar effects (DBE) in the high
and low fertile animals, the validating groups and all together.

CNV analysis
Each probe-pair on the Illumina SNP60k genotyping array (for alleles A and B) marks a
specific location in the porcine genome and its signal intensity could be related to the amount of
DNA at that locus. In order to estimate DNA copy numbers, the observed normalized probe
signals in each sample were compared to an expected signal intensity calculated from the
Illumina defined reference sample cluster, thus generating a log R ratio value
(log2(Robserved/Rexpected), as described by Peiffer et al., (Peiffer et al. 2006)). This procedure was
done using the Illumina GenomeStudio software, before being transferred into the SNP and
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Variation Suite version 7.7.8 (SVS, GoldenHelix) for quality control and CNV analysis.
Noise in the log R ratio values, inherent from the sample preparation or genotyping
procedure could cause faulty identification of CNVs or confounding associations. Thus, our
quality assurance workflow consisted of several different steps to identify potentially low quality
samples. The X and Y chromosomal data were excluded from the data. Initial quality controls for
noisy samples were done by testing for outliers in the median derivative log ratio values.
Genomic wave factors were detected using the correction algorithm developed by (Diskin et al.
2008) Diskin et al., as implemented in SVS. Potential batch effects were tested by principal
component analysis (PCA) of logR values. SNP marker locations were annotated on the latest
genome build, Sscrofa 10.2/susScr3 (2011).
There are two different copy number analysis methods (CNAM) in SVS that implement
the same segmenting algorithm two different ways. The univariate CNAM scans each sample
separately and is ideal for identifying larger segments in individual genomes, while the
multivariate CNAM segments all samples simultaneously, thus generally smaller but common
CNVs could be identified. We have applied both segmentation methods on our dataset to predict
CNVs with maximum pairwise segment p value being 0.005, the min number of
markers/segment value either 1 or 3 and the segment means were filtered to be <-0.15 for losses
or >0.1 for gains. Overlapping CNVs were then merged to a CNV region (CNVR). The high and
low fertility groups were also separated for the multivariate CNAM, thus facilitating the
identification of CNVs specific for only one phenotype. The validation set of high and low fertile
animals were segmented with the univariate and multivariate methods using the same conditions.
The two-sided Mann-Whitney U-test were used to detect significant (p<0.05) differences
between the high and low fertile groups.
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qPCR validation
Eight CNVRs among the ones present in the largest number of animals (four CNVRs
specific for the high and four CNVRs for the low fertility group) were validated by quantitative
real-time PCR (qPCR). The DNA samples of the animals - in which the CNVRs were predicted were retrieved from the DNA collection at our industry partner. No experiments were carried out
on animals, thus no ethical approval was required. Primers were designed using the Primer3
plug-in of Geneious software. The primers by Chen et al. (C. Chen et al. 2012) were used for the
beta-actin control region. Primer sequences and product sizes are in appendix XIX. qPCR was
performed using a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) under the
following thermal profile: 98°C, 2 min; 45×(98°C, 10 sec; 59°C, 10 sec) followed by the
registration of a melting curve between 68°C to 95°C in 0.5°C/sec increments. The 10µl reaction
was composed of 1× SsoFast EvaGreen Supermix (Bio-Rad), 3mM primers and 20ng genomic
DNA and samples were run in triplicate. Primer efficiencies were calculated as the average of
individual well efficiencies determined by linear regression of amplification curves using the
LinRegPCR software (Ruijter et al. 2009). The relative quantity of each locus was determined
against the control sample after normalization to the beta-actin signal using the formula
described by Pfaffl et al. (Pfaffl 2001).
Functional annotation of CNVRs
Genomic locations of QTLs and the ones involved in reproductive traits (reproduction
QTLs) were downloaded from the Animal Genome Database (Hu et al. 2013). Enrichment of the
latter in CNVR regions were tested using the Chi-square test with Yates correction. The RefSeq
gene list was downloaded from the UCSC Table browser (Karolchik et al. 2014). The resulting
list of annotated genes was further analyzed for functional enrichment in Gene Onthology (GO)
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terms using the various tools implemented in the WEB-based Gene SeT AnaLysis Toolkit
(WebGestalt, (Jing Wang et al. 2013)). The porcine gene names were converted to the
corresponding human ones and the resulting list was contrasted against the human genome as a
reference set for the default statistical test (Benjamini-Hochberg, adjusted p-value <0.01).
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RESULTS
CNV analysis
Prior to CNV analysis several quality control steps were carried out. We have not
identified any samples with outlier noise in the log R ratio values. We also checked another type
of noise, the so called “genomic waves”, that are variations of the signal intensity related to the
genomic position of the probe, thus the composition of the DNA (Diskin et al. 2008), and found
no outlier wavy sample. The animals were selected from a large set of samples, which were not
all genotyped at the same time, thus we performed principal component analysis to investigate
potential batch effects. The PCA identified clear stratification of the data based on the date of
array procedure. The effect of the fertility status and breed of animals were also PCA tested and
no clustering was observed with any of these two parameters.
We chose to apply the two available segmentation options in the SVS software to explore
putative CNVs. This algorithm - although widely used in human studies (GoldenHelix) - has not
yet been applied to any data set generated on the Porcine SNP60k platform.
The first segmentation method (univariate CNAM) searches individual genomes.
Segments with significantly different log R ratios from their neighbors are identified as CNVs,
which were then sorted according to the fertility status. Figure 30a shows a region of the genome
where four CNVs of slightly different lengths were identified in four low fertility animals and
marked by red bars representing losses. The overlapping region could then be merged to a low
fertility specific CNVR. This method identified 48 CNVs in individual genomes, which were
then compared to their fertility status and merged into 24 overlapping CNVRs. Among these, 10
were specific to the high fertility and 12 to the low fertility group, while two CNVRs - although
present in both groups - showed the opposite copy number status (loss in low fertility and gain in
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high fertility, or vice versa).

Figure 30. Examples for the two CNV identification options in SVS software. a) 21
individual animals genomes were subjected to the Univariate CNAM segmentation option.
A red bar represents a segment with significantly lower log R ratio, as compared to its
surrounding regions, thus identified as genomic loss. Slightly different length CNVs were
identified in different low fertility samples, thus the overlapping region could be merged to
a low fertility specific CNVR. b) The multivariate CNAM method segments a group of
samples together and segments are called only if present in all samples. In order to identify
CNVs specific for either the high fertility or the low fertility group, the samples were
segmented together, as well as grouped according to the fertility status. Only those CNVs
were accepted that were present in only one group, but neither in the other phenotypic
group or in all samples together. Here the red bar identifies a CNVR specific for the high
fertility group.
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The second multivariate CNAM segmentation does not scan individual genomes, but
rather checks if the segment cut-point is present in all samples for successful CNVR calling. We
have used this approach to identify CNVRs specific for each fertility status by grouping the
samples into low fertility or high fertility group and a 3rd control group containing all samples.
As it is represented in Figure 30b, an acceptable high fertility group specific CNVR would be
identified in all members of the given group, but should not be present in the low fertility group,
neither in the control group. As the PCA identified samples clustering according to the date of
genotyping, those two clusters were separated before multivariate CNAM to provide the
maximal homogenous set of samples without confounding batch effects. We have discovered 11
CNVRs that fulfilled these criteria of multivariate CNAM and among those, four were specific to
the high fertility group and seven to the low fertility group.
All together the two different strategies of CNAM resulted in the identification of 35
CNVRs. Fourteen CNVRs were specific to the high fertility and 19 to the low fertility boars
(appendix XIV). Only 14 of the 18 autosomes harbour CNVRs, as none was identified on
chromosomes 4, 5, 7 and 15 (Figure 32). The name of each region, such as CNVR18L, is
composed of “CNVR” followed by a number and “L” for being specific to the low fertility group
or “H” in case of the high fertility group.
Chromosome 2 had the highest number of CNVRs (8) and the largest region involved in
them (~12Mb), while 5 other chromosomes had only 1-1 CNVR (Appendix XV). We observed
an excess of copy losses (28) and five gains and two regions where both gains and losses were
found (Appendix XVI). The total length of CNVRs is approximately 36.5 Mb, which is
distributed in a ratio of 4:1.5:1 among losses, gains and gain/loss regions.
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Quantitative real-time PCR (qPCR) was used to validate the identification of CNVRs.
The results for all eight tested loci were in agreement with our predictions (Figure 31). Every
animal from the group showed the predicted CNVR status in five CNVRs (CNVR18L,
CNVR27L, CNVR28H, CNVR34L, CNVR36H), while five out of six samples tested positive at
two loci (CNVR15H, CNVR37H) and two out of four samples were confirmed at CNVR38L.
Another aspect of validating the predicted CNVRs was the investigation of an
independent set of high and low fertile animals to determine whether the same regions could be
identified. In fact, 26 CNVRs were present and 7 maintained significant association with the
fertility status (CNVR5L, 7L, 10L, 18L, 45L, 50L, 62L). Interestingly, we found two regions
(CNVR7L, 45L) where samples with both gain and loss status were present, although the
original predictor set of animals represented only one of them.
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Figure 31. Results of validation experiments for 8 CNVRs by qPCR. Relative quantity of
target amplicons were calculated against the control sample (C) after normalization to the
beta-actin locus.
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CNVRs overlapping reproduction QTL regions
The genomic positions of the 35 identified CNVRs were used to search for reproduction
QTLs mapped to the same positions in the Animal QTLdb including the endocrine, total born
litter size, reproductive organ and reproductive trait categories. The majority of CNVRs (30)
overlapped with 137 QTLs from 16 traits and only 5 CNVRs are situated in regions of the
porcine genome that have no reproduction QTL mapped (Appendix XVII). The chi-squared test
with Yates correction (p<0.05) showed significant enrichment of reproduction QTLs among all
QTL categories within the boundaries of the identified CNVRs.
The most abundant QTLs were the teat number “TNUM” and age at puberty “AGEP”.
Thirty-eight TNUM and 26 AGEP were mapped to regions where CNVRs were detected.
Twelve traits had QTLs mapped to chromosome regions where either low or high fertility group
specific CNVRs were found, however the following 4 QTLs were found to be specific for only
one of the fertility groups. A QTL for “plasma FSH concentration” (QTL #646, (Rohrer et al.
2001)) was found to overlap with CNVR43H and CNVR44H from high fertility group animals.
Two low fertility group specific CNVRs (CNVR13L and CNVR39L) overlapped with two
different QTLs for “gestation length” (#21837, (C. Y. Chen et al. 2010); and #452, (Wilkie et al.
1999)). One QTL for “testicular weight” (#6527, (Ren et al. 2009)) harboured CNVR5L, a low
fertility group CNVR. And at last, a “uterine capacity” QTL (#523, (Rohrer et al. 1999)) lie
together with the low fertility group specific CNVR34L.
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Figure 32. Location of the detected CNVRs on the porcine chromosome ideograms. The
size of each ideogram is proportional to that of the chromosomes. The sex chromosomes
were excluded from the analysis and no CNVR was detected on chromosome 4, 5, 7 and 15.
The brown bars in the middle of each chromosome represent the positions of CNVRs. The
purple columns in the left are the positions of QTLs and RefSeq genes are marked by red
bars on the right side of the ideograms.

Functional annotation of CNVR gene content
Sequences - with RefSeq IDs - mapped to positions of CNVRs were retrieved from the
UCSC Table browser. The identified 35 CNVRs encompassed 50 genes (Appendix XIV and
XVIII). The majority of these were specific to the low fertility group (40), 7 to the high fertility
group, while 3 were found in regions that were present in both groups. Most of the genes, 27 and
10 respectively, were found on chromosomes 2 and 12, not surprisingly these two chromosomes
are covered with the largest regions, approximately half of the total size of CNVRs. CNVRs
identified on chromosomes 3, 6, 11, 13 contain no genes.
A functional analysis of several databases revealed that the genes found in CNVRs from
the low fertility group have been significantly enriched in members of the innate immune
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system, toll-like receptor (TLR) and RIG-I-like receptor signaling and fatty acid oxidation
pathways (Table 4). The seven genes from the high fertility group CNVRs and the ones present
in both groups do not specify any pathways with significant enrichment p-value.
Five micro RNAs (miRNAs) were also found to position within CNVRs: miR-21, miR142, miR-143, miR-145, miR-202 (Table 5). The latter was detected in both high and low
fertility groups with opposite copy number status (deletion and gain, respectively), while the
other four were only found in the low fertility group CNVRs, as deletions.
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DISCUSSION
In this study we applied the extreme groups / selective genotyping approach (Darvasi and
Soller 1992) for identifying copy number variations in high and low fertility breeding boars.
These two groups of animals representing approximately 10% of both the upper and lower ends
of the distribution from a large population of boars had mean DBE values of -2.7 and 2.8. One
represents outstanding high fertility, while the others having high negative DBE values are
considered low fertility. Animals from these two diverse phenotypes were compared by several
approaches in order to prove the feasibility of our CNV analysis and to identify putative markers
of fertility.
It should be noted that using a small subset of animals from the extreme ends of the
phenotypic distribution not only reduced the cost of genotyping, but could retain the power of
analysis as proven by simulation (Darvasi and Soller 1992) and numerous QTL mapping studies
(H. Lee et al. 2014). Recently, it was also applied for CNV discovery as well, based on animals
sampled from the distribution of fatness EBV (Fowler et al. 2013).
We have identified 35 CNVRs covering 36.5Mb or ~1.3% of the 2800Mb porcine
genome. The size range distribution of CNVRs is similar to that of other publications using the
same SNP60k chip. There are numerous software tools available, such as PennCNV,
cnvPartition, QuantiSNP, GADA to name a few which employ very different algorithms for the
identification of CNVs from SNP array data (K. Wang et al. 2007; Colella et al. 2007; PiqueRegi, Cáceres, and González 2010). A comparative analysis of several of these has found highly
variable CNV calls due to this inherent difference (Xu et al. 2013). Previous studies into porcine
CNVs from SNP array data have chosen from these four softwares with slight preference given
to PennCNV (Yuliaxis Ramayo-Caldas et al. 2010; L. Wang et al. 2013; C. Chen et al. 2012;
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Fowler et al. 2013). However, we opted for the SNP and Variation Suite (SVS) (GoldenHelix)
mainly because of the extensive tools available for quality assurance and the unique multivariate
segmentation option providing the detection of associated regions across samples. Our
motivation was to combine the advantages of using the extreme groups for the DBE phenotype
and the increased analytical power of marker-level CNV test in detecting smaller common
CNVs, as the latter was tested by Breheny et al. (Breheny et al. 2012).
In fact, among the identified 35 CNVRs, 14 were specific to the high fertility animals,
while 19 CNVRs were specific to the low fertility group, thus worth investigating their putative
roles in fertility.
The quality of CNVR analysis was assessed by qPCR validation of four CNVRs specific
for the low fertility and four for the high fertility group. All of the qPCR assays confirmed the
CNV call and 90% of the tested animals gave results in agreement with the prediction, that
represents among the highest validation rate published to date in pigs (C. Chen et al. 2012). We
have also validated the identification of CNVRs using an additional independent set of high and
low fertile boars. Our further analysis steps involved the comparison of CNVRs to already
mapped reproduction QTLs, then the functional characterization of transcript content. Visual
representation of these two comparisons are given in Figure 32, where the chromosomal
positions of discovered CNVRs are aligned with QTLs and genes.
The identified CNVRs overlap with 137 QTLs of various reproductive traits (Appendix
XVII). QTLs generally represent the first estimation of the link between the genetic component
of an important phenotypic variation and a smaller or larger segment of the genome (Ernst and
Steibel 2013). These QTLs were identified and mapped with statistical significance by using
various methods from microsatellite markers to whole genome scan on very different
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populations. The experiments led to the mapping of these 137 reproductive QTLs were published
in more than one hundred studies, that could not be cited in this article, but could be accessed
from the PigQTLdb (Hu et al. 2013). Appendix XIV contains all corresponding CNVR IDs and
QTL IDs. The described CNVRs fall into the 7kb to 1.6Mb size range, that is in many cases
much smaller than the current QTL region and thus could facilitate narrowing down the real
functional locus and help the identification of the causative gene. It should also be mentioned
that CNVRs described here were not tested for statistical association with QTLs, simply the
overlapping genomic positions of the latter was used as one indicator of the potential function.
Nonetheless we found that reproduction QTLs were over-represented within CNVR boundaries.
As the porcine genome sequence and annotation are available in public databases
(Groenen et al. 2012), we attempted to characterize the functional content of CNVRs. One of the
common results of pathway analysis using the various databases was the significant enrichment
of elements of the innate immune system in low fertility samples (Table 4). A well-known
connection exists between infections of either the female or male reproductive tract and impaired
fertility. The innate immune system exhibits the non-specific response against pathogens, as the
first-line of defense and then helps to activate the adaptive immune system. It is comprised of
specific cell types, pattern recognition receptors and antimicrobial peptides, etc. Among these,
we have identified CNVRs containing various components of the TLR signaling and RIGI/MDA5 mediated induction of interferon signaling pathways. TLRs are transmembrane proteins
that recognize pathogen associated molecular patterns. TLR2 binds those of microbes, while
TLR3 is involved in cytoplasmic binding of viral nucleic acids (Saeidi et al. 2013), as well as
RIG-I and MDA5 receptors (Meylan, Tschopp, and Karin 2006). These proteins are all localized
throughout the male and female reproductive tract in humans and domestic species (Bermejo-
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Alvarez et al. 2008; Saeidi et al. 2013). The balance of TLR response is required for
physiological function of the reproductive organs - in order to protect against infections, and
alterations in function have been associated with adverse effects on endometritis, ovulation,
pregnancy outcome and sperm production (Bhushan et al. 2009; Kannaki, Shanmugam, and
Verma 2011).
Another significant pathway among the genes localized within CNVRs was the fatty acid
metabolism. The presence and balanced metabolism of fatty acids are connected to a plethora of
cellular functions, including mitochondrial energy production, oxidative stress, cytoplasmic and
membrane functions. These biological processes all affect fertility through the development of
germ cells and their ability for successful fertilization. Fatty acids are metabolized in the
mitochondria to produce acetyl-coA that enters the citric acid cycle and thus result in ATP.
Motility of spermatozoa requires substantial energy resources (Amaral et al. 2013) but the ATP
level of the matured oocyte is also essential for providing energy for the developing embryo
(McKeegan and Sturmey 2012). The cellular availability of different types of fatty acids
contribute to the fluidity of plasma membrane, that is essential for cell fusion events, such as
fertilization (Wathes, Abayasekara, and Aitken 2007), but is also key to protect the cellular
integrity from oxydative damage (Tremellen 2008). Three different CNVRs contain the
following three members of this metabolic pathway. PNPLA2 encodes an enzyme in the initial
steps of lipid metabolism by catalyzing the hydrolysis of triglycerids and its impaired function
was shown to result in decreased plasma fatty acid levels (Kienesberger et al. 2009). Similarly,
the product of the CPT1A gene is key to the mitochondrial transport of long-chained fatty acids
(K. Lee, Kerner, and Hoppel 2011), while ECHS1 is the hydrolase in the second step of the beta
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oxidation, thus their functional imbalance affects the rate of fatty acid metabolism (Janssen et al.
1997).
MicroRNAs (miRNAs) are key players in gene expression regulatory networks and as
such, they might be strong candidates for disease-causing non-coding sequences. The variable
dosage of miRNA genes due to CNVs are affecting their expression profile and regulatory role
(Marcinkowska et al. 2011). Wu et al. (X. Wu et al. 2012) suggested an evolutionary mechanism
that could correct for this by increasing the diversity of acting miRNAs on their targets and/or
adjusting the copy numbers of their major target genes according to the CNV of the miRNA. The
CNVRs found here harbor five miRNA genes (miR-21, miR-142, miR-143, miR-145, miR-202),
the first four of them specific for the low fertility animals. Interestingly, none of their predicted
target genes are situated within the boundaries of the 35 CNVRs described in this study. This
would theoretically suggest the impaired function of these miRNAs and their putative role in the
phenotype, although laboratory validation of their expression level is necessary to prove this. It is
also interesting that these are among the most abundant miRNAs expressed in the male and
female reproductive tissues (Donadeu, Schauer, and Sontakke 2012; J. Huang et al. 2011). miR21 is present in testicular germ cells (Kotaja et al. 2006) and linked to the maintenance of
spermatogenic stem cell population (Niu et al. 2011). Furthermore, it is also localized in
granulosa cells of pre-ovulatory follicles and plays a role in the follicular-luteal transmission,
proven by its increasing level of expression (McBride et al. 2012). Similarly, miR-142 shows
variable expression levels between follicular and luteal phases (Donadeu, Schauer, and Sontakke
2012). miR-143 and miR-145 are found to co-express and function in the regulation of cell
proliferation (Ohlsson Teague, Print, and Hull 2010), smooth muscle (Cordes et al. 2009) and
adipocyte development (T. Wang et al. 2011). Some studies found these to be preferentially
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expressed in the male gonads (Takada et al. 2009) and epididymis (Y. Li, Wang, et al. 2012)
while others reported abundant expression in the ovary (J. Huang et al. 2011) and functions
related to endometriosis (Ohlsson Teague, Print, and Hull 2010).
miR-202 was identified as copy number gain in low fertility and deletion in the high
fertility group, which would imply a negative role in fertility regulation. This is in agreement
with the observations of its marked upregulation in various testicular hystopathologic conditions
(Abu-Halima et al. 2014) and also in premature ovarian failure patients (X. Yang et al. 2012).
Similar to miR-202, we have found one gene with gain/deletion copy number status in
CNVR1HL. However, it is a deletion in the low fertility and a gain in the high fertility group.
Although this status distribution would make it an optimal marker for fertility, it was only found
in 1 animal from each group. Furthermore one gene, the gluthatione S-transferase mu2
(LOC780435, NM_001078684), is mapped to this region of chromosome 1. The superfamily of
these metabolic enzymes functions as important players in protecting the cells from oxidative
damage and endogenous toxicity (Strange et al. 2001). Interestingly, in humans it lies in a
hypervariable region, where structural rearrangements and deletions are frequent. The resulting
variability in gene copy number, structure and enzyme activity thought to contribute to the
individual’s stress response and strong association has been found with sperm production and
male infertility (W. Wu et al. 2013).
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Table 4. Functional enrichment analysis of genes encompassing the identified CNVRs. The results of the various tools in
WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt/option.php) are summarized.
Database
KEGG

PathwayName
Toll-like receptor signaling pathway
Fatty acid metabolism
RIG-I-like receptor signaling pathway
Fatty Acid Beta Oxidation

WikiPathways

Toll-like receptor signaling pathway
Regulation of toll-like receptor signaling pathway

ID
04620
00071
04622

Statistics
C=102;O=3;E=0.10;R=28.83;rawP=0.0002
C=43;O=2;E=0.04;R=45.59;rawP=0.0009
C=71;O=2;E=0.07;R=27.61;rawP=0.0024

C=73;O=3;E=0.07;R=40.28;rawP=5.86e05
WP75 C=116;O=3;E=0.12;R=25.35;rawP=0.0002
WP1449 C=154;O=3;E=0.16;R=19.09;rawP=0.0005
WP143

adjusted pvalue
0.0014
0.0032
0.0036
0.0005
0.0008
0.0013

C=532;O=6;E=0.54;R=11.05;rawP=1.62e0.0012
05
C=190;O=4;E=0.19;R=20.63;rawP=4.32eInnate Immune System
1094
0.0012
05
RIG-I/MDA5 mediated induction of IFNC=67;O=3;E=0.07;R=43.89;rawP=4.53e1115
0.0012
alpha/beta pathways
05
Pathway
Interferon Signaling
1123 C=98;O=3;E=0.10;R=30.00;rawP=0.0001
0.0013
Commons
Toll Receptor Cascades
1095 C=90;O=3;E=0.09;R=32.67;rawP=0.0001
0.0013
C=77;O=3;E=0.08;R=38.19;rawP=6.87eInterferon alpha/beta signaling
1122
0.0013
05
Toll Like Receptor 9 (TLR9) Cascade
1084 C=65;O=2;E=0.07;R=30.16;rawP=0.0020
0.0089
Toll Like Receptor 2 (TLR2) Cascade
1136 C=65;O=2;E=0.07;R=30.16;rawP=0.0020
0.0089
TRIF mediated TLR3 signaling
1074 C=56;O=2;E=0.06;R=35.01;rawP=0.0015
0.0089
*where C= number of reference genes in the category, O= observed number of genes in the gene set from the category, E= expected number in
the category, R= Ratio of enrichment, rawP= p value from hypergeometric test, adjusted p-value= p value adjusted by the multiple test
adjustment.
Immune System

522
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Table 5. Summary of micro RNAs found within CNVRs
Name

Transcript ID

Chromosome

miR-21

NR_038508

12

miR-142

NR_038555

miR-143

CNVR ID

Fertility

CNV status

CNVR50L

Low

DEL

12

CNVR50L

Low

DEL

NR_038529

2

CNVR16L

Low

GAIN

miR-145

NR_038484

2

CNVR16L

Low

GAIN

miR-202

NR_035399

14

CNVR59HL

High & Low

GAIN/DEL
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CHAPTER THREE
The porcine TSPY gene is tricopy but not a copy number variant
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INTRODUCTION
The majority of the Y-chromosome represents a special part of the mammalian genome,
that is unique to males. A multitude of evolutionary rearrangements, deletions, inversions,
transpositions and amplifications, are thought to have eroded its size and shaped its structure
(Jennifer A Marshall Graves 2006). It is not surprising that this resulted in highly variable Ychromosomal structures, as showed by the comparison of few completely sequenced, assembled
and mapped examples of Y-chromosomes which include human, chimpanzee, rhesus monkey
and mouse (Skaletsky et al. 2003; Soh et al. 2014; J. Hughes et al. 2010; J. F. Hughes et al.
2012). On the other hand, it also contains the SRY gene, the essential sex determination locus, as
well as several genes expressed specifically in the testis and potentially with substantial
functions in gametogenesis and fertility (J A M Graves 2006; Skaletsky et al. 2003).
The testis-specific protein Y-encoded (TSPY) gene is situated on the male specific
portion of the mammalian Y-chromosome and exhibits some remarkable biological
characteristics. Foremost, TSPY has the highest copy number (CN) of all protein coding genes in
the human genome (~35, (Xue and Tyler-Smith 2011)). This exceptional CN is surpassed in
domestic cattle bulls which have on average 94 copies of TSPY (Hamilton et al. 2009a). While
most mammalian genes exist and function in two copies, recent discovery of CN variations
(CNV) identified that those genes could be affected by deletions or duplications resulting in ± 12 copies (Redon et al. 2006). This is not the simple case for TSPY, as the variation among men
and bulls ranges from 11-76 (Krausz, Giachini, and Forti 2010), and 50 to 200, respectively (C.
K. Hamilton et al. 2009). This variation could be explained by the tandem repeated array
structure within the Y-chromosome that this gene lies in, that could provide opportunities for
imperfect pairing and recombination between the sister chromatids, resulting in large deletions or
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additional copies (Jobling 2008). This tandem repeated genomic structure – named simply as the
TSPY cluster (although individual copies have an additional numerical identifier) represents the
largest and most homogenous protein coding cluster in the human genome (Skaletsky et al.
2003).
TSPY orthologs were identified in many other species with strikingly different copy
numbers from the human and bovine examples. The chimpanzee and rhesus monkey Ychromosomes contain six copies of TSPY, while multi copy status has also been suggested in
other great apes, horses, cats and dogs (J. Hughes et al. 2010; J. F. Hughes et al. 2012; Paria et al.
2011; G. Li et al. 2013). Interestingly rats have only one functional copy, while mice have lost
the functional TSPY locus (Vogel et al. 1998; Dechend et al. 1998). The structure of the porcine
TSPY locus is not known, however a PCR identified BAC clone has been used as a FISH probe
and mapped to a single Y-chromosomal locus (Quilter et al. 2002) but its copy number was not
yet determined. There is only one predicted TSPY gene sequence identified in the various gene
banks, interestingly named as TSPY4. Although the current Sscrofa10.2 genome does not
contain a Y-chromosome assembly, this TSPY4 mRNA aligns perfectly to the whole Ychromosomal draft sequence.
Neither the biological function of TSPY, nor the effect of its variable copy number has
been clearly elucidated. The conservation of the protein sequence across many mammals and its
specific expression in the testis suggests roles in male reproduction. Molecular analysis
identified several binding domains to interact with cyclins and EEF1A, so functions in regulation
of cell cycle, renewal of spermatogonia and also as proto-oncogene in various testicular cancers
have been proposed (Schubert and Schmidtke 2010; Kido et al. 2014). It is also mapped at the
putative gonadoblastoma locus (Lau, Li, and Kido 2009). The impact of variation in TSPY copy
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number is not known, however association with fertility has been identified in cattle and humans
(Krausz, Giachini, and Forti 2010; Hamilton et al. 2012; Mukherjee et al. 2015).
There are TSPY paralogs identified outside the Y-chromosomal TSPY locus. The human
genome contains six TSPY-like genes, the five autosomal copies are most probably derived by
retrotransposition, while the one copy on the X-chromosome marks the common evolutionary
origin of the sex chromosome pair (Krausz, Giachini, and Forti 2010). Interestingly studies
suggest contrasting functions of TSPX as tumor supressor compared to TSPY, based on its
expression pattern and molecular interactions (Krausz, Giachini, and Forti 2010). The role of the
autosomal TSPY-like genes is not clear, however a mutation of TSPY-L1 identified in a case of
sudden infant death syndrome, suggests involvement in testis differentiation (Puffenberger et al.
2004). There are two autosomal (TSPYL1, TSPYL4) and one X-chromosomal (TSPYL2)
paralogs identified in the current porcine genome, but their functions are unknown.
The purpose of this study was to characterize the porcine Y-chromosomal TSPY gene
through the detection of several loci along the gene, determine its copy number and CNV status.
Here we report, for the first time the copy number of TSPY in four breeds of domestic pig.
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MATERIALS AND METHODS
Animals and DNA extraction
Peripheral blood samples from 20 unrelated boars of normal reproductive health from
four breeds (5 from each of Piétrain, Landrace, Duroc and Yorkshire) and a female control
animal were obtained from local producers. Sampling was done as part of the general animal
health check and mandatory sampling for CFIA (Canadian Food Inspection Agency) tests,
according to the Canadian Council on Animal Care and University of Guelph’s Animal Care
Committee guidelines by licensed veterinarians. These animals were not selected for research
purposes, but regular breeding animals at various Canadian farms and leftover blood samples
were used for DNA extraction using standard phenol-chloroform technique (Miller et al. 1988)
and concentrations were determined by a NanoDrop Spectrophotometer.
In order to extend the panel of the 21 tested animals, of which we had no specific fertility
information available other than their general good reproductive health, 10 additional unrelated
boars with known fertility status (five high-fertility and five low-fertility) were chosen from a
separate population (Revay et al. 2015). The fertility indicator parameter was the direct boar
effect on litter size (DBE) that is the number of piglets the given boar produces in average per
litter (appendix XXI) as compared to the overall average of the population and corrected for all
identified environmental effects and breeding values of their mates (Tribout et al. 2000). DNA
samples of these animals were retrieved from the owner’s DNA bank. It should be noted that the
method of DNA extraction and the age of the DNA samples were variable and could not be
controlled in this study.
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Relative TSPY copy number determination by qRT-PCR
Quantitative real-time PCR (qPCR) was used to determine TSPY CN relative to the
androgen receptor gene (AR, NM_214314.2, localized on the X-chromosome: NC_010461.4), a
single copy reference gene. The porcine TSPY gene sequence was identified using the
Sscrofa10.2 genome assembly, that contains the raw Y-chromosome sequence (NC_010462) and
is built from seven scaffolds. One of the scaffolds (NW_003536871.2) contains the predicted
TSPY4 gene (testis-specific Y-encoded 4-like, Gene ID: 100625034). The predicted mRNA
sequence (XM_003360532.2) was aligned to the Y-chromosome DNA sequence and used as
source for PCR assay development. Primers were designed to amplify exons 1, 3 and 5 of the
TSPY gene (Fig. 33) and exon 2 of the AR using the Primer3 plug-in of Geneious software.
Primer sequences, annealing conditions and product sizes are in appendix XXII. qPCR was
performed using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) under the
following thermal profile: 98°C, 2 min; 49×(98°C, 15 sec; 60°C, 15 sec). A melting curve was
then generated between 72°C to 95°C in 0.5°C/sec increments. The 10µl reaction mix consisted
of 1× SsoFast EvaGreen Supermix (Bio-Rad), 2.25mM primers and 5ng genomic DNA. Samples
were run in triplicate and an inter-run calibrator sample was selected (one Duroc boar) and
included in all runs to minimize technical variations. The TSPY CN was determined relative to
the calibrator sample (Eq 0.1) after normalization against the single copy reference gene using
the efficiency corrected ΔΔCq formula (Eq 0.2-0.3), as described in detail previously (Hamilton
et al. 2009).
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where ΔCq=(CqCAL-CqSample) is the difference of the threshold cycle values for the
calibrator and the sample, while E is the primer efficiency for each amplicon. The efficiency
values were calculated by two different ways. Method STD: from STD curves created from 2fold serial dilutions (16ng - 0.25ng) of DNA mixed from the 20 samples and analyzed in CFX
manager (Bio-Rad). Method LinReg: the average of individual well efficiencies were calculated
by linear regression of amplification curves using the LinRegPCR software (Ramakers et al.
2003; Ruijter et al. 2009).

Figure 33. Schematic view of the porcine TSPY gene (exons 1-5 in grey) and location of
primers (green), TaqMan probes (red), PflMI enzyme cut positions (blue) and FISH probes
(purple).

Absolute copy number determination by droplet digital PCR
Droplet digital PCR (ddPCR) was performed using the QX100 Droplet Digital PCR
System (Bio-Rad). The TaqMan chemistry (5’ FAM – internal ZEN – 3’ IowaBlack FQ
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quenchers) was used to detect the amplicons instead of the EvaGreen dye, used in qPCR
described above. TaqMan probes were designed to target TSPY exon 1, 3 and 5, as well as AR
(Fig. 33) using the PrimerQuest software (IDT). Prior to ddPCR 5g of DNA from each of 21
animals (the same 20 boars + one female control used for qPCR) were digested with FastDigest
PfIMI restriction endonuclease (Thermo Scientific) in 50l 1× FastDigest buffer for 5 min at
37°C, followed by 10 min inactivation at 65°C. This enzyme was chosen, as the simulated
restriction digestion with all commercially available restriction endonuclease in Geneious
software showed cut positions surrounding the PCR amplicons (TSPY, AR), but not within any
of them (Fig. 33). This digestion step helps to prevent tandem repeats from being encapsulated
into the same droplet, thus causing false CN measurement. The ddPCR (Bio-Rad) is a three-step
procedure (Hindson et al. 2011). First, the reaction mix (50ng digested DNA, 900nM primers,
250nM TaqMan probe, 1×ddPCR supermix in 25l) was partitioned into 20,000 uniform 1-nl
volume droplets using the QX100 droplet generator by mixing 20l of reaction mix and 70l of
droplet oil (Bio-Rad) in the generator cartridge. Then 40l of the resulting emulsion was
transferred to a PCR plate and DNA was amplified under the following thermal cycle conditions:
94°C, 10 min; 45×(94°C, 30 sec; 60°C, 1 min with 2.5°C/sec ramp); 98°C, 10 min. The third
step, the automatic signal detection was performed using the robotic droplet reader (Bio-Rad)
that serially aspirated each sample, separated the droplets and detected the fluorescence in each
droplet. Each sample was run in duplicate. The TSPY CN was calculated by dividing the
measured target concentration (copies/l,) with the concentration of the AR single copy
reference gene (Eq 0.4, Quantasoft detection software, Bio-Rad).
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Statistical analysis
For statistical analysis all data was subjected to D’Agostino-Pearson normality test, then
comparisons of efficiency values were done using the Kruskal-Wallis test and CN values of
different breed and exon groups were done using two-way ANOVA. A p-value of less than 0.05
was considered significant. The data was analyzed using GraphPad Prism6 software (GraphPad
Software).
Fluorescence in situ hybridization (FISH)
Metaphase chromosome spreads were prepared from short term lymphocyte culture
according to standard cytogenetic techniques. Whole blood (1.2ml) from the same boar used as
calibrator for PCR was cultivated in 10ml RPMI 1640 (Invitrogen) medium containing 10% FBS
(Invitrogen), 0.15% penstrep (Invitrogen) and 0.06% phytohemagglutinin (Invitrogen) for 3 days
at 37°C. KaryoMax colcemid (0.025g/ml, Invitrogen) was added to the culture for the last 25
minutes. Slides were prepared by incubating in 0.075M KCl for 20 minutes at 37°C followed by
dipping three times

in a MeOH/AcOH (3:1) suspension and aging of the slides at room

temperature for 3 days before using for FISH.
Four different biotinilated hybridization probes were prepared by PCR. The primers used
for the copy number determination were combined across exons to result in different sized
probes (Fig. 33). Probes were named according to the exons content, as FISH#1-5 covered the
whole length (1846bp), while FISH#1-2 (1187bp), FISH#2-3 (337bp) and FISH#4-5 (404bp),
targeted only a part of the gene. PCR mixes (50l) contained 80 ng male genomic DNA, 5 units
AmpliTaq Gold DNA Polymerase (Applied Biosystems), 1PCR Buffer II, 1.5 mM MgCl2, 200
M each dATP, dCTP, dGTP, 133 M dTTP, 67 M biotin-11-dUTP (Metkinen) and 0.5 M of
each primer. All PCR reactions were performed in the MJ Research PTC-200 Thermo Cycler
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using the following thermal profile: 94°C, 10 min; 35×(94°C, 30 sec; 60°C, 30 sec; 72°C, 30
sec), 72°C, 10 min. PCR products were purified and concentrated to 20l final volume using a
Amicon Ultra 30K centrifugal filters (Millipore) before adding to the hybridization mixture, that
was composed of 50% (v/v) formamide (Fisher), 10% (w/v) dextran-sulfate (Sigma-Aldrich),
15g salmon sperm DNA (Life Technologies) and 2×SSC.
The FISH experiments were performed with standard protocols (Raap 2001), briefly:
slides were treated with pepsin, dehydrated in ethanol series, denatured at 72°C for 2 minutes in
70% formamide (Fisher)/2×SSC, then quenched in ice-cold ethanol. The hybridization mix was
denatured at 72°C for 10 min before applying to the slide. After overnight hybridization at 37°C,
slides were washed twice in formamide/2×SSC (50:50), then twice in 0.2×SSC at 47°C and
PBS/0.5% Tween 20 at room temperature for 3 minutes each. Slides were blocked in 1% BSA in
PBS for 30 minutes at 37°C before detection. Biotinylated probe signals were visualized by one
of the following two methods: 1. alternating layers of FITC-avidin (Vector, 1:400 in PBS/0.5%
Blocking Reagent (Roche)) and anti-avidin-FITC antibody (Cambio, 1:250 in PBS/0.5%
Blocking Reagent) incubated for 30 minutes at 37°C and washed by 3×(PBS/0.5% Tween 20) at
room temperature. 2. Alternatively, the Tyramide signal amplification method was applied using
streptavidin-HRP and AlexaFluor 594 tyramide (LifeTechnologies) according to the
manufacturer’s protocol. Chromosomes were counterstained with DAPI (Sigma-Aldrich) and
slides were mounted with Vectashield (Vector). Images were captured using a Leica DM5500B
fluorescence microscope (Leica), equipped with a Retiga Exi Fast (QImaging) cooled digital
camera and the OpenLab imaging software (Perkin Elmer).
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RESULTS
TSPY copy number by qPCR
We have measured the TSPY CN at three loci along the gene relative to AR by designing
primers for exons 1, 3 and 5 (Fig. 33). PCR amplification efficiencies were calculated for all
three loci by two different methods (STD curve and LinRegPCR). PCR efficiencies of the
TSPY-E1 assay (TSPY-E1 STD E=1.89 and TSPY-E1 LinReg E=1.82) were found to be
different (Kruskal-Wallis test, p<0.01) from the other amplicons (AR, TSPY-E3, TSPY-E5),
which were all very close to the theoretical ideal value of 2.00 (appendix XXII).
The relative qPCR results in general, showed a highly variable TSPY CN ranging from 25 copies depending on the locus (E1, 3 or 5) or the method used for the calculation of PCR
efficiency (STD or LinReg, Fig. 34, appendix XX).
Significantly higher average copy numbers were calculated at all three exons (TSPY-E1
STD CN=4.89±1.01, TSPY-E3 STD CN=3.85±0.42, TSPY-E5 STD CN=3.80±0.61) when the
STD curves were used to determine PCR efficiency values, as compared to the TSPY copy
number at the same locus calculated from LinRegPCR efficiencies (TSPY-E1 LinReg
CN=1.66±0.60, TSPY-E3 LinReg CN=2.06±0.23, TSPY-E5 LinReg CN=2.69±0.43).
The next level of comparison was among exons using either the STD or LinRegPCR
efficiency calculation method. TSPY-E1 STD CN was significantly higher (4.89±1.01), than
TSPY CN at exon 3 or 5 (TSPY-E3 STD CN=3.85±0.42, TSPY-E5 STD CN=3.80±0.61).
However, TSPY-E5 was significantly higher (2.69±0.43) than the copy number at exons 1 and 3
(TSPY-E1 LinReg CN=1.66±0.60, TSPY-E3 LinReg CN=2.06±0.23) when the LinReg PCR
was used to calculate efficiencies. This also suggests the dependency of CN calculation on
efficiency values.
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Figure 34. TSPY CN relative to the single copy AR gene, as determined by qPCR. CN was
measured at three loci (Exon 1, 3, 5) in four breeds. Columns represent the average value
(±SD) of 5 animals from the same breed. Different letters within efficiency calculation
methods (STD or LinRegPCR) represent statistical significance according to two-way
ANOVA (p<0.05).
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We have included Duroc, Landrace, Pietrain and Yorkshire boars in the investigation of
potential breed specific CN variability. We found that the breeds showed very similar copy
numbers at the same exon locus within STD or LinRegPCR calculations, with only a few
exceptions, as labeled in Fig. 34 A and C.
TSPY copy number by ddPCR
The ddPCR experiments determined the porcine TSPY as a tricopy gene. The average
TSPY CN among all boars tested was 3.01±0.08 and there were no differences among the three
exons measured (TSPY-E1 CN=2.99±0.08, TSPY-E3 CN=3.06±0.07, TSPY-E5 CN=2.98±0.10,
Fig. 35, appendix XXI). The 20 boars, regardless of breed, showed no differences in TSPY CN
(Fig. 35).
We detected no positive droplets in the control female samples for all three exon specific
TSPY primers, which clearly confirmed their specificity for only male specific Y-chromosomal
sequences.
We found no CN difference among the high-fertile and low-fertile animals at any of the
three exons, however the values were generally slightly lower than that of normal animals, as
measured by ddPCR (Fig. 35, appendix XXI). The average CN values for the high-fertile group
were TSPY-E1: 2.56±0.16, TSPY-E3: 2.76±0.29, TSPY-E5: 2.62±0.2 which were similar to the
low-fertile group averages at TSPY-E1: 2.57±0.16, TSPY-E3: 2.85±0.19, TSPY-E5: 2.70±0.21.
The average CN at TSPY-E1 for both high- and low-fertile groups were statistically lower than
the average CN of normal animals at all three loci (Fig. 35). The CN of TSPY-E5 in both highand low-fertile groups were also significantly lower than TSPY-E3 CN in normal animals.
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Figure 35. TSPY CN by ddPCR at exons 1, 3 and 5 in normal animals from four breeds,
High-fertile and Low-fertile animals. Columns represent the average value (±SD) of 5
animals. Letters mark values that are statistically different (p<0.05).

105

Chromosomal localization of TSPY by FISH
We performed FISH using 4 different sized probes (Fig. 33). The two longest probes
(FISH#1-5 (Fig. 36) and FISH#1-2) resulted in clear, intense and specific signals on the short
arm of the Y-chromosome when the Tyramide signal detection method was applied. The same
probes with the conventional avidin-FITC detection method and the two shorter probes (FISH#23, FISH#4-5) did not produce reliably detectable signals (data not shown).

Figure 36. Y-chromosome specific fluorescence in situ hybridization signal of FISH
probe#1-5 with Tyramide signal detection on a boar metaphase. DAPI stained metaphase
chromosomes are converted to grayscale and AF594 hybridization signal on the short arm
of the Y-chromosome is red.
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DISCUSSION
The structural arrangement of the porcine Y-chromosome is not fully characterized. The
Sscrofa 10.2 genome assembly (Groenen et al. 2012) contains the Y-chromosome sequence that
is built from seven partially annotated scaffolds. The aim of our study was to determine the
previously unreported Y-chromosomal TSPY gene copy number in pigs and investigate whether
there is CNV between breeds and individual animals.
To ensure the male specificity of the GenBank predicted TSPY sequence that served as
the template for assay designs, we localized it by FISH on metaphase chromosomes. We chose to
generate probes from combinations of the actual qPCR primers in order to avoid potential
inclusion and detection of repetitive DNA from large-insert clones (Fig. 33). Two of the four
different probes produced signals specific for the short arm of the Y-chromosome (Yp, Fig. 36),
but an enhanced signal amplification method was needed (Speel, Hopman, and Komminoth
2006). This is still a surprising result, especially in light of the low TSPY copy number, as 1-2 kb
long probes are generally suitable for physical mapping of highly repetitive sequences, in order
to produce signals of detectable strength (Raap 2001). The specific localization of TSPY on Yp
is in agreement with a previous study by Quilter et al. (Quilter et al. 2002), who mapped TSPY
among other genes by radiation hybrid panels and BAC clone based FISH.
The qPCR assays were designed to amplify three different exons (E1, 3, 5) from the
currently known TSPY sequences assigned to the porcine Y-chromosome. The investigation of
three different loci along the TSPY gene allowed the detection of the potential partial
amplification/deletion of the gene. This process occurs frequently on various loci of the Ychromosome e.g. AZF regions, due to intrachromosomal recombination of repeated elements
(Repping et al. 2002). Primers were also tested and proved to be negative against female DNA to
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confirm that only Y-chromosomal TSPY gene copies and not autosomal or X-linked paralogs
were detected.
We characterized the TSPY CN by qPCR, which is a frequently used technique for
accurate copy number profiling, especially if the calculations are relative to a standard sample
with known target CN (D’haene et al. 2010). To apply qPCR for CN discovery, thus without
having any prior information on the TSPY CN, we used the methodology described by Hamilton
et al. (Hamilton et al. 2009b). We calculated the CN of a random selected animal, dedicated as
calibrator, and the CN of all samples were calculated relative to the calibrator. The TSPY CN
determined by relative qPCR showed surprisingly low CN that varied between 2 and 5 copies at
the individual, breed and exon levels. It is likely that the main source of this variability is the
dependency of calculations on PCR efficiency values. This has been clearly shown when
minimally different efficiency values determined by two methods for efficiency calculation
(STD curve vs. LinReg PCR) resulted in significantly different CNs (Fig. 34). Observations by
others also pointed to the lower precision of qPCR for a low CN range (Pinheiro et al. 2012;
Huggett et al. 2013) and the impact of DNA quality variations among the samples could also not
be ruled out.
To further investigate TSPY CN and its CNV status we applied ddPCR, a recently
developed technique for absolute quantitation of nucleic acids, to the same samples that were
used for qPCR (Hindson et al. 2011). In contrast to qPCR, where the quantitative information is
calculated from the parameters of the real-time registered amplification curve (threshold cycle or
Ct value and efficiency), ddPCR measures the absolute quantity of DNA in thousands of
nanolitre volume reaction partitions (droplets) generated from the homogenous reaction mix.
This method employs end-point detection (positive or negative PCR amplifications in each
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droplet), thus independent of reaction efficiency, which represents a major advantage in our
TSPY CN discovery study (Huggett and Whale 2013; Pinheiro et al. 2012). The ddPCR
experiments clearly identified the porcine TSPY as a multicopy gene with three genomic copies
(CN=3). We did not observe any copy number variations among the 20 individual samples or the
four breeds investigated. Moreover, no difference was found among the three exons (Fig. 35).
Although qPCR is the standard and proven technique for relative quantitation, its applicability
for DNA CN discovery, especially in the low CN range, is limited by the lack of a standard
sample with known CN (D’haene et al. 2010).
The low copy non-CNV status makes the pig TSPY gene similar to that of the
chimpanzee and rhesus monkey, which also have low CNs (CN=6, although CNV status has not
been reported), and very different from humans and cattle, both of which have high TSPY CNs
and show inter-individual variation (Hamilton et al. 2009a; Xue and Tyler-Smith 2011). This
CNV has also been associated with various reproductive phenotypes. Low TSPY CN was found
in men with impaired sperm production (Giachini et al. 2009; Shen et al. 2013; Krausz, Giachini,
and Forti 2010), although other human studies with smaller or more heterogeneous donor
population reported contradictory results. Nickkholgh et al. (2010) found no association between
TSPY copy numbers and severe spermatogenic failure while Vodicka et al. (2007) found a
significantly higher number of TSPY copies in infertile men compared with the controls
(Nickkholgh et al. 2010; Vodicka et al. 2007). Also, a positive correlation was found between
TSPY CN and field fertility (adjusted non-return rates) in Holstein and multiple seminal quality
parameters of crossbred (Bos taurus × Bos indicus) bulls (Mukherjee et al. 2015; Hamilton et al.
2012). To further investigate the speculation that the porcine TSPY is not a CNV, we have
included five low-fertility boars with negative DBE scores and five boars with exceptionally
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high-fertility records. Interestingly, there was no difference between the high and low-fertile
groups, but we detected slightly lower TSPY CN at all three exons (2.56-2.85) in both groups, as
compared to normal animals (Fig. 35) Most probably this difference would not show up as an
alteration in clinical practice and would still be interpreted as CN=3 (D’haene et al. 2010). We
attributed the difference in our study to technical variability of the tests resulting from the age
and quality of the latter set of DNA samples that had been banked for several years.
Additionally, we could not exclude the biological possibility that the fractional and in some cases
statistically different (exons 1, 5) copy numbers are due to somatic mosaicism. Furthermore,
although our PCR analyses were designed to amplify all TSPY sequences in the currently
unfinished porcine Y-chromosome, the presence of additional as yet to be discovered sequences
cannot be ruled out.
Evolutionary investigation in humans has suggested that the highly amplified TSPY copy
number has been affected by positive selection and might result in selection advantage through
some functions in male reproduction (Xue and Tyler-Smith 2011) the non-variable, tricopy
TSPY in boars that we report here for the first time might represent the minimal number of
functional copies to maintain fertility.
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GENERAL DISCUSSION
The purpose of this thesis was to evaluate genome variation at different levels in
relationship to boar fertility. The large genome variation, so called chromosome abnormalities
and medium genome variation known as copy number variations (CNVs) were studied by
different whole genome snapshot techniques. Specifically, 775 pigs were karyotyped using the
G-band technique to detect chromosomal abnormalities, which are known to be related to the
production of significantly fewer piglets per litter, resulting in hypoprolific boars. Then, from a
population of more than 38000 boars, high-density genotypes of 60K SNP of 21 boars with
extremely low or high fertility were chosen and analyzed for CNVs specifically related to
fertility. Finally, the number of copies of TSPY, a well-known multi-copy Y gene associated
with fertility in bulls and humans, was examined in 30 boars by qPCR and droplet digital PCR
(ddPCR) techniques.
Firstly, we used G-band technique, as a simple means of detecting very large genomic
variations (> 5Mb, chromosome level) including not only unbalance variations such as deletion
and duplication but also balance structural variations such as reciprocal translocations, inversions
and Robertsonian translocations, which usually cannot be detected by genome-wide techniques
including SNP genotyping. In total, 732 young Canadian AI boars (340 Duroc, 222 Landrace,
146 Yorkshire and 24 Pietrain) and 43 randomly chosen Vietnamese boars and sows (4 Duroc,
23 Landrace and 16 Yorkshire) were karyotyped. This makes our study the largest systematic
screening program for chromosomal abnormalities among young breeding boars in Canada to
date. For the Vietnamese pig population, this is the first time screening for chromosome
abnormalities was carried out in this pig industry. Twelve carriers of chromosome abnormalities
were found in Canadian pigs, thus the frequency of chromosome abnormalities in this pig
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population is 1.64% (0.76 to 2.56%). For the Vietnamese pig population, 2 carrier sows were
found in 43 samples that defines 4.7% (1.6% to 10.9%) prevalence. More samples need to be
karyotyped to have a more accurate estimate of the frequency of chromosome abnormalities for
the Vietnamese pig population. Although numbers were small, the data indicated that in
Vietnam, the pig population could have a very high frequency of chromosome abnormalities,
even higher than the Canadian pig population and that this could result from this being the first
time this pig population was screened for chromosome abnormalities and to date no selective
elimination has been practiced.
Nine of the chromosome abnormalities reported here were associated with smaller litter
size when compared with the herd average, a feature characteristic of chromosome
rearrangements that has previously been reported in the literature ( a Pinton et al. 2000; a. Ducos
et al. 2008). Among reciprocal translocations detected in this study, case 3, rcp(2;5), is
associated with the highest adverse effect on fertility while case 5, rcp(3;12), has the lowest
association, with a 46% and 17% reduction in litter size, respectively. The lower fertility of Case
4, rcp(3;4), was not noticed by the breeder and as a result, 4 of its relatives (dam and 3 sisters)
were used for breeding and carried the same translocation and the carrier boar himself had the
highest use recorded in our study, with 73 litters. Chromosomal abnormalities are well known to
cause large economic consequences for the swine industry (Popescu and Tixier 1984; Popescu et
al. 1984; Popescu 1990). This study was a first step towards showing the Canadian pork industry
the important value of implementing a screening protocol for boars in Canadian AI centers. Early
screening would be beneficial as it would take several months before low fertility was observed
on the farms for the following reasons.
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How much money is lost by using a carrier during the minimum 4 months before litter
numbers can be calculated? For example, in our case 4, the boar had an average litter size of 9.2
piglets/litter, which represent 2.6 piglets less/litter compared with the herd’s average litter size of
11.82 piglets/litter. Most producers will not notice this small loss because many litters are born at
the same time. However, the total piglets lost which this farm had already had due to this
translocation was 2.6piglets/litter x 73 litters = 189.8 piglets. At an estimated price of $30 per
piglet, that represents more than $5000 loss for this particular carrier boar until it was removed
from service as a result of the karyotype information that was sent to the farm. Luckily, this
rcp(3;4) translocation only caused a small reduction in prolificacy (22%). In contrast, the boar in
case 3 rcp(2;5), had a 46% reduction in prolificacy or 6.1 piglets loss/litter, thus the total piglets
reduction for the farm due to this translocation was much more dramatic. However, because of
the overall small reduction in piglet numbers due to multiple litter births, the rcp (3;4)
translocation was less noticeable to the farmers. the dam was the carrier and her carrier son and 4
carrier daughters were kept for breeding on the farm. If this rcp(3;4) boar had not been
karyotyped, this translocation would have been much more wide spread and as a consequence
the efforts to completely remove this translocation and the associated decline in litter size in this
herd would be much more difficult.
Another important question that must be addressed is whether the cost for routine
screening for chromosomal abnormalities outweighs the cost of testing? In France, even with a
lower frequency of chromosomal abnormalities, only 1/200 (0.47%), they proved that the cost of
using one translocation boar after deducting for the testing fee is at least 11500 CAD (8000 euro)
(Ducos et al., 2008). In Canada and Vietnam, the translocation frequency is more than three
times higher (1.64%, 4.7%, respectively) and initiating screening for chromosome abnormalities
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in AI boars will be even more profitable for the Canadian swine industry. Karyotype analysis,
based on subsidized price of $250 per test, would eliminate carriers of chromosomal
abnormalities and reduced litter sizes before substantial breeding occurred and would far
outweigh the $250 invested for testing. The boar in case 4, sired 73 litters, if the average litter
size is 9 for this boar and half (4.5) of the progeny are carriers, this would mean that 328 progeny
would carry the chromosomal translocation and potentially be capable of being selected for
breeding for future generations. If even only 10% (32) of these pigs are selected as breeding
stock, the abnormality can still be transmitted for many more generations.
Among 5 of the cases for which we could determine the origin, 3 of them were inherited
from either the maternal or paternal line. Because these pig populations were not broadly
involved in a screening program before, a high number of inherited abnormalities among the
population are expected. In addition, among 3 cases for which we have fertility data for the
parents and grandparents for predicting the origin, 2 are suspected to be inherited and 1 is
suspected to be de novo (see chapter 1). If this assumption is correct, among 8 rearrangements, 3
were de novo and 5 were inherited. It is important to emphasize that 3 cases out of 8 are de novo,
which is a rate of almost 40% in pig. That means the chance of having new chromosome
abnormalities is very high even if the parents were in a screening program and the more than 180
different rearrangements detected in pigs emphasizes that the pig genome is fragile and prone to
change. Therefore, screening for chromosome abnormalities in the pig is important and needs to
be broadly implement and continued in all AI boars because even though all existing
rearrangements will eventually be eliminated, the de novo rearrangements will continue to
spontaneously occur.
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How does one minimize the cost and get the most benefit from the test for chromosome
abnormalities?

First, all breeding pig farms should persistently screen for chromosome

abnormalities in all boars destined for use in AI to detect all the inherited and de novo
chromosome abnormalities. For the inherited carriers, in some cases, they can be suspected via
average litter size and DBE. Nevertheless, rearrangements and mutations can arise spontaneously
in animals, especially in pigs and can to a certain extent, be undetected in a herd. Therefore,
screening for chromosomal abnormalities in boars entering AI centers is imperative. As soon as a
carrier boar is detected, the parents of the carrier should be sampled to identify how widely the
spread of that translocation is in the herd. In the absence of available samples from the parents, it
is not possible to determine whether the translocation was inherited or occurred de novo. The
optimal strategy then is to sample all available full-sibs and the detection of the abnormality in
any other littermates would confirm its inherited status. Hence, strategies of identifying and
eliminating further animals with abnormal karyotypes from the herd of origin were given and
such follow-up samples were collected.
Secondly, many hypoprolific boars without any identifiable chromosome abnormalities
possibility contain certain patterns of CNVs which are related to low prolificacy. Those CNVs
are small DNA segments (DNA level) that were not able to detect by the G-band technique.
Hence, the second step presented in chapter 2 is a complement for our first step of chromosomal
abnormality assessment bydetecting genome variations by using SNP 60k beadchip, a technique
that can detect only small deletion or duplication variations known as CNVs, but is not able to
detect translocations such as inversion, reciprocal translocation and Robertsonian translocation
that we were able to detect in chapter 1.
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The data presented in chapter 2 and 3 of this thesis focus on a type of genetic variation,
CNV. The importance of CNVs has been reported in hundreds of studies and is linked with a
wide range of diseases in humans (Amar et al. 2010; Anney et al. 2010; Bassett et al. 2010; de
Vries et al. 2005; Rovelet-Lecrux et al. 2006). In cattle, several CNVRs contained genes related
to environmental stress (ie. MHC complex genes) and sensory function (ie. olfactory receptors)
(Fadista et al., 2010, Lemay et al., 2009, Liu et al., 2008, Liu et al., 2010) have been identified.
Similar to cattle, olfactory receptors and sensory perception of smell are highly involved in
CNVRs of most large-scale CNV studies in pigs (Paudel et al. 2015; Jiying Wang et al. 2012).
Moreover, genes associated with neurological processes, response to stimulus, some basic
metabolic processes, drug metabolism and immunity have also been reported to be localized
within CNVRs (Jiying Wang et al. 2014; Jiying Wang et al. 2012; Paudel et al. 2013). All of
these genes found in CNVRs were discovered in general pig populations assessing different
breeds. The highlight of our study about pig CNV is that it was studied different breeds that were
divided into two groups - high and low fertility. Therefore, the list of genes found on CNVRs
(appendix XIV) in this thesis is focused especially on the association with fertility. Our
functional analysis of several databases revealed that the genes found in CNVRs from the low
fertility group have been significantly enriched in members of the innate immune system, Tolllike receptor and RIG-I-like receptor signaling and fatty acid oxidation pathways (chapter 2).
As for most large-scale CNV studies, the Y chromosome was omitted from the swine
CNV projects due to the peculiar highly repetitive nature of this chromosome resulting in
difficulties in sequencing. Similarly, in chapter 2, we used SNP 60k beadchip which also did not
contain the Y chromosome. However, it is obvious that the Y chromosome is the most important
chromosome for fertility in male, which is the focus of this thesis. In relationship with CNV,

116

TSPY, a gene on the Y chromosome has shown links to male infertility in humans (Vodicka et
al. 2007). More interestingly, in cattle, the variations in the number of copies of this gene are
associated with fertility (de Vries et al., 2002, Giachini et al., 2009, Nickkholgh et al., 2010,
Vodicka et al., 2007, Hamilton et al. 2012). Thus, TSPY, the most interesting candidate gene on
the Y chromosome, was chosen to study in detail as presented in chapter 3.
The TSPY gene has the highest known CN of all protein coding genes in the human and
bovine genomes (up to 74 and 200, respectively) and also shows high individual variability
(Hamilton et al. 2009). In pig, the number of copies of TSPY has never been reported in the
literature. However, not as expected, our result showed that porcine TSPY is a multicopy gene
with three copies located on the short arm of the Y chromosome with no variation at three exon
loci among 20 animals of normal reproductive health from four breeds of domestic pigs
(Piétrain, Landrace, Duroc and Yorkshire). To further investigate the speculation that porcine
TSPY is not a CNV, we included samples from five low-fertility boars and five boars with
exceptionally high-fertility records. Interestingly, there was no difference in TSPY CN between
the high- and low-fertile groups, but we detected slightly lower TSPY CN at all three exons
(2.56-2.85) in both of these groups, as compared to the normal animals tested previously, which
could be attributed to technical variability or somatic mosaicism.
Data presented in chapter 1 and 2 of this thesis showed that chromosome number 2 in pig
is a very interesting chromosome for fertility. In this study, chromosome abnormality, rcp(2;5),
which had the break on the tip of chromosome 2, had the highest adverse effect on fertility
among the carrier animals. Moreover, this chromosome 2 in the CNVs study related to fertility is
outstanding for the highest number of CNVRs (8) and the largest region involved in them
(CNVRs occupy 7.6% of this chromosome). In addition, CNVRs in chromosome number 2

117

contained 30 out of 50 total genes found in this study; making it the chromosome containing the
highest number of genes on CNVRs. Most of these genes are located on both tips of this
chromosome including 16 genes on the tip of thr p arm and 12 genes on the tip of the q arm
(figure 32 in chapter 2). Among the genes located on the tip of the p arm, 14 genes located on the
CNVR7L with gain status were found in boars with low fertility while the other 2 genes located
on the CNVR8H with loss status were found in boars with high fertility (appendix XIV).
Although we were not able to map the breakpoint on rcp(2;5)(p16;p11) to its accurate position
on chromosome 2 to know whether it overlaps with these CNVRs or not, the high number of
genes located in the CNVR around this breakpoint (2p16) may be somehow affected by the
reciprocal translocation resulting in a more severe effect of this translocation on litter size of the
carrier boar. Reviewing 16 reciprocal translocations that have been found on chromosome 2
(appendix I and II), the majority of the breakpoints are located on the tips, especially the tip of
the p arm of this chromosome. The majority of reproduction QTL regions overlapping with
CNVRs was also found in the tip of p arm of chromosome 2 (figure 32 in chapter 2), suggesting
that these regions are important for fertility. More studies about genes related to CNV found on
chromosome 2 (especially on the tip of p arm) hold the promise of explaining the high reduction
of litter size of rcp(2;5) and the importance of this special region for fertility in the pig. Another
very interesting aspect about chromosome 2 is its frequent involvement in complex structural
translocations, such as a reciprocal translocation between 3 or more chromosomes which usually
causes a very severe reduction in litter size. Only 3 out of 180 rearrangements reported in the
literature are complex translocation including (1;2;17)(1q11;1q17;2p16;17q13) (Perucatti et al.
2014), (2;15;4)(p13;q26;p15) (Makinen et al. 1987) and (2;9;14)(q23;q22;q25) (Mäkinen et al.
1997) and all have chromosome 2 involved. Animals with two or more rearrangements in the
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same individual are also rare, for examples, (13;14)(q31;q21) + inv(2)(p13;q12) and
(10;18)(p11;q24) +(6;8)(p15;q27) (Alain Ducos et al. 2007). Only 2 cases have been reported,
interestingly, one of them is related to chromosome 2.
Chromosome 12 is also a chromosome brought to attention in this thesis. It was found in
relation to cases 5, rcp(3;12)(p13;q15), and 9, rcp(12;14)(q15;q23). The breakpoints of both
cases were on the tip of the q arm (12q15) on chromosome 12. With regard to CNVs, this
chromosome had the largest percentage region involved per chromosome (8%) and a high
number of genes (10) located on those CNVRs (appendix XVI). There are 4 genes (UBB,
SLC5A10, COPS3 and PEMT) located on the tip of this q arm (on CNVR51L) with gain status
that were found in samples from low fertility boars. Similarly, we were not able to map the break
12q15 in cases 5 and 9 to the accurate position to determine whether they are overlapped with
those CNVRs or genes. However, case 5 which is contrary to case 2, has the least effect on
reduction of litter size (-17%) comparing among 7 reciprocal translocations. In brief, more
studies on CNVRs and genes on chromosome 2 and 12, specific on translocation carriers (case 2,
5 and 9) may help to explain the relationship between CNV, gene, reciprocal translocation and
fertility in pig.
One important limitation of this study is that the 19 high fertile and 19 low fertile animals
that were used for the CNV study (chapter 2) were not able to be karyotyped to be confirmed
free of chromosome abnormalities. Because, as mentioned in chapter 2, these animals had been
genotyped for other projects several years ago, screening for chromosome abnormalities in this
project was started only two years ago. Moreover, to have DBE available for samples selecting
for CNV related to fertility, the boar needs to have sized at least 10 litters or the boar has to have
been used for at least 4 months. By that time most low fertility boars have been culled and as a
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result it is very difficult to obtain samples of those boars for karyotyping. For this reason, in this
preliminary study, we picked only 36 boars for the CNV study. The option for studying CNV of
boars confirmed free of chromosome abnormalities is possible in the future. Screening for
chromosome abnormalities is still going on and karyotype status of a boar has been suggested to
be recorded at the same time with all other information about fertility of that boar in the CCSI
database. Hence, it will facilitate the choice of animals for CNV study related to fertility in the
future.
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SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS
Screening 775 breeding pigs allowed the identification of 11 new different
rearrangements that have never been reported in the literature including rcp(1;5)(q21;q23),
rcp(1;15)(q211;q13),
rcp(6;7)(p15;q13),

rcp(2;5)(p16;p11),
rcp(7;15)(q13;q13),

rcp(3;4)(p15;q13),
rcp(8;13)(p21;q41),

rcp(3;12)(p13;q15),
rcp(12;14)(q15;q23),

inv(8)(q11;q25) and inv(6)(q23;q35). Moreover, one previously reported Robertsonian
translocation rob(13;17) was also found in this study.
This study was significant for breeders because it allowed for the identification of 12
boars in the AI centers and 2 breeding sows with chromosome abnormalities. If using one
translocation boar costs 11,500 CAD, for 12 boars, this is a saving of nearly 138,000 CAD for
the Canadian pig industry. Moreover, it helps to prevent the transmission of these abnormalities
and associated deleterious effects to subsequent generations.
Comparing with the herd average, average total born litter size of rcp(1;15), rcp(2;5),
rcp(3;4), rcp(3;12), rcp(7;15), rcp(8;13), rcp(12;14) and inv(6) translocation carrier boars were
noted to be reduced (27%, 46%, 22%, 17%, 36%, 28%, 27% and 24%, respectively) while for
carriers of rob(13;17), it was only slightly reduced (4%). Stillborn and mummified foetuses of all
reciprocal translocations that had fertility data available were also reduced when compared to the
herd average. Reciprocal translocations had a wide range of adverse effects on fertility while
Robertsonian translocations had very small effects but high prevalence of transmission rates to
their progeny.
The obvious reduction in total born litter size of carriers, the high prevalence of
chromosome abnormalities in Canadian pig populations (1.64%) and high percentage of de novo
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cases (2/5 cases) highlight the importance of an obligate screening of all AI boars before entering
the breeding stock at AI centers.
We have identified 35 CNVRs covering 36.5 Mb or ~1.3% of the porcine genome.
Among these 35 CNVRs, 14 were specific to the high fertility group, while 19 CNVRs were
specific to the low fertility group and these CNVRs overlap with 137 QTLs of various
reproductive traits of which the majority were teat number (TNUM) and age at puberty (AGEP).
The identified 35 CNVRs encompassed 50 genes, among them 40 were specific to the
low fertility group, seven to the high fertility group and three were found in regions that were
present in both groups but with opposite gain/loss status.
Three databases (KEGG, WikiPathways and Pathway Commons) were used to analyze
for the genes in CNVRs. The genes found in CNVRs from the low fertility group have been
significantly enriched in members of the innate immune system, Toll-like receptor and RIG-Ilike receptor signalling and fatty acid oxidation pathways.
This study demonstrated that our analysis pipeline could identify putative CNV markers
of fertility, especially in the case of subfertile boars. Their relevance was demonstrated by
analyzing the nature of co-localized reproductive QTLs and genes.
These studies also showed that chromosomes 2 and 12 were very interesting
chromosomes from a fertility perspective due to the high number of CNVRs, genes and QTL for
fertility located on those chromosomes. Further studies such as sequencing carriers of rcp(2;5),
rcp(3;12) and rcp(12;14) to locate the breakpoints in order to determine whether they are on the
CNVRs or genes found in this study should be completed. Moreover, detail studies on each of
these genes to see if they might represent genetic markers of fertility in pigs would be beneficial.
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Investigation of the copy number of the TSPY gene in the pig showed that although it
was a multi-copies gene with 3 copies situated on the short arm of the Y chromosome, it did not
vary among exons (E1, E3 and E5), individuals and breeds, and its copy number did not correlate
with fertility. Hence it cannot be used as a marker of fertility.
In conclusion, this thesis emphasizes the importance of karyotyping boars entering A.I.
centers for the Canadian pig breeders and breeding stock suppliers and could be used as part of
the criterion for entry of a boar into an A.I. center. Moreover, from this thesis, a list of potential
genetic markers of male fertility in the pig was found. However, more studies on each CNVR or
gene on this list need to be carried out to elucidate the function of it on the fertility of boars.
Later, if association analyses reveal that a given CNV is associated with reduced or increased
prolificacy, then the findings could lead to a commercial service to the industry where breeding
stock suppliers could test for that marker in order to make sure that they have the best swine
genetics available for the industry. The industry and the consumer will benefit from such an
initiative.
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APPENDIX
Appendix I: List of reciprocal translocations in pigs reported in the literature
No

2
3
4
5
6
7
8

Reciprocal
Translocation
(1;2;17)(1q11;1q17;2p16
;17q13)
(1;4)(q27;q21)
(1;5)(q21;q21)
(1;5)(q21;q23)
(1;6) (p13;q35)
(1;6)(p11;q11)
(1;6)(q12;q22)
(1;6)(q17;p11)

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

(1;6)(q17;q35)
(1; 6)(p22,q12)
(1;7)(q17;q13)
(1;7)(q17;q26)
(1;7)(q213;q24)
(1;8)(1p-;8q+)
(1;8)(p13;q27)
(1;9)(1p-;9p+)
(1;11)(p21;q15)
(1;11)(p23;q15)
(1;11)(q-;p+)
(1;11)(q11;q11)
(1;11)(q24;p13)
(1;13)(q27;q41)
(1;14)(1q+;14q-)
(1;14)(p25;q15)
(1;14)(q17;q21)
(1;14)(q212;q22)
(1;14)(q23;q21)
(1;15)(p25;q13)
(1;15)(q17;q22)
(1;15)(q211;q13)
(1;15)(q26;qter)
(1;16)(p11;q22)
(1;16)(q11;q11)
(1;17)(p11;q11)
(1;17)(q21;q11)
(1;18)(q213;q21)
(2;3)
(2;5)(p16;p11)
(2;6)(p15;q27)
(2;8)(p11;p13)
(2;9)(q13;q24)
(2;9;14)(q23;q22;q25)
(2;14)(p14;q23)

44
45

(2;14)(p15;q26)
(2;14)(q13;q27)

1

Breed

Reference

Large White

(Perucatti et al. 2014)

Germany Pietrain

(Alain Ducos et al. 2007)
(Danielak-Czech et al. 1994)
This thesis (case 1)
(Locniskar et al. 1976)
(H. Yang et al. 1992)
(Alain Ducos et al. 2002)
(Perucatti et al. 2014)

Landrace
Large white
Swiss large white
Gascon
Synthetic (large
white+pietrain)
Synthetic
Synthetic
Not indicated
Large white
Swedish landrace
Swedish yorkshire
Large white

French Pietrain
Not indicated
Duroc

Synthetic
Duroc

Germany landrace
Pietrain

Large white
Landrace
Yorkshire
French Large white
French Large white
Finnish Yorkshire
Hampolish
synthetichire
crossbred
French landrace

Ducos et al., 2002
TA Quach et al., 2009
(Alain Ducos et al. 2007)
Ducos et al., 2002
(Gustavsson 1988b)
Gustavsson et al., 1976
(Gustavsson et al. 1983)
Ducos et al., 2002
(Tzocheva 1994)
(KUOKKANEN and MÄKINEN 1988)
(Rodriguez et al. 2010)
(Alain Ducos et al. 2007)
(Alain Ducos et al. 2007)
(Alain Ducos et al. 2007)
(Golisch et al. 1982)
Gustavsson, 1988
(Tarocco et al. 1987)
(Zhang et al. 1991)
Golisch et al., 1982
Koukkanen and Makinen, 1988
Ducos et al., 2007
This thesis (case 2)
(Popescu et al. 1988)
Fries and Stranzinger, 1982
(Forster, Willeke, and Richter 1981)
(Alain Ducos et al. 2007)
Gustavsson, 1988
(HENRICSON and BÄCKSTRÖM 1964)
Ducos et al., 2002
This thesis (case 3)
Ducos et al., 2002
(Alain Ducos et al. 2007)
(Alain Ducos et al. 2007)
(Mäkinen et al. 1997)
(Villagomez et al. 1993)
(Alain Ducos et al. 2007)
Ducos et al., 2002
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

(2;14)(q21;q24)
(2;15)(q28;q24)
(2;15;4)(p13;q26;p15)
(2;16)(q28;q21)
(2;17)(p12;q14)
(3;4)(p15;q13)
(3;5)(p13;q23)
(3;7)(p15;q21)
(3;8)(q25;p21)
(3;11)(q13;p11)
(3;12)(p13;q15)
(3;13)(p15;q31)
(3;15)(q27;q13)
(3;16)(q23;q22)
(3;17)(p15;q21)
(4;5)(p13;q21)
(4;6)(q21;q14-15)
(4;6)(q21;q28)
(4;12)(p13;q13)
(4;12)(q21;q13)
(4;13)(p15;q41)
(4;13)(q25;q41)
(4;14)(p11;q11)

69
70
71
72
73
74
75
76
77
78
79
80

(4;14)(q25;q22)
(4;15)(q11;qter)
(4;15)(q25;q11)
(4;16)(q25;q21)
(5;7)(q23;p11)
(5;8)(p11;p23)
(5;8)(p11;q11)
(5;8)(q12;q27)
(5;9)(q21;p13)
(5,9)(p11;p24)
(5,14)(q21;q12)
(5;14)(p11;q11)

81
82
83
84
85

(5;17)(p12;q13)
(6;7)(p15;q13)
(6;8)(q33;q26)
(6;13)(p13;q49)
(6;13)(p15;q41)

86

(6;14)(p11;q11)

87

(6;14)(q27;q21)

88
89
90
91
92

(6;15)(6p+;15q-)
(6;15)(p15;q12)
(6;16)(p13;q23)
(6;16)(q11;q11)
(7;8)(q24;p23)

93
94
95

(7;9)(q11;q26)
(7;9)(q15;q15)
(7;10)(q13;q11)

Not indicated
Not indicated
sino European
French Duroc
Landrace
French landrace
Large white
Synthetic
Synthetic
Yorkshire
Large white
Large white
Crossbred
Crossbred
Pietrain
Large white
Synthetic
Crossbred
Not indicated
Large white x
French Landrace

French landrace
Synthetic
sino European
Synthetic
Large white
French landrace
French landrace
French Duroc
English landrace x
Duroc
Yorkshire
Duroc
French Large white
Large white x
Pietrain
England Large white
x Essex
Large white x
Pietrain
Belgian landrace

Synthetic
French landrace x
Meishan
French Large white
French Large white
Not indicated

(Alain Ducos et al. 2007)
(A Ducos et al. 2007)
(Makinen et al. 1987)
(Alain Ducos et al. 2007)
(A Ducos et al. 2007)
This thesis (case 4)
Ducos et al., 2002
(Gabriel-Robez et al. 1988)
(A Ducos et al. 2007)
(A Ducos et al. 2007)
This thesis (case 5)
Ducos et al., 2002
K. Massip et al., 2008
Ducos et al., 2007
Popescu et al., 1983
(A Ducos et al. 2007)
Ducos et al., 2002
Ducos et al., 2002
Ducos et al., 2002
(A Ducos et al. 2007)
(A Ducos et al. 2007)
(MÄKINEN and REMES 1986)
(Popescu and Legault 1979)
(Popescu and Boscher 1982)
(Popescu et al. 1988)
(A Ducos et al. 2007)
(A Ducos et al. 2007)
(A Ducos et al. 2007)
Ducos et al., 2002
Ducos et al., 2002
(Gustavsson 1988b)
(A Ducos et al. 2007)
(A Ducos et al. 2007)
(A Ducos et al. 2007)
(Popescu et al. 1984)
Ducos et al., 2002
This thesis (case 6)
(Bonneau et al. 1991; Jaafar et al. 1992)
(A Ducos et al. 2007)
Ducos et al., 2002
(Madan et al. 1978)
Ducos et al., 2002
(BOUTERS et al. 1974)
(Bonneau et al. 1991)
(Kociucka et al. 2014)
Ducos et al., 2002
Ducos et al., 2002
(A Ducos et al. 2007)
(A Ducos et al. 2007)
(A Ducos et al. 2007)

148
96
97
98
99

(7;11)(q21;q11)
(7;12)(q11;p15)
(7;12)(q23;q15)
(7;13)(p13;q21)

100
101
102
103
104
105
106

(7;13)(q13;q46),
(7;14)(q15;q27)
(7;14)(q26;q25)
(7;15)(q25;q25)
(7;15)(q13;q13)
(7;15)(q24;q12)
(7;17)(q26;q11)

107
108
109
110
111
112
113
114
115
116
117

(8;10)(p11;q13)
(8;12)(p11;p11)
(8;13)(p21;q41)
(8;14)(p21;q25)
(9;11)(9p+;11q-)
(9;11)(q14;p13)
(9;11)(q24;q11)
(9;14)(p24;q15)
(9;14)(p24;q27)
(9;14)(q14;q23)
(9;15)(p24;q13)

118
119
120
121
122
123
124
125
126

(9;17)(p24;q23)
(10;11)(q16;q13)
(10;13)(p13,q45)
(10;13)(q13;q22)
(10;13)(q16;q21)
(10;17)(q11;q21)
(10;18)(p11;q24) +
(6;8)(p15;q27)
(11;13)(11q+;13q-)
(11;15) (p15;q13)

127

(11;16)(p14;q14)

128
129
130
131
132
133
134

(11;17)(p13;q21)
(12;13)(q11;q11)
(12,14)(q13;q15)
(12;14)(q15;q13)
(12;14)(q15;q21)
(13;14)(13q-;14q+)
(13;14)(q21;q27)

135
136
137
138

(13;14)(q31;q21) +
inv(2)(p13;q12)
(13;15)(q31;q26)
(13;16)(q41;q21)
(13;17)(q41;q11)

139
140
141
142

(14;15)(q28;q13)
(14;15)(q29;q24)
(14;16)(q13;q21)
(15;16)(q26;q21)

Swedish yorkshire
French Pietrain
Finnish Yorkshire
Hampolish
synthetichire
crossbred
Not indicated
Large White
Duroc
Large White
Hampolish
synthetichire
Finnish Yorkshire
Not indicated
Landrace

French Meishan
Swedish yorkshire
Synthetic
Yorkshire
Polish synthetic
Large white x french
landrace
crossbred
French Pietrain
Synthetic
Synthetic
Large white
French Pietrain
Large white
Swedish Landrace
Large white x
Pietrain
sino European
French Duroc
French Pietrain
Duroc
Swedish yorkshire

Synthetic
French Pietrain
Not indicated
Large white x
Pietrain
sino European
French Pietrain
Swedish Yorkshire

(Gustavsson and Settergren 1984)
(A Ducos et al. 2007)
Koukkanen and Makinen, 1987
Gustavsson et al., 1988
Danielak-Czech et al., 1997
(A Ducos et al. 2007)
(A Ducos et al. 2007)
(POPESCU et al. 1983)
This thesis (case 7)
Konfortovaet al., 1995
Villagomez et al., 1995
Makinen et al., 1999
(A Ducos et al. 2007)
This thesis (case 8)
Danielak-Czech et al., 1997
Gustavsson et al., 1976
(A Ducos et al. 2007)
Gustavsson et al., 1983
(A Ducos et al. 2007)
TA Quach et al., 2009
Rejduch et al., 2003
Ducos et al., 2002
(A Ducos et al. 2007)
(A Ducos et al. 2007)
TA Quach et al., 2009
(A Ducos et al. 2007)
Danielak-Czech et al., 2007
(A Ducos et al. 2007)
(A Ducos et al. 2007)
Ducos et al., 2002
(Henricson and Bäckström 1964; Hageltorn
et al. 1973)
Ducos et al., 2002
(A Ducos et al. 2007)
Astachova et al., 1991
(A Ducos et al. 2007)
(A Ducos et al. 2007)
This thesis (case 9)
(Hageltorn et al. 1976)
Hageltorn et al., 1976
(King 1981)
(A Ducos et al. 2007)
(A Ducos et al. 2007)
(A Ducos et al. 2007)
Ducos et al., 2002
(A Ducos et al. 2007)
(Gustavsson and Jonsson 1992)
(A Ducos et al. 2007)
Gustavsson et al., 1988

149
143
144
145
146
147
148
149
150
151

(15;17)
(15;17)(q13;q21)
(16;17)(q23;q14)
(16;17)(q23;q21)
(17,18)(q21;q11)
(X;13)(q24;q21)
(X;14)(p21;q11)
(Y;1)(q16;qter)
(Y;14)(q10;q11)

French landrace
Large white

French Pietrain

French Duroc

Ducos et al., 2002
Ducos et al., 2002
(Jaafar et al. 1992)
Popescu and Boscher, 1986
(A Ducos et al. 2007)
Gustavsson et al., 1989
(Singh et al. 1994)
(Barasc et al. 2012)
(A Ducos et al. 2007)

Appendix II: List of rearrangements in pigs different from reciprocal translocations
reported in the literature
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Rearrangement
dup(9p+)
dup(14q+)
Inv(1)(p21;q11)
inv(1)(p21;q21)
Inv(1)(p21;q210)
Inv(1)(p22;q11)
Inv(1)(p24;q29)
Inv(1)(q12;q24)
inv(1)(q18;q24)
Inv(2)(p11;q11)
Inv(2)(p11;q21)
inv(2)(p13;q11)
Inv(2)(p13;q12)
Inv(2)(q13;q25)
inv(4)(p14;q23)
Inv(4)(p15;q24)
Inv(6)(q13;q35)
Inv(6)(p14;q12)
Inv(8)(p11;p12)
Inv(8)(p11;q25)
Inv(8)(p21;q11)
Inv(8)(q11;q25)
inv(9)(p12;p22)
inv(16)
Rob(13;17)=der(13;17)(q10;q10)

Breed
Large white
Large white

26
27
28

Rob(14;15)=der(14;15)(q10;q10)
Rob(14;17)=der(14;17)(q10;q10)
Rob(16/17)

French landrace
Not indicated

Synthetic
Polish Landrace
French landrace
Large white
French Pietrain
Synthetic
Synthetic
Duroc
Large white
Synthetic
Landrace
Sino European
Polish Landrace
Large white
Pietrain
Duroc
Synthetic
Synthetic
French landrace

Reference
Ducos et al., 2002
Ducos et al., 2002
(Miyake et al. 1994)
Ducos et al., 2002
Massip K et al., 2009
Danielak-Crech et al.,1996
Ducos et al., 2007
Massip K et al., 2009
Ducos et al., 2002
Massip K et al., 2009
Ducos et al., 2007
Ducos et al., 2002
Ducos et al., 2007
Ducos et al., 2007
Ducos et al., 2002
(Perucatti et al. 2014)
This thesis (case 12)
Ducos et al., 2007
(Świtoński 1991)
Ducos et al., 2007
Ducos et al., 2007
This thesis (case 11)
Ducos et al., 2002
Ducos et al., 2002
Ducos et al., 2007
Alonso and Cautu, 1982
Miyake et al., 1977
This thesis (case 10)
Ducos et al., 2007
Ducos et al., 2007
(Astachova et al. 1991)
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Appendix III: chromosomal rearrangements reported in in vivo and fragile sites related to
chromosome number 1
No
1

Fragile Site
1q11, 1q17

Breed
Large White

Reference
P. Cruz-Vigo el al., 2014

2
3
4
5
6
7
8

Rearrangement
(1;2;17)(1q11;1q17;2p16
;17q13)
(1;4)(q27;q21)
(1;5)(q21;q21)
(1;5)(q21;q23)
(1;6) (p13;q35)
(1;6)(1p6q;1q6q)
(1;6)(q12;q22)
(1;6)(q17;p11)

1q27
1q21
1q21
1p13
1p11

Germany Pietrain

Ducos et al., 2007
Danielak-Czech et al., 1994
This thesis (case 1)
Locniskar et al., 1976
Yang et al., 1992
Ducos et al., 2002
M. Martine-Lluch et al., 2014

9
10
11
12
13
14
15

(1;6)(q17;q35)
(1; 6)(p22,q12)
(1;7)(q17;q13)
(1;7)(q17;q26)
(1;7)(q213;q24)
(1;8)(1p-;8q+)
(1;8)(p13;q27)

1q17
1p22
1q17
1q17

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

(1;9)(1p-;9p+)
(1;11)(p21;q15)
(1;11)(p23;q15)
(1;11)(q-;p+)
(1;11)(q11;q11)
(1;11)(q24;p13)
(1;13)(q27;q41)
(1;14)(1q+;14q-)
(1;14)(p25;q15)
(1;14)(q17;q21)
(1;14)(q212;q22)
(1;14)(q23;q21)
(1;15)(p25;q13)
(1;15)(q17;q22)
(1;15)(q211;q13)
(1;15)(q26;qter)
(1;16)(p11;q22)
(1;16)(q11;q11)

34
35
36
37
38
39
40
41
42
43
44

(1;17)(p11;q11)
(1;17)(q21;q11)
(1;18)(q213;q21)
Inv(1)(p21;q11)
inv(1)(p21;q21)
Inv(1)(p21;q210)
Inv(1)(p22;q11)
Inv(1)(p24;q29)
Inv(1)(q12;q24)
inv(1)(q18;q24)
(Y;1)(q16;qter)

1q17

1p13

Landrace
Large white
Swiss large white
Gascon
Synthetic (large
white+pietrain)
Synthetic
Synthetic
Not indicated
Large white
Swedish landrace
Swedish
yorkshire
Large white

1p23
1q11
1q27

French Pietrain
Not indicated
Duroc

1p25, 14q15
1q17, 14q21
14q21
1p25
1q17
1q211
1q26
1p11
1q11
1p11
1q21
q11
q21
q21
p22
p24, q29

Synthetic
Duroc

Germany
landrace
Pietrain

Synthetic
Polish Landrace
French landrace
Large white

Ducos et al., 2002
TA Quach et al., 2009
Ducos et al., 2007
Ducos et al., 2002
Gustavsson et al. 1988
Gustavsson et al., 1976
Gustavsson et al., 1983
Ducos et al., 2002
Tzocheva, 1994
Koukkanen and Makinen, 1988
A. Rodriguez et al., 2009
Ducos et al., 2007
Ducos et al., 2007
Ducos et al., 2007
Golisch et al., 1982
Gustavsson, 1988
Tarocco et al., 1987
Zhang et al., 1991
Golisch et al., 1982
Koukkanen and Makinen, 1988
Ducos et al., 2007
This thesis (case 2)
Popescu et al., 1988
Fries and Stranzinger, 1982
Forster et al., 1981
Ducos et al., 2007
Gustavsson, 1988
Henricson and Backstrom, 1964
Miyake et al., 1994
Ducos et al., 2002
Massip K et al., 2009
Danielak-Crech et al.,1996
Ducos et al., 2007
Massip K et al., 2009
Ducos et al., 2002
H. Barasc et al., 2011
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Appendix IV: chromosomal rearrangements reported in in vivo and fragile sites related to
chromosome number 14
No
1
2
3
4
5
6

Rearrangement
(1;14)(1q+;14q-)
(1;14)(p25;q15)
(1;14)(q17;q21)
(1;14)(q212;q22)
(1;14)(q23;q21)
(2;14)(p14;q23)

Fragile Site

7
8
9
10

(2;14)(p15;q26)
(2;14)(q13;q27)
(2;14)(q21;q24)
(4;14)(p11;q11)

14q26
14q27
1q21

11
12
13
14

(2;9;14)(q23;q22;q25)
(4;14)(q25;q22)
(5,14)(q21;q12)
(5;14)(p11;q11)

15

(6;14)(p11;q11)

16

(6;14)(q27;q21)

14q21

17
18
19
20
21
22
23
24
25
26
27

(7;14)(q15;q27)
(7;14)(q26;q25)
(8;14)(p21;q25)
(9;14)(p24;q15)
(9;14)(p24;q27)
(9;14)(q14;q23)
(12,14)(q13;q15)
(12;14)(q15;q13)
(12;14)(q15;q21)
(13;14)(13q-;14q+)
(13;14)(q21;q27)

14q27
14q25
14q25
14q15
14q27

28

14q21

29
30

(13;14)(q31;q21) +
inv(2)(p13;q12)
(14;15)(q28;q13)
(14;15)(q29;q24)

31
32
33
34
35
36

(14;16)(q13;q21)
(X;14)(p21;q11)
(Y;14)(q10;q11)
dup(14q+)
Rob(14;15)=der(14;15)(q10;q10)
Rob(14;17)=der(14;17)(q10;q10)

Breed

1p25, 14q15
1q17, 14q21
14q21

14q15
14q21

Hampolish
synthetichire
crossbred
French landrace
Not indicated
Large white x
French Landrace

French Duroc
English landrace x
Duroc
England Large
white x Essex
Large white x
Pietrain
crossbred
Not indicated
Synthetic
Yorkshire
Polish synthetic
French Duroc
French Pietrain
Duroc
Swedish yorkshire

14q27
Synthetic
sino European

French Pietrain
French Duroc
Large white
French landrace
Not indicated

Reference
Golisch et al., 1982
Gustavsson, 1988
Tarocco et al., 1987
Zhang et al., 1991
Golisch et al., 1982
Villagomez et al., 1993
Ducos et al., 2007
Ducos et al., 2002
Ducos et al., 2007
Popescu and Legault, 1979
Mäkinen et al. 1997
Popescu and Boscher, 1982
Ducos et al., 2007
Popescu et al., 1984
Madan et al., 1978
Ducos et al., 2002
Ducos et al., 2007
Ducos et al., 2007
Danielak-Czech et al., 1997
Ducos et al., 2007
TA Quach et al., 2009
Rejduch et al., 2003
Ducos et al., 2007
Ducos et al., 2007
This thesis (case 9)
Hageltorn et al., 1976
Hageltorn et al., 1976
King et al., 1981
Ducos et al., 2007
Ducos et al., 2007
Gustavsson and Jonsson,
1992
Ducos et al., 2007
Singh et al., 1994
Ducos et al., 2007
Ducos et al., 2002
Ducos et al., 2007
Ducos et al., 2007
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Appendix V: chromosomal rearrangements reported in in vivo and fragile sites related to
chromosome number 13
No
1
2
3
4
5
6

Rearrangement
(1;13)(q27;q41)
(3;13)(p15;q31)
(4;13)(p15;q41)
(4;13)(q25;q41)
(6;13)(p13;q49)
(6;13)(p15;q41)

Fragile Site
1q27

7

(7;13)(p13;q21)

8
9
10
11
12
13
14
15
16

(7;13)(q13;q46),
(8;13)(p21;q41)
(10;13)(p13,q45)
(10;13)(q13;q22)
(10;13)(q16;q21)
(11;13)(11q+;13q-)
(12;13)(q11;q11)
(13;14)(13q-;14q+)
(13;14)(q21;q27)

17
18
19
20

(13;14)(q31;q21) +
inv(2)(p13;q12)
(13;15)(q31;q26)
(13;16)(q41;q21)
(13;17)(q41;q11)

21
22

(X;13)(q24;q21)
Rob(13;17)=der(13;17)(q10;q10)

Breed
Duroc
Large white
Not indicated
French Large white
Large white x
Pietrain
Hampolish
synthetichire

13q41

Landrace
Synthetic
Synthetic
Large white
Swedish yorkshire

14q27
14q21

Synthetic
French Pietrain
Not indicated
Large white x
Pietrain
French landrace

Reference
Ducos et al., 2007
Ducos et al., 2002
Ducos et al., 2007
Mekinen and Remes, 1986
Ducos et al., 2007
Ducos et al., 2002
Gustavsson et al., 1988
Danielak-Czech et al., 1997
This thesis (case 8)
TA Quach et al., 2009
Ducos et al., 2007
Danielak-Czech et al., 2007
Ducos et al., 2002
Astachova et al., 1991
Hageltorn et al., 1976
Hageltorn et al., 1976
King et al., 1981
Ducos et al., 2007
Ducos et al., 2007
Ducos et al., 2007
Ducos et al., 2002
Gustavsson et al., 1989
Ducos et al., 2007
Alonso and Cautu, 1982
Miyake et al., 1977
This thesis (case 10)

Appendix VI: the comparison of our case 1 to the literature
Case 1
t(1;5)(q21;q23)
t(1;5)(q21;q21)
t(1;17)(q21;q11)
inv(1)(p21;q21)

Fragile sites
1q21
1q21
1q21
1q21

1q21
x
x
x
x

5q23
x

Breed
Landrace

Reference
This thesis (case 1)
Danielak-Czech et al., 1994
Gustavsson, 1988
Ducos et al., 2002

Synthetic

Appendix VII: the comparison of our case 3 to the literature
Case 3
t(2;5)(p16;p11)
t(1;2;17)(1q11;1q17;2p16;17q13)
t(5;8)(p11;p23)
t(5;8)(p11;q11)
t(5,9)(p11;p24)
t(5;14)(p11;q11)

Fragile sites

2p16

5p11

1q11, 1q17

x
x

x
x
x
x
x
x

Breed
Landrace
Large White
Synthetic
Large white
French landrace
English landrace x
Duroc

Reference
This thesis (case 3)
P. Cruz-Vigo el al., 2014
Ducos et al., 2002
Ducos et al., 2002
Ducos et al., 2007
Popescu et al., 1984
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Appendix VIII: the comparison of our case 4 to the literature
Fragile sites 3p15 4q13 Breed
Reference
Case 4
t(3;4)(p15;q13)
Landrace
This thesis (case 4)
x
x
t(3;7)(p15;q21)
Large
white
Bahri et al., 1984
x
t(3;13)(p15;q31)
t(3;17)(p15;q21)

Gabriel-Robez et al., 1988
Ducos et al., 2002
Popescu et al., 1983

Large white

x
x

Appendix IX: the comparison of our cases 5 and 9 to the literature

Case 5 & 9
t(3;12)(p13;q15)
t(3;5)(p13;q23)
t(12;14)(q15;q13)
t(12;14)(q15;q23)
t(12,14)(q13;q15)
t(12;14)(q15;q13)
t(9;14)(q14;q23)
t(2;14)(p14;q23)

Fragile
sites

Reference

3p13 12q15 14q23 Breed
x
x

Yorkshire
French landrace
French Pietrain
Duroc
French Duroc
French Pietrain
Polish synthetic
Hampolish
synthetichire

x
X
X

x
14q15

x
X
X

This thesis (case 5)
Ducos et al., 2002
Ducos et al., 2007
This thesis (case 9)
Ducos et al., 2007
Ducos et al., 2007
Rejduch et al., 2003
Villagomez et al.,
1993

Appendix X: the comparison of our cases 2, 6 and 7 to the literature
Case 2, 6 & 7

Fragile sites

1q211

t(1;15)(q211;q13)
t(1;15)(p25;q13)

1q211
1p25

x

t(1;15)(q17;q22)
t(1;15)(q26;qter)
t(7;15)(q13;q13)
t(7;15)(q25;q25)
t(7;15)(q24;q12)
t(6;7)(p15;q13)
t(1;7)(q17;q13)
t(1;7)(q17;q13)
t(3;15)(q27;q13)
t(6;13)(p15;q41)

1q17
1q26

t(6;15)(p15;q12)
t(7;10)(q13;q11)
t(7;13)(q13;q46),

6p15

x

6p15
1q17
1q17

t(14;15)(q28;q13)
t(15;17)(q13;q21)

15q13

Breed

Reference

x
x

Duroc

This thesis (case 2)
Koukkanen and
Makinen, 1988
Ducos et al., 2007
Popescu et al., 1988
This thesis (case 7)
Popescu et al., 1983
Konfortovaet al., 1995
This thesis (case 6)
Ducos et al., 2007
Ducos et al., 2007
K. Massip et al., 2008
Ducos et al., 2002

Synthetic

X

x

x
x
x
x

X

Duroc
Large White
Duroc
Not indicated
Not indicated
Large white
Large white x
Pietrain

X
x
x

t(9;15)(p24;q13)
t(10;18)(p11;q24) +
(6;8)(p15;q27)
t(11;15) (p15;q13)

7q13

Not indicated

x
X

Large white x
french landrace
French Pietrain

x

Swedish
Landrace

x
x

sino European
Large white

Bonneau et al., 1991
Ducos et al., 2007
Danielak-Czech et al.,
1997
Ducos et al., 2002
Ducos et al., 2007
Henricson and
Backstrom, 1964
Hageltorn et al., 1973
Ducos et al., 2007
Ducos et al., 2002
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Appendix XI: the comparison of our case 8 to the literature
Case 8

Fragile sites 8p21 13q41 Breed

Reference

t(8;13)(p21;q41)
t(3;8)(q25;p21)
t(8;14)(p21;q25)
Inv(8)(p21;q11)
t(1;13)(q27;q41)
t(4;13)(p15;q41)
t(4;13)(q25;q41)
t(6;13)(p15;q41)
t(13;16)(q41;q21)
t(13;17)(q41;q11)

13q41

This thesis (case 8)
Ducos et al., 2007
Danielak-Czech et al., 1997
Ducos et al., 2007
Ducos et al., 2007
Ducos et al., 2007
Mekinen and Remes, 1986
Ducos et al., 2002
Ducos et al., 2007
Ducos et al., 2002

14q25

x
x
x
x

x

1q27

x
x
x
x
x
x

Landrace
Synthetic
Pietrain
Duroc
Not indicated
Large white x Pietrain
Not indicated
Large white x Pietrain

Appendix XII: the comparison of our case 11 to the literature
Case 11
Inv(8)(q11;q25)
Inv(8)(p21;q11)
t(5;8)(p11;q11)
Inv(8)(p11;q25)

Fragile sites

8q11 8q25 Breed
Duroc
x
x
Pietrain
x
Large white
x
x

Large white

Reference
This thesis (case 11)
Ducos et al., 2007
Ducos et al., 2002
Ducos et al., 2007

Appendix XIII: the comparison of our case 12 to the literature
Case 12
Inv(6)(q13;q35)
Inv(6)(p14;q12)
t(1;6) (p13;q35)
t(1;6)(q17;q35)

Fragile sites 6q13 6q35 Breed

x
1p13
1q17

x
x
x

Landrace
Sino European
Large white
Synthetic

Reference
This thesis (case 12)
Ducos et al., 2007
Locniskar et al., 1976
Ducos et al., 2002
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Appendix XIV: Details of the identified CNVRs
#

CNVR ID

Chr*

1

CNVR1HL

1

Start
67,164,859

End
70,920,152

Length
(bp)
3,755,294

State

FERT*

No. of
Samples

GAIN/DEL

H&L

2

2

CNVR2L

1

170,095,561

173,141,931

3,046,371

DEL

L

2

3

CNVR5L

1

294,847,613

297,384,003

2,536,391

DEL

L

2

Reproduction QTLs
TNUM QTL #5223
TNUM QTL #5255,TNUM QTL
#5223,TNUM QTL #6481
TNUM QTL #822,TNUM QTL
#845,TNUM QTL #5255,TNUM QTL
#5223,TESTIWT QTL #6527,AGEP
QTL #8815,TNUM QTL #1250

Gene Acc #

Gene name

GSTM2

NM_001078684

A

NM_213799

NM_001243810,
NM_001243865,
NM_001243838,
NM_001098605,
NM_001244866,
NM_213866,
NM_001244935,
NM_001244431,
NM_001097428,
NM_001174057,
NM_001285976,
NM_001031797,
NM_001129805,
NM_214234

4

CNVR7L

2

16,466

3,571,261

3,554,796

GAIN

L

2

NSB QTL #18095,NSB QTL #18094

CHID1, CD151,
EFCAB4A, PNPLA2,
RPLP2, CEND1,
TALDO1, TMEM80,
IRF7, PHLDA2,
NAP1L4, FADD,
CPT1A, GAL

5

CNVR8H

2

7,190,712

7,633,891

443,180

DEL

H

2

NSB QTL #18095,NSB QTL #18094

MACROD1, OTUB1

NM_001204770,
NM_001162403

6

CNVR10L

2

13,448,974

13,601,640

152,667

DEL

L

2

7

CNVR11L

2

23,647,220

25,134,932

1,487,713

DEL

L

2

8

CNVR13L

2

106,268,518

107,324,961

1,056,443

DEL

L

2

GEST QTL #21837

GLRX,

NM_214233,
NM_214067

9

CNVR15H

2

130,991,927

131,016,807

24,880

DEL

H

7

-

10

CNVR16L

2

156,677,791

159,938,857

3,261,066

GAIN

L

2

NSB QTL #18094,NSB QTL
#18095,NSB QTL #18096,NSB QTL
#18097,TNUM QTL #909
NSB QTL #18094,NSB QTL
#18095,NSB QTL #18096,NSB QTL
#18097,TNUM QTL #909

-

CAST

AFAP1L1, GRPEL2,
LOC100514340,
MIR143, MIR145

NM_001244817,
NM_001244870,
NM_001244954,
NR_038529,
NR_038484
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11

CNVR17L

2

159,938,857

162,298,136

2,359,280

DEL

L

2

-

12

CNVR18L

3

48,316,588

48,324,106

7,519

DEL

L

5

13

CNVR19H

3

122,043,048

122,082,701

39,654

DEL

H

2

14

CNVR27L

6

18,410,765

18,418,236

7,472

DEL

L

5

15

CNVR28H

6

75,455,400

75,464,703

9,304

DEL

H

7

16

CNVR34L

8

79,177,886

80,427,348

1,249,463

DEL

L

5

17

CNVR36H

9

36,855,330

37,305,674

450,345

DEL

H

7

18

CNVR37H

9

81,691,177

81,750,330

59,153

DEL

H

7

OVRATE QTL #517

19

CNVR38L

9

111,425,418

111,714,858

289,441

DEL

L

5

OVRATE QTL #517

20

CNVR39L

9

143,837,762

143,878,023

40,261

DEL

L

5

GEST QTL #452

21

CNVR41L

10

6,048,737

6,093,590

44,854

DEL

L

2

NSB QTL #18122,NSB QTL #18123

22

CNVR42H

10

55,903,766

56,046,451

142,686

DEL

H

2

NSB QTL #18122,NSB QTL #18123

23

CNVR43H

10

60,051,402

61,491,332

1,439,931

DEL

H

2

24

CNVR44H

10

64,593,871

64,711,288

117,418

DEL

H

2

25

CNVR45L

11

39,122,418

40,052,374

929,957

DEL

L

5

26

CNVR48H

11

75,996,131

76,165,143

169,013

GAIN

H

2

TNUM QTL #5224,OVRATE QTL
#515,NNIP QTL #7455,NNIP QTL
#7472
TNUM QTL #5224,TNUM QTL
#8797,TNUM QTL #8798
NSB QTL #18129,TLWT QTL
#22946,TLWT QTL #22947
TNB QTL #10620,TNUM QTL
#5226,NNIP QTL #7459,NNIP QTL
#7476,TNUM QTL #8665
TNUM QTL #4253,OVRATE QTL
#492,NNIP QTL #7477,AGEP QTL
#589,UC QTL #523,TNUM QTL
#1100
AGEP QTL #22087,AGEP QTL
#22088,AGEP QTL #22089,AGEP
QTL #22090,AGEP QTL
#22091,AGEP QTL #22092,NNIP QTL
#7462,AGEP QTL #22086

FSH QTL #646,TNUM QTL
#1107,TNUM QTL #2928,OVRATE
QTL #518,TNUM QTL #5258
FSH QTL #646,TNUM QTL
#1107,TNUM QTL #2928,OVRATE
QTL #518
TNUM QTL #5260,AGEP QTL
#22093,TNUM QTL #586,AGEP QTL
#22094
NSB QTL #7534,NNIP QTL #7478

MGAT1, IFITM2,
IFITM3, COX8H,
SIRT3, ODF3

NM_001078668,
NM_001246214,
NM_001201382,
NM_001097500,
NM_001110057,
NM_001193448

SFRP2, TLR2

NM_001244395,
NM_213761

MMP7, MMP25

NM_214207,
NM_213905

SGCE

NM_001144124

ITGB1

NM_213968
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27

*

CNVR49H

12

31,229,775

31,975,983

746,209

DEL

H

2

REMPAR QTL #15998,REMPAR QTL
#15999,LNPDR QTL #16006,NBA
QTL #18068,NBA QTL #18075,NBA
QTL #18091,TNB QTL #18197,TNB
QTL #18230,TNUM QTL
#5261,TNUM QTL #5227,RTNUM
QTL #6479,TNUM QTL #2929,TNUM
QTL #595,LTNUM QTL #6472
REMPAR QTL #15998,REMPAR QTL
#15999,LNPDR QTL #16006,NBA
QTL #18068,NBA QTL #18075,NBA
QTL #18091,TNB QTL #18197,TNB
QTL #18230,AGEP QTL
#22095,TNUM QTL #5261,TNUM
QTL #5227,AGEP QTL #22096,AGEP
QTL #22097,RTNUM QTL
#6479,TNUM QTL #2929,TNUM QTL
#595,LTNUM QTL #6472

STAT2

NM_213889

CUEDC1, MRPS23,
SRSF1, MIR142,
CLTC, MIR21

NM_001243919,
NM_001243813,
NM_001038007,
NR_038555,
NM_001146127,
NR_038508

UBB, SLC5A10,
COPS3, PEMT

NM_001105309,
NM_001012297,
NM_001244149,
NM_214365

28

CNVR50L

12

34,975,703

37,778,877

2,803,175

DEL

L

5

29

CNVR51L

12

61,949,320

63,499,875

1,550,556

GAIN

L

2

TNUM QTL #5261,TNUM QTL #5227

30

CNVR56L

13

142,228,823

142,572,923

344,101

DEL

L

2

NNIP QTL #7479,NNIP QTL #7466

31

CNVR59HL

14

151,808,821

153,786,811

1,977,991

GAIN/DEL

H&L

2

-

MIR202, CYP2E1,
ECHS1

NR_035399,
NM_214421,
NM_001190175

32

CNVR62L

16

84,891,022

86,875,405

1,984,384

DEL

L

2

-

TERT

NM_001244300

ID1

NM_001244700

IFRD1

NM_001007519

33

CNVR63H

17

40,116,835

40,197,983

81,149

DEL

H

2

34

CNVR64H

17

41,544,230

41,558,361

14,132

GAIN

H

2

35

CNVR65H

18

35,903,061

36,257,473

354,413

DEL

H

2

Chr = Chromosome; Fert.= Fertility

TNB QTL #22920,TLWT QTL
#22965,TNUM QTL #5229,AGEP QTL
#22122,AGEP QTL #22123,AGEP
QTL #22124,AGEP QTL #22125
TNB QTL #22920,TLWT QTL
#22965,TNUM QTL #5229,AGEP QTL
#22122,AGEP QTL #22123,AGEP
QTL #22124,AGEP QTL #22125
NBA QTL #7538,AGEP QTL
#21988,NNIP QTL #7470,AGEP QTL
#22127,AGEP QTL #22128,AGEP
QTL #22126
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Chromosome
1
2
3
6
8
9
10
11
12
13
14
16
17
18
Total

Appendix XV: Numbers and length of CNVRs are represented by chromosome
HIGH-Fertile
HIGH & LOW
LOW-Fertile
Total
#CNVR
#CNVR
#CNVR
#CNVR
1
2
3
3,755,294
5,582,762
2
6
8
468,060
11,871,965
1
1
2
39,654
7,519
1
1
2
9,304
7,472
1
1
1,249,463
2
2
4
509,498
329,702
3
1
4
1,700,035
44,854
1
1
2
169,013
929,957
1
2
3
746,209
4,353,731
1
1
344,101
1
1
1,977,991
1
1
1,984,384
2
2
95,281
1
1
354,413
14
2
19
35
4,091,467
5,733,285
26,705,910

Total
length
9,338,056
12,340,025
47,173
16,776
1,249,463
839,200
1,744,889
1,098,970
5,099,940
344,101
1,977,991
1,984,384
95,281
354,413
36,530,662
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Appendix XVI: Summary of CNVRs according to the copy number states. The number and length of CNVRs identified as Gain,
Deletion or Gain/Del are given.

Chromosome

GAIN
#CNVR

1
2

2

Length

DEL
#CNVR

5,582,762

2

Length

GAIN/DEL
#CNVR

Length

Total #CNVR

1

3,755,294

3

9,338,056

2.96

8

12,340,025

7.59

% CNVR/Chromosome

5,524,163

6

3

47,173

2

2

47,173

0.03

6

16,776

2

2

16,776

0.01

8

1,249,463

1

1

1,249,463

0.84

9

839,200

4

4

839,200

0.55

10

6,815,862

Total length

1,744,889

4

4

1,744,889

2.21

11

1

929,957

1

169,013

2

1,098,970

1.25

12

1

3,549,384

2

1,550,556

3

5,099,940

8.02

344,101

1

1

344,101

0.16

1

1,977,991

1.29

1

1,984,384

2.28

2

95,281

0.14

1

354,413

0.58

35

36,530,662

13
14

1

16
17

1

18
Total Length

5

1,984,384

1

81,149

1

354,413

1

22,247,814

28

1,977,991

14,132
8,549,563

2

5,733,285
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Appendix XVII: Summary of the number of reproduction QTLs overlapping with CNVRs.

QTL
AGEP
FSH
GEST
LNPDR
LTNUM
NBA
NNIP
NSB
OVRATE
REMPAR
RTNUM
TESTIWT
TLWT
TNB
TNUM
UC
No QTL
Total

High Fertile
19
2

High & Low Fertile

Low Fertile
7
2
1
1
3
5
13
3
2
1
1
2
2
21
1
3
68

1
1
4
5
5
3
2
1
2
5
16

1

1
67

1
2

Total
26
2
2
2
2
7
10
18
6
4
2
1
4
7
38
1
5
137

Appendix XVIII: Summary of gene content (RefSeq genes) within CNVRs specific for high
fertility, low fertility animals or present in both.

Chromosome
1
2
8
9
10
12
14
16
17
18
Total

GAIN
17

4

DEL
1
10
2
3
1
6

GAIN/DEL
1

2

21

1
1
1
26

3

Total
2
27
2
3
1
10
2
1
1
1
50
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Appendix XIX: Primer squences used for the qPCR validation experiments
Name
Sequence 5'-3'
Product size (bp)
BACT-F*
TCGATCATGAAGTGCGACGTG
113
BACT-R*
GTGATCTCCTTCTGCATCCTGTC
CNVR15H-F
TTCTCTCTGCCCCAAACACT
100
CNVR15H-R
TCCAAAAGTTTGCAGAAAGGA
CNVR18L-F
TCTGCAACTGCAGCTCTGAT
114
CNVR18L-R
TGGAAGGAATTACTGCCCTG
CNVR27L-F
CAGCTTGCAGCAGCTTGAT
107
CNVR27L-R
GTTCCCTGGTGGTGTAGTGG
CNVR28H-F
TTCACGATGGCATCTTTCTG
197
CNVR28H-R
AGGGCCTCAGAGGGTTTCTA
CNVR34L-F
CAGAGAAGAAGCCTGATGGG
101
CNVR34L-R
CAACTCTCTGGACCATGCC
CNVR36L-F
TTCCACGGCAGCATCTATTTG
168
CNVR36L-R
GAATAGCACATTGTCCTCTACAAGC
CNVR37L-F
TCCCACCAACGACATACCTG
126
CNVR37L-R
TCCAAGGTGCACTCTGATCG
CNVR38L-F
TTTTGCATGGAGCTGGAAAT
167
CNVR38L-R
TGCTGCCTAGCAAACAACTG
* from Chen et al. BMC Genomics 2012, 13:733.
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Appendix XX. TSPY CN at three exons by qPCR in 20 boars. At each exon calculations were
made using two different primer efficiencies, as determined from either STD curve or as the
average of individual LinRegPCR efficiencies.
TSPY-E1 STD

TSPY-E1 LinReg

TSPY-E3 STD

TSPY-E3 LinReg

TSPY-E5 STD

TSPY-E5 LinReg

DA Cali

5.27

2.16

4.33

2.33

4.47

3.17

DB

4.58

2.31

4.06

2.18

4.27

3.03

DC

6.06

1.89

4.21

2.25

4.56

3.23

DD

5.68

2.26

3.81

2.03

4.15

2.94

DE

4.67

2.69

4.15

2.21

4.68

3.32

LA

4.11

1.46

4.45

2.38

4.21

2.98

LB

3.82

0.88

3.00

1.59

2.84

2.00

LC

3.94

1.31

3.94

2.11

3.70

2.62

LD

5.44

1.23

3.69

1.97

3.19

2.25

LE

8.02

1.11

3.77

2.02

3.43

2.42

PA

4.41

2.02

3.41

1.80

3.67

2.57

PB

4.13

2.16

4.12

2.20

4.42

3.13

PC

6.15

2.26

3.90

2.08

4.19

2.96

PD

4.83

2.28

4.09

2.19

4.36

3.09

PE

3.95

1.90

3.31

1.76

3.35

2.36

YA

4.52

0.78

3.62

1.93

3.27

2.31

YB

4.74

1.06

3.37

1.79

3.27

2.31

YC

4.84

1.02

4.27

2.29

3.53

2.49

YD

4.73

1.68

4.32

2.32

3.95

2.80

YE

3.97

0.79

3.23

1.72

2.57

1.81

Duroc

5.25

2.26

4.11

2.20

4.42

3.13

Landrace

5.07

1.20

3.77

2.01

3.47

2.45

Pietrain

4.69

2.12

3.77

2.01

4.00

2.82

Yorkshire

4.56

1.07

3.76

2.01

3.32

2.34

All

4.89

1.66

3.85

2.06

3.80

2.69

SD Duroc

0.64

0.29

0.19

0.11

0.21

0.15

SD
Landrace
SD Pietrain

1.78

0.22

0.52

0.29

0.52

0.37

0.88

0.16

0.38

0.21

0.47

0.34

SD
Yorkshire
SD All

0.35

0.37

0.51

0.28

0.50

0.36

1.01

0.60

0.42

0.23

0.61

0.43
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Appendix XXI: TSPY ddPCR CN ratios at three exons in 20 normal, 5 Low- and 5 Highfertility boars. Direct Boar Effect (DBE) values are included where available.

DA Cali
DB
DC
DD
DE
LA
LB
LC
LD
LE
PA
PB
PC
PD
PE
YA
YB
YC
YD
YE
H1
H2
H3
H4
H5
L1
L2
L3
L4
L5
Duroc
Landrace
Pietrain
Yorkshire
All
AVE-High
AVE-Low

TSPY-E1
3.11
2.93
2.94
2.94
2.99
2.96
2.97
2.90
2.90
2.94
3.03
2.92
3.05
3.13
2.93
3.05
2.99
2.89
3.17
3.01
2.42
2.48
2.80
2.65
2.44
2.47
2.64
2.33
2.73
2.66
2.98
2.93
3.01
3.02
2.99
2.56
2.57

TSPY-E3
3.20
3.04
3.03
3.09
3.01
3.07
3.02
3.00
3.06
3.06
3.12
3.04
3.06
3.20
2.99
3.10
2.98
2.95
3.21
3.06
2.53
2.58
3.25
2.85
2.57
2.59
2.81
2.78
3.00
3.08
3.07
3.04
3.08
3.06
3.06
2.76
2.85

TSPY-E5
3.11
2.94
2.89
3.10
2.92
2.82
2.89
2.96
2.89
3.11
3.02
2.87
2.94
3.04
2.97
3.18
2.94
2.94
3.11
2.96
2.42
2.48
2.99
2.77
2.46
2.41
2.69
2.64
2.98
2.76
2.99
2.94
2.97
3.03
2.98
2.62
2.70

breed
Duroc
Duroc
Duroc
Duroc
Duroc
Landrace
Landrace
Landrace
Landrace
Landrace
Pietrain
Pietrain
Pietrain
Pietrain
Pietrain
Yorkshire
Yorkshire
Yorkshire
Yorkshire
Yorkshire
Landrace
Landrace
Yorkshire
Yorkshire
Landrace
Yorkshire
Landrace
Yorkshire
Landrace
Landrace

fertility
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
high
high
high
high
high
low
low
low
low
low

DBE
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
2.25
2.72
3.28
3.79
3.11
-2.27
-2.31
-2.33
-2.78
-2.41

164

SD Duroc
SD Landrace
SD Pietrain
SD Yorkshire
SD All
SD High
SD Low

0.07
0.03
0.09
0.10
0.08
0.16
0.16

0.08
0.03
0.08
0.10
0.07
0.29
0.19

0.10
0.11
0.07
0.11
0.10
0.20
0.21
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Appendix XXII: Primer and probe sequences, annealing temperature, product sizes and primer efficiency values determined
from either STD curve or as the average of individual LinRegPCR efficiencies.
Gene name

Androgen receptor
(AR)

GenBank #

NM_214314.2

TSPY exon 1

TSPY exon 3

TSPY exon 5

Gene ID:
100625034

Primer name

Primer and probe sequence (5'-3')

pAR-F

TGTGCAGTTCACTCCTGAAGA

pAR-R

GGAGAACATGGTCCCTGGTA

pAR-TM

/FAM/TCTGCCAAC/ZEN/TACTGACATGTGTTTCATTGT/IABkFQ/

pTSPYE1-F

TAGGCCTCAGTCGGTAGTTG

pTSPYE1-R

TGCTCCTCCTCCTCAAACTC

pTSPYE1-TM

/FAM/TGCTGCTGA/ZEN/TGGAGGACGTCGT/IABkFQ/

pTSPYE3-F

CTGATTGCTGCAAAATCATGT

pTSPYE3-R

CCCTCCTTCTCACAAACCAT

pTSPYE3-TM

/FAM/TGTTAACCT/ZEN/CAATGGTAAGAGGAGGCTCC/IABkFQ/

pTSPYE5-F

CAACCCGCTGCACTATTACC

pTSPYE5-R

GACTCGGTTTCTCCATGAGC

pTSPYE5-TM

/FAM/AGTTCCAGG/ZEN/GAGGAGGACAGGTGA/IABkFQ/

The TaqMan probes were labeled with 5’-FAM, internal ZEN and 3’-Iowa Black FQ quencher molecules (IDT).
Primer efficiencies, as determined from either STD curve or as the average of individual LinRegPCR efficiencies.
*different (p<0.01) from unmarked according to Kruskal-Wallis test

Product (bp)

Efficiency STD curve

Efficiency LinReg

115

2.01

2.03

198

1.89*

1.82*

125

2.02

2.09

132

2.02

2.07

