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ABSTRACT 

GENETIC MECHANISMS OF MALE AND FEMALE CATTLE FERTILITY  

Hannah Sweett 
University of Guelph, 2022

Advisor(s): 
Dr. Angela Cánovas 
Dr. Filippo Miglior 

Reproductive inefficiency is one of the main reasons for culling in both the dairy and beef industry, 

with pregnancy losses being a contributing factor. Most pregnancy losses occur early after 

fertilization which may be due to reduced cow and/or bull fertility.  Cattle fertility is a complex 

trait affected by many physiological events that genomic selection fails to account for, including a 

non-receptive uterine environment or inadequate semen quality. By identifying highly fertile 

animals, production efficiency in the cattle industry can be maintained. With the development of 

high-throughput technologies such as genome-wide association studies and transcriptomics, the 

underlying genomic architecture of fertility can be elucidated. The goal of this thesis was to 

identify biological mechanisms such as genes, regulatory elements, metabolic pathways, single 

nucleotide polymorphisms, and QTLs associated with male and female fertility. To identify factors 

influencing bull fertility, a genome-wide association study was performed using sperm motility 

and scrotal circumference measurements in crossbred beef cattle. Positional candidate genes with 

additional functional evidence were identified that may be used to improve bull genomic 

predictions for these traits. RNA-Sequencing was used to identify differentially expressed genes, 

splice variants, and long non-coding RNA between the endometrium of non-pregnant and pregnant 

dairy cattle 15 days after insemination. Results from these studies identified candidate genes and 

novel regulatory e



lements impacting endometrial receptivity to the developing conceptus. A QTL annotation using 

the regions of the significant windows related to scrotal circumference and sperm motility and the 

regions of the differentially expressed endometrial transcripts revealed an overlap among male and 

female reproduction QTLs. A genetic correlation between male and female fertility therefore may 

exist and by studying both bull and cow fertility a more complete understanding of the reproductive 

performance to improve the efficiency of the cattle industry can be discovered.  
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USP18:  Ubiquitin specific peptidase 18  
VIP:    Vasoactive intestinal peptide 
WebGestalt:    WEB-based Gene SeT AnaLysis Toolkit   
WssGBLUP:   Weighted single-step genomic BLUP 
XAF1:    XIAP associated factor 1  
ZBP1:    Z-DNA binding protein 1 
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1 Chapter 1: General Introduction 

The beef and dairy cattle sectors are two of the largest agri-food industries in Canada 

contributing $18 (Statistics Canada) and $19 billion (ÉcoRessources, 2016) to Canadas GDP, 

respectively. One of the key drivers of profitability in the beef and dairy industry is reproductive 

efficiency. Despite this, the pregnancy rates to a single insemination are 45% and 35% in beef and 

dairy cattle, respectively (Spencer 2013). Pregnancy losses are said to be one of the contributing 

factors to poor reproductive performance in cattle, costing producers an average of $555 USD per 

pregnancy loss (De Vries, 2006; Wilbank et al., 2016; Sigdel et al., 2021). These reproductive 

outcomes can be caused by inadequate male, female, or a combination of both male and female 

fertility. Furthermore, cattle fertility is a polygenic trait, affected by a combination of many genes, 

and genomic technologies can be utilized to increase our knowledge of the underlying genes and 

biological mechanisms impacting fertilization and/or pregnancy failure.  

Male subfertility, caused by sperm defects, low libido, or physical abnormalities, occurs at a 

rate of 20-25% leading to reduced herd pregnancy rates, longer calving intervals, and increased 

culling of cows (Diskin et al., 2018). Moreover, sub fertile bulls often go undetected until late in 

the breeding season or during pregnancy checks (Diskin et al., 2018). As such, understanding and 

improving bull fertility prior to the breeding season is one way to decrease the rate of pregnancy 

losses. High-throughput technologies such as genome-wide association studies (GWAS) can be 

utilized to pinpoint the genetic variations in bull fertility. Additionally, 70-80% of embryonic 

losses occur during early pregnancy, specifically between days 7 and 16 (Spencer, 2013) when the 

receptivity of the endometrium is required. Extensive research has been conducted during early 

pregnancy in cattle, yet there remains a gap in our knowledge on the complete bovine endometrial 

transcriptome and the role it plays in pregnancy success. Identifying factors that determine 
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endometrium receptivity would lead to strategies to optimize the reproductive performance of 

cattle and increase the rate of embryonic survival (Binelli et al., 2015). Another high-throughput 

technology, RNA sequencing (RNA-Seq), can reveal differences in the transcriptome of a 

receptive and non-receptive endometrium. Taken together, male and female fertility data from 

high-throughput technologies could lead to new phenotypes or genetic variants that would better 

express the underlying biology of bovine fertility and early pregnancy.  

1.1 Selecting to improve reproductive efficiency 

Selecting to improve reproductive efficiency can vary across countries, the sector (dairy or 

beef), the production system, the sex and the breed of the cow. The Canadian beef industry is much 

further behind in genetic selection than the dairy industry. For example, the Canadian Angus 

Association released the Canadian Balanced Index just this year. This is mainly due to the large 

number of beef breeds and crossbreeding systems which further complicates breeding goals. 

Moreover, breeding objectives are dependent on the production system: cow-calf, feedlot, or 

grower.  Fertility evaluations in beef cattle are also not easily implemented without proper 

recording schemes, as females without offspring are either due to a lack in record keeping or 

reproductive failure (Garrick and Golden, 2009). In the Canadian dairy industry, the Lifetime 

Performance Index (LPI) has been the major genetic selection tool since 1991 (Van Doormaal et 

al., 2001). The LPI included a production, durability, and health component up until 2004 in which 

fertility was incorporated with health (Van Doormaal et al., 2007). The current LPI index contains 

a 40% weighting on production, 40% on durability, and 20% on health and fertility (Lactanet, 

2021).   

Cattle fertility traits are measured in several different ways but are typically calculated 

from insemination and calving dates making them either interval (e.g., interval between calving 
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and first insemination) or binary traits (e.g., nonreturn rate). Measures of male fertility also include 

testicular (e.g., scrotal circumference) and semen (e.g., sperm motility) related traits. Some 

producers use a breeding soundness exam to categorize the breeding potential of an individual bull 

based on size, muscling, body condition, and physical defects (Kastelic and Thundathil, 2008). 

However, cattle fertility traits are largely affected by environment, management, and the animal’s 

physiology (Fleming et al., 2019). Female fertility traits also have a low heritability, ranging from 

0.01 to 0.06, making any progress in genetic selection slow (Oliveira Junior et al., 2021). Male 

fertility traits have moderate heritability estimates, ranging from 0.05 to 0.23 for semen quality 

traits and 0.40 to 0.75 for testicular traits (Berry et al., 2014), but are largely ignored in the genetic 

selection of both beef and dairy (Taylor et al., 2018). This is because cow fertility has been of 

greater interest due to the metabolic stress that gestation places on the cow and as such herd fertility 

reflects female rather than male traits (O’Callaghan et al., 2021). By including male fertility traits 

into selection indices, the cattle industry could increase the quality and quantity of semen while 

identifying genetically superior bulls (Butler et al., 2020).  There are several semen production and 

quality traits that could be incorporated into breeding programs including, scrotal circumference 

(SC), sperm motility (SM), semen volume and concentration. Moreover, with advances in 

technology these traits are relatively easy to measure, especially within artificial insemination (AI) 

centers (Butler et al., 2020). 

1.1.1 Beef cattle 

As previously discussed, the beef industry is further behind in their evaluations due to the 

number of breeds and the level of crossbreeding that occurs. Across the American breed 

associations, reproductive Expected Progeny Differences (EPD) are typically SC and heifer 

pregnancy rate (Mateescu 2020). However, the use of EPD as a selection tool only represents the 
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genetic merit of one trait and leaves producers to decide the traits with economic importance 

(Hazel 1943; Bourdon 1998; Ochsner 2016). The newly released Canadian Balanced Index 

includes maternal trait EPDs like heifer pregnancy and direct and maternal calving ease but does 

not include any male fertility EPDs. However, the Canadian Angus Association, the American 

Angus Association, and Kansas State University are conducting a study using beef bull fertility 

data to understand the genetics behind male fertility. Future releases of the Canadian Balanced 

Index may therefore include male fertility traits. Additionally, unlike the dairy industry, only 

7.62% of beef producers use AI due to time, labor, and cost (USDA, 2009). However, the inclusion 

of male fertility traits in selection indices would reduce the cost of AI, increase conception rates, 

and increase the rate of genetic change (Butler et al., 2020).   

  The extent of crossbreeding that occurs in the beef industry is another contributing factor to 

the delay in genetic evaluations. Crossbreeding is used in the beef industry to improve productivity 

by incorporating both heterosis and breeds with favorable characteristics (Basarab et al., 2018). 

Heterosis is higher in traits with low heritability indicating reproductive efficiency can be 

improved through crossbreeding (Handley et al., 2001). For example, crossbred cows have a 10% 

higher conception rate than purebred cows (Handley et al., 2001). Crossbred bulls are also known 

to have improved semen characteristics compared to purebred bulls (Brito et al., 2004). Therefore, 

a combination of different breed proportions needs to be considered in beef genetic evaluations.  

1.1.2 Dairy cattle 

In the past few years, some dairy selection indices, including Canada, have focused more so 

on improving genetic gains in lowly heritable traits such as fertility (Miglior et al., 2005; García-

Ruiz, et al., 2016). In Canada, the LPI has altered the emphasis on health and fertility since 2005 

from 5% to 20% (Oliveira Junior et al., 2021). The daughter fertility index used to improve 
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conception rates was first incorporated into the LPI in 2005 (Van Doormal et al., 2007). This index 

is now made up of several traits including the heifers age at first service, the interval between 

calving and first insemination, the 56-d nonreturn rate and the interval between first insemination 

and conception for heifers and cows (Fleming et al., 2019). The relative emphasis on daughter 

fertility varies between each breed with a 6.7% emphasis in Holstein cattle (Fleming et al., 2019). 

Therefore, the total weight on fertility is relatively low at 13% indicating that rapid genetic 

improvements are not expected (Oliveira Junior et al., 2021).   

1.2 Challenges when selecting for fertility traits 

Despite the increase weight on fertility in genetic selection, genetic progress has been slow 

because of the low heritability and reliability of estimated breeding values (Fleming et al., 2019). 

Moreover, cattle fertility is a complex trait affected by a multitude of factors such as, nutrition, 

management, environment, and genetics, making it difficult to pinpoint the exact cause of 

infertility (Walsh et al., 2011). As highlighted in Fleming et al. (2019), current fertility traits 

incorporated in selection indices measure reproductive success or failure without accounting for 

the many physiological events that reproductive success is dependent on. Such physiological 

events include poor estrous behaviour, fertilization failure, a non-receptive uterine environment, 

and embryonic losses (Walsh et al., 2011).   

Successful fertilization is dependent on male fertility including adequate semen quantity and 

quality (Butler et al., 2020). Male fertility is the ability of a spermatozoa to fertilize an egg and 

support embryonic development (Kaya and Memili, 2016). Spermatozoa are produced during 

spermatogenesis which occurs over 61 days in bovine (Staub and Johnson, 2018). After 

insemination, spermatozoa undergo complex changes as they are transported through the vagina, 

cervix, and the uterus to the oviduct where fertilization occurs (Miller, 2018). Once in the cervix, 
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only sperm of adequate motility can move through the cervical mucus to the uterus where 

capacitation begins (Katz et al., 1997). Capacitation completes the maturation of spermatozoa 

rendering them capable of fertilizing an oocyte. Hyperactive sperm are then released from isthmus 

where they bind to the zona pellucida, induce the acrosomal reaction, penetrate the zona pellucida, 

and fuse with the oocyte plasma membrane (Hawk, 1987; Sutovsky, 2018). Spermatozoa must 

therefore be sufficiently motile and of high quality to move through the female reproductive tract 

to transport genetic material to the site of fertilization (Bissonnette et al., 2009). Any inadequacies 

during this process can result in fertilization failure and infertility. As previously discussed, the 

testis and sperm are currently evaluated using reproductive biotechnology including measures of 

SC, semen volume, and SM. These evaluations can be used to identify bulls of adequate fertility 

but fail to identify specific markers of bull fertility traits. As a result, AI can result in pregnancy 

rates that differ by 20-25% despite the semen passing the minimum quality standards (Kastelic 

and Thundathil, 2008).  Bull fertility is complex but pinpointing genomic regions or genes that are 

responsible for the genetic variation in bull fertility may point to mechanisms to improve 

fertilization rates.  

Most pregnancy losses in cattle occur after fertilization during the pre-implantation period 

of pregnancy. During this time, the receptivity of the uterine environment plays an important role 

in supporting the developing conceptus (Ulbrich et al., 2013; Binelli et al., 2015). The elongation 

of the conceptus starts around day 14 and is required for maternal recognition of pregnancy and 

implantation (Ribeiro et al., 2018). The bovine endometrium is composed of luminal, superficial, 

and deep glandular epithelial cells that drive conceptus elongation and development via secretions 

in the histotroph (Forde and Lonergan, 2012). In cattle, endometrium physiology is regulated by 

conceptus-derived products such as interferon-τ (IFNT) as well as progesterone from the corpus 
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luteum (CL; Forde and Lonergan, 2012; Ribeiro et al., 2018). Interferon-τ is the pregnancy 

recognition signal that is secreted from the conceptus trophectoderm and inhibits the expression 

of the oxytocin receptor and subsequently the production of luteolytic prostaglandin in the 

endometrium (Forde and Lonergan 2012; Minten et al., 2013). The CL is therefore maintained, 

and progesterone can be secreted to regulate blastocyst growth and conceptus elongation (Bazer 

et al., 1997). Progesterone and IFNT also induce the expression of IFNT-stimulated genes (ISG) 

that affect uterine receptivity. Interferon-stimulated genes not only play a role in the early 

endometrial response to the conceptus but also in regulating the immune system. During early 

pregnancy, the immune system must be tightly regulated to allow the embryo to survive within the 

maternal environment. Therefore, genes may induce immune tolerance to the embryo through 

adaptive immunity or protect the uterus against infection through innate immunity. Walker et al. 

(2010) hypothesized that ISGs may be responsible for suppressing the maternal immune system to 

allow the embryo to survive within the uterus.  

 It is therefore evident that both the sire and dam contribute to producing offspring 

necessary to maintain production in the cattle industry. However, there is a need to identify the 

underlying biological mechanisms such as genes, regulatory elements, metabolic pathways, and 

single nucleotide polymorphisms (SNP) behind male and female fertility. Genome-wide 

association studies and RNA-Seq are used to identify such elements causing the phenotypic 

differences among animals that can be incorporated into breeding programs.  

1.3 High-throughput technologies available in cattle 

The genetic architecture of male and female bovine fertility can be revealed via the use of 

high-throughput ‘omics’ technologies and bioinformatics. Within this realm, GWAS and next-

generation sequencing studies are two methods used to pinpoint genetic variants associated with 
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complex traits, such as fertility. A GWAS is a valuable method to identify SNP affecting the 

phenotype of interest. However, GWAS are not sufficient to explain the genetic mechanisms 

associated with phenotypes when there are many loci of small effect or when the functions of genes 

are unknown (Hekman et al., 2015). As such, much of the heritability for polygenic traits, like 

fertility, is unexplained (Jiang and Wang, 2018). The development of next-generation sequencing 

technologies, like RNA-Seq allows us to extend these studies to variants not typically evaluated 

by GWAS. Moreover, transcriptome differences across tissues can be quantified with RNA-Seq 

to elucidate the functional consequence of complex traits.  

1.3.1 Genomics  

Genomics was the first omics discipline and thus provides the baseline for other large-scale 

omics, such as transcriptomics (Weissenbach et al., 2016). It can be defined as the study of an 

individual’s entire genome or DNA. The bovine genome was assembled in 2009, revolutionizing 

the study of associations between genotype and phenotype (The Bovine Genome Sequencing and 

Analysis Consortium, 2009). Genomics includes genome mapping, sequencing, and functional 

analysis and can be used in the genetic selection of complex traits including fertility (Li et al., 

2017). Genomic techniques have developed over the years from hybridization-based and 

polymerase chain reaction (PCR) methods to sequence data for high-throughput arrays (Riggs et 

al., 2017). One such use of the high-throughput arrays is for GWAS to identify genetic variants 

affecting a trait of interest (Riggs et al., 2017).  

1.1.3.1 Genome-wide association study 

Genome-wide association studies are used to identify genetic variants associated with traits 

of interest and thus reveal the association between genotypes and phenotypes. In these studies, 

individual animals are genotyped for genetic markers or SNPs which are then tested for 
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significance of association with a specific phenotype (Suravajhala et al., 2016). Moreover, 

downstream analysis using annotated genomes can identify QTL and positional candidate genes 

within the regions of significant SNPs (Snelling et al., 2013). Over the past decade, thousands of 

associations for bovine fertility have been identified. Numerous GWAS have been conducted on 

female fertility traits in beef cattle (Hawken et al., 2012; Stegemiller et al., 2021) and dairy cattle 

(Cole et al., 2011; Minozzi et al., 2013; Höglund et al., 2015; Parker Gaddis et al., 2016; Nayeri et 

al., 2016; Frischknecht et al., 2017; Liu et al., 2017; Jiang et al., 2019) such as non-return rate and 

conception rate. These studies have identified several significant SNPs across almost all bovine 

chromosomes. However, male fertility associations studies have mainly been conducted in dairy 

cattle (Feugang et al., 2009; Peñagaricano et al., 2012; Hering et al., 2014a; Hering et al., 2014b; 

Suchocki and Szyda, 2015; Kamiński et al., 2016; Puglisi et al., 2016; Qin et al., 2016). These 

studies have identified genetic variants associated with sire conception rate and semen parameters 

such as sperm concentration, semen volume, and SM. Beef cattle GWAS on male fertility traits 

are much less common (Fortes et al., 2013; Irano et al., 2016) especially in crossbred beef bulls 

which represent a significant portion of the beef industry. The beef industry could therefore benefit 

from the identification of genetic markers that reliably predict crossbred bull fertility.  

1.3.2 Transcriptomics  

Another omics discipline, known as transcriptomics, is the study of an individual’s RNA 

transcripts including coding and non-coding RNA (ncRNA) produced by the genome (Jiang et al., 

2015; Lowe et al., 2017). It is primarily used to compare gene expression profiles between subjects 

or tissues that differ in specific characteristics and parameters (for example, non-pregnant versus 

pregnant or diseased versus healthy (Salleh et al., 2017; Hettinga and Zhang, 2018). These results 

can shed light on how genes are regulated and understand the functions of unannotated genes 
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(Lowe et al., 2017). The first transcriptome studies were conducted in the early 1990s and since 

then many new technologies have been developed (Lowe et al., 2017). Such technologies include 

reverse transcriptase quantitative PCR (RT-qPCR), Serial Analysis of Gene Expression (SAGE), 

microarray, and RNA-Seq. 

1.3.2.1 Transcriptomic technologies  

The RT-qPCR technique, first used for transcriptome analysis in 1989, generates cDNA 

fragments for PCR amplification by reverse transcribing mRNA (Morozova et al., 2009). This 

method increased the throughput and reduced the amount of input RNA compared to the traditional 

Northern blot analysis (Morozova et al., 2009). However, RT-PCR is unable to capture the whole 

transcriptome and is more so used for validating transcriptome analyses (Lowe et al., 2017).  Serial 

Analysis of Gene Expression was developed in 1995 and used the low-throughput Sanger 

sequencing method to sequence and combine random transcript fragments (Lowe et al., 2017). 

This method can directly measure transcript abundance and detect novel transcripts but is labor 

intensive and costly (Morozova et al., 2009). The SAGE method was therefore overtaken by the 

development of next-generation high-throughput sequencing technologies such as microarrays and 

RNA-Seq. Microarray sequencing measures a defined set of known transcripts by hybridizing 

mRNA to an array of cDNA probes (Morozova et al., 2009; Lowe et al., 2017; Rani and Sharma 

et al., 2017). The transcript abundance is then measured via the fluorescence intensity at each probe 

(Lowe et al., 2017). Additionally, microarrays are not only able to detect gene expression but also 

ncRNA, SNPs, and alternative splice variants (Mockler and Ecker, 2005).  Microarrays are cost 

effective and require less labour but are unable to detect novel transcripts and results can carry a 

high degree of noise (Morozova et al., 2009; Wang et al., 2009). As such, studies using microarrays 

need to be validated using PCR unlike RNA-Seq studies.   
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RNA sequencing on the other hand has been considered the dominant transcriptomic 

technique since 2015 (Su et al., 2014) due to its wide dynamic range, low background signal, and 

low input RNA (Wang et al., 2009; Hrdlickova et al., 2017; Lowe et al., 2017). RNA sequencing 

uses deep sequencing computational methods to align transcript reads to a reference genome or to 

each other via de novo sequencing (Lowe et al., 2017). This method can therefore provide an 

unbiased quantification of all expressed transcripts in an organism or tissue (Wickramasinghe et 

al., 2014) not just those found on an array (Marioni et al., 2008). Moreover, in addition to gene 

expression, RNA-Seq can be used to identify mRNA isoforms generated by alternative splicing, 

ncRNA including microRNA and long non-coding RNA (lncRNA), SNP discovery, and allele-

specific expression (Cánovas et al., 2014; Wickramasinghe et al., 2014; Kukurba and 

Montgomery, 2015).   

1.3.2.2 The use of RNA sequencing to identify structural variants and regulatory elements  

1.3.2.2.1 Differentially expressed genes  

 RNA sequencing is commonly used to identify differentially expressed genes (DEG) 

between two or more biological conditions or tissues (Cánovas et al., 2013; Finotello and Di 

Camillo, 2014). The genes that play a major role in different phenotypes can therefore be 

determined. For example, markers of male fertility have been identified through transcriptome 

analyses of bovine spermatozoa (Selvaraju et al., 2017) and semen of high or low sperm motility 

(Wang et al., 2019). Regarding female fertility and the receptivity of the endometrium, numerous 

microarray studies have identified the expression of ISGs in the bovine endometrium between days 

13 and 18 of pregnancy (Bauersachs et al., 2006; Forde et al., 2009; Walker et al., 2010; Forde et 

al., 2011; Walker et al., 2012; Spencer et al., 2013). As previously discussed, IFNT induces the 

expression of genes or ISGs as early as day 13 of pregnancy to enhance conceptus elongation and 
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establish uterine receptivity. For example, the myxovirus genes, MX1 or MX2, are two ISGs whose 

expression increased in the pregnant endometrium of cattle on days 13, 16, 17, and 18 (Bauersachs 

et al., 2006; Forde et al., 2009; Walker et al., 2010; Forde et al., 2011; Spencer et al., 2013). These 

genes must therefore play a role in the early endometrial response to the conceptus through the 

regulation of IFNT (Forde et al., 2011).  

The use of RNA-Seq to decipher gene expression during early pregnancy in the 

endometrium is less common. RNA sequencing studies have identified DEG between bovine 

endometrial biopsies of fertility classified cows on day 13 (Moore et al., 2016) and 17 (Moraes et 

al., 2018) of pregnancy. Or between endometrial biopsies of pregnant and non-pregnant cattle on 

day 6 (Binelli et al., 2015), 13, and 16 (Forde et al., 2012) of pregnancy. These studies identified 

several genes with increased expression in the endometrium of pregnant or highly fertile cattle that 

may serve as markers of endometrial receptivity. For example, both Forde et al. (2012) and Moraes 

et al. (2018) identified the expression of interferon induced protein with tetratricopeptide repeats 

1 (IFIT1) on day 16 and 17, respectively. This classical ISG is induced by IFNT and involved in 

several cellular and viral processes, including translation initiation, virus replication, double-

stranded RNA signaling and cell migration (Mamo et al., 2012). It is therefore evident that early 

pregnancy is tightly regulated, and the transcriptome of the endometrium plays an important role 

in the uterine receptivity however, there is a gap in our knowledge around day 15 of pregnancy.   

1.3.2.2.2 Alternative splice variants 

 The differential expression of alternative splice variants can also be identified via RNA-

Seq. Alternative splicing is mediated by the spliceosome and is the process by which different 

introns are included or excluded from the mature mRNA resulting in more than one transcript 

structure (Chacko and Ranganathan, 2009, Wu et al., 2012). These alternative splice variants may 
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therefore play different roles in regulating gene expression and subsequently development (Chacko 

and Ranganathan, 2009; Silva et al., 2020; Fang et al., 2021). A genome-wide analysis revealed 

21% of bovine genes are alternatively spliced (Chack and Ranganathan, 2009); however, this 

number has increased over the past decade with the development of high-throughput RNA-Seq 

(Fang et al., 2021). For example, a study by Sun et al. (2021) revealed approximately 33.6% of 

genes at the tissue level were alternatively spliced in cattle.   

To date, RNA-Seq has been used to identify alternative splice variants in the mammary 

gland (Wang et al., 2016), epithelial cells (Wu et al., 2012), blood (Bai et al., 2016), muscle tissue 

(He and Liu, 2013; Sun et al., 2015; Silva et al., 2020; Fang et al., 2021), rumen, liver and backfat 

(Sun et al., 2021) of cattle. However, in relation to cattle fertility, alternative splicing has only been 

studied in bovine embryos (Huang and Khatib, 2010; Driver et al., 2012). For example, a study by 

Huang and Khatib (2010) identified differential alternative splicing between blastocysts of normal 

and abnormal growth, indicating splice variants may play a role in preimplantation embryonic 

development. Future RNA-Seq studies on alternative splicing events during early pregnancy in 

bovine are therefore warranted. 

1.3.2.2.3 Long non-coding RNA 

Another area of the transcriptome that warrants investigation are lncRNA, which can also 

be identified by RNA-Seq. Long non-coding RNAs are classified as being longer than 200 

nucleotides and are not translated into a functional protein, however, they are also involved in gene 

regulation (Statello et al., 2021). They are often more tissue-specific and expressed at lower levels 

compared to protein-coding genes (Quinn and Chang, 2016; Alexandre et al., 2020). Moreover, 

lncRNA can function in cis, on neighboring genes, or in trans, on distant genes from their site of 

transcription (Gao et al., 2020). They are therefore considered key candidates to investigate for the 
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regulation of animal production traits, such as fertility, through their ability to effect transcription, 

chromatin biology, mRNA structure, splicing, translation, and signaling pathways (Alexandre et 

al., 2020; Statello et al., 2021).  

Long non-coding RNA have been identified on a genome wide scale in various cattle 

tissues reviewed in Kosinska-Selbi et al (2020). For example, 23,735 lncRNAs were identified in 

bovine testes of which 540 lncRNAs were significantly differentially expressed between immature 

and mature testes (Gao et al., 2019). These lncRNAs and their target genes were enriched in 

spermatogenesis and hypothesized to play a role in regulating testes development (Gao et al., 

2019). Another study identified 11,651 lncRNAs in bovine sperm of which 2,517 were 

differentially expressed between sperm of high and low motility (Wang et al., 2019). Despite these 

promising results in male fertility, RNA-Seq has not yet been used to identify lncRNA in the 

female reproductive tract of bovines. Such research will provide a more precise understanding of 

gene expression and subsequently bridge the gap between genotype and phenotype. 

1.4 Conclusions 

In conclusion, there are still many gaps present in our knowledge of both male and female 

bovine fertility, and the specific genetic mechanisms that make some animals more fertile than 

others. The use of high-throughput technologies such as GWAS and RNA-Seq can pinpoint the 

genetic variants affecting bovine fertility. Thus, this thesis aims to use both GWAS and RNA 

sequencing to elucidate the specific SNPs (Chapter 3), genes (Chapter 4), alternative spliced 

variants (Chapter 5), and lncRNA (Chapter 6) that could provide key information on the fertility 

of both beef and dairy cattle. This information can then be incorporated into breeding programs to 

improve bovine fertility and ultimately the productivity of the beef and dairy industries.   
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2 Chapter 2: General Thesis Objectives 

The overall objective of this thesis is to identify functional candidates and regulatory elements 

affecting male and female bovine fertility.  

Chapter Objectives  

Chapter 3:  

1) To find SNP windows significantly associated with scrotal circumference and sperm 

motility in crossbred beef bulls using a single-step approach. 

2) To identify positional candidate genes with additional functional evidence and their 

potential role in bull fertility.  

 
Chapter 4:  

1) To identify genes in the endometrium differentially expressed (DE) between non-

pregnant and pregnant dairy cattle at 15 d after insemination using RNA sequencing. 

2) To distinguish the prioritized genes among the differentially expressed genes (DEG). 

3) To perform functional analyses on the list of DEG to recognize the biological processes, 

molecular functions, cellular components, metabolic pathways, and gene networks.  

4) To identify functional candidate genes among the DEG located within QTL regions 

associated with fertility in cattle.   

Chapter 5:  

1) To identify DE mRNA isoforms that are either annotated, annotated and of novel length, 

or un-annotated and of novel length, among the endometrium of non-pregnant and pregnant 

dairy cattle at 15 days after insemination using RNA sequencing.  

2) To identify the prioritized mRNA isoforms among the DE mRNA isoforms.  
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3) To perform functional analyses on the list of DE mRNA isoforms to recognize the 

biological processes, molecular functions, cellular components, metabolic pathways, and 

gene networks.  

4) To identify functional candidate genes among the DE mRNA located within QTL regions 

associated with fertility in cattle.   

Chapter 6: 

1) To identify DE lncRNA among the endometrium of non-pregnant and pregnant dairy cattle 

at 15 days after insemination using RNA sequencing.  

2) To classify the DE lncRNA as known genic lncRNA with different lengths, novel genic 

lncRNA, and novel lincRNA and their closest annotated transcripts.  

3) To perform functional analyses on the list of DE lncRNA to identify the gene networks and 

metabolic pathways.   

4) To perform a QTL annotation on the regions of the DE lncRNA to identify functional 

candidate lncRNA associated with reproduction QTL in cattle.    
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3.1 Abstract 

Fertility plays a key role in the success of calf production, but there is evidence that 

reproductive efficiency in beef cattle has decreased during the past half-century worldwide. 

Therefore, identifying animals with superior fertility could significantly impact cow-calf 

production efficiency. The objective of this research was to identify candidate regions affecting 

bull fertility in beef cattle and positional candidate genes annotated within these regions. A GWAS 

using a weighted single-step genomic BLUP approach was performed on 265 crossbred beef bulls 

to identify markers associated with scrotal circumference (SC) and sperm motility (SM). Eight 

windows containing 32 positional candidate genes and five windows containing 28 positional 

candidate genes explained more than 1% of the genetic variance for SC and SM, respectively. 

These windows were selected to perform gene annotation, QTL enrichment, and functional 

analyses. Functional candidate gene prioritization analysis revealed 14 prioritized candidate genes 

for SC of which MAP3K1 and VIP were previously found to play roles in male fertility. A different 

set of 14 prioritized genes were identified for SM and five were previously identified as regulators 

of male fertility (SOD2, TCP1, PACRG, SPEF2, PRLR). Significant enrichment results were 

identified for fertility and body conformation QTLs within the candidate windows. Gene ontology 

enrichment analysis including biological processes, molecular functions, and cellular components 

revealed significant GO terms associated with male fertility. The identification of these regions 

contributes to a better understanding of fertility associated traits and facilitates the discovery of 

positional candidate genes for future investigation of causal mutations and their implications. 

3.2 Introduction 

As the human population continues to grow exponentially, so does the demand for animal 

proteins, such as beef and beef by-products [1]. In 2014, the Intergovernmental Panel on Climate 
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Change (IPCC) report estimated that by 2050 meat consumption will rise 21% per capita as a result 

of a larger human population, leading to business and economic benefits for beef producers [2]. 

One way we can continue to match the demand of beef and beef by-products with the ever-growing 

population is through increasing beef cattle fertility [3,4]. This can be attained through the use of 

genetics to select for more fertile bulls, thereby increasing breeding success rates and decreasing 

the number of replacement heifers. However, over the last few decades, fertility in beef cattle has 

decreased because of intense selection pressure on production traits [3]. One of the reasons for this 

decrease in fertility results from the pleiotropic effect of genes and biological processes underlying 

fertility and production, such as cell proliferation and energy conservation metabolism [5,6]. 

Therefore, further research on the functional biology underlying fertility traits in cattle is required 

to prevent these undesirable side effects of selection [6,7,8,9].  

Genetic studies have focused primarily on female fertility, which presents a significant 

challenge to improving beef cattle fertility because of the low heritability (0.01–0.10) of these 

reproductive traits [10]. Fertility-related traits in bulls are moderately heritable (0.05–0.22) and 

significantly influenced by genetics [11]. Therefore, improving our understanding of the genes and 

epigenetic modifications that contribute to bull fertility could improve reproduction success in beef 

cattle. [11,12]. Indeed, sires directly influence the fertilization process, the viability of the 

preimplantation embryo, as well as the conception rate [13]. Sperm motility (SM) could be used 

as a proxy for identifying more fertile sires and improving reproduction success because it is a 

moderate to highly heritable trait (0.29–0.60) with significant components in the genome 

contributing to semen quality[14,15,16]. With reduced motility in bull semen becoming a 

prominent concern in the breeding industry, it is essential to continue studying genomic regions, 

variants and functional genes that impact motility [15]. 
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Scrotal circumference (SC) is also a good indicator trait for sire fertility because it is highly 

correlated with testes weight, sperm output, and semen quality [17]. Previous studies have 

suggested that a smaller SC is associated with lower fertility measures compared to bulls with a 

larger SC [18]. Moreover, a positive association has been reported between SC and the percentage 

of live sperm, sperm number, and SM [18]. Therefore, the identification of genetic markers linked 

to SC and SM could be used as a strategy to genetically improve reproductive performance [17]. 

However, there is a negative genetic correlation between performance traits, such as feed 

efficiency, and SC, with more feed-efficient bulls having smaller SC [17,19]. Thus, careful 

consideration must be taken into account when selecting for both production and fertility traits to 

avoid undesirable effects. 

Relatively fewer GWAS for bull fertility traits have focused on crossbred beef cattle, which 

represent a significant proportion of the beef cattle population, compared to purebred cattle 

[20,21]. This is in part due to multiple beef breeds with each breed association carrying out a 

separate genetic evaluation using different methods to calculate expected progeny deviation and 

the correspondence of SNP effects [22]. In this study we used a sample size of 265 bulls with both 

SC and SM measurements. Numerous other male fertility GWAS in cattle have obtained 

interesting results with a very similar sample size [15,18,23,24,25,26,27]. Therefore, the objectives 

of the present study were (1) to find SNP windows significantly associated with SC and SM in 

crossbred beef bulls using a single-step approach, and (2) to identify positional candidate genes 

with additional functional evidence and their potential role in bull fertility. To the best of our 

knowledge, this is the first study that uses a GWAS to analyze both SC and SM measurements 

simultaneously, in Canadian crossbred beef cattle, bringing new considerations for the current 

stage of literature regarding male fertility traits in beef cattle. 
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3.3 Results 

3.3.1 Scrotal circumference genome wide association study and QTL enrichment  

After quality control, 379,591 markers remained for analysis based on a call rate greater 

than 95% and a minor allele frequency greater than 5% with non-autosomal markers. The 

Manhattan plot in Fig. 3.1a shows the non-overlapping windows 1 Mb apart which explain the 

highest proportion of variance for SC. Eight windows explained more than 1% of the genetic 

variance for SC which were located on BTA9, BTA10, BTA20, BTA24 and BTA29, and explained 

13.19% of the total genetic variance (Table 3.1). Thirty-two positional candidate genes were 

identified within these windows explaining more than 1% of the genetic variance for SC. 

ToppGene prioritization analysis revealed 14 of the 32 positional candidate genes were prioritized 

for spermatic-related processes and the windows which these genes are mapped within explained 

9.76% of the total genetic variance for SC. The QTL annotation revealed several reproduction 

QTLs, annotated within the coordinates of the windows explaining > 1% of the total genetic 

variance for SC, account for 7.85% of the QTLs annotated in those regions (Fig. 3.2a). The QTL 

enrichment analysis revealed 38 significant QTLs (FDR-corrected p value ≤ 0.05) on BTA9 and 

BTA10 annotated for traits related to exterior conformation (Table 3.2; Fig. 3.2b). 

3.3.2 Sperm motility genome wide association study and QTL enrichment 

The Manhattan plot in Fig. 3.1b shows the non-overlapping SNP windows 1 Mb apart that 

explain the highest proportion of variance for SM. Five windows explained more than 1% of the 

genetic variance for SM which were located on BTA9, BTA13, BTA20, and BTA24, and 

explained 7.17% of the total genetic variance (Table 3.1). Twenty-eight positional candidate genes 

were identified within these SNP windows explaining more than 1% of the genetic variance for 

SM. ToppGene prioritization revealed 14 of the 28 positional candidate genes were prioritized for 
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spermatic-related processes and the windows which these genes are mapped within explained 

7.16% of the total genetic variance for SM. The QTL annotation revealed several reproduction 

QTLs, annotated within the coordinates of the windows explaining > 1% of the total genetic 

variance for SM, account for 8.11% of the QTLs annotated in these regions (Fig. 3.3a). The QTL 

enrichment analysis revealed 13 significant QTLs (FDR-corrected p value ≤ 0.05) on BTA9 and 

BTA13 annotated for traits related to reproduction and exterior conformation (Table 3.2; 

Fig. 3.3b). 

3.3.3 Functional analysis of prioritized candidate genes for scrotal circumference and 

sperm motility  

The network constructed with the 14 prioritized candidate genes for SC and SM (total of 

28 genes) using NetworkAnalyst had 1442 nodes (genes) related to 120 GO:BP (Table S3.2a), 78 

GO:MF (Table S3.3a) and 69 GO:CC (Table S3.4a) terms. One hundred and twenty GO:BP were 

significant (FDR-corrected p value ≤ 0.05) and 64 were identified as related to male fertility and 

reproduction (Table S3.2b). These 64 GO:BP terms were selected to construct the first module 

containing 752 genes (Table S3.2c). A second module was generated composed only by the 

prioritized candidate genes for SC and SM and its directly connected nodes leading to a network 

constructed of 20 genes and 26 GO:BP terms (Fig. 3.4a, Table S3.2d). None of the GO:BP in this 

module were significant (the smallest FDR-corrected p value was 0.128), however nine were 

related to male fertility and reproduction of which regulation of MAPK cascade, spermatid 

differentiation, and regulation of hormone secretion were the most notable (Table 3.3). In this 

second module, five of the 20 genes were prioritized candidate genes for SM and one gene was 

prioritized for SC. 



 
 

23 
 

Of the 78 GO:MF, 75 were significant (FDR-corrected p value ≤ 0.05) and 34 were 

identified as related to male fertility and reproduction functions (Table S3.3b). The first module 

for GO:MF terms was extracted using these 34 GO:MF terms containing 684 genes (Table S3.3c). 

A second module for GO:MF was generated composed only by the prioritized candidate genes for 

SC and SM and its directly connected nodes revealing a network constructed of 32 genes and 20 

GO:MF terms (Fig. 3.4b, Table S3.3d). In this second module, 10 GO:MF were significant (FDR-

corrected p value ≤ 0.05) and six of these were related to male fertility and reproduction 

including, acetyltransferase activity, zinc ion binding, lipase activity, endonuclease 

activity, nuclease activity, and cation channel activity (Table 3.3). Five of the 32 genes in this 

second module for GO:MF were prioritized candidate genes for SM and four were prioritized 

candidate genes for SC. 

Of the 69 GO:CC terms, 55 were significant (FDR-corrected p value ≤ 0.05) and 28 were 

related to male fertility and reproduction functions and processes (Table S3.4b). These 28 GO:CC 

terms were selected to extract the first module for GO:CC which contained 992 genes 

(Table S3.4c). “Batch Selection” of the prioritized candidate genes for SC and SM was used to 

extract the second module for GO:CC which revealed a network containing 51 genes and 21 

GO:CC terms (Fig. 3.4c, Table S3.4d). In this second module, five GO:CC were significant (FDR-

corrected p value ≤ 0.05) and three of these were related to male fertility and reproduction 

including, kinesin complex, spindle microtubule and cytosol (Table 3.3). Five of the 51 genes in 

the second GO:CC module were prioritized candidate genes for SM and seven genes were 

prioritized candidate genes for SC. A graphical representation of the functional analysis can be 

found in Fig. 3.5. 
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3.4 Discussion 

The ability to identify cattle with greater reproductive performance would significantly 

improve the efficiency of the beef cattle industry. Thus, the discovery of genetic markers related 

to male fertility through GWAS can contribute to the evaluation of fertility traits, such as SC and 

SM, and their implications on male fertility. Spermatic related traits, including SM are commonly 

measured in dairy cattle where semen is widely used for artificial insemination and measuring 

semen parameters is a standard practice [15,21,24,25,26,27]. However, SM measurements are 

much less common in the beef industry where natural breeding is often used, which can be seen in 

our sample size. Testicular related traits, including SC have higher heritability values and 

correlations with fertility traits, although the majority of studies on SC have been on purebred bulls 

[18,21,28,29,30,31,32]. Few SC GWAS have been conducted in crossbred beef cattle [26,33], 

which represents a significant proportion of the beef industry [20]. To the best of our knowledge, 

this is the first study that uses a GWAS to analyze both SC and SM measurements, simultaneously 

in Canadian crossbred beef cattle. The sample size in the present study (265) might result in a 

careful interpretation of the obtained results, however many other GWAS have obtained notable 

results with similar sample sizes, ranging from 41 to 692 [15,18,23,24,25,26,27]. For example, 

Hering et al. [15] conducted a GWAS on 41 bulls with very poor SM and 279 bulls with excellent 

SM and identified nine candidate genes all with a strong relationship to sperm function. Buzanskas 

et al. [26] used SC records on 392 bulls in a GWAS and identified the STATU2 gene which 

participates in multiple biological processes, including reproduction, developmental and immune 

systems. When taken together, the limited studies conducted in crossbred beef cattle, the high 

heritability of SC and SM, and the evaluation of these traits together results in a study that can 
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bring new considerations for the current stage of the literature regarding male fertility traits in beef 

cattle. 

The ssGBLUP method is based on an infinitesimal model and thus assumes equal variance 

for all SNP effects, posing an unrealistic situation for traits of economic interest, such as fertility 

[34]. Therefore, a weighted ssGBLUP (WssGBLUP) approached was used that combines 

pedigree, phenotype, and genotype data with the integration of different weights for markers in an 

iterative process to update SNP solutions. For SC, 8 windows, located on BTA9, BTA10, BTA24, 

and BTA29, explained more than 13.19% of the total genetic variance. For SM, 5 windows 

explained more than 7.17% of the genetic variance and were located on BTA9, BTA13, BTA20, 

and BTA24. Of these, BTA9 explained the highest proportion of the variance for SC (4.03%) and 

SM (2.76%), respectively. Chromosome-wise and genome-wise associations have previously been 

identified in BTA9 for SC at 420 days in Canchim beef cattle [26]. Moreover, a region on BTA9 

in Nellore cattle was found to be associated with testicular hypoplasia, which is defined by a 

reduced size of both testicles, and consequently reduced scrotal circumference and sperm 

physiology [35]. 

Of the 14 prioritized candidate genes identified for SC (SASH1, VIP, FBX05, MTRF1L, 

RGS17, SLC24A5, SEMA6D, MAP3K1, SRPRA, TIRAP, DCPS, ST3GAL4, KIRREL3, CDON), 

two, MAP3K1 and VIP, were previously reported as related to male reproduction. Mitogen-

activated protein kinase kinase kinase 1 (MAP3K1), was mapped within a window that explained 

1% of the variance in SM (BTA20: 22.18–23.18 Mb) and was of interest for its anti- and pro-

apoptotic functions in germ cells [36]. Guan et al. [37] found the MAP3K1 gene was differentially 

expressed in testis from underfed and well-fed sexually mature sheep, indicating it could be a 

marker of germ cell apoptosis and therefore change SC and the efficiency of sperm production. 
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The vasoactive intestinal peptide (VIP; BTA9: 89.51–90.51 Mb window), another prioritized 

candidate gene mapped within a window for SC that explained 1.61% of the variance, is known to 

act directly on the testis, promoting the production of testosterone in mice and rats [38,39]. In a 

study conducted by Lacombe et al. [39], VIP null male mice exhibited a reduction in circulating 

concentrations of testosterone and follicle stimulating hormone (FSH), inhibiting the morphology 

of testicular seminiferous tubules. This gene has also been found to play a role in mammalian 

folliculogenesis, ovarian development, and puberty [5,40,41]. 

Five of the prioritized candidate genes for SM have also been previously identified as 

candidate genes in the regulation of male fertility. These include, superoxide dismutase 2, T-

complex protein 1, parkin co-regulated gene, sperm flagella 2 gene, and prolactin receptor (SOD2, 

TCP1, PACRG, SPEF2, PRLR). One of the main causes of sperm chromatin damage is through 

oxidative stress caused by an imbalance between reactive oxygen species and scavenger systems 

[42]. Superoxide dismutase isoenzymes, like SOD2 (BTA9: 95.18–96.18 Mb window), destroy 

these toxic superoxide radicals that are normally produced within cells [43]. They have been found 

to be highly expressed in mammalian semen and their activity is positively associated with sperm 

concentration and motility [44,45]. Another gene found to be associated with spermatogenesis 

is TCP1 (BTA9: 95.18–96.18 Mb window), a member of the cytosolic chaperonin-

containing TCP1 complex [46], which has been identified in the cytosolic fraction [47] and plasma 

membrane [48] of bovine spermatozoa. The PACRG and SPEF2 genes are essential for the 

development of normal sperm and male fertility. Previous studies involving PACRG (BTA9: 

97.25–98.24 Mb window) knockdown in mice have discovered it plays a vital role in maintaining 

the functional stability of flagella indicating an important relation to sperm motility [49,50]. 

Moreover, Guo et al. [51] discovered SPEF2 (BTA20: 38.08–39.08 window) gene expression in 
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the testes and sperm is regulated by alternative splicing and is thus, one of the determining factors 

of sperm motility. Lastly, PRLR (BTA20: 38.08–39.08 window) gene expression was identified in 

the bovine reproductive tract including, the testis, epididymis, spermatogonia, and differentiating 

germ cells, leading researchers to believe it may have an effect on spermatogenesis [52]. This gene 

was also found to play a role in fertilization and survival rates through SNP-SNP interactions [53]. 

Five of the prioritized candidate genes for SC and SM have also been identified as playing 

important roles in the regulation of female fertility. Such genes include, semaphorin 6D, SRP 

receptor alpha subunit, Kirre like nephrin family adhesion molecule 3, acetyl-CoA 

Acetyltransferase 2, and proto-oncogene, G protein-coupled receptor (SEMA6D, SRPRA, 

KIRREL3, ACAT2, MAS1). Both SEMA6D (BTA10: 22.10–63.21 Mb) and SRPRA (BTA29: 

29.35–30.35 Mb window) are expressed in the human female genital tract, with SEMA6D linked 

to known gonadal genes [54] and SRPRA upregulated during pregnancy and involved in the 

transport of secretory and membrane proteins [55]. On the other hand, the KIRREL3 (BTA29: 

29.35–30.35 Mb window), ACAT2 (BTA9: 95.18–96.18 Mb window), and MAS1 (BTA9: 95.18–

96.18 Mb window) genes have been previously studied in bovine. The KIRREL3 gene was found 

to be highly expressed in granulosa cells and may act as a metabolic messenger linking 

metabolism, body composition and fertility [56]. The ACAT2 gene was associated with both 

daughter pregnancy rate and cow conception rate [57], and MAS1 gene has been suggested to play 

a role in the regulation of ovulation [58]. Therefore, despite these genes being identified as 

prioritized candidate genes regulating male fertility traits, SC and SM, they also play a role in 

female fertility and regulation. 

Through functional analysis, three modules were created with the prioritized candidate genes 

for SC and SM for the GO:BP, GO:MF, and GO:CC terms related to male fertility and 



 
 

28 
 

reproduction. Even though nine GO:BP in the module (created via selection of the GO terms 

related to reproductive processes and the prioritized candidate genes for SC and SM) were related 

to male fertility and reproduction, due to the few genes contained in the network, only one or two 

genes were associated with these BPs, thus, none of the terms were significantly enriched. Despite 

this, it is worthy to highlight the most notable BPs in this network: regulation of MAPK 

cascade, spermatid differentiation, and regulation of hormone secretion. The MAPK cascade 

regulates spermatogenesis, sperm maturation, and the acrosome reaction, thereby playing an 

important role in male reproductive processes [59]. One of the genes involved in the regulation of 

MAPK cascade is the T-complex protein 1 subunit alpha, TCP1, a prioritized candidate gene for 

SM and is involved in the assembly of actin and tubulin filaments [60]. Actin filaments are present 

in mammalian germ cells and are involved in a number of changes that occur during 

spermatogenesis such as, the determination of cell shape, motility, maturation of spermatozoa, and 

capacitation [60]. In particular, actin proteins change their distribution in the sperm head during 

maturation and control the balance between globular actin and fibrous actin [60]. Another 

GO:BP, spermatid differentiation, is also an important part of spermatogenesis that involves the 

differentiation of spermatids into mature spermatozoa in the seminiferous tubules [62]. The 

prolactin receptor, a SM prioritized candidate gene, was found to be directly linked with spermatid 

differentiation. Moreover, spermatogenesis and reproductive success is completely dependent on 

the secretion of various hormones, including FSH, androgen, and testosterone. For example, 

testosterone levels and SC in bulls are known to be correlated, with peak testosterone levels being 

lower in bulls with smaller SC [63]. Six of the significant GO:MF were related to male fertility 

and reproduction, including acetyltransferase activity, zinc ion binding, lipase 

activity, endonuclease activity, nuclease activity, and cation channel activity. Acetyltransferases, 
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specifically, histone acetyltransferases, act during spermatogenesis through the differentiation of 

spermatocytes [64]. Zinc is incorporated into spermatozoa where it is bound by seminal fluid Zn-

interacting proteins and plays a protective role for sperm chromatin decondensation and sperm 

motility [65]. Moreover, a number of cation channels, including potassium and chloride channels, 

are involved in sperm motility, maturation, and the acrosome reaction [66]. Three of the significant 

GO:CC terms were related to male fertility and reproduction, including, kinesin complex, spindle 

microtubule and cytosol. A number of kinesin families play key roles in mammalian 

spermatogenesis, including mitosis, meiosis, acrosome biogenesis, and tail formation [67]. 

Moreover, kinesins, specifically kinesin-13 s, regulate the spindle microtubule dynamics and 

control spindle assembly and kinetochore-microtubule attachments [67]. One example of the 

importance of the cytosol in male fertility is the cytosolic fraction of bovine spermatozoa, which 

exhibits tyrosine kinase activity associated with sperm capacitation and acrosome reaction [47]. 

The GO:BP term spindle microtubule contained the TIRAP and RGS17 genes which are 

prioritized candidate genes for SC and PRLR, a prioritized candidate gene for SM, indicating that 

these genes could be important biomarkers of bovine fertility. 

The QTL annotation revealed reproduction QTLs account for 7.85% and 8.11% of the QTLs 

annotated in the windows explaining > 1% of the total genetic variance for SC and SM, 

respectively. These reproduction QTLs included, reproductive efficiency, age at first 

calving, calving ease, daughter pregnancy rate, interval from first to last insemination, fertility 

index, conception rate, and interval to first estrus after calving. The largest proportion of QTLs in 

this study were related to milk production for both SC and SM (31.94% and 54.05%, respectively). 

A QTL enrichment analysis was conducted as the simple bias of investigation in the QTL database 

for cattle can result in a larger proportion of records in the database. The enrichment analysis for 
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the windows explaining > 1% of the total genetic variance for SC and SM revealed QTLs annotated 

for exterior conformation traits, including five different body depth, three different feet and leg 

conformation, five different strength, and five different stature QTLs annotated within the 

candidate windows for SC, and three different stature QTLs and three different body weight 

gain QTLs annotated within the candidate windows for SM (Table 3.2; Table S3.5). In a study 

conducted by Schenkel et al. [68], SC was found to be genetically correlated (P < 0.05) to average 

daily gain, ultrasound backfat thickness, mid-test metabolic weight and hip height in 13,151 bulls 

(rg = 0.24, 0.19, 0.31, 0.16, respectively). Another study revealed a positive correlation for SC and 

body weight in both pubertal and post-pubertal Holstein bulls (rg = 0.76 and 0.45, respectively 

[69]). Therefore, bulls with larger SC have a larger body size and faster growth [68,69,70]. This 

suggests that these regions may be regulating both fertility and conformation traits, however the 

biological mechanisms associated with this correlation is not well understood [6,71,72]. Other 

enriched QTLs for SC included udder depth, udder attachment, teat placement-rear, and udder 

cleft (Table 3.2; Table S3.5). Cows with tightly attached udders and proper teats tend to remain in 

a herd longer, are easier to nurse, and less susceptible to mastitis, therefore udder traits may be 

used in conjunction with body conformation traits for the indirect selection of longevity in beef 

cattle [73,74]. The QTL enrichment analysis for SM also revealed QTLs related to fertility on 

BTA9, one for daughter pregnancy rate and two different QTLs for interval to first estrus after 

calving (Table 3.2; Table S3.5). This is consistent with other studies that reveal a genetic 

correlation between male and female fertility traits. For example, Johnston et al. [75] found SM at 

18 months of age to be highly correlated with female reproduction traits in Brahman and Tropical 

Composite cows, such as conception (0.53 and 0.72, respectively) and pregnancy rate (0.58 and 

0.95, respectively). Gargantini et al. [76] identified a genetic correlation between yearling SC and 
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age at puberty and pregnancy rate in heifers was − 0.57 and 0.35, respectively. Thus, BTA9 may 

be a candidate region for bovine fertility. A study conducted by McClure et al. [77] identified 41 

SC QTLs in Angus cattle, of which three QTLs were identified on BTA9. The overlap between 

the candidate regions identified in the present study and previous studies reinforces the association 

of these genomic regions with the regulation of genes and biological processes responsible for 

male fertility traits, including VIP and SOD2genes, mapped on BTA9, and the regulation of 

MAPK cascade and spermatid differentiation. 

To conclude, functional analysis for the prioritized candidate genes identified in this study 

revealed significant GO terms associated with biological processes and molecular functions related 

to male fertility and reproduction. For scrotal circumference, both MAP3K1 and VIP identified 

genes control testis function and could be used as potential biomarkers of spermatogenesis and 

apoptosis. For sperm motility, the SOD2, TCP1, PACRG, SPEF2, and PRLR genes were related 

to sperm concentration, development, and motility. These results help to better understand the 

genetic bases of scrotal circumference and sperm motility specifically in crossbred beef bulls and 

revealed positional candidate genes with additional functional evidence that might ultimately 

improve bull genomic prediction for these traits. Moreover, these candidate regions, specifically 

those mapped on BTA9, have known genetic correlations to other economically important traits 

including, conformation, female fertility, and udder structure. However, future research on these 

candidate genes and their impact on bull fertility is warranted. 
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3.5 Materials and methods 

3.5.1 Population structure and phenotypic data  

Data used in this study are from animals cared for under protocols approved by the 

University of Guelph Animal Care Committee, which follows guidelines of the Canadian Council 

on Animal Care (1993). 

The population for this study came from the Ontario Beef Research Centre; the University 

of Guelph research farm located in Elora, ON, Canada and consisted of 265 crossbred bulls. At 

the time of collection, bulls had an average age of 384 days and average weight of 555 kg. The 

predominant breeds (and corresponding average composition of that breed in the test group, see 

Table S3.1) of these crossbred bulls were Angus (AN: 52%), Simmental (SM: 24%), Piedmontese 

(PI: 6.6%), Gelbvieh (GV: 6.3%), Charolais (CH: 3.8%), and Limousine (LM: 1.1%). 

The fertility traits used in this study were SC and SM. Scrotal circumference was measured 

by palpating the testes into the lower half of the scrotum and measuring the greatest circumference 

using a looped tape as described by Awada et al. [19]. Semen ejaculates were collected between 

12 and 15 months of age immediately after the SC measurement using electroejaculation (Pulsator 

IV- Auto Adjust Electro-Ejaculator: Lane Manufacturing, Inc, Denver, CO). Sperm motility was 

visually estimated immediately and ejaculates were then extended, cooled, placed in liquid 

nitrogen and thawed as previously described by Pursel & Johnson [78]. Sperm motility was 

assessed as described by Awada et al. [79]. Briefly, sperm were evaluated on the CASA (Integrated 

Visual Optical System (IVOS) CASA System, Hamilton Thorne, Inc., Beverly, MA) sampled from 

1 × 107 spermatozoa/ml in BTS [78] and a four-chamber standard count analysis slide (Leja 

products B.V. Luzernestraat 10, 2153 GN Nieuw-Vennep, The Netherlands), at 37 °C. 
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3.5.2 Genotyping and quality control 

Genotyping was completed from 265 animals using the Affymetrix Genechip Bovine 

Genome High Density Array, which included 648,874 SNPs. Marker coordinates were converted 

to the new bovine genome assembly ARS-UCD 1.2. Quality control was performed using Plink 

[80] and the following criteria were used for the exclusion of SNPs: non-autosomal regions; minor 

allele frequency < 0.05; and a call rate < 95%. 

3.5.3 Genome-wide association study 

The programs of BLUPF90 family were used for the weighted single-step genomic BLUP 

(WssGBLUP) analysis [81]. The GWAS results were reported as the proportion of the variance 

explained by non-overlapping genomic windows of 1 Mb [82]. 

A WssGBLUP method was used to estimate SNP effects. The observed phenotypes of SC and SM 

were used as dependent variables in a single-trait animal model: 

!="#+$!%+& 

where y represented a vector of observed phenotypes for animals (SC or SM); X is the incidence 

matrix of fixed effects; b is the vector of fixed effects, Za is the incidence matrix of additive 

genetic effects; a is the random vector of additive genetic effects; and e is the vector of residual 

effects. Fixed effects for SC included 25 levels of herd-year-season (HYS), body weight, age as a 

third-degree polynomial, and breed composition for the most prevalent breeds (AN, SM, PI, GV, 

CH, and LM). Fixed effects for SM included 25 levels of HYS, age, and breed composition for the 

most prevalent breeds. 

The solutions of the SNP effects (û) were obtained using the AIREMLF90 [81] algorithm 

with two iterations, as proposed by Wang et al. [84]. 
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For each iteration of the algorithm D(n) = I and G(n) = ZD(n)Z’λ, where D is a diagonal matrix 

of weights for SNP variances, G is the weighted genomic relationship matrix, Z is a matrix relating 

genotypes of each locus, λ is a variance ratio, and n is the iteration number; the breeding values 

(âv) were calculated using single-step genomic best linear unbiased predictor (ssGBLUP); SNP 

effects were calculated via û(n) = λD(n)Z′G(n)−1âv; SNP weights were calculated via 

di(n+1) = û2i(n)2pi(1 − pi), where i is the ith SNP; the weights were normalized via D(n+1)	= !"($("))
!"($($%&)) 

D(n+1) so the additive genetic variance remains constant; and the Genomic matrix was recalculated 

via G(n+1) = ZD( n+1)Z’λ to obtain the SNP effects. These iterations were used to calculate the 

proportion of variance explained by non-overlapping windows. 

The proportion of variance explained by non-overlapping windows were estimated using 

the PostGSf90 algorithm by summing the variance of SNPs within 1 Mb [82]. Windows that 

explained greater than 1% of the genetic variance for SC and SM were selected for QTL and gene 

annotation [83], conducted using R (Version 4.0.0.; R Core Team, 2020) and the R package: 

Genomic Annotation in Livestock for positional candidate LOci (GALLO—

https://github.com/pablobio/GALLO). The .gtf annotation file corresponding to the bovine gene 

annotation from ARS-UCD1.2 assembly and the .gff file with the QTL information from Animal 

QTL Database [84], using the same reference genome (ARS-UCD1.2) to map the QTLs, were 

used for gene and QTL annotation, respectively. A QTL enrichment analysis was also conducted 

using the GALLO R package for all the QTL information annotated within the candidate windows 

using a chromosome-based enrichment analysis. Briefly, a bootstrap approach was used to 

compare the observed number of QTL for each trait in each chromosome annotated using GALLO 

with the expected number for each trait estimated using 1000 iteration rounds of random sampling 

from the whole Cattle QTLdb. Using this approach, a p value for the QTL enrichment status of 
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each annotated trait within the candidate windows was calculated, Additionally, the p values were 

corrected for multiple testing using FDR (5%). 

3.5.4 Gene prioritization analysis 

Functional candidate gene prioritization was conducted using the ToppGene Suite [85]. A 

trained list of genes associated with keywords outlined by Fonseca et al. [21] using the GUILDify 

[86] software and a species-specific (Homo sapiens) interaction network, including, “scrotal 

circumference,” “scrotal,” “testicular,” “testis,” “testes,” “sperm,” “semen,” “spermatozoa,” 

“spermatogenesis,” and “fertility,” made up the “trained list” of genes. From this analysis, the top 

100 genes ranked using an algorithm based on network topology on GUILDify were used to create 

the “trained” gene list. This “trained” gene list was used in conjunction with the “test” gene list 

containing the genes within windows explaining greater than 1% of the genetic variance for SC 

and SM. An annotation-based prioritization analysis through a multivariate approach was 

conducted using ToppGene. Gene Ontology terms for molecular function (MF), biological process 

(BP), and cellular component (CC); human and mouse phenotypes; metabolic pathways; Pubmed 

publications; and diseases were utilized to retrieve functional information for the trained list and 

for the list of positional candidate genes (those genes annotated within windows explaining more 

than 1% of the genetic variance for the trait). Overall p values were obtained using a combination 

of the p values obtained from the intermediate values from the above functional information using 

a random sampling of 5000 genes from the whole genome for each annotation information. 

Significant prioritized genes were selected based on a FDR 5% multiple correction, meaning these 

genes have a functional profile that is significantly similar to the functional profile of the “trained” 

gene list. As the “trained” gene list is known to be associated with fertility, by the guilty by 

association principle, it is probable that the prioritized genes will also be associated with fertility. 
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3.5.5 Functional analysis 

A protein–protein interaction network analysis was performed in order to identify 

interactions between the positional candidate genes and other genes in the genome that are relevant 

to fertility. Therefore, the prioritized candidate genes for both SC and SM were inputted together 

into NetworkAnalyst 3.0 ([87] https://www.networkanalyst.ca) and the STRING interactome 

protein–protein interaction database was used with a confidence score cutoff of 900. A second-

order interaction network was generated containing 1442 nodes (genes) with 4888 edges. Then, 

gene ontology (GO) enrichment analyses, including the three main categories biological process 

(BP), molecular functions (MF), and cellular components (CC), was performed using the genes 

comprising the network [88]. Functional evidence of the relationship between the significant GO 

terms (FDR-corrected p value ≤ 0.05) and the target phenotypes (SC and SM) was identified. The 

GO terms related to reproductive processes were selected to extract the first module from this 

network composed only by the nodes (genes) associated with the selected GO:BP, GO:MF and 

GO:CC. Next, a second module was extracted, from the previous sub-network. This second 

module was composed only by the positional prioritized candidate genes for SC and SM and its 

direct connected nodes. The GO:BP, GO:MF and GO:CC enriched for this second module were 

analyzed for its association with reproductive processes. 

3.6 Abbreviations 

ssGBLUP: Single-step genomic BLUP 
WssGBLUP: Weighted single-step genomic BLUP 
SC: Scrotal circumference 
SM:  Sperm motility 
FDR: False discovery rate 
AN: Angus 
SM: Simmental 
PI: Piedmontese 
GV: Gelbvieh 
CH: Charolais 
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LM: Limousine 
HYS: Herd-year-season 
GALLO: Genomic Annotation in Livestock for positional candidate LOci 
MF: Molecular function 
BP: Biological process 
CC: Cellular component 
MAP3K1: Mitogen-activated protein kinase kinase kinase 1 
VIP: Vasoactive intestinal peptide 
FSH: Follicle stimulating hormone 
SOD2: Superoxide dismutase 2 
TCP1: T-complex protein 1 
PACRG: Parkin co-regulated gene 
SPEF2: Sperm flagella 2 gene 
PRLR: Prolactin receptor 
SEMA6D: Semaphorin 6D 
SRPRA: SRP receptor alpha subunit 
KIRREL3: Kirre like nephrin family adhesion molecule 3 
ACAT2: Acetyl-CoA Acetyltransferase 2 
MAS1: Proto-oncogene, G protein-coupled receptor 
TCP1: T-complex protein 1 subunit alpha 
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3.10 Tables 
 
Table 3.1. Significant associated windows explaining more than 1% of the variance for scrotal 
circumference and sperm motility in crossbreed beef cattle and the overlapping genes located 
within those windows.  

*Prioritized candidate gene identified by GUILDify and ToppGene analysis

 Window Region  

Trait BTA Start End 
% 

Variance Gene names 

Scrotal 
Circumference 

9 85,069,592 86,068,330 2.42 SASH1*, UST 

9 89,514,561 90,513,278 1.61 
RF00100, MYCT1, VIP*, 

FBXO5*, MTRF1L*, RGS17*, 
bta-mir-2480 

10 62,210,731 63,210,223 1.26 MYEF2, SLC24A5*, 
SEMA6D* 

20 22,183,762 23,180,410 1.00 
MIER3, SETD9, RF00003, 

MAP3K1*, 
RF00026, ANKRD55  

24 10,933,271 11,930,436 1.04 RF00001 

29 10,283,051 11,269,974 1.20 RF02113, RF02112, bta-mir-
2285k-1 

29 29,347,332 30,347,114 3.47 

RPUSD4, FAM118B, SRPRA*, 
FOXRED1, TIRAP*, DCPS*, 

ST3GAL4*, KIRREL3*, 
CDON* 

 29 33,525,642 34,523,872 1.18 OPCML 

Sperm 
Motility 

9 95,179,163 96,178,394 1.47 

bta-mir-12055, RSPH3, 
TAGAP, FNDC1, SOD2*, 
WTAP, ACAT2*, TCP1*, 

RF00401, RF00429, MRPL18, 
PNLDC1, MAS1*, EZR* 

9 97,251,687 98,242,399 1.29 bta-mir-2482, PRKN*, 
PACRG* 

13 1,818,757 2,813,363 1.34 PLCB4*, LAMP5, PAK5* 

20 38,077,292 39,076,620 1.11 
LMBRD2, UGT3A2, CAPSL, 

IL7R*, SPEF2*, SKP2*, 
PRLR* 

24 51,881,818 52,880,825 1.95 DCC* 
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Table 3.2. Significantly enriched QTLs identified annotated in the windows explaining more than 1% of the variance for scrotal 
circumference and sperm motility. 

aFalse Discovery Rate 

Trait QTL Type BTA 
Number of 

QTLs 

Expected 
Number of 

QTLs P-value 

FDR-
corrected p-

value 

Scrotal 
Circumference 

Udder depth 9 5 1.54 3.00x10-3 9.38x10-3 

Body depth 9 5 1.36 5.00x10-3 9.38x10-3 

Feet and leg conformation 9 3 0.95 1.60x10-2 2.67x10-2 

PTA type 9 5 1.55 2.00x10-3 9.38x10-3 

Udder attachment 9 5 1.44 4.00x10-3 9.38x10-3 

Strength 9 5 0.89 1.00x10-3 9.38x10-3 

Teat placement - rear 9 4 0.97 3.00x10-3 9.38x10-3 

Udder cleft 9 5 1.51 4.00x10-3 9.38x10-3 

Stature 10 1 0.10 5.00x10-3 9.38x10-3 

Sperm Motility 

Body weight gain 9 3 0.38 1.00x10-3 9.00x10-3 

Daughter pregnancy rate 9 1 0.34 4.50x10-2 8.10E-02 

Interval to first estrus after calving 9 2 0.61 2.50x10-2 8.10x10-2 

Milk fat yield 13 4 2.08 4.30x10-2 8.10x10-2 

Stature 13 3 1.13 3.50x10-2 8.10x10-2 
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Table 3.3. List of significant gene ontology terms associated with biological processes, molecular 
functions, and cellular components related to fertility identified by NetworkAnalyst using the 
protein-protein interaction network build by the prioritized candidate genes for scrotal 
circumference and sperm motility and the direct connected nodes.  

aFalse Discovery Rate; *Prioritized candidate gene identified by GUILDify and ToppGene 
Analysis 
 
 
 

GO Category GO Term 
FDRa-corrected 

P-value 
Gene names 

Biological 
Process 

Regulation of MAPK 
cascade 

8.13x10-1 TCP1*, PIK3R1 

Spermatid differentiation 1 PRLR*  
Regulation of hormone 

secretion 
1 ACACA 

Molecular 
Function 

Acetyltransferase activity 8.88x10-4 CDC27, JAK1, GRB2, PIK3R1 

Zinc ion binding 2.12x10-3 
JAK1, PIK3CA, PLK1, CDK1, 

PI4KA, SGK1, PRKACA 

Lipase activity 2.55x10-3 
GRB2, MAP2K1, PLK1, MAP3K1*, 

PRKACA, FBXO5* 

Endonuclease activity 2.55x10-3 
PIK3CA, PLK1, CDK1, MAP3K1*, 

SGK1, PRKACA 

Nuclease activity 4.58x10-3 
JAK1, MAP2K1, PLK1, CDK1, 

MAP3K1*, SGK1, PRKACA 
Cation channel activity 9.51x10-3 PLCZ1, PLCB1, PLCB4* 

Cellular 
Component 

Kinesin complex 1.53x10-2 CDC27, PLK1, CDK1 

Spindle microtubule 1.53x10-2 

RAC1, PIK3CA, GRB2, TRAF6, 
GNA14, MAP2K1, IRAK1, TLR4, 

TIRAP*, PI4KA, HSP90AA1, 
XRN1, SGK1, PRKACA, PRLR*, 

CD40, NPSR1, PPP2CA, RGS17* 

Cytosol 4.42x10-2 
JAK1, JAK3, TUBB4A, PLK1, 

CDK1, PPP2CA 
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3.11 Figures 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
(b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.1. Manhattan plot for the GWAS of (a) scrotal circumference and (b) sperm motility in crossbred beef cattle. The 

y-axis shows the proportion of variance explained by the non-overlapping windows and the x-axis indicates the 
chromosome number. The red line indicates the threshold for 1.0% of the variance explained by the windows. 
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(a)                                            (b) 
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Figure 3.2. (a) Pie plot showing the percentage of each QTL class annotated in the windows explaining >1% of the total genetic 
variance for scrotal circumference. (b) Enriched traits identified in the QTL enrichment analysis for scrotal circumference. The area 
with the circles represents the number of observed QTLs for that class, while the color represents the p-value scale (the darker the 
color, smaller the p-value). The x-axis shows the richness factor for each QTL, representing the ratio of number of QTLs and the 
expected number of that QTL. 
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(a)                                            (b) 
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Figure 3.3. (a) Pie plot showing the percentage of each QTL class annotated in the windows explaining >1% of the total genetic variance 
for sperm motility. (b) Enriched traits identified in the QTL enrichment analysis for sperm motility. The area with the circles represents 
the number of observed QTLs for that class, while the color represents the p-value scale (the darker the color, smaller the p-value). The 
x-axis shows the richness factor for each QTL, representing the ratio of number of QTLs and the expected number of that QTL. 
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(a)                       (b)                         
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(c) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4. Gene network generated via selection of the prioritized candidate genes for scrotal 
circumference and sperm motility and the significant (a) Biological Process, (b) Molecular 
function, and (c) Cellular component GO terms involved in reproductive processes (FDR-
corrected P value ≤ 0.05). The blue circles are the prioritized candidate genes for scrotal 
circumference and sperm motility and the grey circles represent the directly connected genes. 
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Figure 3.5. Graphical representation of the functional analyses performed to identify the 
functional candidate genes for scrotal circumference and sperm motility. 
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3.12 Supplementary materials 
 

The following supplementary materials can be found at: 

 https://www.nature.com/articles/s41598-020-75758-3#Sec7 

 

Table S3.1. Breed composition for all 265 animals 
 
Table S3.2a. List of gene ontology biological processes for the scrotal circumference and sperm 
motility prioritized candidate genes using NetworkAnalyst  
 
Table S3.2b. List of significant (FDR-corrected P value ≤ 0.05) gene ontology biological 
processes the scrotal circumference and sperm motility prioritized candidate genes are involved in 
and related to male fertility and reproduction based on a literature search 
  
Table S3.2c. List of gene ontology biological processes the scrotal circumference and sperm 
motility prioritized candidate genes are involved in after selection of significant biological 
processes involved in fertility and reproduction  
 
Table S3.2d. List of gene ontology biological processes the scrotal circumference and sperm 
motility prioritized candidate genes are involved in after selection of significant biological 
processes involved in fertility and reproduction and "Batch Selection" of prioritized candidate 
genes 
 
Table S3.3a. List of gene ontology molecular functions for the scrotal circumference and sperm 
motility prioritized candidate genes using NetworkAnalyst. 
 
Table S3.3b. List of significant (FDR-corrected P value ≤ 0.05) gene ontology molecular functions 
the scrotal circumference and sperm motility prioritized candidate genes are involved in and 
related to male fertility and reproduction based on a literature search 
 
Table S3.3c. List of gene ontology molecular functions the scrotal circumference and sperm 
motility prioritized candidate genes are involved in after selection of significant molecular 
functions involved in fertility and reproduction  
 
Table S3.3d. List of gene ontology molecular functions the scrotal circumference and sperm 
motility prioritized candidate genes are involved in after selection of significant molecular 
functions involved in fertility and reproduction and "Batch Selection" of prioritized candidate 
genes   
 
Table S3.4a. List of gene ontology cellular components for the scrotal circumference and sperm 
motility prioritized candidate genes using NetworkAnalyst   
 
Table S3.4b. List of significant (FDR-corrected P value ≤ 0.05) gene ontology cellular 
components the scrotal circumference and sperm motility prioritized candidate genes are involved 
in and related to male fertility and reproduction based on a literature search 
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Table S3.4c. List of gene ontology cellular components the scrotal circumference and sperm 
motility prioritized candidate genes are involved in after selection of significant cellular 
components involved in fertility and reproduction 
 
Table S3.4d. List of gene ontology cellular components the scrotal circumference and sperm 
motility prioritized candidate genes are involved in after selection of significant cellular 
components involved in fertility and reproduction and "Batch Selection" of prioritized 
candidate genes 
 
Table S3.5. QTL annotation in the windows explaining more than 1% of the variance for scrotal 
circumference and sperm motility identified in bovine using the AnimalQTLdb    
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4.1 Abstract 

Background  

 Pregnancy failure in dairy cattle appears to be attributable to losses during embryogenesis, 

mainly within the first month of development. The reasons for these losses are not well understood, 

but the transcriptome profile of the reproductive tract during the establishment of pregnancy may 

point to some molecular mechanisms associated with these losses. Eighty-two Holstein cows and 

heifers were artificially inseminated, and endometrial biopsies were collected on day 15 after 

artificial insemination to investigate the association of the endometrial transcriptome with 

pregnancy. Pregnancy status was determined by embryo recovery or the presence of interferon-tau 

in the uterine flushing, revealing 45 non-pregnant and 37 pregnant cows. Thirty-six biopsies (18 

non-pregnant and 18 pregnant) passed RNA integrity quality control and RNA was sequenced with 

an Illumina HiSeq analyzer. Sequence reads were assembled to the ARS_USD1.2 bovine reference 

genome release 103 using the CLC genomics workbench. 

Results   

Differential gene expression analysis identified 90 differentially expressed genes (DEG; 

false discovery rate (FDR) adjusted p-value < 0.05, fold change (FC) ≥ |2|) between non-pregnant 

and pregnant cows. Gene prioritization analysis revealed 26 of these DEG had an association 

through a guilt by association approach with fertility-related traits, 19 of which were interferon-

stimulated genes. Functional analysis including gene ontology, metabolic pathway enrichment and 

gene networks identified biological processes and metabolic pathways involving the innate and 

adaptive immune response. Moreover, several DEG were positioned within QTL previously 

associated with reproduction, providing additional positional evidence for the functional relevance 

of the endometrial receptivity for pregnancy in cattle.  
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Conclusions  

The identification of potential functional candidate genes associated with early pregnancy 

success will contribute to a better understanding of the underlying genetic architecture associated 

with pregnancy.  

Keywords:  RNA sequencing, fertility, pregnancy, cattle, transcriptome, endometrium, functional 

genomics, OMICs technologies  

4.2 Introduction 

Most pregnancy losses in cattle occur during the pre-attachment period, with 30 to 70% of 

losses occurring in the first month of gestation [1]. High-producing dairy cattle have fertilization 

rates as high as 80 to 90%, but less than 40% of inseminations result in the birth of a calf [2]. A 

non-receptive uterine environment may be a contributing factor to these early pregnancy losses 

[3,4]. 

The bovine endometrium undergoes significant and timely changes during the estrous cycle 

and pregnancy [5]. It plays an important role in maintenance of pregnancy by acting as the maternal 

interface for embryo-maternal communications. In early pregnancy, the transcriptome of the 

bovine endometrium is altered by interferon tau (IFNT), the pregnancy recognition signal in cows, 

to increase the expression of genes that enhance conceptus elongation and establish uterine 

receptivity to attachment [6]. This can take place as early as day 15 of pregnancy [6]. Interferon 

tau also functions with progesterone to induce the production and secretion of histotroph that 

supports the conceptus [7]. 

The molecular interactions involved in the maintenance of pregnancy are influenced by 

various candidate genes through reciprocal conceptus-endometrial interactions [8]. The 

development of high throughput sequencing technologies, such as transcriptomics using RNA 
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sequencing (RNA-Seq) technology, may help to better understand the genes associated with 

fertility in cattle [9,10,11,12,13,14], and screen to select recipient animals with endometrial 

characteristics that favor receptivity and implantation [3]. Transcriptome studies can be used to 

assess how molecular profiles change in response to endocrine and metabolic stimuli, and 

pregnancy recognition signals [5]. Previous studies have identified several interferon-stimulated 

genes (ISG) expressed during early pregnancy [6,15,16,17,18,19], however, few studies have 

focused specifically on day 15 of pregnancy. The preimplantation period lasts approximately 20 

days, from fertilization until the trophoblast cells from the conceptus trophectoderm attach to the 

endometrial epithelium [20,21]. Previous research on the preimplantation period has noted large 

differences in gene expression between non-pregnant and pregnant cattle starting around day 14 

as the endometrium prepares for implantation [6,15,16,17,18,19]. These differences are mainly 

due to secretion of conceptus-derived factors such as IFN-tau and prostaglandins in large amounts 

during the elongation phase, which are important for the crosstalk between conceptus and 

endometrium, and the process of maternal recognition of pregnancy.  

The objectives of this study were (1) to identify genes in the endometrium differentially 

expressed (DE) between non-pregnant and pregnant dairy cattle at 15 d after insemination using 

RNA-Seq; (2) to distinguish the prioritized genes among the differentially expressed genes (DEG); 

(3) to perform functional analyses on the list of DEG to recognize the biological processes, 

molecular functions, cellular components, metabolic pathways and gene networks; and (4) to 

identify functional candidate genes among the DEG located within QTL regions associated with 

fertility in cattle.   
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4.3 Results 

4.3.1 Summary statistics of the RNA sequencing analysis for differential gene expression 

In total, the endometrium samples produced approximately two billion reads with each of 

the 36 samples generating an average of 59 million reads (Table S4.1). From the total number of 

reads, 92.03% mapped to the annotated ARS_UCD1.2 bovine reference genome release 103.  The 

differential gene expression analysis revealed 90 DEG (FDR adjusted p-value < 0.05 and FC ≥ |2|) 

between the endometrium of non-pregnant and pregnant cattle (Table 4.1). Of the 90 DEG, 69 

genes were upregulated, and 21 genes were downregulated in the pregnant group. 

4.3.2 Functional analysis for the differentially expressed genes  

The top 100 ranked genes obtained from GUILDify used to create the “trained” gene list 

can be found in Table S4.2.  Toppgene used 59 of the 90 DEG to perform a multivariate analysis 

and the p-values can be found in Table S4.3. The DEG that Toppgene did not recognize included 

LOC pseudogenes, cathelicidin genes (CATHL2, CATHL3, CATHL4, CATHL5, CATHL6), beta-

defensin 7 precursor (DEFB7), interferon- γ inducible protein 16 (IFI16), neutrophilic granule 

protein (NGP), placenta-specific gene 8 B (PLAC8B), 2’-5’ oligoadenylate synthase genes 

(OAS1Z, OAS1Y, OAS1X), and olfactory receptor family 52 subfamily H member 1D (OR52H1D). 

These genes still play a role in bovine fertility and are involved in the immune response. The 

prioritization analysis resulted in 26 significant genes (FDR adjusted p-value < 0.05; Table 4.1).   

The 90 DEG between non-pregnant and pregnant endometria were associated with 12 

significant non-redundant biological processes and two significant non-redundant molecular 

functions (FDR adjusted p-value < 0.05; Table 4.2). The most significant biological process gene 

ontology (GO) terms were response to biotic stimulus, immune effector process, and innate 

immune response. Other significant biological process GO terms were response to cytokine, 
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cytokine production, regulation of defense response, humoral immune response, positive 

regulation of immune system process and regulation of immune response. All the significant GO 

terms were more likely to be increased in the pregnant cattle, expect for the humoral immune 

response (Figure 4.1). These GO terms are important to fertility due to their role in the immune 

response, which is required to protect the reproductive tract from infections and to be regulated to 

allow establishment and maintenance of pregnancy. The significant molecular functions were 

double-stranded RNA binding and single-stranded RNA binding. No cellular component GO terms 

were significant at the FDR adjusted p-value < 0.05 threshold.  

Regarding the gene network analysis, the STRING interactome protein-protein interaction 

database with a confidence score cutoff of 900 using the 90 DEG between non-pregnant and 

pregnant cattle revealed a network containing 52 nodes (genes) and 70 edges (Figure 4.2). Fourteen 

of these genes were DEG and eight were prioritized DEG. The genes in this network were involved 

in 44 Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways of which 27 were 

significant (FDR adjusted p-value ≤ 0.05; Table 4.3). The top three most significant metabolic 

pathways were influenza A, RIG-I-like receptor signaling pathway, and measles. The RIG-I-like 

receptor signaling pathway, NOD-like receptor signaling pathway, Toll-like receptor signaling 

pathway, NF-kappa B signaling pathway, and Cytosolic DNA-sensing pathway are known to 

regulate the immune and inflammatory responses during pregnancy either via type I IFN signaling 

or the activation of cytokines.  

The QTL annotation revealed 217 QTL annotated within the coordinates of the DEG 

between non-pregnant and pregnant cows (Table S4.4). Of the 271 QTLs, milk QTLs accounted 

for 53%, production QTLs accounted for 28.11%, exterior QTLs accounted for 7.83%, health 

QTLs accounted for 3.23%, meat and carcass QTLs accounted for 1.38%, and reproduction QTLs 
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accounted for 6.45% (Figure 4.3a). The reproduction QTLs were non-return rate, early embryonic 

survival, daughter pregnancy rate, conception rate, calving index, calving ease (maternal), 

stillbirth, interval from first to last insemination, and calving ease (Figure 4.3b). The QTL 

enrichment analysis revealed 11 significant QTL (FDR adjusted p-value ≤ 0.05) of which one was 

a reproduction QTL (calving index) on BTA 10 (FDR adjusted p-value = 0.04; Figure 4.3c).  

4.4 Discussion 

The bovine preimplantation period is a key stage in pregnancy; however, most pregnancy 

losses occur during this period. The endometrial transcriptome must establish a uterine 

environment that is conducive to the survival and subsequent development of the embryo. 

Therefore, by identifying differences in the endometrial transcriptome profile of non-pregnant and 

pregnant cattle during this period, we can better unravel the genes and pathways crucial to 

successful pregnancy. We used RNA-Seq to detect 90 DEG between the endometrium of non-

pregnant and pregnant dairy cows on day 15 after insemination, the majority of which were 

upregulated in pregnant cattle. The ToppGene prioritization analysis identified that 26 of these 

DEG were associated with fertility-related traits through a guilt by association approach. However, 

it is important to note that the 90 genes identified in this study are DE by the condition (pregnancy) 

therefore the 64 genes that were not prioritized may still be related to pregnancy.  

In cattle, IFNT is released from the trophectodermal cells of conceptuses during the 

preimplantation period, especially during the elongation phase of conceptus development, in which 

it acts in a paracrine manner to induce the expression of ISGs in the endometrium [23]. This diverse 

group of genes serves a variety of antiviral defense and immune regulation purposes [24]. Of the 

26 prioritized DEG between non-pregnant and pregnant cattle identified in this study, 19 were 
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ISGs (Table 4.1). Notably, six prioritized DE ISG can be grouped into the poly (ADP-ribose) 

polymerase (PARP), IFN regulatory factor (IRF), and myxovirus resistance (MX) gene families.   

Myxovirus genes belong to the type I ISG family and have two isoforms [25], MX1 and 

MX2, that are known to play a role in the early endometrial response to the conceptus through the 

regulation of IFNT [18,26]. Moreover, in the present study, both MX1 and MX2 were prioritized 

DEG upregulated in the endometrium of pregnant cattle with an 8-fold and 17-fold increase, 

respectively. Forde et al., [18] also found a 14-fold increase in the expression of MX2 and a 7-fold 

increase in MX1 on day 16 in the endometrium of pregnant compared to cyclic (non-pregnant) 

cross-bred beef heifers with a significant pregnancy by day interaction, confirming the results 

obtained in our study.  The expression of both MX1 and MX2 increased in the endometrium on 

days 15 to 18 and on day 20 in pregnant dairy and beef cattle [18,27,28,29]. In addition to the 

endometrium, greater expression of MX1 has been found in the liver of day 18 pregnant Holstein-

Friesian heifers [30] and in the peripheral blood leukocytes of day 20 pregnant dairy cattle [31]. 

The MX2 gene has also been identified to increase in expression in peripheral blood leukocytes on 

days 16, 18, and 20 of pregnancy [31], indicating the importance of the MX genes in various tissues 

during pregnancy.  

There was also a greater expression of the IRF7 and IRF9 prioritized genes around the time 

of implantation, days 17 and 18, in pregnant cattle [29,32]. To our knowledge, we are the first to 

identify their expression in the endometrium on day 15. The IRF genes contain a helix-turn-helix 

DNA-binding motif that plays a role in the innate and adaptive immune responses [33]. These 

genes are also linked to the increase in expression of the interferon alpha inducible protein 27 

(IFI27) and interferon-stimulated gene 15 (ISG15) prioritized genes found in this study and other 

ISG, including interferon induced protein with tetratricopeptide repeats 1 and 3 (IFIT1; IFIT3) 
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[34]. The IFI27 gene was one of five IFI genes whose endometrial expression was greater in the 

pregnant cows in our data. It has also been reported to have greater expression on days 13, 15, 16, 

and 18 in endometrial tissue of pregnant cattle [16,19,29,35], indicating that it is important before 

and during the maternal recognition of pregnancy. Interferon-stimulated gene 15 is another well-

known gene in the context of being induced by the conceptus during early pregnancy 

[16,28,29,36,37], with an 18-fold increase in expression in the pregnant cattle here. It mediates the 

conjugation of proteins via the ISGylation process, which is required to establish and maintain 

uterine receptivity [38]. 

 Upregulation of the PARP genes has also been identified during the implantation stage 

(day 18 to day 20) of pregnancy [15,16,26,28,29].  Here, we observed greater expression of four 

members of the PARP family in the endometrium of day 15 pregnant cattle, with PARP9 and 

PARP14 prioritized. The PARP gene family catalyzes the addition of poly (ADP-ribose) subunits 

onto acceptor proteins and has roles in a variety of cellular processes [39]. For example, Musavi 

et al. [29] found several PARP genes in the post-translational modification, protein folding and 

protein trafficking ingenuity pathways. All four of the PARP genes identified here are also 

upregulated early in the estrous cycle, specifically in day 5 and 10 endometrial explants co-cultured 

with day 8 blastocysts [36]. These genes may therefore assist in preparing the endometrium for 

implantation.  

The other prioritized DE ISG or regulators of ISG identified in this study include nuclear 

body scaffold (PML), interferon induced with helicase C domain 1 (IFIH1), eukaryotic translation 

initiation factor 2 alpha kinase 2 (EIF2AK2), DExD/H-box helicase 58 (DDX58), three prime 

repair exonuclease 1 (TREX1), 2,-5,-olgioadenylate synthetase 2 (OAS2), radical s-adenosyl 

methionine domain containing 2 (RSAD2), ubiquitin specific peptidase 18 (USP18), ubiquitin like 
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modifier activating enzyme 7 (UBA7), XIAP associated factor 1 (XAF1), and interferon induced 

transmembrane protein 3 (IFITM3). The IFIHI, DDX58, USP18, PML, RSAD2, UBA7, and XAF1 

genes have previously been identified as DE in the endometrium of day 15 and 18 pregnant cattle 

as well as in endometrial explants co-cultured with day 8 blastocysts [16,28,36]. The PML gene 

functions as a mediator of type I interferon response by promoting the transcription of ISG [40]. 

In humans, PML is thought to play a role in the regulation of placental growth and maturation as 

its expression increases with gestational age [41]. Its role within the context of bovine pregnancy 

is not well documented and warrants further investigation. The expression of the DDX58, USP18, 

and RSAD2 genes are also directly upregulated by intrauterine infusion of IFNT in the 

endometrium on day 16 [6,18].  Musavi et al. [29] recognized an increase in the expression of 

RSAD2, USP18, EIF2AK2, UBA7, XAF1, and TREX1 at the implantation stage in bovine 

endometrium. The EIF2AK2 gene has also been found in the caruncular endometrial tissue of day 

17 pregnant cattle and in endometrial explants co-cultured with day 8 blastocysts [36,42]. The 

present study confirms the importance of these genes in the context of early pregnancy; however, 

it also identifies several new genes associated with day 15 of pregnancy. To our knowledge, this 

is the first study to find EIF2AK2 and TREX1 as DE on day 15 of pregnancy in cattle. Therefore, 

the expression of these genes among the other DEG identified for the first time in the endometrium 

of day 15 pregnant cattle merit consideration in future research on female fertility and the 

establishment of pregnancy.  

The IFITM family of genes are also stimulated by IFN, except for IFITM5 [43,44]. Bovines 

have eight functional IFITM genes [44] and IFITM1, IFITM3, and IFITM5 were upregulated in 

the endometrium of pregnant cattle in this study. The IFITM3 gene was the only prioritized IFITM 

gene and is well-known in the context of bovine pregnancy from day 16 onwards. Like the MX 
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genes, IFITM3 has been identified on days 16, 18, and 20 in the endometrium of pregnant cattle 

[15,16,18,26]. Similarly, the OAS2 prioritized gene is known to be expressed in the endometria of 

day 16 and 17 pregnant heifers [4,18]. Three other OAS genes, OAS1X, OAS1Y, and OAS1Z were 

also DE between non-pregnant and pregnant cows on day 15, however they were not found in 

ToppGene database. Despite this, these genes play a role in pregnancy and are DE in the corpus 

luteum (CL) on day 20 [45].   

The remaining seven prioritized genes include atypical chemokine receptor 4 (ACKR4), 

CD177 molecule (CD177), proteinase 3 (PRTN3), peptidoglycan recognition protein 1 

(PGLYRP1), cathelicidin antimicrobial peptide (CAMP), lipocalin 2 (LCN2), and olfactomedin 4 

(OLFM4), with all expect ACKR4 downregulated in the endometrium of pregnant cattle. Greater 

expression of ACKR4 was identified in both high and low fertility animals pregnant on day 17 [4] 

but has yet to be classified earlier in pregnancy (day 15). The CD177 gene is a neutrophil-

expressed molecule that binds PRTN3 [46].  The CD177/PRTN3 complex as well as PRTN3 in its 

soluble form promotes vascular integrity after leukocyte transmigration and during permeability 

changes, thereby protecting endothelial cells during inflammatory events including pregnancy 

[46].  Neutrophils are part of the innate immune system and are tightly regulated in the female 

reproductive tract [47]. An increase in the number of neutrophils was identified in the CL of 

pregnant cows during maternal recognition of pregnancy [48]. However, altered neutrophil activity 

has been associated with uncontrolled complement activation and recurrent fetal loss [49]. The 

decreased expression of CD177 and PRTN3 in the pregnant cattle here may indicate pregnancies 

were lost before day 15 in the non-pregnant cattle. The PGLYRP1 gene is also expressed in 

neutrophils and plays a key role in the innate immune system via pathogen-associated molecular 

patterns (PAMP) recognition and microbicidal activity [50]. Moreover, the CAMP gene is 
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expressed in neutrophils, as well as macrophages and epithelia and is part of the innate immune 

system [51]. The innate immune system plays an important role in eliminating pathogens from the 

female reproductive tract [52]. The non-pregnant uterine and vaginal tissues express various 

antimicrobial and anti-inflammatory factors to protect against pathogens [52]. An increased 

concentration of the human CAMP, hCAP18/LL-37, has been identified in cervicovaginal 

secretions from women with bacterial vaginosis [53]. The LCN2 gene is also related to innate 

immunity and was previously found in the uterine glandular epithelium of mares [54]. However, 

expression of LCN2 and OLFM4 [55] have been reported to increase in uterine tissue after 

exposure to a stressful cellular microenvironment, resulting in the epithelial-mesenchymal 

transition of endometrial epithelial cells and the onset of endometriosis in women [56]. Thus, 

exposure to a stressful environment in the uterine tissues, such as inflammation, may trigger 

cellular changes via LCN2 and OLFM4 or CD177, PRTN3, PGLYRP1, and CAMP and the onset 

of endometrial pathologies.  

To identify the GO terms associated in the main GO categories including molecular 

functions, biological processes, and cellular components of the 90 DEG found in this study, a GO 

annotation was conducted using the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt). The 

90 DEG were associated with two significant non-redundant molecular functions, double-stranded 

RNA binding and single-stranded RNA binding which both had an upregulated trend in pregnant 

cattle (positive z-score; Table 4.2). Twelve significant non-redundant biological processes were 

identified (Table 4.2), of which immune effector process, innate immune response, humoral 

immune response, regulation of immune response, positive regulation of immune system process, 

response to cytokine, cytokine production, response to biotic stimulus, and regulation of defense 

response have previously been known to play a role in bovine pregnancy before implantation. 
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However, this is the first study to our knowledge to identify the association of the regulation of 

multi-organism process, multi-organism cellular process, and interspecies interaction between 

organism terms with bovine pregnancy.  

Five of the biological process terms, immune effector process, innate immune response, 

humoral immune response, regulation of immune response, and positive regulation of immune 

system process are part of the immune system.  As previously discussed, activation of the innate 

immune system is necessary to protect the uterus from infection, balanced with 

immunosuppression that is required for the establishment and maintenance of pregnancy 

[57,27,57]. Moreover, the endometrium serves as an important line of defense against severe 

reproductive tract infections [58,59]. Differential expression of genes involved in the innate 

immune response has been previously identified on day 17 in non-pregnant versus pregnant cows 

as well as high and low fertility cows [4,27]. Several of the DE involved in the immune system 

terms are the previously discussed prioritized genes, including the ISG, which are known to play 

an important role in uterine receptivity through the regulation of the maternal immune system [32]. 

In a previous study, immune effector process was one of the enriched GO terms for several ISG 

upregulated in the endometrium of day 17 pregnant cows, including MX1, MX2, and ISG15 [32]. 

Rocha et al [60] also identified upregulation of ISG15, MX1, IFI6, and OAS2 in peripheral blood 

immune cells of pregnant cattle. These genes were also among those associated with the immune 

effector process and innate immune response terms found in the present study, indicating the 

importance of these genes and the modulation of the immune response on day 15 of pregnancy.  

The humoral immune response term consisted of five genes, including the previously 

mentioned prioritized genes CAMP and PGLYRP1 as well as cathelicidin genes (CATHL2, 

CATHL3, and CATHL5), all of which were downregulated in the endometrium of pregnant cattle. 
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The CATHL genes, CAMP, CATHL2, CATHL3, and CATHL5 are involved in both the humoral 

and innate immune responses [61]. Humoral immunity is responsible for recognizing pathogens 

via antibodies and T-helper type II lymphocytes and cathelicidins are known recruiters of such 

lymphocytes [62]. Like the CAMP gene, CATHL 2,3, and 5 were all significantly increased in the 

endometrium of cows with endometritis [63]. Therefore, the innate and humoral immune responses 

of the endometrium have important roles in normal reproductive cycles, pregnancy, as well as 

recognizing and responding to infectious microbes.  

Cytokines (e.g., interferons, interleukins, and chemokines.) are also involved in the 

immune response and are used for communication between cells [27,64]. Two cytokine-related 

GO biological process terms, response to cytokine and cytokine production, were significantly 

associated with the DEG identified here and in the endometrium of highly fertile and sub-fertile 

cattle [4]. Cytokines participate in many stages of pregnancy development, including maintenance 

of the CL, implantation, and fetal growth and differentiation [64]. Before attachment, cytokines 

are produced by the endometrium and the early conceptus [29,57,64]. They are thus considered 

essential for embryonic survival for their antiluteolytic, antimicrobial, antiviral, and 

immunomodulatory functions [57,64]. For example, the maternal immune response is regulated 

by pro- and anti-inflammatory cytokines and any disturbance in their equilibrium can lead to 

sustained inflammation and embryonic loss [65]. Moreover, several prioritized DEG associated 

with the two cytokine terms, including IFITM3, MX1, and MX2, are up-regulated cytokines in the 

interferon signaling pathway involved in the immunoregulation of the endometrium [66]. 

Other significant GO biological process terms were associated with the response to stimuli 

including, response to biotic stimulus and regulation of defense response. The response to biotic 

stimulus term can be defined as a process resulting in a change in activity such as secretion or gene 
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expression, because of a stimulus produced by an organism [67]. The response to biotic stimulus 

term has previously been associated with DEG in the endometrium between pregnant and cyclic 

cows on day 16 of pregnancy [18]. The regulation of defense response term is known to be 

associated with DEG in the endometrium on day 17 between high-fertility and sub-fertile animals 

[4] and was one of the terms with the greatest upregulation in pregnant cattle [32].  

NetworkAnalyst was used to create a protein-protein interaction network for the 90 DEG 

identified between non-pregnant and pregnant cattle. This resulted in a network comprised of 52 

nodes (genes) of which 14 were DEG (Figure 4.2). It is interesting to note that 13 of the DEG 

within the network are ISGs, including the previously discussed prioritized genes, DDX58, IRF7, 

OAS2, MX1/2, UBA7, ISG15, and IFIH1. The other DE ISG included OAS1X, IFIT1, IFI44, and 

members of the HECT and RLD domain containing E3 ubiquitin protein ligase (HERC) family. 

The small HERC family is a group of four genes, all of which are classified as E3 ligases and are 

induced by interferon [68]. Two HERC genes, HERC5 and HERC6 were upregulated in the 

endometrium of pregnant cattle in this study. The HERC5 gene has been recognized in later stages 

of pregnancy development, specifically day 18, and like the PARP family of genes plays a role in 

post-translational modification, protein folding, and protein trafficking [29]. The HERC6 gene is 

involved in the process of ISGylation with greater expression on days 15, 16, and 18 pregnant 

cattle [6,28]. Therefore, the increase in expression of HERC6 and other genes involved in the 

ISGylation process in the endometrium during early pregnancy may mean this process is required 

to establish and maintain uterine receptivity [6,20,38].  

The presence of ISG in the gene network reflects IFNT signaling and the important role it 

plays in the preimplantation period of pregnancy. To take a closer look at how the genes in this 

network interact, we used NetworkAnalyst to identify the metabolic pathways using the KEGG 
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database. The genes in the protein-protein interaction network were related to 44 KEGG metabolic 

pathways of which 27 pathways were significant (FDR adjusted p-value ≤ 0.05; Table 4.3) and 14 

pathways were associated with the DEG of this study. Five of the 14 metabolic pathways 

significantly associated with the DEG identified between non-pregnant and pregnant cattle were 

of interest for their role in pregnancy and the immune system. The RIG-I-like receptors, Toll-like 

receptors (TLR), NOD-like receptors (NLR) and cytosolic DNA-sensing receptors are pattern 

recognition receptors that recognize PAMP and turn on the type I IFN signaling pathway as part 

of the innate immune response [69,25,70]. The previously mentioned DDX58 and IFIH1 

prioritized genes are involved in the RIG-I-like receptor signaling pathway [34], indicating their 

role in regulation of the immune response during pregnancy. The endometrium is also known to 

express TLR 1 to 10, which play key roles in the innate immune defense against bacteria [58]. The 

TLR and NLR signaling pathways also lead to the activation of the NF-κB signaling pathway 

which controls the inflammatory response via pro-inflammatory cytokines and chemokines 

[57,69,71].  

In order to find functional candidate genes among the DEG located within QTL regions 

associated with fertility, a QTL annotation was conducted using the Genomic Annotation in 

Livestock for positional candidate LOci (GALLO) R package [72]. This revealed 217 QTL 

annotated within the coordinates of the DEG between the endometria of day 15 non-pregnant and 

pregnant cows of which milk QTLs accounted for 53%, production QTLs accounted for 28.11%, 

exterior QTLs accounted for 7.83%, health QTLs accounted for 3.23%, meat and carcass QTLs 

accounted for 1.38% and reproduction QTLs accounted for 6.45%. These reproduction QTLs were 

non-return rate, early embryonic survival, daughter pregnancy rate, conception rate, calving 

index, calving ease, calving ease (maternal), stillbirth, and interval from first to last insemination 
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(Figure 4.3b). Several of the previously discussed prioritized genes were located within these QTL, 

including PGLYRP1, MX1, IRF9, and IFIH1. Both IRF9 and IFIH1 were within the interval from 

first to last insemination QTL on BTA 10 and 2, respectively, in addition to PARP12 on BTA 4. 

The IRF9 gene was also located within the early embryonic survival QTL. The PGLYRP1 

prioritized gene was within four reproduction QTL on BTA 18, daughter pregnancy rate, calving 

ease (maternal), calving ease, and stillbirth. Moreover, the MX1 gene was within the conception 

rate QTL on BTA 1. Another calving ease QTL on BTA 10 as well as the calving index QTL 

contained ATPase phospholipid transporting 8B4 (ATP8B4). However, more research is required 

to pinpoint the function and mechanism of ATP8B4 [73]. The Z-DNA binding protein 1 (ZBP1) 

gene was also positioned within the calving ease and stillbirth QTLs on BTA 13.  The ZBP1 gene 

is an innate immune sensor involved in infection and embryonic development via regulation of 

programmed cell death and inflammation [74]. In normal conditions ZBP1 is regulated by the 

receptor-interacting protein homotypic interaction motif (RHIM) domain of receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1). However, when its interactions are not restricted, it 

leads to perinatal lethality through the activity of RIPK3 [74]. Lastly, the epithelial stromal 

interaction 1 (EPSTI1) gene was positioned within the non-return rate QTL and is known for its 

role in endometrial remodeling and organ development [16,75]. Both the ZBP1 and EPSTI1 genes 

were upregulated in bovine endometrial explants following co-culture with day 8 blastocysts as 

well as in the endometrium of day 15 and 18 pregnant cattle [28,36]. The identification of these 

genes along with the IRF9, IFIH1, PARP12, PGLYRP1, MX1, and ATP8B4 genes within 

reproduction QTL regions provides additional positional evidence for the functional relevance of 

endometrial receptivity during pregnancy.  
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The largest proportion of QTL (53%) were related to milk production. To reduce the bias 

coming from more research on milk production and other traits of higher relevance, a QTL 

enrichment analysis was conducted [72]. That analysis revealed 11 significant QTL (FDR ≤ 0.05; 

Figure 4.3c) of which one was a reproduction QTL, calving index on BTA 10. In total, ten QTLs 

were annotated in BTA 10, and one was considered enriched for calving index. The calving index 

is the maternal additive genetic effect on calving ease that accounts for stillbirth, calving ease, and 

calf size [76].   

4.5 Conclusions 

The application of RNA-Seq technology in this study identified 90 DEG in the 

endometrium of non-pregnant versus pregnant dairy cows 15 days after insemination. Sixty-nine 

of these genes were upregulated in pregnant cattle and 26 genes were prioritized candidate genes 

for their additional relationship to fertility traits. The differential expression of several genes, 

including EIF2AK2 and TREX1, were identified for the first time in the endometrium of day 15 

pregnant cattle. In silico functional analysis using the 90 DEG found many biological processes 

and metabolic pathways associated with the immune response necessary to protect the uterus from 

infection yet allow early pregnancy in cattle. These results help to better understand the bovine 

endometrial transcriptome profile during the preimplantation period when many pregnancy losses 

occur. 

4.6 Methods 

4.6.1 Animals and study design  

Animal phenotype recording and sample collection was conducted between December 

2017 and September 2018 on 82 Holstein dairy cows that were healthy (no clinical disease) during 

the transition period. The animals were housed at Ontario Dairy Research Centre (Elora, ON, 
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Canada). Animal procedures were approved by and carried out in accordance with the University 

of Guelph Animal Care Committee (AUP # 3866). All methods are reported in accordance with 

ARRIVE guidelines for the reporting of animal experiments [77].  

4.6.2 Reproductive synchronization protocol 

The cattle (n=82) were enrolled in a presynchronized timed artificial insemination program 

at 35 ± 3 days in milk (DIM). Cows received an intravaginal insert with 1.38 mg of progesterone 

(Eazi Breed CIDR, Zoetis, Inc.) for 7 days. An intramuscular injection of 25 mg of PGF2ɑ 

(Lutalyse® sterile solution, dinoprost tromethamine, Zoetis Inc) was given on the day of 

intravaginal insert removal and followed by an injection of 100 mcg of GnRH (Factrel®, 

gonadorelin, Zoetis Inc.) 3 days later. The synchronization program started a week after at 52 ± 3 

DIM with an injection of GnRH, which was followed by injections of PGF2ɑ 7 and 8 days later. 

An injection of GnRH was given 56 h after the first PGF2ɑ injection of the protocol, and artificial 

insemination with semen from one fertile Holstein sire was performed 16 h later. All cows received 

a transcervical uterine flushing with 20 mL of saline solution on the day of the first PGF2ɑ of the 

synchronization program for collection of uterine histotroph samples for a parallel study.  

Fifteen days after insemination, ultrasonography of the ovaries was performed using a 

portable ultrasound (Easy Scan; BCF Technology, Rochester, MN) equipped with a 7.5-MHz 

linear-array transducer to determine the presence of a CL. Epidural anesthesia was performed, and 

the vulva and vagina were thoroughly cleansed.  

4.6.3 Tissue collection 

Uterine flushing and endometrial biopsies were performed according to procedures 

described by Ribeiro et al. 2016 [78]. Briefly, the uterine horn ipsilateral to the CL was flushed by 

transcervical catheterization and infusion of 20 mL of phosphate buffered saline solution (PBS; 
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0.01M of phosphate buffer and 0.154M of sodium chloride, pH 7.4) supplemented with 1 mg 

polyvinyl alcohol per milliliter of solution and guided by transrectal palpation. The solution was 

infused into the uterine horn using a 60 mL dosing plastic syringe (Becton, Dickinson and 

Company, Franklin Lakes, NJ) connected to a 20 to 24 French silicone coated latex Foley catheter 

(Bard, Covington, GA). The infused fluid was recovered into the same syringe used for infusion 

and then examined in a petri dish under stereoscope for location of conceptus tissue. Up to five 

additional flushings were performed if no conceptus tissue was recovered.  

After the flushing, endometrial tissue from the uterine horn ipsilateral to the CL was 

collected for biopsy. The endometrial tissue was obtained using endometrial forceps manufactured 

specifically for uterine tissue collection in large animals and immediately placed in liquid nitrogen 

until RNA extraction. This was an in vivo study and biopsies were collected blindly.  

4.6.4 Interferon tau quantification  

The concentration of IFNT in the recovered uterine fluid from the first flush was measured 

using an ELISA (Bishop JV and Hansen TR, unpublished in collaboration with a Biopharma 

Company). As described by Dickson et al [79], cultures of human HEK cells transformed with 

bovine IFNT cDNA (bTP509) were used to purify glycosylated recombinant bovine IFNT. 

Polyclonal antibodies in goats (#51; 3.5 μg/mL) and rabbits (#5670; 9.6 μg/mL) were generated 

from the HEK cells and used in a sandwich ELISA (7.8–500 pg/mL detection range and 61 pg/mL 

limit of detection) as capture and biotinylated detection antibodies, respectively. Cows with no 

conceptus recovered or no detection of IFN-tau in the uterine fluid were considered non-pregnant 

(n=45), while those with IFN-tau detected in the uterine fluid were considered pregnant (n=37). 
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4.6.5 Progesterone assay 

Ovarian ultrasonography and concentration of progesterone in plasma during the estrous 

cycle synchronization and after insemination were used as criteria to determine successful 

synchronization of the estrous cycle [80]. Blood samples were collected on days 0, 7 and 15 post 

AI during which progesterone concentrations are expected to increase. The progesterone 

concentration was measured by RIA using the ImmunChem Coated Tube Progesterone 125 I RIA 

Kit (ICN Pharmaceuticals Inc., Costa Mesa, CA) according to the manufacturer’s protocol. Briefly, 

100μL of each standard, sample and control and 1.0 mL of Progesterone 125 I were added into the 

antiprogesterone coated tubes and vortexed. Tubes were then incubated at 37°C for 120 minutes 

in a water bath. The content of the tubes was decanted, except for the 3 total count tubes, and 

counted in a 125 I calibrated gamma counter. Standards were run in triplicate, while samples and 

controls were run in duplicate, all in one assay. Two controls (high and low progesterone) were 

distributed evenly seven times throughout the assay. The intra-assay coefficient of variation was 

14.80%.  

4.6.6 RNA extraction  

Total RNA from endometrial tissue was extracted using the Qiagen RNA Mini Kit (Qiagen, 

Hilden, Germany) according to recommendations of the manufacturer with some modifications 

and as previously described [81]. Cells were mechanically disrupted in 0.5 mL Trizol (Invitrogen, 

Grand Island, NY) using an electrical homogenizer. The solution was homogenized and incubated 

for five minutes at room temperature to allow complete dissociation of nucleoprotein complexes. 

Next, 0.1 mL of chloroform was added and incubated on ice for five to 10 minutes. The tubes were 

centrifuged at 14, 000 RPM for 15 minutes at 4oC. Approximately 400 μL of the colorless upper 

phase was harvested into a new RNase-free tube, and 350 μL of 70% ethanol was added to the 
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flow-through. Up to 700 μL of the sample, including any precipitate was transferred to the RNeasy 

spin column placed in a 2 mL collection tube and the kit protocol was followed for subsequent 

steps. After elution of RNA, samples were subjected to the TURBO DNA-freeTM kit (Ambion, 

Carlsbad, CA) for removal of contaminating DNA. Sample quality was assessed by RNA Integrity 

Number (RIN) using the RNA Integrity and Quality (IQ) assay on Qubit Fluorometer according 

to the standard kit protocol (Invitrogen, Grand Island, NY) [82]. Thirty-six RNA samples from 

endometrial tissue passed sample quality control.  

4.6.7 Library construction and RNA sequencing 

Total RNA samples from endometrial tissue from 36 Holstein dairy cattle (non-pregnant 

n=18, pregnant n=18) were submitted to the Genewiz commercial sequencing facility (South 

Plainfield, NJ) for Bioanalyzer quality control analysis (Agilent, Santa Clara, CA) and RNA 

sequencing using HiSeq Illumina Next Generation Sequencing. A sequencing library with PolyA 

selection was constructed using the Illumina TruSeq RNA sample preparation kit as described by 

Canovas et al. [82]. Paired end 150 base pair RNA-Seq was conducted on the Illumina HiSeq 

analyzer for the 36 endometrium tissue samples. 

4.6.8 RNA sequencing analysis  

Sequence reads were assembled to the annotated ARS_UCD1.2 bovine reference genome 

(Ensembl release 103) using the CLC Genomics workbench software (CLC Bio, Aarhus, 

Denmark). Quality control analysis was performed using the “NGS quality control” tool of CLC 

Genomics workbench software, which included GC content, ambiguous base content, Phred score, 

base coverage, nucleotide contributions, and over-represented sequence parameters [83]. All 36 

samples (non-pregnant n=18, pregnant n=18) passed the quality control analysis showing the same 

length (150bp), 100% coverage in all bases, 25% of A, T, G, and C nucleotide contributions, 50% 
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GC bases content, and less than 0.1% over-represented sequences. Transcript levels were 

quantified in transcripts per kilobase per million mapped reads (TPKM) and we normalized the 

data for RNA length and total reads in each sample [9,84,85,86]. A threshold value 0.2 TPKM for 

detectable gene expression was applied as described by Wickramasinghe et al. [87]. 

4.6.9 Differential gene expression  

Differential gene expression analysis was performed between the endometrial biopsies of 

non-pregnant and pregnant cattle by t-test using CLC Genomic workbench [9,82,83,86]. Genes 

were considered DE between non-pregnant and pregnant cattle when they had an FDR adjusted p-

value of p < 0.05 and a FC ≥ |2| [83]. Associated gene name annotation was performed using the 

Ensembl biomart tool [88]. 

4.6.10 Functional analysis   

A prioritization analysis was performed on the DEG identified between non-pregnant and 

pregnant cattle using the GUILDify and ToppGene software [89,90,91]. The GUILDify software 

was used to create a “trained list” of candidate genes associated with the keywords, “fertility,” 

“preimplantation,” “pregnancy,” and “embryo implantation” and to retrieve tissue-specific 

(uterus) interaction network for each gene [91,99]. The top 100 ranked genes obtained from the 

GUILDify network topology prioritization algorithm were used to create the “trained” gene list 

that was subsequently used in ToppGene with the list of DEG [91,92]. ToppGene performed a 

fuzzy-based multivariate analysis using the functional information shared between the “trained” 

gene list and the DEG GO terms for molecular function, biological process, and cellular 

component; human and mouse phenotypes; metabolic pathways; Pubmed publications; co-

expression pattern; and diseases [89,90]. A FDR adjusted p-value of 5% was applied to the overall 

p-value obtained from the combined p-values in the random sampling of 5,000 genes of each 
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annotation. The significant prioritized genes were then selected based on the FDR adjusted p-

value.  

 Functional analyses including GO enrichment analysis were performed using the list of 

DEG by WebGestalt [93]. The significant (FDR adjusted p-value <0.05) non-redundant GO terms 

associated with the three main GO categories (biological processes, molecular function, and 

cellular component) were analyzed [94]. A circular visualization of the GO enrichment analysis 

was constructed using the R package GOplot [95]. A z-score was calculated for each of the GO 

terms: z-score = 
("#$%&'()
√+&"(, , where up is number of genes up-regulated, down is the number of 

genes down-regulated, and count is the total number of genes associated with the term.  The z-

score was therefore used to indicate if the GO term was more likely to be upregulated or 

downregulated in the pregnant cattle. A protein-protein interaction network analysis was also 

performed using NetworkAnalyst 3.0 [96,97] (https://www.networkanalyst.ca) to categorize 

interactions between the list of DEG and other genes in the genome related to fertility [98]. Next, 

metabolic pathway analysis using the KEGG database was performed using the genes comprising 

the network.  Functional evidence of the relationship between the significant metabolic pathways 

and the DEG was identified.  

The regions of the DEG were also selected for QTL annotation [99] conducted using R 

(Version 4.0.0.; R Core Team, 2020) and the R package GALLO [72]. The .gff file containing the 

cattle QTL information from the Animal QTL Database [76] was used for the annotation to search 

for QTLs 500 bp upstream and 500 bp downstream of the DEG regions. A QTL enrichment 

analysis was also conducted for all the QTL information annotated within the regions of the DEGs 

[99].   This was done using a chromosome-based enrichment analysis where a bootstrap approach 

compared the observed number of annotated QTL for each trait with the expected number of QTL 
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for each trait estimated using 1000 iterations of random sampling from the whole Cattle QTL 

database. The resulting p value for the QTL enrichment of each trait within the regions of the DEG 

was then corrected for multiple testing using FDR (5%).  

4.7 Abbreviations 

ACKR4: Atypical chemokine receptor 4 
ATP8B4: ATPase phospholipid transporting 8B4  
CAMP: Cathelicidin antimicrobial peptide  
CATHL: Cathelicidin  
CD177: CD177 molecule  
CL: Corpus luteum  
DDX58: DExD/H-box helicase 58  
DEFB7: Beta-defensin 7 precursor 
DEG: Differentially expressed gene 
EIF2AK2: Eukaryotic translation initiation factor 2 alpha kinase 2  
EPSTI1: Epithelial stromal interaction 1  
FC: Fold change  
FDR: False discovery rate  
GALLO: Genomic Annotation in Livestock for positional candidate LOci 
GO: Gene ontology 
HERC: HECT and RLD domain containing E3 ubiquitin protein ligase   
IFI16: Interferon- γ inducible protein 16 
IFI27: Interferon alpha inducible protein 27  
IFIH1: Interferon induced with helicase C domain 1  
IFIT1: Interferon induced protein with tetratricopeptide repeats 1  
IFIT3: Interferon induced protein with tetratricopeptide repeats 3 
IFITM3: Interferon induced transmembrane protein 3 
IFNT: Interferon tau  
IRF: IFN regulatory factor  
ISG: Interferon stimulated gene 
ISG15: Interferon-stimulated gene 15  
KEGG: Kyoto Encyclopedia of Genes and Genomes 
LCN2: Lipocalin 2  
MX: Myxovirus resistance  
NGP: Neutrophilic granule protein 
NLR: NOD-like receptors  
OAS: 2,-5,-olgioadenylate synthetase  
OLFM4: Olfactomedin 4  
OR52H1D: Olfactory receptor family 52 subfamily H member 1D 
PARP: Poly (ADP-ribose) polymerase  
PGLYRP1: Peptidoglycan recognition protein 1  
PLAC8B: Placenta-specific gene 8 B 
PML: Nuclear body scaffold  
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PRTN3: Proteinase 3 
RHIM: Receptor-interacting protein homotypic interaction motif  
RIN: RNA Integrity Number 
RIPK1: Receptor-interacting serine/threonine-protein kinase 1 
RNA-Seq: RNA sequencing  
RSAD2: Radical s-adenosyl methionine domain containing 2  
TLR: Toll-like receptors  
TREX1: Three prime repair exonuclease 1  
UBA7: Ubiquitin like modifier activating enzyme 7  
USP18: Ubiquitin specific peptidase 18  
WebGestalt:  WEB-based Gene SeT AnaLysis Toolkit   
XAF1: XIAP associated factor 1  
ZBP1: Z-DNA binding protein 1 
 

4.8 Declarations 

4.8.1 Ethics approval and consent to participate 

This study was approved by the University of Guelph Animal Care Committee (AUP # 3866). 

Sample collections and procedures were performed in accordance with the approved guidelines 

and regulations of the University of Guelph Animal Care Committee. All methods are reported in 

accordance with ARRIVE guidelines for the reporting of animal experiments. 

4.8.2 Consent for publication 

Not applicable.  

4.8.3 Availability of data and materials 

The datasets used and/or analysed during the current study are available from the corresponding 

author on reasonable request.  

4.8.4 Competing interests 

The authors declare that they have no competing interests.  

4.8.5 Funding 

This study was funded by the Ontario Agri-Food Innovation Alliance [Ontario Ministry of 

Agriculture, Food and Rural Affairs (OMAFRA) and Ontario Ministry of Research and 



 
 

 76 

Innovation], and Natural Sciences and Engineering Research Council of Canada (Ottawa, Ontario, 

Canada). This study is also a contribution to the Food from Thought research program supported 

by the Canada First Research Excellence Fund. This study was also supported by the Sustainable 

Beef and Forage Science Cluster funded (FDE.13.17) by the Canadian Beef Cattle Check-Off, 

Beef Cattle Research Council (BCRC), Alberta Beef Producers, Alberta Cattle Feeders’ 

Association, Beef Farmers of Ontario, La Fédération des Producteurs de bovins du Québec, and 

Agriculture and Agri-Food Canada’s Canadian Agricultural Partnership. Hannah Sweet’s PhD 

program was funded by the OMAFRA-HQP program. The funding bodies played no role in the 

design of the study and collection, analysis, and interpretation of data and in writing the 

manuscript. 

4.8.6 Authors' contributions 

AC was responsible for the conceptualization, experimental design, and theoretical discussions. 

HS, MRC, JFWS, ET, OBP, and ER were responsible for sample collection. JVB and TRH 

conducted the interferon tau quantification. LAF, PF, and HS assisted with the RNA isolation.  AC 

was responsible for implementing the bioinformatic pipelines and integrating datasets. HS 

performed RNA-Seq and functional analysis. PF, ER, and AC assisted with the data analysis. AC 

was responsible for funding acquisition. All authors contributed to writing, editing, and revising 

the manuscript and approved the final version of the manuscript.  

4.8.7 Acknowledgements 

Not applicable. 

  



 
 

 77 

4.9 Tables 

Table 4.1. Differentially expressed genes in the endometrium of pregnant relative to non-pregnant 
dairy cows 15 days after insemination (fold change >+2 is upregulated in pregnant cattle; fold 
change ≥-2 is downregulated in pregnant cattle). 

Ensembl ID Gene Name P-value 
Fold 

change 

FDR1 
adjusted 
p-value 

ToppGene 
FDR1 

adjusted p-
value 

ENSBTAG00000019577 ACKR4* 1.23E-07 3.30 4.84E-05 4.26E-02 
ENSBTAG00000011936 ATP8B4 1.96E-06 2.39 6.64E-04 2.66E-01 
ENSBTAG00000003022 CAMP* 1.13E-07 -122.48 4.59E-05 1.15E-02 
ENSBTAG00000024852 CATHL2 2.54E-08 -131.52 1.10E-05  
ENSBTAG00000013356 CATHL3 3.00E-09 -608.38 1.61E-06  
ENSBTAG00000053016 CATHL4 1.89E-08 -244.64 8.76E-06  
ENSBTAG00000020076 CATHL5 4.09E-05 -15.18 1.05E-02  
ENSBTAG00000049629 CATHL6 1.57E-07 -133.43 6.00E-05  
ENSBTAG00000002976 CD177* 1.58E-04 -3.48 3.68E-02 2.03E-02 
ENSBTAG00000004560 CLEC4F 7.46E-14 12.13 5.56E-11 1.04E-01 
ENSBTAG00000008714 CLSTN2 3.48E-05 2.83 9.34E-03 7.32E-02 
ENSBTAG00000019979 CMPK2 0 5.33 0 7.32E-02 
ENSBTAG00000003366 DDX58* 0 5.13 0 7.56E-03 
ENSBTAG00000051383 DEFB7 2.11E-04 -7.31 4.71E-02  
ENSBTAG00000046580 DHX58 1.78E-15 2.90 1.64E-12 7.32E-02 
ENSBTAG00000009933 DTX3L 4.44E-16 2.90 4.76E-13 1.04E-01 
ENSBTAG00000008703 EIF2AK2* 2.16E-13 2.82 1.52E-10 7.56E-03 
ENSBTAG00000019054 EPSTI1 4.22E-15 3.54 3.77E-12 1.19E-01 
ENSBTAG00000003408  9.60E-07 -9.47 3.34E-04  
ENSBTAG00000008021 LOC112441507 1.90E-26 13.67 2.32E-23  
ENSBTAG00000011511 IFI16 3.60E-10 2.60 2.05E-07  
ENSBTAG00000019017 LOC112444847 2.42E-06 3.60 8.00E-04  
ENSBTAG00000022489 LOC509283 4.20E-14 3.70 3.21E-11  
ENSBTAG00000031214 LOC618409 3.34E-06 2.28 1.08E-03  
ENSBTAG00000038233 LOC507055 1.22E-07 2.42 4.84E-05  
ENSBTAG00000040134  1.15E-05 -27.64 3.39E-03  
ENSBTAG00000045514  1.23E-05 -5.01 3.58E-03  
ENSBTAG00000045588 LOC100298356 0 11.91 0  
ENSBTAG00000047277 PNKD 2.27E-05 -29.76 6.48E-03 1.07E-01 
ENSBTAG00000047302  7.14E-07 8.87 2.52E-04  
ENSBTAG00000049882  6.67E-06 4.31 2.06E-03  
ENSBTAG00000050417 LOC788334 1.11E-04 2.29 2.65E-02  
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ENSBTAG00000051533  1.75E-04 4.59 4.03E-02  
ENSBTAG00000051611  1.48E-08 -24.24 7.07E-06  
ENSBTAG00000052903  3.41E-08 -280.88 1.45E-05  
ENSBTAG00000053806 LOC618737 0 6.99 0  
ENSBTAG00000054702  5.25E-05 -4.06 1.32E-02  
ENSBTAG00000055239  2.02E-04 2.74 4.55E-02  
ENSBTAG00000020538 HERC5 6.66E-16 2.90 6.61E-13 5.61E-02 
ENSBTAG00000020536 HERC6 0 5.15 0 3.09E-01 
ENSBTAG00000014705 HES4 3.70E-05 2.08 9.73E-03 7.70E-02 
ENSBTAG00000038154 HSH2D 3.66E-05 2.10 9.71E-03 1.42E-01 
ENSBTAG00000003152 IFI27* 7.86E-13 4.18 5.14E-10 8.60E-03 
ENSBTAG00000034349 IFI44 0 6.20 0 1.06E-01 
ENSBTAG00000030932 IFI44L 0 5.74 0 7.67E-02 
ENSBTAG00000007554 IFI6 4.44E-16 4.20 4.76E-13 5.86E-02 
ENSBTAG00000008142 IFIH1* 1.07E-13 2.64 7.75E-11 7.56E-03 
ENSBTAG00000007881 IFIT1 0 13.61 0 5.65E-02 
ENSBTAG00000034918 IFIT2 1.33E-15 4.61 1.28E-12 5.73E-02 
ENSBTAG00000009768 IFIT3 0 5.69 0 6.85E-02 
ENSBTAG00000017367 IFIT5 0 2.60 0 5.73E-02 
ENSBTAG00000048470 IFITM1 6.80E-07 2.86 2.43E-04 5.61E-02 
ENSBTAG00000019015 IFITM3* 1.08E-08 2.34 5.47E-06 3.36E-02 
ENSBTAG00000020575 IFITM5 2.23E-08 2.16 9.78E-06 1.07E-01 
ENSBTAG00000047680 IRF7* 0 3.93 0 8.60E-03 
ENSBTAG00000005816 IRF9* 2.09E-14 2.52 1.70E-11 2.03E-02 
ENSBTAG00000014707 ISG15* 0 18.35 0 2.03E-02 
ENSBTAG00000014762 ISG20 2.04E-08 3.94 9.25E-06 6.32E-02 
ENSBTAG00000014149 LCN2* 3.38E-07 -9.94 1.24E-04 7.56E-03 
ENSBTAG00000020095 MS4A3 2.81E-05 -14.75 7.92E-03 1.55E-01 
ENSBTAG00000030913 MX1* 0 8.73 0 8.60E-03 
ENSBTAG00000008471 MX2* 0 17.41 0 2.03E-02 
ENSBTAG00000031519 NGP 1.64E-06 -58.49 5.65E-04  
ENSBTAG00000053807 OAS1X 2.39E-13 5.33 1.64E-10  
ENSBTAG00000039861 OAS1Y 0 5.15 0  
ENSBTAG00000037527 OAS1Z 5.24E-19 6.63 6.11E-16  
ENSBTAG00000014628 OAS2* 3.67E-14 7.54 2.89E-11 2.51E-02 
ENSBTAG00000022779 OLFM4* 3.48E-05 -9.03 9.34E-03 4.66E-02 
ENSBTAG00000048742 OR52H1D 5.90E-05 10.16 1.46E-02  
ENSBTAG00000009677 PARP10 2.54E-11 2.10 1.58E-08 1.15E-01 
ENSBTAG00000016546 PARP12 2.81E-13 2.25 1.88E-10 2.08E-01 
ENSBTAG00000016656 PARP14* 0 3.16 0 4.24E-02 
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ENSBTAG00000021791 PARP9* 5.34E-12 2.02 3.41E-09 2.30E-02 
ENSBTAG00000002635 PGLYRP1* 1.44E-07 -10.33 5.58E-05 3.00E-02 
ENSBTAG00000031750 PLAC8B 4.51E-09 2.97 2.37E-06  
ENSBTAG00000015779 PML* 6.06E-11 2.12 3.61E-08 7.56E-03 
ENSBTAG00000008909 PNPT1 6.66E-16 2.58 6.61E-13 1.22E-01 
ENSBTAG00000046105 PRTN3* 2.40E-06 -20.20 8.00E-04 7.56E-03 
ENSBTAG00000016061 RSAD2* 0 14.02 0 2.51E-02 
ENSBTAG00000032265 RTP4 7.99E-15 3.44 6.70E-12 3.25E-01 
ENSBTAG00000013167 SIGLEC1 7.79E-05 2.16 1.88E-02 8.05E-02 
ENSBTAG00000019437 SLFN11 1.76E-10 4.29 1.03E-07 5.61E-02 
ENSBTAG00000037702 SP140L 7.31E-09 2.09 3.77E-06 2.30E-01 
ENSBTAG00000008406 TREX1* 5.35E-11 2.00 3.26E-08 1.15E-02 
ENSBTAG00000012335 UBA7* 0 4.12 0 4.24E-02 
ENSBTAG00000005671 UBQLNL 1.09E-05 8.75 3.23E-03 4.51E-01 
ENSBTAG00000016661 USP18* 0 5.86 0 3.37E-02 
ENSBTAG00000011343 XAF1* 6.22E-15 3.04 5.38E-12 5.00E-02 
ENSBTAG00000012406 ZBP1 0 5.99 0 1.04E-01 
ENSBTAG00000020166 ZNFX1 0 3.04 0 6.85E-02 

1False Discovery Rate; *Prioritized candidate genes identified using GUILDify and ToppGene 
software. 
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Table 4.2. Significant non-redundant Gene Ontology terms (FDR adjusted p-value < 0.05) 
associated with the differentially expressed genes (FDR adjusted p-value < 0.05 and fold change 
>|2|) in the endometrium of pregnant relative to non-pregnant dairy cattle 15 days after 
insemination. 

GO 
Category GO ID GO Description 

FDR1  
adjusted 
p-value 

Genes 

Biological 
Process 

GO:0009607 
response to 

biotic stimulus 
1.0E-50 

CAMP*, CATHL2, CATHL3, 
CATHL5, CMPK2, DHX58, 

DTX3L, EIF2AK2*, 
LOC112444847, LOC100298356, 

IFI44L, IFI6, IFIH1*, IFIT3, IFIT5, 
IFITM3*, ISG15*, MX1*, MX2*, 
OAS2*, PARP9*, PGLYRP1*, 
PLAC8B, RSAD2*, TREX1* 

GO:0002252 
immune effector 

process 1.0E-50 

DHX58, DTX3L, LOC112444847, 
LOC100298356, IFI44L, IFI6, 
IFIH1*, IFIT3, IFIT5, IFITM3*, 
ISG15*, MX1*, MX2*, OAS2*, 
PARP9*, PGLYRP1*, RSAD2*, 

TREX1* 

GO:0045087 
innate immune 

response 
1.0E-50 

CAMP*, CATHL2, CATHL3, 
CATHL5, DHX58, LOC112444847, 

LOC100298356, IFI6, IFIH1*, 
IFITM3*, ISG15*, MX1*, MX2*, 
OAS2*, PARP9*, PGLYRP1*, 

PML*, RSAD2*, TREX1* 

GO:0043900 
regulation of 

multi-organism 
process 

1.5E-10 

DHX58, DTX3L, EIF2AK2*, 
LOC112444847, IFIT5, IFITM3*, 

ISG15*, MX1*, PARP9*, 
PGLYRP1*, PML*, RSAD2* 

GO:0034097 
response to 

cytokine 
1.0E-08 

ACKR4, EIF2AK2*, 
LOC112444847, IFIH1*, IFIT3, 
IFITM3*, ISG15*, MX1*, MX2*, 
OAS2*, PARP9*, PML*, PNPT1, 

TREX1* 

GO:0044419 

interspecies 
interaction 
between 

organisms 

1.3E-06 
EIF2AK2*, LOC112444847, IFIT5, 

IFITM3*, ISG15*, MX1*, 
PGLYRP1*, PML*, RSAD2* 

GO:0001816 cytokine 
production 

1.7E-03 
DHX58, EIF2AK2*, IFIH1*, 
ISG15*, PGLYRP1*, PML*, 

RSAD2*, TREX1* 

GO:0031347 
regulation of 

defense response 
2.4E-03 

DHX58, DTX3L, IFIH1*, PARP9*, 
PGLYRP1*, RSAD2*, TREX1* 
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GO:0006959 
humoral 
immune 
response 

2.8E-03 
CAMP*, CATHL2, CATHL3, 

CATHL5, PGLYRP1* 

GO:0044764 multi-organism 
cellular process 

3.1E-03 DHX58, IFIH1*, PGLYRP1* 

GO:0002684 

positive 
regulation of 

immune system 
process 

3.6E-02 
DHX58, IFIH1*, ISG15*, PARP9*, 

PGLYRP1*, RSAD2*, TREX1* 

GO:0050776 
regulation of 

immune 
response 

4.7E-02 DHX58, IFIH1*, PARP9*, 
PGLYRP1*, RSAD2*, TREX1* 

Molecular 
Function 

GO:0003725 
double-stranded 

RNA binding 
8.8E-04 DHX58, EIF2AK2*, IFIH1*, OAS2* 

GO:0003727 single-stranded 
RNA binding 

2.5E-03 DHX58, IFIH1*, IFIT5, PNPT1 

1False Discovery Rate; *Prioritized candidate genes identified using GUILDify and ToppGene 
software. 
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Table 4.3. Significant KEGG metabolic pathways (FDR adjusted p-value < 0.05) identified by 
NetworkAnalyst using the protein-protein interaction network among the 90 differentially 
expressed genes (bolded) in the endometrium of pregnant relative to non-pregnant dairy cows 15 
days after insemination (FDR adjusted p-value < 0.05 and fold change >|2|). 

Metabolic Pathway 
FDR1  

Adjusted 
p-value 

Genes 

Influenza A 4.98E-17 

IRF7*, DDX58*, MAVS, OAS1X, MX1*, 
MAPK3, IRF3, MYD88, JAK1, CREBBP, 

IFIH1*, TRIM25, IKBKE, NLRX1, OAS2*, 
EP300, TBK1, IRAK4 

RIG-I-like receptor signaling 
pathway 1.42E-16 

ISG15*, IRF7*, DDX58*, MAVS, TKFC, 
DHX58, IRF3, CYLD, IFIH1*, TRIM25, 
IKBKE, NLRX1, TRAF6, TBK1, TANK 

Measles 4.17E-14 
IRF7*, DDX58*, MAVS, OAS1X, MX1*, IRF3, 

MYD88, JAK1, IFIH1*, IKBKE, OAS2*, 
IRAK1, TRAF6, TBK1, IRAK4 

Hepatitis B 2.26E-13 
IRF7*, DDX58*, MAVS, MAPK3, IRF3, 

MYD88, JAK1, CREBBP, IFIH1*, IKBKE, 
IRAK1, EP300, TRAF6, TBK1, IRAK4 

NOD-like receptor signaling 
pathway 

9.43E-12 
IRF7*, MAVS, OAS1X, MAPK3, IRF3, 
MYD88, JAK1, IKBKE, NLRX1, OAS2*, 

TRAF6, TBK1, IRAK4, TANK 

Epstein-Barr virus infection 9.43E-12 
ISG15*, IRF7*, DDX58*, MAVS, OAS1X, 

IRF3, MYD88, JAK1, IKBKE, NEDD4, OAS2*, 
IRAK1, TRAF6, TBK1, IRAK4 

Hepatitis C 4.36E-11 
IRF7*, DDX58*, MAVS, OAS1X, MX1*, 

MAPK3, IRF3, JAK1, IFIT1, IKBKE, OAS2*, 
TRAF6, TBK1 

Toll-like receptor signaling 
pathway 1.38E-07 

IRF7*, MAPK3, IRF3, MYD88, IKBKE, 
IRAK1, TRAF6, TBK1, IRAK4 

Herpes simplex infection 2.65E-07 
IRF7*, DDX58*, MAVS, OAS1X, IRF3, 
MYD88, JAK1, IFIH1*, IKBKE, OAS2*, 

IRAK1, TRAF6, TBK1, IRAK4 

NF-kappa B signaling 
pathway 

1.16E-06 
DDX58*, PLCG1, MYD88, CYLD, TRIM25, 

IRAK1, TRAF6, IRAK4 

Kaposi's sarcoma-associated 
herpesvirus infection 2.33E-05 

IRF7*, MAPK3, PLCG1, IRF3, JAK1, 
CREBBP, IKBKE, EP300, TBK1 

Cytosolic DNA-sensing 
pathway 

2.77E-05 IRF7*, DDX58*, MAVS, IRF3, IKBKE, TBK1 

RNA transport 3.81E-05 
EIF4G3, EIF4A2, EIF4A3, EIF4G1, EIF4G2, 

EIF4E2, EIF4A1, EIF4E 

Leishmaniasis 5.03E-05 
MAPK3, MYD88, JAK1, IRAK1, TRAF6, 

IRAK4 
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Pertussis 5.07E-05 
MAPK3, IRF3, MYD88, IRAK1, TRAF6, 

IRAK4 

Tuberculosis 1.22E-04 
MAPK3, MYD88, JAK1, CREBBP, IRAK1, 

EP300, TRAF6, IRAK4 

HIF-1 signaling pathway 1.83E-04 
MAPK3, PLCG1, EIF4E2, CREBBP, EIF4E, 

EP300 

Toxoplasmosis 3.92E-04 
MAPK3, MYD88, JAK1, IRAK1, TRAF6, 

IRAK4 
EGFR tyrosine kinase 

inhibitor resistance 
8.72E-04 MAPK3, PLCG1, EIF4E2, JAK1, EIF4E 

Ubiquitin mediated 
proteolysis 

1.18E-03 
UBA7*, TRIP12, UBE2N, UBE2L6, NEDD4, 

TRAF6 

Viral carcinogenesis 3.14E-03 IRF7*, MAPK3, IRF3, KAT2B, JAK1, 
CREBBP, EP300 

Thyroid hormone signaling 
pathway 

3.88E-03 MAPK3, PLCG1, KAT2B, CREBBP, EP300 

Chagas disease (American 
trypanosomiasis) 

4.02E-03 MAPK3, MYD88, IRAK1, TRAF6, IRAK4 

Neurotrophin signaling 
pathway 

5.07E-03 MAPK3, PLCG1, IRAK1, TRAF6, IRAK4 

MAPK signaling pathway 8.43E-03 
MAPK3, FLNB, PPM1B, MYD88, IRAK1, 

TRAF6, IRAK4 
IL-17 signaling pathway 1.45E-02 MAPK3, IKBKE, TRAF6, TBK1 

Notch signaling pathway 2.21E-02 KAT2B, CREBBP, EP300 
1False Discovery Rate; *Prioritized candidate genes identified using GUILDify and ToppGene 
software.  
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4.10 Figures 

 

Figure 4.1. Circular visualization of the top 10 significant gene ontology (GO) biological 
processes (FDR adjusted p-value <0.05) associated with the differentially expressed genes (FDR 
adjusted p-value < 0.05 and fold change >|2|) between the endometrium biopsy of non-pregnant 
and pregnant cattle constructed using the R package GOplot. The blue circles indicate the 
upregulated DEG in pregnant cattle and the red circles indicate the downregulated DEG in 
pregnant cattle associated with a GO biological process. The bars in the middle correspond to the 
z-score which indicates if the GO term is more likely to be upregulated (red bar) or downregulated 
(blue bar). 
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Figure 4.2. Gene network analysis using the 90 differentially expressed genes (FDR adjusted p-
value < 0.05 and fold change >|2|) in the endometrium of non-pregnant versus pregnant dairy cows 
15 days after insemination using NetworkAnalyst. The blue circles are the differentially expressed 
genes (FDR adjusted p-value < 0.05 and fold change >|2|) and the red outline represents the 
prioritized candidate genes (FDR adjusted p-value < 0.05) identified using GUILDify and 
ToppGene software. The grey circles are the additional genes not present in our list of differentially 
expressed genes. 
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(a)                                                                    (b) 
   

 
(c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3. (a) The proportions of QTL classes annotated in the regions of the differentially 
expressed genes in the endometrium of non-pregnant versus pregnant dairy cows 15 days after 
insemination (FDR adjusted p-value < 0.05 and fold-change >|2|). (b) The reproduction class QTL 
that account for 6.45% of the 271 QTLs identified (c) The 11 significant QTL (FDR adjusted p-
value ≤ 0.05) identified in the QTL enrichment analysis.  The area of the circles represents the 
number of observed QTL for that class, while the color represents the p-value scale (the darker the 
color, smaller the p value). The x-axis shows the richness factor for each QTL, representing the 
ratio of the number of QTL to the expected number of that QTL. 
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4.11 Supplementary materials 
 

Table S4.1. Summary statistics of the RNA sequencing analysis for the differential gene 
expression (FDR adjusted p-value < 0.05 and fold change >|2|) between the endometrium of non-
pregnant and pregnant dairy cows 15 days after insemination 
 
Table S4.2. The top 100 species-specific (Homo sapiens) and tissue-specific (uterus) ranked genes 
associated with the keywords, "fertility", "preimplantation", "pregnancy," and "embryo 
implantation" obtained from the GUILDify network topology prioritization algorithm. 
 
Table S4.3. Results of the ToppGene fuzzy-based multivariate analysis using the following 
functional information shared between the “trained” gene list from GUILDify and the 
differentially expressed genes (FDR adjusted p-value < 0.05 and fold change >|2|) between the 
endometrium of non-pregnant and pregnant dairy cattle 15 days after insemination: Gene Ontology 
(GO) terms for molecular function, biological process, and cellular component; human and mouse 
phenotypes; metabolic pathways; Pubmed publications; co-expression pattern; and diseases. A 
FDR of 5% was applied to the overall p-value obtained from the combined p-values in the random 
sampling of 5,000 genes of each annotation. 
 
Table S4.4. QTL annotation using the regions of the differentially expressed genes (FDR adjusted 
p-value < 0.05 and fold-change >|2|) between the endometrium of pregnant and non-pregnant dairy 
cows 15 days after insemination. 
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5.1 Abstract 
 

Early pregnancy losses are substantial in lactating dairy cattle and a non-receptive uterine 

environment likely contributes to the problem. Endometrial gene expression differences between 

non-pregnant and pregnant cattle have been identified but, alternative splicing increases the 

complexity of gene expression. We used RNA sequencing to identify 312 differentially expressed 

(DE) mRNA isoforms in the endometrium of non-pregnant (n=18) and pregnant (n=18) lactating 

dairy cattle sampled on day 15 after insemination. Among the DE, 64 mRNA isoforms were 

previously annotated to the bovine reference genome, 235 were novel lengths of known associated 

genes, and 13 transcripts were novel lengths of unknown genes. Gene prioritization analysis on 

the 179 known associated genes revealed 69 had a previous association with fertility related traits. 

Functional analyses including gene ontology, metabolic pathway enrichment, and gene networks 

revealed several immune related terms. Moreover, annotation using the coordinates of the DE 

mRNA isoforms revealed that reproduction QTL accounted for 11.91% of all annotated QTL. The 

identification of candidate mRNA isoforms in the bovine endometrium provides targets for 

investigation of early pregnancy establishment and loss.   

5.2 Introduction 
 
 One of the main challenges affecting the dairy industry is suboptimal female fertility and 

reproductive efficiency. Approximately 90% of inseminations in high-producing dairy cattle result 

in fertilization but 56% are lost to embryonic mortality [99]. Most of these losses happen before 

maternal recognition of pregnancy, which occurs around day 16 [99]. Part of the explanation for 

these early embryonic losses may reside in the transcriptome of the endometrium, which undergoes 

many changes during the estrous cycle and pregnancy [2]. 
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Because these losses are costly to dairy producers, strategies are required to improve the 

maintenance of pregnancy in lactating dairy cows. One strategy is to use next generation high-

throughput sequencing technologies such as RNA sequencing (RNA-Seq) to identify the 

transcriptome of fertile animals, including genes characteristic of a receptive endometrium. Our 

previous research has identified large differences in gene expression between the endometrium of 

inseminated non-pregnant and pregnant cattle around the time of maternal recognition of 

pregnancy, including several interferon-stimulated genes [3,4]. However, the discovery of 

alternative splicing increases the complexity of gene expression [5].  

Alternative splicing is the process whereby specific exons within precursor mRNA are 

arranged in multiple mRNA isoforms with a distinct coding sequence [5]. These various forms of 

mRNA can generate proteins of slightly different forms that have similar or different functions 

within tissues. For example, Huang and Khatib [6] identified several genes with differential 

alternative splicing as well as novel transcript units between blastocysts and embryos with delayed 

morphology relative to their age. Moreover, Kojima et al. [7] identified an alternative splice variant 

of MX1 in the endometrial cDNA library of a pregnant cow. Differentially expressed (DE) 

alternatively spliced transcripts have also been identified in the ribeye [8] and longissimus thoracis 

[9,10] muscle, and mammary gland tissues [5] in cattle. Despite the mechanism of alternative 

splicing playing an important role in regulating complex traits, to our knowledge, no study has 

identified DE alternative spliced transcripts in the endometrium of non-pregnant vs. pregnant 

cattle.  

The objectives of this study were (1) to identify DE mRNA isoforms that are either 

annotated, annotated and of novel length, or un-annotated, in the endometrium of non-pregnant 

and pregnant dairy cattle at 15 days after insemination using RNA-Seq; (2) to identify the 
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prioritized mRNA isoforms among the  DE mRNA isoforms; (3) to perform functional analyses 

on the list of DE mRNA isoforms to identify the associated biological processes, molecular 

functions, cellular components, metabolic pathways and gene networks; and (4) to identify 

functional candidate genes among the DE mRNA located within QTL regions associated with 

fertility in cattle. 

5.3 Results 

5.3.1 Summary statistics of the RNA sequencing analysis for differential mRNA 

expression 

In total, the endometrial samples produced approximately two billion paired end reads. The 

36 endometrium samples generated an average of 59 million reads per sample, of which 92.99% 

of the reads were mapped to the annotated ARS_UCD1.2 bovine reference genome release 103 

(Table S5.1). The differential transcript expression analysis revealed 312 DE transcripts 

corresponding to 179 unique genes (false discovery rate (FDR) adjusted p-value < 0.05 and fold 

change (FC) ≥ |2|) between the endometrium of non-pregnant and pregnant cattle and each had at 

least two mRNA isoforms with one being DE. Of the 312 DE mRNA isoforms, 211 were 

upregulated and 101 were downregulated in pregnant cattle. Within these 312 DE mRNA isoforms, 

64 mRNA isoforms corresponding to 52 genes had been previously annotated to the bovine 

reference genome (Table 5.1), 235 transcripts were of novel lengths corresponding to 162 known 

genes (Table S5.2), and 13 transcripts were of novel lengths with unannotated genes in the bovine 

reference genome (Table 5.2).   

5.3.2 Functional analysis of previously annotated mRNA isoforms  

For the functional analysis, the list of genes from the 64 annotated DE mRNA isoforms 

and the 235 DE mRNA isoforms of novel lengths but previously annotated genes, were used. These 
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299 DE mRNA isoforms, associated with 179 unique annotated genes, were used for the 

subsequent functional analyses, including in the prioritization analysis. The top 100 ranked genes 

obtained from GUILDify (Table S5.3) were used to create the “trained” gene list for downstream 

analysis using Toppgene. The trained gene list represents candidate genes associated with the 

keywords, “fertility,” “preimplantation,” “pregnancy,” and “embryo implantation.” Toppgene 

recognized 149 of the 179 DE mRNA isoforms and the corresponding p-values can be found in 

Table S5.4. The genes that Toppgene did not recognize included LOC pseudogenes, cathelicidin 

genes (CATHL2, CATHL3, CATHL5), placenta-specific gene 8 B (PLAC8B), calcium-dependent 

phospholipase A2 (PLA2G2D1), small nucleolar RNA (SNORD42), and 2’-5’ oligoadenylate 

synthase genes (OAS1Z, OAS1Y, OAS1X). These genes still play a role in bovine fertility and are 

involved in the immune response [11,11,12,13,14,15]. The prioritization analysis using the list of 

179 genes resulted in 69 significant genes (FDR adjusted p-value < 0.05). 

The gene ontology (GO) enrichment analysis for biological processes, cellular 

components, and molecular functions GO categories using WebGestalt was performed on the list 

of 179 unique genes. A total of seven non-redundant biological processes were significantly 

associated with the 179 genes (FDR adjusted p-value < 0.05) including, response to biotic stimulus, 

innate immune response, immune effector process, regulation of multi-organism process, response 

to cytokine, interspecies interaction between organisms, and cytokine production (Table 5.3). Four 

of the seven biological processes are involved in the immune system: innate immune system, 

immune effector process, response to cytokine, and cytokine production. The relationship between 

the mRNA isoforms associated with these four biological processes is summarized in Figure 5.1. 

In addition, two cellular components specific granule and extracellular region, but no molecular 
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functions were found to be significantly (FDR adjusted p-value < 0.05) associated with the 179 

genes identified.   

A network containing 229 nodes (genes) and 279 edges was developed using the STRING 

interactome protein-protein interaction database with a confidence cutoff of 900 and the 179 

mRNA isoforms DE between non-pregnant and pregnant cattle (Figure 5.2a). Nineteen of the 

nodes were annotated genes associated with the DE mRNA isoforms and 15 were annotated genes 

associated with the prioritized DE mRNA isoforms. Network analysis identified interactions 

between the DE mRNA isoforms and other genes in the genome. However, to examine the 

relationship among the DE mRNA isoforms more closely, the batch selection tool was used to 

create a module from the subnetwork composed only of the DE mRNA isoforms with direct 

connections (Figure 5.2b). From there, a Kyoto Encyclopedia of Genes and Genomes (KEGG) 

metabolic pathway analysis was conducted on the genes in this network, resulting in 53 metabolic 

pathways, of which 17 were significant (FDR-adjusted p value ≤ 0.05; Table 5.4). The three most 

significant metabolic pathways were Measles, Epstein-barr virus infection, and Hepatitis C.  Also, 

the RIG-I-like receptor signaling pathway, NOD-like receptor signaling pathway, Toll-like 

receptor signaling pathway, and cytosolic DNA-sensing pathway were identified as significant 

metabolic pathways (FDR-adjusted p value ≤ 0.05; Table 5.4). These four metabolic pathways 

have important roles in pregnancy, mainly in the regulation of the immune and inflammatory 

responses.   

5.3.3 Functional analysis of novel mRNA isoforms  

 Of the 312 transcripts DE between the endometrium of non-pregnant and pregnant cows at 

15 days after insemination, 13 were of novel lengths corresponding to unknown genes. Of these 

novel mRNA isoforms, nine were upregulated and four were downregulated in the endometrium 
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of pregnant cattle. The NCBI blast tool was used to identify a predicted gene name for all 13 of 

these novel mRNA isoforms (Table 2). Of the nine novel mRNA isoforms upregulated in pregnant 

cattle, five of their predicted genes are induced by IFNT (interferon-induced protein with 

tetratricopeptide repeat 1 (IFIT1 or LOC100139670), sterile alpha motif domain containing 9 

(SAMD9), and ATPase phospholipid transporting 8B4 (ATP8B4)) three have unknown roles in 

bovine pregnancy (family with sequence similarity 3 member B (FAM3B), ubl carboxyl-terminal 

hydrolase 18-like (LOC113892624), lipopolysaccharide-binding protein (LOC514978)), and one 

had no associated gene identified. Of the four downregulated novel mRNA isoforms, two of their 

predicted genes are associated with the cell cycle (nucleosome assembly protein 1 like 3 (NAP1L3) 

and centriolin (CNTRL)), one plays a role in spermatogenesis (DDB1 and CUL4 associated factor 

8 (DCAF8)), and one in the innate immune response (deleted in malignant brain tumors 1 

(DMBT1)).  

5.3.4 QTL annotation and enrichment of DE mRNA isoforms 

  A QTL annotation was performed using the coordinates of the 312 DE transcripts between 

the endometrium of non-pregnant and pregnant cows. This revealed 570 unique QTL (Table S5.5) 

of which milk QTL accounted for 46.56%, production QTL accounted for 29.92%, reproduction 

QTL accounted for 11.91%, exterior QTL accounted for 6.41%, health QTL accounted for 2.9%, 

and meat and carcass QTL accounted for 2.29% (Figure 5.3a). The reproduction QTL were sperm 

motility, percentage normal sperm, calving index, daughter pregnancy rate, calving ease 

(maternal), interval to first estrus after calving, conception rate, early embryonic survival, 

stillbirth, scrotal circumference, age at puberty, calving ease, non-return rate, and interval from 

first to last insemination (Figure 5.3b). The QTL enrichment analysis identified 32 significant QTL 

(FDR adjusted p-value < 0.05) and six of these were reproduction QTL including non-return rate, 
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two interval from first to last insemination, early embryonic survival, daughter pregnancy rate, 

and calving index (Figure 5.3c).  

5.4 Discussion 

This study used RNA-Seq technology to identify 312 DE transcripts, generated via 

alternative splicing, between the endometrium of non-pregnant and pregnant dairy cows collected 

on day 15 after insemination. Of these DE transcripts, 64 were previously annotated, 235 were of 

novel length but of known genes, and 13 were of novel lengths with unannotated genes in the 

bovine reference genome. The 64 transcripts previously annotated and the 235 with novel lengths 

of known genes corresponded to 179 genes that were DE in pregnancy. To identify associations 

with fertility-related traits, a gene prioritization analysis was conducted, revealing that 69 of the 

179 corresponding genes were prioritized.  If we compare the 69 prioritized mRNA isoforms with 

the 26 prioritized DEG previously identified using the same samples, 19 are in common, 

confirming the importance of these genes in the context of pregnancy establishment and 

maintenance.  

One of the 69 prioritized mRNA isoforms was the known mRNA isoform A disintegrin 

metallopeptidase with thrombospondin type 1 motif 1 (ADAMTS1-201), which increased to the 

greatest extent in the endometrium of pregnant cattle (FC = 1329.73). The ADAMTS1 gene is a 

secreted protease that can bind with extracellular matrix and, thus, plays an important role in 

endometrial remodeling during pregnancy [17]. Moreover, a gene-knockout study of ADAMTS1 

in mice showed morphological abnormalities in the uterus and ovaries as well as impaired fertility 

[18]. The transcript of novel length corresponding to the Fos proto-onco, AP-1 transcription factor 

subunit (FOS) gene, which decreased to the greatest extent in the pregnant cattle (FC = -4,634.61), 

was also one of the 69 prioritized mRNA isoforms.  The FOS gene promotes cell proliferation by 
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binding an estrogen-receptor complex via its estrogen-response element (ERE) [19]. Estrogen 

activity in endometrial cells is expected to be reduced during early pregnancy because of the 

progesterone and IFNT activity [20], thus ERE binding might result in undesirable downstream 

responses of the pregnant uterus. Strong expression of FOS mRNA was previously identified in 

endometrium of non-pregnant women specifically in the proliferative phase, while the expression 

in endometrium of pregnant women was significantly lower throughout pregnancy [21,22]. 

However, to our knowledge, we are the first to identify the differential expression of the FOS 

mRNA isoform in bovine endometrium.  

 To further decipher the functional relevance of the 179 unique mRNA isoforms, we 

conducted a GO annotation for biological processes, molecular functions, and cellular 

components. There were no molecular functions significantly associated with the mRNA isoforms. 

However, two associations with cellular components were identified, specific granule and 

extracellular region. Seven non-redundant biological processes were also associated, including: 

response to biotic stimulus, innate immune response, immune effector process, regulation of multi-

organism process, response to cytokine, interspecies interaction between organisms, and cytokine 

production. All seven of these biological processes were also significantly associated with the 90 

DEG previously identified in a study using the same dairy cattle population and, thus, many of the 

mRNA isoforms associated with these biological processes overlapped with the DEG. Therefore, 

we identified specific mRNA isoform(s) that are functionally associated with these biological 

processes and with early pregnancy: MX1-201, MX1-202, MX1-203, USP18-204, ISG15-201, and 

RSAD2-201, etc.  

Many of the prioritized DE mRNA isoforms and prioritized DEG were associated with the 

immune system related biological processes including innate immune response, immune effector 
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process, response to cytokine, and cytokine production. However, the beclin 1 (BECN1), amyloid 

beta precursor protein (APP), signal transducer and activator of transcription 5A (STAT5A), C-

X-C motif chemokine receptor 4 (CXCR4), and fibronectin 1 (FN1) genes were not among the 90 

DEG previously described but were among the prioritized DE mRNA isoforms associated with 

the biological processes. As shown in Figure 5.1, many mRNA isoforms were associated with 

more than one immune-related biological process, however, for the purpose of this discussion, we 

will focus on the above-mentioned prioritized mRNA isoforms. The CXCR4 mRNA isoform was 

associated with the response to cytokine term and greatly increased in expression in pregnant cattle 

(FC = 45.96). The CXCR4 gene is a chemokine (chemoattractant cytokine) receptor gene that is 

known to be upregulated in the endometrium by pregnancy, specifically during the implantation 

or attachment window [23, 24, 25] which in cattle is approximately 3 to 9 days after our samples 

were taken. The STAT5A mRNA isoform was also associated with the response to cytokine term 

as well as cytokine production, but it was expressed to a greater extent in non-pregnant cattle than 

in pregnant cattle (FC = -51.21). It is a member of the IFN signaling pathway, induces Type I IFN-

dependent responses, and is a signal transducer in the uterus and mammary epithelial cells cells 

[Error! Reference source not found.,27]. Salilew-Wondim et al. [28] identified increased e

xpression of STAT5A in the endometrium of subfertile beef heifers. Moreover, mutations in 

STAT5A are associated with embryo loss in cattle either by a pre-fertilization (sperm factor) or a 

post-fertilization mechanism that leads to death before the blastocyst stage [27]. We can therefore 

hypothesize that the non-pregnant cattle may have a different isoform in the STAT5A and possibly 

underwent early pregnancy loss. 

The BECN1 mRNA isoform was significantly associated with the response to biotic 

stimulus and immune effector process terms. It is a tumor suppresser that is a regulator of 
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autophagy [29] and was highly expressed in the endometrium of non-pregnant cattle compared to 

pregnant cattle (FC = -18.49). The accumulation of autophagosomes or autophagy in the human 

endometrium is known to induce cell death [30] and is involved in T cell-mediated immune 

processes [31]. Xia et al. [31] identified an increased percentage of IFN-γ-producing CD4+, CD8+, 

and regulatory T cells in lymphocytes of mice that had a BECN1 deletion. Therefore, BECN1 plays 

a role in the immune response but its exact role in the bovine endometrium remains to be identified. 

The APP mRNA isoform (FC = -7.00) was also associated with the immune effector process term 

in addition to cytokine production and the extracellular region cellular component. Amyloid beta 

precursor has been extensively studied in the brain and the intestine [32,33,34]. The APP 

interaction network was also identified in the human testis and sperm [35], however, to our 

knowledge, it has not been found in the endometrium.  Regarding APPs immune function, it is a 

regulator of immune cell and cytokine secretions and proinflammatory protein expression [36,32]. 

Another mRNA isoform, FN1-205 was also downregulated in the endometrium of pregnant cows 

(FC = -4.15) and associated with the cytokine production and extracellular region terms. 

Fibronectin 1 was previously identified as one of the extracellular matrix-related genes to have a 

greater expression in the CL of low fertility cows, leading to more tissue remodeling and delayed 

CL development [37]. Moreover, pro-inflammatory cytokines are induced by a Type III domain 

of FN1 that is alternatively spliced [38], indicating this may be the FN1 mRNA isoform identified 

here.  

The network analysis performed using the 179 mRNA isoforms DE between the 

endometrium of non-pregnant and pregnant cattle revealed a network containing 229 nodes and 

279 edges (Figure 5.2a). Nineteen of these nodes were DE mRNA isoforms and of these, 12 were 

within the network for the 90 DEG previously reported in our companion study using the same 
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dairy cattle population. Moreover, 15 of the 19 mRNA isoforms were prioritized, including the 

previously discussed FOS gene as well as the two genes with the greatest number of connections 

to other nodes, proteasome 20S subunit alpha 7 (PSMA7) and eukaryotic translation initiation 

factor 4A1 (EIF4A1).  The PSMA7 mRNA is an alpha-type subunit of the proteasome and was 

downregulated in the endometrium of pregnant cattle (FC = -7.45). This is the first study to our 

knowledge that identifies PSMA7 expression in the bovine endometrium. The role of PSMA7 

within the uterus is therefore unknown, however it is highly expressed in breast, lung, gastric, and 

bladder cancer compared to normal tissues [39]. Future research is needed to identify the role of 

PSMA7 in the endometrium and its association with pregnancy success. The EIF4A1 is a 

eukaryotic translation initiation factor involved in protein synthesis, cellular development, cellular 

function, and maintenance and is known to be highly expressed during the luteal stage of the 

bovine estrus cycle [40]. This mRNA isoform was upregulated in the endometrium of pregnant 

cattle (FC = 114.67) in the current study, however more research is also required to determine its 

role during pregnancy.  

From this initial network, a smaller, more refined module was created by extracting only 

the DE mRNA isoforms with direct connections. A metabolic pathway analysis was conducted 

using the KEGG database on this 28-node module, resulting in 53 metabolic pathways of which 

17 were significant (FDR adjusted p-value < 0.05; Table 4). These included the notable RIG-I-like 

receptor, NOD-like receptor (NLR), Toll-like, and cytosolic DNA-sensing pathways that were also 

significantly associated with the DEG identified in the previous study using the same cattle 

population. These are pattern recognition receptors that play a role in the immune response during 

pregnancy. The current study confirms the results of our DEG study using the same cattle 

population and has identified which mRNA isoforms have a role in these pathways. It is interesting 



 
 

 100 

to note that the previously discussed prioritized mRNA isoform, PSMA7, is known to interact with 

NOD1 (part of the NLR family) [41]. The pattern recognition sensor, NOD1, protects the host by 

inducing apoptosis and controlling the inflammatory response, however PSMA7 promotes NOD1 

degradation [41]. Therefore, the downregulation of PSMA7 in pregnant cattle should be expected.  

In addition, 13 novel mRNA isoforms DE between non-pregnant and pregnant cattle were 

identified. These mRNA isoforms were of novel length with no annotated gene in the bovine 

reference genome. Four of these were downregulated and nine were upregulated in pregnant cattle. 

The NCBI blast tool was used to predict the gene name for each of these novel mRNA isoforms. 

Of the nine upregulated in pregnant cattle, five mRNA isoforms are induced by IFNT from the 

conceptus. The Gene_6146_3, Gene_6146_4, and Gene_6146_7 mRNA isoforms were associated 

with LOC100139670 or IFIT1, a known interferon-stimulated gene (ISG) that is also regulated by 

progesterone [42, 43]. The Gene_881 mRNA is also associated with an ISG, SAMD9. The SAMD9 

gene is a regulator of cell proliferation that has previously been categorized as a novel early 

response gene to the conceptus in the bovine endometrium [44]. Lastly, Gene_2533 is associated 

with the ATP8B4 that is also upregulated in the endometrium in response to IFNT [45]. 

Endometrial gene expression during early pregnancy is regulated both by progesterone from the 

ovary and IFNT from the conceptus [46,47], therefore these novel mRNA isoforms might be 

indicator genes for pregnancy and conceptus survival. 

To our knowledge, the remaining four upregulated mRNA isoforms have unknown roles 

in early bovine pregnancy. The Gene_214 mRNA isoform is associated with the family with 

sequence similarity 3 member B (FAM3B). This gene is an endometrial cytokine [48], however its 

role in pregnancy is unknown. In humans, the FAM3B gene is known as PANDER (pancreatic 

derived factor) and induces apoptosis of alpha and beta cells [49]. Thus, bovine FAM3B may have 
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a similar apoptotic effect in the endometrium of pregnant cows. The Gene_1300 and Gene_3226 

mRNA isoforms are correlated with LOC pseudogenes, LOC113892624 and LOC514978, 

respectively. The LOC113892624 gene is also known as ubl carboxyl-terminal hydrolase 18-like 

and is involved in protein deubiquitination and the ubiquitin-dependent protein catabolic process. 

The LOC514978 gene is a lipopolysaccharide-binding protein which has an antimicrobial response 

to bacterial infection in the endometrium of pregnant animals [50]. Lastly, the Gene_394 mRNA 

isoform had no associated gene identified, therefore further research is required to determine the 

specific gene and biological function associated with this novel mRNA.  

The four novel mRNA isoforms downregulated in pregnant cattle were Gene_2200, 

Gene_6229_1, Gene_6229_2, and Gene_6681 mRNA isoforms. The Gene_6681 mRNA isoform 

was the most downregulated (FC = -91.65) and is associated with nucleosome assembly protein 1 

like 3 (NAP1L3), a histone chaperone located on the X chromosome [51]. The NAP1 homologues 

play roles in tissue-specific transcription, apoptosis, and cell-cycle regulation [52]; however, their 

role in the endometrium has yet to be determined. The Gene_2200 mRNA isoform is also 

associated with a gene involved in the cell-cycle, centriolin (CNTRL). This gene functions in cell 

cycle progression and cytokinesis [53] and was previously identified to be expressed in the CL of 

cows [37]. The last two mRNA isoforms downregulated in pregnant cattle, Gene_6229_1 and 

Gene_6229_2, were predicted to be DDB1 and CUL4 associated factor 8 (DCAF8) and deleted in 

malignant brain tumors 1 (DMBT1), respectively. The DCAF8 gene is an E3 ubiquitin ligase that 

plays an important role in spermiogenesis, including sperm motility and morphogenetics [54]. 

Moreover, the increased expression of DCAF8 was identified in human endometrial cells treated 

with uterine natural killer (uNK) cells [55]. The DCAF8 gene is therefore altered by the paracrine 

effects of uNK cells which contribute to endometrial decidualization and trophoblast migration 
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[55]. The DMBT1 gene is estrogen-responsive [56] and codes for an innate immune defense 

molecule [57]. Tynan et al. [56] identified upregulation of DMBT1 in monkey endometrium and 

in rat uterine epithelium after exposure to estrogen, with a potential role in endometrial 

proliferation and differentiation. However, this is the first study to our knowledge that identifies 

the differential expression of DCAF8 and DMBT1 in the endometrium of non-pregnant and 

pregnant cattle, so more research is needed on their roles.  

A QTL annotation was conducted to identify the positional candidate mRNA isoforms 

among the 312 DE mRNA isoforms located within the QTL regions previously associated with 

fertility. Several QTL were annotated within the regions of the 69 prioritized mRNA isoforms, 

including one QTL for calving ease (maternal), daughter pregnancy rate, and stillbirth within 

peptidoglycan recognition protein 1 (PGLYRP1-201); four QTL for calving ease within 

PGLYRP1-201 and necdin (NDN); two QTL for interval from first to last insemination within 

interferon induced with helicase C domain 1 (IFIH1) and IFN regulatory factor 9 (IRF9); and one 

QTL for early embryonic survival, sperm motility, and conception rate within IRF9, ADAMTS1-

201, and myxovirus resistance 1 (MX1), respectively. Moreover, it is interesting to note that one 

of the identified novel mRNA isoforms, Gene_6681 (NAP1L3), was within the coordinates of the 

scrotal circumference, percentage of normal sperm, and age at puberty QTL. More research is 

therefore required to identify the exact role this novel mRNA plays in both male and female 

fertility. The previously mentioned ADAMST1 mRNA isoform, which was the most upregulated 

gene in the endometrium of pregnant cows, was located within the sperm motility QTL, indicating 

it must also play a role in male fertility. In particular, a study by Aydos et al. [58] found that 

individuals with low expression of ADAMST1 had reduced sperm motility. Measuring ADAMST1 

gene expression in bovine sperm might therefore be predictive of a bull’s fertility [59]. The 
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PGLYRP1, IFIH1, and MX1 prioritized genes have roles in the immune response to pregnancy. 

The NDN mRNA isoform was downregulated in the endometrium of pregnant cattle (FC = -20.86). 

This gene is a maternally imprinted tumour suppressor gene known to be expressed in normal 

ovarian epithelial cells and to facilitate apoptosis, thereby affecting cancer cell motility and growth 

[60]. The current study has expanded on the positional evidence by identifying the specific 

candidate DE mRNA isoforms between the endometrium of non-pregnant and pregnant cattle 

positioned within reproduction QTL (ex. PGLYRP1-201, MX1-201, MX1-202, MX1-203, IRF9-

202, and IRF9 and IFIH1 mRNA isoforms of novel lengths). In the present study, we have also 

identified several novel mRNA isoforms DE between the endometrium of non-pregnant and 

pregnant cows positioned within additional reproduction QTL not annotated in our previous study 

on the DEG in the same dairy cattle population (ex. ADAMST1-201, Gene_6681, and a NDN 

mRNA isoform of novel length).  

With the importance of milk production and other traits of higher relevance and the 

negative genetic correlation between production and reproduction traits there is a corresponding 

increase in the amount of research in these areas. Thus, as expected, the largest proportion of QTL 

were within the milk QTL category (46.56%), which creates a bias. To reduce this bias, a QTL 

enrichment analysis was conducted, which revealed 32 significant QTL (FDR adjusted p-value < 

0.05). Six of 32 significantly enriched QTL were reproduction QTL, including non-return rate, 

two interval from first to last insemination, early embryonic survival, daughter pregnancy rate, 

and calving index (Figure 5.3b). In total, 10 QTL were annotated in BTA 10, and one was 

considered enriched for interval from first to last insemination, early embryonic survival, and 

calving index. In addition, one QTL was annotated in each of BTA 12 and BTA 25 and these were 

enriched for non-return rate and daughter pregnancy rate, respectively. Lastly, 22 QTL were 
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annotated in BTA 17 and seven were enriched for interval from first to last insemination. The 

overlap between the regions of the DE mRNA isoforms and previous studies strengthens the 

association of these genomic regions with female fertility.  

To conclude, RNA-Seq technology identified 312 mRNA isoforms corresponding to 179 

annotated genes DE between the endometrium of non-pregnant and pregnant cattle at day 15. 

Sixty-nine of the genes were prioritized for their association with fertility-related traits. Functional 

analysis including GO and metabolic pathway analysis revealed several immune response terms. 

Thirteen novel mRNA isoforms were also identified, however further research is required to 

confirm the predicted genes and the role they play in the endometrium during pregnancy. The 

regions of the DE mRNA isoforms were additionally found to overlap with both male and female 

associated reproduction QTL including early embryonic survival, interval from first to last 

insemination, and sperm motility. These results help to identify the endometrium-specific mRNA 

isoforms associated with pregnancy and likely contributing to embryo development and the 

associated immune response during this time.   

5.5 Materials and Methods 

5.5.1 Animal material 

Sample collection was conducted on a population of 82 Holstein dairy cows. The animals 

were housed at the Ontario Dairy Research Centre (Elora, ON, Canada) and animal procedures 

were approved by the University of Guelph Animal Care Committee (AUP # 3866).  

The cattle were enrolled in a pre-synchronized timed artificial insemination (AI) program 

at 35 ± 3 days in milk (DIM). Fifteen days after insemination, epidural anesthesia was performed, 

and the vulva and vagina were thoroughly cleansed for tissue collection. Detailed description of 

cow management and sample collection can be found in a chapter 4.   
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5.5.2 Endometrium tissue collection and Interferon tau quantification  

Briefly, the uterine horn ipsilateral to the corpus luteum (CL) was flushed and the infused 

fluid was recovered into the same syringe and examined in a petri dish under stereoscope for 

location of conceptus tissue [61]. If no conceptus tissue was recovered in the first flush, up to five 

additional flushings were performed. After the flushing, endometrial tissue from the uterine horn 

ipsilateral to the CL was collected using endometrial forceps and stored at -80oC until RNA 

extraction. The endometrium biopsy was collected blindly.  

The concentration of IFNT in the recovered uterine fluid from the first flush was measured 

using an ELISA with a detection sensitivity of 7.8 pg/mL (Bishop JV and Hansen TR, 

unpublished). If no conceptus was recovered and IFN-tau was not detected in the uterine fluid the 

cow was considered non-pregnant (n=45). If IFN-tau was detected the cow was considered 

pregnant (n=37). 

5.5.3 Progesterone assay 

To determine if the estrous cycle was properly synchronized, ovarian ultrasonography and 

progesterone concentrations in plasma during the estrous cycle synchronization and after 

insemination were examined. Blood samples were collected on days 0, 7, and 15 post AI for 

progesterone concentration measurement using the ImmunChem Coated Tube Progesterone 125 I 

RIA Kit (ICN Pharmaceuticals Inc., Costa Mesa, CA) according to the manufacturer’s protocol. 

Briefly, 100 μL of each standard, sample, and control and 1.0 mL of Progesterone 125 I were 

added into the antiprogesterone coated tubes, vortexed, and incubated at 37°C for 120 minutes. 

The tubes content was decanted and counted in a 125 I calibrated gamma counter [62]. Cows 

without proper synchronization of the estrous cycle were excluded. 
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5.5.4 RNA extraction  

Total RNA from endometrial tissue was extracted using the Qiagen RNA Mini Kit (Qiagen, 

Hilden, Germany) according to recommendations of the manufacturer with some modifications as 

previously described [63]. Briefly, cells were mechanically disrupted in 0.5 mL Trizol (Invitrogen, 

Grand Island, NY) using an electrical homogenizer following the addition of 0.1 mL of 

chloroform. The tubes were then incubated on ice for 5 to 10 minutes and centrifuged at 14, 000 

RPM for 15 minutes at 4oC. After centrifugation, approximately 400 μL of the colorless upper 

phase was harvested into a new RNase-free tube and 350 μL of 70% ethanol was added. Up to 700 

μL of the sample was then transferred to the RNeasy spin column placed in a 2 mL collection tube 

and the kit protocol was followed. After elution of RNA, samples were subjected to the TURBO 

DNA-freeTM kit (Ambion, Carlsbad, CA) and sample quality was assessed using the RNA Integrity 

and Quality (IQ) assay on Qubit Fluorometer according to the standard kit protocol (Invitrogen, 

Grand Island, NY) [64].  

5.5.5 Library construction and RNA sequencing  

Total RNA samples from the endometrial biopsies were submitted to the Genewiz 

commercial sequencing facility (South Plainfield, NJ) for Bioanalyzer quality control analysis 

(Agilent, Santa Clara, CA) and sequencing. A sequencing library with PolyA selection was 

constructed on the 36 samples that passed quality control (non-pregnant n=18, pregnant n=18) 

using the Illumina TruSeq RNA sample preparation kit [64,65]. The Illumina HiSeq analyzer 

conducted the paired end 150 bp RNA-Seq.  

The CLC Genomics workbench software (CLC Bio, Aarhus, Denmark) was used to 

assemble the RNA-Seq reads to the annotated ARS_UCD1.2 bovine reference genome (Ensembl 

release 103) [66]. The CLC Genomics software was also used to perform quality control, including 
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GC content, ambiguous base content, Phred score, base coverage, nucleotide contributions, and 

over-represented sequence parameters [65]. All samples passed the quality control analysis (same 

length of 150 bp, 100% coverage in all bases, 25% of A, T, G, and C nucleotide contributions, 

50% GC bases content, and less than 0.1% over-represented sequences).  

5.5.6 Transcript discovery analysis  

Transcript discovery analysis was performed between the endometrium of non-pregnant 

and pregnant cows using the CLC Genomics workbench software. As described in Muniz et al. 

[10], the “Large Gap Read Mapping” tool was first used to map the paired-end sequence reads 

according to the annotated ARS_USD1.2 bovine reference genome release 104. Reads were 

considered a good match if the length fraction and similarity fraction equaled 0.8 with two 

mismatches, three insertions, and three deletions per read allowed. Next, the “Transcript 

Discovery” tool was used to identify transcripts, as described in Muniz et al. [10]. Briefly, the large 

gap read mapping track of the pregnant group and the annotated reference genome were used as 

input to produce predicted gene and transcript annotation tracks. The large gap read mapping track 

of the non-pregnant group, the annotated reference genome, and the predicted gene and transcript 

tracks produced from the pregnant group created a track containing all “known” and “unknown” 

genes/transcripts. The following read filters and splicing events were used for the transcript 

discovery analysis: minimum length of Open Reading Frame was 100, duplicate and non-specific 

matches were ignored, minimum spliced and unspliced reads of 10, minimum spliced and 

unspliced coverage ratio of 0.05, and reads with unknown splice signatures and chimeric reads 

were ignored. For the gene filtering, a merging distance of 50 bp, minimum reads of 10, and a 

minimum predicted gene length of 200 bp were used.  
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The sequences of each sample were then aligned against the predicted gene and transcript 

tracks, using the “RNA sequencing analysis” tool in the CLC Genomics Workbench as described 

by Muniz et al. [10]. Transcript levels were quantified in transcripts per kilobase per million 

mapped reads (TPKM) to facilitate the comparison of transcripts between the non-pregnant and 

pregnant groups [67]. As described by Wickramasinghe et al. [68], a threshold value of 0.2 TPKM 

for detectable transcript expression was applied. Transcripts were considered DE between non-

pregnant and pregnant cattle when they had a false discovery rate (FDR) of q < 0.05, and a fold-

change (FC) ≥ |2|.  Transcript annotation of the mRNA isoforms was performed using the Ensembl 

biomart tool [69]. 

5.5.7 Gene prioritization analysis  

 Gene prioritization analysis was performed on the DE mRNA isoforms using the 

GUILDify and ToppGene software [4,70,71]. Briefly, GUILDify retrieved a tissue-specific 

(uterus) interaction network for each gene [4] associated with the keywords, “fertility,” 

“preimplantation,” “pregnancy,” and “embryo implantation”. The top 100 ranked genes from this 

list were then used as the “trained” gene list in ToppGene with the list of DE mRNA isoforms [72]. 

A fuzzy-based multivariate analysis was performed in ToppGene using GO terms for molecular 

function, biological process, and cellular component; human and mouse phenotypes; metabolic 

pathways; Pubmed publications; co-expression pattern; and diseases as the functional information 

shared between the two gene lists [3,4,70]. The genes with a significant FDR-adjusted p-value of 

0.05 were selected as prioritized genes.  

5.5.8 Functional analysis   

Functional analysis including GO enrichment analysis, network analysis, and metabolic 

pathway analysis were conducted on the DE mRNA isoforms. The WEB-based Gene SeT 
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AnaLysis Toolkit (WebGestalt) [73] was used for the GO enrichment analysis including the three 

main GO categories, biological processes, molecular function, and cellular component, using a 

FDR adjusted p-value of 0.05 [74]. Network analysis were performed to identify interactions 

between the list of genes associated to the DE mRNA isoforms and other genes in the genome 

using NetworkAnalyst 3.0 (https://www.networkanalyst.ca) [75,76]. The batch selection tool was 

then used to create a module from the network composed only of the DE mRNA isoforms with 

direct connections. Next, a metabolic pathway analysis using the KEGG database was performed 

using this new module.   

5.5.9 QTL enrichment analysis 

A QTL annotation and QTL enrichment analysis were conducted using the regions of the 

DE mRNA isoforms. As described in Sweet et al., [59] these analyses were conducted using R 

(Version 4.0.0.; R Core Team, 2020) and the R package: Genomic Annotation in Livestock for 

positional candidate LOci (GALLO) [77]. Briefly, the cattle QTL file (.gtf) was obtained from the 

Animal QTL Database and QTL 500 bp upstream and 500 bp downstream of the DE mRNA 

regions were annotated. The chromosome-based QTL enrichment analysis was also conducted on 

the regions of the DE mRNA where the observed number of annotated QTL for each trait was 

compared with the expected number of QTL for each trait estimated using 1000 iterations of 

random sampling from the whole Cattle QTL database.  A FDR correction of 5% was applied to 

the p-value of the QTL enrichment of each trait within the regions of the DE mRNA.  

The predicted genes for the novel mRNA isoforms were identified using their positional 

coordinates obtained from the National Center of Biotechnology Information (NCBI) Genome 

Data Viewer (https://www.ncbi.nlm.nih.gov/genome/gdv/). The Basic Local Alignment Search 
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Tool (BLAST) was then used to detect similarities between the nucleotide sequences from the 

novel mRNA isoforms and the nucleotide collection in the database.  
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5.9 Tables 1 
 2 
Table 5.1. Differentially expressed mRNA isoforms (FDR adjusted p-value < 0.05 and fold change >|2|) in the endometrium of pregnant 
relative to non-pregnant dairy cows 15 days after insemination annotated within the bovine reference genome ARS_UCD1.2 (fold 
change >+2 is upregulated in pregnant cattle; fold change ≥-2 is downregulated in pregnant cattle). 

Gene name Gene ID Transcript 
Name Transcript ID Length 

(bp) P-value  Fold 
change 

FDR1 
adjusted 
p-value  

ADAMTS1 ENSBTAG00000000706 
ADAMTS1-

201 ENSBTAT00000000944 4488 2.35E-06 1329.73 1.63E-03 

ATP8B4 ENSBTAG00000011936 ATP8B4-207 ENSBTAT00000015838 3351 1.71E-04 10.04 3.19E-02 

AZU1 ENSBTAG00000045829 AZU1-201 ENSBTAT00000065019 907 2.33E-04 -123.11 3.84E-02 

CATHL3 ENSBTAG00000013356 CATHL3-206 ENSBTAT00000034610 1074 5.43E-05 -284.69 1.59E-02 

CATHL3 ENSBTAG00000013356 CATHL3-201 ENSBTAT00000026750 658 6.71E-07 -1167.83 5.89E-04 

DDX58 ENSBTAG00000003366 DDX58-201 ENSBTAT00000061377 3054 0 5.18 0 

DHX58 ENSBTAG00000046580 DHX58-201 ENSBTAT00000065634 2820 1.42E-04 4.40 2.81E-02 

DTX3L ENSBTAG00000009933 DTX3L-202 ENSBTAT00000077678 2966 1.10E-05 5.19 5.51E-03 

ECM2 ENSBTAG00000024081 ECM2-201 ENSBTAT00000015726 2367 9.05E-08 300.08 1.05E-04 

EPSTI1 ENSBTAG00000019054 EPSTI1-201 ENSBTAT00000025365 1416 1.41E-13 3.50 4.87E-10 

FN1 ENSBTAG00000008300 FN1-205 ENSBTAT00000082918 6807 1.03E-04 -4.15 2.32E-02 

HERC5 ENSBTAG00000020538 HERC5-202 ENSBTAT00000083455 3117 4.84E-08 3.54 6.05E-05 

HERC5 ENSBTAG00000020538 HERC5-203 ENSBTAT00000067896 3057 1.14E-04 3.41 2.47E-02 

IFI16 ENSBTAG00000011511  ENSBTAT00000079132 2138 1.63E-08 2.55 2.30E-05 

IFI27 ENSBTAG00000003152 IFI27-203 ENSBTAT00000004093 914 3.57E-11 4.13 9.16E-08 

IFI44L ENSBTAG00000030932 IFI44L-201 ENSBTAT00000031066 2090 6.66E-16 5.70 3.14E-12 

IFI6 ENSBTAG00000007554 IFI6-202 ENSBTAT00000009939 769 1.60E-14 4.12 6.11E-11 

IFI6 ENSBTAG00000007554 IFI6-201 ENSBTAT00000083399 857 2.11E-07 5.59 2.15E-04 

IFIT2 ENSBTAG00000034918 IFIT2-201 ENSBTAT00000049389 2671 8.31E-11 5.45 1.93E-07 

IFIT3 ENSBTAG00000009768 IFIT3-203 ENSBTAT00000012884 2709 0 5.74 0 
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IFIT3 ENSBTAG00000009768 IFIT3-202 ENSBTAT00000076376 1878 1.77E-12 7.06 5.33E-09 

IFITM1 ENSBTAG00000048470 IFITM1-201 ENSBTAT00000076722 1422 1.06E-05 2.77 5.34E-03 

IRF7 ENSBTAG00000047680 IRF7-202 ENSBTAT00000065006 1914 0 3.88 0 

IRF7 ENSBTAG00000047680 IRF7-201 ENSBTAT00000075628 1920 1.09E-09 3.66 1.92E-06 

IRF9 ENSBTAG00000005816 IRF9-202 ENSBTAT00000036455 1759 1.56E-11 2.99 4.16E-08 

ISG15 ENSBTAG00000014707 ISG15-201 ENSBTAT00000019573 602 0 19.04 0 

ISG20 ENSBTAG00000014762 ISG20-202 ENSBTAT00000019639 1323 8.41E-07 4.07 7.06E-04 

LOC100298356 ENSBTAG00000045588  ENSBTAT00000066038 1496 3.02E-15 13.82 1.33E-11 

LOC112444847 ENSBTAG00000019017  ENSBTAT00000004215 734 1.20E-05 3.62 5.91E-03 

LOC509283 ENSBTAG00000022489  ENSBTAT00000066294 6129 1.03E-09 3.52 1.83E-06 

LOC618737 ENSBTAG00000053806  ENSBTAT00000067636 1795 0 6.93 0 

LOC618737 ENSBTAG00000053806  ENSBTAT00000071382 2068 4.36E-09 6.65 6.85E-06 

MX1 ENSBTAG00000030913 MX1-201 ENSBTAT00000012035 2337 0 8.56 0 

MX1 ENSBTAG00000030913 MX1-203 ENSBTAT00000043742 2798 0 11.13 0 

MX1 ENSBTAG00000030913 MX1-202 ENSBTAT00000071501 1788 1.26E-06 7.73 9.92E-04 

OAS1Y ENSBTAG00000039861 OAS1Y-201 ENSBTAT00000016856 1691 0 5.07 0 

PARP12 ENSBTAG00000016546 PARP12-201 ENSBTAT00000022006 3719 1.50E-09 2.22 2.53E-06 

PARP14 ENSBTAG00000016656 PARP14-201 ENSBTAT00000022152 5633 2.57E-08 2.80 3.52E-05 

PARP14 ENSBTAG00000016656 PARP14-202 ENSBTAT00000067658 5359 5.20E-09 3.88 7.90E-06 

PGGHG ENSBTAG00000016722 PGGHG-203 ENSBTAT00000079547 3355 1.80E-05 2.10 7.73E-03 

PGLYRP1 ENSBTAG00000002635 
PGLYRP1-

201 ENSBTAT00000003414 844 1.23E-05 -14.22 6.00E-03 

PLAC8B ENSBTAG00000031750 PLAC8B-202 ENSBTAT00000045018 1114 1.84E-07 2.91 1.96E-04 

PLEK ENSBTAG00000009658 PLEK-201 ENSBTAT00000012724 3350 2.88E-04 -3.79 4.31E-02 

PLEKHA4 ENSBTAG00000009177 
PLEKHA4-

201 ENSBTAT00000061135 2814 1.94E-06 2.03 1.39E-03 

PML ENSBTAG00000015779 PML-201 ENSBTAT00000070043 4860 1.83E-07 2.14 1.96E-04 

PML ENSBTAG00000015779 PML-202 ENSBTAT00000020952 3283 2.45E-06 2.11 1.67E-03 

PNPT1 ENSBTAG00000008909 PNPT1-201 ENSBTAT00000011729 2569 2.63E-12 2.72 7.75E-09 
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R-BTA-162582 ENSBTAG00000008858  ENSBTAT00000011665 2523 1.20E-04 -179.94 2.55E-02 

R-BTA-6803157 ENSBTAG00000052903  ENSBTAT00000026747 554 1.45E-05 -294.71 6.70E-03 

RSAD2 ENSBTAG00000016061 RSAD2-201 ENSBTAT00000021373 2562 2.02E-05 18.05 8.34E-03 

RTP4 ENSBTAG00000032265 RTP4-201 ENSBTAT00000045760 1984 2.67E-11 3.54 7.00E-08 

SCG5 ENSBTAG00000032613 SCG5-203 ENSBTAT00000075994 918 2.97E-05 50.04 1.10E-02 

SEPTIN10 ENSBTAG00000022461 
SEPTIN10-

202 ENSBTAT00000056779 1380 2.21E-04 79.93 3.71E-02 

SLFN11 ENSBTAG00000019437 SLFN11-201 ENSBTAT00000025891 2727 1.53E-06 4.41 1.15E-03 

SPARCL1 ENSBTAG00000004094 
SPARCL1-

202 ENSBTAT00000085388 1977 3.36E-06 548.85 2.20E-03 

TNPO1 ENSBTAG00000007979 TNPO1-201 ENSBTAT00000010491 3131 1.69E-05 194.13 7.58E-03 

UBA7 ENSBTAG00000012335 UBA7-202 ENSBTAT00000016365 3245 1.13E-14 3.93 4.57E-11 

UBA7 ENSBTAG00000012335 UBA7-201 ENSBTAT00000084165 3700 2.36E-07 4.11 2.36E-04 

USP14 ENSBTAG00000019214 USP14-202 ENSBTAT00000066727 1494 1.92E-04 68.22 3.45E-02 

USP18 ENSBTAG00000016661 USP18-204 ENSBTAT00000053400 2005 8.16E-05 10.65 2.07E-02 

XAF1 ENSBTAG00000011343 XAF1-204 ENSBTAT00000015077 1635 7.55E-06 3.30 4.21E-03 

ZBP1 ENSBTAG00000012406 ZBP1-202 ENSBTAT00000037112 2407 1.35E-14 5.44 5.32E-11 

ZBP1 ENSBTAG00000012406 ZBP1-201 ENSBTAT00000016462 2814 9.07E-06 6.07 4.77E-03 

1False Discovery Rateiie14 
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Table 5.2. Differentially expressed transcripts (FDR adjusted p-value < 0.05 and fold change >|2|) of novel lengths associated with 
unannotated genes identified in the endometrium of pregnant relative to non-pregnant dairy cows 15 days after insemination (fold change 
>+2 is upregulated in pregnant cattle; fold change ≥-2 is downregulated in pregnant cattle). 

ID Position Length 
(bp) P-value Fold 

Change 

FDR1 
adjusted 
p-value 

Predicted Gene Cover 
(%) 

Identity 
(%) Accession 

Gene_214 1:141617772-

141620902 
2663 6.19E-05 7.24 1.74E-02 

Bos taurus family 

with sequence 

similarity 3 member 

B (FAM3B), 

transcript variant X2 

0.35 100.00 XM_024996472.1 

Gene_394 2:118397220-

118452351 
34219 1.36E-06 2.02 1.04E-03 

Bos taurus isolate 

Dominette_000065F 

genomic sequence 
19 82.49 KX592814.1 

Gene_881 4:10447701-

10469036 
7516 5.49E-12 3.60 1.55E-08 

Bos indicus x Bos 
taurus sterile alpha 

motif domain 

containing 9 

(SAMD9) 

34 99.84 XM_027540174.1 

Gene_1300_1 5:76018255-

76024598 
6246 6.63E-13 5.77 2.13E-09 

Bos indicus x Bos 
taurus ubl carboxyl-

terminal hydrolase 

18-like 

(LOC113892624), 

transcript variant X3 

34 99.77 XM_027541707.1 

Gene_2200 8:110540829-

110566531 
2675 1.35E-04 -4.62 2.75E-02 

Bos taurus 

centriolin (CNTRL), 

transcript variant X9 

9 100.00 XM_024996370.1 

Gene_2533 10:60430091-

60432811 
2085 8.76E-06 2.03 4.71E-03 

Bos taurus ATPase 

phospholipid 

transporting 8B4 

(putative) 

(ATP8B4), 

80 100.00 XM_015473206.2 
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transcript variant 

X11 

Gene_3226_3 13:67311595-

67319532 
694 1.99E-07 14.33 2.07E-04 

Bos taurus 

lipopolysaccharide-

binding protein 

(LOC514978), 

transcript variant X6 

35 100.00 XR_003037881.1 

Gene_6146_3 26:11059280-

11073679 
5683 7.78E-06 16.78 4.26E-03 

Bos taurus 

interferon-induced 

protein with 

tetratricopeptide 

repeats 1 

(LOC100139670), 

transcript variant X2 

6 100.00 XM_024986120.1 

Gene_6146_4 26:11059280-

11073679 
4773 1.06E-08 16.07 1.56E-05 

Bos taurus 

interferon-induced 

protein with 

tetratricopeptide 

repeats 1 

(LOC100139670), 

transcript variant X2 

6 100.00 XM_024986120.1 

Gene_6146_7 26:11059280-

11074395 
1987 6.39E-08 13.70 7.72E-05 

Bos taurus 

interferon-induced 

protein with 

tetratricopeptide 

repeats 1 

(LOC100139670), 

transcript variant X2 

10 100.00 XM_024986120.1 

Gene_6229_1 26:42479067-

42492224 
1794 1.54E-04 -6.81 2.99E-02 

Bos taurus DDB1 

and CUL4 

associated factor 8 

(DCAF8), transcript 

variant X7 

12 92.92 XR_003033201.1 

Gene_6229_2 26:42488573-

42492224 
1233 1.78E-05 -17.13 7.73E-03 

Bos taurus deleted 

in malignant brain 
33 100.00 XM_024986022.1 
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tumors 1 (DMBT1), 

transcript variant 

X44 

Gene_6681 X:42117968-

42121113 
3145 7.46E-06 -91.65 4.18E-03 

Bos taurus 

nucleosome 

assembly protein 1 

like 3 (NAP1L3) 

58 99.78 XM_005228608.4 

1False Discovery Rate 
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Table 5.3. Significant non-redundant Gene Ontology (GO) terms (FDR adjusted p-value <0.05) 
associated with the differentially expressed mRNA isoforms (FDR adjusted p-value <0.05 and fold 
change >|2|) in the endometrium of pregnant relative to non-pregnant dairy cattle 15 days after 
insemination.  

GO 
Category GO ID GO Term 

FDR1 
adjusted 
p-value 

Genes 

Biological 
Process 

GO:0009607 response to biotic 
stimulus 6.98E-09 

DHX58, LOC100298356, 
PLAC8B, IFI44L, MX1*, 

CATHL2, PARP9*, CATHL5, 
CMPK2, BECN1*, 

LOC112444847, RSAD2*, 
ISG15*, OAS2*, CATHL3, 
DTX3L, IFIT3, EIF2AK2*, 

MX2*, TREX1*, IFIH1*, IFI6, 
CAMP*, PGLYRP1* 

GO:0045087 innate immune 
response 2.00E-08 

DHX58, LOC100298356, 
MX1*, CATHL2, PARP9*, 

CATHL5, USP14*, 
LOC112444847, RSAD2*, 

PML*, ISG15*, OAS2*, 
CATHL3, MX2*, TREX1*, 

IFIH1*, IFI6, CAMP*, 
PGLYRP1* 

GO:0002252 immune effector 
process 1.20E-06 

DHX58, LOC100298356, 
IFI44L, MX1*, PARP9*, 

BECN1*, LOC112444847, 
APP*, RSAD2*, ISG15*, 

OAS2*, DTX3L, IFIT3, MX2*, 
TREX1*, IFIH1*, IFI6, 

PGLYRP1* 

GO:0043900 regulation of multi-
organism process 2.12E-03 

DHX58, MX1*, PARP9*, 
LOC112444847, RSAD2*, 

PML*, ISG15*, DTX3L, 
EIF2AK2*, PGLYRP1* 

GO:0034097 response to 
cytokine 9.04E-03 

MX1*, PARP9*, 
LOC112444847, PML*, 
ISG15*, OAS2*, IFIT3, 

STAT5A*, PNPT1, EIF2AK2*, 
MX2*, TREX1*, IFIH1*, 

CXCR4* 

GO:0044419 
interspecies 

interaction between 
organisms 

4.19E-02 
MX1*, LOC112444847, 
RSAD2*, PML*, ISG15*, 

EIF2AK2*, FN1*, PGLYRP1* 
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GO:0001816 cytokine 
production 4.19E-02 

DHX58, APP*, RSAD2*, PML*, 
ISG15*, STAT5A*, EIF2AK2*, 

TREX1*, FN1*, IFIH1*, 
PGLYRP1* 

Cellular 
Component 

GO:0042581 specific granule 2.57E-03 CATHL2, CATHL5, CATHL3, 
CAMP* 

GO:0005576 extracellular region 1.65E-02 

C1QTNF5, CATHL2, ECM2*, 
PSAP*, TDGFI*, CATHL5, 
PIGR*, PI15, TNFSF10*, 
APP*, SBSPON, ISG15*, 

CATHL3, GALNT1*, TGFBI*, 
FN1*, LGALS9*, CAPG*, 

SPARCL1*, CAMP*, 
PGLYRP1*, ADAMTS1*, 

MFAP5* 
1False Discovery Rate; *Prioritized candidate mRNA isoforms identified using GUILDify and 
ToppGene software. 
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Table 5.4. Significant KEGG metabolic pathways (FDR adjusted p-value <0.05) identified by 
NetworkAnalyst using the protein-protein interaction network built by the differentially expressed 
mRNA isoforms (bolded) with direct connections identified between the endometrium of non-
pregnant cattle and pregnant cattle 15 days after insemination (FDR adjusted p-value <0.05 and 
fold change >|2|).  

Metabolic Pathway 
FDR1  

adjusted 
p-value 

Genes 

Measles 4.44E-13 
EIF2S1, EIF2AK2*, IRF7*, FOS*, DDX58*, 
MAVS, OAS1X, IRF3, TP53, IFIH1*, OAS2*, 

IRAK1 

Epstein-Barr virus infection 8.75E-10 ISG15*, EIF2AK2*, IRF7*, PSMC5, DDX58*, 
MAVS, OAS1X, IRF3, TP53, OAS2*, IRAK1 

Hepatitis C 8.75E-10 EIF2S1, EIF2AK2*, IRF7*, MAPK3, DDX58*, 
MAVS, OAS1X, IRF3, TP53, OAS2* 

Influenza A 1.49E-09 EIF2S1, EIF2AK2*, IRF7*, MAPK3, DDX58*, 
MAVS, OAS1X, IRF3, IFIH1*, OAS2* 

Hepatitis B 2.89E-08 IRF7*, FOS*, MAPK3, DDX58*, MAVS, IRF3, 
TP53, IFIH1*, IRAK1 

Herpes simplex infection 1.85E-07 EIF2S1, EIF2AK2*, IRF7*, DDX58*, MAVS, 
OAS1X, IRF3, TP53, IFIH1*, OAS2*, IRAK1 

RIG-I-like receptor signaling 
pathway 3.80E-07 ISG15*, IRF7*, DDX58*, MAVS, DHX58, IRF3, 

IFIH1* 
NOD-like receptor signaling 

pathway 3.28E-04 IRF7*, MAPK3, MAVS, OAS1X, IRF3, OAS2* 

Toll-like receptor signaling 
pathway 4.02E-04 IRF7*, FOS*, MAPK3, IRF3, IRAK1 

Kaposi's sarcoma-associated 
herpesvirus infection 5.50E-04 EIF2AK2*, IRF7*, FOS*, MAPK3, IRF3, TP53 

Cytosolic DNA-sensing 
pathway 9.46E-04 IRF7*, DDX58*, MAVS, IRF3 

Pertussis 1.50E-03 FOS*, MAPK3, IRF3, IRAK1 
Viral carcinogenesis 1.15E-02 EIF2AK2*, IRF7*, MAPK3, IRF3, TP53 

Apoptosis 1.37E-02 EIF2S1, FOS*, MAPK3, TP53 
Leishmaniasis 2.54E-02 FOS*, MAPK3, IRAK1 

Colorectal cancer 3.75E-02 FOS*, MAPK3, TP53 
Endocrine resistance 4.13E-02 FOS*, MAPK3, TP53 

1False Discovery Rate; *Prioritized candidate genes identified using GUILDify and ToppGene 
software.  
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5.10 Figures 3 

Figure 5.1. Chord plot displaying the relationship between the DE mRNA isoforms (left-hand 
side) between non-pregnant and pregnant cattle 15 days after insemination (FDR adjusted p-value 
<0.05 and fold change >|2|) significantly associated with gene ontology biological process terms 
related to the immune system (FDR adjusted p-value <0.05; right-hand side).  
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(a)                                                                                   (b) 
 

Figure 5.2. (a) Gene network analysis using NetworkAnalyst of the 179 differentially expressed mRNA isoforms (FDR adjusted p-
value < 0.05 and fold change >|2|) between the endometrium of non-pregnant versus pregnant dairy cows 15 days after insemination 
using. (b) Module created from the subnetwork composed only of the DE mRNA isoforms with direct connections. The white circles 
with a blue outline are the differentially expressed mRNA isoforms (FDR adjusted p-value < 0.05 and fold change >|2|) and the solid 
blue circles represent the prioritized candidate mRNA isoforms (FDR adjusted p-value < 0.05) identified using GUILDify and ToppGene 
software. The grey circles are the additional genes, not present in our list of differentially expressed mRNA isoforms. 
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(a)                                                     (b)                                                                                

 
(c) 

Figure 5.3. (a) Proportions of QTL classes annotated in the regions of the differentially expressed 
mRNA isoforms between the endometrium of non-pregnant and pregnant dairy cows 15 days after 
insemination (FDR adjusted p-value < 0.05 and fold-change >|2|). (b) Reproduction class QTL 
that account for 11.91% of the 570 QTL identified (c) The 32 significant QTL (FDR adjusted p-
value ≤ 0.05) identified in the QTL enrichment analysis.  The area of the circles represents the 
number of observed QTL for that class, while the color represents the p value scale (the darker the 
color, smaller the p value). The x-axis shows the richness factor for each QTL, representing the 
ratio of number of QTL and the expected number of that QTL. 
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5.11 Supplementary materials 
 

Table S5.1. Summary statistics of the RNA sequencing analysis for the differential mRNA isoform 
(FDR adjusted p-value <0.05 and fold change >|2|) expression between the endometrium of 
pregnant and non-pregnant cattle. 

Table S5.2. Differentially expressed mRNA isoforms (FDR adjusted p-value < 0.05 and fold 
change >|2|) in the endometrium of pregnant relative to non-pregnant dairy cows 15 days after 
insemination of novel lengths corresponding to annotated genes within the bovine reference 
genome ARS_UCD1.2 (fold change >+2 is upregulated in pregnant cattle; fold change ≥-2 is 
downregulated in pregnant cattle). 

Table S5.3. The top 100 species-specific (Homo sapiens) and tissue-specific (uterus) ranked genes 
associated with the keywords, "fertility", "preimplantation", "pregnancy," and "embryo 
implantation" obtained from the GUILDify network topology prioritization algorithm. 

Table S5.4. Results of the ToppGene fuzzy-based multivariate analysis using the following 
functional information shared between the “trained” gene list from GUILDify and the 
differentially expressed mRNA isoforms (FDR adjusted p-value <0.05 and fold change >|2|): Gene 
Ontology (GO) terms for molecular function, biological process, and cellular component; human 
and mouse phenotypes; metabolic pathways; Pubmed publications; co-expression pattern; and 
diseases. A FDR of 5% was applied to the overall p-value obtained from the combined p-values in 
the random sampling of 5,000 genes of each annotation. 

Table S5.5. QTL annotation using the regions of the differentially expressed mRNA isoforms 
(FDR adjusted p-value <0.05 and fold change >|2|) between the endometrium of pregnant and non-
pregnant cattle. 
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6.1 Abstract 

 Long non-coding RNA (lncRNA) represent most of the transcriptome and play key roles 

in regulating gene expression yet, studies on the expression of lncRNA in the female reproductive 

tract of cattle are lacking. This study used RNA sequencing to identify 77 differentially expressed 

(DE) lncRNA between the endometrium of non-pregnant (n= 18) and pregnant dairy (n=18) cattle 

15 days after insemination. Of these 77 DE lncRNA, nine were known genic lncRNA but with 

different lengths, 25 were novel genic lncRNA, and 43 were novel intergenic lncRNA. Gene 

network and metabolic pathway analyses on the closest annotated transcripts to the DE lncRNA 

revealed a significant association with intracellular signaling cascades involved in fertility, 

including MAPK signaling pathway, mTOR signaling pathway, PI3K-Akt signaling pathway, and 

Wnt signaling pathway. The QTL annotation analysis revealed that 35.29% were reproduction 

QTL including both female and male reproduction traits. By identifying novel lncRNA, these 

results point to targets to better understand the molecular mechanisms of endometrial receptivity 

during early pregnancy.  

6.2 Introduction 
 
 Pregnancy losses are common and an important problem in dairy cows, with the majority 

occurring during the first four weeks of pregnancy (Santos et al., 2004). Successful pregnancies 

are contingent on a variety of factors, one of which is the receptivity of the endometrium. Fine-

tuned regulation of the endometrium is required to support the requirements of the developing 

embryo (Ribeiro et al., 2018).  The use of RNA sequencing (RNA-Seq) to identify the endometrial 

transcriptome may enhance the understanding of uterine receptivity by identifying candidate 

genes, networks, signaling pathways, and regulatory elements associated with pregnancy success 

(Cardoso et al., 2018; Asselstine et al., 2019).  
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 Long non-coding RNA (lncRNA) are an example of such regulatory elements and can be 

defined as segments of RNA longer than 200 nucleotides with minimal coding potential (Statello 

et al., 2021). They have key roles in gene regulation via interactions with DNA, RNA, and proteins 

(Statello et al., 2021). Moreover, lncRNA can be located between genes, known as long intergenic 

non-coding RNA (lincRNA) or overlapping protein-coding genes, known as genic lncRNA 

(Ransohoff et al., 2018). Gene expression can be controlled by both genic lncRNA and lincRNA 

through chromatin regulation, transcriptional regulation of close (cis-acting) and distant (trans-

acting) genes (Cánovas et al., 2012), and post-transcriptional regulation (Statello et al., 2021). 

With more lncRNA (~80%; ENCODE Project Consortium, 2012) than mRNA in the 

transcriptome, it is important to characterize the lncRNA, elucidate their role in gene expression, 

and ultimately increase understanding of their associations with phenotypic variations (Kosinska-

Selbi et al., 2020).   

 Previous studies have identified lncRNA in the uterus of sheep (La et al., 2019), goats 

(Hong et al., 2020), and pigs (Wang et al., 2016), but such studies are lacking in cows. For example, 

Wang et al. (2016) hypothesized that the TCONS_01729386 lncRNA may regulate embryo 

implantation in pigs. A study comparing the endometrium of pregnant and cyclic goats revealed 

115 differentially expressed (DE) lncRNA, of which many were co-located with genes involved 

in endometrial regulation (Hong et al., 2020). Therefore, these studies show promising results for 

the characterization and expression profiles of lncRNA during pregnancy. By identifying DE 

lncRNA between the endometrium of non-pregnant and pregnant dairy cattle during early 

pregnancy we can identify their associations with endometrial receptivity.  

Therefore, the objectives of this study were (1) to identify DE lncRNA in the endometrium 

of non-pregnant and pregnant dairy cattle at 15 days after insemination using RNA-Seq; (2) to 
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classify the DE lncRNA as known genic lncRNA with different lengths, novel genic lncRNA, and 

novel lincRNA and their closest annotated transcripts; (3) to perform functional analyses of DE 

lncRNA to identify the gene networks and enriched metabolic pathways; and (4) to perform a QTL 

annotation analysis on the regions of the DE lncRNA to identify functional candidate lncRNA 

associated with reproduction QTL in cattle.   

6.3 Materials and methods 

6.3.1 Animal material  

A sample of 82 lactating Holstein dairy cattle were enrolled in a presynchronized timed 

artificial insemination (AI) program at 35 ± 3 days in milk (DIM). The animals were housed at the 

Ontario Dairy Research Centre (Elora, ON, Canada) and animal procedures were approved by the 

University of Guelph Animal Care Committee (AUP # 3866). Briefly, epidural anesthesia was 

performed 15 days after insemination and the uterine horn ipsilateral to the corpus luteum (CL) 

was flushed up to five times for recovery of conceptus tissue. Endometrial forceps were then used 

to collect endometrial tissue from the uterine horn ipsilateral to the CL. Endometrial biopsies were 

stored at -80oC until RNA extraction. Detailed description of cow management and sample 

collection can be found in a chapter 4.   

The recovered uterine fluid from the first flush was quantified for interferon-τ (IFNT) using 

an ELISA with a detection sensitivity of 7.8 pg/mL (Bishop JV and Hansen TR, unpublished in 

collaboration with a Biopharma Company), as described by Dickson et al. (2020). Cows were 

considered non-pregnant (n=45) if no conceptus was recovered or IFNT was not detected in the 

uterine fluid and pregnant (n=37) if a conceptus was recovered or IFNT was detected.  

As described in King et al. (2020), to determine proper synchronization of the estrous cycle, 

blood samples were collected on days 0, 7, and 15 post AI for progesterone concentration 
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measurement using the ImmunChem Coated Tube Progesterone 125 I RIA Kit (ICN 

Pharmaceuticals Inc., Costa Mesa, CA), according to the manufacturer’s protocol.  

6.3.2 Endometrium tissue RNA extraction and RNA sequencing expression analyses 

Total RNA from endometrial biopsies was extracted using the Qiagen RNA Mini Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s recommendations with some 

modifications (Sabry et al., 2021;). Briefly, cells were mechanically disrupted in Trizol 

(Invitrogen, Grand Island, NY) using an electrical homogenizer. After incubation on ice for 5 to 

10 minutes with 0.1mL of chloroform and centrifugation at 14,000 RPM for 15 minutes at 4oC, 

the upper phase of the solution was harvested into a new RNase-free tube and 350 μL of 70% 

ethanol was added. The sample was then transferred to the RNeasy spin column and the kit 

protocol was followed. After elution of RNA, the TURBO DNA-freeTM kit (Ambion, Carlsbad, 

CA) was used and sample quality was assessed using the RNA Integrity and Quality (IQ) assay on 

Qubit Fluorometer according to the standard kit protocol (Invitrogen, Grand Island, NY; Cánovas 

et al., 2013).  

Total RNA samples from 36 Holstein dairy cattle (non-pregnant n=18, pregnant n=18) 

were submitted to the Genewiz commercial sequencing facility (South Plainfield, NJ) for 

Bioanalyzer quality control analysis (Agilent, Santa Clara, CA) and Sequencing. The Illumina 

TruSeq RNA sample preparation kit (Cánovas et al., 2013; Cánovas et al., 2014) was used to 

construct a sequencing library with PolyA selection on the 38 samples, following paired end 150 

base pair RNA-Seq using the Illumina HiSeq analyzer.  

The CLC Genomics workbench software (CLC Bio, Aarhus, Denmark) was used to 

assemble the RNA-Seq reads to the annotated ARS_UCD1.2 bovine reference genome (Ensembl 

release 103; Asselstine et al., 2019). Quality control analysis, including GC nucleotide content, 
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ambiguous base content, Phred score, base coverage, nucleotide contributions, and over-

represented sequence parameters was performed (Cánovas et al., 2014) and all 36 samples passed 

(same length of 150bp, 100% coverage in all bases, 25% of A, T, G, and C nucleotide 

contributions, 50% GC bases content, and less than 0.1% over-represented sequences).  

As described by Muniz et al. (2021), the “Large Gap Read Mapping” (LGRM) tool in the 

CLC Genomics workbench was used to map the paired-end sequence reads to the annotated 

ARS_USD1.2 bovine reference genome release 103 using length fraction and similarity fraction 

equal to 0.8 with two mismatches, three insertions, and three deletions per read. Next, the 

“Transcript Discovery” tool was used to identify transcripts in the non-pregnant and pregnant 

groups based on the annotated reference genome. This used the LGRM assembly from the pregnant 

group and the annotated reference genome as input to produce predicted gene and transcript 

annotation tracks. The LGRM track from the non-pregnant group, the annotated reference genome, 

and the predicted gene and transcript tracks produced from the pregnant group produced a 

predicted transcript track. This transcript file (.gtf) contained information from non-pregnant and 

pregnant groups and annotated genome information. Parameters for read filters and splicing events 

were: minimum length of open reading frame of 100, duplicate and non-specific matches were 

ignored, minimum spliced and unspliced reads of 10, minimum spliced and unspliced coverage 

ratio of 0.05, and reads with unknown splice signatures and chimeric reads were ignored (Cardoso 

et al., 2018). 

6.3.3 lncRNA identification 

 The FIExible Extraction of LncRNAs (FEELnc) pipeline (Wucher et al., 2017) was used 

to annotate lncRNA in the transcript file (.gtf). Protein-coding, pseudogene, miRNA and 

transcripts less than 200bp in length were discarded using the FEELnc filter. After filtering, the 
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FEELnc codplot tool was used to calculate the candidate transcripts coding potential score that 

maximized sensitivity and specificity (0.93,0.93). This classified the transcripts as lncRNA or 

protein-coding RNA.  

The lncRNA transcript file was then combined with the annotated bovine reference genome 

ARS.UCD1.2 to create gene and RNA tracks using the CLC Genomics workbench software. Next, 

the “RNA sequencing analysis” tool was used to align the sequences against the predicted gene 

and transcript tracks. Transcript levels were quantified as transcripts per kilobase per million 

mapped reads (TPKM) and normalized for RNA length and total reads (Mortazavi et al., 2008; 

Cánovas et al., 2010; Cánovas et al., 2014; Cánovas et al., 2015).  

6.3.4 Differential lncRNA expression 

 Differential expression analysis was performed between the endometrial samples of non-

pregnant and pregnant cattle collected 15 days after insemination using the CLC Genomics 

workbench (Cánovas et al., 2013; Cánovas et al., 2014; Cánovas et al., 2015; Asselstine et al., 

2019; Muniz et al., 2020). Transcripts were considered DE between non-pregnant and pregnant 

cattle when they had a false discovery rate (FDR) of p < 0.05, and a fold-change (FC) ≥ |2| 

(Asselstine et al., 2019). The FEELnc lncRNA file was used to identify the DE lncRNA among 

the DE transcripts. 

6.3.5 Functional analysis  

 The FEELnc classifier module of the FEELnc program was used to annotate the type of 

DE lncRNA as genic or intergenic (lincRNA), the direction (sense or antisense), the subtype for 

genic (overlapping, containing, or nested) and lincRNA (divergent, convergent, or same-strand), 

and the location (exonic or intronic for genic lncRNA and upstream or downstream for lincRNA) 
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with respect to the closest annotated transcripts (Wucher et al., 2017). The average distance 

between the lincRNA and their closest annotated transcripts was 14, 245 nucleotides (Table 6.3).  

 Functional analysis, including network analysis and metabolic pathway analysis was 

conducted on the closest annotated transcripts to DE lncRNA. First, Network Analyst 3.0 (Xia et 

al., 2014; Xia et al., 2015; https://www.networkanalyst.ca) was used to identify interactions 

between the transcripts closest to the DE lncRNA and other genes in the genome (Lam et al., 

2021). A second order interaction network function was used to search for higher-order 

interactions. From this network, the batch selection tool created a module composed only of the 

DE lncRNA with direct connections to other genes in the network. Metabolic pathway analysis 

using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was performed using this 

new module.   

A QTL annotation analysis was conducted using the regions of the DE lncRNA (Sweett et 

al., 2020) in R (Version 4.0.0.; R Core Team, 2020) and the R package: Genomic Annotation in 

Livestock for positional candidate LOci (GALLO; Fonseca et al., 2020).  Briefly, QTL 500 bp 

upstream and 500 bp downstream of the DE lncRNA regions were annotated based on the cattle 

QTL file (.gtf) from the Animal QTL Database (Hu et al., 2013).  

6.4 Results 
6.4.1 Summary statistics of the RNA sequencing analysis for the differential lncRNA 

expression  

 The endometrial samples from the non-pregnant and pregnant cows produced a total of 

approximately two billion paired end reads and an average of 59 million reads per sample, with 

92.15% mapping to the annotated ARS_UCD1.2 bovine reference genome release 103 (Table 

S6.1). The differential transcript expression test resulted in 217 transcripts DE (FDR adjusted p-

value < 0.05 and FC ≥ |2|) between the endometrium of non-pregnant and pregnant cattle 15 days 
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after insemination. Of these 217 transcripts, 77 were DE lncRNA, with 10 upregulated and 67 

downregulated in the endometrium of pregnant cows.   

6.4.2 Categorization of differentially expressed lncRNA 

 Of the 77 DE lncRNA, 29 were in the sense direction and 48 in the antisense direction of 

protein-coding transcripts. Nine of the 77 DE lncRNA corresponded to known genic lncRNA but 

were of different length (Table 6.1). A total of 68 out of the 77 DE lncRNA were novel 

(unannotated) lncRNA. Among them, 25 were classified as novel genic lncRNA which overlapped 

with a gene in the annotated reference genome. Five of the novel genic lncRNA were upregulated 

and 20 were downregulated in the endometrium of pregnant cattle (Table 6.2). All but one 

(Gene_1950.7) of the novel genic lncRNA were in the antisense direction of intronic and exonic 

regions.  

Forty-three of the novel DE lncRNA were classified as intergenic, meaning they did not 

overlap with annotated genes. For the novel lincRNA, four were upregulated and 39 were 

downregulated in the endometrium of pregnant cows (Table 6.3). Twenty-three of the novel 

lincRNA were in the antisense direction and 20 in the sense direction upstream or downstream of 

the partner RNA transcript.  

6.4.3 Functional analysis of differentially expressed lncRNA 

For the functional analysis, the closest annotated transcripts to the DE lncRNA were used, 

including those overlapping with the known genic lncRNA, novel genic lncRNA, and novel 

lincRNA. Out of the closest annotated transcripts, four were DE genes and six were DE mRNA 

isoforms identified in a previous study using the same samples. NetworkAnalyst created a 

STRING interactome with a confidence score cutoff of 900, using the 77 closest annotated 

transcripts to the lncRNA DE between the endometrium of non-pregnant and pregnant cows. This 
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resulted in a network containing 35 nodes and 34 edges. To search for higher-order interactions, a 

second-order interaction network is recommended for networks with fewer than 200 nodes (Xia et 

al., 2014; Xia et al., 2015; https://www.networkanalyst.ca). This second-order interaction network 

contained 992 nodes and 1915 edges. The batch selection tool was then used to create a module 

from this network composed by the 10 DE lncRNA that explained the majority of the topology of 

the network (Figure 6.1).  

Metabolic pathway analysis was conducted on the genes in this module, resulting in 107 

significant (FDR adjusted p-value < 0.05) metabolic pathways with focal adhesion, EGFR tyrosine 

kinase inhibitor resistance, and thyroid hormone signaling pathway as the three most significant 

(Table 6.4). The closest annotated transcripts to the lncRNA were associated with interacting 

signaling pathways known to be involved in cell survival and differentiation including 

neurotrophin signaling pathway, MAPK signaling pathway, mTOR signaling pathway, and Wnt 

signaling pathway.  

 The coordinates of the 77 lncRNA DE between the endometrium of non-pregnant and 

pregnant cows were used in the QTL annotation analysis conducted with the GALLO R package 

(Fonseca et al., 2020). The QTL annotation analysis revealed 50 unique QTL (Table S6.2), of 

which milk QTL accounted for 47.06%, reproduction QTL for 35.29%, both production and health 

QTL for 7.84%, and meat and carcass QTL for 1.96% (Figure 6.2a). The reproduction QTL 

included one QTL for percentage of normal sperm, one QTL for calving ease, seven QTL for 

scrotal circumference, and nine QTL for age at puberty (Figure 6.2b). 

6.5 Discussion 

We identified 77 lncRNA DE between the endometrium of non-pregnant and pregnant 

dairy cattle 15 days after insemination using RNA-Seq. Of the closest annotated transcripts to these 



 
 

 134 

77 lncRNA, four were DE genes and six were DE mRNA isoforms identified in a previous study 

using the same samples. The 77 lncRNA were classified as either genic, when the lncRNA 

overlapped with a protein-coding gene in the annotated bovine reference genome, or intergenic 

when the lncRNA did not overlap with a gene, so it is located between annotated genes in the 

bovine reference. This resulted in the 77 DE lncRNA being subdivided into 34 genic lncRNA and 

43 lincRNA. The genic lncRNA were further subdivided into nine previously annotated in the 

bovine reference genome but with a different length, and 25 novel genic lncRNA. Of the nine 

genic lncRNA annotated in the bovine reference genome but of different lengths, eight do not have 

a specific gene symbol associated with them and therefore their function is unknown. However, 

CCATT enhancer binding protein gamma (CEBPG.1) was the most downregulated genic lncRNA 

in pregnant cows (annotated but of different length; FC = -117.22; Table 6.1). This exonic lncRNA 

partially overlaps with the peptidase D (PEPD) gene, which is known to suppress p53, a tumor 

suppressor, under normal conditions (Yang et al., 2017). Therefore, we can hypothesize that 

greater expression of CEPBG.1 in the endometrium of non-pregnant cattle may indicate 

suppression of p53 via PEPD, leading to abnormal cell survival or inflammation.  

 The most downregulated novel genic lncRNA was Gene_5848.1 (FC = -107.34; Table 6.2) 

which was in an intronic region and partially overlaps with PH domain and leucine rich repeat 

protein phosphatase 1 (PHLPP1). The PHLPP1 gene plays a role in the innate immune response 

via the regulation of STAT1, a transcriber of inflammatory genes (Katsenelson et al., 2019), and 

may play a similar role in the endometrium. The most upregulated novel genic lncRNA in the 

endometrium of pregnant cattle was Gene_1950.7 (FC = 41.72). This lncRNA was the only genic 

lncRNA located in the sense direction and contained the ENSBTAG00000054248 gene, whose 

function is unknown. It is important to note that two of the five upregulated novel genic lncRNA, 
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Gene_2533.2 and Gene_3508.8, interact with two genes previously identified as DE in pregnant 

vs. non-pregnant dairy cows, ATPase phospholipid transporting 8B4 (ATP8B4) and Tripartite 

motif 34 (TRIM34), respectively. The ATP8B4 gene was DE and corresponded to a DE mRNA 

isoform of novel length in two previous studies using the same Holstein dairy cattle samples. The 

ATP8B4 gene responds to IFNT from the conceptus and is therefore upregulated in the 

endometrium in pregnant cows (Sánchez et al., 2019). The TRIM34 gene also corresponded with 

a novel mRNA isoform in the previous study. It is induced by type I and type II interferons in 

human macrophages and lymphocytes and is associated with the innate immune response (Zhang 

et al., 2006; Carthagena et al., 2009; An et al., 2020), so this gene may have a similar role in the 

bovine endometrium. The proximity of the Gene_2533.2 and Gene_3508.8 DE lncRNA to these 

previously identified mRNA suggests the novel lncRNA may regulate expression of ATP8B4 and 

TRIM34. Future research on these novel genic lncRNA is warranted.  

 Two novel lincRNA, Gene_1300.3 and Gene_214.2, also interact with genes previously 

identified as DE between the endometrium of non-pregnant and pregnant cattle, ubiquitin-specific 

peptidase 18 (USP18) and myxovirus resistance 2 (MX2), respectively. Interestingly, Gene_1300.3 

is transcribed in the same orientation downstream of USP18-204, a DE mRNA isoform identified 

in a previous analysis using the same endometrial biopsies. In that study, four MX2 mRNA 

isoforms of novel lengths were also DE. The USP18 and MX2 genes are well known interferon-

stimulated genes expressed during early pregnancy and were also prioritized for their association 

with fertility-related traits in the differential gene expression study. Here, we have taken these 

results a step further by identifying novel lincRNA that may regulate the function or stability of 

USP18 and MX2 in the bovine endometrium. Among the novel lincRNA, Gene_6699.1 was the 

most upregulated (FC = 55.92) and Gene_3346.2 was the most downregulated (FC = -199.86). 
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The Gene_6699.1 lincRNA is transcribed in the same orientation downstream of Brain-expressed 

X-linked protein 3 homolog (BEX3), a pro-apoptotic protein (Cabral et al., 2015). The role of this 

gene during early pregnancy is unknown, however apoptosis is tightly regulated in the 

endometrium during early pregnancy (Wang et al., 2003). The Gene_6699.1 lincRNA and the 

closest annotated transcript, BEX3, may therefore contribute to regulation of apoptosis during 

pregnancy. The most downregulated novel lincRNA in pregnant cattle, Gene_3346.2, is 

transcribed in the same orientation of SRY-Box Transcription Factor 17 (SOX17). In humans, the 

SOX17 gene is an important transcription factor for endometrial receptivity and embryo 

implantation (Kinnear et al., 2019). We can thus hypothesize that Gene_6699.1 is part of a 

signaling pathway with other genes or regulatory factors that increase the expression of SOX17 

during early pregnancy.     

 To visualize the gene interactions, a second-order network was made using the 77 

annotated transcripts closest to the DE lncRNA. Of the 992 nodes, 11 were annotated transcripts 

that were extracted with their directly connected genes to create a module for the metabolic 

pathway analysis. The metabolic pathway analysis revealed 112 significant pathways. Of the 11 

transcripts closest to the DE lncRNA, the RuvB-like AAA ATPase 1 (RUVBL1) and ribosomal 

protein S6 kinase A1 (RPS6KA1) genes had the highest degree or number of connections to other 

nodes in the network. Both the Gene_5496.4 and Gene_5496.3 lincRNA were downregulated in 

the endometrium of pregnant cattle and are transcribed in a head-to-head orientation with 

RUVBL1. The RUVBL1 gene is a molecule involved in transcriptional regulation, apoptosis, and 

the development of stem cells (Taniuchi et al., 2014; Shevchenko et al., 2019), but has an unknown 

role in the endometrium. However, this gene is involved in the Wnt signaling pathway which is 

important for endometrial changes and embryonic development during early pregnancy (Biase et 
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al., 2013; Tepekoy et al., 2015). For example, Tribulo et al (2017) found that embryo derived Wnts 

regulate the pluripotency of the inner cell mass while exogenous Wnts may be important for the 

development of the embryo to the blastocyst stage, depending on the Wnt ligand. We can thus 

hypothesize that during pregnancy, reduced expression of Gene_5496.4 and Gene_5496.3 

lincRNA may lead to the activation of RUVBL1 and the subsequent regulation of Wnt signaling in 

the endometrium.  

The novel genic lncRNA, Gene_441.1, was also downregulated in the endometrium of 

pregnant cattle and overlaps with RPS6KA1, another gene with many connections in the gene 

network. The latter gene is part of a family of protein serine/threonine kinases and was previously 

identified as a DEG between days 7 and 13 in the endometrium of non-pregnant cattle with normal 

and low progesterone concentrations (Forde et al., 2012). The Gene_441.1 lncRNA may play a 

role in endometrial changes that take place in the absence of an embryo via the regulation of 

RPS6KA1. Moreover, the RPS6KA1 gene was involved in several significant metabolic pathways 

including the neurotrophin signaling pathway, MAPK signaling pathway, progesterone-mediated 

oocyte maturation, oocyte meiosis, mTOR signaling pathway, insulin resistance, and long-term 

potentiation (Table 6.4). The neurotrophin signaling pathway and MAPK signaling pathway were 

also significant metabolic pathways identified in the network of DEG between the same 

endometrial samples of non-pregnant and pregnant cows.   

 Neurotrophin signaling is regulated via the connection of intracellular signaling cascades, 

one of which is the MAPK signaling pathway (Reichardt et al., 2006). Within these pathways, 

RPS6KA1 is activated via extracellular signal-related protein kinases (ERK) and subsequently 

phosphorylates cyclic AMP response element binding protein (CREB), leading to transcription of 

genes involved in cell survival and differentiation (Reichardt et al., 2006). These pathways are 



 
 

 138 

therefore involved in endometrial development and differentiation (Sigdel et al., 2021; Xie et al., 

2021). The MAPK signaling pathway is also connected to the progesterone-mediated oocyte 

maturation and oocyte meiosis metabolic pathways where RPS6KA1 contributes both to meiosis 

I and meiosis II. In cattle, immature oocytes are arrested during meiosis I and the luteinizing 

hormone surge restarts meiosis and the maturation of the oocyte (Fair and Lonergan 2012).  

The RPS6KA1 protein also facilitates crosstalk between the MAPK signaling pathway and 

the mTOR signaling pathway (Kim et al., 2010). In the mTOR pathway, RPS6KA1 inactivates 

tuberous sclerosis (TSC1/2) through phosphorylation leading to the activation of mTOR complex 

1 (mTORC1; Laplante & Sabatini 2009). The mTORC1 regulates cell growth and protein synthesis 

(Laplante & Sabatini 2009) that also influence endometrial receptivity (Guo and Yu, 2019). 

Moreover, the mTOR signaling pathway is required for ovine conceptus elongation during the 

preimplantation period (Kim et al., 2010). The RPS6KA1 protein can also act independently from 

the mTOR pathway to play a role in insulin resistance (Smadja-Lamère et al., 2013). The insulin 

resistance metabolic pathway occurs when a normal concentration of insulin produces a reduced 

response in a given tissue (De Koster and Opsomer, 2013). Dairy cows are insulin resistant during 

late pregnancy and in early lactation to ensure glucose is supplied to the uterus and the mammary 

gland to support the fetus and lactation (Bell and Baumam, 1997; De Koster and Opsomer, 2013). 

More research on the role of RPS6AK1 in insulin resistance during early pregnancy is warranted.  

The previously discussed annotated genes closest to the lncRNA, MX2, BEX3, and 

PHLPP1, were also in the gene network. The MX2 node was connected to ubiquitin like modifier 

activating enzyme 7 (UBA7) and interferon stimulated gene 15 (ISG15), prioritized genes in the 

differential gene expression and DE mRNA isoform studies on the endometrium of non-pregnant 

and pregnant cattle collected at day 15 post AI.  The BEX3 (Gene_6699.1 lincRNA) and PHLPP1 
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(Gene_5848.1 genic lncRNA) genes were also associated with the neurotrophin signaling pathway 

and PI3K-Akt signaling pathway, respectively. Like the previously mentioned signaling pathways, 

the PI3K-Akt signaling pathway is involved in cell growth and survival (Brognard et al., 2007; 

Hemmings and Restuccia, 2015) and one of the downstream targets of Akt is the mTOR signaling 

pathway (Ribeiro et al., 2016). It is clear the MAPK, mTOR, and PI3K/Akt signaling pathways 

act together and mediate the adhesion and migration of trophectoderm cells during early pregnancy 

(Kim et al., 2010). The trophectoderm cells secrete molecules such as IFNT that control 

endometrial physiology, ultimately creating a crosstalk between the elongating conceptus and the 

endometrium. Interestingly, the PHLPP1 gene inactivates Akt2 via dephosphorylation and 

subsequently promotes apoptosis and the inhibition of cell-cycle progression (Brognard et al., 

2007). The Gene_5848.1 genic lncRNA may therefore suppress the expression of PHLPP1 during 

early pregnancy to allow for cell survival and proliferation.  

Another gene within the network of 77 transcripts closest to the DE lncRNA, was integrin 

alpha subunit 6 (ITGA6). The novel lincRNA, Gene_294.1, is transcribed in a head-to-head 

orientation with ITGA6 and was downregulated in the endometrium of pregnant cattle (FC = -

32.89). Salilew-Wondin et al. (2010) identified an increase in the expression of ITGA6 in the 

endometrium of pregnant compared to non-pregnant bovine, indicating its importance to uterine 

receptivity. This gene was also associated here with nine of the significant metabolic pathways 

(Table 6.4), of which focal adhesion, PI3K-Akt signaling pathway, regulation of actin 

cytoskeleton, and ECM-receptor interaction relate to fertility.  Integrins such as ITGA6 assemble 

focal adhesions known to mediate cell to cell communication within the extracellular matrix 

(ECM) and the actin cytoskeleton (Kimmins and MacLaren 1999; Bridger et al., 2008). This 

signaling cascade is essential for driving endometrial receptivity during pregnancy (Scolari et al., 
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2017). In relation to the PI3K-Akt signaling pathway, integrins play a positive role by activating 

phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K; Moreno-Layseca and Streuli, 2014).  

The QTL annotation analysis on the regions of the 77 lncRNA DE between the 

endometrium of non-pregnant and pregnant cattle revealed 35.29% out of the 50 identified were 

reproduction QTL. This included calving ease, percentage of normal sperm, scrotal 

circumference, and age at puberty QTL. These reproduction QTL were also among the QTL 

annotated within the regions of the DE mRNA isoforms that we identified previously in the same 

samples. The genic DE lncRNA, Gene_2674.1 (FC = -45.53), overlapped with 

ENSBTAG00000051275 and was positioned within the calving ease QTL. The previously 

discussed Gene_6699.1 lincRNA (transcribed in the same orientation as BEX3) was within the 

regions of three unique scrotal circumference QTL and three unique age at puberty QTL. In 

heifers, the age of puberty is associated with the time of first pregnancy, lifetime productivity, and 

ultimately economic efficiency (Day & Nogueira, 2013). As discussed in Sweett et al., 2020, bull 

scrotal circumference is correlated with semen quality, making it a good indicator trait for sire 

fertility. Therefore, future research should identify the regulatory impact this lincRNA has on 

female and male fertility. The Gene_6703.1 lincRNA was also within the regions of four unique 

scrotal circumference QTL and six unique age at puberty QTL, in addition to one percentage of 

normal sperm QTL. This lncRNA was downregulated in the endometrium of pregnant cows (FC 

= -30.51) and transcribed in a head-to-head orientation with family with sequence similarity 199, 

X-linked (FAM199X). However, no literature to date has identified the expression of the FAM199X 

gene within the context of female or male fertility. More research on these regions would thus 

provide a deeper understanding on the function of the lncRNA and their associations with cattle 

fertility.  
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In conclusion, 77 DE lncRNA and their closest annotated transcripts were identified 

between the endometrium of non-pregnant and pregnant dairy cattle 15 days after insemination 

using RNA-Seq. Of these lncRNA, 34 were classified as genic lncRNA and 43 were lincRNA. 

Gene network analysis and metabolic pathway analysis revealed a network of 11 partner RNA 

including RUVBL1 and RPS6KA1. Several signaling cascade pathways, such as neurotrophin 

signaling pathway, MAPK signaling pathway, and mTOR signaling pathway, known to play roles 

in fertility were significantly associated with the gene network. In addition, the QTL annotation 

analysis revealed reproduction QTL associated with both male and female fertility overlapping 

with the DE lncRNA genomic position. Validation of the novel lncRNA may be considered as 

they have the potential to be incorporated in breeding programs for improved fertility in dairy 

cattle.  
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6.6 Tables 
 

Table 6.1. Differentially expressed (FDR adjusted p-value < 0.05 and fold change >|2|) genic 
lncRNA in the endometrium of pregnant relative to non-pregnant dairy cows 15 days after 
insemination that were of different length than previously annotated within the bovine reference 
genome ARS_UCD1.2 (fold change >+2 upregulated in pregnant cattle; fold change ≥-2 
downregulated in pregnant cattle). 

lncRNA ID Position Length 
(bp) P-value Fold 

change 

FDR1 
adjusted 
p-value 

CEBPG.1 18:43803700-
43818028 8,302 1.23E-04 -117.22 3.23E-02 

ENSBTAG00000042391.3 6:68404403-
68416702 2,669 5.12E-05 -2.96 1.56E-02 

ENSBTAG00000048544.4 23:36460243-
36462846 920 1.71E-04 -45.53 4.06E-02 

ENSBTAG00000049874.2 5:119948263-
119959492 8,268 4.86E-06 -69.76 2.32E-03 

ENSBTAG00000050082.2 16:45227418-
45248982 1,349 4.49E-05 -36.67 1.40E-02 

ENSBTAG00000050387.2 22:59112706-
59117461 4,624 2.12E-05 -49.42 7.95E-03 

ENSBTAG00000050928.5 11:105126167-
105139212 12,646 1.72E-06 23.60 9.89E-04 

ENSBTAG00000052365.2 4:106431303-
106462713 1,204 3.26E-05 -36.31 1.09E-02 

ENSBTAG00000053766.2 3:85982816-
85994958 7,395 4.16E-05 -56.38 1.32E-02 

1False discovery rate
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Table 6.2. Differentially expressed (FDR adjusted p-value < 0.05 and fold change >|2|) novel genic lncRNA in the endometrium of 
pregnant relative to non-pregnant dairy cows 15 days after insemination and their closest annotated transcript (fold change >+2 
upregulated in pregnant cattle; fold change ≥-2 downregulated in pregnant cattle). 

lncRNA ID Position Length 
(bp) P-value Fold 

change 
FDR1 

adjusted 
p-value 

Closest Annotated  
Transcript2  Subtype3 Location4 

Genic lncRNA located in the antisense direction 

Gene_326.2 
2:62910350-

62914551 3,166 1.10E-05 3.95 4.47E-03 MGAT5 

Nested 

Intronic 

Gene_871.1 
4:7556280-

7569403 4,839 4.57E-05 -77.83 1.42E-02 ABCA13 

Gene_1262.1 
5:60525169-

60532460 
5,599 9.49E-06 -30.99 4.00E-03 ELK3 

Gene_4335.7 
18:54631747-

54635850 
2,808 1.31E-04 -19.33 3.36E-02 EHD2 

Gene_5044.2 
20:36630777-

36639382 
8,259 2.21E-04 -44.09 4.90E-02 GDNF 

Gene_5750.1 
24:2244749-

2251757 
3,177 5.85E-05 -31.87 1.75E-02 MBP 

Gene_5804.4 
24:37635904-

37643835 
7,859 1.44E-04 -33.43 3.59E-02 DLGAP1 

Gene_3508.8 
15:47895916-

47904324 
3,362 1.68E-05 2.16 6.42E-03 TRIM34 

Exonic Gene_6107.1 
25:38422383-

38425498 
3,019 2.99E-06 -80.84 1.52E-03 C25H7orf26 

Gene_9895.2 29:44716490-
44718359 

1,489 1.52E-04 -24.78 3.72E-02 SPTBN2 

Gene_1312.1 5:82963725-
82986727 

20,962 1.26E-04 -7.62 3.27E-02 ITPR2 
Overlapping Exonic 

Gene_1445.2 5:119828571-
119838267 

837 1.04E-04 -58.91 2.81E-02 ODF3B 
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Gene_1462.1 
6:12311399-

12338002 
4,654 1.86E-04 -28.90 4.32E-02 ENSBTAG00000002392 

Gene_2419.1 
10:21988028-

21990667 
1,983 2.68E-05 -37.81 9.42E-03 SLC7A7 

Gene_2533.2 
10:60430091-

60432811 
2,085 2.62E-06 2.07 1.39E-03 ATP8B4 

Gene_3600.3 
16:684217-

720209 
1,248 2.03E-05 -33.44 7.66E-03 TMEM183A 

Gene_5098.1 
21:15218627-

15239831 
750 2.19E-05 12.11 8.09E-03 SLCO3A1 

Gene_5767.2 
24:7112977-

7121421 
7,657 2.54E-06 -92.81 1.36E-03 RTTN 

Gene_8154.1 11:47233487-
47234181 

277 1.14E-04 -10.61 3.03E-02 ENSBTAG00000003408 

Gene_441.1 2:126611504-
126624140 

8,881 2.26E-05 -54.28 8.27E-03 RPS6KA1 

Intronic 

Gene_489.1 3:1003497-
1029796 

3,529 6.15E-06 -25.80 2.85E-03 RCSD1 

Gene_922.1 4:46954359-
46956159 

1,332 1.19E-04 -28.29 3.14E-02 ATXN7L1 

Gene_2674.1 
11:22844518-

22855410 8,135 1.44E-04 -45.53 3.59E-02 ENSBTAG00000051275 

Gene_5848.1 
24:61046341-

61055362 5,957 6.17E-05 -107.34 1.82E-02 PHLPP1 

Genic lncRNA located in the sense direction 

Gene_1950.7 7:61001386-
61027405 

8,464 7.25E-06 41.72 3.18E-03 ENSBTAG00000054248 Containing Exonic 

1False Discovery Rate; 2The closest annotated transcript in the bovine reference genome (ARS.UCD1.2) to the genic lncRNA; 
3Subtypes are the orientations of the closest annotated transcript to the genic lncRNA and can either be nested (the lncRNA is 
contained in the annotated transcript), overlapping (the lncRNA partially overlaps the annotated transcript), or containing (the lncRNA 
contains the annotated transcript); 4 Location of the closest annotated transcript to the genic lncRNA.
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Table 6.3. Differentially expressed (FDR adjusted p-value < 0.05 and fold change >|2|) novel lincRNA in the endometrium of pregnant 
relative to non-pregnant dairy cows 15 days after insemination and their closest annotated transcript (fold change >+2 upregulated in 
pregnant cattle; fold change ≥-2 downregulated in pregnant cattle). 

lncRNA ID Position Length 
(bp) P-value Fold 

change 

FDR1 
adjusted 
p-value 

Closest Annotated 
Gene2 

Distance3 

(nt) Subtype4 Location
5 

lincRNA located in the antisense direction 

Gene_583.1 3:18258843-
18264861 1,848 3.58E-05 -60.87 1.18E-02 ENSBTAG00000032446 7,170 

Conver-
gent 

Down-
stream 

Gene_1331.1 5:99623584-
99634728 982 2.00E-04 -25.93 4.56E-02 KLRK1 9,795 

Gene_1691.2 7:7793090-
7800418 6,154 1.94E-04 -4.87 4.46E-02 AKAP8 9,657 

Gene_1695.2 7:7983849-
7994301 9,898 8.60E-06 -58.85 3.68E-03 OR10B1P 4,753 

Gene_2562.1 10:80300500
-80311016 6,241 2.92E-08 -126.84 2.37E-05 RAD51B 13,651 

Gene_4976.1 19:62458573
-62476631 4,617 4.82E-06 -91.94 2.32E-03 ENSBTAG00000051482 30,587 

Gene_214.2 1:141617772
-141620902 2,663 3.84E-08 9.31 3.02E-05 MX2 263 

Divergent Upstream 

Gene_294.1 2:24218734-
24230977 3,626 9.67E-05 -32.89 2.69E-02 ITGA6 39,584 

Gene_747.1 3:91125431-
91131383 966 1.48E-04 -26.23 3.67E-02 USP24 145 

Gene_1160.2 5:28695461-
28700164 4,515 9.75E-06 -69.82 4.04E-03 LETMD1 141 

Gene_1208.3 5:49039929-
49053768 3,338 1.02E-07 -182.46 7.18E-05 GNS 44 

Gene_2589.1 10:88238794
-88246344 7,318 9.56E-06 -59.51 4.00E-03 IRF2BPL 133 

Gene_2589.3 10:88238926
-88246344 7,290 5.44E-06 -70.46 2.55E-03 IRF2BPL 265 
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Gene_3277.1 14:301470-
303588 1,998 2.00E-04 -51.57 4.56E-02 C14H8orf33 45 

Gene_5217.3 21:60379974
-60386193 5,735 2.74E-05 -120.50 9.57E-03 SYNE3 121 

Gene_5496.3 22:59503781
-59508859 3,847 6.52E-06 -96.03 2.98E-03 RUVBL1 159 

Gene_5496.4 22:59503781
-59508859 4,105 2.72E-06 -74.15 1.43E-03 RUVBL1 159 

Gene_5603.1 23:27248592
-27252804 2,922 2.60E-05 -41.55 9.27E-03 FKBPL 41 

Gene_5805.2 24:39025009
-39032407 4,426 3.16E-06 -74.77 1.59E-03 EPB41L3 51,463 

Gene_6296.1 27:16553421
-16565538 634 1.28E-04 -38.32 3.28E-02 FAT1 7,344 

Gene_6611.1 29:50782885
-50790149 6,730 3.92E-05 -70.91 1.28E-02 RNH1 3,760 

Gene_6641.3 X:18645328-
18652218 3,806 2.44E-05 -53.42 8.82E-03 SMIM10 25,053 

Gene_6703.1 X:52823929-
52854491 5,053 1.26E-04 -30.51 3.27E-02 FAM199X 14,733 

lincRNA located in the sense direction 

Gene_524.1 3:11398524-
11403909 2,098 2.51E-05 -79.88 9.02E-03 ENSBTAG00000039366 13,317 

Same 
strand 

Down-
stream 

Gene_1183.3 5:32883648-
32889255 5,485 4.49E-06 -35.35 2.18E-03 ENSBTAG00000038027 50,110 

Gene_1183.4 5:32883648-
32889255 4,320 2.41E-05 -29.29 8.76E-03 ENSBTAG00000038027 50,110 

Gene_1300.3 5:76020286-
76024480 4,097 2.23E-14 6.31 4.26E-11 USP18 1,107 

Gene_2040.2 8:17178530-
17183451 3,586 8.64E-05 -40.49 2.45E-02 IFT74 1,028 

Gene_3343.2 14:19803263
-19814854 10,223 1.03E-04 -45.08 2.81E-02 EFCAB1 2,677 
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Gene_3346.2 14:22240062
-22262115 7,021 2.27E-06 -199.86 1.24E-03 SOX17 7,954 

Gene_4472.3 18:62741318
-62750366 5,559 1.44E-04 -14.36 3.59E-02 KIR2DS1 4,356 

Gene_5228.3 21:65733378
-65745226 1,584 4.49E-05 54.71 1.40E-02 ENSBTAG00000048350 5,589 

Gene_5291.1 22:10886961
-10901884 2,433 1.74E-04 -29.41 4.11E-02 GOLGA4 787 

Gene_5753.4 24:2472148-
2483443 8,496 1.81E-04 -41.96 4.22E-02 SNORA70 4,684 

Gene_6699.1 X:51909471-
51919312 7,312 1.51E-05 55.92 5.91E-03 BEX3 8,598 

Gene_327.1 2:65406876-
65472401 32,251 4.16E-05 -55.98 1.32E-02 SLC35F5 29,736 

Upstream 

Gene_2327.1 9:102071003
-102081536 8,653 1.09E-08 -156.75 9.53E-06 ENSBTAG00000052029 22,157 

Gene_2327.2 9:102071003
-102081536 7,428 1.44E-07 -77.80 9.41E-05 ENSBTAG00000052029 22,157 

Gene_2988.2 12:55522955
-55536339 13,299 1.18E-07 -104.69 8.20E-05 ENSBTAG00000052664 87,174 

Gene_3375.1 14:43435775
-43440061 3,582 4.90E-07 -71.71 2.95E-04 TPD52 75,923 

Gene_3669.1 16:42333905
-42346255 3,226 5.40E-05 -25.22 1.63E-02 ENSBTAG00000049854 2,120 

Gene_4046.2 18:7945936-
7947956 851 6.18E-06 -5.80 2.85E-03 ENSBTAG00000052847 148 

Gene_6257.2 27:90777-
95746 4,305 1.85E-06 -27.56 1.05E-03 5S_rRNA 3,748 

1False Discovery Rate; 2The closest annotated transcript in the bovine reference genome (ARS.UCD1.2) to the lincRNA; 3The 
distance between the lincRNA and its closest annotated transcript; 4Subtypes are the orientations of the closest annotated transcript to 
the lincRNA and can either be convergent (the lncRNA is transcribed in tail to tail orientation with the annotated transcript), divergent 
(the lncRNA is transcribed in head to head orientation with the annotated transcript), or same strand (the lncRNA is transcribed in the 
same orientation with the annotated transcript); 5Location of the closest annotated transcript to the lincRNA.  



 
 

 148 

Table 6.4. Significant metabolic pathways (FDR adjusted p-value <0.05) identified by 
NetworkAnalyst using the protein-protein interaction network built with the closest annotated 
transcripts to the lncRNA differentially expressed (FDR adjusted p-value <0.05 and fold change 
>|2|) between the endometrium of non-pregnant cattle and pregnant cattle 15 days after 
insemination with direct connections to other genes.  

Metabolic Pathway P-value 
FDR1 

adjusted 
p-value 

DE lncRNA 

Focal adhesion 3.21E-15 1.01E-12 ITGA6 
Thyroid hormone signaling pathway 1.91E-14 2.99E-12  

Neurotrophin signaling pathway 5.27E-14 5.51E-12 RPS6KA1, BEX3 
Proteoglycans in cancer 7.30E-14 5.73E-12  

EGFR tyrosine kinase inhibitor resistance 3.31E-13 2.08E-11  

PI3K-Akt signaling pathway 4.67E-12 2.44E-10 PHLPP1, ITGA6 
Glioma 7.98E-12 3.58E-10  

Endometrial cancer 2.18E-11 7.63E-10  

ErbB signaling pathway 2.20E-11 7.63E-10  

mTOR signaling pathway 2.43E-11 7.63E-10 RPS6KA1 
Colorectal cancer 3.53E-11 1.01E-09  

Prostate cancer 6.84E-11 1.74E-09  

Non-small cell lung cancer 7.18E-11 1.74E-09  

Choline metabolism in cancer 1.15E-10 2.58E-09  

Pathways in cancer 1.53E-09 3.12E-08 ITGA6 
Endocrine resistance 1.60E-09 3.12E-08  

Natural killer cell mediated cytotoxicity 1.69E-09 3.12E-08 KLRK1 
Insulin signaling pathway 2.62E-09 4.58E-08  

Fc epsilon RI signaling pathway 3.39E-09 5.60E-08  

Chronic myeloid leukemia 6.61E-09 1.04E-07  

Phospholipase D signaling pathway 7.23E-09 1.08E-07  

Rap1 signaling pathway 1.27E-08 1.82E-07  

Hepatitis B 2.38E-08 3.14E-07  

VEGF signaling pathway 2.40E-08 3.14E-07  

Central carbon metabolism in cancer 3.43E-08 4.31E-07  

HIF-1 signaling pathway 5.04E-08 6.08E-07  

T cell receptor signaling pathway 7.46E-08 8.36E-07  
AGE-RAGE signaling pathway in diabetic 

complications 7.46E-08 8.36E-07  

Adherens junction 8.22E-08 8.90E-07  

Breast cancer 9.95E-08 1.04E-06  
Kaposi's sarcoma-associated herpesvirus 

infection 1.32E-07 1.32E-06  
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Pancreatic cancer 1.34E-07 1.32E-06  

Toxoplasmosis 1.54E-07 1.47E-06  

Platinum drug resistance 1.94E-07 1.79E-06  

Hepatitis C 2.14E-07 1.92E-06  

Sphingolipid signaling pathway 2.46E-07 2.09E-06  

Platelet activation 2.46E-07 2.09E-06  

Prolactin signaling pathway 2.98E-07 2.47E-06  

Estrogen signaling pathway 7.21E-07 5.80E-06  

Apoptosis 8.96E-07 7.04E-06  

Acute myeloid leukemia 1.45E-06 1.11E-05  

Thyroid cancer 2.35E-06 1.76E-05  

Bacterial invasion of epithelial cells 2.85E-06 2.08E-05  

B cell receptor signaling pathway 3.09E-06 2.20E-05  

MAPK signaling pathway 3.26E-06 2.27E-05 RPS6KA1 
Axon guidance 5.12E-06 3.49E-05  

Ras signaling pathway 5.38E-06 3.59E-05  

FoxO signaling pathway 6.92E-06 4.52E-05  

Autophagy - animal 7.27E-06 4.54E-05  

Osteoclast differentiation 7.27E-06 4.54E-05  

Fc gamma R-mediated phagocytosis 7.37E-06 4.54E-05  

Chemokine signaling pathway 7.65E-06 4.62E-05  

Progesterone-mediated oocyte maturation 7.87E-06 4.66E-05 RPS6KA1 
Signaling pathways regulating pluripotency 

of stem cells 8.84E-06 5.12E-05  

Longevity regulating pathway 8.97E-06 5.12E-05  

Small cell lung cancer 1.15E-05 6.47E-05 ITGA6 
Fluid shear stress and atherosclerosis 1.28E-05 7.07E-05  

Insulin resistance 2.84E-05 1.54E-04 RPS6KA1 
Cellular senescence 3.09E-05 1.64E-04  

Th17 cell differentiation 3.15E-05 1.65E-04  
Arrhythmogenic right ventricular 

cardiomyopathy (ARVC) 3.32E-05 1.71E-04 ITGA6 

Cholinergic synapse 3.48E-05 1.75E-04  

HTLV-I infection 3.50E-05 1.75E-04  

Renal cell carcinoma 4.10E-05 2.01E-04  

Melanoma 4.69E-05 2.25E-04  

Aldosterone-regulated sodium reabsorption 4.72E-05 2.25E-04  

Influenza A 4.83E-05 2.27E-04  

Bladder cancer 8.61E-05 3.98E-04  

MicroRNAs in cancer 9.94E-05 4.52E-04  
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Apelin signaling pathway 1.10E-04 4.93E-04  

Gap junction 1.28E-04 5.66E-04  

Regulation of actin cytoskeleton 1.41E-04 6.16E-04 ITGA6 
GnRH signaling pathway 1.49E-04 6.43E-04  

Viral carcinogenesis 3.20E-04 1.36E-03  

Leukocyte transendothelial migration 3.72E-04 1.56E-03  

TNF signaling pathway 4.03E-04 1.67E-03  

Long-term potentiation 5.43E-04 2.21E-03 RPS6KA1 
AMPK signaling pathway 5.49E-04 2.21E-03  

Tuberculosis 6.95E-04 2.75E-03  

Prion diseases 7.00E-04 2.75E-03  

Leishmaniasis 7.84E-04 3.04E-03  

Pertussis 8.23E-04 3.15E-03  

Hypertrophic cardiomyopathy (HCM) 1.04E-03 3.95E-03 ITGA6 
Carbohydrate digestion and absorption 1.35E-03 5.06E-03  

Dilated cardiomyopathy 1.42E-03 5.21E-03 ITGA6 
Oxytocin signaling pathway 1.43E-03 5.21E-03  

IL-17 signaling pathway 1.54E-03 5.55E-03  

Wnt signaling pathway 1.74E-03 6.22E-03 RUVBL1 
Type II diabetes mellitus 2.03E-03 7.16E-03  

Melanogenesis 2.34E-03 8.16E-03  

Toll-like receptor signaling pathway 3.08E-03 1.06E-02  

Chagas disease (American trypanosomiasis) 3.61E-03 1.23E-02  

Oocyte meiosis 3.72E-03 1.24E-02 RPS6KA1 
Serotonergic synapse 3.72E-03 1.24E-02  

Long-term depression 4.34E-03 1.43E-02  
Longevity regulating pathway - multiple 

species 4.76E-03 1.56E-02  

Herpes simplex infection 6.35E-03 2.06E-02  

Adipocytokine signaling pathway 7.22E-03 2.31E-02  

Viral myocarditis 7.50E-03 2.38E-02  

Epstein-Barr virus infection 7.97E-03 2.48E-02  

Adrenergic signaling in cardiomyocytes 7.99E-03 2.48E-02  

p53 signaling pathway 8.68E-03 2.67E-02  

Hippo signaling pathway 9.41E-03 2.84E-02  

Measles 9.41E-03 2.84E-02  

ECM-receptor interaction 1.07E-02 3.19E-02 ITGA6 
Salmonella infection 1.14E-02 3.37E-02  

RNA transport 1.25E-02 3.66E-02  
cGMP-PKG signaling pathway 1.33E-02 3.85E-02  
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TGF-beta signaling pathway 1.41E-02 4.05E-02  

Apoptosis - multiple species 1.50E-02 4.27E-02  

Th1 and Th2 cell differentiation 1.62E-02 4.59E-02  

Circadian entrainment 1.76E-02 4.93E-02  
1False Discovery Rate 
 
 
 
 
 
 
 
 
 
 
 



 
 

 152 

6.7 Figures 1 

Figure 6.1. Gene network from NetworkAnalyst using the 77 closest annotated transcripts to the 
lncRNA differentially expressed (FDR adjusted p-value < 0.05 and fold change >|2|) between the 
endometrium of non-pregnant versus pregnant dairy cows 15 days after insemination. This module 
was created from the subnetwork composed only of the DE lncRNA with direct connections. The 
blue circles represent differentially expressed lncRNA (FDR adjusted p-value < 0.05 and fold 
change >|2|). The grey circles are the additional genes, not present in our list of differentially 
expressed lncRNA. 
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(a)                                           (b) 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2. (a)  Proportions of QTL classes annotated in the regions of the lncRNA differentially 
expressed (FDR adjusted p-value < 0.05 and fold-change >|2|) between the endometrium of non-
pregnant and pregnant dairy cows 15 days after insemination. (b) Reproduction class QTL that 
account for 35.29% of the 50 unique QTL identified.  
 

 
Figure 6.3. (a)  Proportions of QTL classes annotated in the regions of the lncRNA differentially 
expressed (FDR adjusted p-value < 0.05 and fold-change >|2|) between the endometrium of non-
pregnant and pregnant dairy cows 15 days after insemination. (b) Reproduction class QTL that 
account for 35.29% of the 50 unique QTL identified.  
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6.8 Supplementary materials 
 
Table S6.1. Summary statistics of the RNA sequencing analysis for the differential lncRNA 
expression (FDR adjusted p-value <0.05 and fold change >±2) between the endometrium of 
pregnant and non-pregnant cattle. 
 
Table S6.2. QTL annotation using the regions of the differentially expressed lncRNA (FDR 
adjusted p-value <0.05 and fold change >±2) between the endometrium of pregnant and non-
pregnant cattle. 
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7 Chapter 7: General Discussion and Conclusions 
 

7.1 General discussion 
 

The economic impact of the dairy and beef industry is greatly dependent on the sire’s 

capability to fertilize the oocyte and the dam’s ability to support the developing conceptus. 

However, the reproductive efficiency of the cattle industry could be improved, considering 

pregnancy rates to a single insemination are between 35% and 45% (Spencer 2013) and embryonic 

mortality can be as a high as 65% (Bilodeau-Goeseels and Kastelic, 2003). Most embryonic 

mortalities in cattle occur early in pregnancy, between days 7 and 16 (Spencer 2013). Several 

factors can impact fertilization and pregnancy. For example, insemination rates can depend on 

testicular and semen qualities of the bull while poor endometrium receptivity can impact 

pregnancy success. Cattle fertility is therefore a complex polygenic trait and by identifying 

genomic regions responsible for the genetic variation in male and female fertility we can improve 

the reproductive efficiency of dairy and beef cattle. 

The development of the “-omics” technologies such as genomics and transcriptomics can 

be utilized to identify genetic regions affecting complex traits, such as fertility. Genome-wide 

association studies (GWAS) and RNA sequencing (RNA-Seq) are two high throughput 

technologies used to study the genome and transcriptome, respectively. This thesis used a GWAS 

to pinpoint genomic regions or single nucleotide polymorphisms affecting scrotal circumference 

(SC) and sperm motility (SM) in crossbred beef bulls (Chapter 3). In addition, RNA-Seq identified 

differentially expressed (DE) genes (Chapter 4), DE mRNA isoforms (Chapter 5), and DE long 
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non-coding RNA (lncRNA; Chapter 6) between the endometrium of day 15 non-pregnant and 

pregnant dairy cattle.  

 The impact of male fertility has largely been overlooked in the cattle industry, especially 

in crossbred beef cattle. Identifying bulls of superior fertility would significantly improve 

efficiency and contribute to breeding programs. Therefore, in chapter 3 a GWAS was used to 

identify candidate regions affecting two male fertility traits, SC, and SM, in crossbred beef bulls. 

The results revealed 8 windows explaining 13.19% and 5 windows explaining 7.17% of the genetic 

variance for SC and SM, respectively. Of these, BTA9 explained the highest proportion of variance 

for both traits. The subsequent gene prioritization analysis revealed 14 different candidate genes 

for both SC and SM, some of which were previously reported as related to male fertility. For 

example, mitogen-activated protein kinase kinase kinase 1 (MAP3K1) was a prioritized candidate 

gene for SC that controls testis function. Five of the 28 candidate genes for male fertility were also 

involved in female fertility. Additionally, the significant windows were located within regions of 

both male and female reproduction QTL and body conformation QTL. These candidate regions 

may be important biomarkers of fertility that can be used to improve genomic predictions.  

The transcriptome of the bovine endometrium can also reveal important biomarkers of 

fertility, specifically those that support the developing embryo. To set a baseline for the 

endometrial transcriptome of the cattle used in this study, chapter 4 identified differentially 

expressed genes (DEG) between the endometrium of non-pregnant and pregnant dairy cattle 15 

days after artificial insemination using RNA-Seq. The results of this chapter revealed 90 DEG of 

which 26 were considered prioritized for their relation to fertility traits. Most of the prioritized 

DEG were interferon-stimulated genes (ISG) including poly (ADP-ribose) polymerase (PARP), 

IFN regulatory factor (IRF), and myxovirus resistance (MX) genes. The increased expression of 
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ISG in the endometrium of pregnant cattle reflected the importance of IFNT signaling during early 

pregnancy. Functional analysis identified biological processes and metabolic pathways involved 

in immune-related processes required to protect the uterus from infection during normal 

reproductive cycles and pregnancy. The DEG including several prioritized DEG were also located 

within reproduction QTLs including, early embryonic survival, calving ease, and non-return rate, 

providing additional positional evidence. This study highlighted gene expression differences in the 

endometrium of non-pregnant and pregnant cattle during preimplantation, when the most 

pregnancy losses occur.  

 The process of alternative splicing can increase the complexity of gene expression 

differences by generating several mRNA isoforms that may serve different functions. However, 

DE alternative splice variants have not been highlighted between the endometrium of non-pregnant 

and pregnant cattle. As such, in chapter 5 RNA-Seq was utilized to identify DE alternative splice 

variants between non-pregnant and pregnant cattle 15 days after insemination. The results of this 

study revealed 312 DE transcripts of which 64 were previously annotated, 235 were of known 

genes but of novel length, and 13 were novel transcript lengths of unknown genes in the bovine 

reference genome. These transcripts corresponded to 179 unique genes of which 69 were 

prioritized based on their association with fertility traits. Nineteen of the prioritized isoforms were 

in common with the genes identified in chapter 4, confirming their importance during early 

pregnancy. Functional analysis also revealed an overlap with the biological processes and 

metabolic pathways associated with the DEG found in chapter 4, including those involved in 

immune regulation. The results of this study have identified the specific mRNA isoform(s) that 

are functionally associated with the terms and subsequently fertility (ex. MX1-201, MX1-202, 

MX1-203). Additional transcripts not identified in chapter 4 were also DE such as the two mRNA 
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isoforms that increased and decreased to the greatest extent in pregnant cattle, A disintegrin 

metallopeptidase with thrombospondin type 1 motif 1 (ADAMTS1-201) and Fos proto-onco, AP-1 

transcription factor subunit (FOS), respectively. The regions of the DE transcripts were also 

associated with reproduction QTLs including those related to male fertility, such as sperm motility 

and scrotal circumference. The results of this study have revealed endometrial-specific alternative 

splice variants that may explain the phenotypic variation between non-pregnant and pregnant cattle 

during early pregnancy.  

 Structural variants such as lncRNA can also play roles in regulating gene expression during 

pregnancy. The goal of chapter 6 was to identify DE lncRNA in the endometrium of non-pregnant 

and pregnant cattle 15 days after artificial insemination. The results revealed a total of 77 DE 

lncRNA with 34 genic lncRNA and 43 intergenic lncRNA. Interestingly, two novel genic lncRNA 

and two novel lincRNA interact with genes or mRNA isoforms DE in chapter 4 and/or chapter 5, 

ATPase phospholipid transporting 8B4 (ATP8B4), Tripartite motif 34 (TRIM34), ubiquitin-

specific peptidase 18 (USP18-204) and MX2. The novel lncRNA must therefore regulate the 

function and stability of these genes in the bovine endometrium. The closest annotated transcripts 

to the DE lncRNA were also associated with the neurotrophin and MAPK signaling pathways 

identified in chapter 5, confirming the importance of these metabolic pathways during early 

pregnancy. Additionally, the coordinates of the DE lncRNA were within the regions of several 

male and female related reproduction QTLs identified in chapter 5. The results of chapter 6 have 

highlighted novel lncRNA with a regulatory impact on gene expression during pregnancy.  

7.2 General conclusion 
 
 This thesis has increased our understanding of the genetic architecture of male and 

female fertility in beef and dairy cattle. Significant windows and candidate genes associated with 
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two indicators of male fertility, SC and SM, were identified in crossbred beef bulls. In addition, 

key structural and functional differences between the transcriptome of the endometrium in non-

pregnant and pregnant cattle were identified. To our knowledge, DE mRNA isoforms and 

lncRNA in the endometrium of pregnant cattle were not identified prior to the present studies. 

Therefore, more research is required to understand the functionality of the new discoveries and 

their specific impact on fertility. In addition, future research aims to identify copy number 

variants, insertions, and deletions that can be utilized to select for more fertile animals. 

Eventually, such areas of interest can be targeted in breeding programs to improve reproductive 

efficiency and the profitability of the beef and dairy industry.   
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