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ABSTRACT 

 

MECHANISMS AND ASSOCIATED BIOMARKERS OF EARLY EMBRYO MORTALITY 

IN HOLSTEIN-FRIESIAN COWS 

 

Intensive genetic selection for milk yield has declined fertility trait levels that has led to 

infertility for over 50 years in Holstein-Friesian cows. A substantial contributor to infertility is 

embryo mortality, but the exact mechanism of how a pregnancy is poorly understood. Recent use 

of candidate single nucleotide polymorphisms (SNPs) in genetic panels has shown to improve 

genomic estimates of predicted transmitting abilities for fertility traits that are known to be of low 

heritability. The objectives of this dissertation were then divided into two chapters.  

The first chapter had as an objective to elucidate the transcriptomic responses of 

reproductive tissues (endometrium, peripheral blood mononuclear cells [PBMC] and corpus 

luteum [CL]) in normal compared to pregnancies with embryo mortality in lactating Holstein-

Friesian cows based upon two follow up experiments (E1 and E2). At day 16, after artificial 

insemination (pregnant group) or of estrous cycle (non-pregnant group), reproductive tissues 

(endometrium, PBMC and CL [only for E2]), serum (E1) or plasma (E2) and uterine flushings 

were collected. Cows from pregnant group were re-classified based on embryo morphology and 

appearance [embryo mortality (EM) pregnancies had pink, red, restricted in elongation and (or) 

opaque conceptuses or normal (N) pregnancies had translucent and elongated conceptuses]. The 

main findings for this chapter were that: N conceptuses were longer compared to EM conceptuses. 

Interferon-tau (IFNT) protein concentrations in uterine flushings were greater in N compared to 

EM and NP in E1 but not for E2. Western blot analyses for interferon stimulated genes (ISG) 15 

protein in endometrium from N cows were greater (E1 and E2) than EM and NP and EM tended 
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to be greater than non-pregnant in E2. The RTqPCR for ISG15 mRNA levels in N endometrium 

were greater (E1 and E2) when compared to EM and NP endometrium but only tended to be greater 

in EM compared to NP endometrium in E2. Concentrations of progesterone in the 

radioimmunoassay were only significant on days 7 and 16 in E2. In RNA sequencing, IFNT mRNA 

were greater (E1 and E2) in N conceptuses compared to EM conceptuses. For E1 and E2, IPA 

revealed for EM compared to N conceptuses the key canonical pathways of T helper 1 (Th1) and 

Th2 to be up-regulated and are adaptive immune response that activated pro-inflammatory 

cytokines. Within EM compared to N endometrium, E1 had Th1 and Th2 pathways up-regulated 

while E2 identified differentially expressed genes (DEGs) that were up-regulated and associated 

with estradiol-mediated luteolytic action. Comparison of EM compared to N in PBMC were only 

significantly in E1 and had down-regulated DEGs associated with tissue growth, remodeling 

and/or development, cell cycle, conceptus implantation, essential mineral transporters, innate 

immune system and Th1 activation. The CL of E2 for embryo mortality compared to normal 

exhibited up-regulation of DEGs associated with inflammation, calcium sequestration/delivery, 

glucose- and estradiol-metabolism that may be involved in the luteolysis pathway.  

The second chapter focused on the identification and validation of candidate SNPs within 

pregnancies with early embryo mortality that were associated with inferior fertility traits. The RNA 

sequencing of conceptuses (normal and embryo mortality) in Holstein-Friesian (n=15) cows from 

the first chapter were used to conduct the SNP discovery phase. Validation of candidate SNPs and 

genotype to phenotype analysis were conducted in a different cohort of Holstein-Friesian cows 

(n=500) by collecting blood samples to be genotyped via a genotyping assay panel and collecting 

cow farms records. Further filtering of candidate SNPs involved removing those that were 

monomorphic and not in minor allele frequency and a quality control pipeline via pLink software. 
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The main findings for this chapter were: a total of sixty-nine candidate SNPs were initially 

discovered but only twenty-three passed the quality control pipeline in pLink software. All 

candidate SNPs were found explain a higher amount of the R2 variation of each of the models and 

were in close proximity to SNP that were associated with quantitative trait loci of fertility traits. 

Out of the twenty-three candidate SNPs, seven (DSC2: age of cows at 1st calving were older with 

A allele; SREBF1 and UBD: cows took longer to conceive with T or G allele, respectively; UMPS 

and SREBF1: required longer time to their 1st artificial insemination with C allele; DECR1 and 

FASN: cows were less likely to become pregnant at 1st artificial insemination with C allele; 

SREBF1 and BOLA-DMB: cows were less likely to become pregnant at 150 days in milk with T 

allele) were significantly associated to fertility traits. It was also found that two candidate SNPs 

(DSC2 gene: 4 SNPs and 2 SNPs] were considered as TAG SNPs. Only two of the seven candidate 

SNPs had significant allele substitution effects where DSC2 in cows with G allele decreased in the 

age at 1st calving by 10 days and SREBF1 [rs41912290] in cows with the C allele decreased days 

to 1st artificial insemination by 5 days and more probability of becoming pregnant at 150 days in 

milk by 6%.  

In summary, the data and results described in this thesis describe mechanisms of why most 

pregnancies fail, while others succeed in purebred Holstein-Friesian cows. The EM embryos 

undergo a massive T helper response either as part of or a consequence of dying. These studies 

may lead to the development of future technologies to improve reproductive efficiency. In 

addition, the identified candidate SNPs could then be used to genetically screen young heifers to 

identify the most fertile females while also making progress in milk production. These genetic 

tools will aid farmers in making decisions of culling reproductively inefficient heifers and cows 

within a herd. 
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CHAPTER 1: LITERATURE REVIEW 

 

Introduction 

In 2021, there were 9.39 million dairy cattle in the United States of America (USA) and 

95% of the population was composed of the Holstein-Friesian breed. Superior annual milk yield, 

estimated at 10,886 kilograms of milk per year per cow, made Holstein-Friesian cows the top 

choice among US dairy producers (Norman et al., 2007, National Academies of Sciences and 

Medicine, 2021, Agriculture, 2022). A modern dairy cow’s ability to produce substantial amounts 

of milk was due to farmer’s decades-long intensive genetic selection for economically relevant 

traits such as milk yield and milk fat and protein percentage combined with effective nutritional 

management (Friggens et al., 2010, Cole and VanRaden, 2018). The main drivers for genetic 

selection were to enhance milk yield while keeping costs of production within reason and meet the 

rise of consumer demands for milk and its products (Miglior et al., 2017). However, such actions 

from farmers caused a continuous decline in fertility traits in dairy cattle since the late 1950s until 

early 2005 in both the USA and globally (Crowe, 2008, Lonergan et al., 2016a). A combination of 

implementing genomic selection, changes to the net merit selection index, and improved 

management to place more emphasis on fertility and less on milk production demonstrated an 

upward trend in fertility traits (i.e., daughter pregnancy rate) since 2008 (VanRaden et al., 2004, 

García-Ruiz et al., 2016a).  

High milk producing Holstein-Friesian cows still exhibit a reduced duration of estrus (6.2 

hours) and related behavior (ie. numbers of times standing to be mounted, walking activity) when 

compared to a low milk producing cow (10.9 hours) (Kerbrat and Disenhaus, 2004, Lopez et al., 
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2004, VanRaden and Miller, 2006). Limited time to detect cattle in heat affects efficient 

management of non-pregnant cows, when to most appropriately artificially inseminate (AI) them 

and therefore, caused farmers losses in production and profit because of extended calving intervals 

(Lucy, 2007, Perry, 2012). Additionally, the dairy cattle industry increased culling in Holstein-

Friesian cows as a result of not becoming pregnant which then also decreased cow longevity 

(Ceciliani et al., 2018). Researchers described these high producing Holstein-Frisian cows to suffer 

from subfertility which is defined as a condition that either delays conception and (or) causes 

irregular fertility that leads to failure on establishing pregnancy (Royal et al., 2000, Ceciliani et 

al., 2018). It is estimated that subfertility had an average financial impact of $484 million on the 

dairy cattle industry (Bellows et al., 2002). Thus, selection for improving fertility traits is crucial 

to changing the subfertility present in Holstein-Friesian cows. 

An example of a Holstein-Friesian cow fertility trait is “conception rate” and is defined as 

the percentage of cows that become pregnant divided by the number of cows that were inseminated 

during a twenty-one-day period (Poock, 2009). Recent studies, on annual dairy cow production, 

considered conception rate at a suboptimal rate of 55-88% in high producing Holstein-Friesian 

cows when compared to those of moderate production that are at a rate of 80-90% (Santos et al., 

2004, Diskin et al., 2011). Moreover, regardless of the cow’s production capacity, conception rate 

was estimated at 34% in primiparous Holstein-Friesian cows and then decreases to a 26% by their 

fifth breeding during a 21-day period (Pryce et al., 2004, VanRaden et al., 2004, Kuhn et al., 2006). 

This is further exacerbated by the low heritability of cow and heifer conception rate (0.001 to 

0.016) when compared to milk yield traits (~0.30)(Van Tassell et al., 1999). It should be noted that 

negative correlations between milk yield and fertility traits are estimated to range from -0.35 to -

0.60 (VanRaden et al., 2004, Pritchard et al., 2013).  
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In response to this predicament, modern genetic selection of Holstein-Friesian cows was 

comprised of reduced milk production traits at 50% of their total net merit index combined with 

functional traits that improve their reproductive performance (Cole and VanRaden, 2018, Pryce et 

al., 2018). Researchers also proposed an array of alternatives that aim to reverse the effect of 

subfertility by using the genomic relationship matrix to more efficiently predict breeding values 

of fertility traits that are of low hereditability (Meuwissen et al., 2001, Sartori et al., 2010, Walsh 

et al., 2011). Despite the recent advancements on cattle reproductive performance, it must be 

acknowledged that fertility is a complex trait that is influenced by not only genetic, environmental 

and management factors but also by their interactions (Royal et al., 2000, Wiltbank et al., 2016). 

For this reason, a varied use of strategies should be implemented in the dairy industry in order 

mitigate subfertility of Holstein-Friesian cows. 

This literature review will therefore, focus on an overview of pregnancy in cattle, present 

factors that are associated with subfertility, and the current strategies that are being used to mitigate 

it in Holstein-Friesian cows. Further understanding of the underlying developmental biology that 

contributes to subfertility will aid in identifying novel strategies to improve reproductive 

management of dairy cattle. 
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Overview of the Establishment of Pregnancy  

Estrous cycle 

Cows have, on average, an estrous cycle length of twenty-one days that can range between 

seventeen to twenty-four days. It is also comprised of four distinct events (pro-estrus, estrus, 

metestrus, diestrus) and two phases (follicular and luteal). The events of pro-estrus and estrus are 

part of follicular phase while the events of metestrus and diestrus are part of the luteal phase (Perry 

et al., 2004). The follicular phase is characterized by four processes (recruitment, selection, 

dominance and atresia) of follicle growth and degeneration and or atresia that are known as 

follicular dynamics (Crowe, 1999). Concomitantly, the luteal phase is known for the formation of 

the transient tissue called corpus luteum (CL) on the ovary, synthesis and secretion of progesterone  

by the CL and the start in the regression, also known as luteolysis, of the CL. Initiation, regulation 

and conclusion of each of these events/phases heavily rely on the presence of specific hormones 

(estradiol, progesterone, follicle stimulating hormone [FSH], gonadotropin releasing hormone 

[GnRH]), prostaglandin F2a (PGF2a) and (or) a conceptus (Kojima et al., 2003). 

Pro-estrus, as the first event of the follicular phase, is defined as the moment in which a 

reset of the estrous cycle takes place, between days 17 to 21 (Driancourt, 1993). Such event can 

only happen when there is no conceptus present or if the conceptus is unable to establish maternal 

recognition of pregnancy followed by implantation and placentation (Spencer et al., 2007, Spencer 

et al., 2008). Luteolysis of the CL transpires via oxytocin-induced pulsatile release of PGF2a from 

the cow’s endometrium (Hansen and Tríbulo, 2019). Production levels of progesterone by the CL 

are then halted and the borderline-suppression of GnRH in the hypothalamus by progesterone no 

longer exists (McGee, 2000). Rise of GnRH stimulates the anterior lobe of the pituitary to secrete 
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two gonadotropins. The first is FSH, which aids the recruited follicles to grow and develop and 

the second gonadotropin is the luteinizing hormone (LH) which causes rupture of the dominant 

follicle also known as ovulation and formation of the CL (Crowe, 1999). The growing follicles in 

the ovary start producing estradiol and inhibin via stimulation of FSH and are released into blood 

circulation. Presence of estradiol in circulation causes positive feedback on the release of GnRH 

and LH while inhibin causes negative feedback on the release of FSH which assures the selection 

of a single dominant follicle to ovulate (Lucy, 1992). Also, estradiol increases uterine levels of 

estrogen receptor alpha (ESR1), oxytocin receptor (OXTR) and progesterone receptor (PGR). 

ESR1 and OXTR are essential for the activation and release of PGF2a  while PGR is responsible 

for blocking it (Hansen and Tríbulo, 2019). This process is then followed by the selection of the 

largest follicle becoming both dominant and the main source of estradiol and inhibin release while 

the other recruited medium-sized follicles undergo atresia (Crowe, 1999). Peak production of 

estradiol by the dominant follicle marks the estrus event, in the follicular phase, which lasts 

between twelve hours to eighteen hours and is designated as day zero of the estrous cycle 

(Wiltbank et al., 1967). During this time, the LH surge occurs and a cow demonstrates visual signs 

of their reproductive status through inflammation of the vulva, discharge of clear mucus from the 

vagina and mounting/standing behavior. Rupture of the follicle, also known as ovulation, emerges 

twenty-five to thirty hours after the onset of estrus and the formation of the corpus hemorrhagic 

(CH) begins (Bernard et al., 1983).  

Ovulation of the follicle prompts for the luteal phase and initiates the metestrus event. 

Metestrus is distinguished by the CH transitioning to become the CL in order to produce 

progesterone, a decrease in inhibin by the ovulated follicle and a slow release of estradiol and FSH 

to start the first wave of recruitment of new follicles for the next estrous cycle (Crowe, 1999). 
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Transition of the CH to the CL originates from being composed of granulosa cells from the 

ovulated follicle that develop into large luteal cells and theca internal cells that develop into small 

luteal cells (Alila and Hansel, 1984). Furthermore, small luteal are able to undergo differentiation 

into large luteal cells by the presence of LH (Farin et al., 1990). Once the threshold of progesterone 

by the CL is passed, the diestrus event then takes place and borderline-suppression of GnRH by 

progesterone occurs. The presence of progesterone is also essential for maintaining a competent 

uterine environment for an implanting conceptus, regulates the reproductive cycle via the PGR 

and prepares the uterine lining to secrete histotroph (Bazer et al., 1975, Bazer et al., 1997, Spencer 

et al., 2008, Bauersachs et al., 2009, Spencer and Hansen, 2015, Spencer et al., 2016). A process 

that continues from the metestrus event is secretion of FSH and estradiol to recruit a second and 

(or) third wave of follicles. Two scenarios can then occur after the diestrus event. The first is that 

the recruited follicles will undergo atresia if a conceptus establishes maternal recognition of 

pregnancy and there is no reset of the estrous cycle. The second scenario is that there is either no 

presence of a conceptus or a conceptus is unable to establish maternal recognition, the event of 

proestrus in the follicular phase is prompted and therefore, reset of the estrous cycle occurs 

(Spencer et al., 2007, Spencer et al., 2008). 

Luteal Rescue by the Conceptus 

Establishment of pregnancy takes place when the trophectoderm of the conceptus secretes 

interferon tau (IFNT) and prevents luteolysis of the CL through paracrine actions on the 

endometrial luminal epithelium (Bazer et al., 1992, Spencer et al., 2008, Spencer and Hansen, 

2015, Forde et al., 2017, Hansen et al., 2017). Luteal protection by IFNT occurs through the 

inhibition of ESR1 which in turn prevents up-regulation of OXTR and therefore, attenuates the 
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pulsatile release of PGF2a (Spencer et al., 1996, McCracken et al., 1999, Spencer and Hansen, 

2015, Hansen et al., 2017). The CL can then continue producing progesterone. By understanding 

the endocrinology and physiology of how all these components work in unison or in a time-

dependent axis, are key to reducing the reproductive challenges and improving how to effectively 

manage the synchronization of dairy cattle. 

Factors associated with Subfertility  

Embryo Mortality 

Profitability in the dairy cattle industry is directly dependent of the reproductive efficacy 

of each cow because it can impact milk production and the number of calves across their lifetime 

(Santos et al., 2004). Pregnancies with embryo mortality (EM) are considered the main factor 

responsible for reducing reproductive efficiency in cattle after breeding and it denotes the death of 

an embryo up to when the stage of differentiation occurs (Evans et al., 2012, Parmar et al., 2016). 

Furthermore, EM is also divided into two major time points of pregnancy: early (days 7 to 24) and 

late (days 24 to 45) (Santos et al., 2004). Several studies observed that most pregnancies with EM 

occur early-on and account for 43 out of 50% of all failed reproductive outcomes in high milk 

producing Holstein-Friesian cows (Diskin and Morris, 2008, Diskin et al., 2011). Pregnancies with 

early EM could be due to inappropriate communication between the developing embryo and the 

maternal endometrium for the establishment of pregnancy to take place on day 16 (Sánchez et al., 

2019). Some examples of essential factors that are needed for the establishment of pregnancy are: 

a sufficient production of histotroph from the uterus (day 7 to 13), proper embryo elongation (days 

7 to 15) and sufficient IFNT production from the embryo in order to block PGF2a and maintain 

pregnancy (day 14 to 18) (Walsh et al., 2011). Failure to maintain pregnancy causes early EM 
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which can generate an annual loss of $1.6 billion in the US and $1.28 trillion worldwide via repeat 

breeding costs for artificial insemination procedures, extension of calving intervals, prolonged dry 

periods and therefore, reducing lifetime milk production (Shah, 2009, Perkel et al., 2015, Parmar 

et al., 2016). However, it is important to indicate that pregnancies with EM whether early or late 

can occur due to other factors such as nutrition, environment, endocrine disruptions, infectious 

disease, immunotolerance and (or) genetics which will be discussed below. 

Nutrition 

USA Holstein-Friesian cows are often distinguished by their reduced pregnancy rates 

associated with an excessive energy mobilization when compared to those in New Zealand (Horan 

et al., 2005, Macdonald et al., 2008). As previously mentioned, USA Holstein-Friesian cows were 

intensively genetically selected to produce higher milk yield which requires mobilizing a 

substantial amount of body energy reserves. The expenditure of energy from producing milk then 

needs to be compensated by dietary feed intake in order to keep body energy in balance rather than 

in negative. However, output of milk not only increases over time, but it is also often faster than 

the cow’s ability to acquire the appropriate amount of feed intake to prevent excessive energy 

mobilization (Ingvartsen and Friggens, 2005). Failure to keep energy at a balance increases the 

chance of delaying first ovulation and (or) start of luteal activity (Garbarino et al., 2004, Berry et 

al., 2008). In fact, early lactation is classified as the period in which the excessive energy 

mobilization causes the greatest amount of negative energy balance and excessive uptake of non-

esterified fatty acids by the liver. Greater accumulation of fatty acid rather than oxidation can then 

result in fatty liver disease which decreases both health and reproductive performance (Bobe et al., 

2004, Friggens et al., 2010). Consequently, standard use of fat and oil supplementation in the USA 
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have attempted to reverse the impact of excessive energy mobilization on reproduction (Friggens 

et al., 2010). Researchers have reported that fat in general can modulate the role of non-esterified 

fatty acids that can then impact both nutritional and reproduction status in cows (Ambrose et al., 

2006, Petit and Twagiramungu, 2006, Friggens et al., 2010). Low body condition score (bcs; i.e., 

<2.5 from a score of 5) as a result from nutritionally sub-maintained body fatness have also been 

found to have a negative correlation with fertility in Holstein-Friesian cows (Royal et al., 2000, 

Pryce et al., 2001, Berry et al., 2003, Berry et al., 2008). Only two studies, in cattle, have been able 

to clearly separate nutritionally sub-maintained body fatness from excessive energy mobilization 

in order to asses low body condition score affecting fertility. The first being Wright et al. (1992) 

documented that feeding a low or high fat diet to thin cows (bcs=2.23) at calving had a longer 

anoestrus period (89 vs 116 days) and lower LH pulse frequency when compared to those that 

were fat (bcs=2.85) (Wright et al., 1992). The second study reported that fat heifers with a negative 

energy balance suppressed progesterone in response to LH (Villa-Godoy et al., 1990). Proper 

feeding strategies and feed intake before and after calving are then necessary to prevent delay of 

normal cyclicity and impairment of reproductive performance that could lead to pregnancies with 

EM (Friggens et al., 2010). 

Environment 

Heat stress is considered the predominant factor of environmental stressors that affect 

reproductive performance and fertility in dairy cows (Wolfenson et al., 2000, Parmar et al., 2016). 

Incidence of heat stress is observed in the summer months which causes a decline in conception 

rates and thus, longer calving to conception intervals (Cavestany and Foote, 1985, Zeron et al., 

2001, Hansen, 2009, Parmar et al., 2016). It’s been published that cows who experience heat stress 
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have a delay on their fall fertility when there is a diminished steroidogenic capacity in their ovaries 

due to a reduction of androgens from theca cells (Wolfenson et al., 1997). Production of androgens 

by theca cells are essential to the ovary because they stimulate secretion of estradiol which is a 

requirement for normal cyclicity to occur in dairy cows (Wolfenson et al., 1997). Similarly, in 

vitro studies of luteal cells retrieved from cows in the summer produce less progesterone when 

compared to cells obtained in the winter (Wolfenson et al., 1993). Results on progesterone plasma 

concentrations, however, have been variable in response to heat stress being either acute or chronic 

(Howell et al., 1994). Altered follicular dynamics, secretions of FSH and progesterone are 

associated with generating an abnormal endometrial environment for oocyte development 

(Bilodeau-Goeseels, 2003). Additional components that are also affected by heat stress are oocyte 

quality which decreases fertilization rates and embryo survival since protective mechanisms occur 

later in development (Ealy et al., 1993, Edwards et al., 2001). Subsequently, cows that are heat 

stressed and are AI have a 31% less chance to conceive when compared to non-heat stressed cows 

(Chebel et al., 2004). These results then indicate that cooling strategies such as fans, sprinklers and 

barns that provide shade need to utilized by dairy farms to combat heat stress and excessive 

pregnancies with EM. 

Endocrine 

 A well-studied hormone of early pregnancy (days 4 to 16) of cattle is progesterone. Past 

evidence suggested that progesterone directly contributes to both the rate of development and 

growth of an embryo (Garrett et al., 1988). However, in vitro culture revealed varied and 

contradictory results as to progesterone does in fact provide a positive (Ferguson, 2004, Ferguson 

et al., 2012) or no effect (Reggio et al., 1997, Goff and Smith, 1998, Lonergan et al., 2016a) despite 
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the mRNA presence of progesterone receptor in embryo (Clemente et al., 2009). It has since then 

been proposed that progesterone provides a stimulatory effect on trophoblastic elongation 

mediated through downstream induced changes on the endometrium’s cells to produce histotroph 

for the embryo (Satterfield et al., 2006, Forde et al., 2009, Forde et al., 2011a). Additionally, 

studies have observed that a reduction of progesterone in the CL can then result in a delay of 

temporal changes within the endometrium and a setback on the in vivo conceptus elongation (Forde 

et al., 2011a, Forde et al., 2012b, Lonergan et al., 2016a). Another detrimental effect of low 

concentrations of progesterone is the reduction of fertilization and embryo survival rates due to 

the CL’s inability to suppress increased frequency in pulses of LH that trigger the estradiol cascade 

and therefore, alter the endometrium’s morphology (Diskin et al., 2006). Cows that have early on 

increases of progesterone during days 4 through 7 of post-insemination have higher chances of 

maintaining a pregnancy (Diskin and Morris, 2008). This is supported by scientists like Starbuck 

et al. (2001) and Carter et al. (2008) who reported increased embryo survival and size by 

supplementing animals with progesterone but found that those with adequate concentrations of 

progesterone could induce embryo death (Starbuck et al., 2001, Carter et al., 2008). Conversely, 

excessive secretion of estradiol from a large follicle during the time of maternal recognition can 

also affect embryo survival (Pritchard and Donnelly, 1999). The relationship between progesterone 

and estradiol is therefore, of crucial balance in order to maintain CL function and thus, pregnancy 

itself (Parmar et al., 2016). 

Diseases 

Periparturient diseases often impact health, compromise the uterine environment and as a 

result, are associated with reduced reproduction in cattle (Gröhn and Rajala-Schultz, 2000, 
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Bilodeau-Goeseels, 2003). The length of this period is one that has many interpretations but is 

generally comprised of three weeks before and after calving (Smith and Risco, 2005). It is also 

considered a critical period in a cow’s production cycle because those that exhibit periparturient 

diseases are highly prone to develop other types of diseases in the first ten days of milk (Opsomer 

et al., 2000, Ingvartsen et al., 2003, Williams et al., 2007). According to Barlett et al. (1986), it is 

estimated that periparturient diseases account for economic losses ranging from $200 to $400 per 

disease and lactation (C. Bartlett et al., 1986). Among the most common and challenging 

periparturient diseases is retained fetal membranes (Sandals et al., 1979, Paisley et al., 1986, 

Correa et al., 1993). It is responsible for predisposing dairy cattle six times more to a uterine 

infection compared to cows without retained fetal membranes (Dohoo and Martin, 1984, Correa 

et al., 1993). This is further exacerbated by cows generally experiencing uterine bacterial 

contamination at parturition compromising uterine function (Griffin et al., 1974). This then makes 

cows become 1.8 times more likely to experience EM pregnancies, abortions, and hence, a decline 

in conception rates (Sheldon et al., 2006, Chebel et al., 2016). Dairy cattle also manifest changes 

in their eating behaviors by reducing the amount of dry matter intake and time spent ingesting feed 

when in a state of critical decline in health (Urton et al., 2005, Huzzey et al., 2007). The severity 

of uterine infections can be categorized by the layers of the uterus that are affected and the stage 

of the infection. Examples of such infections are: metritis, endometritis, pyometra. Studies have 

also shown that other factors, during the periparturient period, that are responsible for the 

development of retained fetal membranes are dystocia, sex of the calf, twining, abortion, and 

hypocalcemia (Dohoo and Martin, 1984, Correa et al., 1993). Periparturient diseases are 

detrimental to a cow’s future reproductive and production cycle and for this reason, need to be 

prevented by providing special care before and after cows calve. 
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Immunotolerance 

The maternal uterine environment has been found to be a key contributor to the conceptus 

survival and development during the pre-implantation period in cattle (Berg et al., 2010, Tríbulo 

et al., 2018). Research evidence has demonstrated that cross-talk between a competent conceptus 

and a receptive uterine endometrium are essential for establishment and a successful pregnancy to 

take place (Bazer et al., 2011, Lonergan and Forde, 2014). Any abnormal uterine receptivity and/or 

suboptimal communication with a conceptus whose development has been impaired has been 

associated with contributing to a high incidence of pregnancies with EM (Lonergan and Forde, 

2014). However, both the uterine environment and conceptus are known to be semi-autonomous 

up to the moment of pregnancy recognition on day 16 where the conceptus’ trophectoderm secretes 

IFNT to mediate paracrine action on endometrium (Forde et al., 2011a). Further corroboration has 

been made by studies only finding endometrial transcriptome differences of ‘classical’ interferon 

stimulated genes (ISGs: MX1/2, OAS1, BST2, B2M, CXCL10, STAT1/2, PTX3, EIF4E, USP18) 

starting on day 16 of a viable pregnancy between cyclic and pregnant heifers (Forde et al., 2011a, 

Bauersachs and Wolf, 2012). It has also been argued that the endometrial changes taking place 

under the influence of hormones (follicular estradiol and luteal progesterone), cytokines and 

paracrine signals that stimulate growth factor gene expression that drive conceptus elongation are 

independent of the presence of a conceptus (Clemente et al., 2009, Forde et al., 2011a, Forde et 

al., 2014). These findings indicate that both a spatial and temporal alteration of the endometrium’s 

transcriptome needs to occur in order for uterine receptivity for implantation to take place (Spencer 

et al., 1996). It is also thought that such independence between the conceptus and uterine 

endometrium evolved in ruminants due to the prolonged conceptus elongation and to prevent 

luteolysis from occurring before implantation (Roberts, 2007). Therefore, it is suggested that the 
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default mechanism of uterus is to prepare for and/or expect pregnancy regardless of the exposure 

of an early embryo (Betteridge et al., 1980, Forde et al., 2011a). The previous statements appear 

true up until day 7 when all embryo transfers occur due to the development of post-hatching and 

pre-implantation in a conceptus is completely maternally driven and thus, cannot occur in vitro or 

in the absence of uterine glands (Brandão et al., 2004, Vejlsted et al., 2006, Diskin and Morris, 

2008). Another type of immunotolerance perspective on the conceptus is it being considered an 

intruder by the maternal immune system’s major histocompatibility complex (MHC) within the 

endometrium due to its paternal inherited proteins (La Rocca et al., 2014). Maternal 

immunotolerance is thought to partially occur through the signaling and interactions of the 

conceptus’ trophectoderm-derived IFNT, progesterone and the presence of maternal regulatory T 

cells to downregulate the MHC (Wan et al., 1987, La Rocca et al., 2014). In summary, an effective 

crosstalk between the uterine environment and the conceptus is needed for pregnancy to not only 

occur but also to succeed.  

Genetics 

An approximately 10% of all embryo mortalities that occur within the first two weeks of 

pregnancy are due to genetic abnormalities (Parmar et al., 2016). Historically, the deficiency of 

uridine monophosphate synthase (DUMPS) has been a major autosomal recessive defect that has 

impacted embryo survival in the Holstein-Frisian breed (Diskin and Morris, 2008). DUMPS is 

characterized by the inactivation of the UMPS enzyme, essential for normal growth and 

development, via a single nucleotide polymorphism (SNP) of C/T and therefore, causes abortions 

to homozygous embryos by day 40 of pregnancy (Schwenger et al., 1993). Research results 

revealed that DUMPS was mainly spread by semen that was used for AI from selected bull sires 
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which has prompted for blood testing and eliminated carriers for this condition (VanRaden and 

Miller, 2006). Apart from DUMPS, the 1/29 Robertsonian translocation is the most studied cattle 

genetic abnormality where centromeric fusion of chromosomes 1 and 29 occurs during 

chromosomal re-arrangement and results in a single chromosome rather than two (Bilodeau-

Goeseels and Kastelic, 2003). Both female and male carriers that are heterozygous for the mutation 

have a reduced 3 to 5% in their fertility and can produce more frequently early EM pregnancies 

than viable ones (Gustavsson, 1979, Bilodeau-Goeseels and Kastelic, 2003). Since the discovery 

of the 1/29 Robertsonian translocation, various beef cattle breeds and Scandinavian Red breeds 

have been identified to be carriers of the mutation but not in the Holstein-Friesian breed (Diskin 

and Morris, 2008). Like DUMPS, blood testing was implemented in Sweden where they were able 

to eliminate animals that were carriers of the mutation before being enrolled in reproduction and 

AI programs (Gustavsson, 1979). Other more common genetic abnormalities are errors in the 

ploidy of chromosomes, loss of genetic material, complex vertebral malformation and maternal 

inbreeding (Diskin and Morris, 2008, Parmar et al., 2016). In general, genetic variations that do 

affect embryo survival are often attributed to the genetic differences found between the dam and 

the embryo or the genetic composition of the embryo itself which could lead to EM (Diskin and 

Morris, 2008). 

Current Strategies to mitigate subfertility 

Palpation / Ultrasonography via rectum and blood markers 

Palpation and/or ultrasonography via rectum are considered common practices used to 

determine pregnancy status of a cow (Roberts, 1971, Momont, 1990, Romano and Magee, 2001, 

Youngquist, 2007). Palpation via rectum is considered a frequent and common practice that has 
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been found to have a small adverse effect on calving rates when a single veterinarian conducts 

them (Roberts, 1971, Momont, 1990, Roberts, 2007, Romano et al., 2007, Youngquist, 2007). 

Therefore, out of the two methods, ultrasonography is considered the gold standard of determining 

early pregnancy in cows because it provides immediate information on the conceptuses viability 

and reduces the number of both false positives and negatives (Romano and Magee, 2001). 

Detection of pregnancies with EM are a challenge due to it taking place during the pre-implantation 

period, on days 7 to 16 of pregnancy. This means that pregnancies with EM remain undetected 

until pregnancy status can be determined at day 32 via ultrasound or at day 35 via palpation by a 

skilled practitioner (Roberts, 1971, Momont, 1990, Youngquist, 2007, Lonergan and Forde, 2014).  

Another set of early pregnancy diagnosis tools that have proven to be practical are the use 

of blood markers (Northrop et al., 2019). Currently, there are two commercially available tests 

(Biopryn and Alertys) that analyze blood at day 28 after AI for pregnancy but measure different 

types of antigens (pregnancy-associated glycoprotein [PAG] or pregnancy-specific protein B 

[PSPB], respectively) (Sasser et al., 1986, Green et al., 2000). Although both tests have high 

degrees of accuracy on non-pregnant cows (99%) and pregnant cows (95%) (Northrop et al., 2019), 

researchers reported that lactating cows could still have PAGs present even after 80 to 100 days 

after calving and give a false positive result (Green et al., 2005). Another problem that is presented 

by these blood tests are their inability to be conducted earlier post-AI which could aid with the 

detection of pregnancies with EM, re-insemination of non-pregnant cows sooner and economic 

consequences due to delayed return to pregnancy (Lucy et al., 2004). Despite these issues, demand 

for both blood markers have proven to be advantageous by providing a cost effective and easier 

method to detect pregnancy rather than having to invest in ultrasound equipment and acquiring 

skills to master rectal-palpation or -ultrasound (Northrop et al., 2019). Thus, early diagnosis of 



 17 

non-pregnant cows is imperative to efficiently resynchronizing them in a timely manner and limits 

the management of a cow’s reproductive performance (Zemjanis, 1970, Romano et al., 2007). 

Estrous Synchronization Programs and Timed-Artificial Insemination 

Detection of cows experiencing estrus has been traditionally performed through visual 

observation, which is time consuming (Firk et al., 2002). Notably, estrous cycle and visual 

detection of estrus behavior has shortened due to a combination of factors (i.e., heat stress, 

genetics, nutrition) in high milk producing cows when compared to a low milk producing cow 

(Van Eerdenburg et al., 1996, Kerbrat and Disenhaus, 2004, Lopez et al., 2004, Wiltbank and 

Pursley, 2014). Some of the earliest tools that were used to aid with visual estrus detection were 

paint or Kamar Heatmount Detectors on a cow’s tail (Firk et al., 2002, López-Gatius et al., 2005). 

Unfortunately, such methods are not considered to successfully and consistently identify all cows 

experiencing estrus in order to accurately use timed AI and therefore, reducing efficiency and 

profitability the reproductive performance of a herd (Nowicki et al., 2017). More contemporary 

and effective tools being used to manipulate the reproductive process in cows and heifers are estrus 

synchronization programs that are based on using hormones schemes combined with pedometers 

(Goshen et al., 2015), Eazibreed CIDR (Bartolome et al., 2009) and/or Estrotect patches (Pursley 

et al., 1995, Thatcher et al., 2002). Advantages of using these types of programs are herds whom 

experienced estrus at a predicted time frame which permits for follicular development, regression 

of the CL and facilitates a precise timed embryo transfers or AI (Thatcher et al., 2003). There are 

a variety of synchronization programs that commonly used in combination with timed AI. Two of 

the most common examples of such programs that are used in dairy cows are OvSynch and it 

modified form, Presynch-OvSynch (Goshen et al., 2015). However, each have their pros, cons and 
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are reliant of what type of reproductive management is wanted to be achieved during a specific 

time point of the estrous cycle. Ovsynch offers the ability of not having to detect estrus because it 

can synchronize both follicle maturation and regression of the CL before ovulation and timed AI 

takes place (Thatcher et al., 2002). The Ovsynch protocol consists of intramuscularly injecting 

GnRH seven days before followed by forty-eight hours after an intramuscular injection with PGF2a 

and finally, inseminating cows at twelve to sixteen hours later from the second intramuscular 

injection of GnRH. Some limitations of Ovsynch are that it can reduce pregnancy rates due if a 

cow’s estrous cycle is not at the specific period of days 5-12. Furthermore, Ovsynch is considered 

the oldest method out of the two and has been modified as needed to meet the needs for the desired 

type of reproductive management of a herd (Goshen et al., 2015). The second program is Presynch-

OvSynch and is comprised of two PGF2a instramuscular injections that are administered in a 

fourteen interval and followed by the OvSynch that is initiated twelve days after the second 

intramuscular injection of PGF2a. Therefore, out of the two most common synchronization 

programs, Presynch-OvSynch provides the most increase of pregnancy rates (25-43%) in dairy 

lactating cyclic cows due to OvSynch and timed AI being implemented at the most favorable stages 

of the estrous cycle that could lead towards pregnancy success rather than in EM (Moreira et al., 

2001).  

In vitro Embryo Production, Selection and Transfer 

 Cattle have shown to have various patterns of infertility that could occur during the in vitro 

production of bovine embryos (Perkel et al., 2015). According to Lonergan et al. (2003), an 

approximate 90% of oocytes resume meiosis and undergo maturation in vitro but only 30-40% of 

them develop to the blastocyst stage (Lonergan et al., 2003). Therefore, the previous statement 



 19 

argues the importance of development taking place during the pre-implantation stage which can 

influence the blastocyst’ outcome (Farin et al., 2001, Rizos et al., 2002, Havlicek et al., 2005, 

Lonergan et al., 2006). Some have suggested that in vitro embryo production is highly responsible 

for altering lipid content, DNA methylation, metabolism, ultrastructure, gene expression and 

ultimately, inability to establish pregnancy (Boni, 1999, Crosier et al., 2000, Rizos et al., 2002, 

Corcoran et al., 2006, Lonergan et al., 2007, McHughes et al., 2009, Pontes et al., 2009, Niemann 

et al., 2010, Gad et al., 2012, Sudano et al., 2014). While others argue that in vitro embryo 

production is advantageous when compared to both AI and embryo transfer procedures because 

females who are unresponsive to estrous synchronization programs and/or superovulation 

treatments can then overcome infertility (Mermillod et al., 1996, Baruselli et al., 2006).  

Traditionally, the technique of in vitro embryo production has been used for slaughtered 

cattle which aids in recovering genetic material or during transvaginal ultrasound-guided oocyte 

retrieval on superior animals to serve as embryo donors (Mermillod et al., 1992, Xu et al., 1992, 

Van Soom et al., 1994, Bols and Stout, 2018). However, retrieval of cow ovaries from a 

slaughterhouse tends to be of mixed quality (ill or reproductively inefficient) (Perkel et al., 2015). 

Another way in which embryos can be used to overcome early EM is by assessing their 

morphology (fragmentation, symmetry of blastomeres, zona pellucida thickness, cleavage rates) 

and thus, selecting those with the highest developmental potential for transfer (Ziebe et al., 1997, 

Stringfellow, 1998, Salumets et al., 2001, Gordon and Melvin, 2003, Salumets et al., 2003, Hansen, 

2006, Perkel et al., 2015). The predicament and limitation with the technique of assessing an 

embryo’s quality through visual morphology is that it is highly subjective upon the observer’s 

experience level or bias on the grading scheme being used (Perkel et al., 2015). Some scientists 

have also found that embryos that were classified as having superior morphology were prevalent 
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to aneuploidy and could harbor undetectable genetic defects that could later on compromise an 

embryo’s development (Márquez et al., 2000, Khatib et al., 2009, Huang et al., 2010, Nel-Themaat 

and Nagy, 2011, Perkel et al., 2015). Therefore, time-lapse imaging and embryo metabolism are 

some of the non-invasive techniques that have been suggested to be used in conjunction with 

morphological parameters but are not yet widely accepted by the scientific/clinical community 

(Perkel et al., 2015). Last but not least, the use embryo transfer can also prevent EM pregnancies 

from happening and are divided into two types of categories. The first is synchronous and is 

defined as an embryo being in synchrony (development difference of 48 hours or less) to the 

recipient’s uterine environment being transferred (Moore and Shelton, 1964, Rowson and Moor, 

1966, Rowson et al., 1972, Pope, 1988). The second is asynchronous and refers to an embryo and 

uterus being ‘out of sync’, demonstrating how progesterone has a timely effect on the uterus 

regulation towards a developing conceptus (Forde and Lonergan, 2017). Research data comparing 

both types of embryo transfers found that blastocysts that were transferred asynchronously (day 7) 

vs those synchronously to a uterus (day 5 or 9) resulted in either delayed (day 5 uteri: 5.4 ±	0.4 

mm) or advance (day 9 uteri: 50.4 ±	1.5 mm) conceptus growth and a decrease in conceptus 

survival (20%) (Ledgard et al., 2012). Therefore, each of the previous steps that can be taken to 

improve embryo quality whether it is through in vitro production, selection and/or transfer could 

potentially aid in mitigating preventing EM pregnancies from occurring.  

Biomarkers 

With the world’s population growth and demand for food production, an increase in cattle 

efficiency (i.e., reproduction, health, performance) has become a fundamental requirement for 

farm sustainability and has therefore, driven for the implementation of both novel and precise 
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strategies in genetic selection (Berry et al., 2013, Mazzoni et al., 2017, Miretti et al., 2020). Rapid 

improvement in cattle have occurred due to omics and are defined as high-throughput sequencing 

technologies that can explore either the genome structure (genomics) or -function (transcriptomics, 

proteomics, metabolomics) (Valour et al., 2015). An example of an omic technology are 

biomarkers which are a measurable biological indicator such as DNA, mRNA, proteins or 

metabolites that are within biological fluids and are used as a non-invasive diagnostic tool that 

predicts the state of an individual’s health and reproductive traits (Strimbu and Tavel, 2010, 

Kadarmideen, 2014). Biomarkers are based on the identification of bovine genetic polymorphisms 

(SNPs) within genes or quantitative trait loci (QTL) regions that are associated with economic 

relevant traits (ERTs) (Valour et al., 2015). Use of biomarkers can also identify the effects of 

molecules and regulatory networks on ERTs and gives a person the ability to genetically select 

animals for specific traits of interest with high accuracy (Berry et al., 2014, Suravajhala et al., 

2016, Soler et al., 2020). As a result, biomarkers such as those within Clarified Plus have 

substantially economically impacted the dairy and beef cattle industry by reducing the traditional 

costs of generational intervals to improve ERTs and overall enhancing the management and 

productivity of cattle (Witkamp, 2005, Moore et al., 2007, Fessenden et al., 2020). A challenge 

with biomarkers is that they need large amounts of information in order to accurately predict ERTs 

and specifically, those associated with low heritability such as reproduction (Berry et al., 2014). 

Further issues on biomarkers arise due to the QTL regions associated to ERTs being only shared 

20% between cattle populations and are mostly found to be in specific cattle breeds (Valour et al., 

2015). Despite this, a handful of biomarkers have been previously identified in QTL regions that 

are associated to non-fertilization, pregnancies with EM, reproductive (i.e., endometritis, sub-

clinical mastitis) and non-reproductive diseases (i.e., respiratory) by using large pedigrees and 
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improved genotyping procedures (Lefebvre, 2011, Hussein et al., 2018, Pereira et al., 2020, Li et 

al., 2022). Another disadvantage to these QTL regions for pregnancies with EM is that they are 

centered on in vitro embryo transcriptome studies even though they encumber key developmental 

time points in which there is a maternal to embryonic transition, followed by hatching, elongation 

and finally the initiation of implantation (Ushizawa et al., 2004, El-Sayed et al., 2006, Hue et al., 

2007, Mamo et al., 2011, Sandra et al., 2011, Hue et al., 2012, Khan et al., 2012, Mondou et al., 

2012, Graf et al., 2014a, Graf et al., 2014b). Therefore, evaluating in vivo embryo development 

that takes into account both the maternal environment and embryo quality are key to further 

understanding pregnancies with EM (Valour et al., 2015). 

 

Conclusions  

In summary, several factors affect Holstein-Friesian cows during pregnancy that could then 

lead to EM and numerous types of technologies have tried to mitigate such outcome. However, 

one of the most vital pieces of pregnancies with EM is on further understanding how it occurs in 

order to propose more effective alternatives. Current transcriptomic technology in the cattle 

industry indicates that an evident step towards identifying cows that are reproductively efficient 

from those that are prone to pregnancies with EM can be accomplished using genomic biomarkers.  
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Rationale and Significance 

Although predisposing factors for the poor fertility in the modern USA Holstein-Friesian 

cows have been identified, pregnancies with EM cause 43% of all failed pregnancies in high 

producing USA dairy cows (Diskin and Morris, 2008, Diskin et al., 2011). Such pregnancies with 

EM occur between days 7 to 19 of pregnancy and there is no detection of it before an ultrasound 

can be conducted on day 32 after AI (Diskin et al., 2006). It is estimated that pregnancies with EM 

annually cost the cattle industry $1.4 billion in the USA and $1.28 trillion worldwide due to 

inefficient management of nonpregnant cows (Perkel et al., 2015). Currently, pregnancies with 

EM are poorly understood due to the limiting number of studies that have explored the relationship 

between the amount of IFNT synthesized, embryo morphology (normal or EM) and maternal 

environment (immune system).  

The hypothesis for this dissertation was that pregnancies with EM are associated with 

impaired conceptus-derived IFNT secretion that may impede action (endocrine and paracrine) on 

reproductive tissues (endometrium, CL, peripheral blood mononuclear cells) which may lead to 

luteolysis and disruption of pregnancy. Clarifying the mechanisms involved in pregnancies with 

EM may lead to the identification of genetic biomarkers that could be used to manage heifers and 

cows prone to inferior fertility traits.  

The objective of chapter 2 of this dissertation was to elucidate the mechanisms from a 

pregnancy with an EM conceptus and the transcriptome response in reproductive tissues 

(endometrium, peripheral blood mononuclear cells and corpus luteum) via RNA-Sequencing. 

Given the transcriptome results of chapter 2, the objective of chapter 3 were to conduct SNP 

discovery on the RNA Sequencing single end read sequences from the conceptuses (normal vs 



 24 

EM) in order to identify any candidate SNPs that were associated with EM pregnancies that could 

cause cows to have inferior fertility traits.  
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CHAPTER 2: EMBRYO MORTALITY MOUNTS A MASSIVE T HELPER IMMUNE 

RESPONSE COMBINED WITH AN IMPAIRED INTERFERON-TAU RELEASE AND 

MATERNAL RECOGNITION ACTION IN LACTATING DAIRY COWS1 

 

Summary  

Embryo mortality contributes to infertility and occurs between days 7 to 19 of pregnancy 

in cows. However, the exact mechanism of why a pregnancy with embryo mortality fails is 

unknown. Our objective was to elucidate the transcriptome response of reproductive tissues 

(endometrium, corpus luteum and peripheral blood mononuclear cells) to pregnancies with embryo 

mortality in lactating Holstein-Friesian cows. Two experiments (E1, E2) were conducted with 

lactating Holstein-Friesian cows (E1: n=20, E2: n=22), randomly divided into pregnant (E1: n=13, 

E2: n=15) or non-pregnant (E1: n=7, E2: n=7) group and all were subjected to an estrous 

synchronization. Only the pregnant group was artificially inseminated with the same high-fertile 

sire’s semen. At day 16, after artificial insemination or of estrous cycle, reproductive tissues 

(endometrium, corpus luteum [only for E2] and peripheral blood mononuclear cells), serum (E1) 

or plasma (E2) and uterine flushings were collected. Conceptuses were only collected for the 

pregnant group. Re-classification of the pregnant group was based on embryo morphology and 

appearance [embryo mortality pregnancies had pink, red, restricted in elongation and (or) opaque 

conceptuses (E1: n=5, E2: n=6) or normal pregnancies had translucent and elongated conceptuses 

(E1: n=8, E2: n=9)]. The following procedures were conducted for all cow groups: uterine 

 
1Written and formatted with the intention to be submitted to the Journal of Dairy Science in fall 
of 2022. 
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flushings to estimate interferon tau (IFNT) by ELISA, western blot (only for endometrium) to 

quantify ISG15 protein, reverse-transcription quantitative polymerase chain reaction (RTqPCR;  

only for reproductive tissues) to semi-quantify ISG15 mRNA and serum (E1) or (E2) plasma was 

conducted to estimate estradiol and progesterone concentrations by radioimmunoassay. All 

procedures previously mentioned were analyzed with Proc GLM-ANOVA in SAS. Reproductive 

tissues and conceptuses were RNA sequenced, aligned to UMD 3.1 (E1) or ARS-UCD 1.2 (E2) 

genome assembly and processed within DESeq2 package in R. Gene expression data were 

submitted into Ingenuity Pathway Analysis (IPA) bioinformatic software to generate key 

canonical pathways and/or upstream regulators associated within group comparisons [Normal vs 

Non-Pregnant, Embryo Mortality vs Non-Pregnant and Embryo Mortality vs Normal]. Failure to 

identify pathways, generated a gene list from IPA were submitted into the Search Tool for the 

Retrieval of Interacting Genes/Protein (STRING; http://string-db.org) database to find possible 

protein-protein interactions and evaluate their gene roles. Normal conceptuses were found to be 

longer than embryo mortality conceptuses. Additionally, IFNT protein concentrations in uterine 

flushings were greater in normal compared to embryo mortality and non-pregnant in E1 but not 

for E2. The ISG15 protein from western blot analyses revealed that endometrium from normal 

pregnancy cows were greater (E1 and E2) than embryo mortality and non-pregnant and embryo 

mortality tended to be greater than non-pregnant in E2. RTqPCR for ISG15 mRNA levels revealed 

that normal endometrium was greater (E1 and E2) when compared to embryo mortality and non-

pregnant endometrium but only tended to be greater in embryo mortality compared to non-

pregnant endometrium in E2. The concentrations of both progesterone and estradiol in the 

radioimmunoassay were only significant by day (7 and 16) in E2 and only for progesterone. RNA 

sequencing revealed that IFNT mRNA was greater (E1 and E2) in normal conceptuses compared 
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to embryo mortality conceptuses. For E1 and E2, IPA revealed for embryo mortality compared to 

normal conceptuses that the key canonical pathway T helper 1 (Th1) and Th2 was up-regulated 

and responsible for an adaptive immune response that activated pro-inflammatory cytokines. 

Within embryo mortality compared to normal endometrium, E1 had Th1 and Th2 pathways up-

regulated while E2 identified differentially expressed genes (DEGs) that were up-regulated and 

associated with estradiol-mediated luteolytic action. Comparison of embryo mortality compared 

to normal in PBMC were only significantly in E1 and had down-regulated DEGs associated with 

tissue growth, remodeling and/or development, cell cycle, conceptus implantation, essential 

mineral transporters, innate immune system and Th1 activation. The corpus luteum of E2 for 

embryo mortality compared to normal exhibited up-regulation of DEGs associated with 

inflammation, calcium sequestration/delivery, glucose- and estradiol-metabolism that may be 

involved in the luteolysis pathway. Our results suggested that pregnancies with embryo mortality 

were associated with an impaired action (paracrine and endocrine) of IFNT from the 

trophectoderm of the conceptus on reproductive tissues (endometrium, corpus luteum and 

peripheral blood mononuclear cells). This may then lead to a disruption in maternal-fetal crosstalk 

which allows for the activation a massive T helper immune response within the conceptus, genes 

associated with estradiol and re-modelling of the endometrium, luteolysis cascade in the corpus 

luteum and therefore, pregnancy loss occurs. Thus, this study was initiated to aid in proposing a 

mechanism of why most pregnancies fail, while others succeed in purebred Holstein-Friesian 

cows. 
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Introduction 

Fertility in high-producing dairy cows has been in decline for the past 50 years in the United 

States of America (USA) and this is attributed to the intensive genetic selection for higher milk 

yield (García-Ruiz et al., 2016). Such management strategy has resulted in a reduced duration of 

estrus (6.2 hours vs 10.9 hours) and estrus behavior (i.e.; numbers of times standing to be mounted 

and walking activity) in high milk producing cows compared to lower milk producing cows (Van 

Eerdenburg et al., 1996, Kerbrat and Disenhaus, 2004, Lopez et al., 2004). Recent availability and 

use of the net merit index (i.e., genetic prediction tool) aided both farmers and the dairy cattle 

industry to efficiently select fertility traits with ascribed low heritability such as daughter 

pregnancy rate (DPR; 0.04 out of 1.0) (García-Ruiz et al., 2016a). This is essential to the dairy 

industry because DPR is used to predict the ability of a bull’s daughter to become pregnant sooner 

rather than later when compared to another bull’s progeny (P.M. VanRaden, 2003). Despite 

advances in selecting against the declining trend for fertility traits and improved farm management 

practices for superior health, nutrition and reproduction, calving rates of modern Holstein-Friesian 

heifers (35-40%) and lactating cows (55-60%) are still considered suboptimal (Lonergan et al., 

2016a).  

Subfertility, in Holstein-Friesian cows, may be caused by early embryo mortality (EM), 

because it is responsible for 43% of all reproductive failures during the pre-implantation period 

(days 7 to 19) (Diskin et al., 2006, Walsh et al., 2011, Ribeiro, 2018). Also, about 39% of live 

embryos during days 5 or 6 after first postpartum artificial insemination (AI) fail to implant during 

the first month of pregnancy (Ribeiro, 2018). Furthermore, there is evidence that a significant 

proportion embryonic losses happen before or at day 16 of pregnancy in cattle (Diskin et al., 2006). 

Failure to determine pregnancy status before day 32 by ultrasound, and resynchronizing non-



 43 

pregnant (NP) cows has limited reproductive performance, breeding management, production and 

profit (Meadows et al., 2005, De Vries, 2006, Diskin et al., 2006, Ribeiro et al., 2012). Pregnancies 

with EM are associated with multiple factors, such as uterine infections, negative energy balance, 

dystocia, heat stress and parental gamete quality (Walsh et al., 2011) but the exact biological causes 

or mechanisms are poorly understood. Currently, it is estimated that EM pregnancies generate a 

loss of $1.6 billion in the USA and $1.28 trillion worldwide annually (Shah, 2009, Perkel et al., 

2015). 

A potential indicator/cause of EM might be restriction in elongation of the conceptus and 

the amount of interferon tau (IFNT) secreted by the trophectoderm on day 16 after AI in order for 

maternal recognition and establishment of pregnancy to occur (Wiltbank et al., 2016, Moraes et 

al., 2018). For example, there is a positive correlation between conceptus length and IFNT 

secretion from the trophectoderm that contributes to the success of a pregnancy (Rizos et al., 2012).  

IFNT is also known for its mechanism of preventing luteolysis of the corpus luteum (CL) 

through paracrine action and inhibition of estrogen receptor 1 (ESR1) on the endometrial luminal 

epithelium (Bazer et al., 1992, Spencer et al., 2008, Spencer and Hansen, 2015, Forde and 

Lonergan, 2017, Hansen et al., 2017). This renders ESR1 unable to up-regulate oxytocin receptors 

(OXTR) and pulsatile release of prostaglandin F2 alpha (PGF2a) from endometrial cells. IFNT is 

thought to alter PGF2a pulses in ewes, and attenuated pulses in cows (Thatcher et al., 1989, Spencer 

et al., 1996, McCracken et al., 1999, Spencer and Hansen, 2015, Hansen et al., 2017). Regardless, 

the CL can then continue to produce progesterone which maintains a competent uterine 

environment for the implanting conceptus, regulates the cow’s estrous cycle and prepares the 

uterine lining to secrete histotroph (Bazer et al., 1975, Bazer et al., 1997, Spencer et al., 2008, 

Spencer and Hansen, 2015, Spencer et al., 2016). 
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Other essential paracrine actions of IFNT are to augment the expression of both IFN-

stimulated genes (ISGs) in the uterus as well as immunodulatory cytokines (Hansen, 2011). 

Mainly, classical ISGs are known for having a role in antiviral response (MX1/2, OAS1/2, ISG15, 

IFI6, IFI44) or pathogen recognition receptor (ZBP1, IFI6, DDX58) responses (Shaw et al., 2017). 

A particular ISG that is highly responsive towards the paracrine action of IFNT in the endometrium 

is ISG15 and has been suggested to have a role in establishing and maintaining pregnancy (Austin 

et al., 1996, Johnson et al., 1998, Johnson et al., 1999, Austin et al., 2004). In addition, 

immunomodulatory cytokines such as GATA3 protect the conceptus from maternal immune 

responses as early as day 7 of pregnancy (Skopets et al., 1992, Hansen, 2011). This is of importance 

because studies involving both mice and humans have suggested that an aberrant immune system 

during pregnancy is associated with recurrent abortions and infertility (Sykes et al., 2012, Piccinni 

et al., 2015). In ruminants, limited studies have attempted to associate the effect of a conceptus 

restricted in elongation, production and action of IFNT by the conceptus trophectoderm and the 

maternal transcriptomic response of reproductive tissues (endometrium, CL) that are essential for 

pregnancy to succeed (Fair, 2015, Talukder et al., 2017). Hence, additional studies are needed to 

understand the exact mechanisms that cause EM which may aid in devising strategies to mitigate 

pregnancies with EM and selecting reproductively efficient cows. 

It was hypothesized that pregnancies with EM are associated with impaired conceptus-

derived IFNT secretion that may impede action (endocrine and paracrine) on reproductive tissues 

(endometrium, CL, peripheral blood mononuclear cells [PBMC]) which may lead to luteolysis 

and disrupt pregnancy. The objectives were to discover variation in gene expression for 

IFNT/ISG15 and transcriptomic changes within conceptuses and reproductive tissues as well as 

hormonal (estradiol and progesterone) deviations in normal (N) pregnancies compared to 
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pregnancies with EM occurring at the preimplantation stage (day 16). All cow groups were 

evaluated for RTqPCR (only for reproductive tissues) semi-quantified ISG15 mRNA, western blot 

(only for endometrium) to quantitated ISG15 protein, serum or plasma estimated estradiol and 

progesterone concentrations by radioimmunoassay and uterine flushings (UF) to estimate IFNT 

by ELISA. Pathway analyses from conceptuses and reproductive tissues RNA-Seq aimed to 

identify key molecular and cellular processes that were associated with pregnancy failure. This 

study was initiated to aid in proposing a mechanism of why most pregnancies fail, while others 

succeed in lactating Holstein-Friesian cows. 

 

Materials and Methods  

All procedures and protocols for animal handling and care were approved by the Colorado 

State University Animal Care and Use Committee (protocol #14-5190 and #17-7539A). The 

experiments were performed at different commercial dairy farms in Colorado, USA. Experiment 

#1 (E1) was conducted in Galeton during November 2014 while experiment #2 (E2) was 

conducted at Blue Sky Dairy, Meade from November of 2017 to February of 2018. A flow chart 

of the methodology for both E1 and E2 starting from sample collection to the identification of 

genes and pathways that influence EM pregnancies in Holstein Friesian cows is presented in Fig. 

2.1.  

Animal Care 

Lactating multiparous Holstein cows (E1: n=20, E2: n=22) were fed and milked twice 

daily, offered water ad-libitum, and received a total mixed ratio according to the guidelines by the 
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National Research Council (National Academies of Sciences and Medicine, 2021). Cows were in 

dairy farm database systems and housed in a free-stall barn equipped with sprinklers and fans, and 

sand-beds. 

Estrous Cycle Synchronization 

After the voluntary waiting period (60 days postpartum), healthy multiparous Holstein 

cows were subjected to synchronization of the estrous cycle and induced ovulation. 

Synchronization of estrous cycle consisted of an intra-muscular (IM) injection of Gonadotropin-

releasing hormone (GnRH; 0.1 mg/ml of Cystorelin-gonadorelin diacetate tetrahydrate, Merial 

Ltd., Duluth, GA), followed by seven days later an IM injection of PGF2α (25 mg/mL of Lutalyse 

sterile solution-dinoprost as tromethamine salt, Zoetis, Florham Park, NJ), and a second IM 

injection of GnRH fifty-six hours after the PGF2α IM injection. Cows were randomly assigned to 

either treatment group designated as pregnant (P; exposed to timed artificial insemination & same 

high-fertile sire’s semen; E1: n=13 and E2: n=15) or to the control group designated as non-

pregnant (NP; not exposed to semen; E1: n=7 and E2: n=7). Day of timed artificial insemination 

(TAI) was considered day 0 for cows in group P and were artificially inseminated 16 h after the 

final GnRH injection. Estrus was then considered day 0 of the study for cows in group NP. If no 

conceptus was recovered on day 16, for E1 after the first TAI, new cows were then assigned to the 

study.  

Tissue and fluid sample collection  

Lactating Holstein cows from E1 and E2 had the following fluids and (or) tissues collected 

on day 16 post-AI: uterine flushing, endometrium, PBMC with the exception of CL which were 

only collected for E2 (n=22). Also, only cows in group P had conceptuses collected on day 16 of 
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pregnancy. Ultrasonography (Ibex Lite, E.I. Medical Imaging, Loveland, CO) was performed 

using an 8.0 MHz linear transducer to determine the presence of CL in ovaries. All cows with CL 

on day 16 were transported to Genetics West, Berthoud, Colorado to flush embryos and (or) collect 

UF. Thorough cleansing of vulva and vagina was performed with chlorhexidine (2% solution) 

before performing any procedures. Subsequently, cows were injected with anesthesia (4 mL of 2% 

lidocaine hydrochloride solution) into the epidural space to relax the musculature surrounding the 

rectum for embryo and uterine fluid collection.  

Recovery and collection of Conceptus and Uterine Flushing 

UF and (or) embryo flushes were performed for E1 by Dr. Kevin McSweeney for (E1; 

Liebig et al. 2022) and with the assistance of Dr. Thomas Rae, DVM-Theriogenologist for E2. In 

these efforts, flushing media (30 mL of phosphate buffered saline solution; PBS, Sigma, St. Louis, 

MO and 10 mL of 0.01% of polyvinyl alcohol, Sigma, St. Louis, MO) was infused using a 60 mL 

plastic syringe (Norm-Ject, Henkes, Saas Wolf) connected to a French silicone-coated latex Foley 

modified catheter (size 22, Bard, Covington, GA) into the ipsilateral uterine horn to the CL by 

transcervical catheterization to collect conceptuses. A bovine cervical expander (Ag-Tech, Inc.) 

was also used, if deemed necessary. Recovery of UF, from infusion, involved using the same 60 

mL syringe and placing fluid with conceptus in a sterile petri dish. UF was examined under a 

stereoscope (Stereo Star Zoom, American Optical) at a 7x magnification to locate the conceptus. 

This procedure was repeated up to six times to ensure recovery of conceptus, if present. Once the 

conceptus was located, it was rinsed with fresh drops of sterile PBS and 0.1% (v/v) of polyvinyl 

alcohol. The conceptuses were then measured (millimeters) in length, photographed beside a ruler, 

and classified/sorted by their viability as either: N (translucent and elongation; E1: n=8, E2: n=9) 

or undergoing EM (pink, red, opaque and/or restricted elongation; E1: n=5, E2: n=6). N and EM 



 48 

conceptuses were snap frozen with liquid nitrogen and stored a -80°C for RNA extraction. After 

recovering the conceptuses, UF were placed on ice within 2 hours were centrifuged at 2,000 x g 

for 15 minutes at 4°C upon arrival to laboratory at the Animal Reproduction and Biotechnology 

Laboratory (ARBL) facility at Colorado State University (CSU), Fort Collins, Colorado. The uteri 

of NP cows were also flushed to serve as negative controls. Supernatant was collected, 

homogenized and aliquoted and were stored at 80°C until processed for protein extraction.  

Endometrial Biopsy 

Collection of endometrial biopsies were performed using a transcervical Jackson uterine 

biopsy forceps (Jorvet, Jorgensen Laboratories, Inc.; Loveland, CO) with a cutting area of 4mm x 

28mm at the ipsilateral uterine horn to the CL. A protective sheath was introduced with the 

instrument through the vagina and guided by transrectal palpation. The protective sheath was 

ruptured once the external cervical orifice was reached. At 10 cm from the bifurcation of the 

uterine horn, the endometrial tissue was collected, snap frozen with liquid nitrogen and stored at -

80°C until processed for RNA and protein extraction. 

CL Biopsy 

 Ultrasound and a biopsy needle were inserted and guided into the vaginal fornix for 

CL collection (E2: n=22). The ovary containing the CL was positioned using transrectal palpation 

against the vaginal wall and blade of the biopsy needle was triggered. Tissue biopsies were 

weighed, washed with PBS, snap frozen with liquid nitrogen and stored at -80°C until processed 

for RNA and protein extraction. 
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Blood Collection, Plasma, Serum and Peripheral Blood Mononuclear Cell Isolation 

For E1, serum collection tubes and evacuated tubes containing K2 EDTA (Vacutainer, 

Becton Dickinson, Franklin Lakes, NJ) were used to collect serum and PBMC, respectively. While 

for E2, only evacuated tubes containing K2 EDTA (Vacutainer, Becton Dickinson, Franklin Lakes, 

NJ) were used to collect both plasma and PBMC. Two blood samples per each animal from jugular 

vein were collected and placed on ice. Upon arrival at the laboratory in the ARBL facility, samples 

were processed for serum (E1: n=40), plasma (E2: n=44) or PBMC (E1: n=40, E2: n=44). Serum 

was separated by centrifugation at 2,000 x g for 15 min at 4°C and stored at -20°C until 

radioimmunoassay. For plasma samples, tubes were centrifuged at 1,500 x g for 15 min, top layer 

was removed and frozen at -20°C until radioimmunoassay. For PBMC isolation, tubes were 

centrifuged at 2,000 x g for 10 min at 4°C. For PBMC isolation, tubes were centrifuged at 2,000 x 

g for 10 min at 4°C. White buffy coats were transferred into 15 mL tubes containing 5 mL of 

ammonium chloride lysis buffer (ACK; 150 mM ammonium chloride, 10 mM potassium 

bicarbonate, 0.1mM EDTA, pH 7.2 to 7.4) and incubated at room temperature for 15 min. PBMC 

were pelleted by centrifugation at 2,000 x g for 10 min at 4°C and washed in 5 mL of sterile 

BioWhittaker Hank’s balanced salt solution without calcium, but containing magnesium and 

phenol red (Lonza; Walkersville, MD). PBMC were snap frozen with liquid nitrogen and stored at 

-80°C until RNA extraction.  

Radioimmunoassay 

Full details of radioimmunoassays for both progesterone and estradiol 17b (estradiol) are 

described in in Niswender, 1973 (Niswender, 1973) and England et al., 1974 (England et al., 1974), 

respectively. Assays were completed in the Endolytics Laboratory in the Animal Reproduction 

and Biotechnology Laboratory at Colorado State University. 



 50 

Sandwich Enzyme-Linked Immunosorbent Assay  

 Description of the procedure used for the quantification of IFNT from UF can be found in 

Dickinson et al., 2020 (Dickson et al., 2020). 

Protein Isolation 

Protein pellets from endometrium samples were dissolved in 200-400 μL of 1% SDS, the 

insoluble material was sedimented via centrifugation at 10,000 x g for 10 min at 4°C and the 

supernatant diluted at 1:10 in PBS for quantification. Protein was quantified utilizing a Pierce BCA 

Protein Assay Kit (Thermo Scientific; Waltham, MA) as per manufacturer’s instructions. 

Western Blot  

 Protein concentrations for endometrial and CL tissue was quantified utilizing a Pierce BCA 

Protein Assay Kit (Thermo Scientific; Waltham, MA). Tissue samples were loaded into a lane of 

12% SDS-PAGE gels and electrophoresed for 1.5 hours at 200 volts. Proteins were then transferred 

to a nitrocellulose blotting membrane (Amersham Protran 0.2 μm NC; GE Healthcare; Pittsburgh, 

PA) for 1 hour at 100 volts. Membranes were incubated for 1 h in 5% non-fat dry milk in Tris-

buffered saline + Tween 20 (TBST) at room temperature. They were then incubated with rabbit 

anti-bovine mouse anti-bovine ISG15 primary antibody (1:1000; Austin et al., 2004), diluted in 

TBST for 5 min and incubated with donkey anti-rabbit or donkey anti-mouse secondary antibody 

diluted in TBST in 1% non-fat dry milk (1:2000; Santa Cruz Biotechnology Inc.; Santa Cruz, CA) 

for 1 hour at room temperature. Following three more washes in TBST, proteins were detected 

using the Amersham ECL Prime Western Blotting Detection Reagent Kit (GE Healthcare; 

Pittsburgh, PA). Quantifications were performed using the optical densitometry program, Image 
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Lab 4.1, on a ChemiDoc XRS+System with Image Lab Software (Bio-Rad Life Science; Hercules, 

CA). 

RNA Isolation  

Total RNA extractions were performed using TRIzol reagent (Life Technologies; 

Carlsbad, CA) for tissues (CL, PBMC, endometrium and conceptuses) collected on day 16 

following the manufacturer’s instructions. Remaining DNA was removed from the RNA fractions 

by treatment with RNase-free DNase (Qiagen; Valencia, CA) and RNAeasy MinElute Cleanup 

Kit 50 (Qiagen; Valencia, CA; catalog # 74204). This ensured samples to be of high-quality RNA. 

A NanoDrop 2000 Spectrophotometer (NanoDrop Technologies; Wilmington, DE; Thermo 

Scientific, manufacture: ND2000USCAN) was used quantify and determine quality of each RNA 

sample by dividing absorbance (A)260 by A280. Values of 2.0 were considered high quality samples. 

Reverse-Transcription Quantitative Polymerase Chain Reaction 

 Single stranded cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad Life 

Science; Hercules, CA). Synthesized cDNA was diluted with RNase-free water for the reverse-

transcription quantitative polymerase chain reaction (RT-qPCR) reaction. Primers for ISG15 

(target gene) and RPL19 (housekeeping gene) have been previously validated in our laboratory 

(Romero et al., 2015). The RT-qPCR were performed in duplicate using a combination of cDNA, 

iQ SYBR green supermix (Bio-Rad Life Science; Hercules, CA), RNase-free water and solution 

of each primer set for each well in a 96-well plate and amplified on a CFX384 Touch Real-Time 

PCR Detection System (Biorad). Amplification of PCR products were performed at 95°C for 3 

min for denaturation, followed by 39 cycles of 95°C for 10 seconds, 58°C for 30 seconds, and 
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72°C for 15 seconds. The reaction products were assessed for quality by melting curve on the 

CFX384 Touch Real-Time PCR Detection System (Biorad). 

RNA-Seq  

Preparation and Normalization of Library Files 

Total RNA for conceptuses (E1: n=14, E2: n=15), endometrium (E1: n=20, E2: n=22), CL 

(E2: n=22) and PBMC (E2: n=22) were shipped to and processed by Zoetis Inc. (Kalamazoo, MI, 

USA) for the preparation cDNA libraries and sequencing using the Illumina HiSeq (2000) System. 

For E1, raw single-end sequencing data was of 100 base pairs, while for E2, it was 75 base pairs. 

All sequences were then trimmed and aligned to UMD 3.1 (E1) or ARS-UCD 1.2 (E2) bovine 

genome (http://bovinegenome.elsiklab.missouri.edu/node/61). 

Filtering and Analysis of Raw Sequence Reads on RNA-Seq Data  

Single-end reads were tested and verified for normal distribution for each tissue and cow 

group using a principal component analysis (PCA) plot. By having 2 PC in the axes, a model plane 

was created, which gives a score to each plot. The PCA plots determined if there were sample 

outliers, but more importantly if the plots, by pregnancy status, were similar or different from each 

other (see Fig. 2.5).  

Bioinformatical Analysis on RNA-Seq Data 

To gain additional biological insight into patterns of gene expression from the RNA-Seq 

data, differentially expressed genes (DEGs) were submitted to Ingenuity Pathway Analysis® 

software (IPA; Qiagen, Redwood City, CA) for a core analysis with p-adjusted value of <0.05 and 

±0.585 log2-fold change which are equivalent to ±1.5 fold change and were identified as either 
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up- or down-regulated genes. Only for the comparison of EM vs N conceptus in E2 did we use p-

adjusted value of <0.001 and ±2 log2-fold change which is equivalent to ±4 fold change. This was 

necessary to reduce the number of DEGs limit (>8,000) that IPA can effectively conduct a core 

analysis. The top canonical pathways and up-stream genes were evaluated for each tissue within 

both experiments (E1 and E2) when DEGs significantly differed (p-adjusted value of <0.05). To 

examine top analysis for ready molecules, top diseases and disorders, and top toxicology functions, 

see appendices (1-9). Reproductive tissues with no key canonical pathways identified but had 

DEGs were submitted into the Search Tool for the Retrieval of Interacting Genes/Protein 

(STRING; http://string-db.org) database to find possible protein-protein interactions and their 

gene roles. If associations were discovered, then cross-referenced Pubmed searches were 

completed using two or more DEGs in each search for relationships.  

Statistical Analysis 

 Conceptus length was analyzed with Proc GLM using the one-way ANOVA procedure in 

SAS software OnDemand for Academics Edition. UF data were subjected to a Kruskall-Wallis 

test using Prism 8 from GraphPad (See Fig. 2.2C) in order to correct for variable volume of 

flushing media that that was recovered from bovine uteri. For RT-qPCR results, delta cycle 

threshold (Ct) values for each target were obtained after normalization of Ct values of the gene 

with Ct values from our housekeeping gene, which was RPL19. Housekeeping genes, target genes, 

and their respective primers are listed in Table 2.1. RT-qPCR data and western blots were analyzed 

by Proc GLM-ANOVA in SAS software OnDemand for Academics Edition. Treatment 

differences with p ≤ 0.05 were considered significant and those with 0.05 > p ≤ 0.10 were 

considered tendencies. Concentrations of progesterone and estradiol in plasma were analyzed by 

pregnancy status (NP, EM, N), day of pregnancy/estrous cycle (day 0, 7, 16) and interactions using 
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Proc Mixed and LSMEANS procedures for repeated measure analyses in SAS software 

OnDemand for Academics Edition. RNA-Seq data were exported, organized (R package: dplyr 

and plyr) and filtered (R package: edgeR) to exclude samples with less than 10 mRNA raw counts 

using R. Use of DESeq2 in R package controlled for potential false discovery using an adjusted p-

value and the Benjamini-Hochberg method (Hochberg, 1995). Moreover, within the DESeq2 in R 

package, comparisons (1x1) were performed between groups (N vs NP, EM vs NP, and N vs EM) 

for all samples except conceptuses (N vs EM) using a negative binomial distribution model. 

Conceptus IFNT mRNA and endometrial, PBMC and CL ISG15 mRNA were analyzed by DESeq2 

in R to get the DEGs with log2-fold change and adjusted p-value (Love et al., 2014). All files were 

exported in Excel spreadsheet format to submit into IPA (Qiagen Catalog # 830018). 

 

Results 

Conceptus Morphology and Length, Uterine Flushing IFNT Concentrations and Endometrial 

Conjugated ISG15 concentrations  

Examples of N and EM conceptuses are shown in Fig. 2.2A. N conceptuses were longer 

(E1: p=0.002, E2: p =0.003; Fig. 2.2B) when compared to EM conceptuses. Likewise, IFNT 

protein concentrations in UF were greater in N compared to EM and NP in E1, but this was not 

the case in E2 (Fig. 2.2C). In E2, the IFNT protein concentrations in UF from EM embryos were 

not different from NP or N UF which may be indicative of an intermediate and compromised 

release of IFNT. When analyzing endometrial conjugated ISG15 protein concentrations using 

western blot, they followed the pattern of IFNT release from the conceptus (Fig. 2.2D). For 

example, in E1, ISG15 concentrations were greater (p <0.001) in N compared to NP and EM, 
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whereas in E2, ISG15 concentrations were greater (p < 0.01) in N compared to NP, but EM 

concentrations tended (p = 0.09) to be greater than NP and were not different from N endometrium. 

RTqPCR  

 Because of limited EM conceptus tissue, all of the EM conceptus RNA samples were 

submitted for RNA-Seq analysis. For this reason, RTqPCR was only completed for endometrium, 

PBMC and CL (E2). RTqPCR confirmed that endometrial ISG15 mRNA levels were greater in N 

(E1: p <0.0003; E2: p <0.0001-Fig. 2.3A) compared to EM and NP endometrium in E1, and in E2 

only tended (p <0.07) to be greater in EM compared to NP endometrium. Based on RTqPCR, there 

were no differences in PBMC (Fig. 2.3B) or CL (Fig. 2.3C) ISG15 mRNA levels between NP, EM 

and N pregnancy status. 

Circulating progesterone and estradiol concentrations 

In E1, serum progesterone and estradiol (Fig. 2.4) did not change between NP, EM and N 

pregnancy status on Day 16. In E2, we also examined day 0 to provide a baseline, day 7 to 

determine if there was an earlier impact on the CL, and day 16 on the day of tissue collection. 

There was no difference in steroid concentrations between the pregnancy classifications on any 

day tested. However, as expected there was an increase in progesterone (p <0.0001) on days 7 and 

16 relative to day 0 (Fig. 2.4A). 

RNA-Seq Experiments 

Principal Component Analysis  

The PCA plots (Fig. 2.5A) revealed that N conceptus RNA-Seq data clustered more tightly 

in in the lower left (E1) or the mid to lower left (E2) quadrants, whereas EM data were clearly 
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separated and more disperse throughout upper-middle and right quadrants. In E1 endometrium 

samples, NP clustered to the left and was separated from N and EM, which appeared to be more 

closely aligned to each other, but dispersed through the center of the plot (Fig. 2.5B). In E2 

endometrium, there was no clear pattern or localization in the plot regardless of pregnancy status. 

The PBMC E2 data were more generally scattered across the plot, with no particular region of 

localization by pregnancy status, whereas in E1 the data were mostly clustered together in the top 

left quadrant across pregnancy status (Fig. 2.5C). Likewise, in the E2 CL, there was no clear 

pattern of separation of data across pregnancy status groups (Fig. 2.5D). 

Targeted transcript analysis: IFNT in Conceptus and ISG15 in Maternal Tissues 

Using RNA-Seq analysis with log2-fold change, N conceptuses had greater IFNT1 (p 

<0.005) in E1 and greater (p <0.001) IFNT1, IFNT2 and IFNT3 mRNA levels in E2 compared to 

EM (Fig. 2.6A). Endometrial ISG15 mRNA levels were also greater in N (E1: p <0.01; E2: p 

<0.0001) and EM (E1 and E2: p <0.00001) compared to NP (Fig. 2.6B). N endometrial ISG15 

mRNA levels were greater (p <0.05; Fig. 2.6B) than EM in E1, whereas in E2 there were no 

differences between N and EM cows. In PBMC, N ISG15 mRNA levels were only greater in N 

compared to NP in E2 (Fig. 2.6C). All other comparisons of PBMC ISG15 mRNA levels were not 

different in E1 and E2. Likewise, no differences in CL ISG15 mRNA levels across pregnancy 

status were observed in E2 (Fig. 2.6D). 

Conceptus IPA Analysis 

When comparing EM to N conceptuses, EM had 2,280 up and 408 downregulated DEGs 

in E1, and 2,908 up- and 849 downregulated DEGs in E2 (Appendix Fig. 1). Among the top 

activated canonical pathways for both E1 and E2 in EM compared to N were T helper (Th) 1 and 



 57 

Th2 activation pathways (E1: p =6.38 E-22; E2: p =1.090E-13-Fig. 2.7), and hepatic fibrosis/hepatic 

stellate cell activation pathway (E1: p =4.35E-16; E2: p =2.30E-18). Out of 172 genes in the Th1/Th2 

pathway, there were 68 DEGs (67 up- and 1 down-regulated) in E1, while in E2 there were 67 

DEGs (65 up- and 2 down-regulated) (Fig. 2.7). Conversely, out of 194 genes in the hepatic 

fibrosis/hepatic stellate cell activation pathway, there were 64 DEGs (57 up- and 7 down-

regulated) in E1 and 81 DEGs (71 up- and 10 down-regulated) in E2. Analysis of top upstream 

regulators revelated that lipopolysaccharide, dexamethasone, beta-estradiol and TNF were 

identified in both E1 and E2 (Appendix Fig. 1). The relationships between pathways and 

upregulated genes in EM are shown in Fig. 2.8 for the following cytokines: TNF, B2M, IL2, IFNG, 

IL1B and IL15. 

Endometrium IPA and STRING Analysis 

For N vs NP endometrium, E1 had 332 up- and 111 down-regulated DEGs, while for E2 

there were 274 up- and 13 down-regulated DEGs (Appendix Fig. 2). Within the top activated 

canonical pathways for both E1 and E2, was IFN signaling (E1: p =3.57E-14; E2: p =5.66E-15), as 

expected. Out of the 36 genes in IFN signaling, there were 13 DEGs in E, while in E2 there were 

12 DEGs and all were up-regulated in both experiments (Fig. 2.9). Analysis of top upstream 

regulators, revealed that NONO, IRF7, IFNL1 and IFNA were upregulated in N in both E1 and 

E2. IFNG (E1) and TGFB1 (E2) also were top upstream regulators (Appendix Fig. 2). In E1, when 

comparing EM to NP endometrium, there were 6 up-regulated and 2 down-regulated genes, 

whereas in E2 there were 146 up-regulated and 7 down-regulated genes (Appendix Fig. 3). These 

primary upregulated canonical pathways in EM were Interferon Signaling and Pathogenesis of 

Influenza, both of which reflect IFNT responses to pregnancy in EM endometrium. In E1, when 

comparing EM to N endometrium, there were 47 upregulated and 379 downregulated genes 
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(Appendix Fig. 4). Top canonical pathways were Th1, Th2, pathogenesis of influenza and 

interferon signaling. In E2, there were 25 upregulated and 1 down-regulated gene in EM compared 

to N endometrium. Top canonical pathways were metaphase signaling, mitosis, estrogen-mediated 

s-phase entry, ubiquitination and cell cycle, although with only 26 DEG, there were not a lot of 

genes in these pathways that were impacted (Appendix Fig. 4). For this reason, protein-protein 

interactions were examined using STRING database (Fig. 2.10). Twenty out of the twenty-six 

DEGS were clustered together and many of their functions were within the cell cycle pathway. We 

suspected that these genes might function in the presence of estradiol in the endometrium. After a 

PubMed search, using each gene coupled with estradiol, it was discovered that all twenty clustered 

genes were targeted by estradiol and associated with its action through cell proliferation/mitosis 

(TROAP, CENPE, CENPF, AURKB, NCAPG, KIF20A, KIF4A, BUB1, BUB1B, CDC20, 

MTFR2, DEPDC1 and ANLN), meiosis (ASPM, ESPL1 and UBE2C) and (or) DNA damage 

(TOP2A, ARHGAP11A)/repair (HJURP, E2F7; Table 2.2 and Fig. 2.10).  

PBMC IPA Analysis 

In E1 there were no DEGs in PBMC examined in N compared to NP. In E2, there were 9 

up and 1 down regulated DEGs in N compared to NP PBMC (Appendix Fig. 5). The top canonical 

pathways were Influenza Pathogenesis and IFN signaling, while top upstream regulators were 

IRF7, IFNaR2, IRGM, NONO and IFNL1. In E1, there were 2 up- and 30 down-regulated PBMC 

genes in EM compared to NP, while EM had 2 up- and 18 down-regulated genes compared to N 

PBMC (Appendix Fig. 6 and 7). Both comparisons (EM vs NP and EM vs N), for E1, yielded only 

2 to 3 DEGs in canonical pathway(s), which are not described for these reasons. However, 18 of 

the DEGs in E1 were identical when comparing EM vs NP and N vs EM (1 up-regulated: C2; 13 

down-regulated gene: ADRA2A, ANLN, CEBD, CNTD1, ITGB6, KIAA0044, MPEG1, PAPPA, 
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PKD2L2, RANBP17, SLC6A10, TACR3, TMC7). Fourteen of these DEGs were associated with 

tissue growth, remodeling and/or development (ADRA2A, ANLN, CEBPD, PAPPA, RANBP17, 

TACR3, TMC7), innate immune system (C2, MPEG1), conceptus implantation (ITGB6, 

KIAA0040), cell cycle (CNTD1) and essential mineral transporters (PKD2L2, SLC4A10). Unique 

DEGs were associated to Th1 inactivation (TNFAIP3) within EM vs NP and birth complications 

(CACNB2, EBF1), cytotoxicity (CD300A), cardiovascular control (RGS1), cell growth/control 

(RADIL, RPL23A, SSH1, SYP3, TBC1D32) and essential mineral transporters (STAC2, 

SLC16A4, SLC24A5, SLC4A5) within N vs EM. In E2, there were no differences in PBMC gene 

expression in EM compared to NP and in EM compared to N.  

Corpus Luteum IPA and STRING Analysis  

When comparing N vs NP CL, there were 3 up-regulated DEGs (ZBP1, OAS1 and MX1; 

Appendix Fig. 8). Although the number of DEGs were low, IPA identified IFN Signaling (p 

=6.67E-06) as the top canonical pathway. There were no DEGs in EM vs NP CL. However, when 

comparing EM vs N CL, there were 6 up- and 1 down-regulated gene (Appendix Fig. 9). No top 

activated canonical pathway(s) were identified by IPA. Six out of the seven DEGs were clustered 

using String analysis were found to be involved with inflammation (CA5A, VNN2), calcium 

sequestration/delivery responses (S100A9/12), glucose- (SDS) and estradiol-metabolism 

(CYP3A4; Table 2.3). 
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Discussion  

Conceptus Morphology and Length, Uterine Flushing IFNT Concentrations and Endometrial 

Conjugated ISG15 concentrations  

Elongation of the bovine conceptus is important to ensure that proper amounts of IFNT are 

being secreted in order to establish maternal recognition and maintain pregnancy (Matsuyama et 

al., 2012, Barnwell et al., 2016, Forde and Lonergan, 2017). Peak synthesis and secretion of IFNT 

occurs through the conceptus trophectoderm on day 20 of pregnancy (Godkin et al., 1984, Farin et 

al., 1989, Guillomot et al., 1990). Previously, we classified pregnancies as low (LP) or high (HP) 

fertility based on higher DPR and lower services per conception in lactating dairy cows (Liebig et 

al., 2022). The HP tended to be longer, but had greater IFNT release compared to LP conceptuses. 

These pregnancies were then sorted based on appearance of the conceptus into N or EM. The EM 

were shorter than the N conceptuses. A more expanded analysis of these N vs EM conceptuses is 

described herein as E1. Our current results for both E1 and E2 indicate that N conceptuses were 

significantly elongated when compared to EM conceptuses.  

The uterine response to the conceptus is required for successful establishment of pregnancy 

(Hansen et al., 2017). One endometrial response is up-regulation of ISG15 in response to IFNT 

(Austin et al., 1996, Johnson et al., 1998, Johnson et al., 1999, Austin et al., 2004). In endometrium 

(Austin et al., 2004), CL (Bott et al., 2010, Antoniazzi et al., 2013, Romero et al., 2013) and PBMC 

(Han et al., 2006a, Gifford et al., 2007, Yang et al., 2010), ISG15 was upregulated in pregnant 

compared to NP ruminants ISG15 functions in modifying function of proteins, called ISGylation 

in the endometrium and is hypothesized to not only be involved with ani-luteolytic processes, but 

also is released and acts as a cytokine (Hansen and Pru, 2014).  
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The pattern of increase in IFNT concentrations in N compared to EM UF was reflected in 

increased endometrium ISG15 protein and mRNA in N vs EM and NP in E1. Likewise, in E2 the 

variable detection of IFNT in EM UF was reflected by EM endometrium ISG15 concentrations 

that were intermediate and tended to be lower in EM compared to N. Clearly in E2, some of the 

conceptuses were in earlier stages of mortality compared to E1. 

The method of UF collections provided variable concentrations of IFNT in UF because of 

uterine size, but also variable recovery of media used to recover the conceptus. For this reason, 

RNA-Seq was completed to determine the amount of IFNT mRNA, which revealed that EM 

conceptuses had lower IFNT mRNA concentrations compared to N conceptuses in both E1 and 

E2. These differences in IFNT mRNA may not have been reflected in UF IFNT protein levels at 

the time that we collected conceptuses in E1 because of a delay in clearing the IFNT protein in 

uterine fluid (Liu et al., 2016).   

Studies in sheep indicate that IFNT is released from the elongating conceptus and enters 

the uterine vein (Oliveira et al., 2008, Romero et al., 2015), thereby inducing ISGs in maternal 

tissues and cells including PBMC, liver, and CL (Oliveira et al., 2008, Bott et al., 2010, Ribeiro et 

al., 2014, Meyerholz et al., 2016, Sinedino et al., 2017). Examination of PBMC revealed that ISGs 

were up-regulated in response to early pregnancy in both sheep (Yankey et al., 2001) and cattle 

(Han et al., 2006b, Gifford et al., 2007).  In the present experiments, based on RT-qPCR on day 

16 of pregnancy, there was no difference in ISG15 mRNA concentrations in the PBMC or in the 

CL in N compared to EM or NP.  RNA-Seq revealed similar responses with the exception in E2 

of upregulation of ISG15 mRNA in N compared to NP in PBMC. The lack of an ISG response to 

pregnancy in E1 may have been caused by collecting tissues on day 16, which may be prior to 

fully systemic response to IFNT.  In E2, pregnancy caused an increase in PBMC ISG15 mRNA 
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concentrations, whereas EM and NP levels were not different. This lack of a primary ISG response 

in EM PBMC may have been caused by impaired production and action of IFNT. 

Circulating progesterone and estradiol concentrations  

Secretion of progesterone by the corpus luteum is a factor associated with the process of 

implantation and elongation of the conceptus and thus, the likelihood of pregnancy success 

(Lonergan et al., 2016a, Spencer et al., 2016). Several studies have found that changes in the 

amount of progesterone secreted during the luteal phase could impair elongation (Forde et al., 

2011a, Forde et al., 2012b). However, any direct effects of progesterone on the conceptus size, 

quality, source (in vivo or in vitro) and time of recovery are still highly debated (Goff and Smith, 

1998, Merlo et al., 2007, Clemente et al., 2009, Ferguson et al., 2012, van Leeuwen et al., 2015).  

It was reasoned in the present studies that any insult to the CL in NP and EM would be 

reflected by decreased progesterone concentrations and possibly increased estradiol 

concentrations. In E1 and E2, there were no significant change in concentrations of progesterone 

and estradiol across pregnancy status (NP, EM, N). However, in E2, there was an increase in 

progesterone and a decrease in estradiol as pregnancy progressed from day 0 of the follicular phase 

to day 16 of the luteal phase (Sanger, 2012). Both of these responses are typical for an estrous 

cycle in cattle. It is clear, based on these data, that the CL had not started functional regression 

from a strong luteolytic response by the endometrium by Day 16. It was probably too early on day 

16 to study these peripheral responses in NP and EM cows. 

RTqPCR 

Upregulation of ISGs such as ISG15 are induced by conceptus derived-IFNT through 

paracrine action on peripheral tissues in order to regulate uterine functions that are essential for 
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conceptus elongation, implantation and the establishment of pregnancy in cattle to take place 

(Hansen et al., 2010). Our E1 and E2 RTqPCR results revealed, as expected, to have greater levels 

of ISG15 mRNA in N endometrium when compared to EM and NP endometrium but only tended 

to be greater in EM compared to NP endometrium only for E2. A possible explanation for a lack 

of significant differences between EM and NP endometrium in E1 and E2 might be due to the time 

of tissue collection. Since all tissues were collected on day 16 of pregnancy/estrous cycle, the 

paracrine action from IFNT might not yet be affecting the uterine environment that induces ISGs 

to be upregulated.  

Conversely, IFNT is less known for its endocrine action on extrauterine tissues such as the 

CL and PBMC (Han et al., 2006a, Gifford et al., 2007). Studies have found that significant 

differences of ISG15 mRNA levels from CL occur early as day 16 in cattle and for PBMC on day 

15 pregnant cows when compared to non-pregnant cows (Green et al., 2010, Monteiro et al., 2014). 

Unfortunately, our CL RTqPCR for E2 only and PBMC results for both E1 and E2 on ISG15 

mRNA were non-significant. Such results might reflect an impaired response of ISG15 mRNA. 

For the CL, it might have been the time in which tissue collection was either too early or same day 

(day 16) as all the other tissues. In the case of PBMC, maximal levels of ISG15 mRNA often take 

place on day 20 of pregnancy (Green et al., 2010, Monteiro et al., 2014). 

RNA-Seq Analysis 

 RNA-Seq and microarray procedures have been previously used to understand 

transcriptome differences in endometrium between pregnant and nonpregnant cows: days 7, 10, 

13 (Mamo et al., 2011), 15 (Bauersachs et al., 2012), 16 (Forde et al., 2011b, Forde et al., 2012a, 

Mamo et al., 2012, Dickson et al., 2022),17 (Cerri et al., 2012), 18 (Klein et al., 2006, Hansen et 

al., 2010) and 19 (Mamo et al., 2011). Nevertheless, these studies were done in non-lactating dairy 



 64 

or beef cows or heifers. Both the Bovine HapMap Consortium (Bovine HapMap et al., 2009) 

resource and the study of Moridi et al. (Moridi et al., 2019) revealed that there are large genetic 

variations in expressed transcripts between cattle breeds and crossbreeds. To our knowledge, the 

current studies (E1 and E2) are amongst the first to describe transcriptomic data in conceptuses, 

endometrium, PBMC and CL on day 16 in N vs EM conceptuses from purebred lactating Holstein 

Friesian cows.  

Principal Component Analysis 

The PCA plots for N conceptus in E1 and E2 indicated higher similarity between each of 

the individual tissue samples (Fig. 2.5A). While in EM conceptuses, in E1 and E2, were very 

highly dispersed which might be due to the stage in death (beginning or advance) that is 

demonstrated in our data from the lack of IFNT production from the trophectoderm and conceptus 

size (Fig. 2.5A). For endometrium, in E1, N and EM were still highly similar which might indicate 

that the ISG15 response is still sufficient and not yet indicative of pregnancy loss in EM (Fig. 

2.5B). On the other hand, NP endometrium in E1 were separated from N and EM endometrium 

which might indicate absence of pregnancy since there is no ISG15 response by having the absence 

of a conceptus’ trophectoderm producing IFNT (Fig. 2.5B). In the case of E2 endometrium, there 

were no clear difference between the N, EM and NP. This might suggest that the endometrium of 

EM are yet not quite reflecting pregnancy loss is taking place from a lack of ISG15 response. 

While the endometrium of NP may not have yet had a reset the estrous cycle and progesterone is 

still maintaining the environment to be appropriate for a conceptus to implant (Fig. 2.5B). The 

PCA plots for PBMC, in E1, demonstrated that N, EM and NP individual tissue samples being 

highly similar and clustered. For the PCA plots of PBMC and CL in E2 reflected that individual 

samples were mainly scattered regardless of pregnancy status (Fig. 2.5C and D). Both the PBMC 
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and CL tissue samples for both E1 and E2 might still be reflecting the peripheral response to either 

IFNT via ISG15 (N and EM) or progesterone (NP).  

Conceptus IPA Analysis  

The primary (out of the top 5) shared (E1 and E2) canonical pathway in EM compared to 

N conceptuses was Th1 and Th2 activation (Appendix Fig. 1; Fig. 2.7). The top pathway in E2 

was hepatic fibrosis and hepatic stellate cell activation. Pathogenesis of hepatic fibrosis is often 

characterized by an injury of epithelial cells which provokes cytokine release and activation of 

hepatic stellate cells. The environment then becomes pro-inflammatory, contractile, non-

proliferative and thus, damages epithelial cells (Friedman, 2015). Inflammatory mediators trigger 

blood-clot formation, also known as a persistent immune response and an ongoing epithelial injury 

promotes tissue fibrosis (Wynn, 2008). Th1 cell responses are also related to apoptosis, fibrotic 

tissues and hepatic stellate cell activation (Sandler et al., 2003). In E2, the top canonical pathway 

that was massively upregulated in EM compared to N conceptuses was Th1/Th2 Activation, which 

also was the fifth ranked pathway in E2. Interestingly, the top shared upstream regulators in both 

E1 and E2 EM conceptuses were lipopolysaccharide (strongly induces innate immune response, 

dexamethasone (typically thought to suppress Th1; (Elenkov, 2004), TNF (boosts death cell 

signaling and Th1 and Th2 responses (PMID: 12688591); and beta-estradiol (Th1 and Th2). 

Because of the massive regulation of the Th1 and Th2 pathways, it is concluded that the EM 

embryo is mounting innate, humoral and adaptive responses that reflect a dying embryo. To our 

knowledge, this is the first report of transcriptome changes associated with an inherent trophoblast 

cell immune response in EM vs N bovine conceptuses. 

In human and mouse pregnancies, the Th1/2 paradigm has been heavily debated and many 

have favored the Th2 cell immune response as an indicator of normal development and survival 
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of the fetus (Wegmann et al., 1993, Raghupathy, 1997). However, this concept may not be entirely 

accurate, because each of the Th cell pathways contain specific cytokines that mediate immune 

responses to pathogens and also are essential in directing events in early pregnancy (Mansouri-

Attia et al., 2012). In fact, endometrial transcriptomic expression data of Th1 cytokines have also 

been reported during the implantation period of the conceptus in mice (Lin et al., 1993, Chaouat 

et al., 2004). Shirasuna et al. (Shirasuna et al., 2012). Studies in mice (Chaouat et al., 2005) have 

also demonstrated that by injecting Th1 cytokines (TNF and IFNG), normal pregnancies are 

terminated and fetuses are reabsorbed during early gestation. This is consistent with action of TNF 

and IFNG that were identified in this study as upstream regulators of in EM vs N conceptuses (Fig. 

2.8). Th1 and Th2 cells are also characterized by the cytokines that they express as either being 

pro-inflammatory cytokines (TNF, IFNG) and anti-inflammatory cytokines (TGFB1), respectively 

(Zhang et al., 2015). Furthermore, Th1 cytokines are stimulated by PGF2a synthesis and inhibited 

by progesterone expression and Th2 cytokines are inversely stimulated and inhibited (Maeda et 

al., 2013).  

The maintenance of pregnancy in cattle has been linked to the up-regulation of Th2 

cytokines (Yang et al., 2014, Zhang et al., 2015). The EM vs N conceptus results in the current 

study also aligned with these reports as per the up-regulation of upstream regulators that were a 

Th1 cytokine (TNF) and beta-estradiol, which may be stimulated by EM and possibly reflect an 

ongoing pregnancy loss (Shirasuna et al., 2012, Oliveira et al., 2013, Fair, 2015). It has been 

hypothesized that the ruminant conceptuses can induce peripheral anti-viral responses to 

potentially protect the mother and conceptus from viral infection (Hansen et al., 2010) and can 

regulate cytokine production from both the Th1 and 2 pathways as well as the immune response 

in the endometrium (Ott, 2020) via IFNT. Certainly a balance  most likely exists between the Th1/2 
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pathways during the progression of a N ruminant pregnancy (Maeda et al., 2013). It is clear that 

pregnancy is an immune response, but one that is balanced and carefully orchestrated. The massive 

immune response within the EM conceptus may reflect ongoing mortality, but also signals 

prompting the uterine lumen to change the environment from nurturing to not only clearing and 

reabsorbing the conceptus, but also re-setting the endometrium to prepare for a new estrous cycle 

and ovulation.  

Endometrium IPA and STRING Analysis 

In N vs NP endometrium, there was a very strong induction of Type I IFN Reponses as 

reflected by major shared (E1 and E2) Interferon Signaling, Pathogenesis of Influenza, Pattern 

Recognition Receptors and Activation of IRF Canonical pathways as well as IFN-associated 

upstream regulators (Appendix Fig. 2 and Fig. 2.9). This endometrial response to conceptus-

derived IFNT was expected as described originally by Godkin et al. (Godkin et al., 1984) and 

Bazer et al. (Bazer et al., 1991) in transcriptome studies completed by many other groups (Klein 

et al., 2006, Hansen et al., 2010, Forde et al., 2011a, Forde et al., 2011b, Bauersachs and Wolf, 

2012, Cerri et al., 2012, Mamo et al., 2012, Dickson et al., 2022). The top upstream regulators in 

N endometrium are considered part of either a normal immune response (IRF7, IFNA, IFNL1) that 

ensure a proper uterine environment for pregnancy to take place (Martin et al., 2004, Roberts, 

2007).  

 The activation of the IFN pathway occurs through the secretion of IFNT by the 

trophectoderm of the conceptus and paracrine action on the luminal epithelium of the endometrium 

during the pre-implantation period (Spencer and Bazer, 1996). Such action by IFNT inhibits the 

upregulation of the luteolytic cascade that is mediated by ESR1 induction of OXTR; thereby 

attenuating the pulsatile release of PGF2a (Bazer et al., 2010). This action of IFNT from the 
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conceptus allows for maternal recognition to take place by protecting the CL so that it produces 

adequate progesterone, which prevents pregnancy loss (Bazer et al., 1991). IFNT also induces 

other genes and also cooperates with progesterone in the uterus to facilitate transport of glucose 

and amino acids, cell proliferation, migration and attachment, proteases and their inhibitors and 

intracellular enzymes. These actions of IFNT and progesterone facilitate elongation, survival of 

the conceptus through endometrial production of histotroph and preparation of the endometrial 

lining for implantation (Lonergan et al., 2016b, Spencer et al., 2016). 

In EM vs NP endometrium, for both E1 and E2, IFN signaling was the primary activated 

canonical pathway. However, upstream regulators were not similar between E1 and E2. Some of 

the E1 upstream regulators (IFNA14, RNY3, TREX1) were associated with luteolysis of the CL 

and a reset of the estrous cycle may occur due an impaired IFNT action and signaling for pregnancy 

to take place (Pedraza-Alva et al., 2009, Konduri et al., 2010, Kim et al., 2014). Because EM had 

greater IFN response than NP, this reflects at least some IFNT signaling was occurring in the day 

16 EM conceptus that the tissue collected and was indeed conceptus trophoblast. On the other 

hand, some of the E2 upstream regulators (IFNA, IRF7, IFNL1) were associated with a normal 

preparation of the endometrium for pregnancy (Martin et al., 2004, Roberts, 2007). 

The E1 for EM vs N endometrium found activated the canonical Th1/2 pathway and down-

regulation of upstream regulator of IFNA, IFNG, IRF7 which may be possibly indicative of an 

abnormal immune response that does not ensure a proper uterine environment that may lead to the 

disruption of pregnancy to take place (Martin et al., 2004, Roberts, 2007). Conversely, E2 was 

only able to pinpoint a up-regulation of 20 DEGs that are associated with disruption of maternal-

embryo crosstalk through the protein-protein interactions and that are associated with cell 

proliferation and targeted by estradiol action. Previously we mentioned that if IFNT does not 
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inhibit ESR1 then upregulation of OXTR occurs and pulsatile release of PGF2a causes luteolysis 

of the CL (Spencer et al., 1996, McCracken et al., 1999, Spencer and Hansen, 2015, Hansen et al., 

2017). Production of progesterone is then halted which has been associated with reducing growth 

and development of the conceptus and also causing an increase in the thickness of the endometrium 

(Pierson and Ginther, 1987). Such thickening of the uterine wall may be indicative regression of 

the luteal phase which can cause pregnancy loss, activate ovulation of the dominant follicle to 

produce estradiol and reset the estrous cycle (Garrett et al., 1988, Griffin and Ginther, 1991, 

Spencer et al., 2008, Bazer et al., 2010, Forde et al., 2012b). Furthermore, studies have shown that 

cell cycle control with an increase of cell proliferation is associated to aid increase in the thickness 

of the endometrium during luteal regression of the estrous cycle (Griffin and Ginther, 1991). Our 

EM vs N endometrium transcriptome data for E2 further supports this by having 20 up-regulated 

DEGs that are associated to cell proliferation (TROAP, CENPE, CENPF, AURKB, NCAPG, 

KIF20A, KIF4A, BUB1, BUB1B, CDC20, MTFR2, DEPDC1 and ANLN), meiosis (ASPM, 

ESPL1 and UBE2C) and (or) DNA damage (TOP2A, ARHGAP11A)/repair (HJURP, E2F7) and 

may align with cell cycle control (Fig. 2.6), regression of the luteal phase and reset of the estrous 

cycle (Sugiura et al., 2018). 

PBMC IPA and STRING Analysis 

As shown in both the N vs NP endometrium and CL for E2, N vs NP PBMC in E2 had 9 

up-regulated DEGs (ISG15, MX2, OAS1, OAS2, IFI44, IFI6, DDX58, ZBP1 and RTP4) that were 

classical ISGs that are up-regulated by the IFN signaling pathway and may indicate progression of 

a normal pregnancy (Han et al., 2006a, Gifford et al., 2007). The remaining down-regulated DEG 

was FAT3 which has been associated with cell-cell adhesion (e-cadherin) and may be altered for 

implantation to occur (Stephenson et al., 2010). For the upstream regulators, in N vs NP PBMC 
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for E2, IFNaR2 was expected since they mediate the actions of IFNT in the endometrium (Hansen 

et al., 1989, Stark et al., 1998, Dorniak et al., 2013). To our understanding, there are no studies 

that might help explain and suggest IFNT having an endocrine action on PBMC to increase the 

expression of IFNaR2. The other up-stream regulators, for N vs NP PBMC, were IRF7 and IFNL1. 

A study on day 16 of pregnancy, observed IRF7 mRNA overexpression in N endometrium as a 

normal immune response taking place to pregnancy but not in PBMC (Forde et al., 2011a). For 

IFNL1, it has been found to be representative of modulating the maternal immunity against the 

implanting conceptus but has also not been shown for PBMC (Syedbasha and Egli, 2017). Other 

studies have also suggested that PBMCs may be able to reflect anti- and luteolytic signaling which 

are representative of conceptus-derived IFNT endocrine action on regulating maternal systemic 

immune response (Shirasuna et al., 2012, Yang et al., 2014, Yang et al., 2016). Such claims are 

further corroborated by others who also found an abundance of DEGs in PBMCs that were either 

associated with IFNT modulating the immune system during early pregnancy (day 18) or may be 

used as pregnancy biomarkers in Bos indicus heifers (Rocha et al., 2020).  

Our results for E1 PBMC on EM vs NP and EM vs N demonstrated that within the 14 

DEGs shared between both comparisons: 13 were down-regulated and 1 up-regulated. The roles 

of these 14 DEGs (tissue growth, remodeling and/or development, innate immune system, 

conceptus implantation and essential mineral transporters) demonstrated an association with an 

intermediate/failed attempt of a pregnancy taking place for both comparisons (EM vs N; EM vs 

NP) (Consortium, 2021). The unique DEGs, for EM vs N, that were associated with Th1 being up-

regulated while those with fetal growth were being down-regulated also confirmed that a loss of 

pregnancy was taking place. For EM vs NP, the unique DEGs were associated with birth 

complications, cytotoxicity, cell growth/control and essential mineral transporters were down-
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regulated while those associated with cardiovascular control were up-regulated that may also 

indicate failure of pregnancy(Consortium, 2021). In contrast, lack of DEGs and significant 

differences within PBMC for E1 on N vs NP and for E2 on N vs EM and EM vs NP might be due 

to a peripheral response and endocrine action from IFNT not yet occurring.  

Corpus Luteum IPA and STRING Analysis 

Likewise, to N vs NP endometrium, the N vs NP CL tissue in E2 had 3 up-regulated 

classical ISGs (ZBP1, OAS1 and MX1) and some upstream regulators (IFNa1/13, STAT2) may 

be activated due to the IFN signaling pathway. This has been suggested by only a few bovine 

studies that mention that IFNT may also have an endocrine role particularly on the CL during 

maternal recognition through the up-regulation of ISGs (Han et al., 2006a, Gifford et al., 2007, 

Shirasuna et al., 2015). It was then theorized by results of E2 that IFNT or an IFNT-induced 

cytokine was released into the uterine vein to then reach the CL and up-regulate ISGs. The EM vs 

N CL for E2 had six up-regulated DEGs that are associated with inflammation (CA5A, VNN2), 

calcium sequestration/delivery (S100A9/12) and glucose- (SDS) and E2 -metabolism (CYP3A4). 

All of the DEGs that are being up-regulated align which may be able to activate the luteolysis 

pathway that occurs through estradiol binding to ESR1 in the endometrium, activation of OXTR 

signaling cascade and pulsatile release of PGF2a.This pathway is also known as the two-cell 

gonadotropin theory and it involves both large and small luteal cells in the corpus luteum and 

explains how they are luteolyzed to restart the estrous cycle in cows (McCracken et al., 1970, 

Niswender et al., 2007). Activation of the luteolysis pathway may only start through PGF2a binding 

to its receptor in large luteal cells and opening calcium channels that cause inflammation and 

apoptosis. Moreover, PGF2a activates protein kinase-C (PK-C) which inhibits conversion of 

cholesterol to progesterone in large luteal cells but also, brings oxytocin into large luteal cells to 
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be delivered to small luteal cells. There the oxytocin binds to its receptor and activates PK-C which 

inhibits adenylate cyclase from converting cholesterol to progesterone. Additionally, the PK-C 

also produces calcium which causes both apoptosis and inflammation of the small luteal cells. 

Apoptosis of both large and small luteal cells then cause luteolysis of the CL and resets the estrous 

cycle (Niswender et al., 2007). 

 

Conclusions 

Results of two experiments were interpreted to reveal that EM pregnancies were associated 

with a disruption of maternal-fetal crosstalk when IFNT fails to achieve maternal recognition 

responsible for inhibiting ESR1 from up-regulating OXTR signaling pathway and pulsatile release 

of PGF2a. Hence, EM conceptuses exhibit a Th1 adaptive immune response that up-regulates pro-

inflammatory cytokines through the potential stimulation of PGF2a. The peripheral responses of 

reproductive tissues (endometrium and CL) to an EM conceptus may also change functions in 

context of an impaired IFNT action (paracrine and endocrine). Within the endometrium, of a 

pregnancy with EM, genes are targeted and associated with estradiol-mediated luteolytic action 

were up-regulated and may indicate an increase in endometrial thickness which is unfavorable for 

conceptus survival. This may be due to a changing uterine lumen that stops producing histotroph 

to nurture the conceptus to clearing it in order to reset and prepare for a new estrous cycle and 

ovulation. In the PBMC, of a pregnancy with EM, down-regulated DEGs were associated with 

tissue growth, remodeling and/or development, innate immune system, conceptus implantation 

and essential mineral transporters demonstrating an intermediate and failed attempt of a pregnancy 

taking place. For the CL, of a pregnancy with EM, it exhibited up-regulated DEGs that were 
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associated the activation of the luteolysis cascade through inflammation, increase in calcium and 

estradiol steroidogenesis. To our understanding, the transcriptome results from this study are the 

first to describe day 16 in vivo tissues including conceptus, endometrium, CL and PBMC from 

purebred Holstein-Friesian cows. Thus, these new data may then contribute to the crucial 

knowledge of what occurs during EM pregnancies (Fig. 2.11) and what reproductive practices may 

be used to mitigate them.  
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Table 2.1: Oligonucleotide primer sequences used for semiquantitative reverse-transcription 
quantitative polymerase chain reaction (RTqPCR) in both experiment 1 (E1) and 2 (E2). 

Target Accession no. Primer Sequence1 

ISG15 NM_174366 F: ggtatccgagctgaagcagtt 

R: acctccctgctgtcaaggt 

RPL19 XM_004012837.1 F:tcgccggaagggcaggcata 

R:ggctgtgatacatgtgggggtc 

1F= forward; R=reverse     
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Table 2.1: Embryo Mortality vs normal endometrium and up-regulated differentially expressed 
(DEGs) from Ingenuity Pathway Analysis and their gene roles for experiment 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Role of DEGs Log2 Fold Change 

DNA Damage 
 

ARHGAP11A +3.08 

TOP2A +3.82 

Meiosis 
 

ASPM +3.92 

ESPL1 +2.52 

UBE2C +2.89 

DNA Repair 
 

HJURP +4.18 

E2F7 +2.53 

Cell proliferation 
 

ANLN +1.86 

AURKB +3.32 

BUB1 +2.18 

BUB1B +3.23 

CDC20 +3.17 

DEPDC1 +3.61 

CENPE +2.27 

CENPF +3.26 

KIF4A 

KIF20A 

+4.01 

+2.58 

MTFR2 +2.45 

NCAPG 

TROAP 

+3.42 

+2.72 
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Table 2.2: Embryo mortality vs normal corpus luteum and up-regulated differentially expressed 
(DEGs) from Ingenuity Pathway Analysis and their gene roles for experiment 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Role of DEGs Log2
 Fold Change 

Calcium Sequestration   

S100A9 +4.78 

S100A12 +5.22 

Estradiol-Metabolism 
 

CYP3A4 +4.05 

Glucose-Metabolism 
 

SDS +2.96 

Inflammation 
 

CA5A +6.64 

VNN2 +2.67 
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Figure 2.1: Flowchart of analytical steps for experiments 1 (E1) and 2 (E2) from tissue 
collections to conducting experimental procedures. 
Conceptus, ENDO=Endometrium, CL=Corpus Luteum, PBMC=Peripheral Blood 
Mononuclear Cells. Created with Biorender.com. 
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Figure 2.2: Conceptus morphology (A), length (B), IFNT concentrations for uterine flushings 
(C) and (D) endometrium ISG15 protein in normal embryo compared to embryo mortality. 
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Pregnant groups were classified based on conceptus morphology: Normal embryo (upper 
images) which were translucent and elongated and embryo mortality (lower images) which were 
pink, red, opaque and/or restricted elongation. For (C), N and EM had a separate statistic 
performed when compared to NP. NP=non-pregnant (yellow), EM=embryo mortality 
pregnancy (orange), N=normal pregnancy (blue) are the cow’s pregnancy status or 
classification. Means marked with different superscript letters differ (p<0.05).  
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Figure 2.3: Endometrium (ENDO; A), peripheral blood mononuclear cell (PBMC; B) & 
corpus luteum (CL; C) ISG15 mRNA concentrations from RT-qPCR. 

Means marked with different superscript letters differ (p<0.05). 
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In E1, blood samples were collected on day 16, whereas in E2, samples were collected on days 
0, 7 and 16 of the estrous cycle or AI. NP=non-pregnant (yellow, circle), EM=embryo mortality 
pregnancy (orange; square), N=normal pregnancy (blue; triangle); are the cow’s pregnancy 
state. Change E2 in y axis to estradiol. Means marked with different superscript letters differ 
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Figure 2.4: Circulating progesterone (A) and estradiol (B) concentrations in Holstein-Friesian 
cows. 
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Figure 2.5: Principal Component Analysis (PCA) plot representing tissue and 
pregnancy state for experiments 1 (E1) and 2 (E2). 
Conceptus (A), endometrium (B), peripheral blood mononuclear cells (C), Corpus 
Luteum (D). Pregnancy state of the cow is differentiated by colors (non-pregnant = 
yellow, embryo mortality pregnancy = orange and normal pregnancy = blue). 
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Figure 2.6: Analysis of IFNT mRNA in conceptus (A), and ISG15 mRNA in 
endometrium (ENDO; B), peripheral blood mononuclear cells (PBMC; C) and 
corpus luteum (CL; D) by using RNA-Seq in experiment 1 (E2) and 2 (E2).                                                                             
NP=non-pregnant EM=embryo mortality, N=normal pregnancy are the cow’s 
pregnancy status or classification. Bars marked with different asterisk (s) differ 
(p<0.0001****, p<0.001, p<0.01**, p<0.05*).  
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Experiment 1 is shown as representative of both experiments.Darker shades of color signify a higher extreme/confidence in the 

regulation/prediction of a gene. 
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Figure 2.7: Massive up-regulation of T-helper (Th1) and Th2 immune response in embryo mortality vs to normal conceptuses. 
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Figure 2.8: Embryo mortality vs normal Conceptus (E1: 0.585 log2-fold 
change; E2: 2 log2-fold change) summary from Ingenuity Pathway Analysis.  

Circled in purple are shared commonalities between E1 and E2. 
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Figure 2.9: Activation of IFN signaling pathway in normal vs non-pregnant endometrium. 

Experiment 1 is shown as representative of both experiments. Darker shades of color 

signify a higher extreme/confidence in the regulation/prediction of a gene. 
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Results were found to be related via STRING protein analysis and PubMed search of gene 
function. 
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Figure 2.10: Functions of estrogen-associated proteins for embryo mortality vs normal 
endometrium in experiment 2. 
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Figure 2.11: Proposed mechanism for pregnancies with embryo mortality conceptuses in lactating 
Holstein-Friesian cows. Created with Biorender.com. 
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CHAPTER 3: IDENTIFICATION OF CANDIDATE SNPS ASSOCIATED WITH EMBRYO 

MORTALITY AND FERTILITY TRAITS OF LACTATING HOLSTEIN-FRIESIAN COWS2 

 

Summary 

For over 50 years, intensive genetic selection for milk yield was responsible for the steep 

decline in fertility trait levels in Holstein-Friesian cows. More recently, the identification of single 

nucleotide polymorphisms (SNP) have been used to improve genomic estimates of predicted 

transmitting abilities due to the fertility traits being of low heritability. The objective of this study 

was to identify and validate SNPs that were associated with fertility traits and cows with failing 

pregnancies because of early embryo mortality. The RNA sequencing of conceptuses (normal and 

embryo mortality) in Holstein-Friesian (n=15) cows from a previous study were used to conduct 

the SNP discovery phase. Selection for the specific SNPs within genes were first based on the 

following steps: (1) Related or associated to reproductive/pregnancy/fertility traits within previous 

studies, (2) Differentially expressed genes within previous RNA Seq transcriptome data that had 

log2
 fold change significant (adjusted p<0.05), (3) Sorting identified SNPs as diagnostics or non-

diagnostic, (4) Evaluating in which region and type of differentially expressed SNP, (5) Asses the 

prediction value of the sorting intolerant from tolerant tool (SIFT) analyses when an amino acid 

substitution occurred and if it could affect protein function , (6) Confirm if the loci of the SNP was 

in proximity to other associated SNP associated to reproductive/fertility traits in Cattle 

Quantitative Trait Loci (Cattle QTL) database. Validation of candidate SNPs and genotype to 

 
2 Written and formatted with the intention to be submitted to the Journal of Dairy Science in fall 
of 2022. 
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phenotype analysis were conducted in a different cohort of Holstein-Friesian cows (n=500) by 

collecting blood samples to be genotyped via a genotyping assay panel and collecting cow farms 

records. Further filtering of candidate SNPs involved removing those that were monomorphic and 

not in minor allele frequency and a quality control pipeline via pLink software. Reproductive and 

production traits were also removed from the study due to missing values. Continuous numeric 

trait models were analyzed using GLM-one way ANOVA in SAS. While binary models were 

evaluated using logistic regression in SAS. Statistically significant models were further analyzes 

using a means separation tests within LSMEANS from the mixed procedure and included the 

Bonferroni adjustment for p-values to minimize false discovery error. A total of sixty-nine 

candidate SNPs were initially discovered but only twenty-three passed the quality control pipeline 

in pLink software. Also, the n of observations used for the statistical models of the study were 

n=466 after having removed traits and animals due to missing values. All candidate SNPs were 

found explain a higher amount of the R2 variation of each of the models and were in close 

proximity to SNP that were associated with quantitative trait loci of fertility traits. Out of the 

twenty-three candidate SNPs, seven (DSC2 [rs211151260]: age of cows at 1st calving were older 

with A allele; SREBF1 [rs41912290] and UBD [rs209518868]: cows took longer to conceive with 

T or G allele, respectively; UMPS [rs110953962] and SREBF1 [rs41912290]: required longer time 

to their 1st artificial insemination with C allele; DECR1 [rs41580472] and FASN [rs41919985]: 

cows were less likely to become pregnant at 1st artificial insemination with C allele; SREBF1 

[rs41912290] and BOLA-DMB [rs109032590]: cows were less likely to become pregnant at 150 

days in milk with T allele) were significantly associated to fertility traits. It was also found that 

two candidate SNPs (DSC2 gene [rs109278906: 4 SNPs and rs211151260: 2 SNPs] were 

considered as TAG SNPs. Only two of the seven candidate SNPs had significant allele substitution 
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effects where DSC2 [rs211151260] in cows with G allele decreased in the age at 1st calving by 10 

days and SREBF1 [rs41912290] in cows with the C allele decreased days to 1st artificial 

insemination by 5 days and the probability of becoming pregnant at 150 days in milk by 6%. Thus, 

this study’s candidate SNPs could be used to aid farmers in making decisions of culling 

reproductively inefficient heifers and cows within a herd. 

 

Introduction 

Until early 2005, Holstein-Friesian cows had a continuous decline in fertility trait levels 

that was attributed to the intensive genetic selection for milk yield (García-Ruiz et al., 2016b). An 

example of a declined fertility trait is conception rate, which has been reported at a level of 34% 

in primiparous Holstein-Friesian cows and plummets to 26% by their fifth breeding (Pryce et al., 

2004, VanRaden et al., 2004, Kuhn et al., 2006). Moreover, the heritability of cow and heifer 

conception rates are also low (0.001 to 0.016) when compared to milk yield traits (~0.30) (Van 

Tassell et al., 1999).This was to be expected when selecting for fertility and production traits given 

their negative correlation estimated to range from 0.35 to 0.60 (Boichard and Manfredi, 1994, 

VanRaden et al., 2004, Pritchard et al., 2013). Current available technologies such as the genetic 

merit prediction tools have attempted to aid the dairy industry in selecting for traits such as 

conception rate that have low heritability (García-Ruiz et al., 2016b). Despite this, both Holstein-

Friesian heifers (35-40%) and lactating cows (55-60%) are still considered suboptimal in their 

conception rates (Lonergan et al., 2016a).  

Another key contributor that causes 43% of all reproductive failures in Holstein-Friesian 

cows is embryo mortality (EM) (Diskin et al., 2006). Although the occurrence of pregnancies with 
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EM are associated with multiple factors, a study hypothesized that it may be due to the amount of 

interferon tau (IFNT) secreted by the trophectoderm of the conceptus (Evans et al., 2012). IFNT’s 

main role is to establish and maintain pregnancy by preventing luteolysis of the corpus luteum 

(CL) (Rizos et al., 2012, Hansen et al., 2017, Moraes et al., 2018). IFNT protects the CL via 

paracrine actions on the endometrial luminal epithelium that inhibit estrogen receptor 1 

upregulation from activating the oxytocin pathway via its receptors and thus, attenuating the 

release of prostaglandin F2a that cause luteolysis (Spencer et al., 1996, McCracken et al., 1999). 

Furthermore, production of progesterone from the CL can continue which is essential for 

supporting conceptus growth and maintaining a competent uterine environment for the implanting 

conceptus (Bazer et al., 1975, Bazer et al., 1997). The problem with pregnancies with EM, is that 

they take place during the pre-implantation period, on days 7 to 16 of pregnancy, and it remains 

undetected until pregnancy status can be determined at day 32 via ultrasound (Lonergan and Forde, 

2014). This then hinders resynchronizing a non-pregnant cow in a timely manner, limits 

management of a cow’s reproductive performance and therefore, generates an dairy industry 

annual loss of $1.6 billion in the United States of America and $1.28 trillion worldwide (Shah, 

2009, Perkel et al., 2015). Thus, providing rationale for selection of cows with superior fertility 

traits rather than milk yield and other production traits has only occurred in recent years.  

Other types of technological advancements occurred when scientists shifted from 

traditional quantitative techniques to also include molecular genetics in animal breeding that 

resulted in genotyping for single nucleotide polymorphisms (SNPs) (Barillet, 2007). Hence, the 

identification of SNPs has allowed room for studies to corroborate their association to specific 

traits such as yield and reproduction in cattle (Amos et al., 2011, Khatkar et al., 2014). Such studies 

of SNP associations to traits were also essential for revolutionizing animal breeding programs 
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since they are responsible for 84% of the variation in gene expression (Spencer Thomas, 2014). A 

SNP’s location relative to coding and regulatory regions of genes that could then affect protein 

structure, production, function and (or) become a phenotype (Ortega, 2018). Previous studies have 

also shown that variability in gene expression in reproductive tissues or cells could be due to the 

reproductive status of an animal (El-Sayed et al., 2006, Beltman et al., 2010, Kommadath et al., 

2011). Thus, suggesting the potential use candidate SNPs associated to reproductive traits in 

genomic assay panels as a way to improve genomic estimates of predicted transmitting abilities 

due to the traits low heritability (Cochran et al., 2013). A common strategy performed to validate 

and ascertain candidate SNP’s associations found in a particular cattle population are to genotype 

a different cohort of animals. According to Pryce et al. (Pryce et al., 2010), the probability of 

candidate SNPs being a false positive in another population are extremely low. Consequently, the 

use of SNP genotyping could further aid in the culling of cattle that are reproductively inferior 

(Singh et al., 2014). Our study hypothesized that pregnancies with EM are associated with 

intragenic SNPs that impair maternal-conceptus communication. Thus, we aimed to validate 69 

candidate SNPs that were identified from pregnancies with conceptuses that were either normal 

(N) or EM from an initial fifteen purebred lactating multiparous Holstein-Friesian cows and then 

validated in a different cohort population of lactating primiparous Holstein-Friesian cows (n=500). 

We then propose that in order for the cattle industry to select for reproductively superior cows they 

might cull cows that are genotyped with the identified candidate SNPs that are associated to 

pregnancies with EM. 
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Materials and Methods 

Figure 3.1 is a flow chart of the methodology from the initial purebred lactating 

multiparous Holstein-Friesian cow population (n=15) in which conceptus samples were collected 

for the identification of genes with potential SNPs (i.e., discovery) that may influence pregnancies 

to become EM. These potential SNPs were then validated in a different cohort of purebred lactating 

primiparous Holstein-Friesian cows (n=500) in Colorado, USA. Details on collection of 

conceptuses (N and EM), processing for RNA Sequencing (RNA-Seq) and analysis of raw 

sequence reads in RNA-Seq data were described in Gonzalez-Berrios et al. 2022.  

Animal Care 

An initial group of fifteen healthy purebred lactating multiparous lactating Holstein-

Friesian from a previous study (Gonzalez-Berrios et al., 2022; protocol number 17-7539A) were 

located in Blue Sky Dairy, Meade, Colorado, USA to generate transcriptome data and 

identification of genes associated with fertility status. An additional five-hundred healthy purebred 

lactating primiparous Holstein-Friesian from the Aurora Organic Dairy herd at Gill, Colorado, 

USA had blood samples collected for DNA analysis as per approval of Colorado State University’s 

Institutional Animal Care and Use Committee (protocol number 1036).  

Holstein-Friesian Cows and Blood collections, Enrollment and Collection of Cow Records  

 Purebred lactating primiparous Holstein-Friesian cows (n=500) were randomly enrolled 

into study. Data of interest were divided into three categories. The first being the category of health 

traits which were separated into two sub-categories: reproductive disease affecting the 

reproductive system (mastitis, metritis, endometriosis and pyometra) or non-reproductive disease 

not affecting the reproductive system (lameness, respiratory, digestive and ketosis). All health 
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traits (non- or reproductive-diseases) were recorded for the date of incidence of a disease, the 

number of incidences that it occurred and if it occurred at or before 60 days of milk (DIM). Both 

non- or reproductive-diseases sub-categories were recorded to have either the number one for 

presence of disease or zero for disease not being present at 60 DIM. The second category was 

composed of reproductive traits after 1st calving which included: breeding and calving date of cow 

(warm [w] season from: June to September or cool [c] season from: October to May), sire ID used 

for artificial insemination (AI), AI tech ID, number of AI(s), pregnancy outcome (p: pregnant or 

o: non-pregnant [open]) and pregnancy loss (0: no pregnancy loss or 1: pregnancy loss; when 

explicitly recorded as an abortion after conception) up to 4 AI. The third and final category were 

on production traits: predicted 1st lactation milk production at 305 DIM, culling of a cow (0: no 

culling or 1: culling), reason for culling, date of culling, unit in which cow was housed (High 

Plains or High Meadows).  

Blood Collections 

Blood collections were performed using evacuated tubes containing K2 EDTA (Vacutainer, 

Becton Dickinson, Franklin Lakes, NJ) on tail vein while Holstein-Friesian cows restricted with 

individual headlocks. Blood samples were then placed on ice for transport to the Animal 

Reproduction and Biotechnology Laboratory facility. Upon arrival, blood samples were 

centrifuged for 30 minutes at 2,500 rpm to fractionate the blood components. The buffy coat was 

extracted from each sample and placed in a 1.5 mL microcentrifuge tube. Each tube with buffy 

coat was suspended up to a volume of 1 mL in 1x phosphate buffered saline (PBS) and stored at -

20C. 
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DNA Isolation  

Genomic DNA was extracted from the buffy coat of each animal using the Qiagen DNeasy 

Blood and Tissue Kit (Cat. No. 69504) according to the instructions provided for each sample type. 

Sample purity and quality was then determined by NanoDrop 2000 Spectrophotometer (Thermo 

Scientific, manufacture: ND2000USCAN) by diving the absorbance’s (A) wavelength reading, 

A260 over A280. Values of 2.0 were considered pure DNA samples. 

Identification of Differentially Expressed Genes in RNA-Sequencing 

 For the RNA-Seq data, the DESeq2 package from R program was used to control for any 

false discovery by adjusting for the p-value and Benjamini-Hochberg method. Comparisons (1x1) 

for conceptuses (EM vs N) were performed using a negative binomial distribution model. As a 

result, all differentially expressed genes (DEGs) were identified by having adjusted p-values of 

<0.05. 

Identification of Candidate SNPs within Genes 

 RNA-Seq single-end read sequences (75 base pairs [bp]), from the initial fifteen 

multiparous Holstein Friesian cows, were aligned to the bovine reference genome (ARS-UCD1.2) 

and SNPs were identified using the Qiagen CLC Genomics Workbench. This then led to the SNP 

Discovery phase and was made up of four steps. The first step consisted in selecting specific genes 

with SNPs which was based on: (a) genes with SNPs associated to reproductive/fertility traits in 

previously published genome wide association studies (GWAS), (b) DEGs in canonical pathways 

or lists from Ingenuity Pathway Analysis in our previous study (Gonzalez-Berrios et al. 2022), (c) 

genes that were pregnancy related. The second step was to filter the genes from step 1 by only 

selecting those that were significant (P<0.05) in our RNA Seq data of initial population of 
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Holstein-Friesian cows (n=15). The third step was to separate the SNPs into the groups of 

diagnostics (only individuals of a one type of pregnancy [N or EM] make up the complete 

frequency of a genotype) or non-diagnostic (individuals of both types of pregnancies [N or EM] 

were used to calculate the frequency of a genotype). The fourth step consisted of: (a) evaluating 

the function of each gene that had SNP(s), (b) verifying the region of SNP (i.e., non-synonymous), 

type of SNP (i.e., missense), (c) conduct Sorting Intolerant From Tolerant tool (SIFT) analyses to 

predict amino acid substitution could affect protein function by evaluating SNP values (0.0-1.0; 

closer to zero is predicted to have a significant effect in protein function), (d) verify if the SNP 

location within the gene had been previously associated or was nearby (5 centimorgan = 5 million 

nucleotides) to a reproductive or fertility trait in the Cattle Quantitative Trait Loci (Cattle QTL) 

database and (e) verify the expression in log2 fold change of genes with SNP(s) within the RNA-

Seq data.  

Design of Custom SNP Genotyping Assay Panel  

A custom SNP genotyping assay panel for the candidate SNPs was designed using the 

Agena Plex panel (MassARRAY System with 90 well plate) from NeogenÒ and was divided into 

four major steps. The first step was to provide the list of candidate SNPs to NeogenÒ using both 

reference SNP identification (rsID) and the FASTA sequence with the location of the SNP (150 

bp up-stream sequence, SNP and 150 bp down-stream sequence). The second step consisted of 

NeogenÒ employees conducting an in-silico assay design to verify for the efficiency and 

robustness of the assay through percentage of SNPs that will work in one panel without overlap 

between SNPs (SNPs that were less than 150 bp from each other). If any overlap was found 

between SNPs, then SNPs were separated into different panels. The third step was to test the 

custom assay with the primers that were created for candidate SNPs. This step verified once again 
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the robustness and efficiency of the assay by genotyping only a subset of DNA samples (n=24). 

The final step consisted in having an optimized assay that could be used to genotype the remaining 

samples of the data (n=476).  

Quality Control Pipeline for Candidate SNPs 

Filtering candidate SNPs, after having received all samples (n=500) genotyped, started by 

estimating genotypic and allelic frequencies to verify which SNP were monomorphic across all 

animals. We then verified which SNPs were in minor allele frequency (MAF; >10%). The 

candidate SNPs that were not in the MFA and/or were monomorphic were eliminated from the 

study. The remaining candidate SNPs were evaluated using pLink software using a quality control 

pipeline that consisted of five steps. The first step was to remove any SNP that 20% or higher 

genotypes missing in the data. The second step was to remove individual animals that were not 

genotyped for 10% or higher of the candidate SNPs. The third step was to remove any candidate 

SNPs that were not in Hardy-Weinberg Equilibrium by the metric of 1e-15 (i.e., SNP that were 

above 1e-15). The fourth was then to evaluate the remaining candidate SNPs (Table 3.1) for linkage 

disequilibrium via r2 and d’ (Table 2). The final step was to identify tag SNPs (Table 3.3, Fig. 3.2) 

within the candidate SNPs. If there were more than one tag SNP for a group of SNPs, the tag SNP 

was selected based on r2 and d’ having the highest values (i.e. strongest relationship to the group 

of SNPs). An additional number of animals were removed from the study due to missing AI 

information. Furthermore, some of the reproductive (breeding date, calving of cow and dystocia 

score) and production traits (predicted 1st lactation milk production at 305 DIM) were also 

removed from the study due to missing values. By having removed these animals and traits from 

the study, the n of observations used for the statistical models of the study were n=466. 
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Statistical Analysis 

By using data from cow records and genotypes for each individual, the following models 

(ŷ) were for these traits: services per conception, age at first calving (days), days to conception, 

days to first artificial insemination, pregnant at first artificial insemination, pregnant at 150 days 

in milk and pregnancy loss (Table 3.4). All variables were evaluated for mean, standard deviation, 

minimum, maximum via the means procedure of SAS (Table 3.4) ( SAS Institute Inc., 2014). 

Continuous numeric trait models (services per conception, age at first calving (days), days to 

conception and days to first artificial insemination) were evaluated for statistical significance with 

and without single genotype term from candidate SNPs using GLM one-way ANOVA. While 

binary models (i.e., 1: event occurred and 0: event did not occur; pregnant at first artificial 

insemination, pregnant at 150 days in milk and pregnancy loss) were evaluated for statistical 

significance with and without single genotype term from candidate SNPs using logistic regression. 

Statistically significant (p<0.05) models with single genotype term from candidate SNPs used the 

means separation tests within LSMEANS from the mixed procedure and included the Bonferroni 

adjustment for p-values to minimize false discovery error (Weir, 2001). Interactions between 

genotype terms and/or other fixed effects that were significantly different within a same model 

were evaluated. The R2 of each of the significant models were also evaluated with and without the 

genotype term in order to demonstrate how much of the observed variation can be explained by 

the model’s inputs. Furthermore, we evaluated the effect of genotype additive and dominance 

allele effects on candidate SNPs that were significantly different (p<0.05) via the statistical 

models. These procedures were described by Luna-Nevarez et al. (Luna-Nevarez et al., 2011). To 

confirm or reject such additive or dominant allele effects, there were linear and quadratic contrasts 
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conducted. All previously mentioned statistical procedures were conducted in SAS OnDemand for 

academic’s software (SAS Institute Inc., 2014) 

 

Results 

Quality Control Pipeline for Candidate SNPs 

Sixty-nine candidate SNPS were discovered within the RNA of EM vs N conceptuses and 

therefore, associated to pregnancies with EM in Holstein-Friesian cows. Only thirty out of the 

sixty-nine candidate SNPs were considered to be in >10% MFA and non-monomorphic. These 

remaining candidate SNPs (n=30) were evaluated in a five-step quality control pipeline using 

pLink software. In the first step, three candidate SNPs were eliminated since they had >20% of the 

genotypes missing in the total animal population (n=500). Twenty individual animals were then 

removed in the second step for not being genotyped for >10% of the candidate SNPs (n=27). The 

third step, eliminated four candidate SNPs that were not in Hardy-Weinberg Equilibrium (>1e-15). 

The final amount of candidate SNPs for this study were twenty-three (Table 1). The fourth step 

found that eight out of the twenty-three candidate SNPs were linkage disequilibrium via r2 and d’ 

(Table 3.2). In the last step, it was identified that two out of the twenty-three candidate SNPs within 

the DSC2 gene (rs109278906: 4 SNPs and rs211151260: 2 SNPs) were considered tag SNPs 

(Table 3.3; See Appendix Fig. 10).  

Potential Functional SNPs 

All candidate SNPs were found in a location that were in close proximity (<5 

centimorgans) of at least one SNP that have been previously documented in the cattle QTL 

database and was associated with fertility traits of economic importance (Figure 3.2). Within the 
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models used to evaluate reproductive traits with single genotype terms, six instances (UBD 

[rs109295136] for services per conception; DSC2 [rs109300814] for age at 1st calving; HSD17B7 

[rs110828053], FASN [rs41919985], BOLA-DMB [rs109032590], and BOLA-NC1 

[rs109291107] for days to 1st AI; DECR1 [rs41580472] for pregnant at 150 DIM; and ACAT2 

[rs109967779] for pregnancy loss) of having tendencies to be significantly different (p<0.10; Table 

3.6). While there were nine instances (DSC2 [rs211151260] for age at 1st calving; SREBF1 

[rs41912290] and UBD [rs209518868] for days to conception; UMPS [rs110953962] and SREBF1 

[rs41912290] for days to 1st AI; DECR1 [rs41580472] and FASN [rs41919985] for pregnant at 1st 

AI; SREBF1 [rs41912290] and BOLA-DMB [rs109032590] for pregnant at 150 DIM) were 

identified to be significantly different (p<0.05; Tables 3.6-3.13; Figure 3.3). The R2 of each model 

that had a significant instance with genotype term were demonstrated to explain a higher amount 

of the variance that was present (Table 3.7).  

Each of the potential functional SNPs that had genotypes tested for the association with 

reproductive trait were conducted with the data from primiparous lactating Holstein-Friesian cows. 

For the DSC2 SNP [rs211151260], in age at 1st calving, cows with AA genotype vs AG and GG 

genotype were older (Table 3.8). For SREBF1 SNP [rs41912290], in days to conception, cows 

with TT genotype vs CT and CC genotypes took longer to become pregnant (Table 3.9). While 

UBD SNP [rs209518868], in days to conception, cows with GG genotype vs AG and AA 

genotypes also took longer to become pregnant (Table 3.10). For both models, reproductive 

diseases impacted health of the animal and the unit in which cows were housed were significantly 

different (p<0.05) as well as their interactions (p<0.01) but not their interactions with UBD SNP 

[rs209518868] or SREBF1 SNP [rs41912290] in days to conception. Also, no significant 

interactions were found between the SREBF1 SNP [rs41912290] and UBD SNP [rs209518868] in 
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days to conception. For UMPS SNP [rs110953962], in days to 1st AI, cows with TT genotype vs 

CT and CC genotypes waited longer to have their first AI (Table 3.11). While SREBF1 SNP 

[rs41912290], in days to 1st AI, cows with TT genotype vs CT and CC genotypes also waited 

longer to have their first AI (Table 3.9). For both models, age and reproductive diseases were 

significant (p<0.001) but no interactions were found between them nor with UMPS SNP 

[rs110953962] or SREBF1 SNP [rs41912290] in days to 1st AI. Furthermore, there was a tendency 

(p<0.10) for significant interactions between the UMPS SNP [rs110953962] and SREBF1 SNP 

[rs41912290] in days to 1st AI. For DECR1 SNP [rs41580472], in pregnant at 1st AI, cows with 

CC genotype vs CT and TT genotypes were less probable to become pregnant on their first AI 

(Table 3.12). While for FASN SNP [rs41919985], in pregnant at 1st AI, cows with AA genotype 

vs AG and GG genotypes also less probable to become pregnant on their first AI (Table 3.13). For 

both models, there were no significant variables apart from the genotype term in pregnant at 1st 

AI. There were also significant interactions (p<0.05) between DECR1 SNP [rs41580472] and 

FASN SNP [rs41919985] in pregnant at 1st AI. For SREBF1 SNP [rs41912290], in pregnant at 

150 DIM, cows with TT genotype vs CC and CT genotypes were less probable to become pregnant 

at or before 150 DIM (Table 3.9). While BOLA-DMB SNP [rs109032590], in pregnant at 150 

DIM, cows with TT genotype vs CC and CT genotypes were also less likely to become pregnant 

at or before 150 DIM (Table 3.14). For both models, there were no significant variables apart from 

the genotype term in pregnant at 150 DIM. There were significant interactions (p<0.01) between 

SREBF1 SNP [rs41912290] and BOLA-DMB SNP [rs109032590] in pregnant at 150 DIM. 

The significant instances within reproductive traits were also verified for type of SNP. 

Meaning the prediction of the potential functional SNPs having an effect on the protein function 

of the gene (Tables 3.15-3.21), the allele substitution and additive/dominant effect (Tables 3.21-
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3.27) were tested. Among the potential functional SNPs, all were found to be in non-synonymous 

coding regions and were classified as missense. The SIFT tool, from Ensembl, predicted that three 

(DSC2 [rs211151260]; SREBF1 [rs41912290]; and UMPS [rs110953962]) out of the seven 

potential functional SNPs would have an effect on the protein function of the gene (p<0.05; Tables 

3.15, 3.16 and 3.18). It was also confirmed that all seven potential functional SNPs previously 

mentioned were found to have an additive effect (p<0.05) due to a linear trend observed when the 

genotype term was a fixed effect within the model (Tables 3.22-3.28). Conversely, only two of the 

potential functional SNPs (DSC2 [rs211151260] for age at 1st calving and SREBF1 [rs41912290] 

for days to 1st AI and pregnant at 150 DIM) had significant allele substitution effects (p<0.05; 

Tables 3.22 and 3.23) and only one potential functional SNP (DECR1 [rs41580472] for pregnant 

at 1st AI) tended to be significant (p<0.10; Table 3.26). For DSC2 [rs211151260], cows with the 

allele G improved the trait level decreasing the age at 1st calving by 10 days (Table 3.22). For 

SREBF1 [rs41912290], cows with the C allele improved the trait level by decreasing the days to 

1st AI by 5 days and the probability of becoming pregnant at 150 DIM by 6% (Table 3.23). 

 

Discussion 

Potential Functional SNPs 

Discovery of potential functional SNPs are important for genetic progress of fertility traits 

due to their low heritability within the Holstein-Friesian cow breed (García-Ruiz et al., 2016b). 

Moreover, improvement from these strategies likely have direct impact on the economic efficacy 

and culling practices of the dairy industry (Pryce et al., 1997, Inchaisri et al., 2010). Among the 

seven models that were evaluated in this study for reproductive traits, only five (age at 1st calving, 
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days to conception, days to 1st AI, pregnant at 1st AI and pregnant at 150 DIM) had potential 

functional SNPs that were predictive of these traits. 

Identification of at least one QTL that has been associated to fertility traits was found to be 

in a location of close proximity to our candidate SNPs. Previous studies have shown that proximity 

to those QTL could be associated in having an effect over other nearby SNPs that control similar 

traits (Khatkar et al., 2004, Daetwyler et al., 2008). This of importance when conducting genotype 

to phenotype association studies because candidate SNPs that become associated with QTL(s) can 

be implemented into breeding programs to improve traits such as those within fertility that are of 

low heritability since traditional selection has been less effective (Spelman and Garrick, 1997, Van 

Tassell et al., 1999, Abdel-Azim and Freeman, 2002). 

In all of the potential functional SNPs, that were significant, it was demonstrated that they 

had a larger R2 number in each model when compared to a model without the genotype term (Table 

7). This means that a higher amount of the variance found in the model was explained by the 

genotype term (SAS Institute Inc., 2014). Furthermore, it was observed that the R2 for each of the 

model with or without genotype term were a low number. This was to be expected because fertility 

traits, as previously mentioned, are of low heritability (Van Tassell et al., 1999).  

For age at 1st calving, cows with a DSC2 SNP [rs211151260] and A allele were older when 

compared to those with a G allele (Table 8). Various studies reported that the optimum age of cows 

at 1st calving is averaged between 23 to 24 months (700 to 730 days) (Heinrichs, 1993, Hoffman, 

1997, Gabler et al., 2000, Boulton AC, 2015). This is of great importance because of the impact 

that this trait has on the cost of rearing replacements heifers in dairy herds (Tozer and Heinrichs, 

2001, Ettema and Santos, 2004, Boulton AC, 2015). In context of the DSC2 gene, it is mainly 

known for its role in cell junction and adhesion (Lewin et al., 2022) and therefore, has been studied 
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for its potential role in the development and function of bovine embryos via compaction and 

cavitation (Wrenzycki et al., 2001). Currently, only one SNP [rs109503725] within the DSC2 gene 

has been previously associated fertility traits such as daughter pregnancy rate in Holstein-Friesian 

cows (Cochran et al., 2013). For this study’s DSC2 SNP [rs211151260], it has only been submitted 

for a rsid within an Iranian Bos taurus breed and no previous associations report for age at 1st 

calving in Holstein-Friesian cows.  

For the reproductive trait of days to conception, two sets of SNPs (SREBF1 [rs41912290] 

and UBD [rs209518868]) were found to take longer to become pregnant when cows had T (Table 

3.9) or G allele (Table 3.10) when compared to C or A alleles, respectively. Furthermore, 

interactions were found between reproductive diseases (i.e., having more instances of endometritis 

or combination of metritis and endometritis) that impacted health of the animal and housing (i.e., 

High Meadows) of cows were associated to influence the cow’s ability to become pregnant later 

rather than sooner. Interval of conception after calving is often used as a parameter to determine 

reproductive performance of dairy cows (Harman et al., 1996) and should ideally take place prior 

to 85 days post calving (Grimard et al., 2006, Tillard et al., 2008). However, the interval average 

of conception after calving is highly dependent on diverse factors such as season (i.e., summer), 

peripartum disorders (i.e., metritis and endometritis) and cow management (Grimard et al., 2006, 

Tillard et al., 2008, Siddiqui et al., 2013). Therefore, minimizing the number of days that a cow is 

not pregnant (open) is crucial to decreasing costs (i.e., food, labor, breeding) and culling rates but 

also increasing the number of calves and longevity of the animal (González-Recio et al., 2004, 

Inchaisri et al., 2010, Cabrera, 2014). In the SREBF1 gene, its function has been mainly 

documented for being a master regulator the transcription of genes that synthesize milk fat and its 

secretion in the mammary epithelial cells of dairy cows (Harvatine and Bauman, 2006, Ma and 
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Corl, 2012, Oppi-Williams et al., 2013, Li et al., 2014). As a result, the potential functional SNP 

[rs41912290] discussed in this study within SREBF1 has been previously submitted to ENSEMBL 

SNP database and associated with fatty acid indexes which had an effect on milk fat and protein 

percentage in Holstein-Friesian cows (Rincon et al., 2012, Cochran et al., 2013). Despite this, no 

associations for SREBF1 SNP [rs41912290] on its impact on days to conception have been made 

in Holstein-Friesian cows. In the case of the UMD gene, it has general roles in DNA-replication, 

-recombination and -repair, cell-development, -assembly, -maintenance, -survival and -death 

(Salehi et al., 2016). Previously discovered SNPs within UBD have mainly been associated or 

thought to regulate response from the immune system (Russell et al., 2012, Thompson-Crispi et 

al., 2014). The current study’s UBD SNP [rs209518868] has been previously reported and 

submitted for a total of 14 different cow/bull populations but no association with days to 

conception in Holstein-Friesian cows. 

In days to 1st AI, individuals with a T allele for UMPS SNP [rs110953962] and SREBF1 

SNP [rs41912290] waited longer to have their first AI after first calving when compared to C 

allele, respectively (Tables 3.9 and 3.11). It was also found that age (i.e., average of 760 days or 

older) and reproductive diseases (i.e., endometritis or combination of metritis and endometritis) 

were associated with waiting longer to have their first AI after their first calving. Studies in the 

past have demonstrated that the average days to 1st AI ranged from 67 to 84 (Esslemont, 1992, 

Darwash et al., 1997, Royal et al., 2000, Waldmann et al., 2001, Yusuf et al., 2011) which 

demonstrated herd management favoring an extension of DIM before conducting their first AI 

after calving. In fact, it has been recently proven that higher conception rates are obtained in later 

rather than earlier stages of lactation (Dohoo, 1983, Royal et al., 2000, Quintela Arias et al., 2004, 

Bouchard E, 2008). For the UMPS gene, its role is essential in the synthesis of nucleotides used in 
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both DNA and RNA (Healey and Shanks, 1987). Deficiency (inactivation) of UMPs, also known 

as DUMPs, is hereditary recessive disorder that causes arrests growth and development of 

pregnancies which leads to EM taking place in Holstein-Friesian cows (Shanks and Robinson, 

1990, Shanks and Greiner, 1992, Robinson et al., 1993, Kuhn and Shanks, 1994). Furthermore, 

carriers of DUMPs have been found to remain non-pregnant for longer periods (Čítek and Barbora, 

2004). Prevention of this disease consists of early detection of defect carriers by screening herds 

routinely through haplotype tests (VĂTĂŞEscu-Balcan et al., 2006). For this study’s UMPS SNP 

[rs110953962], it was only reported within an Iranian Bos taurus breed and no associations to days 

to 1st AI such as we made in Holstein-Friesian cows. As previously mentioned, the SREBF1 gene 

regulates synthesis of milk and fat (Harvatine and Bauman, 2006, Ma and Corl, 2012, Oppi-

Williams et al., 2013, Li et al., 2014) and this study’s SNP [rs41912290] have been previously 

associated with having an effect on milk fat and protein percentage in Holstein-Friesian cows 

(Rincon et al., 2012, Cochran et al., 2013). No associations of the SREBF1 SNP [rs41912290] 

have been made with days to 1st AI.  

For pregnant at 1st AI, cows with the C allele (Table 3.12) from DECR1 SNP [rs41580472], 

A allele (Table 3.13) from FASN SNP [rs41919985] or carrier of both alleles were less probable 

to become pregnant on their first AI when compared to those with a T or G allele, respectively. 

Just like days to conception, pregnancy at 1st AI depends on the time of year, voluntary waiting 

period, the cow’s state with reproductive/peripartum disorders and the reproductive management 

(Grimard et al., 2006, Tillard et al., 2008, Siddiqui et al., 2013). Furthermore, it has been proven 

that dairy cows that are serviced more than one AI have less pregnancy rates at first AI (77.3 vs 

35.7%) and a reduced probability to become pregnant by 4.5% for each previously unsuccessful 

service (Barrett, 1948, Sprott et al., 1998). The DECR1 gene function is to act as a mitochondrial 
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enzyme involved in beta-oxidation that regulates the rate of fatty acid metabolism which 

contributes to energy production (Kunau and Dommes, 1978, Wathes et al., 2012). Potential 

functional SNPs within the DECR1 gene have been found to be associated with an effect on lipid 

metabolism, milk production, back fat thickness, days to first service and calving interval in beef 

cattle (Marques et al., 2009, Clempson et al., 2012). Boussaha et al. (Boussaha et al., 2015) has 

previously submitted our study’s DECR1 SNP [rs41580472] within a GWAS data set but no 

publications have been made to associated with pregnancy at 1st AI in Holstein-Friesian cows. In 

the case of the FASN gene, its role is to catalyze the production of long chain fatty acids and 

therefore, has been evaluated as a candidate for improving fat levels observed in both milk and 

muscle for dairy and beef cattle (Roy et al., 2006, Schennink et al., 2009, Matsumoto et al., 2012, 

Li et al., 2016). SNPs within the FASN gene have been associated with lactation traits, composition 

of fatty acids within milk, and reconstitution of body reserves during gestation (Matsumoto et al., 

2012, Elis et al., 2013, Mauric, 2019) but not this study’s FASN SNP [rs41919985] to pregnancy 

at 1st AI.  

In the trait of pregnant at 150 DIM, cows with the T allele (Tables 9 and 14) from SREBF1 

SNP [rs41912290], BOLA-DMB SNP [rs109032590] or carrier of both alleles were less probable 

to become pregnant at or before 150 DIM when compared to C alleles. For pregnancy to take place 

before or at 150 DIM it is contingent of reproductive diseases, detection of estrus, voluntary 

waiting period and season (Grimard et al., 2006, Tillard et al., 2008, Siddiqui et al., 2013). The 

importance of timing when this pregnancy occurs in dairy cows is based on sustaining profitability 

within the industry (Giordano et al., 2011). In the case of the SREBF1 SNP [rs41912290], no 

associations with pregnant at 150 DIM have been made previously. For the BOLA-DMB gene, it 

is part of the bovine immune system’s major histocompatibility complex in the class IIb region 
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and it is responsible for aiding with the loading of peptides in antigen presenting cells (Pathak et 

al., 2001, La Rocca et al., 2014). Interestingly, regulation of BOLA-DMB is different in the 

endometrium of cows who are pregnant vs non-pregnant cows (Cerri et al., 2012). Associations 

for this study’s BOLA-DMB SNP has been previously made for daughter pregnancy rate, cow 

conception rate, heifer pregnancy rate and milk yield (Cochran et al., 2013, Ortega et al., 2016, 

Ortega et al., 2017, Ortega, 2018) but not specifically to pregnancy at 150 DIM. 

For allele substitution and additive effects, cows with a G allele that had the DSC2 

[rs211151260] SNP for age at 1st calving improved the trait level decreasing the age at 1st calving 

by 10 days (Table 22). Eastham et al. (Eastham et al., 2018) previously found that cows that were 

younger during their first calving has an association with udder health, increased longevity, milk 

yield, improved reproductive performance and increased probability to of calve for a second time. 

While the SREBF1 [rs41912290], had cows with the C allele improved the trait level by decreasing 

the days to 1st AI by 5 days and the probability of becoming pregnant at 150 DIM by 6% (Table 

23). For cows that are having their first AI sooner it has been previously demonstrated to be 

dependent on the management of herd and is unique to each individual dairy (Esslemont, 1992, 

Darwash et al., 1997, Royal et al., 2000, Waldmann et al., 2001, Yusuf et al., 2011). Moreover, it 

has been shown that cows had higher conception rates when AI occurs at later stages of lactation 

(Dohoo, 1983, Royal et al., 2000, Quintela Arias et al., 2004, Bouchard E, 2008). Conversely, 

pregnancy occurring before or at 150 DIM is of high importance to be able to sustain profitability 

within the industry by pregnancy occurring between 90 and 130 DIM (Giordano et al., 2011). 

Regardless of our study’s findings, the potential candidate SNPs being validated within the models 

of days to 1st AI, pregnant at 1st AI and 150 DIM may be somewhat unique to the management 
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practices of an organic farm (i.e., Aurora Organic Dairy), and therefore, reproductive management 

taking longer for each lactation cycle (Sorge et al., 2016). 

Another aspect of this study, was being able to demonstrate the true additive effects of 

alleles by having genotyped and validated these effects in a different Holstein-Friesian cow 

population. This is of importance because genetic panels/evaluations performed in cattle such as 

expected progeny differences (EPDs) in bulls, predictive transmissibility abilities (PTA) or those 

commercially available (i.e., Clarifide from Zoetis) are based on these values that are used when 

breeding. Therefore, aiding in the development of breeding values that encompass fertility traits 

are of great value when determining the expected fertility of replacement heifers and cows that 

remain in the herd for the Holstein-Friesian breed (Weigel, 2006, García-Ruiz et al., 2016b).  

 

Conclusions  

Having first conducted a gene expression study (RNA-Seq) on day 16 conceptus tissues (EM 

vs N) from multiparous lactating Holstein-Friesian cows (n=15) in a traditional dairy farm (Blue 

Sky Dairy) revealed an initial 17,156 candidate SNPs. All of the candidate SNPs were filtered to 

69 in 18 genes. The remaining candidate SNPs were found to have been previously reported QTL 

associated to fertility traits within beef and dairy cattle. Validation of such candidate SNPs (n=69) 

entailed on conducting a genotype to phenotype analyses on a second dairy (Aurora Organic Dairy) 

using primiparous lactating Holstein-Friesian cows (n=500) and having their records collected. 

Furthermore, a quality control pipeline aided in reducing the number of candidate SNPs to 23 in 

14 genes. Genotype to phenotype analysis suggested that 7 SNP are predictive of causing fertility 

traits that are of economic importance to be inferior in Holstein-Friesian cows. Therefore, we 
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propose that the candidate SNPs that are associated to pregnancies with EM might be considered 

for sorting and culling heifer and cows that are reproductively inefficient. However, additional 

research should be conducted to determine the utility of these candidate SNPs in genome-enhanced 

PTA estimations and (or) commercial genotyping tools for early life sorting of heifers. 
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chrm=chromosome. 

Table 3.1: Single nucleotide polymorphisms (SNP) candidates (n=23) that were non-
monomorphic and passed quality control pipeline using PLINK software in primiparous lactating 
Holstein-Friesian cows (n=466). 

         Gene                        rsid                 chrm       SNP location     genotype   genotyping     maf                  hwe 

UMPS rs110953962 1 69148086 C/T 463 0.29 0.8 

HSD17B7 rs110828053 3 6635945 C/T 464 0.19 0.5 

CAST rs110914810 7 96152634 C/G 466 0.38 1 

IFNGR1 rs109049057 9 75092093 C/T 466 0.29 0.3 

ACAT2 rs109967779 9 96041211 A/G 464 0.40 0.6 

DECR1 rs41580472 14 73708561 C/T 465 0.27 0.9 

MRPL48 . 15 53332881 A/G 466 0.48 0.5 

SREBF1 rs41912290 19 34646676 C/T 465 0.40 0.6 

FASN rs41919985 19 50793357 A/G 433 0.29 1.2e-05 

BOLA-DMB rs109032590 23 7249490 C/T 464 0.30 0.7 

BLA-DQB rs109291107 23 25674287 A/G 409 0.20 2e-13 

BOLA-NC1 rs382125666 23 28551269 A/C 401 0.22 2.68e-06 

UBD rs209518868 23 29119086 A/G 465 0.11 0.007 

UBD rs109295136 23 29119334 A/G 400 0.42 3e-06 

DSC2 rs109300814 24 26043125 A/C 463 0.45 3.4e-12 

DSC2 rs210995078 24 26048022 A/G 466 0.45 1 

DSC2 rs211151260 24 26050992 A/G 466 0.36 0.3 

DSC2 rs385100256 24 26057277 C/G 466 0.36 0.3 

DSC2 rs109503725 24 26057282 C/T 466 0.45 1 

DSC2 . 24 26060104-5 AA/GT 459 0.44 0.8 

DSC2 rs109278906 24 26060155 A/T 463 0.44 1 

DSC2 rs110651429 24 26060157 C/T 464 0.44 0.9 

DSC2 rs210416248 24 26063437 A/G 466 0.36 0.3 

 

 

 

 

 

 

 

 

 



 122 

chrm=chromosome. 

Table 3.2: Candidate single nucleotide polymorphisms (SNPs) (n= 12 out of 23) that were in 
linkage disequilibrium (r2 and d’) using PLINK software in primiparous lactating Holstein-
Friesian cows (n=428). 

 

 

Gene      SNP A rsid  chrm  SNP A location  SNP B     SNP B rsid    SNP B location         r2                 d’ 
BOLA-

NC1 

rs382125666 23 69148086 UBD rs209518868 29119086 0.00165162 0.0737591  

BOLA-

NC1 

rs382125666 23 69148086 UBD rs109295136 29119334 0.0943097 0.477845 

UBD rs209518868 23 29119086 UBD rs109295136 29119334 0.104576 0.908803 

DSC2 rs109300814 24 26043125 DSC2 rs210995078 26048022 0.705424 1 

DSC2 rs109300814 24 26043125 DSC2 rs211151260 26050992 0.665203 1 

DSC2 rs109300814 24 26043125 DSC2 rs385100256 26057277 0.665203 1 

DSC2 rs109300814 24 26043125 DSC2 rs109503725 26057282 0.693562 1 

DSC2 rs109300814 24 26043125 DSC2 . 26060104-5 0.677046 0.97805 

DSC2 rs109300814 24 26043125 DSC2 rs109278906 26060155 0.687309 0.994494 

DSC2 rs109300814 24 26043125 DSC2 rs110651429 26060157 0.695425 1 

DSC2 rs109300814 24 26043125 DSC2 rs210416248 26063437 0.653245 1 

DSC2 rs210995078 24 26048022 DSC2 rs211151260 26050992 0.4594 1 

DSC2 rs210995078 24 26048022 DSC2 rs385100256 26057277 0.4594 1 

DSC2 rs210995078 24 26048022 DSC2 rs109503725 26057282 0.983269 1 

DSC2 rs210995078 24 26048022 DSC2 . 26060104-5 0.965927 0.982816 

DSC2 rs210995078 24 26048022 DSC2 rs109278906 26060155 0.978915 0.995715 

DSC2 rs210995078 24 26048022 DSC2 rs110651429 26060157 0.983198 1 

DSC2 rs210995078 24 26048022 DSC2 rs210416248 26063437 0.45117 1 

DSC2 rs211151260 24 26050992 DSC2 rs385100256 26057277 1 1 

DSC2 rs211151260 24 26050992 DSC2 rs109503725 26057282 0.451713 1 

DSC2 rs211151260 24 26050992 DSC2 . 26060104-5 0.436002 0.975585 

DSC2 rs211151260 24 26050992 DSC2 rs109278906 26060155 0.44366 0.991819 

DSC2 rs211151260 24 26050992 DSC2 rs110651429 26060157 0.452195 1 

DSC2 rs211151260 24 26050992 DSC2 rs210416248 26063437 0.982087 1 

DSC2 rs385100256 24 26057277 DSC2 rs109503725 26057282 0.451713 1 

DSC2 rs385100256 24 26057277 DSC2 . 26060104-5 0.436002 0.975585 

DSC2 rs385100256 24 26057277 DSC2 rs109278906 26060155 0.44366 0.991819 

DSC2 rs385100256 24 26057277 DSC2 rs110651429 26060157 0.452195 1 

DSC2 rs385100256 24 26057277 DSC2 rs210416248 26063437 0.982087 1 

DSC2 rs109503725 24 26057282 DSC2 . 26060104-5 0.983017 1 

DSC2 rs109503725 24 26057282 DSC2 rs109278906 26060155 0.995765 1 

DSC2 rs109503725 24 26057282 DSC2 rs110651429 26060157 1 1 

DSC2 rs109503725 24 26057282 DSC2 rs210416248 26063437 0.443622 1 

DSC2 . 24 26060104-5 DSC2 rs109278906 26060155 0.995702 1 

DSC2 . 24 26060104-5 DSC2 rs110651429 26060157 0.987178 1 

DSC2 . 24 26060104-5 DSC2 rs210416248 26063437 0.449772 1 

DSC2 rs109278906 24 26060155 DSC2 rs110651429 26060157 1 1 

DSC2 rs109278906 24 26060155 DSC2 rs210416248 26063437 0.446917 1 

DSC2 rs110651429 24 26060157 DSC2 rs210416248 26063437 0.446088 1 
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Table 3.3: Candidate single nucleotide polymorphisms (SNPs) (n=8 out of 23) that have a tag SNP 
using PLINK software in primiparous lactating Holstein-Friesian cows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Gene           rsid                chrm     SNP location   Tag SNP     Tag SNP rsid      Tag SNP location 

DSC2 rs210995078 24 26048022 DSC2 rs109278906 26060155 

DSC2 rs109503725 24 26057282 DSC2 rs109278906 26060155 

DSC2 rs110651429 24 26060157 DSC2 rs109278906 26060155 

DSC2 . 24 26060104-5 DSC2 rs109278906 26060155 

DSC2 rs385100256 24 26057277 DSC2 rs211151260 26050992 

DSC2 rs210416248 24 26063437 DSC2 rs211151260 26050992 
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Table 3.4: Basic model and qualitative and quantitative explanatory variables used to predict the 
categorical traits. 

Statistical model 
Yijklm = μ + Ai + Bj + Ck + Dl + Em +eijklm 
 

aYijkmqr = qualitative trait for the rth cow in the (i, j, k, l, m)th cell, μ = general mean for the 
reproductive trait, Ai = fixed effect of genotypes, Bj =co-variate effect of the age in days at first 
calving, Ck = fixed effect of the health reproductive disease, Dl = fixed effect of the health non-
reproductive disease, Em = fixed effect of the housing unit and eijklmnopq = random error term. 
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Table 3.5: MEANS, GLMa and logisticb for conception, age at calving and pregnancy in 
primiparous lactating Holstein-Friesian cows. 

Trait n Mean + SD Min Max p-value X2 test 

p-value 
Services per conceptiona 466 3.8±2.8 1 13 0.001* . 
Age at 1st calving, daysa 466 751.2±62.1 560 993 0.1 . 
Days to conceptiona 417 159.2±102.5 45 579 0.0105* . 
Days to 1st AIa 466 75.7±32.4 37 266 <0.0001* . 
Pregnant at 1st AIb 466 0.2±0.4 0 1 . 0.1 
Pregnant at 150 DIMb 466 0.5±0.5 0 1 . 0.008* 
Pregnancy lossb 466 0.07±0.2 0 2 . 0.6 

aNon-binary models that were evaluated with GLM-one way ANOVA. bBinary models that were 
evaluated with logistic regression. *Models that were statistically significant (p<0.05) without 
genotype term.  
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Table 3.6: Summary of conception, age at calving and pregnancy with candidate single nucleotide 
polymorphisms (SNPs) (n=17) in primiparous lactating Holstein-Friesian cows. 

Trait Gene rsid  n Model 

p-value 

Model 

X2 Test 

p-value 

SNP  

p-value 

SNP 

X2 Test 

p-value 
Services per conceptiona        
 UMPS rs110953962 463 0.002 . 0.2 . 
 HSD17B7 rs110828053 464 0.001 . 0.1 . 
 CAST rs110914810 466 0.006 . 0.9 . 
 ACAT2 rs109967779 464 0.005 . 0.6 . 
 IFNGR1 rs109049057 466 0.004 . 0.6 . 
 DECR1 rs41580472 465 0.003 . 0.3 . 

 MRPL48 . 466 0.002 . 0.2 . 
 FASN rs41919985 433 0.005 . 0.3 . 
 SREBF1 rs41912290 465 0.001 . 0.1 . 
 BOLA-DMB rs109032590 464 0.004 . 0.5 . 
 BLA-DQB rs109291107 409 0.004 . 0.5 . 
 BOLA-NC1 rs382125666 401 0.006 . 0.2 . 
 UBD rs209518868 465 0.006 . 0.8 . 
 UBD rs109295136 400 0.002 . 0.09† . 

 DSC2 rs109300814 463 0.005 . 0.4 . 
 DSC2 rs211151260 466 0.007 . 0.9 . 
 DSC2 rs109278906 463 0.005 . 0.6 . 
Age at 1st calvinga        
 UMPS rs110953962 463 0.2 . 0.4 . 
 HSD17B7 rs110828053 464 0.4 . 0.8 . 
 CAST rs110914810 466 0.4 . 0.9 . 
 ACAT2 rs109967779 464 0.2 . 0.5 . 
 IFNGR1 rs109049057 466 0.2 . 0.4 . 

 DECR1 rs41580472 465 0.2 . 0.3 . 
 MRPL48 . 466 0.2 . 0.4 . 
 FASN rs41919985 433 0.1 . 0.07 . 
 SREBF1 rs41912290 465 0.2 . 0.4 . 
 BOLA-DMB rs109032590 464 0.1 . 0.1 . 
 BLA-DQB rs109291107 409 0.3 . 0.9 . 
 BOLA-NC1 rs382125666 401 0.2 . 0.4 . 
 UBD rs209518868 465 0.3 . 0.8 . 

 UBD rs109295136 400 0.3 . 0.8 . 
 DSC2 rs109300814 463 0.05 . 0.04† . 
 DSC2 rs211151260 466 0.04 . 0.03* . 
 DSC2 rs109278906 463 0.3 . 0.7 . 
Days to conceptiona        
 UMPS rs110953962 416 0.01 . 0.3 . 
 HSD17B7 rs110828053 415 0.01 . 0.2 . 
 CAST rs110914810 417 0.03 . 0.9 . 

 ACAT2 rs109967779 415 0.02 . 0.5 . 
 IFNGR1 rs109049057 417 0.01 . 0.3 . 
 DECR1 rs41580472 416 0.02 . 0.6 . 
 MRPL48 . 417 0.04 . 0.9 . 
 FASN rs41919985 388 0.04 . 0.5 . 
 SREBF1 rs41912290 416 0.003 . 0.04* . 
 BOLA-DMB rs109032590 415 0.007 . 0.1 . 
 BLA-DQB rs109291107 367 0.03 . 0.3 . 

 BOLA-NC1 rs382125666 358 0.01 . 0.5 . 
 UBD rs209518868 416 0.001 . 0.009* . 
 UBD rs109295136 361 0.05 . 0.1 . 
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 DSC2 rs109300814 414 0.02 . 0.2 . 
 DSC2 rs211151260 417 0.03 . 0.9 . 
 DSC2 rs109278906 414 0.01 . 0.1 . 
Days to 1st AIa        
 UMPS rs110953962 463 <.0001 . 0.04* . 

 HSD17B7 rs110828053 464 <.0001 . 0.06† . 
 CAST rs110914810 466 <.0001 . 0.6 . 
 ACAT2 rs109967779 464 <.0001 . 0.1 . 
 IFNGR1 rs109049057 466 <.0001 . 0.7 . 
 DECR1 rs41580472 465 <.0001 . 0.3 . 
 MRPL48 . 466 <.0001 . 0.2 . 
 FASN rs41919985 433 <.0001 . 0.07† . 
 SREBF1 rs41912290 465 <.0001 . 0.01* . 

 BOLA-DMB rs109032590 464 <.0001 . 0.08† . 
 BLA-DQB rs109291107 409 <.0001 . 0.06† . 
 BOLA-NC1 rs382125666 401 <.0001 . 0.7 . 
 UBD rs209518868 465 <.0001 . 0.4 . 
 UBD rs109295136 400 0.002 . 0.7 . 
 DSC2 rs109300814 463 <.0001 . 0.1 . 
 DSC2 rs211151260 466 <.0001 . 0.5 . 
 DSC2 rs109278906 463 <.0001 . 0.5 . 

Pregnant at 1st AIb        
 UMPS rs110953962 463 . 0.1 . 0.3 
 HSD17B7 rs110828053 464 . 0.1 . 0.6 
 CAST rs110914810 466 . 0.2 . 0.8 
 ACAT2 rs109967779 464 . 0.1 . 0.6 
 IFNGR1 rs109049057 466 . 0.2 . 0.7 
 DECR1 rs41580472 465 . 0.02 . 0.02* 
 MRPL48 . 466 . 0.1 . 0.4 

 FASN rs41919985 433 . 0.01 . 0.02* 
 SREBF1 rs41912290 465 . 0.1 . 0.4 
 BOLA-DMB rs109032590 464 . 0.09 . 0.1 
 BLA-DQB rs109291107 409 . 0.08 . 0.9 
 BOLA-NC1 rs382125666 401 . 0.2 . 0.5 
 UBD rs209518868 465 . 0.1 . 0.8 
 UBD rs109295136 400 . 0.04 . 0.03 
 DSC2 rs109300814 463 . 0.1 . 0.3 
 DSC2 rs211151260 466 . 0.1 . 0.2 

 DSC2 rs109278906 463 . 0.1 . 0.3 
Pregnant at 150 DIMb        
 UMPS rs110953962 463 . 0.006 . 0.1 
 HSD17B7 rs110828053 464 . 0.01 . 0.3 
 CAST rs110914810 466 . 0.02 . 0.8 
 ACAT2 rs109967779 464 . 0.01 . 0.3 
 IFNGR1 rs109049057 466 . 0.01 . 0.2 
 DECR1 rs41580472 465 . 0.003 . 0.06† 

 MRPL48 . 466 . 0.01 . 0.4 
 FASN rs41919985 433 . 0.02 . 0.3 
 SREBF1 rs41912290 465 . 0.001 . 0.01* 
 BOLA-DMB rs109032590 464 . 0.002 . 0.04* 
 BLA-DQB rs109291107 409 . 0.02 . 0.9 
 BOLA-NC1 rs382125666 401 . 0.01 . 0.8 
 UBD rs209518868 465 . 0.01 . 0.6 
 UBD rs109295136 400 . 0.07 . 0.1 

 DSC2 rs109300814 463 . 0.009 . 0.1 
 DSC2 rs211151260 466 . 0.03 . 0.9 
 DSC2 rs109278906 463 . 0.008 . 0.1 
Pregnancy lossb        
 UMPS rs110953962 463 . 0.7 . 0.7 
 HSD17B7 rs110828053 464 . 0.3 . 0.1 
 CAST rs110914810 466 . 0.7 . 0.6 
 ACAT2 rs109967779 464 . 0.07 . 0.05† 
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aNon-binary models that were evaluated with GLM-one way ANOVA. bBinary models that were 
evaluated with logistic regression. †Candidate single nucleotide polymorphism that were a 
tendency to be significant (p>0.05) within models. *Candidate single nucleotide polymorphism 
that were statistically significant (p<0.05) within models. AI=artificial insemination, DIM= days 
in milk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 IFNGR1 rs109049057 466 . 0.1 . 0.01 
 DECR1 rs41580472 466 . 0.5 . 0.4 
 MRPL48 . 466 . 0.7 . 0.8 
 FASN rs41919985 433 . 0.4 . 0.3 
 SREBF1 rs41912290 465 . 0.4 . 0.1 

 BOLA-DMB rs109032590 464 . 0.6 . 0.4 
 BLA-DQB rs109291107 409 . 0.5 . 0.3 
 BOLA-NC1 rs382125666 401 . 0.7 . 0.4 
 UBD rs209518868 465 . 0.7 . 0.7 
 UBD rs109295136 400 . 0.7 . 0.8 
 DSC2 rs109300814 463 . 0.7 . 0.7 
 DSC2 rs211151260 466 . 0.7 . 0.7 
 DSC2 rs109278906 463 . 0.7 . 0.7 
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Table 3.7: Summary of R2 of model without and with potential functional candidate single 
nucleotide polymorphisms (SNPs) (n=7) in primiparous lactating Holstein-Friesian cows. 

 

Trait 

 

SNP 

 

rsid 

 

n 

R2 

without 

SNP 

 

p-value 

 

  n 

R2 

with 

SNP 

 

p-value 

Age at 1st calving, days DSC2 rs211151260 466 0.01 0.1 466 0.02 0.04 

Days to conception SREBF1 rs41912290 417 0.03 0.01 416 0.04 0.003 

Days to conception UBD rs209518868 417 0.03 0.01 416 0.05 0.001 

Days to 1st AI SREBF1 rs41912290 466 0.06 <0.0001 465 0.08 <0.0001 

Days to 1st AI UMPS rs110953962 466 0.06 <0.0001 463 0.07 <0.0001 

Pregnant at 1st AI DECR1 rs41580472 466 0.01 0.1042 465 0.03 0.02 
Pregnant at 1st AI FASN rs41919985 466 0.01 0.1042 433 0.03 0.01 

Pregnant at 150 DIM SREBF1 rs41912290 466 0.02 0.008 465 0.04 0.001 

Pregnant at 150 DIM BOLA-

DMB 

rs109032590 466 0.02 0.008 464 0.04 0.002 
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Table 3.8: Least square means ± standard error for age at 1st calving among genotypes of the SNP 
within DSC2 in primiparous lactating Holstein-Friesian cows. 

          SNP (rs211151260) in DSC2   
Trait n AA AG GG p-value 
Age at 1st calving, days 466 761.9±8.7 757.8±5.7 744.1±5.7 0.03* 

*Candidate single nucleotide polymorphisms (SNPs) that were statistically significant (p<0.05) 
within models. 
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Table 3.9: Least square means ± standard error for fertility traits among genotypes of the SNP 
within SREBF1 in primiparous lactating Holstein-Friesian cows. 

  SNP (rs41912290) in SREBF1  
Trait n CC CT TT p-value 

Days to conception 416 176.3±10.9 162.5±10.09 197.7±14.04 0.04* 
Days to 1st AI 465 80.08±3.1 80.5±2.8 91.4±3.9 0.01* 
Pregnant at 150 DIM 465 0.4±0.04 0.4±0.04 0.3±0.06 0.01* 

*Candidate single nucleotide polymorphisms (SNPs) that were statistically significant (p<0.05) 
within models. 
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Table 3.10: Least square means ± standard error for days to conception among genotypes of the 
SNP within UBD in primiparous lactating Holstein-Friesian cows. 

  SNP (rs209518868) in UBD  
Trait n AA AG GG p-value 
Days to conception 416 173.1±9.008 175.7±12.5 481.83±101.2 0.009* 

*Candidate single nucleotide polymorphisms (SNPs) that were statistically significant (p<0.05) 
within models. 
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Table 3.11: Least square means ± standard error for days to 1st artificial insemination among 
genotypes of the SNP within UMPS in primiparous lactating Holstein-Friesian cows. 

  SNP (rs110953962) in UMPS  
Trait n CC CT TT p-value 
Days to 1st AI 463 83.01±2.7 79.2±3.04 93.03±5.3 0.04* 

*Candidate single nucleotide polymorphisms (SNPs) that were statistically significant (p<0.05) 
within models.  
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Table 3.12: Least square means ± standard error for pregnant at 1st artificial insemination among 
genotypes of the SNP within DECR1 in primiparous lactating Holstein-Friesian cows. 

  SNP (rs41580472) in DECR1  
Trait   n CC CT TT p-value 
Pregnant at 1st AI 465 0.2±0.03 0.2±0.04 0.4±0.07 0.02* 

*Candidate single nucleotide polymorphisms (SNPs) that were statistically significant (p<0.05) 
within models. AI=artificial insemination. 
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Table 3.13: Least square means ± standard error for pregnant at 1st artificial insemination 
among genotypes of the SNP within FASN in primiparous lactating Holstein-Friesian cows. 

                 SNP (rs41919985) in FASN  
Trait n AA AG GG p-value 
Pregnant at 1st AI 433 0.01±0.09 0.2±0.03 0.1±0.04 0.0240* 

*Candidate single nucleotide polymorphism (SNPs) that were statistically significant (p<0.05) 
within models. AI=artificial insemination. 
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Table 3.14: Least square means ± standard error for pregnant at 150 days in milk among genotypes 
of the SNP within BOLA-DMB in primiparous lactating Holstein-Friesian cows. 

  SNP (rs109032590) in BOLA-DMB  
Trait n CC CT TT p-value 
Pregnant at 150 DIM 464 0.4±0.04 0.5±0.04 0.3±0.08 0.04* 

*Candidate single nucleotide polymorphism candidates (SNPs) that were statistically significant 
(p<0.05) within models. DIM=days in milk. 
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Table 3.15: Variant effect predictor analysis for SNP within DSC2 in primiparous lactating 
Holstein-Friesian cows. 

Coding Region Type of 
SNP 

rsid Exon Codon 
Change 

Amino 
Acid 

Change 

SIFT 

Non-Synonymous Missense rs211151260 11 GAA/AAA E/K 0.01 
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Table 3.16: Variant effect predictor analysis for SNP within SREBF1 in primiparous lactating 
Holstein-Friesian cows. 

Coding 

Region 

Type of 
SNP 

rsid Exon Codon 
Change 

Amino 
Acid 

Change 

SIFT 

Non-Synonymous Missense rs41912290 2 CCT/CTT P/L 0.03 
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Table 3.17: Variant effect predictor analysis for SNP within UBD in primiparous lactating 
Holstein-Friesian cows. 

Coding 

Region 

Type of 
SNP 

rsid Exon Codon          
Change 

Amino 
Acid 

Change 

SIFT 

Non-Synonymous Missense rs209518868 2 AAG/AGG K/R 0.4 
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Table 3.18: Variant effect predictor analysis for SNP within UMPS in primiparous lactating 
Holstein-Friesian cows. 

Coding 

Region 

Type of 

SNP 

rsid Exon Codon 
Change 

Amino 
Acid 

Change 

SIFT 

Non-Synonymous Missense rs211151260 3 CGT/TGT R/C 0.01 
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Table 3.19: Variant effect predictor analysis for SNP within DECR1 in primiparous lactating 
Holstein-Friesian cows. 

Coding 

Region 

Type of 

SNP 

rsid Exon Codon   
Change 

Amino 
Acid 

Change 

SIFT 

Non-Synonymous Missense rs41580472 5 ATA/GTA I/V 0.06 
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Table 3.20: Variant effect predictor analysis for SNP within FASN in primiparous lactating 
Holstein-Friesian cows. 

Coding 

Region 

Type of 

SNP 

rsid Exon Codon 
Change 

Amino 
Acid 

Change 

SIFT 

Non-Synonymous Missense rs41919985 18 ACC/GCC T/A 0.7 
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Table 3.21: Variant effect predictor analysis for SNP within BOLA-DMB in primiparous lactating 
Holstein-Friesian cows. 

Coding 

Region 

Type of 

SNP 

rsid Exon Codon 

Change 

Amino Acid 

Change 

SIFT 

Non-Synonymous Missense rs109032590 3 ATC/GTC I/V 0.5 
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Table 3.22: Allele substitution estimates and fixed effect estimates of additive and dominance of 
the single nucleotide polymorphism within DSC2 in primiparous lactating Holstein-Friesian cows. 

*Candidate single nucleotide polymorphism candidates (SNPs) that were statistically significant 
(p<0.05) within models. aAIC=age at 1st calving. bp-values obtained from allele substitution 
analysis in SAS which included the term genotype as a covariate. cEstimates of the effect expressed 
in units of the traits. dp-values for fixed effects were obtained from the substitution of favorable 
allele analysis which included the genotype term as a fixed effect. eAdditive effect was estimated 
as the difference between the 2 homozygous means divided by 2. fDominant effect was calculated 
as the deviation of the heterozygous from the mean of the 2 homozygous. SNP=single nucleotide 
polymorphism. 

 

 

 

 

 

 

 

 

 

 

 

 Allele Substitution Effects  Fixed Effects 
Trait n p-valueb Estimatec SE  p-valued Additive 

Effect e 

Dominant  

Effect f 
A1Ca, days 466 0.01* -10.09 4.1  0.03* 8.9 748.9 



 145 

Table 3.23: Allele substitution estimates and fixed effect estimates of additive and dominance of 
the single nucleotide polymorphism within SREBF1 in primiparous lactating Holstein-Friesian 
cows. 

*Candidate single nucleotide polymorphism candidates (SNPs) that were statistically significant 
(p<0.05) within models. aD2C=days to conception, D21AI=days to 1st artificial insemination and 
P150DIM=pregnant at 150 days in milk. bp-values obtained from allele substitution analysis in 
SAS which included the term genotype as a covariate. cEstimates of the effect expressed in units 
of the traits. dp-values for fixed effects were obtained from the substitution of favorable allele 
analysis which included the genotype term as a fixed effect. eAdditive effect was estimated as the 
difference between the 2 homozygous means divided by 2. fDominant effect was calculated as the 
deviation of the heterozygous from the mean of the 2 homozygous. SNP=single nucleotide 
polymorphism. 

 

 

 

 

 

 

 

 

 

 

 

 

            Allele Substitution Effects   Fixed Effects 
Trait n p-valueb Estimatec SE  p-valued Additive 

Effect e 

Dominant  

Effect f 
D2Ca 416 0.4 5.8 7.2  0.04 10.7 151.8 
D21AIa 465 0.02* 4.7 2.08  0.01* 5.6 74.8 
P150DIMa 465 0.04* -0.06 0.03  0.01* 0.08 0.1 
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Table 3.24: Allele substitution estimates and fixed effect estimates of additive and dominance of 
the single nucleotide polymorphism within UBD in primiparous lactating Holstein-Friesian cows. 

aD2C=days to conception. bp-values obtained from allele substitution analysis in SAS which 
included the term genotype as a covariate. cEstimates of the effect expressed in units of the traits. 
dp-values for fixed effects were obtained from the substitution of favorable allele analysis which 
included the genotype term as a fixed effect. eAdditive effect was estimated as the difference 
between the 2 homozygous means divided by 2. fDominant effect was calculated as the deviation 
of the heterozygous from the mean of the 2 homozygous. SNP=single nucleotide polymorphism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Allele Substitution Effects   Fixed Effects 
Trait n p-valueb Estimatec SE  p-valued Additive 

Effect e 

Dominant  

Effect f 
D2Ca 416 0.4  9.7 11.7  0.009 308.7 132.9 
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Table 3.25: Allele substitution estimates and fixed effect estimates of additive and dominance of 
the single nucleotide polymorphism within UMPS in primiparous lactating Holstein-Friesian 
cows. 

aD21AI=days to 1st artificial insemination. bp-values obtained from allele substitution analysis in 
SAS which included the term genotype as a covariate. cEstimates of the effect expressed in units 
of the traits. dp-values for fixed effects were obtained from the substitution of favorable allele 
analysis which included the genotype term as a fixed effect. eAdditive effect was estimated as the 
difference between the 2 homozygous means divided by 2. fDominant effect was calculated as the 
deviation of the heterozygous from the mean of the 2 homozygous. SNP=single nucleotide 
polymorphism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Allele Substitution Effects   Fixed Effects 
Trait n p-valueb Estimatec SE  p-valued Additive 

Effect e 

Dominant  

Effect f 
D21AIa 463 0.5 1.2 2.2  0.04 5.01 74.2 
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Table 3.26: Allele substitution estimates and fixed effect estimates of additive and dominance of 
the single nucleotide polymorphism within DECR1 in primiparous lactating Holstein-Friesian 
cows. 

aP1AI=pregnant at first artificial insemination. bp-values obtained from allele substitution analysis 
in SAS which included the term genotype as a covariate. cEstimates of the effect expressed in units 
of the traits. dp-values for fixed effects were obtained from the substitution of favorable allele 
analysis which included the genotype term as a fixed effect. eAdditive effect was estimated as the 
difference between the 2 homozygous means divided by 2. fDominant effect was calculated as the 
deviation of the heterozygous from the mean of the 2 homozygous. SNP=single nucleotide 
polymorphism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Allele Substitution Effects   Fixed Effects 
Trait n p-valueb Estimatec SE  p-valued Additive 

Effect e 

Dominant  

Effect f 
P1AIa 465 0.05 0.06 0.03  0.01 0.1 0.1 
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Table 3.27: Allele substitution estimates and fixed effect estimates of additive and dominance of 
the single nucleotide polymorphism within FASN in primiparous lactating Holstein-Friesian cows. 

aP1AI=pregnant at first artificial insemination. bp-values obtained from allele substitution analysis 
in SAS which included the term genotype as a covariate. cEstimates of the effect expressed in units 
of the traits. dp-values for fixed effects were obtained from the substitution of favorable allele 
analysis which included the genotype term as a fixed effect. eAdditive effect was estimated as the 
difference between the 2 homozygous means divided by 2. fDominant effect was calculated as the 
deviation of the heterozygous from the mean of the 2 homozygous. SNP=single nucleotide 
polymorphism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Allele Substitution Effects   Fixed Effects 
Trait n p-valueb Estimatec SE  p-valued Additive 

Effect e 

Dominant  

Effect f 
P1AIa 433 0.7 -0.01 0.03  0.01 0.08 0.1 
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Table 3.28: Allele substitution estimates and fixed effect estimates of additive and dominance of 
the single nucleotide polymorphism within BOLA-DMB in primiparous lactating Holstein-
Friesian cows. 

aP150DIM=pregnant at 150 days in milk. bp-values obtained from allele substitution analysis in 
SAS which included the term genotype as a covariate. cEstimates of the effect expressed in units 
of the traits. dp-values for fixed effects were obtained from the substitution of favorable allele 
analysis which included the genotype term as a fixed effect. eAdditive effect was estimated as the 
difference between the 2 homozygous means divided by 2. fDominant effect was calculated as the 
deviation of the heterozygous from the mean of the 2 homozygous. SNP=single nucleotide 
polymorphism. 

 

 

 

            Allele Substitution Effects   Fixed Effects 
Trait n p-valueb Estimatec SE  p-valued Additive 

Effect e 

Dominant  

Effect f 
P150DIMa 464 0.3 0.03 0.03  0.04 -0.07 0.07 
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SNPs=Single Nucleotide Polymorphisms; EM=Embryo Mortality; N=Normal pregnancy are the 
cow’s pregnancy status. 

 

Figure 3.1: Flowchart of analytical steps from conceptus tissue collection to selection of genes 
with candidate single nucleotide polymorphism candidates. 

 

 

 

 

Differentially Expressed 

Genes Analysis (DESeq2: 

Global Gene Expression 

>10 mRNA raw counts). 

Validation of 69 candidate SNPs associated 

to EM pregnancies by genotyping Holstein-

Friesian cows (n=500) using the Agena

Plex panel.

SNP Discovery ([a]Genes with candidate 

SNPs-GWAS, IPA or pregnancy related, [b] 

Genes with candidate SNPs in RNA-Seq with 

Adjusted p<0.05, [c] Separate candidate 

SNPs into Diagnostic or Non-Diagnostic, 

[d] Gene Function, SNP location-Cattle 

QTL database and RNA-Seq Log2 Fold 

Change). 

Pregnancy 

Type:

EM vs N

cDNA Libraries (n=15 samples)

Total RNA Extraction (Trizol method)

Zoetis: Alignment to Bovine 

Reference Genome 

(ARS-UCD 1.2) 

RNA Sequencing (Illumina HiSeq; 75 bp 

single-end reads) 

CLC Genomics Workbench: Alignment to 

Bovine Reference Genome (ARS-UCD 1.2) 

& Identification of candidate SNPs. 

Day 16 Tissue Sample Collection (n=15) 

on Holstein-Friesian cows. 

Conceptuses

(EM & N)

IPA (Log2 Fold Change: 

±1.5 & Adjusted 

p-value of <0.05).
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Chr=chromosome, CR=conception rate, D2C=days to conception, and pregnant at 1st artificial 
insemination=P1AI. Orange lines= published SNPs associated with quantitative trait loci; purple lines= 
candidate SNPs. Created with Biorender.com. 

  

 

                  

 

 

Figure 3.2: Candidate single nucleotide polymorphisms and published single nucleotide 
polymorphisms associated with quantitative trait loci within fertility for each chromosome. 
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A.

B.

C.

D.

E.

F.

G.

Figure 3.3: Seven potential functional single nucleotide polymorphisms (SNPs) within 
exons (E) of each gene: (A) UMPS, (B) DECR1, (C) SREBF1, (D) FASN, (E) BOLA-
DMB, (F) UBD and (G) DSC2 in their designated chromosome. 
Chr=Chromosome. Created with Biorender.com. 
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CHAPTER 4: SUMMARY 

 

The objectives of this thesis were to elucidate mechanisms that are involved in pregnancies 

with EM by using transcriptomics (chapter 2) and identify candidate SNPs within EM conceptuses 

that were associated with inferior fertility traits (chapter 3). Interest to further understand how 

pregnancies with EM occur were based on their contribution to 43% of all failed pregnancies in 

high producing USA dairy cows. Due to pregnancies with EM occurring between days 7 to 19 

after AI, current technology can only detect them at either day 28 (i.e., Biopryn and Alertys) or at 

day 32 (i.e., ultrasound). On the other hand, genetic panels have been found to aid in selecting 

traits such as fertility that have low heritability and identifying candidate SNPs add accuracy to 

breeding values. Currently, pregnancies with EM are poorly understood. Research is then needed 

to further explore its mechanisms and identify candidate SNPs within EM conceptuses which are 

associated with inferior fertility traits and could be used to sort and cull heifers. 

In chapter 2, two experiments were conducted to reveal the transcriptome response of 

reproductive tissues (endometrium, PBMC and CL) to pregnancies with EM conceptuses via 

RNA-Sequencing. Transcriptomics revealed that EM pregnancies were associated with the failure 

of IFNT from the conceptus to achieve maternal recognition. Disruption of maternal-fetal crosstalk 

could then occur due to the activation of ESR1 up-regulating OXTR signaling pathway and 

pulsatile release of PGF2a. This was confirmed by EM conceptuses exhibiting a Th1 adaptive 

immune response that up-regulates pro-inflammatory cytokines through the potential stimulation 

of PGF2a. Furthermore, peripheral responses from reproductive tissues (endometrium, peripheral 

blood mononuclear cells and corpus luteum) were corresponding to that of an impaired IFNT 

action (paracrine and endocrine). In the endometrium, from pregnancies with EM, up-regulated 
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DEGs that were not only targeted but also estradiol-mediated luteolytic action that could indicate 

remodeling of the endometrium (thickness), uterine lumen (stops producing histotroph) and reset 

of the estrous cycle. These endometrial changes have been previously associated with being 

unfavorable for conceptus survival. For PBMC, within pregnancies with EM, DEGs that associated 

with tissue growth, remodeling and/or development, innate immune system, conceptus 

implantation and essential mineral transporters were down-regulated. This could be evidence of 

either an intermediate or failed attempt of a pregnancy taking place. Within the CL, of an EM 

pregnancy, the up-regulated DEGs were associated with the activation of the luteolysis cascade 

through increase in calcium, inflammation and estradiol steroidogenesis. To our knowledge, the 

transcriptomic responses of day 16 in vivo reproductive tissues (endometrium, PBMC and CL) to 

pregnancies with EM conceptuses in this study is the first of its kind conducted in purebred 

Holstein-Friesian cows. The results from this study could then be a crucial contributor to further 

understanding pregnancies with EM and what reproductive practices may be used to mitigate them.  

For chapter 3, discovery of candidate SNPs were based upon chapter 2’s RNA-Seq single 

end read sequences from day 16 conceptuses (EM and N) within multiparous lactating Holstein-

Friesian cows (n=15). The initial 17,156 candidate SNPs were filtered into 69 in 18 genes and 

were previously reported to have QTL associated to fertility traits within beef and dairy cattle. 

Validation and genotype to phenotype analysis of such candidate SNPs were conducted in a second 

dairy using primiparous lactating Holstein-Friesian cows (n=500). Quality control pipeline further 

sorted and reduced candidate SNPs to 23 in 14 genes. The genotype to phenotype analysis 

suggested that 7 of the candidate SNPs were predictive of inferior fertility traits that are of 

economic importance in Holstein-Friesian cows. It is then proposed that the 7 candidate SNPs 

could be used for culling and sorting heifer and cows that are reproductively inefficient. 
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Recommendations moving forward from this theses research are three main things. The 

first is that more transcriptomic studies need to be conducted on in vivo EM conceptuses with 

reproductive tissues (endometrium, PBMC and CL) across different days of pregnancy with early 

EM (i.e., 7-15 and 17-24). The second is that additional research needs to be performed to not only 

determine the utility of the candidate SNPs in EM conceptuses that were associated with inferior 

fertility traits in genome-enhanced PTA estimations and (or) commercial genotyping tools for 

early life sorting and culling of heifers. The third is identifying candidate SNPs in reproductive 

tissues (endometrium, PBMC and CL) from pregnancies with EM and performing genotype to 

phenotype association studies to determine any associations to traits of economic importance (i.e., 

production, health, fertility). 
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E1                                                                   E2 

Appendix Figure 1: Embryo Mortality vs Normal Conceptus. 
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E1                                                                   E2 

Appendix Figure 2: Normal vs Non-Pregnant Endometrium. 
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E1                                                                               E2 

Appendix Figure 3: Embryo Mortality vs Non-Pregnant Endometrium. 
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E1                                                                   E2 

Appendix Figure 4: Embryo Mortality vs Normal Endometrium. 
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Appendix Figure 5: Normal vs Non-Pregnant Peripheral Blood Mononuclear Cells. 

E2 
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E1 

Appendix Figure 6: Embryo Mortality vs Non-Pregnant Peripheral Blood. 
Mononuclear Cells. 
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Appendix Figure 7: Embryo Mortality vs Normal Peripheral Blood Mononuclear Cells. 
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Appendix Figure 8: Normal vs Non-Pregnant Corpus Luteum. 

E2 
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Appendix Figure 9: Embryo Mortality vs Normal Corpus Luteum. 
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Chr=chromosome; E=exon. 

 

Appendix Figure 10: Tag SNPs within exons of DSC2 gene in chromosome 24.  
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LIST OF ABBREVIATIONS 

AI  Artificial Insemination 

BCS  Body Condition Score 

CL  Corpus Luteum 

Ct  Cycle Threshold 

DEG  Differentially Expressed Genes 

DIM  Days in Milk 

DPR  Daughter Pregnancy Rate 

DUMPS Deficiency of Uridine Monophosphate Synthase 

E1  Experiment 1 

E2  Experiment 2 

EM  Embryo Mortality 

ESR1  Estrogen Receptor Alpha 

ERT  Economic Relevant Traits 

FSH  Follicle Stimulating Hormone 

GnRH  Gonadotropin Releasing hormone 

GWAS Genome Wide Association Studies 

HP  High Fertility 

IFNT  Interferon Tau 

IM  Intra-Muscular 

IPA  Ingenuity Pathway Analysis 

ISG  Interferon Stimulated Gene 

LH  Luteinizing Hormone 
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LP  Low Fertility 

MAF  Minor Allele Frequency 

MHC  Major Histocompatibility Complex 

N  Normal 

NP  Non-Pregnant 

O  Open 

OXTR  Oxytocin Receptor 

P  Pregnant 

PAG  Pregnancy-Associated Glycoprotein 

PCA  Principal Component Analysis 

PBMC  Peripheral Blood Mononuclear Cells 

PBS  Phosphate Buffered Saline Solution 

PGF2a  Prostaglandin F2a 

PK-C  Protein Kinase-C 

PSB  Pregnancy-Specific Protein B 

PGR  Progesterone Receptor 

QTL  Quantitative Trait Loci 

RNA-Seq RNA-Sequencing 

RSID  Reference SNP Identification 

RTqPCR Reverse-Transcription Quantitative Polymerase Chain Reaction 

SIFT  Sorting Intolerant From Tolerant 

SNP  Single Nucleotide Polymorphism 

STRING Search Tool for the Retrieval of Interacting Genes/Protein 
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TAI  Timed Artificial Insemination 

Th  T Helper 

UF  Uterine Flushing 


