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Assisted reproductive technologies, such as superovulation or ovum pickup and in
vitro production (OPU-IVP) of embryos, are frequently used in the Canadian dairy
industry to produce more offspring from elite females in the population. Using these
procedures is expensive and there is a large variability in the number of embryos
produced and the quality of these embryos. Even though technological improvements
have helped to increase the number and quality of embryos produced, the genetic and
genomic ways of improving these traits have yet to be assessed for the Canadian Holstein
population. The main objectives of this study were, therefore, to perform genetic and
genomic analyses for two embryo production traits and also to perform a genetic analysis
for embryo quality.
To achieve this, two very large datasets were provided by Holstein Canada. The
first one contained all successful in vivo and in vitro procedures performed on Holstein
donors across Canada since 1980, where the total number of embryos and the number of
viable embryos for each procedure was known. In the second dataset more detailed
information was available, such as the quality of the embryos produced. Linear models
were developed to analyse the embryo production traits and different statistical
approaches were used to analyze embryo quality. A genome-wide association study and a
functional analysis were performed for embryo production traits, allowing the
identification of regions significantly associated with the total number of embryos and the
number of viable embryos and the creation of a list of key regulator genes.

Results showed potential for genetic selection for both the total number of
embryos and the number of viable embryos, with heritabilities of around 0.15 ± 0.01.
Genetic correlations between the number of embryos produced using different procedures
(in vivo and in vitro) suggested that a similar number of embryos should be expected
from a donor regardless of the procedure used. Similarly, genetic correlations for the
number of embryos produced by donors, both as a heifer and as a cow, indicated that a
donor should produce a comparable number of embryos regardless of its status at embryo
recovery. A main region on chromosome 11 of the bovine genome was found to be
significantly associated with the number of embryos, indicating a potential regulatory
role of this region on embryo production. For embryo quality, heritability estimates were
much lower at around 0.04 ± <0.01, so that selection for this trait would not be as
efficient.
Overall, these findings are of interest for the Canadian dairy industry since they
provide useful information for breeders that are interested in producing embryos from the
elite donors in their herds or in the population using in vivo or in vitro procedures. The
results from this project are also of interest for future research that could focus on finding
causative mutations affecting embryo production traits, but also for research in
reproductive physiology to adapt protocols based on the donors’ genotype. Finally,
considering that the traits studied are related to reproduction, the findings from this
project are also of interest for global reproduction of dairy cattle.
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Chapter 1
GENERAL INTRODUCTION

INTRODUCTION
Nowadays, there are multiple tools available to dairy producers and their industry
partners to genetically improve the dairy population. Some of these tools, such as
artificial insemination (AI), are now well known, and have been used for a long time.
Artificial insemination was a revolution in North America in the 1930s (Hamilton and
Symington, 1939), since it represented the first great biotechnology applied to improve
reproduction and genetics of farm animals (Foote, 2002). A great deal of genetic gain,
especially for milk yield, has been achieved because of AI (Lohuis, 1995). Since the
1970s, superovulation and embryo transfer has revolutionized the dairy industry,
becoming the most powerful tool animal breeders have acquired since AI (Lohuis, 1995).
It is now a technique that is accessible to dairy producers and used worldwide, with North
America being the leader of commercial embryo transfer (Mapletoft and Hasler, 2005).
The adoption of assisted reproductive technology (ART) by dairy breeders has allowed
an increased genetic gain on the female side, since more offspring could be produced
from elite females in the population in a short period of time. A couple of years after the
adoption of multiple ovulation and embryo transfer (MOET), other ART were developed,
allowing embryos to be produced in vitro (IVP) in the 1980s (Farin et al., 2007; Hasler,
2014). This new technology allowed embryos to be produced from younger donors,
which reduces the generation interval and increases genetic gain, and for embryos to be
produced more frequently (Ball and Peters, 2004; van Wagtendonk-de Leeuw, 2006). The
start of genomic selection in 2009, increased the accuracy of genetic selection (Van
Doormaal, 2012), making MOET and IVP even more interesting to use.
The complete protocol for producing embryos is rather expensive, and even more
if IVP is the chosen procedure. The variability of the outcome is also a major issue
(Kanitz et al., 2002; Lonergan and Boland, 2011), because it is difficult to predict the
number of embryos that will be produced by a donor. Some indicators, such as the antiMüllerian hormone (AMH) plasma level, have been developed to try to predict the
1

potential of a donor to produce a high number of embryos, but additional manipulations
need to be done to measure this indicator (Monniaux et al., 2010; Guerreiro et al., 2014).
The dairy breeder needs to take cost and variability into account before making the
decision to produce embryos from a female. Moreover, the quality of the embryo is of
primary importance, because the end goal of using ART is to get live calves from the
embryos produced. Nowadays, there are no tools available for dairy breeders to help
them make decisions about which female will produce more embryos of good quality.
It has to be noted that even though many authors have reported a decrease in
fertility of lactating cows over the last decades, Hasler (2006) showed that there has been
no decrease in superovulation results for a period of 20 years in Canada and the United
States. Over the years the MOET technique has improved (Mapletoft, 2006), and as a
result, the average number of embryos produced per procedure has increased. Until now,
the dairy industry in Canada has only focused on technological factors to improve the
number and the quality of embryos. These factors are valuable, but they will only have an
impact in the short term. To achieve a long-term improvement, genetic and genomic
selection has to be considered. However, the first step is to assess the possibility of
genetically and genomically selecting for an increased number and quality of embryos,
which is the main focus of this thesis.

OBJECTIVES
The objectives of this thesis were to study embryo production and embryo quality
traits from a phenotypic, genetic and genomic perspective, and to assess their usefulness
for the dairy industry in Canada.
Chapter 2 is a review of the current literature related to assisted reproductive
technology traits. It provides detailed information about the procedures for embryo
production and the biological functions that are involved with the production of embryos
in dairy cattle. The Canadian dairy industry and its genetic and genomic evaluation
systems are also described in this chapter.
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Chapter 3 presents the genetic analysis for the total number of embryos and the
number of viable embryos produced by Canadian Holstein donors. Two different data
transformations were assessed for the estimation of genetic parameters and breeding
values of these embryo production traits. Estimated breeding value correlations between
embryo production traits and other routinely evaluated traits in Canada are also presented
in Chapter 3.
Chapter 4 looks at comparing the number of embryos that are produced from
donors using different techniques, namely in vivo or in vitro production of embryos.
Moreover, the number of embryos produced is also compared for donors that were either
a heifer or a cow at recovery. Genetic correlations between the number of embryos
produced by the two different procedures are presented in this chapter, and so are the
genetic correlations for the two different statuses. Genetic parameters are also estimated
for embryos produced using an in vivo and in vitro technique from a donor as a heifer
and as a cow.
Chapter 5 uses the breeding values obtained in the previous chapters to perform a
genome-wide association study (GWAS) for embryo production traits in order to find
regions of the genome that could explain the genetic variability for these traits. Regions
of the genome that are found to be significantly associated with embryo production traits
are further investigated in a functional analysis to create a list of candidate genes for the
total number of embryos and the number of viable embryos.
Chapter 6 focuses on the quality of embryos produced by Canadian Holstein
donors. A genetic analysis is performed for this trait using different statistical approaches.
Genetic parameters and breeding values were estimated and discussed for their usefulness
to the Canadian dairy industry.
Chapter 7 presents an overall discussion of the results obtained in the previous
chapters and a summary of the limitations of this thesis. This chapter also summarizes the
future opportunities for the genetic and genomic selection for embryo quantity and
quality in Canadian dairy cattle and the opportunities for future research projects with
these traits.
3

Chapter 2
LITERATURE REVIEW

Overview of the Estrous Cycle
In order to produce embryos from a donor, the female’s estrous cycle has to be
well understood. In this case, the organ of interest is the ovary. The main functions of the
ovaries are the production of oocytes and the production of hormones, such as oestrogen
and progesterone (Ball and Peters, 2004; CRAAQ, 2008). As will be explained in the
next sections, the structure of the ovaries is consistently changing with the follicular
waves. The center of the ovary is the medulla, which contains the nerves and blood
vessels required for its development (Ball and Peters, 2004). The cortex represents the
external part of the ovary and contains the primary or primordial follicles that encase the
female germ cells, the oocytes.
Primordial Follicles
The follicle undergoes many stages before it ovulates, starting with the primordial
stage. A female is born with a certain pool of follicles (Ball and Peters, 2004). Erickson
(1966a) reported that based on the average of four bovine foetuses, females have 2.7
million germ cells or primordial follicles at about 110 days of gestation, and around
68,000 at birth. In a subsequent study, the same author reported a variation between 0 and
700,000 germ cells in females from 0 to 24 months, with a stable number within an
individual up to four to six years, followed by a decline (Erickson, 1966b). Thus there is
a wide variation between individuals in terms of quantity and quality of primordial
follicles. This could be one of the explanations for the variability of the superovulatory
response (Kanitz et al., 2002). The variability of embryo production could also be
explained by the recruitment of primordial follicles from the non-growing pool to the
growing pool. Primordial follicles are stocked in a non-growing pool, and they start to
transition into the growing pool at puberty to become primary follicles. Once in that latter
pool, they eventually undergo atresia or ovulate. It seems that the number of follicles that
transition from one pool to the other depends on the number of primordial follicles
available, which declines with time (Kanitz, 2003). The process in which the primordial
4

follicles transition to the growing pool has been reported to be controlled by hormones,
but the precise nature of the stimulus is not understood (Ball and Peters, 2004).
Follicular Growth
Three main stages of follicular growth are shown in Figure 2.1 (Orisaka et al.,
2009). The first phase includes the primary and secondary stages. During this first phase,
primordial follicles initiate growth independent of the presence or absence of
gonadotropin (Gn) and become primary and secondary follicles. In the second phase, the
follicles start to respond to Gn, and enter the antral stage (Orisaka et al., 2009). The antral
stage is named this way because the follicles growing eventually develop a cavity filled
with follicular fluid called the antrum (Figure 2.2). Antral follicles can be seen on the
surface of the ovary (Ball and Peters, 2004). In the last phase, the follicles are beyond the
antral stage and become Gn-dependent (Orisaka et al., 2009) and start to respond to the
presence of the follicle-stimulating hormone (FSH), which is the hormone responsible for
the recruitment of follicles in the growing pool. Most follicles will become atretic and
never ovulate (Orisaka et al., 2009), although a few will eventually ovulate.
One of the important morphologic structures of the growing follicle is the zona
pellucida. This layer plays an important role in the protection of the oocyte from
pathogens (CRAAQ, 2008) and in the prevention of polyspermy. The granulosa cells and
the theca surround the zona pellucida. The external theca is mainly fibrous tissue, and the
internal theca contains mainly cells and blood vessels to supply blood (Ball and Peters,
2004). Granulosa and internal theca cells also play a role in the production of oestrogens
(Ball and Peters, 2004). At ovulation, the follicle ruptures and the oocyte is shed and
captured by the oviduct. The cavity of the follicle is then filled with granulosa and theca
cells that differentiate into the corpus luteum. Each ovulation creates a new corpus
luteum on the surface of the ovaries. When the oocyte is not fertilized, the corpus luteum
regresses around day 15 after estrus due to the secretion of prostaglandins (PG) by the
uterus (CRAAQ, 2008). When the oocyte is fertilized, the corpus luteum remains on the
ovary for the whole pregnancy (Ball and Peters, 2004; CRAAQ, 2008) and secretes
progesterone to prepare the uterus to receive and support the embryo.

5

Follicular Wave Dynamics
The follicles will develop over time through the concept of follicular wave
dynamics (Malhi et al., 2008). The understanding of this concept was made possible in
the 1980s because of the arrival of ultrasound imaging (Kawamata, 1994; Moore and
Thatcher, 2006; Adams et al., 2008), which allowed for the observation of the different
phases of a follicle’s life. It was observed that many follicles grow at the same time, like
a wave, in response to a rise of FSH (Moore and Thatcher, 2006; Lonergan and Boland,
2011). The waves occur during the estrous cycle, and usually a female has two or three
follicular waves within one estrous cycle ( Bungartz and Niemann, 1994; Kafi and
McGowan, 1997; Mapletoft, 2006; Moore and Thatcher, 2006; Adams et al., 2008; Malhi
et al., 2008; Lonergan and Boland, 2011). Usually, the first estrus of a heifer happens at
around 8 months of age, but follicular waves occur even before puberty, or during
pregnancy (Kanitz, 2003).
A follicular wave has four main phases: recruitment, deviation (or selection),
dominance, and atresia (Kanitz, 2003; Moore and Thatcher, 2006). The first phase is the
recruitment of the follicles from the growing pool due to the high FSH levels (Yang et al.,
2010). During approximately five days, all follicles that are recruited will develop
similarly in response to FSH (Kanitz, 2003; Moore and Thatcher, 2006; Adams et al.,
2008). Then, there comes a point where one of the follicles deviates from the growth path
of the others, and is selected to become dominant (Kanitz, 2003). This constitutes the
second and third phases. When follicles, especially the dominant one, reach a diameter of
about 5 mm, they start to release estradiol and inhibin, which decreases the concentration
of FSH (Kanitz, 2003; Lonergan and Boland, 2011; Bó and Mapletoft, 2014). This
prevents other follicles from growing and a new wave from starting (Bungartz and
Niemann, 1994; Moore and Thatcher, 2006; Adams et al., 2008). By developing
receptors to luteinizing hormone (LH), the dominant follicle becomes LH-dependent,
which allows it to continue its growth in a low FSH environment ( Mapletoft, 2006;
Adams et al., 2008; Bó and Mapletoft, 2014), while other follicles undergo atresia.
Because of its negative effect on the growth of the other follicles, the presence of an
active dominant follicle can decrease embryo production. The last phase of a follicular
wave is atresia, which depends on the presence or absence of the corpus luteum. When
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the level of progesterone is high at mid-cycle, because of the presence of the corpus
luteum (Moore and Thatcher, 2006; Adams et al., 2008), the dominant follicle starts to
regress (Kanitz, 2003). Atresia causes the secretion of estradiol and inhibin to decrease,
which allows the level of FSH to rise again, and promote the start of a new follicular
wave (Kanitz, 2003; Mapletoft, 2006; Moore and Thatcher, 2006; Adams et al., 2008).
Cattle usually have two or three waves per cycle, with the first follicular wave
considered to happen at day 1 after estrus (day 0) (Merton et al., 2003). In a two-wave
cycle the second wave is usually 8 to 12 days later, and the estrous cycle is usually three
days shorter than in a three-wave cycle. Moore and Thatcher (2006) visualized a twowave cycle of 20 days (Figure 2.3). In a three-wave cycle, the second wave usually
happens 6 to 10 days later, and the third wave 6 to 10 days after the second wave (Adams
et al., 2008; Bó and Mapletoft, 2014). Follicular waves continue even if the female is
pregnant, up until the last three weeks of pregnancy (Mapletoft, 2006). At the end of a
cycle, the uterus of a non-pregnant cow secretes prostaglandins, namely prostaglandin
F2α (PGF2α), which causes the regression of the corpus luteum and a surge in the LH
pulse frequency that will lead to the ovulation of the dominant follicle (Mapletoft, 2006;
Moore and Thatcher, 2006; Adams et al., 2008).

Embryo Production and Transfer
Mammalian embryo transfer was first successfully performed in 1890 by Walter
Heape (Hasler, 2003; Mapletoft and Hasler, 2005). Almost 60 years later, in 1949,
Umbaugh performed the transfer of the first bovine embryo, but no calf resulted of that
experiment (Hasler, 2003). The first calf born from an embryo transfer was attributed to
Willett et al. in 1951 (Hasler, 2003). It was only in the 1970s that commercial
superovulation and embryo transfer really started in various countries (Mapletoft and
Hasler, 2005; Mapletoft, 2006; Farin et al., 2007; Machaty et al., 2012; Hasler, 2014),
with the goal of obtaining the maximum number of embryos from a selected female
(Mapletoft, 2006). The procedure has evolved since that time. Amongst other things, it
changed from a surgical to a non-surgical technique (Hasler, 2003), making it possible to
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perform superovulation protocols on farm in the 1980s (Hasler, 2003, 2006; Mapletoft
and Hasler, 2005).
With the advent of genomics, the use of ART became even more relevant, since
donors and sires could be chosen more accurately. Nowadays, both dairy producers and
AI centers have reasons for using superovulation and embryo transfer. Overall, the goal
remains the same, because both producers and AI centers want to obtain more offspring
from valuable animals in the population to proliferate the best genetic material (Mapletoft
and Hasler, 2005; Farin et al., 2007; Baruselli et al., 2011). To achieve that goal, the best
females, according to defined criteria, are chosen to be donors, and semen from the best
males in the population is used to produce embryos. Some donors are chosen because of
their high overall genetic index, while others are chosen because of their high milk, fat,
and protein production, or superior conformation. For commercial dairy producers,
superovulation or IVP are used to get faster improvement of the productivity of the herd
(Vieira et al., 2014). For other producers, these reproductive technologies are used to
produce high value embryos that can be sold because of their high genetic potential. For
AI centers, the goal is usually to get more males from a specific mating, so that they have
more choice when it comes to the selection of the next generation of bulls.
Overall, ART can accelerate the genetic progress (Monniaux et al., 2010; Vieira et
al., 2014), especially if it is used as part of a breeding program (Hossein-Zadeh, 2010).
The production of a higher number of embryos can increase the selection intensity of the
females and males that will produce the next generations, and reduce the generation
interval, since females can produce a higher number of offspring per generation (Moore
and Thatcher, 2006; Hossein-Zadeh, 2010) and can produce IVP embryos at a very young
age (Ball and Peters, 2004). In addition to increasing genetic progress, the production of
embryos has other advantages. One of them is the possibility of disseminating genetic
material over the world (Monniaux et al., 2010) at a low cost (Ball and Peters, 2004;
Lonergan and Boland, 2011), with less risk of disease transmission (Mapletoft and
Hasler, 2005; Thibier, 2011; Bó and Mapletoft, 2013). Moreover, it has been reported
that animals imported as embryos adapt more easily to a new environment than adults
animals (Ball and Peters, 2004). Another benefit is the possibility to disseminate more
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genetic material from the female side, like AI does on the male side (Lonergan and
Boland, 2011). Cows usually produce only one offspring per year because of their
gestation period of 9 months. With superovulation or IVP, many offspring can be
produced from one valuable donor each year (Ball and Peters, 2004; Lonergan and
Boland, 2011). Finally, for repeat breeder cows, higher pregnancy rates can be obtained
with embryo transfer during heat stress compared to conventional artificial insemination
(Putney et al., 1989).
Embryo production is also associated with some issues, the main one being the
variability in the number of embryos produced (Hahn, 1992; Kanitz et al., 2002;
Kadokawa et al., 2008; Hossein-Zadeh, 2010; Monniaux et al., 2010; Lonergan and
Boland, 2011; Tríbulo et al., 2011). It has been reported that around 20% of the donors do
not produce any embryos following a superovulation protocol (Hasler, 2003). The second
problem is that ART is expensive (Hasler, 2003), which makes some dairy producers
reluctant to use these technologies. For superovulation, the high cost is essentially caused
by the cost of the hormones that are used for superovulating the donor and for the time of
the practitioner who performs the superovulation and embryo recovery steps. For IVP
embryos, the cost is even higher, because more material and time are required for the
ovum pick-up (OPU) and IVP procedures. In both cases, the price of the semen used for
the conception of the embryo also needs to be considered. The high costs, combined with
a high variability in the number of embryos produced, can discourage some breeders
from using these techniques.
In Vivo Technique
Initiation of Superovulation. As reported by many authors, the optimal
superovulatory response depends on the moment the protocol is started. The optimal
moment seems to be when a new follicular wave emerges (Singh et al., 2004; Baruselli et
al., 2011; Lonergan and Boland, 2011; Tríbulo et al., 2011; Bó and Mapletoft, 2014),
which is 10 to 12 days after estrus (Kanitz et al., 2002; Mapletoft, 2006). A visual
detection of estrus signs can be done on farm, or various other methods can be used to
determine in which phase of the estrous cycle the female is. For example, rectal palpation
or ultrasound can be used, but it has be considered that those methods are not very
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precise (Kanitz et al., 2002). To make sure that the protocol is started at the right time,
authors recommend to synchronize the follicular waves of the donor (Kafi and
McGowan, 1997; Mapletoft, 2006; Baruselli et al., 2011; Lonergan and Boland, 2011; Bó
and Mapletoft, 2014). Synchronization can be done either mechanically or hormonally.
One study showed that the use of hormones to synchronize the estrous cycle of cows with
known fertility problems yielded more embryos than when the natural estrous cycle was
followed (Hasler et al., 1983). This is mainly explained by the fact that cows with fertility
problems tend to show less signs of estrus, making it more difficult to follow their natural
estrous cycle. This re-enforces the importance of controlling and synchronizing the
follicular waves. Ball and Peters (2004) reported that the control of the estrous cycle
combined with a visual detection of estrus yielded the best reproductive performances.
Mechanical Control of Follicular Wave. The mechanical control of follicular
wave emergence implies the ablation of all the follicles that are bigger than five
millimeters. This step is to make sure that the dominant follicle is punctured before the
start of a superovulation protocol, in order to get higher embryo production (Bungartz
and Niemann, 1994; Kafi and McGowan, 1997; Kanitz et al., 2002; Ball and Peters,
2004; Mapletoft, 2006). As mentioned in the previous section, when follicles reach that
size, they start to produce estradiol and inhibin, which contribute to the decrease in the
FSH level required for their growth (Mapletoft, 2006; Adams et al., 2008). Once the
follicles are punctured, the FSH level will increase within the next 12 hours (Adams et
al., 2008), and a new follicular wave will start approximately one day later. This moment
represents the perfect time to start the superovulatory protocol (Mapletoft, 2006; Adams
et al., 2008). Another study also reported that higher quality embryos were produced
from animals superovulated without the presence of a functional dominant follicle
(Kohram and Poorhamdollah, 2012). On the other hand, few studies have argued against
the fact that the dominant follicle has an impact on superovulatory response (Kawamata,
1994).
Hormonal Control of Follicular Wave. The follicular wave emergence can also
be controlled using hormones. The goal of using hormones is to counteract the effect of
the dominant follicle. Authors suggested different protocols, but the two most frequent
10

are the method that involves the combined use of estradiol and progesterone, and the one
that used gonadotropin-releasing hormone (GnRH). These hormonal protocols have the
advantage of necessitating no estrus detection, which is a great advantage, especially for
high-producing dairy cows that show less signs of estrus (Bó et al., 2006; Baruselli et al.,
2011; Lonergan and Boland, 2011). The protocol that involves the combined use of
estradiol and progesterone is the most popular method (Mapletoft, 2006; Adams et al.,
2008; Baruselli et al., 2011). Estradiol causes a decrease in the level of FSH, while the
progesterone produced by the corpus luteum prevents the LH surge. Together, these
hormones can cause the regression of both FSH- and LH-dependent follicles (Mapletoft,
2006; Adams et al., 2008). Three or four days after the injection of estradiol, regardless
of the female’s cycle stage, FSH increases again and causes the recruitment of a new
follicular wave (Mapletoft, 2006; Baruselli et al., 2011). A second technique involves the
use of GnRH, which is produced by the hypothalamus and is the hormone responsible for
the release of LH and part of the FSH. Therefore, it plays a role in the ovulation of the
dominant follicle (Lonergan and Boland, 2011; Wiltbank and Pursley, 2014). If this
hormone is given in the presence of a dominant follicle, ovulation will occur and a new
follicular wave will start two days later (Mapletoft, 2006).
Superstimulation. Once the follicular wave is controlled, the superstimulation
step is initiated, so that a maximum number of follicles are recruited. Two main protocols
will be presented: superstimulation using FSH and superstimulation using eCG.
Most superstimulation protocols involve FSH because it can stimulate follicle
recruitment and growth. Throughout 3 to 4 days, six to eight consecutive intramuscular
injections of FSH are done at 12 hour intervals with constant or decreasing doses (Kanitz
et al., 2002; Mapletoft, 2006; Farin et al., 2007; Lonergan and Boland, 2011; Bó and
Mapletoft, 2014). The dose varies depending on the size of the female, the breed, and
other various factors. For example, Holstein donors need higher doses than Bos indicus
breeds (Baruselli et al., 2011; Bó and Mapletoft, 2014). It has been shown that increasing
the FSH doses could increase the number of ovulations up to a certain point where there is no more effect (Kanitz et al., 2002). Because of the short half-life of FSH, it is
recommended to inject twice daily, as opposed to once every day (Ball and Peters, 2004;
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Mapletoft, 2006; Lonergan and Boland, 2011; Bó and Mapletoft, 2014). However, twice
daily injections can be a problem for some producers, because it implies more
manipulation of the donor, and it can also be an additional source of stress for the donor.
Research on Simmental cows found a similar superovulatory response for cows injected
with FSH once when compared to twice daily injections (Kanitz et al., 2002). An
alternative is to dilute FSH in a slow release formulation, so that only one FSH injection
needs to be given during the superovulation protocol (Baruselli et al., 2011; Tríbulo et al.,
2011). A study found no significant difference in the number of transferable embryos
recovered from Red Angus cattle superovulated with a single intramuscular injection of
FSH diluted in a slow releasing formulation, or superovulated with conventional twice
daily injections protocol (Tríbulo et al., 2011). Also, another study found that the number
and quality of embryos produced from Holstein heifers single injected or injected twice
daily was similar (Carvalho et al., 2014). However, other studies have shown opposite
results (Walsh et al., 1993). Therefore, more research needs to be done to confirm these
findings.
The source and purity of FSH was also discussed in numerous studies. Folliclestimulating hormone actually comes from pituitary extracts, and it has to be noted that
crude pituitary extracts also contain LH (Kanitz et al., 2002; Bó and Mapletoft, 2014).
The use of purified FSH with low LH contamination has been reported to increase the
response to superovulation (Kanitz et al., 2002; Bó and Mapletoft, 2014), especially
under stressful conditions (Mapletoft, 2006). Having an optimal FSH/LH ratio could
reduce the variability of embryo production. Kanitz et al. (2002) showed that a certain
quantity of LH present with FSH did not cause any significant decrease in the
superovulatory response, indicating that up to a certain FSH/LH ratio, there is no impact
on the number of embryos produced (Kanitz et al., 2002). One of the main commercial
products used as a FSH source in Canada is Folltropin-V, which is a partially-purified
pituitary extract and is 84% pure of LH (Mapletoft, 2006). Another source of FSH for
superstimulation of a donor is recombinant bovine FSH, which does not contain LH. The
same number of transferable embryo was found using purified FSH or recombinant FSH
(Kanitz et al., 2002). One of the main advantages of using recombinant hormones is that
there is no risk of pathogen transmission (Bó and Mapletoft, 2014).
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The second superstimulation protocol implies the use of equine chronic
gonadotrophin (eCG), also known as pregnant mare’s serum gonadotropin (PMSG). This
hormone contains both FSH and LH, and only needs to be injected once because of its
long half-life (Lonergan and Boland, 2011; Bó and Mapletoft, 2014). This is a great
advantage because it requires less donor handling (Baruselli et al., 2011). On the other
hand, it can be a problem, because in some cases the follicular growth can continue to be
stimulated even after the ovulation (Lonergan and Boland, 2011). Still, eCG is less used
than FSH for superovulation purposes (Lonergan and Boland, 2011; Machaty et al.,
2012) because it can cause different problems, such as issues related to embryo quality
(Mapletoft, 2006).
Ovulation. Regardless of which superstimulation process is used, the follicles that
are recruited need to ovulate in order to eventually be fertilized and produce embryos.
The ovulation is induced by using PG, such as PGF2α. This hormone causes the
regression of the corpus luteum, which decreases the progesterone concentration and
causes a LH surge and ovulation at a specific time (Ball and Peters, 2004; Mapletoft,
2006; Moore and Thatcher, 2006). Prostaglandin F2α can be injected in a single dose or
in two smaller doses within 12 hours starting on the third or fourth day after the start of
the superstimulation protocol (Mapletoft, 2006; Bó and Mapletoft, 2014), or on the fifth
and sixth injection of FSH (Farin et al., 2007; Lonergan and Boland, 2011). Ovulation
should occur between 24 and 36 hours after the injections of PGF2α (Farin et al., 2007;
Bó and Mapletoft, 2014), and the donor will come into heat 36 to 48 hours after the
injections (Mapletoft, 2006; Farin et al., 2007; Lonergan and Boland, 2011; Bó and
Mapletoft, 2014).
Insemination. The insemination is an important step in a MOET protocol,
because the follicles that ovulate need to be fertilized. To increase the chance of
fertilization, more than one insemination is usually done 4 to 12 hours after the start of
estrus (Mapletoft, 2006; Baruselli et al., 2011; Hasler, 2014). The semen needs to be of
excellent quality in order to obtain a good fertilisation rate (Stroud and Hasler, 2006;
Lonergan and Boland, 2011; Hasler, 2014). Many authors suggest that 2 inseminations 12
hours apart are enough to guarantee high fertilisation rates (Kanitz et al., 2002; Mapletoft,
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2006; Farin et al., 2007; Lonergan and Boland, 2011; Bó and Mapletoft, 2014; Hasler,
2014).
The main goal of most dairy producers that use MOET is to have more females
from the best females of their herd. One way to reach this goal is to use sex-sorted semen,
but it has to be considered that the conception rate (Kaimio et al., 2013) and the
pregnancy rate (Hasler, 2003) are lower using sexed semen compared to conventional
semen. Also, not all bulls have available sexed semen, so it might be a limitation. One
study reported that the decline in number of transferable embryos was 1.1 (P > 0.05) and
4.2 (P < 0.001), respectively, for cows and heifers, when using sex-sorted semen (Kaimio
et al., 2013). The amount of money invested for each MOET protocol and the risk of
having unfertilized oocytes stops most practitioners from recommending the use of sexsorted semen in a superovulation protocol (Hasler, 2014).
Embryo Recovery. Around seven days after the insemination of the donor, the
embryos can be recovered. Figure 2.4, in which estrus is considered to be day 0, shows
the different stages of development of the embryo after fertilization of the oocytes.
Several authors reported that the optimal time for non-surgical embryo recovery is
between days 6 and 8 for cryopreservation or transfer (Farin et al., 2007; Lonergan and
Boland, 2011; Bó and Mapletoft, 2014). It is possible to recover embryos before day 6,
but it should be considered that the recovery rates might be lower. Between days 8 and
10, the embryo starts the hatching process where they shed the zona pellucida, which is
the glycoprotein membrane that surrounds and protects the embryo from the zygote to the
blastocyst stage (Van Soom et al., 2003; Farin et al., 2007). It is still possible to recover
embryos at that point (Machaty et al., 2012), but it should be considered that the embryos
are harder to identify and isolate. For all those reasons, recovery protocols usually happen
between day 6 and 8 after estrus, when the embryo is in blastulation or expansion mode.
The technique for embryo recovery is usually performed by experienced
practitioners. In the 1970s, embryos were recovered surgically. Nowadays, non-surgical
embryo collection is made possible by using a two-way or three-way catheter and
inserting it into a uterine horn through the cervix (Ball and Peters, 2004; Mapletoft, 2006;
Farin et al., 2007; Lonergan and Boland, 2011). The manipulation of the reproductive
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tract is done via the rectum (Ball and Peters, 2004). Usually, the animal is administered
epidural anesthesia during the procedure (Ball and Peters, 2004; Farin et al., 2007;
Lonergan and Boland, 2011). Embryo collection can even be done at room temperature
on-farm, providing that care is taken to ensure a clean environment (Mapletoft, 2006).
Various ways have been suggested to make sure everything stays clean, such as
tying the tail out of the way, using a sanitary sleeve around catheters, and washing and
drying the perineal region carefully (Farin et al., 2007). A two-way catheter has two
channels, one for the inflation of the balloon and the other that connects it to the flushing
medium (Farin et al., 2007). With this kind of catheter, a Y junction needs to be added so
that one arm is connected to the flushing medium and the other to a free piece of tubing.
Both arms can be controlled with clamps (Farin et al., 2007). A Foley three-way catheter
has three channels as shown in Figure 2.5. Using either kind of catheter, a sterile stylet
can help with the manipulation of the catheter and can be removed once the catheter is
correctly positioned. The balloon needs to be slowly inflated to hold the catheter in place.
Precaution must be taken not to inflate it too much because it could cause overdistention
of the endometrium, and the loss of flushing solution and embryos (Farin et al., 2007;
Mapletoft, 2006). The flushing solution should be held about one meter above the uterus
level to allow it to go into the uterus by gravity (Farin et al., 2007). When the inflow
stops, the inlet tubing is clamped off and the clamp on the outlet tubing is released (Farin
et al., 2007). This technique is also known as the continuous-flow system (Mapletoft,
2006). The process is then repeated in the second horn, and even repeated more than once
per horn to try to increase the recovery rates (Ball and Peters, 2004; Machaty et al.,
2012). Another method that can be used is the interrupted-syringe technique that allows
for searching for embryos during the recovery (Mapletoft, 2006). Using this method, the
flushing medium is injected with a syringe through the channel and flows back into the
collection container (Ball and Peters, 2004).
Once the flushing of the horns is done, the flushing medium goes through an
embryo filter in order to isolate the embryos (Farin et al., 2007). Decantation of the
embryos over 10 minutes can also be done since the higher density of the embryos causes
them to sink to the bottom of the collection container (Ball and Peters, 2004). The
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embryos are then transferred into a searching dish where care must be taken to avoid
dehydration. Therefore, it is recommended to keep some medium in the searching dish.
The next step is to examine the contents of the dish to find the embryos. This is done
using a microscope at 10X magnification (Mapletoft, 2006). Once an embryo is located,
it can be transferred into fresh medium to be washed. Usually, embryos are washed 10
times with sterile media (Mapletoft, 2006; Farin et al., 2007) and 2 additional times with
trypsin, for a total of number of times washed of 12.
In Vitro Technique
The first successful calf born from an in vitro fertilized oocyte happened in 1981
(Brackett et al., 1982). The in vitro technique has evolved and increased in popularity
since then. The total number of in vitro embryos produced in Canada went from 287 in
2004 to 4,453 in 2012 (Hasler, 2014).
The main difference between IVP and MOET is that with IVP instead of
recovering fertilized embryos, ova are recovered directly from the ovaries (Ball and
Peters, 2004). Additionally, if the recovery of the ova is synchronized with the natural
estrous cycle of the female, there is no need to use hormones to produce in vitro embryos,
but the use of FSH three days before the aspiration can be beneficial (Ball and Peters,
2004). Some authors reported no difference in the number of pregnancy per embryo
transfer between embryos produced from MOET or IVP (Ball and Peters, 2004; Chebel et
al., 2008).
There are different protocols that can be used to produce embryos in vitro, but
basically, four steps need to be done. The oocytes need to be recovered, and then matured
in vitro (IVM), where they can be fertilized (IVF), and cultured (IVC) until they reach the
morula or blastocyst stage (Hasler, 2003; Farin et al., 2007). They can finally be frozen or
transferred into a synchronized recipient like in vivo produced embryos. The first step,
which is the retrieval of oocytes from follicles, is also known as ovum pick-up (OPU),
and can be achieved non-surgically (Moore and Thatcher, 2006) using ultrasound-guided
aspiration (Hasler, 2003), which aspirates follicles (Ball and Peters, 2004). A 24 hour
IVM period of the oocytes then takes place before they are exposed to capacitated
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spermatozoids to be IVF (Ball and Peters, 2004). Once fertilized they are IVC for 7 days
before they can be frozen or transferred (Schefers and Weigel, 2012).
One of the main advantages of using the in vitro technique is that it can be
practiced with animals of almost any age, and any reproductive status (Moore and
Thatcher, 2006). As a matter of fact, oocytes can be retrieved in young heifers, even at
one month of age (Lohuis, 1995), in females not responding to superovulatory treatment
or with reproductive problems (Hasler, 2003), and even in pregnant cows (Ball and
Peters, 2004; Farin et al., 2007). It has been reported that oocytes can be collected even
up to 150 days of gestation without causing abortion (Hasler, 2003; Mapletoft and Hasler,
2005). This is possible because, as stated earlier, even during pregnancy, cows continue
to have follicular waves. Embryos can also be produced from oocytes recovered from the
ovaries of slaughtered animals. This makes it easier for research that requires a lot of
embryos (Hasler, 2003; Mapletoft and Hasler, 2005; Moore and Thatcher, 2006; Farin et
al., 2007; Machaty et al., 2012). Another advantage of using the in vitro method
compared to the in vivo method is that oocytes can be retrieved up to twice weekly,
making it possible to produce a lot more embryos from a donor (Hasler, 2003; Ball and
Peters, 2004; Schefers and Weigel, 2012).
One of the disadvantages of IVP is the high cost, being even more expensive than
the conventional technique. Also, some problems have been reported with the
pregnancies of embryos produced in vitro, such as an increased length in pregnancy that
causes the birth of larger calves, a higher rate of congenital malformations, and a
decrease in the intensity of labor (Hasler, 2003). With the advancement of in vitro
technology, some of these problems have been addressed, but more research needs to be
done (Hasler, 2014).
Embryo Evaluation
Before freezing or transferring a fresh embryo, an experienced practitioner needs
to visually assess the stage and quality of the embryo in order to determine its viability
(Van Soom et al., 2003). This visual assessment helps to make a decision as to whether
the embryo should be immediately transferred or if it can be frozen (Mapletoft, 2006;
Farin et al., 2007). To help identify the developmental stage and the quality of the
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embryo, different criteria can be considered, such as the shape, size, color and
compaction of the embryo, the presence of the zona pellucida, and the presence of
extruded cells (Van Soom et al., 2003; Farin et al., 2007). Morphological classification of
embryos can be done with a microscope at 50X to 100X magnification (Mapletoft, 2006;
Bó and Mapletoft, 2013).
According to the International Embryo Transfer Society (IETS), the embryos can
be grouped into 9 categories according to their stages of development. The stage score
varies from 1 (unfertilized) to 9 (expanded hatched blastocyst). The different
morphological groups have been described by many authors (Farin et al., 2007; Bó and
Mapletoft, 2013). Normally, when the embryos are collected between days 6 and 8, they
should be mainly morulas (stage 4), early blastocyst (stage 5) or blastocysts (stage 6)
(Lonergan and Boland, 2011).
The embryos can also be classified based on their quality. Several authors have
described the IETS embryo quality classification (Farin et al., 2007; Lonergan and
Boland, 2011; Bó and Mapletoft, 2013), which ranges from 1 to 4, where score 1 is
assigned to excellent quality embryos, and scores 2, 3 and 4, to good, poor, and dead or
degenerating embryos, respectively. It is suggested that score 2 embryos should be
transferred following recovery, and not frozen (Mapletoft, 2006). Moreover, only score 1
embryos should be exported. Within one procedure, embryos can be at many different
stages, and vary in quality (Bó and Mapletoft, 2013). Usually, high quality embryos,
recovered between the late morula and the blastocyst stage, give the highest pregnancy
rates (Mapletoft, 2006). It has to be noted that using only visual information to determine
the viability of the embryo is not 100% accurate, but it is still very helpful, simple, and
does not require various manipulations of the embryos (Van Soom et al., 2003).
Cryopreservation
Since 1973, the year of birth of the first calf from of a frozen embryo,
cryopreservation has been increasingly used to preserve embryos (Hasler, 2014).
According to the Canadian Embryo Transfer Association (CETA, 2013), of the 68,215
transferable dairy embryos produced in 2013, 44,698 were frozen, which represents about
65%.
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One of the reasons to freeze embryos is the limited number of synchronized
recipients on the day of the embryo recovery. Considering the high variability of the
number of embryos to be produced, it is hard to know exactly how many recipients will
be required for the implantation of all embryos. Cryopreservation is a great alternative if
some recipients are missing on the day of the recovery. Also, using this method allows
the producer to implant the embryo whenever he needs it. Finally, frozen embryos can be
marketed easily, which makes it key for international trade of genetic material (Farin et
al., 2007). All of these benefits, combined with the fact that freezing of bovine embryos
only reduces the pregnancy rate by about 10% compared to fresh embryos (Mapletoft and
Hasler, 2005; Mapletoft, 2006; Hasler, 2014), makes cryopreservation attractive to dairy
producers. Of course this implies that only the highest quality embryos are frozen
(Lonergan and Boland, 2011), following a good freezing protocol within 3 to 4 hours
after recovery (Farin et al., 2007).
There are different ways to freeze the embryos without damaging them. The more
recent, popular, and simple method is called vitrification, where cryoprotectants are used
at high concentrations with the embryo, and directly placed into liquid nitrogen
(Mapletoft, 2006; Farin et al., 2007). This prevents ice crystals from forming and
damaging the embryos (Mapletoft and Hasler, 2005; Mapletoft, 2006; Farin et al., 2007;
Hasler, 2014). The storage of embryos is similar to bovine semen storage and is done in
liquid nitrogen at a temperature of -196°C, which allows for a very long storage time if
the embryos are of good quality and frozen properly (Mapletoft, 2006; Lonergan and
Boland, 2011).
Embryo Transfer
The transfer of a fresh or frozen embryo is similar to an insemination, but it
requires depositing the embryo further and into the uterine horn (Ball and Peters, 2004;
Farin et al., 2007). This requires experience and knowledge of the bovine anatomy.
Practice is a good way to get more success (Mapletoft, 2006; Farin et al., 2007). Also,
care must be taken to avoid contamination that could affect the development of the
embryo, and thus, the chance of success (Mapletoft, 2006).
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In optimal conditions, the pregnancy rates achieved after embryo transfer is about
60% for fresh embryos, and 50% to 60% for frozen embryos (Mapletoft, 2006). The
success depends on the quality of the embryo (Machaty et al., 2012), but the main factor
that will affect the outcome of the transfer is the synchrony between the embryo stage,
and the estrous cycle of the recipient (Mapletoft, 2006; Stroud and Hasler, 2006;
Lonergan and Boland, 2011). Some authors suggest that the estrus of the donor and
recipient should occur within a day apart (Ball and Peters, 2004; Mapletoft, 2006;
Machaty et al., 2012). Natural detection of the recipient’s estrus can be done or various
protocols can be used to synchronize its estrous cycle. Finally, the recipient should be
healthy and free of reproductive problems. It is recommended to use a heifer as recipient
because of the higher fertility (up to 20%) of heifers compared to cows (Ball and Peters,
2004).
Environmental Factors Affecting Embryo Production
Many environmental factors affect the number and the quality of embryos
produced from ART (Baruselli et al., 2011). First of all, the success of in vivo or in vitro
procedures depends on the expertise of the practitioner. Mapletoft (2006) listed many
other factors such as nutritional status, reproductive history, age, season, breed, ovarian
status at the time of treatment, and the effects of repeated superstimulation. Some of these
factors are detailed next.
Status of the Donor. The reproductive status of the donor is one factor to consider
before deciding to produce embryos. It is recommended to wait at least 50 to 60 days
after calving before beginning a MOET protocol, and to make sure that the donor has no
reproductive problems (Mapletoft, 2006; Farin et al., 2007), since donors that have
reproductive problems are usually poor donors (Hasler et al., 1983; Farin et al., 2007;
Lonergan and Boland, 2011).
Management of the donor needs to be considered carefully to get optimal results.
Some authors reported management to be the most important parameter affecting
superovulatory response (Stroud and Hasler, 2006). Well-managed cattle operations can
make an average embryo transfer practitioner appear very good, while poorly managed
operations can humble the most experienced embryo transfer practitioner (Machaty et al.,
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2012). Management includes the condition of the facilities where the donor stays, but
also the feeding that it receives. The nutrition plan of the animal should ensure that the
donor stays in a good body condition, otherwise reproductive functions could be affected
(Kafi and McGowan, 1997). Authors have argued that the donor should be preferably
gaining weight (Farin et al., 2007), and have no nutritional deficiencies (Mapletoft, 2006;
Velazquez, 2011), because undernutrition could prevent a good follicular development,
and reduce embryo quality (Stroud and Hasler, 2006; Lonergan and Boland, 2011). It is
also important that the animal is not overfed because its superovulatory response could be
reduced (Stroud and Hasler, 2006; Velazquez, 2011). Moreover, a study demonstrated
that heifers with high body condition score (>3.50) tended to give a lower number of
embryos, but more research is needed to confirm those findings (Kadokawa et al., 2008).
The lactation stage of the donor can also affect the number of embryos the donor
will produce. In early lactation, cows usually have a negative energy balance, which can
cause abnormal secretion of LH, and therefore cause a reduced number of embryos (Kafi
and McGowan, 1997). One study found that lactating cows produced a lower number of
viable embryos than non-lactating cows (Chebel et al., 2008), whereas other authors
reported no significant difference (Leroy et al., 2005; Hasler, 2006). For the quality of the
embryos produced from superovulation, two studies found a significant decrease in
embryo quality of lactating cows compared to non-lactating cows (Sartori et al., 2002;
Leroy et al., 2005).
The milk yield of the donor at the moment of the superovulation is another factor
that can be associated with the variability of the number of embryos produced. High
producing dairy cows have been reported to have decreased fertility (Pryce et al., 2004),
suggesting a possible effect of milk yield on reproduction traits. However, Hasler et al.
(1983) showed that milk production did not have an impact on the number of embryos
produced by a superovulated donor, but had an impact on the fertilization rate. Another
study on in vitro produced embryos also demonstrated that the number of oocytes and the
quality of the oocytes recovered from high or low producing dairy cows were not
significantly different (Snijders et al., 2000).
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Variation in embryo production is also associated with the age of the donor. Some
studies have reported that heifers will respond better to superovulation than cows (Adams
et al., 2008; Malhi et al., 2008). One reason that could explain this is the lower
fertilization rate in cows (Vieira et al., 2014). On the other hand, some studies did not
find a significant difference between the embryo production of donors of different ages
(Hasler et al., 1983; Kafi and McGowan, 1997; Hasler, 2006, 2014; Kadokawa et al.,
2008; Vieira et al., 2014). One study reported that heifers produced less embryos than
mature cows, and that at 10 years old the superovulatory response started to decline
(Hasler et al., 1983). Finally, another study indicated that third lactation cows produced
more oocytes after being superovulated than first lactation cows, but no comparisons with
older cows was performed (Snijders et al., 2000).
Heat Stress. Heat during summer is a major issue for dairy breeders, because it is
well known that summer heat can cause stress on dairy cattle, reducing their production
and reproductive performances, especially for cows (Hansen and Fuquay, 2011; Vieira et
al., 2014). Many authors have reported a reduction in embryo quality (Kafi and
McGowan, 1997; Sartori et al., 2002; Chebel et al., 2008; Vieira et al., 2014) and in the
number of embryos produced (Hasler et al., 1983; Lonergan and Boland, 2011) in
animals exposed to heat stress. In one study, the number of viable embryo was
significantly reduced during the summer for lactating cows (Chebel et al., 2008). In
another study, heat stress was reported to cause a decrease in the quality of oocytes and in
the conception rate (Chebel et al., 2008). Embryos in the early stages, before morula
stage, were reported to be more susceptible to high temperatures (Hansen and Fuquay,
2011). Heat stress can also reduce the expression of estrus, but the use of a
synchronization protocol can help to overcome this problem (Hansen and Fuquay, 2011).
On the male side, heat stress can also cause a reduction of sperm quality (Hansen and
Fuquay, 2011).
Multiple Protocols. Since one of the main goals of using an ART is to obtain
more offspring from an elite female, these females are usually superovulated more than
once. Some authors have reported no significant decrease (Kafi and McGowan, 1997;
Farin et al., 2007), even with superovulation occurring every month (Bó and Mapletoft,
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2014). However, one study showed that even though the total number of ova stayed
stable after some cows were superovulated up to ten times, a lower fertilization rate
caused a decrease in the number of embryos (Hasler et al., 1983).
Predicting the Superovulatory Potential of the Donor
Anti-Müllerian Hormone. Some studies have shown that it is possible to
determine the superovulatory potential of a donor by looking at the anti-Müllerian
hormone (AMH) concentration in the plasma. Anti-Müllerian hormone has been reported
to play a role in the control of follicles that transit from the non-growing pool to the
growing pool of follicles (Guerreiro et al., 2014). A group of authors reported a
significant and positive correlation (0.36) between the number of in vitro embryos and
the level of plasma AMH of Holstein donors, indicating that cow with a higher level of
AMH would produce more embryos (Guerreiro et al., 2014). Another study showed that
cows that produced more than 10 transferable embryos per flush had twice the level of
AMH than cows that produced less than 10 transferable embryos (Monniaux et al., 2010).
The authors concluded that measuring the AMH level could be a simple way to predict
the ability of a donor to produce more or less embryos (Monniaux et al., 2010). There is
therefore potential of using AMH as an indicator of superovulatory response. One of the
advantages of using AMH compared to other hormones is that its concentration is stable
for several months, making it more reliable overtime to predict the superovulatory
response (Monniaux et al., 2010). On the other hand, it has to be considered that this
hormone is not usually measured and it requires additional work from the practitioner to
measure AMH.
Follicle Count. The follicular waves can be monitored using ultrasonography.
Some studies have shown that it was possible to assess the superovulatory response
potential of an animal by looking at the follicular count before the start of the
superovulation treatment. One study done on Holstein cows in Japan demonstrated that
there was a highly significant correlation (0.48) between the number of transferable
embryos and the number of small follicles (3 to 6 mm of diameter) 0 to 1.5 days prior to
the start of a superovulation protocol (Kawamata, 1994). Furthermore, others studies
done in beef cattle have shown that the number of follicles seen using ultrasonography
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could be used to predict superovulatory response of a donor before starting a
superovulatory protocol (Singh et al., 2004; Ireland et al., 2007). Knowing the follicular
count prior to the start of a superovulation protocol could be a good indicator as to
whether the chosen donor will have a strong or weak response.

The Canadian Dairy Industry
Background Information
According to the Canadian Dairy Information Centre, in 2014, there were 959,300
dairy cows and 444,200 dairy heifers on 11,962 Canadian farms. Most of those females
(70%) and most of those farms (82%) were located in the provinces of Quebec and
Ontario (Figure 2.6). In 2013, 293,646 dairy animals (287,882 females and 5,764 males)
were registered to a Canadian breed association. Of the 8 registered breeds in Canada, the
Holstein breed is by far the most popular with 94% of all registrations (Canadian Dairy
Information Centre, 2015a). In 2013, 5.6% of the registered animals were born from an
embryo transfer. Again, the Holstein breed had by far the highest number of animals born
from an embryo transfer. Figure 2.7 shows the number and the percentage of registrations
of Holstein animals from an embryo transfer between 1992 and 2013 (Canadian Dairy
Information Centre, 2015a). Nowadays, almost 6% of Holstein animals come from
embryo transfer.
Every year thousands of Canadian embryos are exported to various countries.
Since 1992, the number of embryos exported has remained quite stable at around 10,000,
with the exception of a big peak in 2006, as shown in Figure 2.8. This big peak is mainly
explained by the exportation of 30,755 embryos to China, which is unusual. The reason
for this massive exportation to China is unavailable from the Canadian Dairy Information
Centre. Figure 2.8 also shows the total value of embryos exported. Since 1992, this value
has increased and now seems to have reached a plateau of around 8 million dollars.
Dividing the total value of embryos exported by the number of embryos exported gives
the average price paid per embryo (Figure 2.9). The price per embryo has increased over
the years, with the exception of 2006. As mentioned previously, 2006 was an unusual
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year for the exportation of Canadian embryos, making it not representative. It could be
hypothesized that a large number of cheap embryos were sent to China in 2006 for
research purposes, but no reference was found. In 2013, one Canadian embryo was worth
around $750 CND on the international market.
Figure 2.10 and 2.11 show the countries that import most of the Canadian
embryos for the total value (Figure 2.10) and the number of embryos (Figure 2.11). Some
of the most important countries are: Germany, Australia, Korea, China, Japan,
Netherlands, Brazil, France, Argentina, and United States. By comparing both figures, it
is possible to conclude that the type of embryos bought by each country is different. For
example, Australia buys 21% of the Canadian embryos for only 15% of the value of the
exportation of Canadian embryos, meaning that cheaper embryos are bought by
Australia. Following the same principle, it is possible to conclude that Asian countries
such as China, Korea and Japan, buy more expensive embryos.
Genetic and Genomic Evaluations
Selective breeding is done in the dairy population, using estimated breeding
values (EBVs). Estimated breeding values for a given trait are used by producers to
compare and rank the individuals for this particular trait (van der Werf, 2013). Since
1995, Canadian genetic evaluations of dairy animals have been done by the Canadian
Dairy Network (CDN). The genetic evaluations of all registered animals are available
online (www.cdn.ca) at no cost for the users. On the website, every animal has EBVs for
5 production traits and 28 conformation traits, and relative breeding values (RBVs) are
provided for 11 functional traits. None of the functional traits are directly linked to
assisted reproductive technologies. Relative breeding values are standardized breeding
values with a mean of 100 and a standard deviation of 5. Relative breeding values over
100 are desirable whereas RBVs lower than 100 are undesirable for all functional traits,
with the exception of somatic cell score. The genetic evaluations of production traits are
calculated using the test-day model, with the phenotypes provided by CanWest DHI and
Valacta, the two Canadian recording agencies in dairy production. Those two companies
also provide most of the phenotypic information for the calculation of genetic evaluations
of functional traits. The genetic evaluations of conformation traits are calculated based on
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the phenotypes provided by the classifiers of Holstein Canada. In addition to the
individual traits evaluated, CDN also calculates 2 multi-trait selection indexes: LPI and
Pro$. Both of them are available to dairy producers across Canada to compare dairy cattle
within a breed, and to genetically improve the traits of importance for a given breed (Van
Doormaal, 2012).
In 2009, the Canadian dairy industry included genomic information in the genetic
evaluation of genotyped Holstein animals (Van Doormaal, 2012). For those animals,
EBVs have been replaced by genomic breeding values (GEBVs). In Canada, GEBVs
include information from the phenotype and the pedigree as well as genomic information.
The percentage accorded to genomic information in the GEBV mainly depends on the
age, sex, and number of offspring of the animal. In order to calculate the GEBVs, a
genotyped reference population with phenotypic information is used (Hayes et al., 2009;
Hayes and Goddard, 2010; Schefers and Weigel, 2012). The reference population is the
basis of genomic selection (Gonzalez-Recio et al., 2014), because it is used to derive an
equation that predicts the Direct Genomic Value (DGV) from marker genotypes. There
are different ways of estimating DGV of animals for a given trait, but in the Canadian
dairy industry, a multistep method is used. Breeding values are first estimated and deregressed to be used as a response variable for the estimation of SNP effects (Gao et al.,
2012; Lourenco et al., 2015). The SNP effects are then used to calculate the DGV of all
animals based on their genotypes. In other words, the DNA of a group of animals that
have accurate phenotypic and genotypic information (reference population) is used as the
reference to predict DGV of animals outside the reference population, based on the
genomic similarity between them. The size of the reference population is important to
consider in order to get DGVs of good accuracy. Hence, it is important to have a large
reference population, especially if the effective size of the population is big. The effective
population size indicates how genetically related are individuals within a population, so
that a small population size would indicate that large segments of DNA are expected to
be shared between individuals in the population (van der Werf, 2013). In Holstein cattle,
the effective population size has been estimated to be 100 (van der Werf, 2013), which is
relatively small compared to other species (Boichard and Brochard, 2012). This partly
explains why genomic selection was implemented in Holstein cattle before many other
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species. The reference population should also be composed of animals that best represent
the whole population, because it has been shown that genomic predictions are less
accurate when the animals to be predicted are more distantly related from the reference
population (van der Werf, 2013). There is therefore a need for continuous phenotype
recording in the population in order to keep a current reference population (Seidel, 2010;
Schefers and Weigel, 2012). Seidel (2010) noted that the main challenge of genomic
selection is obtaining the phenotypic information for the reference population. In the
future, those in control of breeding schemes may have to purchase phenotypes
(Gonzalez-Recio et al., 2014).
One of the assumptions of genomic selection is that a quantitative trait is usually
affected by a high number of loci or genes of small effect that are distributed across the
genome (Meuwissen et al., 2001; Hayes et al., 2009; Hayes and Goddard, 2010; van der
Werf, 2013). Hence, markers are spaced across the entire genome to try to capture the
effects of all the quantitative trait loci (QTL) that contribute to the variation of a given
trait (Hayes and Goddard, 2010). The markers that are commonly used in genomic
selection are single nucleotide polymorphisms (SNPs), and correspond to the variations
in the base at the same point in the genome among individuals or between an individual’s
chromosome pairs (Hayes and Goddard, 2010). Multiple SNP chips including different
numbers of markers are available in Canada. Using chips with denser markers increases
the chance that all effects will be captured, but the cost of using those chips is also
higher. The most popular one is the 50K SNP chip, because it provides useful markers for
most alleles of genes affecting phenotypes of cattle (Seidel, 2010), and because high
levels of reliability can be obtained with it. The markers of the chip are assumed to be in
linkage disequilibrium (LD) with the QTLs (Schaeffer, 2006; Hayes and Goddard, 2010;
van der Werf, 2013). Linkage disequilibrium is the non-random association of alleles at
two loci in the population, which is mainly created by drift and selection in livestock. The
level of LD is higher within families or within breeds than between unrelated animals or
animals of different breeds, making it important to have a reference population that is
representative of the population in order to get a high level of accuracy (van der Werf,
2013). With genomic selection it is not important to find the regions that are most
associated with a quantitative trait, because all loci are considered (Schaeffer, 2006;
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Seidel, 2010). The sum of the effects of all the markers finally gives the genomic
information required to calculate GEBVs (Hayes et al., 2009; Kemper et al., 2012). The
effect of each marker can then be used to calculate GEBVs for genotyped animals outside
the reference population without the need to record phenotypic information for those
animals (Hayes et al., 2009; Hayes and Goddard, 2010).
Using a combination of genotype, phenotype, and pedigree has the advantage of
increasing the chance that all effects are captured by at least one of the sources of
information. If some effects are not captured by the genomic evaluation, the pedigree
information might already account for them (Hayes et al., 2009).
Progeny Testing Scheme. In order to get reliable genetic evaluations and to
promote genetic gain, the Canadian dairy industry uses a progeny testing scheme. To
increase genetic progress, only elite bulls, coming from the best females and males of the
population, are selected to enter the progeny testing scheme. Before genomic selection,
about 1,000 elite females were chosen yearly based on their production records,
classification, and pedigree, and mated to specific bulls in order to get the next generation
of bulls (400-600) to enter AI stud (Schaeffer, 2006). At about one year of age, the young
sires start to produce semen to be sold to dairy producers. The goal was to get around 100
daughters from the sire, each having phenotypic information recorded for the traits of
interest, in order to get a proof that was fairly reliable, about 75% reliability (Schaeffer,
2006). However, obtaining such levels of reliability was taking years (Seidel, 2010)
because of a waiting period (around 4 years) for the young bulls. This waiting period was
necessary because the phenotypic information from their daughters were only available at
the end of a first lactation. If the genetic evaluation of the bull turned out to be good
enough that it could be sold, then the bull was kept to produce more semen. On the other
hand, if the proof of the bull was not as good as expected, the bull was culled. Schaeffer
(2006) reported that to prove one bull cost about $50,000, so that it was important to
select the right young bulls, and to keep only the elite ones.
Nowadays, all bull dams are genotyped and selected based on their genomic
information. All bulls that are born from those dams are also genotyped in order to
increase the reliability of their genetic evaluation and to increase the selection intensity
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(Schefers and Weigel, 2012). Bulls are still progeny tested and proven the same way as
before 2009, but the main difference is that the demand for young bulls has increased
because of the higher reliability of their genetic evaluations. As reported by the Canadian
Dairy Information Centre (2015b), the percentage of proven bulls (more than 5 years old)
decreased about 10% between 2007 and 2012, passing from 61.8% to 51.5%. Since then,
the increasing demand for young sires has continued with 64.3% of young Holstein bulls
used in 2015 and almost 70% for the first 6 months of 2016 (Canadian Dairy Network,
2016). Another difference, is that the number of bulls that enter progeny testing programs
has been declining since the start of genomic selection, because of the availability of
reliable genomic evaluations for young bulls (Gonzalez-Recio et al., 2014).
All bulls and bulls’ dams in Canada are genotyped with the 50K SNP chip.
Another chip that is also of interest is the low-density chip, which contains around 7,000
markers (Illumina, 2015). The latter is less expensive than the 50K chip making it more
interesting for dairy producers that want to genotype a large number of animals (Schefers
and Weigel, 2012). For research purposes the high density SNP chip including almost
800,000 markers is used (Illumina, 2015).
Benefits of Genomic Selection. As Schaeffer (2006) noted, the potential
advantages of a genome-wide selection scheme are too great to ignore. The greatest
benefit of using genomic selection is the increase in genetic gain (VanRaden and
Sullivan, 2010; Boichard and Brochard, 2012). Many authors have argued that genetic
progress can be doubled by using genomic selection (Schaeffer, 2006; Hayes et al., 2009;
Seidel, 2010; Schefers and Weigel, 2012; Van Doormaal, 2012). Genetic progress is
influenced by four factors: the accuracy of selection, the intensity of selection, the genetic
variation, and the generation interval (Falconer and Mackay, 1996). In order to get faster
genetic progress all of those factors, except the generation interval, need to increase. In
genomic selection, only three of these factors contribute to the increase of genetic gain
(Van Doormaal, 2012).
The first factor is the increase of accuracy of selection. In order to make selection
decisions, dairy producers want EBVs with a high reliability (Schefers and Weigel,
2012). Adding genomic information has increased the accuracy of the genetic evaluations
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of animals (Seidel, 2010). This is true especially for animals that had a low accuracy of
their genetic evaluations due to the lack of phenotypic information, such as young
animals (Schefers and Weigel, 2012) and females (Gonzalez-Recio et al., 2014). This
higher accuracy depends on four main factors that will be described in the next section.
The second factor is the increase of selection intensity. With genomic evaluations,
selection can be done on a larger pool of genotyped animals to only keep the elite ones
(Schefers and Weigel, 2012). Considering the higher accuracy of the genomic evaluation,
more animals can be genotyped in order to increase the pool of animals to select from,
and fewer animals can be selected, increasing the selection intensity. For example, on the
male side, fewer bulls are kept as AI studs for progeny testing since the start of genomic
selection. Considering that, as mentioned previously the cost of proving one bull is
approximately $50,000 (Schaeffer, 2006), great savings can be done in breeding
programs of AI companies if genomic selection is used.
The third factor is the reduction of generation interval. The fact that an accurate
genetic evaluation can be available at birth is a great benefit (Schaeffer, 2006; Hayes et
al., 2009; Merton et al., 2009; Hayes and Goddard, 2010; Schefers and Weigel, 2012).
Accurate genomic evaluations can also be available for embryos, making it interesting
because only embryos of interest can be implanted, therefore reducing costs related to
embryo transfer, and increasing the value of the embryo (Shojaei Saadi et al., 2014).
Moreover, this higher accuracy for young animals has made the use genetically superior
young males and females more attractive, leading to a shorter generation interval
(Schefers and Weigel, 2012). Figures 2.12 and 2.13 show the difference between
breeding programs that use a traditional progeny testing scheme (Figure 2.12) or that use
genomic young bulls (Figure 2.13). In that extreme case, using genomic selection in the
breeding program reduces the generation interval by 42 months. The use of reproductive
technologies, such as IVP on very young heifers, could reduce the generation interval
even more (Schefers and Weigel, 2012), promoting higher genetic gain (Meuwissen et
al., 2001).
Finally, genomic selection is of particular interest for traits that are difficult to
measure, sex-limited, expressed late in life, or measured after culling, because more
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accurate information could be available earlier in the life of the animal (Hayes and
Goddard, 2010; van der Werf, 2013). Some examples of those traits are: disease
resistance, fertility, herd life, etc.
Accuracy of Genomic Evaluations. The accuracy of GEBVs depends on various
factors such as the level of LD between the markers and the QTL, the number of animals
in the reference population, the heritability of the trait, and the distribution of QTL effects
(Hayes et al., 2009).
Linkage Disequilibrium. As mentioned previously, one of the important
assumptions of genomic selection is that the markers that are used are in LD with the
QTL. Having a SNP chip of higher density, containing more markers, increases the
chance that more markers are in LD with the QTLs (Meuwissen et al., 2001; Hayes and
Goddard, 2010), therefore increasing the accuracy of the genomic information (Hayes et
al., 2009).
Reference Population and Heritability. A bigger reference population increases
the accuracy of genomic evaluations (Schefers and Weigel, 2012; Gonzalez-Recio et al.,
2014), especially for traits with a low heritability (Hayes et al., 2009; Hayes and
Goddard, 2010; van der Werf, 2013). Considering that more phenotypic and genotypic
information comes from a bigger reference population, it is logical that the markers’
effects can be more accurately estimated (VanRaden and Sullivan, 2010). Moreover,
traits of high heritability require less information to get the same level of accuracy,
because the error variance is smaller than that for traits of lower heritability (van der
Werf, 2013). As shown in Figure 2.14, as the heritability increases, the number of
phenotypic records necessary to achieve a given level of accuracy decreases (Hayes et al.,
2009).
Distribution of QTL Effects. Two methods can be used to estimate the allelic
effects of a quantitative trait. The difference between those methods is the assumed
distribution of the QTL effects (Hayes and Goddard, 2010). The first method is the best
linear unbiased prediction (BLUP). This method is used in Canada and assumes that the
QTLs explain an equal amount of variance (Meuwissen et al., 2001), so that all markers
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have a very small effect (Hayes et al., 2009). The second method, is the Bayesian method
which assumes that each locus explains a different amount of variance (Meuwissen et al.,
2001), so that most markers have a small effect and a few markers have a large effect
(Hayes et al., 2009). Variants of the Bayesian approach are available and according to
Meuwissen et al. (2001), the Bayesian method seems more realistic, and gives slightly
higher reliabilities than the BLUP approach.
Reproductive Technologies and Genomic Selection
Genomic selection helps to identify more accurately the elite animals in the
population. One way of benefiting from those animals is by using ART, such as MOET
and IVP, which were described in previous sections. More genetic progress can be made
by using young animals as the parents of the next generation. Therefore, the scheme that
would lead to the greater genetic progress uses reproductive technologies and young
animals. In this scheme, the males and females would be genotyped at the embryo stage
(Seidel, 2010; Kemper et al., 2012), in order to select the most superior. They would then
be mated as soon as the young bull is able to produce sperm (before 12 months), and as
soon as some oocyte can be retrieved from the young heifer (before 8 months) through
IVP. Genotyping of embryos appears to be an economic way of selecting elite animals,
since, as mentioned by Seidel (2010), there are no wasted costs of embryo transfer,
recipients, and post-birth rearing on inferior genotypes.
Another advantage of using genomic selection and reproductive technologies
altogether is that selection is easier. For example, elite females, on which superovulation
or OPU-IVP is performed, usually have a high number of offspring with the same sire.
Before genomic selection, there was no way of genetically selecting one of the offspring
over the other, because their genetic evaluations were identical. With genomic testing, it
is now possible to get unique GEBVs for all of those offspring at birth, making it easier
to select the superior animals in a group of siblings.
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Genetic and Genomic Analyses of Embryo Production Traits
Heritability and Repeatability
Many studies have reported the mean and the standard deviation of the number of
embryos produced by dairy donors. Some have also estimated heritabilities of embryo
production traits, such as the total number of embryos and the number of viable (or
transferable) embryos. Table 2.1 shows a compilation of various studies. Overall, the
mean number of in vivo produced embryos varied between 4.60 and 7.76, and 3.55 and
6.31, for the total number of embryos and the number of viable embryos, respectively. As
mentioned previously, embryo production has a large variability, but many authors agree
that the number of embryos produced by a superovulated female is repeatable within an
animal (Lohuis, 1995; Asada and Terawaki, 2002; Mapletoft, 2006; Lonergan and
Boland, 2011). As shown in Table 2.1, repeatability values for the number of embryos
produced ranged from 0.13 to 0.44. Moreover, it was reported that daughters of cows that
respond well to superovulation are likely to also have a good response (Mapletoft, 2006).
Heritability estimates ranged from 0.03 to 0.21 (Table 2.1), making it important to
consider that there are a great deal of environmental factors that affect embryo production
of dairy cattle (Bényei et al., 2004). Those results suggest that part of the variability of
embryo production could be explained by genetics (Mapletoft, 2006; Yang et al., 2010;
Cory et al., 2012). Even if embryo production traits are not yet included in breeding
goals, it may be of interest to genetically select for these traits to improve the efficiency
of embryo production (Merton et al., 2009). One study found no correlation between
OPU-IVP traits and female fertility, implying that selection for increased embryo
production would not have an effect on fertility (Merton et al., 2009). In Canada, no
studies have analyzed embryo production traits yet. Also, there have been no studies
reporting genetic parameters for embryo quality yet.
Genome-wide Association Studies and Candidate Genes
For all quantitative traits a genome-wide association study (GWAS) can be
performed if phenotypes and genotypes are available. This kind of study allows for the
finding regions of the genome that are strongly associated with the trait of interest, by
testing each marker (e.g. SNP) for an association with the trait (Hayes and Goddard,
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2010; Kropp et al., 2014). The assumption in GWAS is that significant associations arise
because the SNP is in LD with, and therefore close to, a causative mutation affecting the
trait (Hayes and Goddard, 2010). A deeper investigation can then be performed to find
candidate genes in those regions. The number of GWAS performed for embryo
production traits is limited, but other approaches have been used to try to identify genes
that could help explain variation in the number of embryos produced by superovulation
or IVP.
For example, based on the results from a study that found a polymorphism in the
follicle-stimulating hormone receptor (FSHR) gene in humans, Cory et al. (2012) tried to
identify SNPs in the bovine FSHR gene associated with superovulatory response traits.
The FSHR gene is expressed in granulosa cells and has a role in mediating FSH signal
transduction and follicle maturation (Cory et al., 2012). The results of this study suggest
that some SNPs in the FSHR gene are associated with the total number of embryos and
oocytes, the percentage of viable embryos, the percentage of degenerated embryos, and
the percentage of unfertilized oocytes. Therefore, they concluded that genotyping for
specific FSHR variants may prove to be an efficient way of identifying good and poorresponder animals before ovarian stimulation is initiated (Cory et al., 2012). However,
the study included only 43 superovulated donors, so further work is required in order to
confirm this results. Another study looked at the association between superovulatory
traits and the FSHR gene in the Chinese Holstein population (Yang et al., 2010). For this
study, 118 cows were superovulated and they found that the polymorphism at position 278 on that gene was significantly associated with the number of transferable embryos
and the total number of ova. Therefore, the conclusion was that the gene FSHR could be
used as a predictor for superovulation in Chinese Holstein cows (Yang et al., 2010).
Other studies looked at the association between fertility traits and other genes.
Some researchers showed evidence of an association between the genes LALBA located
on chromosome 5 and LGB located on chromosome 11 with fertilization rate and
blastocyst rate in early embryonic development (Peñagaricano and Khatib, 2012). More
recently, another study showed strong evidence of a major gene on the bovine
chromosome 10 associated with ovulation rate in cattle, but the gene remains to be
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identified (Kirkpatrick, 2015). Performing a GWAS for embryo production traits would
be interesting since it could be compared to the results from GWAS done for fertility
traits to see if the same regions of the genome explain the variability for embryo
production and fertility in dairy cattle.
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Table 2.1. Mean, standard deviation, heritability, and repeatability of total number of embryos (NE)
(VE) in dairy cattle from various studies
In vivo/ in
Number of
Mean
Reference
Breed
Trait Mean
vitro
procedures
SD
NE
6.67
5.78
Asada and Terawaki, 2002
In vivo
306
Holstein
VE
4.42
4.11
Bényei et al., 2004
In vivo
235
Holstein
NE
7.76
7.18
NE
6.11
5.63
Eriksson et al., 2007
In vivo
761
Swedish
VE
3.55
4.03
Hahn, 1992
In vivo
2,972
Cattle
NE
König et al., 2007
In vivo
4,196
Holstein
VE
4.84
5.00
In vitro
NE
1.8
Merton et al., 2009
18,702*
Holstein
(OPU)
VE
1.1
Tonhati et al., 1999
In vivo
5,387
Holstein
VE
5.90
4.82
NE
4.6
0.1
Vieira et al., 2014
In vivo
1,562
Holstein
VE
3.8
0.1
American Embryo Transfer
In vivo
14,845
Dairy
VE
6.31
Association, 2013
In vitro
9,081
Dairy
VE
4.58
Canadian Embryo Transfer
In vivo
9,952**
Dairy
NE
6.85
Association, 2013
In vitro
2,248**
Dairy
NE
3.63
* OPU sessions from 1,508 Holstein donors
** Total number of donors
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and number of viable embryos
h2

SE

R

0.14
0.09
0.16
0.11
0.12
0.04
0.10
0.21
0.16
0.03
-

0.09
0.09
0.04
0.04
-

0.43
0.34
0.30
0.44
0.40
0.15
0.13
-

R
SE
0.09
-

Figure 2.1. Follicular growth phases (from Orisaka et al., 2009)

Figure 2.2. Anatomy of primary, growing and Graafian follicles (from Reece, 2009)
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Figure 2.3. Two-wave bovine estrous cycle (from Moore and Thatcher, 2006)

Figure 2.4. Stages of development of a bovine embryo after fertilization (from Machaty
et al., 2012)
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Figure 2.5. Use of a Foley three-way catheter in the non-surgical recovery of bovine
embryos (Ball and Peters, 2004)

Figure 2.6. Overview of the Canadian dairy industry at the farm (Canadian Dairy
Information Centre, 2015a)
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Figure 2.7. Registrations of Holstein animals from embryo transfer in Canada (Canadian
Dairy Information Centre, 2015a)
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Figure 2.8. Number and value of embryos exported from Canada (adapted from
Canadian Dairy Information Centre (2015b))
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Figure 2.9. Average price paid for one Canadian embryo by importing countries (adapted
from Canadian Dairy Information Centre (2015b))
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Figure 2.10. Importing countries of Canadian embryos for the total value of embryos
(adapted from Canadian Dairy Information Centre (2015b))
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Figure 2.11. Importing countries of Canadian embryos for the number of embryos
(adapted from Canadian Dairy Information Centre (2015b))

Figure 2.12. Timeline of a traditional artificial insemination breeding program based on
progeny testing (from Schefers and Weigel, 2012)
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Figure 2.13. Timeline of an aggressive artificial insemination breeding program based on
the use of genomic bulls as sires of sons (from Schefers and Weigel, 2012)

Figure 2.14. Number of phenotypic records necessary to achieve a desired accuracy of
genomic breeding values given the heritability of the trait (from Hayes et al., 2009)
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Chapter 3
GENETIC ANALYSIS OF EMBRYO PRODUCTION TRAITS OF HOLSTEIN
DONORS IN CANADA

ABSTRACT
Superovulation or ovum pickup (OPU) and in vitro production (IVP) of embryos in dairy
cattle are frequently used in Canada. The cost of these procedures is high, and so is the
variability of the outcome. Knowing the potential of a donor to produce a high number of
embryos could influence the breeder’s decision to use superovulation or OPU-IVP. The
main objective of this study was to perform a genetic analysis for embryo production
traits of Holstein donors in Canada using data recorded by Holstein Canada, and to
investigate if this data could be used for genetic evaluation. Data contained the total
number of embryos and the number of viable embryos from every successful procedure
performed across Canada. After editing, 137,446 records of superovulation and OPU-IVP
performed between 1992 and 2014 were analyzed. A univariate repeatability animal
model analysis was performed for both total number of embryos and number of viable
embryos. As both data and residuals did not follow a normal distribution, records were
subject to either logarithmic or Anscombe transformation. Using logarithmic
transformation, heritability estimates (SE) of 0.15 (0.01) and 0.14 (0.01) were found for
total number of embryos and number of viable embryos, respectively. Using Anscombe
transformation, heritability estimates (SE) of 0.17 (0.01) and 0.14 (0.01) were found for
total number of embryos and number of viable embryos, respectively. The genetic
correlation between the two traits was estimated at 0.97 using logarithmic transformation
and 0.95 using Anscombe transformation. Breeding values were estimated for 54,463
cows, and 3,513 sires. Only estimated breeding values of sires having a reliability higher
than 40% were considered for estimated breeding values correlations with other routinely
evaluated traits. The results showed that selection for a higher number of embryos would
lead to a slight decrease in milk production, but an improvement for functional traits,
including all reproduction traits. In all cases the estimated correlations were either low or
modest. We conclude that genetic selection for increased embryo production in donors is
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possible; daughters of sires with high estimated breeding values for the number of
embryos will tend to yield more embryos, whereas the additive effect of service sire
seems not to contribute to the variability of the two embryo production traits and was not
significantly correlated to the additive effect of the donor.
Key words: superovulation, embryo production, Holstein, genetic parameter, breeding
value

INTRODUCTION
In the 1930s, artificial insemination (Hamilton and Symington, 1939)
revolutionized the way breeding was done in the dairy industry. Genetically superior
bulls were then able to have more offspring, therefore increasing the genetic gain more
rapidly throughout the population. Similarly, superovulation and embryo transfer has
increased the rate of genetic gain from genetically important cows. This technique has
been commercially available since the 1970s as reported by several authors (Farin et al.,
2007; Machaty et al., 2012; Hasler, 2014), and is commonly used by dairy producers
worldwide. Globally, 700,000 bovine embryos were produced in vivo in 2012 and of that
number 350,000 were produced by dairy donors. Also, 440,000 in vitro embryos were
produced in the same year (International Embryo Transfer Society, 2012). Superovulation
and embryo transfer is used frequently in the Canadian dairy population, with nearly
10,000 donors flushed, and over 68,000 transferable embryos collected in 2013
(Canadian Embryo Transfer Association, 2013). Ovum pickup (OPU) and in vitro
production (IVP) of embryos is also used in Canada, but to lesser extent since in 2013
just over 8,000 transferable embryos were produced from OPU-IVP (Canadian Embryo
Transfer Association, 2013). In 2012, Canada produced more than 20% of the global in
vivo production of dairy embryos (International Embryo Transfer Society, 2012).
The main disadvantages of embryo production include cost and the high degree of
variability in the number of embryos produced by individual cows (Hahn, 1992; Kanitz et
al., 2002; Lonergan and Boland, 2011). To date, no genetic analyses have been performed
for embryo production traits of dairy cattle in Canada, and no breeding values are
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available for Canadian producers to select cows based on their potential for producing a
great number of embryos.
Therefore, the main objective of this study was to perform a genetic analysis for
the number of embryos produced by Holstein cows in Canada using data recorded by
Holstein Canada, and to investigate if this data could be used for genetic evaluation. The
specific objectives were 1) to characterize the embryo production dataset; 2) to estimate
genetic parameters of embryo production traits; 3) to estimate breeding values (EBV) for
embryo production traits and examine their relationship with other routinely evaluated
traits in Canada; and 4) to assess the usefulness of having such EBVs for the Canadian
dairy industry.

MATERIALS AND METHODS
Data
Database. Embryo production data from April 1980 to March 2014 were obtained
from Holstein Canada (Brantford, ON, Canada). Initially, the database consisted of
168,855 records, where one record corresponded to one superovulation or OPU-IVP
procedure. All records were from Holstein animals. The dataset contained information
about the donor (identification and birth date), service sire (identification and birth date),
date of insemination of the donor, date of embryo recovery, service type, clinic, total
number of embryos produced per procedure and number of viable embryos produced per
procedure. In Canada, all superovulation or OPU-IVP protocols are prescribed by
veterinarians and the embryos are recovered by the same practitioner. The procedure is
usually performed in the barn of the donor’s owner. Therefore, in this dataset, the clinic
corresponds to a veterinarian or group of veterinarians that were involved with the
superovulation or OPU-IVP of a particular donor.
Data editing. It is worth noting that only successful procedures with at least one
recovered embryo were available, because unsuccessful ones are not recorded in Canada.
Considering the low number of procedures done between 1980 and 1991, only data with
a recovery date between 1992 and 2014 were considered in the analysis. In addition, only
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animals also present in the Canadian Dairy Network (CDN) database were included in
the analysis. If the service sire, birth date or clinic was missing for a record, it was
excluded. Only three service types were considered: H – insemination done by a herd
owner, I – In vitro, and T – service done by an AI technician. Therefore, any record
having another code for service type was deleted. Records were included if the age of the
female at recovery was at least 8 months and no more than 180 months (15 years). For
duplicate records with exactly the same recovery date, donor, and service sire, one of the
records was deleted. If for one record, with a given recovery or service date, there were
two records because two different service sires have been used, both records were
deleted. Only clinics with 50 or more records were considered. Additionally, four clinics
had recording problems between 1999 and 2001. Therefore, all the records from those
clinics were deleted for those years, as well as records of January 2002 for one of those
four clinics. Descriptive statistics of the edited data are presented in Table 3.1.
Trait definition. The total number of embryos (NE) corresponds to all the
embryos recovered from a superovulation or OPU-IVP procedure, including degenerated
or dead embryos. On the other hand, the number of viable embryos (VE) corresponds to
the number of recovered embryos reported to Holstein Canada as transplanted or frozen
by the practitioners.
Data transformation. Test for normality was performed on the raw data and on
the residuals of the model used in the analyses (described later) using SAS proc
univariate (SAS Institute, 2013). As both data and residuals for total number of embryos
and number of viable embryos did not follow a normal distribution, various
transformations were tested to normalize the data. The ones that performed the best were
the logarithmic (log) transformation and Anscombe (ans) transformation (Anscombe,
1948). Logarithmic transformation is used to normalize data that follows a logarithmic
distribution, whereas the Anscombe transformation is used to normalize data that follows
a Poisson distribution. Records were therefore transformed as follows:


 3 
NE ans  2   NE    
 8 


Total number of embryos NElog  ln( NE )
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Number of viable embryos VElog  ln(VE  1)


 3 
VE ans  2  VE    
 8 


For the logarithmic transformation of the number of viable embryos, one was added to all
records to account for the fact that there were some records for which no embryo was
produced.
Pedigree. An animal pedigree file containing 197,246 animals was generated by
tracing the pedigrees of donors and service sires with records 7 generations back.
Models
A univariate and a bivariate repeatability animal model were used to analyze the
data, using the average information-restricted maximum likelihood (AI-REML)
procedure in the derivative-free approach to multivariate analysis in DMU package
(Madsen and Jensen, 2008).
Univariate linear model. Univariate analyses were run for both embryo
production traits.
In order to estimate (co-)variances, the following model was run:
y  X  Z d d  Z ss ss  Z pe pe  e ,

where y is a vector of logarithmic or Anscombe transformed observations for either total
number of embryos or number of viable embryos; β is a vector of systematic effects,
including fixed effects of age (as linear and quadratic covariate) nested within service
type, year–month of recovery, clinic–year of recovery, and service type; d is a vector of
random animal additive genetic effects of the donor cow; ss is a vector of random animal
additive genetic effects of the service sire; pe is a vector of random permanent
environmental effects of the donor; e is a vector of random residuals; and X, Zd, Zss and
Zpe are the corresponding incidence matrices.
Random effects were assumed to be normally distributed with means equals to
zero and covariance structure equal to:
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 d   A d2
 ss  
A
Var     d , ss
 pe  0
  
 e   0

A d , ss
A ss2
0
0

0
0
2
I pe
0



,


I e2 
0
0
0

2
where  d2 ,  s2 ,  pe
, and  e2 are donor, service sire, permanent environmental and

residual variances, respectively, and  d ,ss is the covariance between donor and service
sire additive genetic effects. A and I are additive relationship and identity matrices,
respectively.
As current version of DMU package does not provide statistical test for fixed
effects, the systematic fixed effects included in the previously described mixed model
were previously tested for significance using SAS proc HPMIXED (SAS Institute, 2013)
accounting for repeated records and all effects were found highly significant (P<0.0001)
by F-test.
Bivariate linear model. In order to estimate the genetic correlation between the
two embryo production traits, a bivariate analysis was run. Fixed and random effects
were as in the previously described model. Random effects were assumed to be normally
distributed with means equal to zero and covariance structure equal to:
0
 d  G0  A G0  A
 ss  
G  A G0  A
0
Var     0
 pe  0
0
PE0  I
  
0
0
 e   0

0 

0 
,
0 

R0  I 

where G0 is the additive genetic (co)variance (2x2) matrix between traits; PE0 is the
(co)variance (2x2) matrix between traits due to permanent environmental effects; R0 is
the residual (co)variance (2x2) matrix between traits; and  is the Kronecker product.
Genetic Parameters
Heritability (𝒉𝟐 ) and repeatability (r), were calculated as follows. For the donor (d):



2
hd2   d2 /  d2  2 d ,ss   ss2   pe
  e2
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2
2
rd   d2   pe
/  d2  2 d ,ss   ss2   pe
  e2



and for the service sire (ss):



2
hss2   ss2 /  d2  2 d ,ss   ss2   pe
  e2



Breeding Value Estimation
Breeding values of donors and their sires for total number of embryos and number
of viable embryos were estimated from univariate analyses. Reliabilities of EBV ( ri2 )
were calculated as follows:

ri 2  1 

PEVi
,
ˆ d2

where PEVi is the predicted error variance of animal i, and ˆ d2 is the estimated additive
genetic variance of the donor effect used to estimate the trait EBVs.
Pearson correlations between EBV of sires with a minimum reliability of 40% and
official genomic breeding values for routinely evaluated traits were computed for total
number of embryos and number of viable embryos.

RESULTS AND DISCUSSION
Descriptive Statistics
The number of superovulation or OPU-IVP procedures per year has increased
since 1992, and seems to have reached a plateau of about 8,000 procedures per year
(Figure 3.1). Fifty three percent of the donors included in the dataset had only one
treatment, and 90% had 5 treatments or less (Figure 3.2).
Mean values (standard deviation) for total number of embryos and number of
viable embryos per procedure were 9.2 (7.2) and 7.6 (5.9), respectively. Those values are
higher than those reported by other studies (Table 3.2) because this dataset does not
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include unsuccessful procedures. The distribution of the number of embryos per
procedure is presented in Figure 3.3.
Recovery year. Figure 3.4 shows the average number of embryos per
superovulation or OPU-IVP procedure by year of recovery. For both traits, a similar
increasing trend is observed over the years. Since there has been no genetic selection for
embryo production in Canada, this increase could be attributed to the improvement of the
technical aspects of superovulation and OPU-IVP.
Recovery month. Over the summer months (June to September) there seems to be
a very small decrease for the embryo production of dairy cattle (Figure 3.5), likely due to
the heat stress that cattle may undergo during summer. Many authors have reported a
reduction in embryo quality (Sartori et al., 2002; Chebel et al., 2008; Vieira et al., 2014)
and response to superovulation (Hasler et al., 1983; Lonergan and Boland, 2011) in
animals exposed to heat stress.
Clinic. Figure 3.6 shows the average values for the total number of embryos and
the number of viable embryos per procedure for the 100 clinics included in the analysis,
where each dot represents a clinic. As shown in this figure there is a considerable
difference between the best and worst clinics that performed superovulation and embryo
recovery or OPU-IVP. The best clinic recovers on average 9.5 embryos and 5.3 viable
embryos per procedure more than the worst clinic.
Service type. The average number of embryos per superovulation or OPU-IVP
procedure per service type is presented in Figure 3.7. Overall, the number of embryos
recovered per procedure is slightly higher when the service is performed by an AI
technician, and lower when the protocol is performed in vitro. Considering the higher
cost of producing embryos in vitro, usually only very valuable cows with reproductive
problems or very valuable young heifers undergo OPU-IVP (Hasler, 2003; Mapletoft and
Hasler, 2005). This may partly explain why fewer embryos were produced in vitro.
Age within service type. The average number of embryos per superovulation or
OPU-IVP procedure considering the age of the donor is presented in Figure 3.8 a) for the
total number of embryos and Figure 3.8 b) for the number of viable embryos. For both
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traits, similar trends can be observed. Overall, if the procedure is done in vivo, the
optimal age for superovulation seems to be before 5 years old, after that the
superovulatory response decreases. On the other hand, protocols performed in vitro yield
more constant results no matter the age of the donor. Some studies did not find a
significant difference between the embryo production of donors of different ages (Kafi
and McGowan, 1997; Hasler, 2014; Vieira et al., 2014). One study reported that heifers
produced less embryos then mature cows, and that at 10 years old the superovulatory
response starts to decline (Hasler et al., 1983). Another study indicated that third lactation
cows produced more oocytes after being superovulated than first lactation cows, but no
comparisons with older cows was performed (Snijders et al., 2000).
Genetic Parameters
Heritability. Heritability estimate from the univariate model for the donor effect,
using log transformed data, for total number of embryos was 0.15 ± 0.01, which is
slightly higher than the 0.14 ± 0.01 heritability estimated for the number of viable
embryos. Using the Anscombe transformation slightly higher heritabilities were found:
0.17 ± 0.01 for total number of embryos and 0.14 ± 0.01 for number of viable embryos
(Table 3.3). Only few other studies have estimated heritability with regards to the number
of embryos produced by Holstein donors in a large dataset. Table 3.2 summarized the
results of similar studies done with Holstein cattle. Heritability estimates ranged from
0.03 to 0.21, showing that environmental factors strongly affect embryo production of
dairy cattle (Bényei et al., 2004), but it is a heritable trait (Mapletoft, 2006; Yang et al.,
2010; Cory et al., 2012). Overall, the results obtained in this study were in the same range
of previous estimates.
Heritability estimates for the service sire were very low for both embryo
production traits: 0.007 ± 0.001 (log transformation) and 0.006 ± 0.001 (Anscombe
transformation) for the total number of embryos and 0.014 ± 0.002 (log and Anscombe
transformation) for the number of viable embryos (Table 3.3). This is in accordance with
the heritability of the service sire for the number of viable embryos of 0.01 found by
König et al. (2007).
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Repeatability. Repeatability was 0.24 and 0.23 for total number of embryos and
number of viable embryos, respectively, using the log transformed data. Using the
Anscombe transformation, repeatabilities of 0.28 and 0.24 were obtained for total number
of embryos and number of viable embryos, respectively (Table 3.3). These values are in
the same range as reported in the literature (Table 3.2). As mentioned previously, embryo
production has a large variability, but many authors agree that the number of embryos
produced by a donor is repeatable within an animal (Lohuis, 1995; Asada and Terawaki,
2002; Mapletoft, 2006; Lonergan and Boland, 2011). Moreover, it was reported that
daughters of cows that respond well to superovulation or OPU-IVP are likely to also have
a good response (Mapletoft, 2006).
Genetic correlations. The genetic correlation between the service sire and the
donor effects was near zero and negative for both traits using both transformations
(Tables 3.4 and 3.5). Those correlations are in agreement with the results from König et
al. (2007) who applied a similar model. This implies that selection for increased embryo
production from the donor will have no impact of the service sires’ fertility.
Genetic correlations of 0.97 (log transformation) and 0.95 (Anscombe
transformation) were estimated between the total number of embryos and the number of
viable embryos. High correlations were expected since the two traits are highly
phenotypically correlated (Log transformed data: rp = 0.89; Anscombe transformed data:
rp = 0.88).
Breeding Value Estimation
As EBV from the log transformed and Anscombe transformed data were highly
correlated (Pearson correlation of 0.98), only results from the log transformed data are
presented hereafter. Similarly, considering that the EBV from univariate and bivariate
analysis were highly correlated for total numbers of embryos (Pearson correlation of
0.99) and number of viable embryos (Pearson correlation of 0.95), the breeding values
from the univariate analysis were used.
EBV correlations with other routinely evaluated traits. EBV correlations of
embryo production traits with other routinely evaluated traits in Canada were calculated
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using the EBV of sires that had reliability equal or higher than 40% (Table 3.6). It should
be noted that, with the exception of somatic cell score (SCS), higher EBV scores are
desirable.
Both total number of embryos and number of viable embryos had similar
correlations with each of the traits. The correlation of EBVs for embryo production traits
with EBVs for production traits such as milk, fat and protein yield was significant;
although, in all cases, it was modest, but negative, implying that high producing cows
tend to produce less embryos. König et al. (2007) found similar results, obtaining a
genetic correlation of -0.27 for milk yield and the number of viable embryos. High
producing dairy cows have been reported to have decreased fertility (Pryce et al., 2004),
suggesting a possible effect of milk yield on reproduction traits. However, a study
showed that milk production did not have an impact on the number of embryos produced
by a superovulated donor, but had an impact on the fertilization rate (Hasler et al., 1983).
Another study on in vitro produced embryos also demonstrated that the number of
oocytes and the quality of the oocytes recovered from high or low producing dairy cows
were not significantly different (Snijders et al., 2000).
The small negative correlation between embryo production traits and the SCS, and
its small positive correlation with mastitis resistance (Table 3.6) is in accordance with the
data of König et al. (2007). This implies that improving udder health through lower SCS
or higher mastitis resistance selection will also tend to have a favorable effect on the
number of embryos produced.
Functional traits, such as direct herd life and body condition score, had a positive
correlation with the number of embryos produced, which is in accordance with the
literature. Authors have argued that the donor should preferably be gaining weight (Farin
et al., 2007) and having no nutritional deficiencies (Mapletoft, 2006; Velazquez, 2011),
as undernutrition is deleterious to follicular development and embryo quality (Stroud and
Hasler, 2006; Lonergan and Boland, 2011). It is also important that the animal is not
overfed because its embryo production could be reduced (Stroud and Hasler, 2006;
Velazquez, 2011). Moreover, a study demonstrated that heifers with too high body
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condition scores (> 3.50) tended to give a lower number of embryos, but more research
needs to be done to confirm those findings (Kadokawa et al., 2008).
Reproduction traits of heifers and cows were also favorably correlated with
embryo production. This was expected, since embryo production is also a reproduction
trait. Some authors recommend to make sure that the donor has no reproductive problems
before starting superovulation (Mapletoft, 2006; Farin et al., 2007) because cows that
have reproductive problems are usually poor donors (Hasler et al., 1983; Farin et al.,
2007; Lonergan and Boland, 2011).
Finally, the modest negative correlation between LPI, which is the Canadian
national selection index, and embryo production traits indicates that the current global
selection in Canada will not increase the number of embryos produced by Holstein cattle.
For all routinely evaluated traits considered, however, the estimated correlations
were either low or modest, making embryo production a new trait that would convey
unique information compared to what is already recorded in the Canadian dairy industry.
Best and worst sires and donors. Sire EBVs from univariate analyses with a
reliability of at least 40% in the dataset were compared to the average phenotype of their
daughters. Comparison between the best (10% quantile) and worst (90% quantile) sires
according to their EBV for embryo production traits are shown in Table 3.7. Daughters of
the sires with the best EBV had on average 10.97 embryos and 9.18 viable embryos,
while daughters of sires with the worst EBV had on average 7.05 embryos and 5.57
viable embryos.
A similar analysis was performed using the donor EBVs with a reliability of at
least 40%. The average phenotype of the best (10% quantile) and worst (90% quantile)
donors according to their EBV were compared (Table 3.8). There was a larger difference
of 11.34 embryos and 9.91 viable embryos, between the best and worst donors.
Limitations
A limitation of this study is that unsuccessful superovulation or OPU-IVP
procedures are currently not recorded in Canada, and it would be interesting to have this
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information in the future. Having information about the unsuccessful procedures would
give results that represent the reality even more. However, even without this information,
the results presented in this study are similar to the ones from other studies that had
information about unsuccessful procedures, maybe because of the very large size of this
dataset. The results presented in this study therefore provide interesting information for
the dairy industry for successful superovulation or OPU-IVP procedures.
Another limitation of this study is the fact that no information about the herd
where the treatment was performed was available. Donors are elite cows that often
change owner, which makes it hard to know their herd when the treatment was
performed. The herd effect should be important to consider in future work because it
accounts for feeding and management of the donors. However, usually only a few donors
produce embryos in a herd. The limited number of observations per herd could make this
effect hard to model.
A final limitation of this study may be that the donors with records in the data
base were elite donors that were selected for their high genetic evaluations or high
phenotypic performances. Therefore, they may not represent the Canadian Holstein
population entirely, which may lead to some sort of selection bias in the results.
However, it is important to notice that the donors were not selected considering their
potential for embryo production, but rather on other traits, which are not genetically
correlated or are weakly genetically correlated to the number of embryos produced,
minimizing the possible selection bias. In addition, estimated genetic trends for the two
embryo production traits show a flat trend overtime, i.e. no genetic change, reflecting the
absence of genetic selection for these traits in the data base.
Overall Remarks
The results of the present study suggest that genetic selection for increased
embryo production in donors is possible. Daughters of sires with high EBV for embryo
production will tend to yield more embryos, however the additive effect of service sire
seems not to contribute significantly to the variability of the two embryo production
traits. Both logarithmic and Anscombe transformations yielded similar genetic parameter
estimates and highly correlated EBVs. Considering that the logarithmic transformation is
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more commonly used, it should be considered for the genetic evaluation of the number of
embryos.
Having genetic information about embryo production could be useful for dairy
producers that produce embryos from elite females. They could choose females that are
more likely to yield a larger number of viable embryos based on their EBVs for embryo
production. Moreover, producers that often buy animals in sales are usually interested to
produce embryos from females in order to more rapidly improve their herds. It would be
interesting for them to know the potential of a female to produce a large number of
embryos prior to the purchase.
Considering that this new breeding value might not be of interest for all dairy
producers, it might not be important to include it in a national selection index such as
LPI, but it still could be available through the Canadian Dairy Network for producers that
are interested in producing embryos. Even if embryo production traits are not yet
included in breeding goals, it may be of interest to genetically select for these traits in
order to improve the efficiency of embryo production (Merton et al., 2009).
Having breeding values for embryo production could also be of interest for the AI
industry and for veterinarians or researchers. For the AI industry it could help promote
some bulls with a high EBV for the number of embryos, therefore increasing the chances
that their daughters will produce a higher number of embryos. Veterinarians or
researchers might also have interest in knowing the embryo production potential of a
donor in order to adjust the treatment accordingly and to optimize the number of embryos
produced by a donor. More research would be needed to find different protocols that
could be used according to the embryo production potential of a donor.

CONCLUSIONS
Selection for higher embryo production in Holstein donors in Canada is possible
and could be an additional tool available to Canadian dairy breeders. It could mainly be
used to identify outliers before making a decision to use superovulation or OPU-IVP on a
donor or not. Correlations between breeding values of embryo production traits with
58

other routinely recorded traits showed that if someone was to select for a higher embryo
production, this would lead to a slight decrease in the milk, fat and protein yield, but an
improvement for functional traits, including all reproduction traits. However, in all cases,
the estimated correlations are either low or moderate, indicating that selection for donors
with high production performance that produce large number of viable embryos is
possible.
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Table 3.1. Summary statistics of the embryo production data
Total
Average*
SD*
No. records (procedures)
137,446
No. cows
54,463
No. sires
3,513
No. service sires
2,250
No. clinics
100
Total no. embryos
1,265,333
9.21
7.24
No. viable embryos
1,044,416
7.60
5.92
*
on a per superovulation or OPU-IVP procedure basis
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Minimum* Maximum*
1
87
0
58

2
Table 3.2. Mean, heritability of the donor (ℎ𝑑2 ) and service sire (ℎ𝑠𝑠
), and repeatability of the
(NE) and number of viable embryos (VE) in Holstein donors from various studies.
In vivo /
No.
Study
Trait Mean
𝒉𝟐𝒅
𝒓𝒅
𝒉𝟐𝒔𝒔
in vitro records
Asada and
In vivo
306
6.67
0.14
0.43
NE
Terawaki, 2002
4.42
0.09
0.34
VE
Bényei et al., 2004
In vivo
235
7.76
0.16
0.30
NE
0.19
0.21
König et al., 2007
In vivo
4,196
4.84
0.10
0.01
VE
Merton et al., 2009
In vitro
18,702
1.8
0.21
NE
(OPU)
1.1
0.16
VE
Tonhati et al., 1999
In vivo
5,387
5.90
0.03
0.13
VE
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donor (𝑟𝑑 ) of total number of embryos
Model
Linear model with untransformed data
Linear model with untransformed data
Linear model with log10-transformed data
Poisson-log model
Linear model with log10-transformed data
Linear model with untransformed data

Ans

Log

Table 3.3. Genetic parameter estimates from univariate analyses for the total number of
embryos (NE) and the number of viable embryos (VE) using logarithm (Log) or
Anscombe (Ans) transformation of the data (SE in parentheses; SE was not available for
repeatability of the donor)
𝝈𝒅,𝒔𝒔
𝝈𝟐𝒑𝒆
Trait
𝒓𝒅
𝝈𝟐𝒅
𝝈𝟐𝒔𝒔
𝝈𝟐𝒆
𝒉𝟐𝒅
𝒉𝟐𝒔𝒔
0.099
-0.003
0.005
0.062
0.508
0.148
0.007
NE
0.241
(0.005) (0.002) (0.001) (0.003) (0.002) (0.007) (0.001)
0.063
-0.002
0.006
0.044
0.354
0.135
0.014
VE
0.230
(0.003) (0.002) (0.001) (0.002) (0.002) (0.007) (0.002)
0.722
-0.012
0.026
0.447
2.973
0.174
0.006
NE
0.282
(0.032) (0.012) (0.004) (0.022) (0.014) (0.008) (0.001)
0.546
-0.009
0.0530
0.378
2.839
0.144
0.014
VE
0.243
(0.027) (0.014) (0.006) (0.020) (0.013) (0.007) (0.002)
 d2 ,  s2 ,  pe2 , and  e2 are donor, service sire, permanent environmental and residual
variances, respectively, and  d ,ss is the covariance between donor and service sire
additive genetic effects, hd2 is the heritability of the donor, hss2 is the heritability of the
service sire and rd is the repeatability of the donor
Table 3.4. Estimates of genetic parameters from the bivariate analysis for total number of
embryos (NE) and number of viable embryos (VE) using log transformed data
(Heritability in bold on the diagonal and genetic correlation between traits above the
diagonal with SE in parentheses)
NE_service
VE_service
NE_donor
VE_donor
sire
sire
-0.085
0.969
-0.005
0.148 (0.007)
NE_donor
(0.085)
(0.004)
(0.080)
-0.105
0.976
NE_service
0.008 (0.001)
(0.087)
(0.007)
sire
-0.036
0.134 (0.007)
VE_donor
(0.082)
VE_service
0.015 (0.002)
sire
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Table 3.5. Estimates of genetic parameters from the bivariate analysis for total number of
embryos (NE) and number of viable embryos (VE) using Anscombe transformed data
(Heritability in bold on the diagonal and genetic correlation between traits above the
diagonal with SE in parentheses)
NE_service
VE_service
NE_donor
VE_donor
sire
sire
-0.053
0.953
0.005
0.175 (0.008)
NE_donor
(0.084)
(0.005)
(0.077)
-0.076
0.976
NE_service
0.007 (0.001)
(0.087)
(0.008)
sire
-0.033
0.140 (0.007)
VE_donor
(0.080)
VE_service
0.015 (0.002)
sire
Table 3.6. Pearson correlations between EBVs of sires from univariate analyses with a
minimum reliability of ≥40% for total number of embryos and number of viable embryos
and EBVs of routinely evaluated traits (n = number of sires)
Total no.
No. viable
Trait
embryos
embryos
(n = 1,391)
(n = 1,251)
LPI
-0.23***
-0.14***
Milk yield
-0.26***
-0.21***
Production
Protein yield
-0.29***
-0.24***
Fat yield
-0.21***
-0.15***
Somatic cell score
-0.08**
-0.12**
Udder health
Mastitis resistance
0.10**
0.10*
Daughter fertility
0.20***
0.20***
56-d non-return rate in heifers
0.16***
0.16***
56-d non-return rate in cows
0.15***
0.14***
No. of services in heifers
0.20***
0.21***
Reproduction No. of services in cows
0.21***
0.21***
First service to conception in heifers
0.19***
0.20***
First service to conception in cows
0.21***
0.22***
Calving to first service
0.12***
0.12**
Days open
0.21***
0.21***
Herd life
0.07*
0.12***
Longevity
Direct herd life
0.07**
0.12***
Body condition score
0.25***
0.20***
Significant effects: * = P < 0.05, ** = P < 0.01, *** = P < 0.001.
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Table 3.7. Average number of embryos of best (10% quantile) and worst (90% quantile)
sires, with a reliability of EBV of ≥40%, according to their EBV for total number of
embryos (NE) and number of viable embryos (VE) from a univariate linear animal model
Mean number of embryos of the daughters
No. sires
Mean
10% quantile
90% quantile
Trait
1,391
9.21
10.97
7.05
NE
1,251
7.53
9.18
5.57
VE
Table 3.8. Average number of embryos of best (10% quantile) and worst (90% quantile)
donors, with a reliability of EBV of ≥40%, according to their EBV for total number of
embryos (NE) and number of viable embryos (VE) from a univariate linear animal model
Mean number of embryos
No. donors
Mean
10% quantile
90% quantile
Trait
32,403
9.23
15.61
4.27
NE
29,554
7.62
13.40
3.49
VE
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Figure 3.1. Number of superovulation or OPU-IVP procedure per year of recovery after
data editing
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Figure 3.2. Number of superovulation or OPU-IVP procedure per donor
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Figure 3.3. Number of embryos per superovulation or OPU-IVP procedure for a) total
number of embryos and b) number of viable embryos
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Figure 3.4. Average number of embryos per superovulation or OPU-IVP procedure by
year of recovery
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Figure 3.5. Average number of embryos per superovulation or OPU-IVP procedure by
month of recovery
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Figure 3.6. Average number of embryos per superovulation or OPU-IVP procedure by
clinic (each dot represents a single clinic)

Total number of embryos
Mean number of embryos

Number of viable embryos
12
10
8
6
4
2
0
Herd owner

In vitro

AI
Technician

Figure 3.7. Average number of embryos per superovulation or OPU-IVP procedure by
service type
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Figure 3.8. Average number of embryos per superovulation or OPU-IVP procedures by
age within service type for a) total number of embryos and b) number of viable embryos

69

Chapter 4

Short communication: Genetic correlations between number of embryos produced
using in vivo and in vitro techniques in heifer and cow donors

C. Jaton,*† A. Koeck,* M. Sargolzaei,*† C. A. Price,‡ C. Baes,* F. S. Schenkel,* and
F. Miglior*§

*

Centre for Genetic Improvement of Livestock (CGIL), University of Guelph, Guelph,

Ontario, Canada, N1G 2W1
†

The Semex Alliance, Guelph, Ontario, Canada, N1G 3Z2

‡

Université de Montréal, Faculté de médecine vétérinaire, St-Hyacinthe, Québec, Canada,

J2S 2M2
§

Canadian Dairy Network (CDN), Guelph, Ontario, Canada, N1K 1E5

Journal of Dairy Science. 2016. 99(10):8222-8226

70

Chapter 4
GENETIC CORRELATIONS BETWEEN NUMBER OF EMBRYOS PRODUCED
USING IN VIVO AND IN VITRO TECHNIQUES IN HEIFER AND COW
DONORS

ABSTRACT
Multiple embryos can be produced from a heifer or cow donors using an in vivo or an in
vitro technique. Comparisons of the number of embryos produced by the same donors as
heifers and cows and using different techniques are limited. The main objectives of this
study were to assess the genetic correlation between the number of embryos produced by
Holstein donors using an in vivo and in vitro technique as a heifer and as a cow. The
dataset used was recorded by Holstein Canada and included all successful
superovulations or ovum pick-up and in vitro fertilization procedures performed on
Holstein donors for more than 20 years. The type of technique used was known for all
records and the status of the donor at recovery was retrieved from calving records.
Bivariate repeatability animal model analyses were performed for both the total number
of embryos (NE) and the number of viable embryos (VE) recovered per procedure.
Logarithmic transformation was performed on the traits to normalize the data.
Heritability estimates for the donor varied between 0.14 (0.02) and 0.19 (0.03) over all
analyses indicating that the number of embryos produced by a donor is influenced by the
genetic potential of the donor. Genetic correlations between records produced in vivo and
in vitro were moderately high and positive (NE: 0.85 ± 0.07; VE: 0.63 ± 0.09) suggesting
that donors with high genetic potential for in vivo superovulation tend also to have high
potential to produce multiple embryos in vitro. Similarly, the moderately high genetic
correlations (NE: 0.79 ± 0.05; VE: 0.72 ± 0.05) found between heifer and cow records
indicate that a donor tend to produce a comparable number of embryos as a heifer or as a
cow. The estimated repeatabilities (0.23 to 0.35) indicated that the number of embryos
recovered should be somewhat repeatable in the same donor over time. On the other
hand, the service sires seem not to play an important role on the total number of embryos
produced by a donor, no matter the technique used or the status of the donor at recovery.
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INTRODUCTION
Genetic gain in a population can be improved by producing more embryos from
elite females. Multiple embryos can be produced using two different techniques, either
using superovulation and producing the embryos in vivo or using ovum pickup (OPU)
and in vitro production (IVP) of the embryos. Both techniques and their many protocols
have been described very well by many authors since the commercial availability of
multiple ovulation and embryo transfer (MOET) in the 1970s (Farin et al., 2007; Machaty
et al., 2012; Hasler, 2014). However, comparisons of the number of embryos produced by
different techniques in the same donors are limited. To our knowledge, no study has
estimated genetic correlation between the number of embryos produced in vivo and in
vitro for purebred bos taurus cattle donors. Moreover, embryos can be produced by
donors cows or virgin heifers as young as 7 months of age (e.g., www.boviteq.com) using
either of the two techniques. Most fertility traits in dairy cattle in Canada are evaluated
separately for heifers and for cows, because of the different heritabilities estimated for
these two groups and because the genetic correlation between fertility traits in heifers and
cows is below one (Jamrozik et al., 2005). Considering that embryo production is also a
reproduction trait, we were interested in comparing the genetic differences between
heifers and cows for the number of embryos produced. To our knowledge, no study has
assessed the genetic correlation between number of embryos produced by donors as both
heifers and cows.
Therefore, the objectives of this study were: 1) to assess the genetic correlation
between the number of embryos produced in vivo and in vitro by Holstein donors, 2) to
evaluate the genetic correlation of the number of embryos produced by a donor as a
heifer and as a cow, and 3) to estimate the repeatability of embryo production traits.
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MATERIALS AND METHODS
Data
The dataset used was an updated version to the one presented in Jaton et al.
(2016). After editing, it consisted of 150,971 superovulation or OPU-IVP procedures
performed on 59,586 Holstein donors between 1992 and 2016, as recorded by Holstein
Canada (Brantford, ON, Canada). Two embryo production traits were available for the
analyses: the total number of embryos (NE) and the number of viable embryos (VE)
produced per procedure.
Information on the type of technique used for the production of embryos (in vivo
or in vitro) was known for all records, as well as the service type, which indicates if the
insemination was performed by either the herd owner or an AI technician when the
procedure was performed in vivo. Table 4.1 summarizes the number of records and the
number of donors considered for each type of technique. Note that only 1,281 donors had
records for both types of techniques.
In order to determine if the donor was a heifer or a cow at embryo recovery, the
dataset was matched to calving records from the Canadian Dairy Network (CDN,
www.cdn.ca) database. Only donors with available first calving date were kept for further
analysis. Only records from 1994 and later were included in the analysis. Overall,
134,555 superovulation or OPU-IVP records from 52,885 donors were used and, from
these donors, 3,922 had records both as a heifer and as a cow. A summary of the data
used for the analysis of cow and heifer records is presented in Table 4.1.
Considering the distribution of the data, logarithmic transformation was
performed to normalize the data, as explained in Jaton et al. (2016).
Total number of embryos: NElog  ln( NE )
Number of viable embryos: VElog  ln(VE  1)
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Models
The same bivariate linear model as presented in Jaton et al. (2016) was used to
analyze the data using the average information-restricted maximum likelihood (AIREML) procedure in the DMU package (Madsen and Jensen, 2008).
y  X  Z d d  Z ss ss  Z pe pe  e ,

where y is a vector of logarithmic transformed observations for either NE or VE; β is a
vector of systematic effects, including fixed effects of age (as linear and quadratic
covariates) nested within service type, year–month of recovery, clinic–year of recovery,
and service type; d is a vector of random animal additive genetic effects of the donor; ss
is a vector of random animal additive genetic effects of the service sire; pe is a vector of
random permanent environmental effects of the donor; e is a vector of random residuals;
and X, Zd, Zss and Zpe are the corresponding incidence matrices.
Random effects were assumed to be normally distributed with means equal to zero
and covariance structure equal to:
0
 d  G0  A G0  A
 ss  
G  A G0  A
0
Var     0
 pe  0
0
PE0  I
  
0
0
 e   0

0 

0 
,
0 

R0  I 

where G0 is the additive genetic (co)variance (2x2) matrix between traits; PE0 is the
(co)variance (2x2) matrix between traits due to permanent environmental effects; R0 is
the residual (co)variance (2x2) matrix between traits; and  is the Kronecker product of
the respective matrices.
Heritability (𝒉𝟐 ) and repeatability (r), were calculated as follows.
For the donor (d):



2
hd2   d2 /  d2  2 d ,ss   ss2   pe
  e2







2
2
rd   d2   pe
/  d2  2 d ,ss   ss2   pe
  e2
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and for the service sire (ss):



2
hss2   ss2 /  d2  2 d ,ss   ss2   pe
  e2



RESULTS AND DISCUSSION
In Vivo vs In Vitro
Table 4.2 presents the genetic parameters estimated for the two assisted
reproductive techniques for NE and VE. The heritabilities estimated for the donor and
service sire for the in vivo records were very similar to the ones found in our previous
study (Jaton et al., 2016a) and were in the same range as that reported in studies
performed using an in vivo technique on Holstein donors (Asada and Terawaki, 2002;
Bényei et al., 2004; König et al., 2007). On the other hand, the heritability estimates for
the in vitro records were slightly higher for the donors, but similar to the estimates found
in a larger study that included 18,702 OPU sessions on Holstein donors (Merton et al.,
2009). Larger heritabilities were found for the service sire for VE compared to NE.
Moreover, for VE, the heritability was larger for in vitro records (0.049 ± 0.010)
compared to in vivo records (0.014 ± 0.002), indicating that the genetic potential of the
service sire for producing embryos could influence more the number of viable embryos
produced in vitro. Overall, the larger standard errors found for in vitro records are
explained by the lower number of records available.
The genetic correlation between the two types of techniques for the donor was
0.848 ± 0.068 for NE and 0.634 ± 0.091 for VE (Table 4.3), indicating a moderately high
genetic correlation between the number of embryos produced in vivo and in vitro by a
donor. Therefore, donors that respond well to one technique also tend to respond well to
the other technique. On the service sire side, the correlation between records from the two
techniques was non-significant (-0.266 ± 0.299) for NE, but was significant (-0.412 ±
0.130) for VE (Table 4.3). This moderate negative correlation for VE indicates that using
the same service sire will not increase similarity between the number of viable embryos
produced by the in vivo and in vitro techniques.
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A Brazilian study compared the embryo production of 137 crossbred females (bos
taurus x bos indicus) on which both in vivo and in vitro techniques were performed
(Silva-Santos et al., 2014). The mean number of viable embryos of the six donors that
produced the most embryos using an in vitro procedure was compared. There was no
significant differences in the number of viable embryos produced by both techniques for
those six donors, indicating that donors that responded well to IVP also responded well to
superovulation. The mean number of viable embryos of the six donors that produced the
most embryos following in vivo superovulation was also compared. A significant
difference was found between the number of viable embryos produced in vivo or in vitro
for the donors, indicating that donors that respond well to the in vivo technique, do not
necessarily respond well to the in vitro technique, and vice versa. The small sample size
of this study is, however, a big limitation, implying that the conclusions must be
cautiously interpreted.
Heifers vs Cows
Genetic parameters estimated for heifer and cow donors for NE and VE are
presented in Table 4.2. The donor heritabilities were very similar for heifers and cows,
but the service sire heritability was slightly higher for cows. The heritability estimates
found for the donor and service sire for the heifer and cow records are similar to the ones
found in our previous study (Jaton et al., 2016a) and are in the same range reported in
other studies performed on heifers (Eriksson et al., 2007), on cows (Asada and Terawaki,
2002; Bényei et al., 2004; König et al., 2007), and on heifers and cows (Merton et al.,
2009). The moderate heritabilities for the donors and the near zero heritabilities for the
service sire indicate that the number of embryos produced by a donor is influenced by the
genetic potential of the donor, but not really by the genetic potential of the service sire.
Larger standard errors were found for heritability of heifers, which can be explained by
the lower number of records compared to the number of cow records.
The genetic correlations between heifer and cow records for the donor were 0.788
± 0.046 and 0.723 ± 0.054 for NE and VE, respectively (Table 4.4). These moderately
high genetic correlations indicate that the number of embryos produced by donors will be
similar regardless of the status (heifer or cow) of the donor at recovery and this is more
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so for NE. For the service sire, the genetic correlation between heifer and cow records
was not significant (0.315 ± 0.404) for NE, but was significant (0.646 ± 0.245) for VE
(Table 4.4). Disregarding the relatively high standard errors of this moderate positive
correlation, it indicates that the service sire will influence in a similar manner the number
of viable embryos produced by a donor either as a heifer or as a cow.
Some studies have shown significant differences in embryo production traits of
heifers and cows (Sartori et al., 2002; Vieira et al., 2014), but, in all cases, no donors had
records as both heifers and cows.
Repeatability
For both NE and VE, the repeatability for the donor varied between 0.230 and
0.268 for heifer and cow records and for in vivo records. Those estimates are consistent
with the ones found in our previous study (Jaton et al., 2016a) and are similar to what has
been previously reported in the literature (Asada and Terawaki, 2002; Bényei et al., 2004;
König et al., 2007). These estimates indicate that the number of embryos produced by a
donor should be slightly consistent in all superovulatory treatments performed in vivo or
for a given status (heifer or cow) within an individual. For in vitro records, the
repeatability estimates were slightly higher (0.347 for NE and 0.299 for VE), indicating
that the number of embryos produced could be more consistent within a donor if the in
vitro technique is used. Overall, these repeatability estimates can be explained by the
high repeatability in the number of follicles per follicular wave. A study performed on 90
beef heifers reported a very high repeatability of 0.89 for the average number of follicles
per wave within an individual donor (Ireland et al., 2007). Considering that embryo
production depends on the number of follicles, it makes sense that the number of
embryos per procedure would also be somewhat repeatable within a donor.

CONCLUSIONS
In conclusion, a moderately high positive genetic correlation between the number
of embryo (both NE and VE) produced in vivo and in vitro was observed, indicating that
donors with high genetic potential for number of embryos produced in vivo tend also to
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have high potential for number of embryos produced in vitro. Similarly, the moderately
high genetic correlation found between heifer and cow records indicates that a donor tend
to produce a comparable number of embryos as a heifer or as a cow. Considering the
estimated repeatabilities, the number of embryos should also be slightly repeatable over
subsequent treatments performed on the same donor. On the other hand, the service sires
seem not to play an important role on the total number of embryos produced by a donor,
no matter the technique used or the status of the donor at recovery. The number of viable
embryos seems to be slightly more influenced by the service sire.
The main limitations of this study were the relatively low number of donors with
records for both techniques, and the low number of donors with records as both a heifer
and a cow. As more data accumulates in the future, new analyses should validate the
current findings.
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Table 4.1. Number of records, number of donors, mean total number of embryos (NE)
and mean number of viable embryos (VE) for different techniques and donors (standard
deviation)
No. records No. donors No. donors
Mean NE
Mean VE
in common1
In vivo
145,661
59,153
9.31 (7.29) 7.75 (5.98)
1,281
In vitro
5,310
1,714
8.07 (6.08) 4.13 (3.51)
Heifer
15,784
10,144
8.92 (6.40) 7.19 (5.16)
3,922
Cow
118,771
46,663
9.44 (7.42) 7.80 (6.09)
1
Number of overlapping donors between in vivo and in vitro datasets or between heifer
and cow datasets
Table 4.2. Genetic parameter estimates for total number of embryos (NE) and number of
viable embryos (VE) for different techniques and donors (SE in parentheses; SE was not
available for repeatability of the donor)
Trait
𝒉𝟐𝒅
𝒓𝒅
𝒉𝟐𝒔𝒔
NE 0.145 (0.007) 0.007 (0.001)
0.240
In Vivo
VE 0.136 (0.007) 0.014 (0.002)
0.230
0.347
In Vitro NE 0.188 (0.033) 0.007 (0.005)
VE 0.187 (0.034) 0.049 (0.010)
0.299
NE 0.160 (0.017) 0.001 (0.001)
0.268
Heifer
VE 0.135 (0.016) 0.003 (0.002)
0.234
NE 0.158 (0.008) 0.009 (0.001)
0.251
Cow
VE 0.146 (0.007) 0.017 (0.002)
0.240
2
2
hd is the heritability of the donor, hss is the heritability of the service sire and rd is the
repeatability of the donor
Table 4.3. Genetic correlations (SE in parentheses) between techniques for total number
of embryos (above the diagonal) and number of viable embryos (below the diagonal)
In vivo
In vitro
Donor
In vivo
In
vitro

Donor
Service sire
Donor
Service sire

-0.061 (0.078)
0.634 (0.091)
0.355 (0.137)

Service sire
-0.116 (0.085)
0.151 (0.139)
-0.412 (0.130)
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Donor
0.848 (0.068)
-0.117 (0.147)
0.109 (0.195)

Service sire
-0.042 (0.289)
-0.266 (0.299)
-0.088 (0.359)

Table 4.4. Genetic correlations (SE in parentheses) between donor status for total number
of embryos (above the diagonal) and number of viable embryos (below the diagonal)
Heifer
Cow
Donor
Heifer
Cow

Donor
Service sire
Donor
Service sire

0.405 (0.256)
0.723 (0.054)
-0.014 (0.107)

Service sire
0.010 (0.388)
0.005 (0.243)
0.646 (0.245)
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Donor
0.788 (0.046)
-0.085 (0.370)
0.001 (0.083)

Service sire
-0.101 (0.109)
0.315 (0.404)
-0.086 (0.089)

Chapter 5
GENOME-WIDE ASSOCIATION STUDY AND FUNCTIONAL ANALYSIS OF
THE NUMBER OF EMBRYOS PRODUCED BY CANADIAN HOLSTEIN
DONORS

ABSTRACT
Superovulation or ovum pick-up and in vitro fertilization (OPU-IVP) are technologies
used to produce an increased number of embryos from elite females. Embryo production
traits have been shown to be heritable, but the genes that cause this variability have not
yet been assessed. The main objectives of this study were to perform a genome-wide
association study (GWAS) in order to find SNPs associated with embryo production traits
and to identify candidate genes affecting the number of embryos produced by Holstein
donors in Canada, which could provide insight into the regulation of embryo production.
Breeding values (EBV) were estimated and de-regressed for all donors and sires, using a
dataset of 150,971 records of superovulation or OPU-IVP. A total of 11,607 animals were
genotyped, but of that number only 5,118 were genotyped with at least a 50K panel and
had a reliability of de-regressed EBV of at least 10%. For the GWAS, 606,406 imputed
SNPs on 29 autosomal chromosomes were considered after applying quality control
measures. A single SNP univariate mixed linear model was used to perform the GWAS
and false discovery rate at 5% level was applied to adjust for multiple testing. There were
36 and 14 significant SNPs associated with the total number of embryos (NE) and the
number of viable embryos (VE), respectively, with most of them located on chromosome
11. Using these significant SNPs, genes located within 100,000 base pairs of the SNPs
were retrieved and analyzed using the Blast2GO software. There were 42 and 15 genes
within or near to the significant SNPs for NE and VE, respectively. Gene Ontology (GO)
analysis was performed and biological pathways involved with embryo production traits
were retrieved. Ten significantly enriched pathways were found for NE, with two of them
also being significant for VE. The arachidonic acid metabolism pathway, in which
PTGS1 gene was involved, was of particular interest considering its role in
prostaglandins production. Oxidative phosphorylation pathway and the SDHB gene were
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also important, considering their ATP producing role necessary for the development of
preimplantation embryos. Other key regulator genes were identified, such as DENND1A,
LHX6, POLA2, NDUFA8, RMB18 and TTLL11. This study provided a list of potential
candidate genes with functional SNPs related to the number of embryos produced by a
donor. This list will need to be validated in an independent population to confirm the role
of the genes for embryo production.
Key words: GWAS, candidate gene, embryo production, Holstein

INTRODUCTION
Assisted reproductive technologies, such as superovulation and ovum pick-up and
in vitro production (OPU-IVP) of embryos, are frequently used in the Canadian dairy
industry to produce more offspring from elite donor cows. The technical aspect of
embryo production in dairy cattle has been described by many authors around the world,
but the genetic and genomic aspect of it has still to be discovered. The number of
embryos produced by a donor is moderately heritable in Holstein dairy cattle (Jaton et al.,
2016a), so that it could be possible to genetically select donors that would produce more
embryos. Moreover, finding genes that impact embryo production traits may also help
with the selection of donors that would respond well to superovulation or OPU-IVP.
Genome-wide association studies (GWAS) have been performed for fertility traits in
dairy cattle, however very few studies have performed a GWAS for traits related to
embryo production, using a large dataset. Some studies have used a candidate gene
approach to investigate the association of specific genes and embryo production traits in
Holstein donors. Some significant single nucleotide polymorphisms (SNP) on the
follicle-stimulating hormone receptor (FSHR) gene were found to be associated with the
total number of ova and the number of transferable embryos produced by donors (Yang et
al., 2010). Another study indicated that some SNPs in the FSHR gene could help to
identify good and bad donors (Cory et al., 2012). Significant SNPs on the gonadotropinreleasing hormone receptor (GNRHR) gene were also found to be significantly associated
with the number of degenerated embryos, the number of transferable embryos and the
total number of ova produced by the Holstein donors (Yang et al., 2011). One SNP
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located in the insulin-like growth factor 1 receptor (IGFR1) gene was significantly
associated with the total number of ova (Yang et al., 2013). The authors indicated that
this SNP could be a potential marker to select donors, but that it should be validated in a
larger population (Yang et al., 2013). Similarly, one SNP on the glutamate receptor
AMPA 1 (GRIA1) gene was reported to influence the number of ova and embryos
collected in superovulated donors (Sugimoto et al., 2010). However, in all cases, few
donors were used, which constitutes an important limitation.
The main objectives of this study were: 1) to perform a genome-wide association
study in order to find SNPs associated with embryo production traits using a large dataset
of 11,607 genotyped animals; and 2) to perform functional studies to identify potential
key regulator genes as candidate genes affecting the number of embryos produced and to
retrieve the biological pathways and mechanisms linked to the number of embryos
produced. This study should provide insight into the regulation of embryo production.

MATERIALS AND METHODS
Data
A dataset containing all superovulation or OPU-IVP procedures performed over
the last 35 years was provided by Holstein Canada (Brantford, ON; www.holstein.ca).
This dataset was used in our previous studies (Jaton et al., 2016a; 2016b), and the same
edits were performed. After editing, 150,971 records from 59,586 donors were
considered for the analysis, with one record corresponding to one superovulation or
OPU-IVP procedure performed on one donor.
Traits. The two embryo production traits that were analyzed from the dataset
provided were the total number of embryos (NE) and the number of viable embryos (VE)
per procedure. The difference between them is that VE does not include degenerated or
dead embryos recovered.
Pedigree. An animal pedigree file was generated by tracing the pedigrees of the
genotyped donors back to 1950.
83

EBV. Genetic parameters and estimated breeding values (EBV) for both embryo
traits were estimated from univariate analyses as described by Jaton et al. (2016a).
Breeding values from natural logarithmic transformation were considered for the GWAS.
Overall, 63,482 donors and their sires had EBV available for both traits. EBVs were deregressed using a simplified method for de-regression (VanRaden and Sullivan, 2010).
Animals with a reliability of de-regressed EBV lower than 10% for both traits were not
considered for further analysis.
Genotypes and imputation. Genotypes were available for 11,607 donors and sires
that had de-regressed EBV. Of that number, 6,734 animals were genotyped with at least a
50K SNP panel and all those were imputed to high density genotypes using the FImpute
software (Sargolzaei et al., 2014). After accounting for the reliability threshold, 5,118
individuals (905 males and 4,213 females) were considered for further analyses of the NE
and the VE, respectively.
Genome-wide Association Study
Quality control. Quality control analysis was performed including the exclusion
of SNPs having a minor allele frequency lower than 1%, a call rate lower than 90%, an
excess of heterozygosity higher than 15% and a Mendelian error larger than 5%. The
SNPs that were out of Hardy-Weinberg equilibrium with very low probability (1 x 10 -8)
and the individuals with a call rate lower than 90% were also excluded. Parentage
verification was performed on genotyped parent-progeny and there were no parentage
conflicts. Overall, 734,077 SNPs on 29 autosomal chromosomes were considered for the
association analysis prior to applying quality control measures.
Method. A single SNP univariate mixed linear model was used to perform the
GWAS using the snp1101 software (Sargolzaei, 2014). Considering that there was a large
variation in the reliabilities of the de-regressed EBV, the mixed model equations were
weighted by reliabilities. In order to account for population structure, an animal random
effect was fit in the model with (co)variance structure based on the genomic relationship
matrix (G). The model was:
𝑦 = 𝜇 + 𝑊𝑏 + 𝑍𝑔 + 𝑒,
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where y is a vector of de-regressed EBVs for either NE or VE; 𝝁 is the overall mean; 𝒃 is
a vector of fixed effects including the SNP effect; 𝒈 is a vector of animal random effect;
𝒆 is a vector of random residuals; and 𝑾, and 𝒁, are the corresponding incidence
matrices relating 𝑦 to 𝑏 and 𝑔, respectively.
Random effects were assumed to be normally distributed with means equal to zero
and covariance structure equal to:
𝐺𝜎𝑔2
𝑔
𝑉𝑎𝑟 [ ] = [
𝑒
0

0
],
𝐼𝜎𝑒2

where 𝜎𝑔2 and 𝜎𝑒2 are the SNP and residual variances, respectively.
Quantile-quantile (Q-Q) plot and inflation factor (λ) were used to assess the
distribution of expected and observed SNP p-values. Q-Q plot is a common graphical tool
to examine bias in test statistics mainly due to population structure. λ is calculated as the
median of the χ2 test statistics divided by its theoretical median under the null distribution
(Devlin and Roeder, 1999). The expected value of λ is 1, which indicates no bias in test
statistics.
Correction for multiple-testing. In order to adjust for multiple testing, false
discovery rate (FDR) at the genome-wise level was controlled at 5% level (Benjamini
and Hochberg, 1995). SNPs were considered to be significantly associated with the traits
if they were above the 5% FDR significance level.
Linkage disequilibrium. Pairwise linkage disequilibrium (LD) of significant
SNPs was also estimated in snp1101 software to see whether close markers were showing
the effect of the same or of different genes. LD was measured using r2, “which
corresponds to the squared correlation of the alleles at 2 loci” (Sargolzaei et al., 2008).
SNPs were grouped together if strong LD was found (r2 > 0.80), since “tightly linked
markers (usually in strong LD) might provide redundant information because they might
be located on the same gene” (Sargolzaei et al., 2008).
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Functional Analysis
Significant SNP at 5% FDR were mapped to the nearby genes using the bovine
genome

assembly

UMD3.1

(release

84)

available

at

http://ensembl.org/Bos_taurus/Info/Index. Genes located within the SNPs or within a
distance of 100,000 base pairs (bp) on each side of the SNPs were considered as a
starting list for the functional analysis.
Gene Ontology (GO) analysis was performed taking into account the three GO
categories (biological process, molecular function and cellular component) using
Blast2GO software (Götz et al., 2008). Bos Taurus coding sequences, from the list of
genes located within the SNPs or within a distance of 100,000 bp, were downloaded from
the

ENSEMBL

biomart

martview

application

(http://www.ensembl.org/biomart/martview). These sequences were annotated with
blastx and the Blast2GO mapping and GO annotation routines (Conesa and Götz, 2009).
GO significance levels were computed following Fisher’s exact test for multiple testing
in Blast2GO.
Blast2GO was also used to examine associated biological pathways involved in
the list of genes located within the SNPs or within a distance of 100,000 bp using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) to identify the metabolic pathways
involved for the significant enzymes found (Cánovas et al., 2013; Li et al., 2016).

RESULTS AND DISCUSSION
Genome-wide Association Study
After accounting for quality control criteria, 606,406 SNPs were considered for
NE and VE. The Q-Q plots are presented for both traits in Figures 5.1 a) and b). The
values of λ for both traits suggested that there was no bias in test statistics. After
accounting for multiple comparisons, a total of 36 and 14 SNPs were significantly
associated at 5% FDR level with the NE and the VE, respectively. Figures 5.2 and 5.3
show the distribution of the significant SNPs for embryo production traits across the 29
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chromosomes. For both traits there was a major peak on chromosome 11 and the majority
of the significant SNPs were located on that chromosome.
For NE, 26 of the significant SNPs (26 out of 36 SNPs) were located on
chromosome 11, while the other significant SNPs were located on chromosomes 2 (3 out
of 36 SNPs), 25 (3 out of 36 SNPs) and 29 (4 out of 36 SNPs). For VE, all 14 significant
SNPs were located on chromosome 11. All those SNPs had a pleiotropic effect on NE
and VE. This was expected since the two traits considered in this study are highly
genetically correlated as reported in a previous study (Jaton et al., 2016a). For both traits,
SNPs that were in strong LD were grouped together because they might be capturing the
effect of the same gene. In most cases SNPs that were close to each other were grouped
together, but that was not always the case. Therefore, the level of LD was a better
indicator for knowing which SNPs might be linked to the same gene. All significant
groups of SNPs for NE and VE are listed in Tables 5.1 and 5.2, respectively, with their
level of LD.
No studies have shown GWAS results specifically for embryo production traits.
However, considering that embryo production is a fertility trait, GWAS of other fertility
traits in Holstein were reviewed (Kolbehdari et al., 2008; Huang et al., 2010; Berry et al.,
2012; Minozzi et al., 2013) to see if common significant SNPs could be found between
fertility traits and embryo traits. No common SNPs were significant between fertility
traits and embryo traits. Moreover, none of the GWAS done for dairy cattle fertility traits
have shown a significant peak in the same region as our most significant peak on
chromosome 11. This could indicate that the number of embryos produced by Holstein
donors and other fertility traits of Holstein females are possibly regulated by different
genes.
From the structural analysis (GWAS), we identified significant SNPs for both
traits. Genes located within or near to (100,000 bp) those SNPs were listed for NE and
VE, to be used in the functional analysis. For NE, 42 genes were found within or near to
(100,000 bp) the significant SNPs, whereas only 15 were found for VE. Those 15 genes
were a subset of the genes found for NE.
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Functional Analysis
Gene Ontology Analysis. The coding sequences for all genes that had significant
SNPs located within them or within a distance of 100,000 bp were downloaded from
ENSEMBL biomart martview application. For both traits, most genes had one coding
sequence. However for NE, 3 genes had no coding sequence available (5S_rRNA, btamir-2407, SNORA5) and 3 other genes had two coding sequences (LHX2, POLA2,
CRB2). Therefore, 42 and 15 coding sequences were submitted to Blast2Go for NE and
VE, respectively. The coding sequence of MORN5 gene was unsuccessfully mapped in
Blast2Go for both traits, so 41 and 14 coding sequences were used to retrieve GO terms
associated with embryo production for NE and VE, respectively.
Figures 5.4 and 5.5 show the most significant GO terms (p <0.001) in biological
process (A), molecular function (B) and cellular component (C) GO category for NE and
VE, respectively. Very similar GO terms were found for both traits. In this context, the
biological process GO category included cellular protein, peptide and cellular amide
metabolic process, macromolecule and organonitrogen compound biosynthetic process
and gene expression among GO terms significantly enriched for both NE and VE traits.
Some of the most interesting biological processes with regard to embryo production
were: embryo development, cell morphogenesis and cell differentiation. Additionally, a
variety of biological processes related to intracellular transport and single-organism
transport was also present in the list of most significant GO terms in NE (Figure 5.4A).
Concerning the molecular function GO category, ion binding, organic cyclic and
heterocyclic compound binding and oxidoreductase activity were among the most
significant GO terms in both NE and VE traits. Oxidoreductases are enzymes that
catalyze an oxidation-reduction reaction and that are involved in various pathways, some
of which were significantly enriched in this study, namely the oxidative phosphorylation
pathway (Thompson et al., 1996) and the arachidonic acid metabolism pathway
(Kanehisa and Goto, 2000; Kanehisa et al., 2016). Both pathways are explained more
thoroughly in the next section. Held et al. (2012) described that the oxidoreductase
activity was a significant molecular function comparing the transcriptome fingerprint of
2-cell blastomeres, 4-cell blasomeres and blastocysts bovine embryos suggesting that it
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could be partly responsible for developmental competence. The cellular component GO
classification indicated that most genes encoded cytoplasm, intercellular membranebounded organelle and cytoplasmic part, as shown in Figures 5.4C and 5.5C.
Biological Pathways. Associated biological pathways involved in the list of genes
located within the significant SNPs or within a distance of 100,000 bp were also
examined. Six different enzymes in 10 biological pathways were significantly enriched
for NE as presented in Table 5.3. Pathways involved in arachidonic acid metabolism,
citrate cycle (TCA cycle), oxidative phosphorylation, purine metabolism and pyrimidine
metabolism were amongst the most significant pathways with functions involved in
embryo development and survival. In addition, biosynthesis of antibiotics, butanoate
metabolism, carbon fixation pathways in prokaryotes, phenylpropanoid biosynthesis,
porphyrin and chlorophyll metabolism pathways were also on the top of the list (Table
5.3). Two of those pathways, the arachidonic acid metabolism pathway and
phenylpropanoid biosynthesis, were also significant for VE. The main difference between
the number of pathways significantly enriched from both traits comes from the fact that
the SNP nearby SDHB gene was not significant for VE at the 5% FDR significance level.
The arachidonic acid metabolism pathway that was significant for both NE and
VE traits is of particular interest for embryo production. The enzyme that was
significantly enriched in this pathway is prostaglandin-endoperoxide synthase. This
enzyme is responsible for the conversion of arachidonic acid into prostaglandin G2
(PGG2) and the reduction of PGG2 into prostaglandin H2 (PGH2), which is a precursor
of various forms of prostaglandins (PGs) (Needleman et al., 1986; Kanehisa and Goto,
2000; Kanehisa et al., 2016), such as PGE2 and PGF2α (Arosh, 2002; Lee et al., 2007; Li
et al., 2012). PGs play an important role in female reproduction, considering their impact
on ovulation, fertilization, implantation and parturition, among other functions (Wang et
al., 2002; Gauvreau et al., 2010; Saint-Dizier et al., 2011). PGF2α is known to be
responsible for luteolysis and ovulation of the oocyte (Ball and Peters, 2004; Kim et al.,
2014), and this hormone is used in superovulation protocols to cause the regression of the
corpus luteum and to induce ovulation of the recruited follicles (Ball and Peters, 2004;
Mapletoft, 2006; Moore and Thatcher, 2006). The enzyme is coded by two genes,
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prostaglandin-endoperoxide synthase 1 (PTGS1,

also

known as COX1)

and

prostaglandin-endoperoxide synthase 2 (PTGS2 also known as COX2) (Gauvreau et al.,
2010; Torres et al., 2015). The PTGS1 gene was significantly enriched in this study as
shown in Table 5.3. The PTGS1 gene is constitutively expressed in all tissues and was
reported to have more of a housekeeping function (Asselin et al., 1997; Wang et al.,
2002). However, other studies described that PTGS1 gene plays a main role in the
oviduct epithelial cells, which is where fertilization and early embryonic development
naturally take place (Gauvreau et al., 2010). On the other hand, PTGS2 is inducible and is
expressed in response to the luteinizing hormone (LH) surge responsible for ovulation
(Shrestha et al., 2015) and as part of an inflammation response (Wang et al., 2002) for the
induction of PG production (Asselin et al., 1997). It has been presumed that human and
embryos can synthetize PGs during the preimplantation period through PTGS1 and
PTGS2 genes, with PTGS1 being essentially expressed in the early stage of development
and PTGS2 being mainly expressed in eight-cell stage and later (Wang et al., 2002).
There is also evidence of PG production by bovine embryos produced in vivo and in vitro
(Torres et al., 2015). Moreover, in dairy cattle, PTGS2 was reported to be involved in
blastocyst expansion and developmental of embryos, but not PTGS1 (Saint-Dizier et al.,
2011). The presence of high concentrations of PGF2α has been reported to have a
negative effect on embryo development (Kim et al., 2014). Considering that we found
some association between PTGS1 gene and NE and VE, we hypothesize that the basal
level of PGs produced by this gene could affect the developmental competence of the
oocytes, therefore affecting the number of embryos produced by a donor.
The oxidative phosphorylation pathway is part of the electron transfer chain that
takes place in mitochondria (St. John et al., 2010). This pathway is very important for
embryo production since it is responsible for the majority of the production of ATP
needed for development of the preimplantation embryo (Thompson et al., 1996; St. John
et al., 2010; Gad et al., 2011). For embryos produced in vitro, 92 to 95% of the ATP is
produced by oxidative phosphorylation until the compact morula stage and, after that,
still 82% of ATP is produced by this pathway to support the developmental stage
(Thompson et al., 1996). Similar values were found for blastocyst stage embryos
produced in vivo (Thompson et al., 1996). Some studies have already reported this
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pathway to be involved in preimplantation development (Held et al., 2012) and to be
significantly associated with fresh bovine embryo produced in vitro (Aksu et al., 2012)
and with in vivo-derived blastocysts and slow-dividing in vitro-derived blastocysts
(Milazzotto et al., 2016). Oxidative phosphorylation was also a dominant pathway for
blastocyst stage embryos produced by superovulated heifers (Gad et al., 2011).
The citrate cycle (TCA cycle) pathway is also part of the electron transfer chain
and is closely related to the oxidative phosphorylation pathway considering that it
produces the energy precursors that are necessary for the production of ATP. In the first
step of the TCA cycle, acetyl coenzyme A and oxaloacetate are transformed into citrate
by citrate synthase, for which a study found transcripts for bovine embryos of 1-cell to
blastocyst stage (Winger et al., 2000). The butanoate metabolism pathway is associated
with TCA cycle as presented in KEGG (Kanehisa and Goto, 2000; Kanehisa et al., 2016).
The purine and pyrimidine metabolism pathways both had the DNA polymerase
enzyme significantly enriched for NE. The purine metabolism pathway has been reported
to be significantly up-regulated for the in vitro production of vitrified bovine embryos
(Aksu et al., 2012), whereas the pyrimidine metabolism pathway was reported to be
down-regulated for the production of rats embryos (Kedia-Mokashi et al., 2011).
Anti-Müllerian Hormone. Numerous studies in dairy cattle have shown an
association between the number of embryos produced and serum levels of anti-Müllerian
hormone (AMH) of the donors (Rico et al., 2009, 2012; Monniaux et al., 2010; Guerreiro
et al., 2014; Souza et al., 2015). AMH is mainly expressed in granulosa cells of small
antral follicles (Rico et al., 2009, 2012; Monniaux et al., 2010), and its serum
concentration is an indicator of the ovarian follicular reserve (Fong et al., 2008; Guerreiro
et al., 2014; Peluso et al., 2014). AMH modulates the sensitivity of growing follicles to
FSH (Fong et al., 2008; Guerreiro et al., 2014), therefore regulating the number of
growing follicles that can eventually ovulate and preventing premature depletion of
follicular reserve (Guerreiro et al., 2014; Peluso et al., 2014; Souza et al., 2015). With
aging, the number of antral follicles of a female decreases (Peluso et al., 2014), therefore
decreasing AMH concentration in the serum (Fong et al., 2008).
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It has been shown that AMH concentration had a large variability between
individuals, but a high repeatability within individuals (Rico et al., 2012). This is why
plasma AMH is known to be a useful and reliable predictor of the number of embryos
produced in vitro (Guerreiro et al., 2014), in vivo (Rico et al., 2009; Monniaux et al.,
2010; Souza et al., 2015) or using either technique (Rico et al., 2012). Cows that have
high AMH concentrations usually respond well to superovulation treatment (Rico et al.,
2009; Souza et al., 2015) and have increased fertility (Ribeiro et al., 2014). AMH is also
widely used in human reproduction centers, because it is considered as the best biomarker
to predict ovarian stimulation response prior to the start of a treatment (Peluso et al.,
2014).
Biological pathways associated with AMH were retrieved from KEGG (Kanehisa
and Goto, 2000; Kanehisa et al., 2016), namely cAMP signaling pathway, cytokinecytokine receptor interaction, TGF-beta signaling pathway and Hippo signaling pathway.
The cAMP signaling pathway is linked with the olfactory transduction pathway.
Considering that we had significant SNPs located in genes part of the olfactory family
(i.e. OR1L3 and OR1L8), with one of them (OR1L3) even being involved in the olfactory
transduction pathway, it would be interesting to further investigate the link between
AMH and embryo production.
Key Regulator Genes
Using the genetical genomics concept with the idea of integrating structural and
functional genomic data, results from the gene ontology analysis and biological pathways
(functional analysis) were integrated with the results from the structural analysis
(GWAS) to create a list of key regulator genes that could help explain why some donors
produced more or less embryos from superovulation or OPU-IVP.
The main candidate gene that was found is prostaglandin-endoperoxide synthase 1
(PTGS1) gene. This gene was near two of the most significant SNPs in the GWAS for
both NE and VE and was also involved in two significant metabolic pathways from the
functional analysis. As discussed before, this gene enables the production of different
form of PGs (Arosh, 2002; Lee et al., 2007; Li et al., 2012) via the arachidonic acid
metabolism pathway. In humans, SNPs within PTGS1 gene were identified and the
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authors suggested that they could significantly influence the PG biosynthesis of the
individual carriers (Lee et al., 2007).
Succinate dehydrogenase complex subunit B (SDHB) gene was found to be
significant in five of the significant pathways for NE (Table 5.3). This gene is one of four
protein subunits that is part of Complex II in the electron transport chain (Pawlu et al.,
2005), so it is involved in pathways that are responsible for ATP production, such as
oxidative phosphorylation and TCA cycle (Table 5.3). As presented earlier, ATP
production is essential for the development of preimplantation embryos. However, no
study has shown the direct impact of SDHB on embryo production.
Polymerase alpha 2 accessory subunit (POLA2) was the significantly enriched
gene in the purine and pyrimidine metabolism pathways. No studies have identified this
DNA remodeling gene to be associated with embryo production. However, one study
performed in mouse reported POLA2 to be one the gene specifically expressed in
embryonic stem cells and embryonic germ cells (Sharov et al., 2003).
Twelve out of the 33 most significant SNPs for both NE and VE were grouped
together and were near 5 genes, 4 of which had their coding sequence successfully
mapped in Blast2GO: TTLL11 (tubulin tyrosine ligase-like like11), NDUFA8
(NADH:ubiquinone oxidoreductase subunit A8), LHX6 (LIM homeobox 6) and RBM18
(RNA binding motif protein 18). Among them, TTLL11 gene was found to be involved in
the polyglutamylation of microtubules, which are the main components of the
cytoskeleton (van Dijk et al., 2007). It was reported that the regulation of the remodeling
of the cumulus cell cytoskeleton is important for oocyte developmental competence
(O’Shea et al., 2012). Bovine NDUFA8 protein is a subunit of NADH dehydrogenase
(Triepels et al., 1998), which, as part of the electron transport chain, regulates energy
metabolism (Held et al., 2012) and has been associated with decreased developmental
competence in oocytes (O’Shea et al., 2012). Moreover, NDUFA8 gene is part of the
significantly enriched oxidative phosphorylation pathway, which is very important for
embryo production since it is responsible for the majority of the production of ATP
needed for development of the bovine embryo (Thompson et al., 1996). Studies
performed on mouse demonstrated that LHX6 gene plays a key role in the differentiation
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and maturation of neurons and interneurons in later stages of embryogenesis of mammals
(Flandin et al., 2011; Neves et al., 2013). In humans, the expression of LHX6 was
identified between 8 and 20 weeks of gestation in the developing cerebral cortex
(Jakovcevski et al., 2011). We have not found a clear role of LHX6 relating to embryo
production and no information was found for RBM18.
DENN/MADD domain containing 1A (DENND1A) gene was located close to 4
significant SNPs for NE, two of which were within the gene. The DENND1A gene is
known to be one of the main candidate genes for polycystic ovary syndrome (PCOS) in
women, considering that it has been identified in different human populations (McAllister
et al., 2014). PCOS is associated with several reproduction problems such as anovulation
and infertility, and is also characterized by an arrest of follicular development because
ovarian theca cells secrete excessive amounts of androgen (McAllister et al., 2014).
DENND1A gene was reported to be highly expressed in PCOS theca cells compared to
normal theca cells, supporting its causal role on PCOS (McAllister et al., 2015). In cattle,
cystic ovarian follicles (COF) are also well known to affect fertility. However, the level
of androgen seems to be not influenced by COF in cattle (Eyestone and Ax, 1984). No
studies have specifically looked at the effect of DENND1A gene for cattle COF.

CONCLUSIONS
This first genome-wide association study for embryo production traits in Canadian
Holstein cattle found significant SNPs associated with the total number of embryos and
the number of viable embryos produced by donor. The SNPs were mainly located on
chromosome 11 for both traits. The GWAS provided a list of genes located within or
nearby the significant SNPs and a functional analysis identified significant pathways
associated with embryo production traits. Using the genetical genomics concept, the
structural and functional data were integrated to provide a reduced list of key regulator
genes. The gene encoding PTGS1 and its significantly enriched biological pathway
(arachidonic acid metabolism) were of particular interest considering their role in
prostaglandins production. The SDHB gene and the oxidative phosphorylation pathway
were also important, considering their ATP producing role necessary for the development
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of preimplantation embryos. Other key regulator genes were identified, such as
DENND1A, LHX6, POLA2, NDUFA8, RMB18 and TTLL11. Therefore, this study
provided a list of potential candidate genes with functional SNP related to the total
number of embryos and the number of viable embryos produced by a donor. This list will
need to be validated in an independent population to confirm the role of the genes for
embryo production.
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Table 5.1. Significant genomic regions and SNPs associated with the total number of
embryos and genes within or near (within 100k bases) them
Chr

position

2

135058874

Number
of SNPs

LD

Ensembl ID of nearby
genes

1

-

-

(Associated
gene name)

2

136046772 - 136054277

2

0.97

ENSBTAG00000002138
ENSBTAG00000003403
ENSBTAG00000008314
ENSBTAG00000043637

11

92918581 - 92923944

3

0.96

ENSBTAG00000004295 NDFUA8
ENSBTAG00000012827 TTLL11

11

11

11

92945507-93001869

93003390 - 93040763

93210706

12

4

PADI1
PADI2
SDHB
5S_rRNA

0.91 - 0.98

ENSBTAG00000004295
ENSBTAG00000004296
ENSBTAG00000005525
ENSBTAG00000012827
ENSBTAG00000016367

NDFUA8
MORN5
LHX6
TTLL11
RBM18

0.84 - 0.94

ENSBTAG00000004295
ENSBTAG00000004296
ENSBTAG00000005525
ENSBTAG00000012827
ENSBTAG00000016367
ENSBTAG00000047226

NDFUA8
MORN5
LHX6
TTLL11
RBM18
PTGS1
RBM18

-

ENSBTAG00000006716
ENSBTAG00000016367
ENSBTAG00000018426
ENSBTAG00000046018
ENSBTAG00000047226
ENSBTAG00000047610
ENSBTAG00000047693

PTGS1

DENND1A
CRB2
SNORA5

1

11

93306002

1

-

ENSBTAG00000006716
ENSBTAG00000037739
ENSBTAG00000038309
ENSBTAG00000038796
ENSBTAG00000046018
ENSBTAG00000046137
ENSBTAG00000047610
ENSBTAG00000047693

11

94525831

1

-

ENSBTAG00000003610
ENSBTAG00000014391
ENSBTAG00000044885
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OR1L8
OR1L3
OR1L8

OR1L8
OR1L8
OR1L8
OR1L8
OR1L3
OR1L8

11

94749669 - 95089593

3

0.82 - 1.00

ENSBTAG00000003610
ENSBTAG00000010990

DENND1A
LHX2
GARNL3
ANGPTL2
RALGPS1

11

97926706

1

0.86

ENSBTAG00000006948
ENSBTAG00000011810
ENSBTAG00000023843

25

41703966 - 41766398

3

0.89 - 0.92

ENSBTAG00000002474
ENSBTAG00000030757

MAD1L1
ELFN1

29

640897

1

-

ENSBTAG00000012010
ENSBTAG00000022960

PANX1
HEPHL1

29

896082

1

-

ENSBTAG00000002751
ENSBTAG00000003552

VSTM5
MED17

0.91

ENSBTAG00000002039
ENSBTAG00000003077
ENSBTAG00000003079
ENSBTAG00000005772
ENSBTAG00000008568
ENSBTAG00000010230
ENSBTAG00000010233
ENSBTAG00000011455
ENSBTAG00000032089
ENSBTAG00000044262

FRMD8
DPF2
TIGD3
SPDYC
SLC25A45
CAPN1
SLC22A20
POLA2
CDC42EP2
bta-mir-2407

29

44146673 - 44174197

2
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Table 5.2. Significant genomic regions and SNPs associated with the number of viable
embryos and genes within or near (within 100k bases) them
Chr

11

11

11

position

92945507-93001869

93210706

93306002

Number
of SNPs

LD

Ensembl ID of nearby
genes

(Associated
gene name)

12

ENSBTAG00000004295
ENSBTAG00000004296
0.91 - 0.98 ENSBTAG00000005525
ENSBTAG00000012827
ENSBTAG00000016367

PTGS1
RBM18

1

ENSBTAG00000006716
ENSBTAG00000016367
ENSBTAG00000018426
ENSBTAG00000046018
ENSBTAG00000047226
ENSBTAG00000047610
ENSBTAG00000047693
ENSBTAG00000006716
ENSBTAG00000037739
ENSBTAG00000038309
ENSBTAG00000038796
ENSBTAG00000046018
ENSBTAG00000046137
ENSBTAG00000047610
ENSBTAG00000047693

PTGS1

-

1

-
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NDFUA8
MORN5
LHX6
TTLL11
RBM18

OR1L8
OR1L3
OR1L8

OR1L8
OR1L8
OR1L8
OR1L8
OR1L3
OR1L8

Table 5.3. Significantly enriched pathways and their significantly associated enzymes
and genes for total number of embryos1
Pathway

Enzyme

Gene

Arachidonic acid metabolism*

Prostaglandin synthase

PTGS1

Biosynthesis of antibiotics

Dehydrogenase

SDHB

Butanoate metabolism

Dehydrogenase

SDHB

Carbon fixation pathways in prokaryotes

Dehydrogenase

SDHB

Citrate cycle (TCA cycle)

Dehydrogenase

SDHB

Oxidative phosphorylation

Dehydrogenase, Reductase

NDUFA8, SDHB

Phenylpropanoid biosynthesis*

Lactoperoxidase

PTGS1

Porphyrin and chlorophyll metabolism

Ceruloplasmin

HEPHL1

Purine metabolism

DNA polymerase

POLA2

Pyrimidine metabolism

DNA polymerase

POLA2

Significance levels were computed following Fisher’s exact test for multiple testing in
Blast2GO.
* Pathway also significantly enriched for number of viable embryos
1
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λmedian 1.0670

λmean 1.0558

a)

λmedian 1.0444

λmean 1.0381

b)

Figure 5.1. Q-Q plot for a) total number of embryos and b) number of viable embryos
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Figure 5.2. Manhattan plot for total number of embryos

Figure 5.3. Manhattan plot for number of viable embryos
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Figure 5.4. Gene ontology terms associated with a) biological processes, b) molecular
function, and c) cellular component for the total number of embryos
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Chapter 6
GENETIC ANALYSIS FOR QUALITY OF FROZEN EMBRYOS PRODUCED
BY HOLSTEIN CATTLE DONORS IN CANADA

ABSTRACT
The number of embryos produced by Holstein donors has been shown to be heritable, so
it could be possible to genetically select for this trait in order to improve the efficiency of
the assisted reproductive technology (ART) in dairy cattle. Another important parameter
to consider for achieving good results from ART is embryo quality, since embryos of
good quality have more chance of producing live offspring. The possibility of using
genetic selection for increasing the quality of embryo produced from ART has yet to be
assessed. The objective of this study was, therefore, to perform a genetic analysis of
embryo quality of Holstein donors in Canada using data recorded by Holstein Canada.
The dataset used was missing quality score data for embryos transferred fresh into a
recipient, so the analyses were only performed for frozen embryos. With most traits in the
Canadian dairy industry being evaluated with linear models, embryo quality was also
evaluated with this class of models. However, considering the categorical nature of
embryo quality, a threshold model was also evaluated. Embryo quality data were
analyzed with either a univariate linear animal model or a univariate probit threshold
animal model. Genetic parameters estimated from the different models were comparable.
A low heritability was found for the donor (0.04 ± <0.01) and the service sire (0.02 ±
<0.01), but the repeatability estimate for the donor was higher (0.17), indicating that it
was worthwhile to use a repeated records model. Overall, considering the low genetic
parameters estimated, slow genetic progress is expected for the quality of frozen embryos
produced by Canadian Holstein donors. Rank correlations were calculated between
breeding values estimated from different models. High correlations were found between
all models, indicating that no substantial re-ranking of the animals is expected from the
different models. So, even though a threshold model is better suited for the analysis of
categorical data, a linear model could be used for the analysis of embryo quality since it
is less computationally demanding.
104

Key words: embryo quality, Holstein, genetic parameter, breeding value

INTRODUCTION
In dairy cattle, like in other species, the main goal of assisted reproductive
technologies (ART) is to produce more live offspring from elite animals in a short period
of time aiming to accelerate the genetic gain of a population. In order to improve ART,
two important parameters should be considered: the number of embryos produced and the
quality of those embryos. In the short term, improving the technical aspects of ART could
help produce more embryos of higher quality, but for a long-term improvement, genetic
selection might be considered. In a previous study it was shown that it is possible to
genetically select Holstein donors for increased embryo production (Jaton et al., 2016a).
However, the possibility of genetic selection for improving embryo quality has yet to be
assessed.
Embryos of higher quality usually have a higher chance of yielding a healthy
offspring after being implanted in a recipient (Bó and Mapletoft, 2013). The birth of the
offspring represents the ultimate assessment of embryo quality, but this implies a waiting
period of at least 9 months (Kanka et al., 2012). Therefore, other methods have been
developed to try to evaluate embryo quality at recovery to know which embryos should
be chosen for transferring in order to have a higher likelihood of getting a pregnancy
(Van Soom et al., 2003). Nowadays, the most practical way to do this, in a non-invasive
way, is based on the morphology of the embryos (Van Soom et al., 2003; Farin et al.,
2007; Kanka et al., 2012;). In Canada and around the world, embryo quality is assessed
visually by certified practitioners that use the classification system of the International
Embryo Transfer Society (IETS) (Merton et al., 2003). In order to increase the uniformity
across practitioners worldwide, IETS provides standardized coding systems that can help
to assess the quality of the embryo at different stages of development (Bó and Mapletoft,
2013). Some of the factors that are considered for the morphological assessment of an
embryo include color, developmental stage, size, compaction, and the presence of cellular
debris (Van Soom et al., 2003; Bó and Mapletoft, 2013).
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The objective of this study was to estimate genetic parameters and breeding
values (EBV) for embryo quality using different statistical models in Canadian Holstein
donors.

MATERIALS AND METHODS
Data
The data was provided by Holstein Canada and contained all viable embryos
produced in Canada from 1980 to 2016, for a total of 1,334,414 records. This dataset was
complementary to the flushing dataset analyzed in a previous study (Jaton et al., 2016b).
Therefore, edits similar to Jaton et al. (2016b) were performed to include the same
150,971 superovulation and ovum pick-up and in vitro production of embryos (OPUIVP) procedures. A total of 1,150,558 viable embryos were left after matching both
datasets. These embryos were produced between January 1992 and January 2016 by
59,586 donors across Canada.
Around 36% of retained embryos were transferred fresh into a recipient and 64%
were frozen after recovery. Key information was missing for the fresh embryos, namely
the quality and the stage of development. Therefore, only frozen embryos were
considered for further analysis. Moreover, additional edits were performed to only keep
regular embryos, with complete information. Consequently, all embryos that were
biopsied, divided or produced by nuclear transfer were excluded from the dataset.
Veterinarians assessed the quality of the embryo with a score between 1 and 4, as
suggested by IETS. Considering that embryos scored 4 for quality (N = 160) were
considered to be dead or degenerating, they were excluded from the dataset. Three
quality scores were considered: 1 (excellent), 2 (good), and 3 (poor). In addition,
considering the low number of embryos of quality 3 (N = 4,932), these embryos were
grouped with quality 2 embryos for some analyses. The stage of development of the
embryo was scored on a linear 1 to 9 scale, as defined by IETS. A higher score
corresponds to a more developed embryo. Embryos with a developmental stage between
2 (2- to 12-cell) and 8 (hatched blastocyst) were included, while stages 1 (unfertilized; N
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= 253) and 9 (expanded hatched blastocyst; N = 54) were excluded. At recovery, the
embryos need to be washed with sterile media and trypsin, which is especially important
if the embryos are going to be exported (Farin et al., 2007). Nowadays, it is
recommended to wash the embryos 10 times with sterile media (Farin et al., 2007) and 2
times with trypsin for a total of 12 times washed. In the dataset, information about the
number of times the embryos were washed was known, but information about the
washing solution used was not available. The number of times the embryos were washed
was grouped into 4 classes: embryos that were washed less than 10 times; embryos that
were washed 10 and 11 times; embryos that were washed 12 times; and embryos that
were washed more than 12 times. The dataset also contained information about the zona
pellucida, which is a spherical layer that surrounds the embryo between the zygote and
blastocyst stage (Van Soom et al., 2003; Farin et al., 2007). In order for embryos to be
certified for export the zona pellucida must be intact. Records were excluded if
information about the number of times the embryo was washed or the zona pellucida
were missing.
The other information available was the service sire used for fertilization of the
oocyte, the year and month of embryo recovery, the clinic that recovered the embryo, the
age of the donor at recovery and the type of service, which indicates if embryos were
produced using superovulation or OPU-IVP. If superovulation was used, more details
were available about the person that performed the insemination, who could be the herd
owner or an AI technician. Only clinics with at least 100 viable embryos and only
embryos recovered between 1992 and 2015 were considered. Descriptive statistics of the
edited dataset is presented in Table 6.1. The final dataset consisted of 714,534 viable
embryos produced by 44,584 donors and 2,255 service sires.
A pedigree file containing 221,215 animals was generated by tracing the
pedigrees of the donors with records 7 generations back.
Models
In many countries, most traits considered for genetic selection of dairy cattle are
continuous and normally distributed so that they are analyzed using a standard linear
model (Meijering and Gianola, 1985). However, categorical traits, such as embryo
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quality, do not follow a normal distribution, so linear models may not be optimal for
genetic selection purposes of these traits (Gianola and Foulley, 1983; Harville and Mee,
1984; Meijering and Gianola, 1985). Therefore, other models, which are theoretically
better at describing the data, should be considered for the analysis of binomial or
multinomial traits (Hoeschele, 1988; Eaglen et al., 2012). In a threshold model, it is
usually assumed that the categorical trait results from an underlying continuous normal
distribution in which one or multiple thresholds create the observed distribution (Gianola,
1982; Gilmour et al., 1985; Van Tassell et al., 1998). This concept was first postulated by
(Wright, 1934) who analyzed the number of toes of Guinea pigs, which is a binomial
trait. Even though the threshold model is more appropriate for the analysis of categorical
data, it is computationally more demanding and complicated than the linear model
(Meijering and Gianola, 1985). For a given categorical trait, if the results from a
threshold and a linear model are comparable, it may be computationally easier to use a
linear model. Some studies have shown similar rankings of animals using either model
(Meijering and Gianola, 1985; Mayer, 1995), while other studies have shown a small
significant superiority of threshold models over linear models (Hoeschele, 1988).
Another way to analyze categorical data is to use the scoring procedure proposed
by Snell (1964), in which numerical scores for subjectively defined categories are
determined assuming the underlying trait follows a logistic distribution (Tong et al.,
1977; Gianola, 1982). This scoring procedure has been used for conformation and calving
ease traits in cattle (Tong et al., 1977).
Embryo quality data were analyzed with a univariate linear animal model with
either untransformed data or data transformed using the procedure of Snell (1964). A
second series of analyses was performed considering only 2 quality scores (1: excellent;
2: good or poor). This second set of data was analyzed using either a univariate linear
animal model or a univariate probit threshold animal model. Therefore, 4 distinct
analyses were performed:
1) Linear animal model with 3 quality scores (1: excellent; 2: good; 3: poor)
2) Linear animal model with transformed data using Snell procedure (1:
excellent; 2: good; 3: poor)
3) Linear animal model with 2 quality scores (1: excellent; 2: good or poor)
108

4) Probit threshold animal model with 2 quality scores (1:excellent; 2: good
or poor)
Data were analyzed in the DMU package (Madsen and Jensen, 2008) using either
a univariate linear mixed model in the AI-REML procedure or a univariate generalized
linear mixed model (GLMM) with a probit link function E(y) = Φ(λ), where Φ is the
normal cumulative density function and λ is a fitted value on the underlying normal scale.
Another model that could eventually be fitted is a multinomial threshold model.
However, it was not used in this study, since it is not possible to transform the heritability
estimates to the observed scale for this model, making comparison of genetic parameters
impossible.
The following model was applied for embryo quality:

y  X  Z d d  Z ss ss  Z pe pe  e

,

where y is the embryo quality; β is a vector of systematic fixed effects, including the
effects of age (as linear and quadratic covariate) nested within service type, year–month
of recovery, clinic–year of recovery, stage of development, number of times washed, and
the zona intact; d is a vector of random animal additive genetic effects of the donor cow;
ss is a vector of random animal additive genetic effects of the service sire; pe is a vector
of random permanent environmental effects of the donor; e is a vector of random
residuals; and X, Zd, Zss and Zpe are the corresponding incidence matrices.
Random effects were assumed to be normally distributed with means equals to
zero and covariance structure equal to:

 d   A d2
 ss  
A
Var     d , ss
 pe  0
  
 e   0

A d , ss
A ss2
0
0

0
0
2
I pe
0



,

2
I e 
0
0
0

2
2
2
2
where  d ,  ss ,  pe , and  e are donor, service sire, permanent environmental and

residual variances, respectively, and  d ,ss is the covariance between donor and service
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sire additive genetic effects. A and I are the additive genetic relationship and identity
matrices, respectively.
The fixed effects included in the models were tested for significance using the
HPMIXED procedure of SAS (SAS Institute, 2013) accounting for repeated records. All
effects tested were found highly significant (P<0.0001) by an F-test and were included in
the model.
Genetic parameters. For the linear model, heritability (𝒉𝟐 ) and repeatability (r),
were calculated as follow for the donor (d):



2
hd2   d2 /  d2  2 d ,ss   ss2   pe
  e2







2
2
rd   d2   pe
/  d2  2 d ,ss   ss2   pe
  e2



and for the service sire (ss):



2
hss2   ss2 /  d2  2 d ,ss   ss2   pe
  e2



For a threshold model, the heritability is obtained on the underlying scale and is
independent of the threshold value (Dempster and Lerner, 1950). For linear models the
heritability depends on the frequencies of the categories in the population (Gianola,
1982). In order to compare the genetic parameters from both models, heritabilities from
2
the binomial threshold model were transformed from the underlying ( hund
) to the
2
observed ( hobs
) scale using the equation proposed by Dempster and Lerner (1950) :
2
2
2
hobs
 hund
 zord
/  p  (1  p)

2
where p is the proportion of quality 1 embryos and zord
is the ordinate height of

the normal distribution at the threshold point corresponding to p.
Estimated Breeding Values. Spearman rank correlations between estimated
breeding values predicted from the four different models were calculated using the
CORR procedure of SAS (SAS Institute, 2013).
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RESULTS AND DISCUSSION
Descriptive Statistics
As stated earlier, 714,534 viable embryos were included in the analysis. The
distribution of embryo quality is presented in Table 6.1. The majority (86.2%) of
embryos were scored 1 (excellent), while 13.1% and 0.7% of embryos were scored 2
(good) or 3 (poor), respectively. This distribution was expected, since embryos of better
quality are usually chosen to be frozen over embryos of lower quality.
Year and Month of Recovery. The distribution of records and the percentage of
embryos for each quality score per year are presented in Figure 6.1a. The number of
frozen embryos produced in Canada has increased over the years, but now seems to have
reached a plateau at about 40,000 frozen embryos per year. The decreasing trend for 2015
only indicates that the dataset is not yet complete for that year. Overall, embryo quality
was stable over the years, with a slightly lower percentage of quality 1 embryos in years
1994 to 1996. Similarly, Figure 6.1b shows that embryo quality was also constant over
months, but we noticed a very slight decrease of excellent embryos in July and August,
months in which the temperature in Canada is the highest. It has been reported that heat
stress, that is well-known for affecting dairy cattle fertility, can also negatively affect
embryo quality (Sartori et al., 2010), which could explain the small decrease observed.
There was also a decrease in the number of records for summer months, which indicates
that less frozen embryos were produced during these months. When all embryos were
considered, even the ones implanted fresh, a similar decrease in the number of embryos
produced during the summer months was observed.
Clinic. There were 103 clinics included in the analyses and, as shown in Table
6.2, the number of records per clinic is very different from one clinic to the other. The
percentage of embryos in the different quality scores also varied greatly across clinics.
The clinics had between 47.6% and 99.7% of excellent embryos, between 0.3% and
52.3% of good embryos and between 0% and 7.3% of poor embryos.
Service Type. Very few embryos from this dataset were produced in vitro (0.96%)
as presented in Table 6.3. The percentage of excellent quality embryo was similar for all
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service type, but was slightly higher for embryo produced in vivo, for which insemination
was performed by the herd owner. Van Soom et al. (2013) reported in vivo derived cattle
embryos to have a better quality than in vitro produced embryos. This is also the case in
our study. However, the fact that we have very few in vitro records and that we only have
data for frozen embryos is a limitation that needs to be considered. Differences between
in vivo and in vitro derived embryos are expected, because the procedure can influence
the morphology of the embryo (Van Soom et al., 2003). It was reported that for in vitro
produced embryo the quality score is much more laboratory specific (Merton et al., 2003)
than for embryos produced in vivo. Therefore, it makes it more difficult to directly
compare the quality of embryos produced with different procedures.
Age of the Donor. The percentage of excellent quality embryos was slightly
higher for younger donors, while the percentage of poor quality embryos was slightly
higher for older donors (Figure 6.2). Figure 6.3 shows the distribution of excellent (Q1)
and good (Q2) quality embryos by the age of the donor within the service type. For
embryos produced in vivo there is a slight decrease of excellent quality embryos with the
aging of the donor. For in vitro produced embryos, there was no clear trend for embryo
quality with the age of the donor.
Stage. Figure 6.4 shows the variation of quality considering the stage of
development of the embryo at recovery. The percentage of embryos of excellent quality
was highest for stages 6 and 7. Most of the frozen embryos were of stages 4 (morula), 5
(early blastocyst) and 6 (blastocyst). For superovulation, the donors are synchronized so
that most of the embryos will be at those stages at recovery, because they usually yield
the highest pregnancy rates (Bó and Mapletoft, 2013). However, embryos are produced
from follicles that are of different sizes and stages when they are recruited during the
follicular wave (Merton et al., 2003), so it is expected to recover embryos at different
stages (Bó and Mapletoft, 2013). For OPU-IVP, more homogeneous embryos are
expected if repetitive sessions are performed on a donor (Merton et al., 2003).
Zona Pellucida Intact. The majority of the frozen embryos (94.3%) included in
this study had an intact zona pellucida. The embryos that did not have an intact zona
pellucida were on average of lower quality (Table 6.3).
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Number of Times Washed. As described earlier, it is recommended to wash the
embryos 12 times and this is in accordance with our dataset, given that 70.9% of the
embryos were washed 12 times. The percentage of embryos of excellent quality increased
with the number of times the embryos were washed (Table 6.3).
Genetic Parameters
Genetic parameters estimated for embryo quality are presented in Table 6.4.
Similar results were obtained for all models for this dataset. The heritability estimates for
the donor were low at 0.042 ± 0.004, 0.042 ± 0.004, and 0.038 ± 0.004 for linear models
1, 2, and 3, respectively. For model 4 (binomial) similar heritability of the donor was
found (0.034) after transformation from the underlying to the observed scale. These low
heritability estimates for the donor indicate that even though it could still be possible to
genetically select for increased embryo quality, rate of genetic progress for this trait
would be slow. The repeatability of the donor was higher at around 0.17 for all linear
models. This indicates that it is worthwhile to use a repeated records model, but it also
suggests that a donor is not expected to produce embryos of similar quality over
subsequent superovulation or OPU-IVP sessions. For the service sires, the heritability
were very low at 0.016 ± 0.001, 0.018 ± 0.002, and 0.020 ± 0.002 for models 1, 2, and 3,
respectively. For the binomial model, heritability of the service sire on the observed scale
was also very low (0.010), implying that the service sire has a limited genetic impact on
the embryo quality.
To our knowledge, there are no other studies that have estimated genetic
parameters for embryo quality. However, one study estimated the heritability of the
percentage of excellent quality of oocytes recovered by OPU session. Using a sire model
they found a heritability of 0.09 ± 0.02, which is slightly higher, but in the same range as
our estimate for the donor (Merton et al., 2009).
Estimated Breeding Values
Breeding values were estimated for all models for both the donors (N = 44,584)
and the sires (N = 3,140). The Spearman rank correlations between the EBV estimated
using different models for the all sires and for sires with at least 20 daughters are
presented in Table 6.5. In all cases, the highest correlations were between models 1 and
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2, which can be explained by the fact that 3 quality scores were used for both models and
that they were both linear. Similarly, for the binomial model, the highest correlation was
found with model 3, in which there were also 2 quality scores. Correlations between all
linear models were slightly higher than the correlations between the binomial and the
linear models.
Higher rank correlations were found when sires with at least 20 daughters were
considered. This was expected considering that these sires have more reliable EBVs.
Figure 6.5 shows the distribution of EBV obtained from models 2 and 4 for sires with at
least 20 daughters. This figure indicates that substantial re-ranking of the animals is not
expected using the different models for quality of frozen embryos.
The linear model with 2 quality scores had the highest EBV correlation with the
threshold model and required no additional data transformation. Therefore, it should be
considered for the genetic evaluation of embryo quality. A threshold model is
theoretically more appropriate for the analysis of categorical data (Gianola, 1982).
However, considering the results obtained in this study and the fact that linear models are
less complicated and less computationally demanding than threshold models (Meijering
and Gianola, 1985), a linear model could be used for the analysis of embryo quality.
Final Remarks
The availability of quality data for frozen embryos only is a limitation of this
study. Usually, only the best quality embryos are frozen, so the dataset does not represent
the full population of viable embryos produced in Canada. However, the large size of the
dataset enabled us to estimate valuable genetic parameters for the quality of frozen
embryos. It would be worthwhile to run all models with data of embryos that were frozen
and that were transferred fresh to see if similar genetic parameters would be estimated
and if similar conclusions would be reached about the ideal model to use.
Using genetic evaluation for embryo quality could be very useful for the dairy
industry, especially if it was combined with the evaluation for number of embryos.
Having an index that combines those two sources of information could help breeders
select animals that would produce more embryos of higher quality and could help to
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improve the efficiency of embryo production programs. The evaluation for embryo
quality information could also be beneficial for research programs aiming to identify
genes that have an impact on the quality of embryos, which, in turn, could help accelerate
genetic progress for production of high quality embryos.

CONCLUSIONS
The results obtained in this study provide evidence that there is potential to
genetically select for embryo quality in the Canadian Holstein population, but
considering the low heritability of this trait, the genetic progress would be slow using
traditional genetic evaluation. Using different models yielded similar genetic parameters
for both the donor and the service sire. Considering the high EBV rank correlations
estimated between the linear models and the threshold model, a simple linear model
seems appropriate for the genetic evaluation of quality of frozen embryos. Even though
threshold models are theoretically recommended for the evaluation of categorical traits,
they are more computationally demanding so that it would be more efficient to use a
linear model.
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Table 6.1. Summary statistics of the edited embryo quality data
Total
Quality 1
Quality 2
Quality 3
No. records
714,534
86.2%
13.1%
0.7%
No. donors
44,584
No. sires

3,140

-

-

-

No. service sires

2,255

-

-

-

103

-

-

-

Quality 2

Quality 3

12.6%

1.0%

0.3%

0.0%

52.3%

7.3%

No. clinics

Table 6.2. Frozen embryo quality by clinic
No. records
Quality 1
by clinic
Mean
6,937
86.4%
Min
126
47.6%
Max

77,446

99.7%

Table 6.3. Frozen embryo quality by service type, zona pellucida intact, and number of
times the embryo was washed
No.
Quality 1
Quality 2 Quality 3
Fixed effect
Level
records (Excellent)
(Good)
(Poor)
In vivo (Herd owner)
289,527
88.7%
10.7%
0.6%
Service type

In vivo (AI technician)

418,132

84.5%

14.7%

0.8%

6,875

84.5%

15.4%

0.1%

Yes

673,603

87.1%

12.2%

0.7%

No

40,931

71.1%

28.3%

0.6%

1 to 9

38,292

83.46%

15.23%

1.31%

158,455

86.98%

11.98%

1.04%

506,918

86.05%

13.42%

0.54%

10,869

90.45%

9.01%

0.54%

In vitro

Zona pellucida
intact

Number of times 10 or 11
the embryo was
12
washed
13 or more
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Table 6.4. Genetic parameter1 estimates for embryo quality using linear or threshold
binomial probit models
Model
𝒓𝒅
𝒉𝟐𝒅
𝒉𝟐𝒔𝒔
0.1719
0.0164 (0.0014)
1) Linear (3 quality scores)2 0.0422 (0.0036)
2) Linear Snell2
0.0415 (0.0037)
0.1719
0.0178 (0.0015)
3) Linear (2 quality scores)2 0.0381 (0.0035)
0.1693
0.0197 (0.0016)
3
4) Binomial
0.0806 (0.0070)
0.2864
0.0237 (0.0024)
4) Binomial4
1

0.0336

-

0.0099

hd2 is the heritability of the donor, rd is the repeatability of the donor and hss2 is the heritability of the

service sire
2
observed scale
3
underlying scale
4
observed scale transformed from the underlying scale

Table 6.5. Spearman rank correlations of breeding values estimated using different
models for all sires (n = 3,140; above diagonal) and for sires with at least 20 daughters (n
= 272)
1) Linear
3) Linear
2) Linear
Model
(3 quality
(2 quality 4) Binomial
Snell scores
scores)
scores)
1) Linear (3 quality scores)
0.9987
0.9873
0.9637
2) Linear Snell
0.9987
0.9940
0.9695
3) Linear (2 quality scores)

0.9885

0.9945

4) Binomial

0.9666

0.9733
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0.9744
0.9809

Q2

Q3

No. records

100%

50 000

80%

40 000

60%

30 000

40%

20 000

20%

10 000

0%

No. records

% of embryos

Q1

0
1992

1997

2002
2007
Recovery year

2012

a)

Q2

Q3

No. records

100%

80 000

80%

60 000

60%
40 000
40%
20 000

20%
0%

No. records

% of embryos

Q1

0
1

2

3

4

5 6 7 8 9
Recovery month

10 11 12

b)
Figure 6.1. Frozen embryo quality (Q1: Excellent; Q2: Good; Q3: Poor) by a) year of
recovery and b) month of recovery
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Q3

No. records

100%
80%
60%
40%
20%
0%

120 000
100 000
80 000
60 000
40 000
20 000
0

No. records

Q2

8-12
12-24
24-36
36-48
48-60
60-72
72-84
84-96
96-108
108-120
120-132
132-144
144-156
156-168
168-180

% of embryos

Q1

Age of the donor (months)
Figure 6.2. Frozen embryo quality (Q1: Excellent; Q2: Good; Q3: Poor) by age of the
donor

% of embryos

100%
In vivo (HO) - Q1

80%

In vitro - Q1

60%

In vivo (AIT) - Q1

40%

In vivo (AIT) - Q2
In vitro - Q2

20%

In vivo (HO) -Q2

8-12
12-24
24-36
36-48
48-60
60-72
72-84
84-96
96-108
108-120
120-132
132-144
144-156
156-168
168-180

0%

Age of the donor (months)
Figure 6.3. Frozen embryo quality (Q1: Excellent; Q2: Good) by age of the donor within
service type (HO: Herd owner; AIT: Artificial insemination technician)
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Figure 6.4. Frozen embryo quality (Q1: Excellent; Q2: Good; Q3: Poor) by stage of
development
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Figure 6.5. EBV from models 2 (Linear Snell scores) and 4 (Binomial) for sires with at
least 20 daughters (n = 272)
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Chapter 7
GENERAL DISCUSSION AND CONCLUSIONS

Genetic selection for embryo production and embryo quality traits in the Canadian
Holstein population could be useful for the dairy industry and for research purposes. This
thesis estimated genetic parameters and breeding values for both traits and also proposed
some candidate genes that could help explain the variation in the number of embryos
produced by a donor. Moreover, the utility of such information was assessed in this thesis
and is further discussed in this section.

NUMBER OF EMBRYOS
Low to moderate heritabilities found for the total number of embryos and the
number of viable embryos produced per procedure by a donor confirmed that it could be
possible to genetically select donors based on their potential for producing a high number
of embryos. However, the study revealed that there was no genetic effect of the service
sire, indicating that the service sire does not genetically affect the potential of a donor to
produce embryos. This was true no matter the procedure used (in vivo or in vitro) or the
status of the donor (heifer or cow) at recovery. Therefore, the only way to genetically
select animals for embryo production would be through the donor. This genetic selection
could impact other traits of importance in dairy cattle, but the low to moderate
correlations estimated between breeding values for embryo production traits and other
routinely evaluated traits indicates that the impact would not be major. These correlations
also revealed that having breeding values for embryo production traits would convey
more unique information than what is already available to Canadian dairy breeders. The
EBV correlations were low and negative with production traits, and low and positive with
functional traits. The latter result was expected considering that the total number of
embryos and the number of viable embryos are essentially reproduction traits. However,
considering the value of the correlation with production, it could still be possible to select
high producing donors that would also produce a high number of embryos. One of the
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next steps would be to estimate genetic correlations between embryo production traits
and other routinely evaluated traits in Canada in order to confirm these findings.
The genetic correlations between the number of embryos produced using different
procedures (in vivo and in vitro) were moderately high and positive, so that donors are
expected to produce a similar number of embryos regardless of the procedure used. In
Canada, the majority of embryos are produced in vivo because it is more accessible and
less expensive. Knowing that a donor that produces well in vivo should also produce well
in vitro is interesting for breeders that are hesitant to use OPU-IVP because they are
worried to pay and get no embryos. Similarly, the genetic correlations for the number of
embryos produced by heifer and cow donors revealed that a donor should produce a
comparable number of embryos regardless of its status. Therefore, if a breeder produces
embryos from a heifer and gets a very low number of embryos, it is unlikely that the
same donor will produce a high number of embryos as a cow. This information is very
useful, since the breeder could avoid producing embryos from that donor as a cow and
save money.
Another information of interest is related to the list of candidate genes that were
proposed as part of this study for the total number of embryos and the number of viable
embryos. The genome-wide association study revealed regions of the genome that were
significantly associated with the number of embryos produced. By performing a
functional analysis, significant pathways were enriched for embryo production traits and
significant genes within these pathways were identified. Using the information from the
GWAS and integrating it with the results from the functional analysis provided a list of
key regulator genes that could explain the variability of the number of embryos produced
by Holstein donors. The most significant region from the GWAS was on chromosome 11,
and the functional analysis exposed some significant and interesting pathways and genes.
It would be worthwhile to further investigate this region to hopefully identify a causative
mutation. However, this would require additional data, work, and funding to be able to
sequence animals for this particular region, and it has to be understood that there is no
guarantee that the causative mutation will be identified, especially if the number of
sequenced animals is low. In order to increase the chance of finding a causative mutation,
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but also to confirm these findings, the results should be validated in an independent
population to confirm the role of the genes for embryo production.

EMBRYO QUALITY
Using different statistical approaches, genetic analyses were performed for the
quality of frozen embryos. Results were very similar for all models. In all cases, low
heritability estimates were found indicating that if we were to select for this trait, genetic
progress would be slow. Ranking of the individuals was similar for all models. Threshold
models are usually more appropriate for the analysis of categorical data, however,
considering these results and the fact that linear models are faster and easier to
implement, a linear model should be considered for the analysis of embryo quality. Data
of embryos transferred fresh in a recipient would be interesting to have for future
analyses, since it would provide results that would apply to all viable embryos produced
by Holstein donors. The same analyses could be performed with a dataset containing
information for fresh and frozen embryos allowing the confirmation of the estimated
genetic parameters and the rational for the usage of a linear or threshold model for the
analysis of embryo quality.

FUTURE OPPORTUNITIES
The results obtained in this study show opportunities for the dairy industry in
Canada. The first application of the results would be to have national genetic evaluations
for embryo production and embryo quality traits. The first step would be to run a multitrait analysis for the number of embryos and the quality of the embryos to confirm if the
traits should be evaluated together. Using combined genetic evaluations for the two traits
would promote a high number of excellent quality embryos, which is the goal of all
assisted reproductive technologies. These evaluations could be used by many different
groups of people, namely dairy producers, researchers, and AI industry organizations.
First, for the producers, knowing if a donor has a high chance of producing many high
quality embryos could allow them to save money by using MOET or OPU-IVP on the
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best donors. It could also influence their decision when buying an animal that could
possibly become a donor in their herd. Second, for the researchers, especially those
working in reproductive physiology, these genetic evaluations could be used to create or
adjust MOET or OPU-IVP procedures depending on the potential of the donor, so that
more embryos of excellent quality could be produced by donor in a short period of time.
Third, for the AI industry, genetic evaluations for embryo production and embryo quality
traits could help promote sires that would have daughters with a high potential of
producing a high number of good quality embryos. In addition, considering that
nowadays AI companies own their own females and use reproductive technologies to
accelerate the genetic gain, this information would be even more useful for them to select
donors for which it would be profitable to spend money to produce embryos.
Genomic selection of embryo production and quality traits could be implemented
to improve the accuracy of the EBVs for these traits. Results from a study has shown the
potential reliabilities that can be obtained by using genomic selection for traits of various
heritabilities and considering different reference population sizes (Chesnais et al., 2016).
For the traits considered in this project, reliability of 0.25 to 0.40 could be expected.
Different methods, such as GBLUP, RBLUP and Single-Step are available for the
calculation of genomic evaluations. More research should be done in order to determine
the best method to use for embryo production and quality traits.
Another opportunity is to go further in the analysis of the quality of frozen
embryos, since a big dataset is already available. It would be interesting to perform a
genome-wide association study and a functional analysis for embryo quality to possibly
identify regions of the genome significantly associated with this trait. These regions
could be further investigated for candidate genes and pathways. It would be interesting to
see if the key regulator genes proposed in this thesis for the number of embryos produced
would also be found for the quality of the embryos. This could help confirm if both traits
are regulated by the same mechanisms.
As stated earlier, another opportunity would be to further investigate the regions
significantly associated with embryos production traits and to try to identify causative
mutations for these traits. Considering that the number of embryos is a polygenic trait,
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finding the causative mutation could have a minor impact, but with new technologies
being developed like, for example, gene editing, causative mutations should be of
increasing interest in the upcoming years. Considering that embryo production traits are
reproduction traits, the identification of genes related to embryo production could also be
of interest for general reproductive processes in cattle. More research needs to be done to
find how the candidate genes proposed in this study could be linked to other genes
affecting reproduction in cattle. Fertility is still one of the main issues in dairy production
and the findings from this project could potentially help understanding this more general
process.
LIMITATIONS
For embryo production traits, the main limitation was that unsuccessful
superovulation or OPU-IVP procedures were not recorded and, therefore, not considered
for any analyses performed. It has been reported that around 20% of the donors do not
produce any embryos following a superovulation protocol (Hasler, 2003). So the dataset
used for the genetic analysis of the number of embryos represents the population of
donors that produced at least one embryo following superovulation or OPU-IVP.
However, the results obtained were very similar to the ones obtained in other studies that
had complete datasets (Asada and Terawaki, 2002; Bényei et al., 2004; König et al.,
2007; Merton et al., 2009), suggesting that the results obtained in this study can be useful
for genetic selection purposes. In the future, it would still be very interesting to record
unsuccessful procedures in order to have a more comprehensive understanding of embryo
production traits. Other information that would be interesting to record, even though it
could be hard to do on a national basis, include the herd in which the donor was during
the embryo recovery, the veterinarian that performed the procedure, and details about the
protocol that was performed.
It would also be interesting to have more donors with records for both types of
techniques (in vivo and in vitro) and both as a heifer and as a cow. Maybe in the future
more data of this sort will be available, allowing better estimation of genetic correlations
for the techniques and the status of the donor.
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Similarly, for the embryo quality, the fact that data was only available for frozen
embryos is another limitation. The analysis of this trait would have represented better the
existent embryo transfer techniques if the quality and developmental stage of embryos
that were transferred fresh into a recipient had been available. The number of embryos in
the different quality scores would be expected to be very different with fresh embryos, so
it is possible that genetic variability for the embryo quality would have been different too.
The results in this project are still of interest for frozen embryos, but they could not be
validated considering that the number of studies for embryo quality is very limited.
Another limitation is the fact that the donors included in the analyses of embryo
production and embryo quality traits may not fully represent the entire Canadian Holstein
population, which could cause bias in the results. Donors are usually elite animals chosen
for their high genetic values or their superior performances. However, these donors are
not selected for their potential to produce many embryos of excellent quality. They are
selected for traits weakly correlated with embryo production which minimizes the
possible selection bias. Moreover, the genetic trends for embryo production traits showed
a flat trend over time, reflecting the absence of genetic selection for this trait.
It is expected that elite heifers or cows in the population will be chosen as donors
no matter what. Even if genetic evaluation becomes available in the future for the number
and the quality of embryos, it will not be the first criteria for selecting a donor.
Considering that there is a lot of money to be made from the very best females in the
population, the risk and cost of producing embryos from a donor with a low evaluation
for embryo production is still worth taking. Nevertheless, genetic evaluation for these
traits still represents an added value for most breeders that use assisted reproductive
technologies, such as MOET and OPU-IVP.
Finally, the consequences of an increased embryo production using in vivo or in
vitro procedures should be studied. The vast majority of animals in the selection
population are already born from IVP, and considering the faster genetic gain from the
use of ART, it is expected to continue in the years to come. It can be hypothesized that
alleles associated with increased embryo production will become more frequent in the
population. The impact of these alleles on other traits of economic importance for dairy
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production will need to be addressed. Similarly to artificial insemination, if embryo
production is increasingly used in the rest of the population, this could contribute to the
increase of inbreeding in the whole population, which could negatively affect fertility.
Overall, the global ramifications of increase used of embryo production in the Holstein
population should be addressed to ensure the sustainability of the breed.

CONCLUSIONS
The number of embryos and the quality of the embryos produced by a donor
showed genetic variability, implying that genetic selection for these traits is possible.
This finding is of interest for the Canadian dairy industry, since it provides useful
information for breeders that are interested in producing embryos from the elite donors in
their herds or in the population using in vivo or in vitro procedures. Considering that the
data is already collected by Holstein Canada, routine genetic evaluation could be
performed in the Canadian dairy industry. Moreover, candidate genes affecting the
number of embryos produced by a donor were proposed and should be validated to
confirm their role. Validated genes could be useful for the selection of animals with
greater potential for producing many embryos. They could also be useful for the
understanding of the reproductive physiology involved in embryo production, so that
MOET or OPU-IVP procedures could be adapted based on the genotype of a donor.
Overall, further research for embryo production and embryo quality traits should confirm
the findings of this thesis and reinforce the added value of having genetic evaluation for
these traits.
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