Functional regulatory elements influencing mastitis in Holstein dairy cows

by
Victoria Helen Asselstine

A Thesis
presented to
The University of Guelph

In partial fulfillment of requirements
for the degree of
Doctor in Philosophy
in
Animal Biosciences

Guelph, Ontario, Canada
© Victoria Helen Asselstine, December, 2021

ABSTRACT
FUNCTIONAL REGULATORY ELEMENTS INFLUENCING MASTITIS
IN HOLSTEIN DAIRY COWS

Victoria Asselstine
University of Guelph, 2021

Advisor:
Dr. Angela Cánovas

Mastitis is a very challenging disease in the dairy industry that affects the animal’s health,
as well as the producer’s profit and management. Although it has been studied in depth over the
years, we have still yet to eliminate it due to the fact that there are numerous pathogens that can
cause a mastitis infection, and they are extremely prevalent in the cow’s environment. For this
reason, emphasis is being placed on identifying cows that are more able to prevent or recover from
a mastitis infection based on their genetics. This thesis aims to identify key regulatory elements of
the transcriptome including mRNA isoforms and long non - coding RNA (lncRNA) that are
differentially expressed (DE) between healthy and mastitic udder samples using RNA Sequencing. We identified 333 DE mRNA isoforms, 3 of which are candidate regulatory elements
due to their involvement in immune response and cytokine secretion metabolic pathways. QTL
annotation analysis identified the DE mRNA isoforms were overlapping with QTLs for clinical
mastitis and somatic cell score. Analysis of the DE lncRNA identified 94 DE lncRNA. Among
them, 5 lncRNA are significantly involved in inflammatory response and regulation of immune
response pathways and are considered key candidate regulatory elements. The majority of QTL in
the codification regions of the DE lncRNA were involved with milk production traits. Once these
candidate regulatory elements were identified, whole genome sequencing (WGS) was performed

to identify structural variations (SVs) within the coding regions of these functional regulatory
elements to determine if there are differences within these mRNA isoforms and lncRNA
candidates as well as previously identified target genes, that could impact the host’s immune
response. In total, WGS analysis identified: 58 SVs (26-SNPs; 32-INDELs) in the DE candidate
mRNA isoforms, 19 SVs (9-SNPs; 10-INDELs) in the DE candidate lncRNAs and 29 SVs (18SNPs; 11-INDELs) in the DE candidate genes. In summary, through identifying SNPs and
INDELs within functional candidate regions of interest, this thesis research could benefit and
positively impact the dairy industry through the implementation of breeding healthier animals, that
are better able to adapt to or prevent the mastitis infection.
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CHAPTER 1

General Introduction

The dairy industry produces agricultural products that support human health, but animal
welfare and economic viability are key factors in determining its long - term sustainability. One of
the most challenging and profit - limiting problems in lactating dairy cows is mastitis, and there
are significant costs associated with each mastitis event (Schepers and Dijkhuizen, 1991;
Asselstine, 2018). Mastitis is an inflammatory disease of the udder, often caused by different
species of bacteria (Miglior et al., 2017). If a cow gets mastitis in her first lactation, this negatively
affects her lifelong milk yield, and leads to greater chances of early culling from the herd (Hertl et
al., 2018). Before genomics, the rate of genetic gain, which refers to the amount of increase in
performance for mastitis was 0.34, however, after genomics was implemented, this has risen to
0.91 and takes into account both clinical and subclinical mastitis (Brito et al., 2017;
https://www.cdn.ca/document.php?id=468). However, even with this genetic gain, mastitis
incidence rates remain high, suggesting further genetic improvement is needed (Martin et al.,
2018).
Genomic selection has contributed significant advancements to the economy in part
through improvements in global dairy production efficiency. Historically, genomic selection was
applied to predict future progeny performance; however, it is now widely applied to females and
embryos to predict their own performance at a later date (VanRaden, 2020). Genomic selection is
becoming more feasible as the cost of genotyping is continuously decreasing, allowing for the
databases in 2019 to contain 100 × more genotyped animals than databases used in 2009, at the
beginning of the genomic era (VanRaden, 2020). Focusing on genotypes which increase resistance
to mastitis infections or enhance the host’s immune response to IMI, will contribute to increasing
the accuracy of genomic selection methodologies, and consequently help establish breeding
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programs. This will allow producers to select cows that are either less susceptible to mastitis or
better able to adapt to IMI via a more efficient immune response. However, the mammary gland
is a very complex organ, and more research is needed to confirm how the mammary gland responds
to IMI before we are able to develop a successful breeding program against mastitis.
1.1 Anatomy of the mammary gland
The mammary gland is a secretory skin gland that secretes milk and is unique to the
Mammalia species (Cánovas et al., 2014). This complex unit is divided into two distinct halves
which are separated by suspensory ligaments and a thin septum of connective tissue. These
components divide the front and rear quarters, and each mammary gland quarter is anatomically
and physiologically independent with its own vascular and nervous system and suspensory
apparatus (Paixão et al., 2017; Asselstine, 2018). One heavily debated topic relating to mammary
gland is if there is independence among mammary gland quarters. Some researchers believe that
if one quarter has mastitis, this will not affect milk production in other quarters (Grönlund et al.,
2006; Lutzow et al., 2008; Rinaldi et al., 2010). However other researchers have shown that there
are changes observed in the milk from the healthy quarters of the same cow, meaning that the
quarters are somehow connected (Bansal et al., 2005; Jensen et al., 2013; Paixão et al., 2017). Due
to the critical importance of the mammary gland, it is important to be able to distinguish which
genes are related to which function in the mammary gland, i.e., producing milk components or
fighting off IMI. By studying the mammary gland transcriptome during IMI, relevant coding and
non - coding regions of the genome can be identified correlating to the phenotypic variation
observed.
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1.2 Mastitis disease and phenotype assessment
Mastitis is a very complex disease that has yet to be effectively controlled at a low
incidence rate for numerous reasons. Management issues, such as improper milking procedures
that do not properly prep/clean the udder before and after milking or using contaminated cloths
and milking systems, can easily spread the IMI from an infected quarter on one cow to an
unaffected quarter on the same cow or to a completely different cow. There are also other
predisposing factors such as breed, body conformation, lactation stage, awareness of dairy farmers
and housing facilities that affect the incidence of mastitis in herds (Sinha et al., 2014). There are
two different kinds of mastitis, clinical mastitis (CM) and subclinical mastitis (SCM), and a cow
can have one or both of these in differing quarters at any given time (Miglior et al., 2017). Clinical
mastitis is diagnosed by visual cues such as flakes and clots in the milk from infected quarters, as
well as swelling in these quarters (Bhatt et al., 2012). Subclinical mastitis is much more
challenging to diagnose because there are no clinically detectable abnormalities in the udder and
the milk appears normal (Santman - Berends et al., 2012). Early diagnostic testing is essential to
reduce the severity of mastitis and prevent contagious IMI from spreading through the herd. The
California mastitis test (CMT) is one method for early diagnostic testing for SCM, as it detects
the early presence of inflammation in the mammary gland without visible abnormalities in the milk
(Guerrero et al., 2015; Godden et al., 2017). The CMT test roughly identifies the number of
somatic cells (SC) in milk by using a reagent that disrupts the cell membrane of somatic cells
present in the milk sample (Godden et al., 2017). Once the SC are disrupted, the DNA from the
SC reacts with the test agent to form a gel and based on the color and scoring of the gel, this is
associated with the level of somatic cell count (SCC) in the milk (Godden et al., 2017), which is
used to calculate SCS, mentioned earlier. The benefit of this test is that it is fast, simple and
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inexpensive ($0.15/ cow, in addition to labor costs; Godden et al., 2017). However, one concern
with this test is that the lack of diagnostic sensitivity could lead to infected quarters being
undetected and untreated (Godden et al., 2017). One of the main issues with SCM is that if it
occurs in the first lactation, this reduces the cow’s lifelong milk yield, leading to increased
veterinary expenses and replacement costs (Krömker et al., 2009; Koop et al., 2010; Bhatt et al.,
2012; Asselstine, 2018). Cows with SCM will also have a high milk SCC (> 150,000 cells/mL),
which impacts the quality and hygiene of the milk (Santman - Bernedes et al., 2012), and this will
lead to milk being discarded as it is unsafe for human consumption.
Although genetic resistance to mastitis has been extensively studied, not much is known in
regard to the gene expression profiles of cows that are more susceptible or more resistant to
mastitis. However, it is known that susceptibility of mastitis has a strong genetic background, and
mastitis incidence can be reduced to some degree by breeding animals with lower SCS and/or
mastitis incidence (Lush, 1950; Miglior et al., 2017). As discussed previously in Asselstine (2018),
the incidence of CM in Canada was estimated to be 12.9%, 18.6% and 22.2%, for first, second and
third+ lactations, respectively (CDN, 2013). Another challenge with CM is the low heritability in
the first and later lactations (0.03 and 0.05, respectively, ((Jamrozik et al., 2013)). This low
heritability is common across health and fertility traits, as these phenotypes are very complex, and
the phenotypic measurements are most likely lacking in accuracy. Therefore, due to the frequent
incidence and low heritability of mastitis, genetic improvement of CM has proven to be difficult.
The Lifetime Performance Index (LPI) is one of Canada’s selection indexes that combines
production, durability and health and fertility components. Within the health and fertility
component of the LPI, SCS was incorporated into the index in 2001 with an index weight of 2.0%
in Guernsey, 3.0% in both Brown Swiss and Canadienne, and 4.8% in Milking Shorthorn
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(https://www.cdn.ca/document.php?id=443). However, beginning in 2007, as part of the nation wide effort to collect health and disease data, producers began recording health events using on farm management software, which was then collected by milk recording technicians and forwarded
to Dairy herd improvement (DHI) which is an association that helps dairy producers create and
manage records for using in making management decisions for their herds. From this effort, we
are now able to select directly for mastitis resistance, which was incorporated into the LPI in 2015
with a relative index weight of 3.3% in the health and fertility component for Holstein, 7.0% in
Jersey and 3.7% in Ayrshire (https://lactanet.ca/en/lifetime-performance-index-lpi-formula/). The
mastitis resistance index is an overall index that equally combines CM in first lactation cows, CM
in later lactations, and SCS evaluated across the first three parities (Jamrozik et al., 2013; CDN,
2014). The heritability of mastitis resistance is estimated at 12%, meaning that genetic selection is
possible.
1.3 Mastitis pathogens
Mastitis is caused by different species of bacteria, fungi, and viruses that live in the cow’s
environment (Guerrero et al., 2015; Miglior et al., 2017). These organisms are always present in
the cow’s environment and pose a threat for IMI. If proper management practices are not in place
to prevent the transmission of these infectious agents, mastitis will be easily spread through the
herd because some of the mastitic causing agents are contagious.
There are two different classifications of bacteria that can cause an IMI. The first is
contagious bacteria, and these bacteria are spread from a cow with an infected quarter to the udder
of a healthy cow, and this usually occurs during milking. The major contagious pathogens are
Staphylococcus aureus (S. aureus), Streptococcus agalactiae and Mycoplasma spp. (Liapi et al.,
2021). Staphylococcus aureus is a gram - positive bacteria, primarily carried on mucosal surfaces
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and is considered one of the most contagious mastitis pathogens worldwide (Harmon, 1994; Gill
et al., 2005; Botaro et al., 2014). Staphylococcus aureus can cause chronic IMI, as cows do not
generally respond well to treatment (Petersson- Wolfe et al., 2010), and for this reason, when the
cow inevitably has another case of S. aureus IMI in the same quarter, she usually will not be treated
(Personal communication, Laura Wright, Elora Dairy Research Facility). Another highly
contagious cause of SCM in North American dairy cattle is S. agalactiae, which decreases the
quantity and quality of the milk. Lastly, Mycoplasma spp. are contagious pathogens which can
cause SCM, CM or chronic mastitis (González and Wilson, 2003). The most common and highly
contagious form of Mycoplasma spp. is Mycoplasma bovis. Unlike S. agalactiae and S. aureus,
Mycoplasma spp. may be spread from cow to cow through aerosol transmission in comparison to
transmission during the milking process.
There are also bacteria in the cow’s environment within the bedding, soil and manure that
cause IMI. Due to the nature of the cow’s environment, it is impossible to completely eliminate
the environmental bacteria. The most common environmental bacteria are coliforms, which
included Escherichia coli (E. coli), Klebsiella spp. and Enterobacter. Coliforms are gram negative rods that usually do not respond well to treatment and are the most common cause of
severe CM, leading to a higher incidence of cow death or culling (Wenz et al., 2001).
Intramammary infections due to E. coli tend to occur immediately before and after calving, and
thus, it is critical that dry cows are kept in clean areas with dry bedding to minimize the risk of
infection, as environmental bacteria thrive in wet conditions (Smith and Hogan, 1993). There are
also two Streptococcus spp, S. uberis and S. dysgalactiae that can cause SCM in the udder and are
gram - positive cocci (Lundberg et al., 2016). Streptococcus uberis is associated with only
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environmental transmission, however, S. dysgalactiae can be spread from the cow’s environment
or from an infected cow to a healthy herd mate (Vélez et al., 2017).
1.4 Immune response to intramammary infections
There are numerous factors that the cow has in place to prevent IMI. One barrier, which
aids in protecting the cow from IMI is the keratin teat plug which form in the dry off period.
Dingwell et al. (2004) studied variables that could impact the development of mastitis, such as
daily milk production, teat end integrity and the formation of the keratin plug. They found that
cows that had cracked teat ends had a higher incidence of developing IMI than cows that had no
cracks (15% and 10%, respectively). Similarly, they found that mammary quarters which took
longer to form the keratin plug in the early dry off period had a higher incidence of developing
IMI than those whose teats closed faster (10% and 14%, respectively). This suggests that the
keratin plug is important to prevent microbes from entering the mammary gland.
Another mechanism the cow has in place involves the major histocompatibility complex
(MHC), otherwise known as bovine leukocyte antigens (BoLA) in cattle. The polymorphic BoLA
genes have been mapped to chromosome 23 (Fries et al., 1986) and their gene products play an
essential role in the induction and regulation of the acquired immune response. Due to this, BoLA
genes are believe to be important candidates involved with the susceptibility and resistance to
various diseases, such as mastitis (Rupp et al., 2007; Behl et al., 2012). Due to gene duplication
and silencing, point mutations that become fixed, and nucleotide insertions and deletions, there is
a very high degree of genetic variation in these molecules. There are three gene clusters within the
MHC genomic region (Class I, Class II and Class III). Class I BoLA genes encode an a - chain,
consisting of three domains (a1, a2, a3) associated non - covalently with β2 - macroglobulin
(B2M; Bensaid et al., 1988). All cells possess BoLA Class I molecules, and they play an important
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role in antigen presentation to alert the immune system to virally infected cells (Hewitt, 2003).
Multiple studies have demonstrated an association between BoLA Class 1 molecules and
resistance or susceptibility to mastitis (Weigel et al., 1990; Mejdell et al., 1994; Aarestrup et al.,
1995; Mallard et al., 1995) or immune response (Mallard et al., 1995; Rupp et al., 2007).
Alternatively, the Class II BoLA genes code for a and b chains that are non - covalently associated,
and each chain has two external domains (a1, a2 and b1, b2). In the BoLA Class II genomic
region, an inversion occurred during evolution which created BoLA Class IIa and BoLA Class IIb
regions. Only BoLA Class II molecules can respond to exogeneous antigens from extracellular
pathogens. There are three main types of cells expressing BoLA Class II molecules, and they are
known as antigen presenting cells (APC): dendritic cells, macrophages and B - cells. All of these
are all able to discriminate between self and non - self - antigens, such as antigens from microbes
that cause IMI. Lastly, the BoLA Class III genomic region includes components of the complement
system, and tumor necrosis factor, which are also associated with the immune process (Behl et al.,
2012). In summary, due to the importance of the BoLA genes in terms of antigen presentation and
immune response, if there are any BoLA genes regulated differently between cows, this could in
turn make some cows more resistant to mastitis, while others are more susceptible to developing
IMI.
Another family of immune - related genes, which as a whole are responsible for promoting
cell growth and differentiation (Mizel, 1989), are known as interleukins. They are also broadly
classified as cytokines. Some interleukins can either be pro - inflammatory or anti - inflammatory.
Pro - inflammatory cytokines promote inflammation, which is necessary for initiating the immune
response but can make some diseases worse due to sustained or excessive production (Dinarello,
2000). Whereas anti - inflammatory cytokines aim to reduce inflammation and promote healing
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(Asselstine et al., 2019), but can also be manipulated by pathogens to evade the host immune
response. Two interleukin genes, interleukin - 1b (IL - 1b) and interleukin - 10 (IL - 10), are
potentially associated with the cow’s immune response to mastitis infection (Medrano and
Cánovas, 2014). Interleukin - 1b, a pro - inflammatory interleukin, is the predominant form of IL
- 1 and is a key regulator of the cow’s inflammatory response. Interleukin - 1b is produced and
secreted by activated macrophages, monocytes, dendritic cells, natural killer cells and B cells (De
Sanctis et al., 1997; Bendtzen et al., 1998; Laddha et al., 2014). Alternatively, IL - 10 is an anti inflammatory interleukin that plays a critical role in the control of immune responses and is
secreted by various types of immune cells (Ouyang et al., 2011; Ip et al., 2017). Interleukin - 10
limits the process of inflammation by inhibiting the production of cytokines by stimulated CD4+
Th1 helper cells and it also inhibits the cytotoxic effects of monocytes and macrophages, as well
as the synthesis of pro - inflammatory cytokines and hepatic acute - phase proteins (Bochniarz et
al., 2017; Asselstine, 2018). Having preliminary studies observe differential expression of these
interleukins in healthy and mastitic cows (Medrano and Cánovas, 2014), suggests there are
potentially other interleukins that are involved with the cow’s immune response to bacterial
invasion.
1.5 Transcriptome
To identify the differences in the host’s response to mastitis causing agents, we must first
deeply study the host transcriptome. The transcriptome includes all the transcripts present in a
given cell type, tissue or organ. These transcripts can be either coding (mRNA) or non - coding
(e.g.., long non - coding RNA; lncRNA) molecules (Assis et al., 2015). Differences in the
expression of these coding or non - coding molecules is extremely variable and can lead to
variations in the phenotype observed. Thus, transcriptomic methodologies can highlight
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differences in gene or transcript expression, which impacts the host’s immune response
(Wickramasinghe et al., 2012; Cánovas et al., 2013). There are different high - throughput
technologies used to study the transcriptome including microarray and RNA - Sequencing (RNA
- Seq). Microarray technology was developed prior to RNA - Seq and uses probes of 25 nucleotides
to map regions of the reference genome. A potential issue with this is that it can create false
positives, and thus, the results obtained need to be validated by qPCR, which is very useful for
studying gene expression for a select set of candidates. Alternatively, RNA - Seq uses larger
probes, in our case, 100 bp in length, which reduces the potential to obtain false positives, and
qPCR is not needed to validate results. Another issue that is present using microarray are issues
with saturation, as microarray is not able to differentiate which genes are more highly expressed
in a category, whereas in RNA - Seq, each gene or transcript of a gene has its own reads per
kilobase per million mapped reads (RPKM) value and allows significant differences between each
gene to be identified. Therefore, RNA - Seq is being more widely used in transcriptome and
functional analysis as it is more cost - effective, robust, accurate, and high - throughput compared
to the traditional method of microarray analysis (Cánovas et al., 2010; Wickramasinghe et al.,
2014).
The transcriptome of the mammary gland is commonly studied through a mammary gland
tissue biopsy (Hao et al., 2019), however this method is invasive for the animal. Research by
Cánovas et al. (2014) studied the transcriptome of five different RNA sources to examine the
lactating bovine mammary gland transcriptome using RNA - Seq. They compared mammary gland
tissue via biopsy, milk SC, laser micro - dissected mammary epithelial cells, milk fat globules, and
antibody captured milk mammary epithelial cells. Their research concluded that milk SC and milk
fat globule transcriptomes are representative of mammary gland tissue and laser microdissected
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mammary epithelial cells. Therefore, these methods can be used as effective and alternative
samples to study the mammary gland expression without the need of a tissue biopsy. This offers
producers a less invasive way to compare differences in gene expression between cows, and allows
more animals to be studied, due to the ease of collecting the samples.
1.6 Functional regulatory elements influencing gene functionality
The roles of functional regulatory elements are to mediate a variety of regulatory processes
at the transcriptional, post - transcriptional, and post - translational level (Doane and Elemento,
2017). These functional regulatory elements can include structural variations (SVs) which can be
large scale (approximately 1 kb and larger in size) or small scale (less than 1kb in size) structural
differences across a species. These SVs are often a result of chromosomal rearrangements and may
occur in both coding and non - coding regions of the genome (Wellenreuther et al., 2019). These
SVs can be single nucleotide polymorphisms (SNPs), in which a single nucleotide in the genomic
sequence is altered or can deal with groups of nucleotides which can be inserted from the genomic
sequence or deleted from the genomic sequence, and collectively, these are referred to as INDELs.
Both SNPs and INDELs are considered small scale SV (Cánovas et al., 2010, 2013; Suravajhala
et al., 2016). Although they are small scale, any of these SV can cause phenotypic variation
between animals. This allows the identification of different expression profiles and genomic
variants between groups of individuals under different conditions, such as healthy and mastitis
animals. These SVs could change the amino acid that is transcribed, thus translating to a different
protein which could make the host more susceptible to disease if the protein created is non functional. It is also plausible that these SVs could influence nearby genes through chromosomal
position or domain effects (Feuk et al., 2006). Research by Liu et al. (2019) found that SVs
including INDELs and copy number variants are significantly associated with mastitis and
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reproductive system diseases. Another study found that sequence deletions had a greater impact
on reducing resistance to mastitis than sequence duplications have on increasing resistance to
mastitis (Szyda et al., 2019).
1.6.1 Splice variants. One process that generates variations in gene products is alternative
splicing (AS), which allows for two or more mRNA variants to be transcribed from a single gene.
Recent estimates conclude that 95% of genes undergo AS, thus yielding multiple mRNA isoform
variants per gene (Barash et al., 2010; Reyes and Huber, 2018; Cardoso et al., 2018). These variants
can potentially code functionally and structurally different proteins (Stevens and Oltean, 2019;
Rásó, 2020). For example, there could be one specific variant that is DE between two groups, and
that specific variant could be the one causing the phenotypic variation observed. By determining
which specific variant is DE, this reduces the complexity of the transcriptome data and allows for
future breeding programs to target the specific variant causing the phenotypic variation. Research
by Wang et al. (2016) looked at various transcripts involved with inflammation, defense, and
immune processes against infection. They found that gene specific AS in healthy bovine mammary
gland may have positive effects on immunoregulatory activity by protecting the host from
infection. Alternatively, AS in the mastitic bovine mammary gland had negative influences on
resistance, which increases susceptibility to mastitis.
1.6.2 Long non - coding RNA. Long non - coding RNAs represent the majority of the
transcriptome and are RNAs classified as > 200 bp in length that are not translated into functional
proteins. Long non - coding RNAs may interact with RNA, DNA or proteins to promote or restrain
the expression of protein - coding genes (Atianand et al., 2017). They implement diverse cellular
and biological functions through a multiplicity of biochemical activities, most of them related to
gene regulation in cis (close proximity) or trans (certain distance) of other genes. During post -
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transcriptional regulation, it is crucial lncRNAs recognize complementary sequences allowing
many different specific interactions, such as editing, translation, degradation, splicing and
transport to occur (Kukurba et al., 2015). Many lncRNAs are detected only under stress conditions
and their expression is highly tissue specific (Diamantopoulos et al., 2018). It has been suggested
that some lncRNAs could play a fundamental role in immune regulation and inflammatory disease,
due to their ability to coordinate the development of immune cell lineages such as myeloid and
dendritic cell development and T - cells (Atianand et al., 2017). Therefore, if there is an issue in
the functionality of the lncRNA, this could impact its ability to recognize complementary
sequences, which in turn could negatively affect the entire cellular process. There is also a great
potential for lncRNAs to be used as biomarkers in numerous diseases because of their interaction
with coding RNAs (Fernandes et al., 2018; Guo et al., 2018). To the best of our knowledge, the
use of specific lncRNA as biomarkers for mastitis has not yet been studied.
1.7 Preliminary results obtained
When looking at the host’s transcriptome, it is important to first investigate the genes that
are DE between two groups to determine key differences in the immune response to mastitis. This
provides a foundation for future research into how different parts of the transcriptome interact to
prevent or recover from a mastitis infection.
Previous research by Asselstine et al. (2019) looked at differentially expressed genes (FDR
< 0.05, |FC| > 2) between healthy and mastitic samples from 6 Holstein dairy cows using RNA Sequencing technology. Immediately after diagnosis via the California mastitis test, two samples
were taken from each cow, one from the mastitic quarter and one sample taken from the diagonal
healthy quarter, which was verified as being healthy based on having an SCC < 100,000 cells/mL
(Guerrero et al., 2015). By taking two samples from the same cow, one from the mastitic quarter
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and one from the healthy quarter, this allows us to reduce the variation between animals, as well
as removes environmental and animal effect.
In total there were 449 DE genes between the healthy and mastitic samples. Of these 449
DE genes, 7 functional candidate genes were identified based on being highly DE (RPKM > 500)
and significantly enriched in 36 significantly enriched metabolic pathways (FDR < 0.01) including
cytokine - cytokine secretion and cell adhesion molecules. These 7 functional candidate genes
are: GLYCAM1, B2M, CD74, BoLA - DRA, FCER1G, SDS and NFKBIA. Further information on
the functionality of these genes can be found in Asselstine et al., 2019.
In conclusion, these genes are all involved in the immune system and the research from
this thesis aims to determine if there are potential SVs impacting the functionality of these genes
that would impact their ability to produce the proteins needed to respond to the mastitis causing
agent or prevent against it all together.
1.8 Conclusion
Although mastitis has been studied for many years, it is still a very serious disease
producers face. Transcriptomics can be used to study mammary gland gene and transcript
expression and identify key differences in immune system components and defense response
between healthy and mastitic animals. This thesis aims to further identify differences in the
transcriptome of healthy and mastitic udder quarters. Combining the list of previously identified
genes (Asselstine et al., 2019), mRNA isoforms (Chapter 3) and lncRNA (Chapter 4), we aimed
to identify key SVs within coding regions that could have a potential impact on mastitis resistance
or immune response (Chapter 5). Once these differences are isolated, SVs of interest can be
implemented into breeding programs using marker - assisted or genomic selection to help
producers decide the best animals to breed to decrease the prevalence of mastitis in their herd.
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CHAPTER 2

General Thesis Objectives

The overall objective of this thesis was to study the functional regulatory elements that impact the
host’s immune response to mastitis infection in the cow mammary gland.

The specific objectives are:

Chapter 3
-

To identify novel alternative splicing in the milk somatic cells of Holstein dairy cows using
large gap read mapping

-

To identify novel transcripts length from annotated genes or novel transcript length
associated with non - annotated genes differentially expressed between healthy and mastitic
samples

-

To identify functional candidate mRNA isoforms highly involved in immune processes
and that could potentially be responsible for difference in response to mastitis, that may be
genomic track regions to target for future SNP discovery studies

-

To perform QTL annotation analysis in the transcription coding regions of the previously
identified DE mRNA isoforms

Chapter 4
-

To detect lncRNAs present in the bovine milk somatic cells transcriptome of healthy and
mastitic samples using RNA - Sequencing
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-

To identify which lncRNAs are differentially expressed between healthy and mastitic
samples using RNA - Sequencing

-

To classify previously annotated lncRNAs and identify novel lncRNAs having no gene
name or length previously annotated

-

To perform functional analysis to determine if these lncRNAs are potentially regulating
mastitis resistance

-

To validate the functional results by finding additional positional evidence by QTLs
annotation analysis located in the genomic regions of the differentially expressed lncRNAs

Chapter 5
-

To identify structural variants including SNPs and INDELs within previously identified
key functional candidate genes and regulatory elements which included: genes (N = 7;
Asselstine et al., 2019), mRNA isoforms (N = 3; Chapter 3) and lncRNAs (N = 5; Chapter
4) that are differentially expressed between healthy and mastitic milk somatic cell of
Holstein dairy cows that might impact mastitis resistance

-

Using the 15 key functional candidate regions found in the previous RNA - Sequencing
studies, whole genome sequencing analysis was then used to identify potential structural
variations that are fixed (uniquely present) in either all the healthy or all the mastitic
Holstein cows that could affect the functionality of the candidates in terms of resistance to
mastitis
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Identification of novel alternative splicing associated with mastitis disease in Holstein
dairy cows using large gap read mapping

3.1 Abstract
Background: Mastitis is a very common disease in the dairy industry that producers encounter
daily. Transcriptomics, using RNA-Sequencing (RNA - Seq) technology, can be used to study the
functional aspect of mastitis resistance to identify animals that have a better immune response to
mastitis. When the cow has mastitis, not only genes but also specific mRNA isoforms generated
via alternative splicing (AS) could be differentially expressed (DE), leading to the phenotypic
variation observed. Therefore, the objective of this study was to use large gap read mapping to
identify mRNA isoforms DE between healthy and mastitic milk somatic cell samples (N = 12).
These mRNA isoforms were then categorized based on being 1) annotated mRNA isoforms for
gene name and length, 2) annotated mRNA isoforms with different transcript length and 3) novel
mRNA isoforms of non - annotated genes.
Results: Analysis identified 333 DE transcripts (with at least 2 mRNA isoforms annotated, with
at least one being DE) between healthy and mastitic samples corresponding to 303 unique genes.
Of these 333 DE transcripts between healthy and mastitic samples, 68 mRNA isoforms are
annotated in the bovine genome reference (ARS.UCD.1.2), 249 mRNA isoforms had novel
transcript lengths of known genes and 16 were novel transcript lengths of non - annotated genes
in the bovine genome reference (ARS.UCD.1.2). Functional analysis including gene ontology,
gene network and metabolic pathway analysis was performed on the list of 288 annotated and
unique DE mRNA isoforms. In total, 67 significant metabolic pathways were identified including
positive regulation of cytokine secretion and immune response. Additionally, numerous DE novel
mRNA isoforms showed potential involvement with the immune system or mastitis. Lastly, QTL
annotation analysis was performed on coding regions of the DE mRNA isoforms, identifying
overlapping QTLs associated with clinical mastitis and somatic cell score.
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Conclusion: This study identified novel mRNA isoforms generated via AS that could lead to
differences in the immune response of Holstein dairy cows and be potentially implemented in
future breeding programs.
Key words: dairy cattle, large gap read mapping, mastitis, milk somatic cell, RNA - Sequencing,
alternative splicing, QTL
3.2 Background
Mastitis is a very common inflammatory disease that dairy producers face in their herds.
Although mastitis has been studied in terms of its impact on milk yield, composition, health and
welfare of the animal, studying the genetic mechanisms that make some cows better able to adapt
to mastitis has not been studied thoroughly [1]. Studying the bovine transcriptome provides
important information at the host level, however, using a cost effective and minimally invasive
technique to obtain this information is critical. Next generation sequencing technologies have
advanced this area for high - throughput functional genomics [2 - 3].
One high - throughput technology, RNA - Sequencing (RNA - Seq), characterizes the
transcriptome of the host and has been developed to identify and quantify tissue - specific genes
and transcripts that are differentially expressed (DE; [4]). RNA - Sequencing can also be used to
identify DE alternative splicing (AS) variants and structural variation in the coding region such as
SNPs and INDELs [5 - 8]. The phenomenon of AS plays an important role in regulating the
mammalian proteome and disease processes [9], as AS generates different mature transcripts from
the same primary RNA sequence [10 - 11] from a specific gene [12]. These mRNA isoforms can
then be translated into functionally similar proteins that have similar but not identical amino acid
sequences that contribute to observed phenotypic variation [12].
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Previous research has investigated novel isoforms derived by AS and found that the

isoform levels were DE in healthy and infected mammary tissues [11]. Other research has also
shown that AS events in the mammary gland of dairy cows are implicated in the host immune
response [9]. Therefore, by identifying the specific DE mRNA isoforms produced via AS, the
complexity of the transcriptome data may be reduced and may allow for the identification of
specific mRNA isoforms that contribute to observed phenotypic variation. These specific mRNA
isoforms could then be targeted in future SNP discovery studies, which could be implemented in
future breeding programs involving marker - assisted or genomic selection.
Therefore, the goals of this study were to: (1) identify DE annotated mRNA isoforms
between milk somatic cells (SC) samples from healthy and mastitic mammary quarters; (2)
identify novel transcripts length from annotated genes or novel transcripts associated with non annotated genes DE between healthy and mastitic samples; (3) identify functional candidate
transcripts involved in immune processes that could potentially be associated with differences in
the host response to mastitis that may be genomic track regions to target for future SNP discovery
studies; and (4) annotate QTLs located in the coding regions of the identified DE mRNA isoforms.
3.3 Results and discussion
3.3.1 Global transcript expression
A total of 182 million single - end reads were generated from milk SC samples. RNA Sequencing analysis revealed that 89.87% of these reads were mapped to the annotated bovine
reference genome (ARS_UCD1.2; Table 3.1). The total number of transcripts expressed by milk
SC from healthy and mastitic samples was 88,050 and 85,486, respectively (RPKM ≥ 0.2). To
look at the functional relevance of these AS, we focused on the genes with two or more mRNA
isoforms with at least one mRNA isoform being DE. In total, 333 DE transcripts were identified
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(FDR < 0.05 and |FC| > 2), each having at least 2 mRNA isoforms, with at least one being DE
(Supplementary Table 3.S5). These 333 DE mRNA isoforms corresponded to 303 unique genes.
Among the 333 DE transcripts, 68 mRNA isoforms were annotated in the bovine reference genome
(ARS.UCD1.2; Table 3.2), 249 were novel transcript lengths of known genes (Supplementary
Table 3.S6) and 16 were novel transcripts of non - annotated genes (Table 3.3), which were later
annotated using NCBI blast (blastx; https://blast.ncbi.nlm.nih.gov/Blast.cgi). Of the 333 DE
mRNA isoforms, 248 were under - expressed in the mastitic samples compared to the healthy
samples (FC value < - 2); the most under - expressed mRNA isoform in the mastitic group
compared to the healthy group was the bovine leukocyte antigen (BOLA) gene (FC = - 28,511.36).
As discussed at length by Asselstine et al. [13], the BOLA genes are a complex group of genes and
some of them are highly polymorphic. This in turn leads to variation in the animal’s ability to
recognize antigens and carry out antigen presentation, making some animals more susceptible to
disease and infection than others [14]. Alternatively, 85 isoforms were over - expressed in the
mastitic samples compared to the healthy samples (|FC| > 2); the most over - expressed mRNA
isoform was solute carrier family 36 member 1 (SLC36A1; FC = 3688.84). The solute carrier
family in general is involved in the movement of amino acids [15]; and research has shown that
amino acid transporters, such as the solute carrier family, affect T - cell fate decision, which has a
central role in immune response [16].
3.3.2 Functional analysis of known mRNA isoforms
3.3.2.1 Gene ontology (GO). To ensure the most complete list of AS mRNA isoforms was
used for functional analysis, the two groups with the gene name annotated in the ARS - UCD1.2
bovine reference genome were combined. This left 288 unique mRNA isoforms with gene name
annotated. The three main GO categories (biological processes, molecular function, cellular
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process) were analyzed using the list of 288 mRNA isoforms. There were 16 significantly enriched
GO terms were associated with the biological process GO category, with the most mRNA isoforms
being involved with cellular process (N = 121) and metabolic process (N = 81; Figure 3.1). For
the molecular function GO category, the most enriched GO terms were binding (N = 75) and
catalytic activity (N = 54; Figure 3.2). Lastly, the most enriched GO terms for cellular component
category were cell and cell part (both N = 130; Figure 3.3). These results are in concordance with
those found in Yang et al. [17] and Asselstine et al. [13], which both looked at the GO terms
associated with mastitis in dairy cattle.
3.3.2.2 Gene network analysis. To complete the functional gene network analysis, the list
of 288 combined and unique annotated mRNA isoforms was used. These 288 annotated mRNA
isoforms were involved in 67 significantly enriched pathways including: regulation of cytokine
biosynthetic process, positive regulation of cytokine secretion, cell - cell adhesion and immune
response (Table 3.4). These gene networks are all connected via a few key nodes (cyclic AMP
response element - binding protein binding protein (CREBBP), hypoxia inducible factor 1 subunit
alpha (HIF - 1a), switch/sucrose non‐fermentable related, matrix associated, actin dependent
regulator of chromatin, subfamily A, member 4 (SMARCA4), ribosomal protein S27a (RPS27A);
Figure 3.4). Of these 4 key nodes, 3 of them are expressed in our list of DE mRNA isoforms
(CREBBP, HIF - 1a and SMARCA4).
The first node CREBBP is 240 × under - expressed in the mastitic samples compared to the
healthy samples. This binding protein activates specific transcription factors that are involved in
cellular activities such as DNA repair, cell growth, differentiation and apoptosis by binding to the
cAMP response element - binding protein (CREB; [18]). The CREB is part of the innate immune
system and has many roles in immune response, such as mediating the NF - κB– dependent
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antiapoptotic response in macrophages, thus macrophage survival and enhancement of the immune
response [19 - 20]. This is an important function of CREB as certain microbes or pathogens can
induce apoptosis of macrophages as a mechanism to evade the host immune response [21]. One
key aspect of determining the severity of the mastitis infection is how fast the host can adapt and
clear the mastitis causing agents. Another function of CREB is that it induces IL - 10 production,
which is an inflammatory cytokine that has a key role in mediating the inflammatory loop to
prevent unwanted tissue damage [22]. Tissue damage is another issue with mastitis as it reduces
the number and activity of epithelial cells, contributing to a decreased milk production [23].
However, in our study, we did not find any DE mRNA isoforms associated with IL - 10. In
summary, if CREBBP is significantly under - expressed or has a polymorphism preventing it from
binding CREB, this could severely impact the host’s ability to kill the mastitis causing agents and
reduce the inflammation and therefore, a case of mastitis that could have been minor becomes
more severe.
The second node that explains the majority of the topology of the network is HIF - 1a.
Hypoxia occurs when there is an oxygen shortage and has been shown to regulate innate
immunological functions including apoptosis, phagocytosis of pathogens, antigen presentation,
cytokine production among others [24]. As discussed in Palazon et al. [25], HIF - 1a is widely
expressed and detected in virtually all innate and adaptive immune cell populations including
macrophages [26], neutrophils [27], dendritic cells [28] and lymphocytes [29]. One study by
Seagroves et al. [30] found that mice lacking HIF - 1a had impaired mammary differentiation and
lipid secretion, which caused drastic changes in milk composition. Thus, illustrating that HIF - 1a
plays a critical role in the function of mammary epithelium. To the best of our knowledge, this
gene has not been directly linked with mastitis in ruminants but given its key role in the innate and
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adaptive immune function, as well as mammary epithelium, this may be a key gene in mammary
gland health and function. In our study, this mRNA isoform was 1055 × under - expressed in our
mastitic samples, therefore, further research should investigate if specific polymorphisms in this
mRNA isoform that could impact it’s functionality.
Lastly, the SMARCA4 gene proteins form one subunit of the switch/sucrose non fermentable complex, which plays an important role in chromatin remodeling and is a known
regulator for transcription and DNA repair [32 - 32]. The SMARCA4 gene is often mutated or
silenced in tumors [33] and mutations in this gene have been associated with numerous human
cancers such as small cell carcinoma of the ovary [34] and non - small cell lung cancer [32] among
others. It has also demonstrated roles in T - cell development, T - cell lineage choice, T helper
(Th) differentiation/function and macrophage function [34]. This is relevant because based on the
type of mastitis pathogen in the udder, different T - cells are recruited [35]. However, to the best
of our knowledge, no previous research has investigated the functions of SMARCA4 regarding
bovine mastitis, but it was 912 × under - expressed in the mastitic samples in this study, which
suggests that this gene may be a candidate gene for further mastitis studies. Therefore, further
research is needed to determine if this mRNA isoform could impact the host’s immune response
or if it is just a key player in normal cell function.
3.3.3 Functional analysis of novel mRNA isoforms
As previously discussed, we were not only interested in looking at mRNA isoforms
previously annotated, but also novel mRNA isoforms generated by AS. We found that of the 333
DE transcripts, 16 were novel transcript lengths of unknown genes; out of these 6 were under expressed in the mastitic samples compared to the healthy samples, while 10 were over - expressed.
Using NCBI blast, the predicted gene name was identified for these novel transcripts of non -
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annotated genes in the ARS.UCD1.2 bovine reference genome. As presented in Table 3.3, 13 of
the 16 novel mRNA isoforms had a predicted gene associated with them. These 13 novel mRNA
isoforms have been split into 3 separate categories: immune response, normal cell function and
unknown function.
3.3.3.1 Immune response. The first two novel mRNA isoforms (Gene_1149_1 and
Gene_1149_8), are predicted to be Endoglin. Research has shown that the Endoglin gene product
is associated with transforming growth factor - b (TGF - b) in humans and when there was a lack
of expression of Endoglin in tumor cells, this correlated with poor clinical outcome [36]. Both
novel mRNA isoforms were under - expressed in the mastitic group compared to the healthy group
(FC = -108.43, FDR = 4.88E-05; FC = -1312.31, FDR = 1.04E-06, respectively), so they could
potentially have a direct impact on the ability of the cow to react to the mastitic causing agents.
The next two novel mRNA isoforms (Gene_593_7 and Gene 2310_2) were predicted to be
associated with the open reading frame 2 (OFR2) of the Hepatitis E virus, which encodes the
ORF2 viral capsid protein [37] and has biological processes associated with host - virus
interaction. In general, mastitis is caused by bacterial and non - bacterial pathogens, but some
research has shown that cows with clinical mastitis have other viral infections including infections
bovine rhinotracheitis [38 - 39] and foot - and - mouth disease [40]. Both isoforms were over expressed in the mastitic samples (FC = 36.05, FDR = 8.77E-05; FC = 17.73, FDR = 3.12E-05,
respectively) and therefore, it can be concluded that although this mRNA isoform does not directly
deal with mastitis, it could make the animal more susceptible to other viral infections.
Novel mRNA isoform Gene_926_6 is predicted to be the gene Pellino and this gene has
been found to be expressed in various studies looking at immune response in humans [41] and
mastitis in the goat mammary gland [42]. However, in neither of these studies was it the main
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focus so limited information could be found on its functionality in relation to mastitis or the
immune system. In our study, this mRNA isoform was over - expressed in the mastitic samples
(FC = 419.48; FDR = 4.09E-02).
The two novel mRNA isoforms (Gene_2644_2 and Gene_657_5) were predicted to be
associated with interleukin - 1 (IL - 1), which is a pro - inflammatory cytokine and one of the
elements of enhancing antigen recognition [43]. Interleukin - 1 helps to initiate the inflammatory
response that can then be beneficial for initiating response to IMI, but it can also be damaging if
its expression is excessive or prolonged. This is important for mastitis as the host needs to be able
to recognize the antigen (or mastitis causing agent) quickly and efficiently, without causing more
damage to the mammary tissue. In our study, both novel mRNA isoforms were over - expressed
in the mastitic samples (FC = 22.49, FDR = 1.17E-04; FC = 792.39, FDR = 1.17E-04,
respectively).
The WD repeat - containing protein 34 (WDR34) gene has been implicated in the immune
response as a negative regulator of IL - 1R/TLR3/TLR4 - induced NF - kB activation pathway [44
- 45]. This predicted gene is associated with the novel mRNA isoform Gene_1180_2, which was
under - expressed (FC = -3,352.94, FDR = 2.95E-03) in the mastitic samples. As this AS variant
is associated with a gene that is a regulator of the immune response, if it is not functioning properly,
this could potentially impact the host’s response to the IMI.
Next, the predicted gene uS9 associated with Gene_343_3 was over - expressed in the
mastitic samples compared to the healthy samples (FC = 47.64, FDR = 4.28E-05). One role of uS9
is that it can block natural killer cell activation which play an important role in host defence. To
the best of our knowledge, it has not been previously associated with mastitis so further research
is needed.
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3.3.3.2 Normal cell function. The novel mRNA isoform (Gene_1007_5) was predicted to

be Prolactin, which is key in the maintenance of milk secretion [46]. It is not known if this specific
mRNA isoform impacts mastitis but given the critical role of this gene in milk production it would
be important to consider this isoform, which is 228x over - expressed in the mastitic samples (FC
= 288.43, FDR = 3.24E-02).
Next, the predicted gene FosB was associated with the novel mRNA isoform
(Gene_966_1) and was over - expressed in the mastitic samples (FC = 1401.95, FDR = 3.40E-02).
The Fos family members are closely related with the Jun family members and both compose the
AP - 1 transcription factor which participates in the control of cellular responses to regulate normal
cell functions including cell death [47].
The novel mRNA isoform (Gene_726_6) associated with Spastin was under - expressed in
the mastitic group (FC = -152.57, FDR = 2.86E-02). Spastin is involved in microtubule dynamics
for ATP - ase and therefore is important for normal cell function [48].
The predicted gene NADPH - cytochrome P450 reductase is critical for normal cell
function and in this study was associated with Gene_1335_4, which was under - expressed in the
mastitic group (FC = -83.18, FDR = 3.99E-02). Although this gene was under - expressed, it is
possible that the cause of this is due to the increased proportion of inflammatory cells in the
mastitic milk SC [13].
3.3.3.3 Unknown function. Alternatively, three splice variants of the 16 novel transcripts
of non - annotated genes did not have a predicted gene name and perhaps are extremely novel due
to the inability for a match to be made in any species (Gene_943_4, Gene_1711_9 and
Gene_1711_7). Two AS variants were under - expressed (Gene_943_4 and Gene_1711_9; FC =
-230.47, FDR = 6.67E-05 and FC = -54.49, FDR = 1.07E-04, respectively) while one

27

3

Identification of novel alternative splicing associated with mastitis disease in Holstein
dairy cows using large gap read mapping

(Gene_1711_7) was over - expressed (FC = 73.31, FDR = 1.28E-04); due to not having a predicted
gene name, no functional information could be identified for them. Thus, further research is
required to determine the direct or indirect role they may have on mastitis or the immune system.
3.3.4 QTL annotation
Identifying QTL can make important connections between the phenotypic trait of interest
and identify key differences in the host genome. The current cattle QTL database has 159,844 QTL
relating to 653 different traits (release 42; [49]; https://www.animalgenome.org/cgibin/QTLdb/index). The QTL annotation was performed using the coordinates of the 333 AS DE
mRNA isoforms (Supplementary Table 3.S7). In total, 207 previously annotated QTL were located
in the regions of DE mRNA AS variants (Supplementary Table 3.S8). The QTL were annotated
for milk (66%), reproduction (13%), exterior (8%), production (6%), health (4%) and meat and
carcass (3%; Figure 3.5).
As expected, due to the importance of milk production, the majority of QTL were
associated with milk traits, with the largest amount of QTL being associated with milk protein
percentage. Milk protein is a critical component of the bovine milk and in our study, 6 different
mRNA isoforms (Supplementary Table 3.S8) were associated with previously annotated QTL
regions. One of these mRNA isoforms, Casein Kappa (CSN3), has been identified in numerous
studies. One study by Alim et al. [50] found CSN3 to be an important candidate that influences
milk production traits (i.e., milk protein) and could be used for the genetic improvement of milk
production traits in dairy cattle. In our analysis, there were three different CSN3 isoforms, CSN3_1,
CSN3_2 and CSN3_5 that were 100x, 26x and 51x, under - expressed respectively, in the mastitic
samples compared to the healthy samples, so close attention should be paid to these specific mRNA
isoforms if implementing them into breeding practices.
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When we look at the QTL associated with health traits, there are previously annotated QTL

associated with somatic cell score (SCS), clinical mastitis (CM) and bovine respiratory disease
(Supplementary Table 3.S8). There are 9 previously annotated QTL corresponding to 5 different
genes (solute carrier family 9 member A8 (SLC9A8), lactoferrin (LTF), ribosomal protein S6
kinase C1 (RPS6KC1), Sad1 and UNC84 domain containing 2 (SUN2) and nuclear factor I X
(NFIX)). These genes each have only one DE mRNA isoform associated with them. Both
SLC9A8_2 and RPS6KC1_5 were over - expressed in the mastitic group (FC = 157.68 and 734.76,
respectively). The SLC9A8 gene is important in the protection of epithelial cells from bacterial
adhesion [51 - 52] and this is associated with the QTL trait of CM. The mRNA isoform
RPS6KC1_5 was annotated to be associated with SCS however, further research is needed to
determine if it is a direct connection as literature is still scarce. Alternatively, 3 mRNA isoforms,
LTF_10, SUN_12 and NFIX_8 were all under - expressed (FC = -1768.47, -85.03 and -472.07,
respectively) in the mastitic samples compared to the healthy samples. Lactoferrin_10 is associated
with the QTL for CM and previous research has shown that LTF is a multifunctional protein with
antimicrobial properties and plays an important role in innate immunity participating in the host
first line defense [53 - 54]. Interestingly, the mRNA isoform associated to LFT, was one of the
most under - expressed in the mastitic samples compared to the healthy samples, which suggests
this mRNA may be an important candidate gene to better understand the mechanisms involved in
the development of mastitis. The SUN2_12 and NFIX_8 mRNAs isoforms are both associated with
the QTL for SCS, however more research is needed to determine how these mRNA isoforms are
related to mastitis before implementing them into breeding practices.
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3.4 Conclusion
The AS of known mRNA isoforms is significantly enriched in immune pathways such as
cytokine secretion and cell - cell adhesion. Numerous novel mRNA isoforms were also identified
that are involved with the immune system or mastitis. However, further research is needed to
validate predicted genes and determine the exact impact they would have in relation to mastitis
resistance. QTL annotation analysis revealed that the loci containing the identified DE mRNA
isoforms overlap with QTL associated with CM and SCS, as well as milk traits including milk
protein percentage and milk yield. In conclusion, LGRM identified novel mRNA isoforms that
could lead to differences in the immune response of Holstein dairy cows. This research could aid
in the implementation of breeding practices to aid in breeding healthier animals that are better able
to adapt or prevent mastitis infections using either marker - assisted or genomic selection.
3.5 Methods
3.5.1 Animals and sample collection
This study was approved by the UC Davis Institutional Animal Care and Use Committee
(IACUC). Sample collections and procedures were performed in accordance with the approved
guidelines of UC Davis IACUC. The transcriptomes of 12 bovine milk somatic cell samples were
characterized from 6 Holstein dairy cows using RNA - Sequencing to compare healthy and mastitic
quarters within cows. Two different milk samples were collected from each cow, one sample from
the mastitic quarter which was found using the California mastitis test and the other sample taken
diagonally across from the mastitic quarter and classified as healthy (N = 12; [13]), based on
having a SCC < 100,000 cells/mL. The cow’s teat was cleaned with gauze and damped in 70%
isopropanol, then 50 mL of milk sample was taken from each quarter using a 3 cm plastic cannula
(Genesis Industries Inc., Elmwood, WI) to ensure no bacteria contaminated the sample. Milk
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samples were kept on ice and immediately processed for RNA extraction using a Trizol reagent to
preserve the integrity of the RNA.
3.5.2 RNA extraction, library construction and sequencing
Transcriptomic analysis of 12 samples from bovine milk SC was performed using RNA Sequencing technology as described by Cánovas et al. [55]. RNA sample preparation was also
described in Cánovas et al. [55] and RNA quality was evaluated using the RNA integrity number
(RIN) value from the Experion automated electrophoresis system (BioRad, Hercules, CA; [56]).
The RIN values ranged from 8.0 to 9.0 in all milk SC samples, indicating good RNA quality [56].
Library construction was performed using the TrueSeq RNA sample preparation kit (Illumina, San
Diego, CA; [57]). Sequencing was completed with an Illumina HiSeq 2000 analyzer that yielded
100 base pair (bp) single read sequences [13].
3.5.3 Transcriptome analysis
3.5.3.1 Sequence assembly and quantification. Quality control, including the trimming of
reads, was performed by CLC Genomics Workbench (CLC Bio Version 20.0.4, Aarhus, Denmark)
using the quality trimming scores: limit = 0.05; maximum number of ambiguous bases = 2; discard
reads below 100 bp. Trimming the reads allowed for single - end sequences to be included in this
analysis, which improved the quality of the alignment sequences. After trimming, all samples
passed the quality control analysis based on GC content, Phred score and over - represented
sequence parameters as described by [55].
The trimmed sequences were aligned to the bovine reference genome (ARS_UCD1.2;
ftp://ftp.ensembl.org/pub/release-100/) using CLC workbench, with a Large Gap Read Mapping
(LGRM) approach [58 - 59]. The LGRM tool can map sequence reads that span introns without
requiring prior transcript annotation, thus allowing the best match for a given read to be identified.
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The mapping criteria that followed included mismatch, insertion and deletion costs of 2, 3 and 3,
respectively and was performed as described by Cardoso et al. [58].
Transcript discovery was performed to identify transcripts in both healthy and mastitic
samples using CLC genomics workbench. We first performed transcript discovery on the healthy
group which using the bovine reference genome and the LGRM assembly for the healthy group.
Parameters for filtering include gene merging distance = 50, minimum reads in gene = 10 and
minimum predicted gene length = > 200 bp [59]. For the mastitic transcript discovery, we used the
predicted RNA and gene tracks generated from the healthy group and annotated bovine reference
genome. Thus, the predicted mRNA file contained predicted information from both sets of samples
(healthy and mastitic), in addition to annotated genome information, which was used as a reference
track to map the reads of each sample. Transcript levels were quantified in reads per kilo base per
million mapped reads (RPKM; [57]). By normalizing the data for RNA length and total reads in
each sample, the RPKM measure facilitated comparisons of transcript levels between groups [4].
A threshold of RPKM ≥ 0.2 was used to select transcripts expressed in each sample, as this
threshold has previously been used by Wickramasinghe et al. [60] to detect gene expression in
milk SC. We considered mRNA isoforms to be DE between healthy and mastitic samples when it
had a false discovery rate (FDR) < 0.05 and a fold - change (|FC|) > 2.
3.5.3.2 Transcript annotation and functional enrichment analysis. Transcript annotation
of

the

bovine

mRNA

isoforms

was

retrieved

from

the

BioMart

Database

(http://useast.ensembl.org/biomart/martview/). Gene ontology (GO) enrichment analysis was
performed using Panther software [61]. The GO terms associated with the three main GO
categories such as biological processes, molecular function and cellular component were analyzed
[62].

Gene

network

analysis

was
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(http://www.networkanalyst.ca) software. NetworkAnalyst software performs meta - analysis on
gene expression data sets to determine important features, patterns, functions and connections
among genes [63 - 67]. A list of the Ensembl gene Ids related to DE mRNA isoforms was uploaded
and the program’s default parameters were used.
For the novel mRNA AS variants, the predicted gene associated with each was identified.
This was done using NCBI viewer to download the FASTA files based on the location (start and
end position) of the novel transcripts in the bovine genome. These FASTA files were then uploaded
to NCBI blast (blastx; https://blast.ncbi.nlm.nih.gov/Blast.cgi). The protein data bank protein
feature was used as reference database to find similar sequences genome annotation in either
bovine or in other species allowing inferences about a genes and functions to be made. From the
predicted gene associated with each novel isoform further functional analysis was performed on a
gene - by - gene manner.
3.5.4 QTL annotation analysis
Lastly, QTL annotation analysis was performed using the R package: Genomic functional
Annotation in Livestock for positional candidate LOci (GALLO) (https://CRAN.Rproject.org/package=GALLO; [68]). The genome coordinates of the DE transcripts were used, as
well as the QTL .gff annotation file retrieved from the cattle QTL Database
(https://www.animalgenome.org/cgi-bin/QTLdb/index; [49, 69]). We used windows of 1000 bp to
account for 100 upstream and 100 downstream of each DE transcript [70].
3.6 List of abbreviations
AS: alternative splicing
BP: base pair
BOLA: bovine leukocyte antigen
CSN3: Casein kappa
CREB: cAMP response element - binding protein
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CREBBP: cyclic AMP response element - binding protein binding protein
DE: differentially expressed
FC: fold change
FDR: false discovery rate
GO: gene ontology
HIF - 1a: hypoxia inducible factor 1 subunit alpha
IL - 1: interleukin - 1
LGRM: large gap read mapping
LTF: lactoferrin
NFIX: nuclear factor I X
ORF2: open reading frame 2
RIN: RNA integrity number
RPKM: reads per kilo base per million mapped reads
RPS27A: ribosomal protein S27a
RPS6KC1: ribosomal protein S6 kinase C1
RNA - Seq: RNA - Sequencing
SC: somatic cells
SLC36A1: solute carrier family 36 member 1
SLC9A8: solute carrier family 9 member A8
SMARCA4: switch/sucrose non‐fermentable related, matrix associated, actin dependent
regulator of chromatin, subfamily A, member 4
SUN2: sad1 and UNC84 domain containing 2
TGF - b: transforming growth factor - b
WDR34: WD repeat - containing protein 34
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Table 3.1: Alignment statistics of the 12 milk somatic cells samples collected from 6 Holstein
dairy cows1
Non Total reads
specifically
Unmapped
Group
Sample ID
mapped
mapped
reads%
reads%
50A2
22,791,224
91.35
5.19
3.46
50C3
12,757,084
81.84
7.5
10.67
4
50E
11,257,761
85.75
5.56
8.7
50G5
9,041,681
78.7
4.87
16.43
Healthy
6
70A
11,737,755
87.18
12.34
0.47
7
70E
16,124,047
95.17
4.36
0.48
Total = 83,709,552 Av = 86.66
Av = 6.63
Av = 6.7
2
50B
18,884,191
93.19
5.2
1.61
50D3
26,510,003
92.7
6.47
0.83
4
50F
14,613,683
91.21
5.67
3.11
5
50H
15,174,409
90.4
6.86
2.75
Mastitic
70C6
10,692,707
95.33
3.93
0.74
7
70G
12,365,761
95.63
3.95
0.41
Total = 98,240,754 Av = 93.08
Av = 5.35
Av = 1.58
1
2
Samples were aligned to the ARS_UCD1.2 bovine reference genome; These samples were
collected from the same cow (3rd lactation, 74 DIM); 3These samples were collected from the same
cow (2nd lactation, 44 DIM); 4These samples were collected from the same cow (3rd lactation, 178
DIM); 5These samples were collected from the same cow (2nd lactation, 133 DIM); 6These samples
were collected from the same cow (2nd lactation, 7 DIM); 7These samples were collected from the
same cow (1st lactation, 236 DIM)
Uniquely
mapped
reads%
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Table 3.2: Differentially expressed mRNA isoforms from the 12 milk somatic cells from the 6 Holstein dairy cows with both gene
and length previously annotated1
Transcripts
annotated
ATF5
18:56269037-56273031
5
ATXN1
23:40688295-40829586
6
BTN1A1
23:31585190-31591478
6
CCL20
2:115948257-115951955
4
CCN2
9:69887188-69890613
5
CCRL2
22:52998332-53000232
3
CDC42BPB
21:67623261-67678642
11
CSN1S2
6:85529904-85548556
6
CSN3
6:85645853-85658910
5
CSN3
6:85648339-85658926
5
CYLD
18:19137683-19199449
8
DHCR24
3:91411765-91445037
12
DNMBP
26:20826581-20942446
9
DSP
23:47824434-47868337
3
EFHD1
3:112396167-112440870
2
EFNB1
X:81635594-81648094
3
ELF5
15:65019975-65052826
9
ELF5
15:65019975-65065633
9
ENSBTAG00000009049 5:57433436-57437847
2
EPB41L2
9:68956837-69092316
17
FCSK
18:1644176-1656608
10
GLYCAM1
5:25478786-25482857
4
GPRC5B
25:17478831-17498791
2
Feature ID

Position
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Transcript
length
1193
2830
2691
986
2609
1344
9648
1198
846
768
2911
3354
4857
9482
2513
2853
2021
1496
2326
3068
3249
1806
1321

P-value

Fold change

FDR2

3.68E-06
6.94E-07
3.66E-05
5.93E-05
6.79E-06
7.06E-05
1.07E-04
8.12E-05
6.88E-05
1.92E-05
1.45E-05
3.29E-05
6.55E-05
1.32E-04
6.47E-05
7.40E-05
1.33E-04
6.64E-07
7.23E-05
1.30E-04
1.38E-04
2.13E-05
8.84E-05

-1802.71
-4394.88
-30.5
81.84
-1718.78
15.52
-371.82
-32.69
-26.13
-50.94
475.25
-650.78
-229.8
-31.07
-20.79
-534.58
-49.35
-234.4
-294.68
-377.19
-495.38
-40.39
-49.93

5.41E-03
2.12E-03
2.03E-02
2.86E-02
8.11E-03
3.17E-02
4.09E-02
3.49E-02
3.12E-02
1.51E-02
1.28E-02
1.91E-02
3.02E-02
4.49E-02
2.99E-02
3.27E-02
4.49E-02
2.10E-03
3.23E-02
4.49E-02
4.58E-02
1.59E-02
3.68E-02
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GSE1
ITGB6
KIAA1522
LENG8
LHFPL2
LIMK2
LPO
LTBP2
LTF
MOB2
MPP5
MTSS2
NFIX
NR3C2
NVL
PAH
PCBP4
PPARGC1A
PRDM2
PRKAA2
PTPN14
RALGAPB
RASEF
RBM27
RERE
REXO1
RGL2
RPS8

18:11589111-11644469
2:36153834-36247251
2:120883699-120890243
18:62878870-62888679
10:9538340-9585771
17:70053292-70092008
19:9202919-9247946
10:85791791-85897975
22:52952570-52986619
29:50016711-50043414
10:79127656-79234049
18:1488985-1508027
7:12486829-12549125
17:9589541-10018758
16:27418643-27497008
5:66613983-66732963
22:48973021-48976249
6:43380462-43487276
16:53788898-53921908
3:89477898-89549744
16:69036393-69223539
13:67377907-67449822
8:76173242-76268340
7:57417457-57475132
16:44907739-45028328
7:44150050-44169237
23:7466041-7472417
3:101232559-101235265

9
4
10
2
3
12
6
16
10
7
11
4
8
3
11
10
7
4
11
2
6
2
3
14
13
11
11
5

3894
3394
3057
5021
1298
1923
4658
5529
3112
1775
2277
2177
1387
2955
2559
1311
1212
6323
7161
1775
3747
4672
5985
3259
3729
4370
2288
1272
39

3.22E-05
1.59E-04
3.30E-06
2.20E-06
2.63E-05
2.85E-06
1.27E-04
1.55E-05
3.11E-07
1.01E-04
1.11E-04
1.26E-04
1.15E-06
3.37E-05
4.01E-05
1.07E-04
1.58E-06
8.79E-05
3.57E-05
1.22E-04
6.36E-05
2.22E-05
7.85E-07
2.38E-05
1.47E-07
5.96E-05
5.92E-06
1.48E-05

-1110.95
-631
-1170.47
447.3
-661.89
401.17
-25.03
-931.09
-1768.47
-258.89
-211.97
-403.14
-472.07
-92.14
431.02
-134.03
-1886.75
-483.42
-174.89
-105.23
-71.69
351.92
-253.98
-382.82
-7378.15
-505.26
-1232.16
-899.12

1.90E-02
4.94E-02
5.34E-03
4.13E-03
1.75E-02
4.83E-03
4.45E-02
1.34E-02
1.51E-03
3.97E-02
4.16E-02
4.45E-02
2.62E-03
1.93E-02
2.19E-02
4.09E-02
3.06E-03
3.67E-02
2.01E-02
4.35E-02
2.96E-02
1.61E-02
2.22E-03
1.69E-02
9.81E-04
2.86E-02
7.36E-03
1.29E-02
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SCAF11
5:34252702-34303160
8
5366
4.29E-06
SFPQ
3:110557887-110571478
6
2169
6.05E-06
SLC12A2
7:25761570-25853058
6
4094
3.69E-06
SLC25A36
1:128008637-128042419
13
2502
1.65E-09
SLC34A2
6:45185924-45205946
8
3949
4.76E-07
SLC37A2
29:28495548-28524597
9
4117
1.04E-05
TAF4
13:55097811-55161568
9
3084
1.43E-04
TBC1D24
25:1994690-2006139
11
4919
1.01E-04
TBKBP1
19:38748409-38762591
8
1806
1.20E-05
TDG
5:67640209-67651517
14
1233
1.50E-06
TNRC18
25:38887201-38970458
13
11628
6.69E-07
TNRC18
25:38887201-38970458
13
11364
5.46E-05
TULP4
9:94820215-94960850
8
4650
9.17E-07
WAS
X:86765549-86772520
11
1518
4.91E-05
ZBTB42
21:69255817-69256846
3
1029
3.37E-05
ZDHHC24
29:44577772-44584122
3
1128
3.69E-05
ZNF750
19:49854333-49863765
2
3751
5.78E-05
1
2
Previosuly annotated in the ARS_UCD1.2 bovine reference genome; FDR: False discovery rate
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961.74
-683.6
-295.71
1022.05
-4234.58
707.73
-167.37
-28.37
-849.58
-260.9
-564.99
-4688.21
-3074.1
-161.16
-682.55
-238.07
-33.3

6.03E-03
7.43E-03
5.41E-03
5.01E-05
1.87E-03
1.10E-02
4.67E-02
3.97E-02
1.19E-02
2.98E-03
2.10E-03
2.71E-02
2.28E-03
2.48E-02
1.93E-02
2.04E-02
2.84E-02
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Table 3.3: Novel mRNA isoform form the 12 milk somatic cells collected from 6 Holstein dairy cows and their predicted gene name
Category

Immune

Normal
cell
function

Unknown

Predicted
species
E. coli K-12

Identity
(%)
61.18

Pred.gene2
accession
5HZV_A

E. coli K-12

62.9

5HZV_A

Homo sapiens

40.82

1VYB_A

Homo sapiens

36.17

1VYB_A

Homo sapiens

87.72

3EGB_A

Homo sapiens

89.13

3O4O_C

Homo sapiens

59.78

3O4O_C

Homo sapiens

89.47

6RLB_D

Oryctolagus
cuniculus
Homo sapiens

43.55

6P4G_R

73.58%

5TF2_A

Homo sapiens

90.48

5VPA_A

Spastin

Homo sapiens

82.09

6PEK_A

NADPH-cytochrome P450
reductase

Saccharomyces
cerevisiae

55.81

3FJO_A

Feature ID

Position

FDR1

Gene_1149_1

11:98497637-98529714

4.88E-05

Fold
change
-108.43

Gene_1149_8

11:98510691-98529677

1.04E-06

-1312.31

Gene_593_7

11:1185527-1232139

8.77E-05

36.05

Gene_2310_2

3:86164085-86182808

3.12E-05

17.73

Gene_926_6

11:62511669-62519754

1.07E-04

419.48

Gene_2644_2

11:6716314-6728323

1.17E-04

22.49

Gene_657_5

11:6709199-6716867

1.17E-04

792.39

Gene_1180_2

11:99159315-99178645

1.41E-06

-3352.94

Gene_343_3

6:115952167-115960221

4.28E-05

47.64

Gene_1007_5

11:72505640-72508871

7.29E-05

228.43

Gene_966_1

11:71324276-71361339

7.86E-05

1401.95

Prolactin regulatory
element-binding protein
Protein fosB

Gene_726_6

11:14696388-14725870

5.87E-05

-152.57

Gene_1335_4

11:106231708-106235668

1.02E-04

-83.18

Gene_943_4

11:66667335-66667877

6.67E-05

-230.47

Gene_1711_9

19:26666821-26669665

1.07E-04

-54.49

Gene_1711_7

19:26656544-26669665

1.28E-04

73.31

1

Predicted gene
Maltose-binding
periplasmic protein,
Endoglin
Maltose-binding
periplasmic protein,
Endoglin
ORF2 contains a reverse
transcriptase domain
ORF2 contains a reverse
transcriptase domain
Protein Pellino Homolog 2
Crystal structure of an
Interleukin-1 Receptor
Crystal Structure of An
Interleukin-1 Receptor
WD repeat-containing
protein 34
uS9

FDR: False discovery rate; 2Accession number of predicted gene using NCBI, which is the unique identifier for a sequence record.
Novel mRNA isoform from the milk somatic cells of Holstein dairy cows had non - annotated genes in the ARS.UCD1.2 bovine
reference genome and were later annotated with a predicted gene using NCBI blast (blastx; https://blast.ncbi.nlm.nih.gov/Blast.cgi)
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Table 3.4: Significant enriched metabolic pathways (FDR < 0.01) associated with the list of
differentially expressed mRNA isoforms from the 12 milk somatic cell samples collected from
the 6 Holstein dairy cows

Metabolic Pathway

FDR1

Regulation of cytokine biosynthetic process
Positive regulation of cytokine secretion
DNA replication initiation
DNA_dependent DNA replication
DNA damage response, signal transduction by p53
class mediator
Aerobic respiration
Neurotransmitter secretion
Behavior
DNA damage checkpoint
Tyrosine phosphorylation of STAT protein
Homeostasis of number of cells
One_carbon metabolic process
Positive regulation of hydrolase activity
Cell maturation
Positive regulation of transcription,
DNA_dependent
Dephosphorylation
Regulation of protein phosphorylation
Regulation of peptidyl_tyrosine phosphorylation
Positive regulation of cysteine_type endopeptidase
activity involved in apoptotic process
Positive regulation of cytokine biosynthetic
process
Cell_cell adhesion
Apoptotic nuclear changes
DNA_dependent transcription, elongation
Protein transport
Gamete generation
JAK_STAT cascade
Regulation of cell migration
Nitrogen compound metabolic process
Ribosome biogenesis
Regulation of protein metabolic process

2.46E-08
1.29E-06
5.27E-06
1.99E-05
2.16E-05
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Total
DE genes with
genes in
mRNA AS
pathway
variant in
(n)
pathway (n)
708
17
1160
19
604
13
68
5
317
9

2.63E-05
3.14E-05
8.77E-05
0.000114
0.000133
0.000147
0.000164
0.000197
0.000211
0.000341

72
13
48
487
232
406
22
59
426
28

5
3
4
10
7
9
3
4
9
3

0.000354
0.000988
0.00106
0.00114

6
90
41
42

2
4
3
3

0.00128

11

2

0.00178
0.00179
0.00181
0.00241
0.00274
0.00297
0.00493
0.00508
0.00518
0.00587

49
178
106
15
16
291
1
227
22
147

3
5
4
2
2
6
1
5
2
4
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Cellular carbohydrate metabolic process
0.00689
Hormone secretion
0.00738
Immune response
0.00832
Positive regulation of transferase activity
0.00896
Actin filament organization
0.00951
Positive regulation of protein phosphorylation
0.00984
Hemostasis
0.0101
Calcium_independent cell_cell adhesion
0.0147
Negative regulation of translation
0.0147
Negative regulation of DNA binding
0.0147
Regulation of translational initiation
0.0173
Inorganic anion transport
0.019
Endothelial cell proliferation
0.0196
Multicellular organismal development
0.0198
Steroid biosynthetic process
0.0213
Apoptotic mitochondrial changes
0.0244
Cell migration
0.0244
Regulation of phosphorylation
0.0244
MRNA metabolic process
0.028
Proteolysis
0.0292
Actin polymerization or depolymerization
0.0316
Negative regulation of DNA replication
0.034
Negative regulation of phosphorylation
0.034
Synaptic transmission
0.0342
Lipid biosynthetic process
0.0365
Lysosomal transport
0.0374
Cell morphogenesis involved in differentiation
0.0385
Regulation of intracellular transport
0.0396
Monocarboxylic acid transport
0.0431
Negative regulation of transport
0.0431
Interleukin_2 production
0.0436
Regulation of gene expression, epigenetic
0.0436
Regulation of programmed cell death
0.0436
Actin filament_based process
0.0449
Nucleus organization
0.0466
Heme biosynthetic process
0.0477
Positive regulation of protein secretion
0.0483
1
2
FDR: False discovery rate; DE: Differentially expresse
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79
81
28
166
30
2
31
3
3
3
41
115
4
44
215
5
5
5
53
6
140
7
7
59
374
62
63
153
67
67
9
9
9
161
70
165
10

3
3
2
4
2
1
2
1
1
1
2
3
1
2
4
1
1
1
2
1
3
1
1
2
5
2
2
3
2
2
1
1
1
3
2
3
1
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Supplementary tables can be found in the additional excel file.
Supplementary Table 3.S5: All mRNA isoforms DE between healthy and mastitic milk somatic
cell samples from Holstein dairy cows
Supplementary Table 3.S6: Differentially expressed mRNA isoform from the milk somatic cells
of Holstein dairy cows, with gene name previously annotated in the ARS_UCD1.2 bovine
reference genome
Supplementary Table 3.S7: Genomic coordinates of DE mRNA isoforms for QTL analysis
Supplementary Table 3.S8: Previously annotated QTL within the genomic regions of the list of
DE mRNA
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Biological Processes
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immune system process
growth
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biological adhesion
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biological regulation
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multi-organism process
cellular process
cellular component organization
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Figure 3.1: Associated Gene Ontology (GO) terms with differentially expressed genes in healthy
and mastitic samples (FDR < 0.05, |FC| > 2) in the biological process GO category.
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Molecular Function
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Figure 3.2: Associated Gene Ontology (GO) terms with differentially expressed genes in healthy
and mastitic samples (FDR < 0.05, |FC| > 2) in the molecular function GO category.
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Figure 3.3: Associated Gene Ontology (GO) terms with differentially expressed genes in healthy
and mastitic samples (FDR < 0.05, |FC| > 2) in the cellular component GO category.
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Figure 3.4: Gene network analysis constructed with the 288 unique mRNA isoforms involved in
the host immune response.
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Figure 3.5: Categories of the previously annotated QTL overlapping within the list of DE
mRNA genomic regions.
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4.1 Abstract
Long non - coding RNAs (lncRNAs) are regulatory elements representing most of the
transcriptome, however, research looking into the function of lncRNA in relation to bovine mastitis
is limited. This study examined the milk somatic cell (SC) transcriptome from 6 healthy and 6
mastitic udder quarters from 6 Holstein dairy cows to identify differentially expressed (DE)
lncRNA using RNA - Sequencing. Ninety - four DE lncRNAs were identified, 5 of which were
previously annotated for gene name and length, 11 were annotated for gene name and 78 were
novel having no gene name or length previously annotated. Significant inflammatory response and
regulation of immune response pathways (FDR < 0.05) were associated with the 94 DE lncRNAs.
QTL annotation analysis for codification genomic regions of the 94 DE lncRNAs revealed 55
QTL, the majority which were associated with milk traits. This research provides a better
understanding of lncRNA regulatory elements in milk SCs, which may ultimately help in the
selection of cows that are better able to adapt or be more resistant to mastitis.
Key words: dairy cattle, long non - coding RNA, mastitis, milk somatic cell, QTL, RNA Sequencing
4.2 Introduction
Bovine mastitis is one of the most common diseases of lactating dairy cows, resulting in
milk yield reduction, discarded milk and early culling. Mastitis can be both clinical, which is
detected by clinical changes in the milk, such as flakes and clotting or inflammation in the udder
(Heikkilä et al., 2018) and subclinical, which is diagnosed as elevated milk somatic cell (SC) count
(Guerrero et al., 2015). Although mastitis has been heavily studied, it remains one of the most
challenging diseases dairy producers encounter, due to the complexity of the trait.
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With the advent of RNA - Sequencing (RNA - Seq), the host transcriptome can be studied

at a high - throughput level to identify key molecular differences between healthy and mastitic
animals. The transcriptome is highly dynamic and consists of both protein coding and non - coding
genes. Messenger RNAs, which are the most well studied, account for less than 2% of the total
genomic sequence and code for protein coding genes; this illustrates that most transcripts are
noncoding (Sun et al., 2016). One group of these non - coding transcripts are referred to as long
non - coding RNAs (lncRNAs), which are defined as transcripts longer than 200 nucleotides in
length with little to no coding capacity (Tong et al., 2017). Long non - coding RNA implement
diverse cellular and biological functions through a multiplicity of biochemical activities, including
transcriptional and post - transcriptional processing (Ulitsky, 2016). The lncRNA can be either cis
- acting, which they recognize complementary sequences of genes in close proximity (i.e.,
neighboring genes) and carry out their functions there or they can be trans - acting which the
lncRNA are transcribed, processed and then vacate their sites of transcription to exert their
functions elsewhere (Gil and Ulitsky, 2020). Regardless of where they act, during post transcriptional regulation, it is crucial lncRNA recognize complementary sequences of their targets
to allow specific interactions to occur, such as editing, translation, degradation, splicing and
transport (Kukurba et al., 2015).
Previous research using RNA - Seq identified and annotated novel lncRNAs in the
transcriptome of 18 bovine tissues from a single animal including: lung, liver, kidney, white blood
cells and mammary gland (Koufardis et al., 2015). They concluded that of the lncRNAs identified,
the tissues kidney, liver and lung have some of the highest number of unknown transcripts,
whereas, the mammary gland has only 13.13% unknown annotations. However, it is known that
long non - coding RNA expression is highly tissue and time specific and many are detected only
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under stress conditions (Diamantopoulos et al., 2018). Studying the lncRNA in the bovine
mammary gland under stress conditions has revealed their involvement in many biological
functions including susceptibility to clinical mastitis (Tong et al., 2017). Wang et al. (2019) looked
at novel lncRNA expressed in bovine tissues and found that the novel lncRNA - TUB was expressed
at higher concentrations in mammary epithelial cells that received a proinflammatory stimulus in
comparison to normal cells. Therefore, if lncRNA plays a fundamental role in immune regulation,
it may potentially provide key information regarding mastitis resistance which will aid in the
development of breeding programs.
The objectives of this study were to: (1) detect lncRNAs present in the bovine milk SC
transcriptome of 6 healthy and 6 mastitic samples collected from 6 Holstein dairy cows using RNA
- Sequencing; (2) identify which lncRNAs are differentially expressed (DE) between healthy and
mastitic samples; (3) classify previously annotated lncRNAs and identify novel lncRNA having
no previously annotated gene name or length; (4) perform functional analysis to determine if these
lncRNAs are potentially regulating

mastitis; (5) validate the functional results by finding

additional positional evidence by performing QTL annotation analysis located in the genomic
regions of the DE lncRNAss.
This study identified 94 DE lncRNAs between healthy and mastitic samples and these DE
lncRNAs were significantly involved in different functional pathways (false discovery rate (FDR)
< 0.05) such as inflammatory response and regulation of immune response. This result illustrates
the importance of studying the bovine milk SC transcriptome at a high - throughput level to identify
key regulatory elements that could impact the host’s response to mastitis. It was also found that 55
QTL were annotated in the codification genomic regions of the 94 DE lncRNAs, which the
majority of these were associated with milk traits. This research provides a better understanding
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of lncRNA regulatory elements in the transcriptome of bovine milk SC, which may help to improve
the selection of cows better able to adapt or be more resistant to mastitis.
4.3 Results and discussion
4.3.1 Differential lncRNA expression analysis and classification
A total of 182 million total single - end reads were generated from the 12 milk SC samples.
RNA - Sequencing analysis revealed that 89.91% of these reads were uniquely mapped to the
bovine reference genome (ARS - UCD1.2.1) using a Large Gap Read Mapping (LGRM) approach
(Table 4.9). The bovine reference genome has 27,607 annotated transcripts, however, in our
analysis, the total number of transcripts expressed in the healthy and mastitic samples was 31,870
and 29,154, respectively (reads per kilobase per million mapped reads (RPKM) ≥ 0.2). This
difference accounts for the identification of novel transcripts not yet annotated. In total, 659
transcripts were DE between healthy and mastitic samples (FDR < 0.05 and a fold - change (|FC|)
> 2, however, we were specifically interested in looking at DE lncRNA. After filtering these
transcripts for only DE lncRNA, we found 94 DE lncRNAs between healthy and mastitic samples.
These lncRNAs were then further categorized based on previous annotation in the bovine reference
genome; 5 being previously annotated for gene name and length, 11 being previously annotated
for gene name, whereas the majority (N = 78) were novel since they had no prior annotated gene
name or length.
4.3.2 Annotation of long non - coding RNA
The lncRNA were considered previously annotated when they had both a specific ensembl
identifier (i.e., ENSBTAG00000013417) and the length corresponded to or was different from that
reported in the ARS_UCD1.2.1 bovine reference genome. Of the 94 DE lncRNAs, only 5 of the
identified DE lncRNAs were previously annotated for both associated gene name and length in the
54

4

Novel lncRNA regulatory elements in milk somatic cells of Holstein dairy cows
associated with mastitis

bovine reference genome (ARS - UCD1.2.1; Table 4.10), whereas, 11 DE lncRNAs had an
associated gene name, but the length was different than that reported in the bovine reference
genome (Table 4.11). Therefore, in total, there are 16 DE lncRNAs that were classified as
previously annotated; of these, 14 were over - expressed and 2 were under - expressed in the
mastitic samples compared to the healthy samples. Although these 16 DE lncRNAs were
previously annotated, the do not currently have a gene symbol assigned to them or any orthologues
in similar species; so, NCBI blast was used to find the predicted gene name (blastn;
https://blast.ncbi.nlm.nih.gov/Blast.cgi). The most over - expressed DE lncRNA in the mastitic
samples compared to the healthy samples was ENSBTAG00000070418_2 (FC = 52.90, FDR =
1.01E-02) and through NCBI blast, it was found to be Uncharacterized LOC112587040.
Alternatively, the most under - expressed lncRNA in the mastitic samples was
ENSBTAG00000082333 (FC = -39.49, FDR = 4.34E-02) and was determined to be Isolate yakQH1
chromosome 18. Due to the unspecific predicted names of these DE lncRNAs, no information on
their specific biological functions was found. As the bovine reference genome is continuously
being updated, further research into the functionality of these predicted gene names can be
performed to confirm their potential role in mastitis resistance or the host’s immune response.
4.3.3 Identification of novel long non - coding RNA
Most of the DE lncRNAs identified in this study (78/94 lncRNAs) were considered novel
since they were not previously annotated for gene name or length in the bovine reference genome
(Table 4.12). We identified the potential transcript interaction of these novel lncRNAs relative to
their position to other transcripts in the genome. For example, if they were close to an annotated
mRNA (within 1000 bp) or overlapped with an annotated mRNA, it was inferred that this is the
target of the lncRNA in relation to its functionality within the genome. The novel lncRNAs were
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further classified using FEELnc classifier based on their position in the genome, including
direction, type, subtype and location (Wucher et al., 2017). For example, they were classified as
intergenic when they are located between genes, either upstream or downstream (Colinas et al.,
2008) and these were referred to as (long intergenic non - coding RNA; lincRNA). Alternatively,
they were classified as genic when they were located within the gene but were still non - coding.
As presented in Table 4.12, the majority of the novel DE lncRNAs were found to be intergenic
(71.79%), whereas 28.21% were genic. These results are similar to what previous researchers have
found, in that identified bovine lncRNA are mostly located in intergenic regions, however, they
were mostly from non - mammary tissues such as muscle (Qu and Adelson, 2012; Huang et al.,
2012; Koufariotis et al., 2015).
4.3.3.1 Intergenic non - coding RNA. As mentioned, 71.79% of the novel DE lncRNAs
identified in this study were found to be intergenic (N = 56). The most under - expressed novel DE
lincRNA was Gene_64.1 (FC = - 41.23, FDR = 3.69E-03). Based on its position in the bovine
genome, it is predicted to interact with ENSBTAG00000005501 (cordon - bleu WH2 repeat protein
like 1; COBLL1), which has been linked with metritis, an inflammatory condition of the uterus
generally caused by a bacterial infection after calving when the cows have a suppressed immune
system and are more vulnerable to bacterial infection (Bartlett et al., 1986; Freebern et al., 2020).
Similar to metritis, mastitis is also primarily caused by bacteria in the cow’s environment and if
the cow is immune compromised and has a metritis infection, it is also plausible that she could
develop a mastitis infection. Since the lincRNA that potentially interacts with this COBLL1 gene
was under - expressed, this could impact the functionality of the mRNA and make the animal more
susceptible to metritis or mastitis. Alternatively, the most over - expressed (FC = 683.48, FDR =
4.57E-02) novel lncRNA in the mastitic samples compared to the healthy samples was Gene_2159.
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This novel lncRNA in cattle was predicted to be associated with ENSBTAG00000014798 (C - X C motif chemokine receptor 3; CXCR3); chemokines are large family of cytokines and their
receptors play an important role in the recruitment, activation and differentiation of immune cells
(Kuo et al., 2018). One chemokine receptor, C - X - C motif chemokine receptor 2 (CXCR2), has
been studied in connection with mastitis and it was found that 3 polymorphisms within CXCR2
were associated with subclinical mastitis (Youngerman et al., 2004). To the best of our knowledge,
no polymorphisms have yet to be found in the CXCR3 that are associated with mastitis, so further
research into potential polymorphisms is necessary to determine if this gene, which our DE
lncRNA is in close proximity to, could impact mastitis resistance.
4.3.3.2 Genic long non - coding RNA. Alternatively, 28.21% of the novel DE lncRNAs
were found to be genic (N = 22). The most under - expressed lncRNA (FC = -170.31, FDR =
4.85E-02) in the mastitic samples compared to the healthy samples, is the novel genic lncRNA
Gene_68. The lncRNA Gene_68 is associated with the ENSBTAG00000016785 (5 hydroxytryptamine receptor 5B; Htr5b) gene, which is conserved across chimpanzee, cow and rat,
however, through evolution the conservation has been lost in humans (Grailhe et al., 2001). The
Htr5b gene product acts as a receptor for serotonin which is a neurotransmitter with vital roles in
neural activities (Lv and Liu, 2017). In bovine, serotonin is a potent regulator of both calcium and
energy homeostasis and energy balance during lactation (Donovan and Tecott, 2013; Weaver et
al., 2017). Energy balance is critical to ensure that the cow can produce enough milk to meet the
demand for milk production. Research has shown that the highest rates of mastitis generally occur
during early lactation, when most cows experience negative energy balance (Suriyasathaporn et
al., 1999; Perkins et al., 2002, Moyes et al., 2010). As this lncRNA was found to be in close
proximity to Htr5b, it is hypothesized that it could play a key role in regulation of this receptor.
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Since Gene_68 was under - expressed in the mastitic samples, this could be a key lncRNA to
target for future analysis to minimize the impact of the negative energy balance, thus making the
animals better able to prevent against mastitis. The most over - expressed genic lncRNA in the
mastitic samples compared to the healthy samples, was Gene_1505.1 (FC = 496.05, FDR = 1.20E02) and it was predicted to interact with ENSBTAG00000042245 (U6 spliceosomal RNA; U6).
This transcript is the most highly conserved of the five spliceosomal RNAs and plays a catalytic
role in the spliceosome and undergoes extensive structural rearrangements (Madhani et al., 1990;
Didychuk et al., 2018). At the present time, the potential role of U6 on bovine mastitis, if any, is
unknown. Therefore, further research is needed to look at the upregulation of the lncRNA
Gene_1505.1 and how this would influence U6 production and in turn, might influence mastitis in
Holstein dairy cows.
4.3.4 Functional analysis of differentially expressed lncRNAs
Functional analysis was performed to deeply investigate the functional regulatory elements
and how they will potentially impact the host’s response to the mastitis causing agents. If the
lncRNA is suppressing or enhancing the ability of its target (i.e., mRNA) to act, this could
negatively impact the cow’s immune response and thus make her more susceptible to the mastitis
infection and preventing her from being able to eliminate the threat efficiently. As the DE lncRNAs
were previously split into previously annotated, novel intergenic and novel genic, the functional
analysis follows this similar layout.
4.3.4.1 Functional analysis of previously annotated lncRNAs. As discussed, all
previously annotated DE lncRNAs (either both gene name and length previously annotated or only
gene name previously annotated) did not have a proper gene symbol attributed to them. Therefore,
to complete the functional analysis, NCBI blast was used to find their predicted gene name. From
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the predicted gene associated with each annotated lncRNA, further functional analysis was
performed on a lncRNA - by - lncRNA manner.
For the 5 lncRNAs annotated for gene name and length, the annotated
ENSBTAG00000050065_2 lncRNA was predicted to be related to the mRNA Bos taurus FOS like
2, AP - 1 transcription factor subunit (FOSL2; Table 4.10). The FOS proteins play key roles in
developmental, physiological and pathological processes (Bozex et al., 2010; Wang et al., 2014)
and previous studies have indicated that FOSL2 plays a key role in the regulation of TGF - b
pathway (Reich et al., 2010; Roy et al., 2010). The TGF - b pathway has a key role in mammary
gland development as it regulates ductal growth and alveolar development (Daniel et al., 2001;
Andreotti et al., 2014). It has also been shown to suppress immune and inflammatory responses,
which are key in mastitis (Sanjabi et al., 2009). The ENSBTAG00000050065_2 lncRNA was 35 ×
under - expressed in the mastitic samples compared to the healthy samples (FC = -35.43, FDR =
4.80E-02); therefore, it can be hypothesized that the lncRNA identified in this study could have a
direct impact on the host’s response to mastitis due to its biological significance, but further
research is needed into this lncRNA to directly connect it to FOSL2.
The annotated ENSBTAG00000054150_10 lncRNA (FC = 13.61, FDR = 4.94E-02) was
over - expressed in the mastitic group compared to the healthy group (Table 4.10). The predicted
gene associated with it was Bos taurus X - C motif chemokine receptor 1 (XCR1), which has
potential biological significance to mastitis. This chemokine receptor is exclusively expressed on
a subset of dendritic cells which excel in antigen - cross presentation (Kroczek and Henn, 2012).
Antigen presentation is critical to ensure the cow can fight off the mastitis causing pathogens, such
as Staphylococcus aureus (S. aureus). As this mRNA plays a key role in activating this part of the
immune system, this lncRNA could help in the regulation of this mRNA.
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The remaining three annotated lncRNAs for both gene name and length

(ENSBTAG00000050727_2, ENSBTAG00000051221_3 and ENSBTAG00000052589_1; Table
4.10) were all significantly over - expressed in the mastitic samples compared to the healthy
samples (FC = 19.02, FDR = 3.28E-02; FC = 16.08, FDR = 4.66E-02; and FC = 16.31, FDR =
4.53E-02, respectively). This suggest potential relevance of these lncRNAs in the biological
progression of mastitis disease, however, no information on their specific biological functions
could be found. Thus, further research is required to determine specific functions of these lncRNAs
in the regulation of a key mRNA for mastitis.
In addition, there were 11 DE lncRNAs that were annotated for gene name, but length was
different than the length reported in the ARS_UCD1.2.1 bovine reference genome (Table 4.11).
As shown in Table 4.11, the predicted gene names of these DE lncRNAs prevented us from
determining the specific functional role that these DE lncRNAs may play in terms of mastitis
resistance. Therefore, as the bovine reference genome is continuously being updated, there may
be more information on these specific lncRNAs soon, so further analysis can be performed to
confirm their biological and functional relevance to mastitis.
4.3.4.2 Functional analysis of novel differentially expressed lncRNA. As mentioned
earlier, we split up novel lncRNA into intergenic and genic categories. As such, we ran the
functional analysis for both groups separately using the NetworkAnalyst platform. We hypothesize
that some of the lincRNAs and genic lncRNAs identified were acting in close proximity to mRNAs
involved in immune pathways. As such, if the lncRNA is suppressing or enhancing the mRNA,
this could negatively impact the cow’s immune response and thus make her more susceptible to
the mastitis infection and prevent her from being able to eliminate the threat efficiently.
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4.3.4.2.1 Functional analysis of novel differentially expressed intergenic long

non - coding RNA. Using the list of transcript interactions associated with the DE lincRNAs (N =
56; Table 4.12) to perform the functional analysis, 44 significantly enriched metabolic pathways
were identified (FDR < 0.05; Table 4.13). Those significant metabolic pathways were associated
with immune mechanisms, such as positive regulation of immune response, regulation of cytokine
biosynthetic process and T - cell differentiation, among others. Two of the lincRNAs
(Gene_2411.6 and Gene1450.2) act in close proximity to two genes (TNFRSF1A and BIRC3)
which explain the majority of the topology of the network (Figure 4.6).
The Gene_2411.6 was 11 × over - expressed in the mastitic group compared to the healthy
group (FC = 11.31, FDR = 3.19E-02) and was associated with the Tumor necrosis factor receptor
superfamily member 1A (TNFRSF1A). This receptor encodes the type 1 receptor for Tumor
necrosis factor - a (TNFa; Korytina et al., 2020), which is a pro - inflammatory cytokine secreted
by inflammatory cells (Wang and Lin, 2008). Numerous studies have looked into TNFa in relation
to mastitis and have found that concentrations increase during mastitis caused by E. coli and its
endotoxin (Hoeben et al., 2000). Other studies have identified polymorphisms in TNFa which led
to an amino acid sequence change and thus made animals more susceptible to mastitis (Sattar et
al., 2019). It is also clear that the TNFRSF1A is a central gene connecting numerous other immune
genes such as inhibitor of nuclear factor kappa B kinase subunit beta (IKBKB), whose gene product
inhibits the transcription factor nuclear factor - κB (NF - κB) and regulates multiple aspects of the
innate and adaptive immune system (Liu et al., 2017) and cluster of differentiation 40 (CD40) that
is induced by proinflammatory stimuli (Antoniades et al., 2000). Thus, the close connection of this
lincRNA (Gene_2411.6) with TNFRSF1A may potentially affect the functionality of this gene and
other genes connected to this central node.
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The baculoviral IAP repeat containing 3 (BIRC3) gene explained the majority of the

topology of the network and it was associated with the novel lincRNA Gene_1450.2, which was
6.88x over - expressed in the mastitic samples compared to the healthy samples (FC = 6.88, FDR
= 1.60E-02). A more common name for this gene is cellular inhibitor of apoptosis 2 (cIAP2). The
inhibitors of apoptosis family of proteins have numerous biological functions such as cell
proliferation, cell migration, apoptosis and regulation of innate immunity and inflammation
(Berthelet and Dubrez, 2013). In a IMI, one aspect of the host’s innate immunity are neutrophils
and neutrophils act as the first line of defense to protect the mammary gland through phagocytosis
and intracellular killing of bacterial pathogens. Once the mammary gland has cleared the
pathogens, apoptosis of the neutrophils is critical to limit the inflammation in the udder and return
it back to normal to prevent permanent scarring in the mammary gland which results in a loss of
milk production (Tanji - Matsuba et al., 1998; Van Oostveldt et al., 2002). This central gene is also
connected to numerous caspase genes (CASP) including CASP3, CASP7 and CASP9 which
function mainly in programmed cell death (Van Ba and Hwang, 2013). Programmed cell death is
important to ensure that pathogen - infected cells actively kill themselves to prevent the pathogens,
such as S. aureus from multiplying and spreading, causing the mastitis infection to worsen (Nagata
and Tanaka, 2017). Therefore, due to the central role of BIRC3 with the immune system, further
research is required to confirm the lincRNA (Gene_1450.2) impact on the BIRC3 gene
functionality if the lincRNA functionality is altered.
4.3.4.2.2 Functional analysis of novel differentially expressed genic long non - coding
RNA. Using the list of mRNAs associated with 22 DE genic lncRNAs (Table 4.12), 65 significant
metabolic pathways were identified such as inflammatory response and regulation of cytokine
biosynthetic process (FDR < 0.05; Table 4.14). Three genes explain the majority of the topology
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of the network analysis, however only hypoxia - inducible factor 1 - alpha (HIF1A or HIF - 1a)
and Plexin - A2 (PLXNA2) have transcripts associated with the DE genic lncRNAs (Figure 4.7).
The HIF - 1a gene has been detected in almost all innate and adaptive immune populations
and the HIF transcription factors are key elements in immune cell metabolism and function
(Palazon et al., 2014). Previous studies have also shown that HIF - 1a are induced by pro inflammatory cytokines such as TNF - α and IL - 1β (Imtiyaz and Simon, 2010) and the expression
of both of these increase during cases of mastitis (Hoeben et al., 2000; Lazzari et al., 2014). As
illustrated in Figure 4.7 this gene is a central node for 22 other genes, some of which are immune
genes (i.e., vascular endothelial growth factor A (VEGFA), b - cell lymphoma 2 (BCL2)) and
some of which are involved in regulating normal cell function (i.e., mediator complex subunit 1
(MED1), retinoic acid receptor - related orphan receptor alpha (RORA)). Given the variety of
functions these central genes have, it is important to consider how the DE genic lncRNAs
associated with them act to enhance or impact their expression. In our analysis the HIF - 1a gene
was associated with two DE lncRNAs (Gene_577.1 and Gene_577.4), which are both over expressed in the mastitic samples in comparison to the healthy samples (FC = 6.93, FDR = 4.55E02; and FC = 5.59, FDR = 4.47E-02, respectively). These transcripts may be a potential regulator
of HIF - 1a gene, but further research is needed to confirm this.
Genic lncRNA, Gene_2901.1 (FC = 7.12, FDR = 4.81E-02) is predicted to be associated
with PLXNA2 and was over - expressed in the mastitic samples compared to the healthy samples.
This central node (Figure 4.7) is connected to 11 other genes which are mainly involved in normal
cell function. Plexins are a family of proteins that act as receptors for semaphorins, which are
extracellular signaling proteins, essential in the development and maintenance of organs and
tissues (Alto and Terman, 2018). Plexins and semaphorins have also been found to mediate critical
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processes to the immune system including cytokine secretion, migration and cell - cell contact
(Roney et al., 2013). However, no studies have directly linked PLXNA2 with mastitis, so further
research into this specific plexin is needed and also how DE lncRNA can impact its expression.
4.3.5 QTL annotation analysis
Lastly, QTL annotation analysis was performed to identify potential connections between
phenotypic and genotypic data to determine the genetic variation of complex traits (Miles and
Wayne, 2008). The current cattle QTL database has 159,844 QTL reported, relating to 653
different traits (release 42; Hu et al., 2016; https://www.animalgenome.org/cgi-bin/QTLdb/index).
Previous research by Tong et al., 2017 reported that several QTLs in regions of lncRNAs affect
clinical mastitis, milk quality or production. In our study, 55 QTL were previously annotated
within the regions of the 94 DE lncRNAs (Table 4.15). These QTL were associated with milk
(65%), reproduction (24%), production (7%), health (2%) and meat/carcass (2%) as shown in
Figure 4.8. The majority of QTL harbored closely of lncRNA regions were associated with milk,
milk kappa - casein percentage and milk protein percentage (Supplementary Figure 4.S9). Given
that, annotated QTL in regions of transcripts DE between mastitic and healthy animals could be
used to select animals that are more efficient in terms of milk production and may be mastitis
resistant. When the QTL associated with health trait was plotted, the only QTL annotated was for
ketosis (Supplementary Figure 4.S10). Ketosis is another very common disease cows face in early
lactation when the energy expenditure in the cow is higher than the dietary intake (Uyarlar et al.,
2018; Soares et al., 2020). Some studies have looked at the effects of ketosis on mastitis and other
diseases, for example Uyarlar et al. (2018) found that the incidence of mastitis, metritis and the
coexistence of both infections was significantly (p < 0.01) higher in subclinically and clinically
ketotic cows. In our study, the QTL annotated in DE lncRNA region is related to ketosis
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(Supplementary Figure 4.S11), this could make the cows more susceptible to ketosis and in turn,
other diseases common in the negative energy balance, including mastitis. In summary, looking at
the QTL within lncRNAs codification regions could provide a deeper insight into the potential
functionality of lncRNAs identified in this study, helping to better understand the impact of those
to host’s immune response and in turn, make them susceptible to mastitis. Therefore, a more in depth study is needed to validate QTLs in these candidate regions, that may be used in the future
for the selection of animals resistant to mastitis.
4.4 Conclusions
RNA - Sequencing analysis was used to identify DE lncRNAs between 6 healthy and 6
mastitic milk somatic cell samples. The lncRNAs identified in this study were significantly
enriched in immune pathways and are potentially connected with mRNA involved in the negative
energy balance. Functional candidate lncRNAs were identified due to their involvement with the
immune system and acting as central nodes in immune pathways, specifically those interacting
with HIF - 1a, PLXNA2, TNFRSF1A and BIRC3. The annotated QTL in the lncRNA codification
regions have functions on numerous milk traits, such as milk protein percentage, as well as in the
QTL region associated with ketosis. Therefore, studying the transcriptome at a high - throughput
level enabled the identification of lncRNA regulatory elements that have a potential functional role
in immune response to mastitis in Holstein dairy cows. In turn, this research could aid in the
development of breeding programs to select animals that are more resistant to mastitis infections.
4.5 Methods
4.5.1 Animal material and sample collection
As described in Asselstine et al. (2019), 6 Holstein dairy cows, ranging from first to third
lactation from the University of California - Davis were used in this study. This study was
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approved by the UC Davis Institutional Animal Care and Use Committee (IACUC). Sample
collections and procedures were performed in accordance with the approved guidelines of UC
Davis IACUC. Natural cases of mastitis were used, which were diagnosed by the California
mastitis test which detects early presence of mastitis in the milk based on the SC count (Guerrero
et al., 2015; Godden et al., 2017). Two different samples were taken from each cow, one sample
from the mastitic quarter (N = 6) and the other sample taken diagonally away from the mastitic
quarter and classified as healthy based on having a somatic cell count < 100,000 cells/mL (N = 6;
Asselstine et al., 2019). Using examination gloves, the cow’s teat was cleaned with gauze and
damped in 70% isopropanol and 50 - mL of milk sample was taken from each quarter using a 3 cm plastic cannula (Genesis Industries Inc., Elmwood, WI) to ensure no external bacteria
contaminated the sample. Milk was kept on ice and immediately processed for RNA extraction.
After being kept on ice, the pellet of somatic cell was separated from the upper milk fat
globule membrane and the pellet was washed using RNase - free Phosphate Buffered Saline (PBS)
and EDTA (50 mL PBS + 50 μL EDTA) following protocol outlined by Cánovas et al. (2010).
Total RNA was purified following the Trizol protocol (Invitrogen, Carlsbad, CA; Cánovas et al.,
2013; Asselstine et al., 2019) and the RNA was quantified by an ND - 1000 Nanodrop
Spectrometer (Thermo Scientific, Pittsburgh, PA). All samples passed the RNA integrity number
(range of 8.0 - 9.0), indicating good RNA quality (Cánovas et al., 2013). As described in Cánovas
et al. (2014ab), library construction was performed using the TruSeq RNA sample preparation kit
(Illumina, San Diego, CA). Sequencing was completed with an Illumina HiSeq 2000 analyzer that
yielded 100 - bp single - read sequences.
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The data discussed in this publication have been deposited in NCBI's Gene Expression

Omnibus and are accessible through Gene Expression Omnibus series accession number
GSE131607 (https://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc = GSE131607).
4.5.2 RNA - sequencing analysis
4.5.2.1 Quality control. Quality control analysis was performed using the NGS quality
control tool of CLC Genomics Workbench as described by Cánovas et al., (2014a). All samples
passed the quality control analysis based on GC content, Phred score and over - represented
sequence parameters to name a few (performed using the NGS quality control tool of CLC
Genomics Workbench (Cánovas et al., 2014a; Asselstine et al., 2019). With the aim of improving
the quality of alignment of sequences, the raw sequence data were trimmed using the automatic
trimmer function in CLC, which used trimming quality score of 0.05.
4.5.2.2 Sequence assembly. The Large Gap Read Mapping (LGRM) tool in the CLC
Genomics Workbench software (CLC Bio, Aarhus, Denmark) was used to map the reads to the
bovine reference genome (ARS_UCD1.2.1; ftp.ensembl.org/pub/release-100/fasta/bos_taurus), as
described in detail by Muniz et al., 2021. The LGRM tool can map sequence reads that span introns
without requiring prior transcript annotation (Cardoso et al., 2018). Assembly was conducted with
a length fraction of 0.7 and a similarity of 0.8, to exclude paralogous sequence variants and the
settings were as follows: a mismatch cost of 2, deletion cost of 3, insert cost of 3, minimum contig
length of 200 base pairs (bp) were allowed (Muniz et al., 2021).
Using CLC, transcript discovery was performed to identify transcripts in each group
individually. Starting with the healthy group, the transcript discovery uses: 1) the bovine reference
genome and 2) the LGRM assembly for the healthy group. Parameters for filtering include gene
merging distance = 50, minimum reads in gene = 10 and minimum predicted gene length = > 200
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bp (Muniz et al., 2021). For the mastitic transcript discovery, we used the predicted RNA and
gene tracks generated from the healthy group and annotated bovine reference genome. Thus, the
predicted RNA file (.gft) contains predicted information from both groups of samples (healthy and
mastitis), in addition annotated genome information.
4.5.2.3 lncRNA identification. To identify the lncRNAs, FIExible Extraction of LncRNAs
(FEELnc) pipeline was utilized (Wucher et al., 2017; https://github.com/tderrien/FEELnc). Three
different pipelines (FEELnc filter, FEELnc codpot and FEELnc classifier) were used. The FEELnc
filter was used to filter and remove protein - coding, pseudogene, miRNA etc and capture
transcripts with a minimal size of 200 bp. The FEELnc codpot pipeline was applied to compute
the coding potential score [0 - 1] for each of the candidate transcripts in the predicted RNA file
(.gtf) generated in the previous step. From this, the mRNA vs lncRNA can be separated based on
their maximized specificity (Sp) and sensitivity (Sn). The CPS calculation was based on three
parameters: the k - mer frequencies, which were left as default with values of: 1, 2, 3, 6, 9 and 12
mers, the Open Reading Frame (ORF) coverage and the mRNA size (Muret et al., 2017). The CPS
cut - off for the samples was 0.92 of both sensitivity and specificity (Supplementary Figure 4.S9).
Lastly, FEELnc classifier formalized the definition of the lncRNA classes based on their direction,
type, subtype and location, thus allowing functional annotation and relationships between lncRNA
and their annotated partners, i.e., mRNA to be identified (Wucher et al., 2017).
From the previous step, a file was obtained with the identified lncRNA, which was then
combined with the annotated reference genome (.gtf file). Using this combined file, the trimmed
reads were aligned using CLC Genomics Workbench software (CLC Bio, Aarhus, Denmark. RNA
- Sequencing analysis was performed in CLC Genomics Workbench software using mapping
criteria as mentioned prior (mismatch = 2, insertion = 3, deletion costs = 3 were allowed). We also
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used the same criteria for the length and similarity fractions (0.7 and 0.8, respectively). Expression
values for the lncRNA were on a count - based model which were then transformed and
normalized.
4.5.3 Differential lncRNA expression analysis and classification
Differential expression analysis on the lncRNAs was performed between healthy (N = 6)
and mastitic (N = 6) samples by Empirical analysis of differential gene expression tool (CLC
Genomics Workbench). Transcripts were considered DE between healthy and mastitic samples
when they had a FDR < 0.05 and a |FC| > 2. Among the DE transcripts, we proceeded with the
ones annotated as lncRNA using the FEELnc software. We were interested in looking not only at
the lncRNA as a whole, but also looking at if they were 1) previously annotated for both gene
name and length in the ARS_UCD1.2.1 bovine reference genome, 2) previously annotated for
gene name in the ARS_UCD1.2.1 bovine reference genome and 3) novel lncRNAs for which no
gene name or gene length was previously annotated in the ARS_UCD1.2.1 bovine reference
genome.
The predicted gene name of the previously annotated DE lncRNAs, were find as none of
them had a gene name or any orthologue in a similar species. This was done using NCBI viewer
to download the FASTA files based on the location (start and end position) of the transcripts in
the bovine genome. These FASTA files were then uploaded to NCBI blast (blastn;
https://blast.ncbi.nlm.nih.gov/Blast.cgi). The nucleotide collection (nr/nt) feature was used as
reference database to find similar sequences genome annotation in either bovine or in other species
allowing inferences about a genes and functions to be made. From the predicted gene associated
with each annotated lncRNA, further functional analysis was performed on a lncRNA - by lncRNA manner.
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4.5.4 Functional analysis
Functional analysis including metabolic pathway analysis and gene networks analysis was
performed on the genes associated with DE lncRNAs identified in this study. To determine the
functions of the DE lncRNAs, the lncRNAs were split into 1) previously annotated, including those
annotated for both gene name and length and those annotated for gene name, but length was
different than that reported in the bovine reference genome (ARS.UCD 1.2.1) and 2) novel
lncRNAs with neither gene name, nor length reported in the bovine reference genome (ARS.UCD
1.2.1). The NetworkAnalyst platform was used to perform the gene network analysis
(http://www.networkanalyst.ca), using the list of mRNA gene associated with the DE lncRNAs
identified as the input. This software performs meta - analysis on gene expression data sets, to
determine important features, patterns, functions and connections between genes (Xia et al., 2013a,
b;2014;2015; Zhou et al., 2019).
4.5.5 QTL annotation analysis
Lastly, QTL annotation analysis was performed using the R package: Genomic functional
Annotation in Livestock for positional candidate LOci (GALLO) (https://CRAN.Rproject.org/package=GALLO; Fonseca et al., 2020). The genome coordinates of the DE lncRNAs
was used, as well as the QTL gff annotation file retrieved from the cattle QTL Database
(https://www.animalgenome.org/cgi-bin/QTLdb/index; Hu et al., 2007; Hu et al., 2019; Fonseca
et al., 2020; Lam et al., 2021). Windows of 1000 bp were used to account for 100 upstream and
100 downstream of each DE transcript (Sweett et al., 2020).
4.6 References
See chapter 7 for a complete list of references on a chapter - by - chapter basis.
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Table 4.9: Alignment statistics of the 12 milk somatic cells collected from 6 Holstein dairy cows
to the ARS_UCD1.2.1 bovine reference genome1

Group

Healthy

Sample ID

Total reads
mapped

Uniquely
mapped
reads %

50A2
50C3
50E4
50G5
70A6
70E7

22,791,224
12,757,084
11,257,761
9,041,681
11,737,755
16,124,047

91.35
81.84
85.75
78.7
87.18
95.17

Non specifically
mapped
reads %
5.19
7.5
5.56
4.87
12.34
4.36

Total = 83,709,552

Av = 86.66

Av = 6.63

50B1
50D2
50F3
50H4
70C5
70G6

Unmapped
reads %
3.46
10.67
8.7
16.43
0.47
0.48
Av = 6.7

18,884,191
93.19
5.2
1.61
26,510,003
92.7
6.47
0.83
14,613,683
91.21
5.67
3.11
15,174,409
90.4
6.86
2.75
Mastitic
10,692,707
95.33
3.93
0.74
12,365,761
95.63
3.95
0.41
Total = 98,240,754 Av = 93.08
Av = 5.35
Av = 1.58
1
Table is published in Asselstine, V., J. F. Medrano and A. Cánovas. 2021. Identification of novel
alternative splicing associated with mastitis disease in Holstein dairy cows using large gap read
mapping. BMC Genomics – Accepted with minor revisions: Submission ID 19c8ae3f-3ca5-4ea981e3-68923bc0bcf0; 2These samples were collected from the same cow (3rd lactation, 74 DIM);
3
These samples were collected from the same cow (2nd lactation, 44 DIM); 4These samples were
collected from the same cow (3rd lactation, 178 DIM); 5These samples were collected from the
same cow (2nd lactation, 133 DIM); 6These samples were collected from the same cow (2nd
lactation, 7 DIM); 7These samples were collected from the same cow (1st lactation, 236 DIM)
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Table 4.10: Differentially expressed lncRNAs from the 12 milk somatic cell samples collected from 6 Holstein dairy cows, previously
annotated for both gene name and length in the bovine reference genome ARS - UCD1.2.1, with their predicted gene name
Transcript ID

Position

P-value

FC

ENSBTAG00000054150_1

22:53288521 53302341

1.38E-05

13.61

ENSBTAG00000050065_2

20:70033246 70035651

7.82E-04

-35.43

3.90E-04

19.02

7.43E-04

16.08

6.94E-04

16.31

ENSBTAG00000050727_2
ENSBTAG00000051221_3
ENSBTAG00000052589_1

20:28801242 28823133
14:14617953 14648986
1:151342531 151427134

Predicted Gene
X - C motif chemokine
receptor 1 (XCR1)
FOS like 2, AP -1
transcription factor subunit
(FOSL2)
Isolate yakQH1
chromosome 20
Uncharacterized
LOC107133108
Isolate
Dominette_000065F
genomic sequence

Predicted
Species

Identity
%

Pred. gene*
accession

Bos taurus

100

XM_024983049.1

Bos taurus

100

XM_024998485.1

Bos mutus

98.61

CP027088.1

Bos taurus

100

XR_003038216.1

Bos taurus

92.95

KX592814.1

*Accession number of predicted gene using NCBI, which is the unique identifier for a sequence record. Predicted gene name of
annotated lncRNAs without a gene symbol from the milk somatic cells of Holstein dairy using NCBI blast (blastx;
https://blast.ncbi.nlm.nih.gov/Blast.cgi)
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Table 4.11: Differentially expressed lncRNAs from the 12 milk somatic cell samples collected from 6 Holstein dairy cows, previously
annotated for gene name in the bovine reference genome ARS - UCD1.2.1, with their predicted gene name
Transcript ID
ENSBTAT00000086278
ENSBTAT00000070418_1
ENSBTAT00000070418_2
ENSBTAT00000070418_3
ENSBTAT00000070418_4
ENSBTAT00000084307
ENSBTAT00000084749
ENSBTAT00000068605
ENSBTAT00000072182
ENSBTAT00000069074
ENSBTAT00000082333

Position
X:130716958130722792
1:151403342 151411502
1:15141904 5151427963
1:151346789 151359836
1:151346789 151359836
9:72480486 72491143
13:54696287 54705035
14:14620109 14626476
15:82272102 82282761
20:28791624 28829693
6:85666003 85671517

Length

P-value

FC

5665

3.87E-04

8.91

7694

5.50E-06

25.41

7964

4.80E-05

52.90

10985

6.39E-04

46.89

10958

5.81E-06

27.38

4285

3.34E-06

45.79

4605

9.53E-05

6.60

4863

2.24E-04

19.82

9598

1.39E-04

5.93

18089

1.01E-05

25.06

3312

1.56E-04

-39.49

Predicted Gene
Uncharacterized
LOC107132093
Isolate yakQH1
chromosome 20
Uncharacterized
LOC112587040
Isolate yakQH1
chromosome 27
Isolate yakQH1
chromosome 27
Uncharacterized
LOC101905172
Isolate yakQH1
chromosome 13
Isolate yakQH1
chromosome 14
Isolate yakQH1
chromosome 15
Isolate yakQH1
chromosome 20
Isolate yakQH1
chromosome 18

Predicted
Species

Identity %

Pred. gene*
accession

Bos taurus

99.97

XR_001495658.
2

Bos mutus

91.27

CP027088.1

Bubalus
bubalis

93.98

XR_003111651.
1

Bos mutus

92.38

CP027095.1

Bos mutus

92.38

CP027095.1

Bos taurus

100

XR_003036418.
1

Bos mutus

98.87

CP027081.1

Bos mutus

98.92

CP027082.1

Bos mutus

98.4

CP027083.1

Bos mutus

98.48

CP027088.1

Bos mutus

91.24

CP027086.1

*Accession number of predicted gene using NCBI, which is the unique identifier for a sequence record. Predicted gene name of
annotated lncRNAs without a gene symbol from the milk somatic cells of Holstein dairy using NCBI blast (blastx;
https://blast.ncbi.nlm.nih.gov/Blast.cgi)
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Table 4.12: Differentially expressed lncRNAs from the 12 milk somatic cell samples collected from 6 Holstein
dairy cows in the ARS_UCD1.2 bovine reference genome and their mRNA interaction
Transcript ID
Gene_68.2
Gene_2142.1
Gene_2526.1
Gene_577.4
Gene_577.1
Gene_2570.1
Gene_2901.1
Gene_1930.1
Gene_445.5
Gene_24.1
Gene_2188.5
Gene_3260.1
Gene_2312.1
Gene_2824.1
Gene_2188.3
Gene_2518.1
Gene_3370.1
Gene_3349.1
Gene_2311.3
Gene_1751.3
Gene_2311.2
Gene_1505.1
Gene_64.1
Gene_462.2
Gene_1668.5
Gene_1670.4
Gene_2814.2

lncRNA type1

Genic

P-value

FC(log10)2

FDR

transcript_interaction3

8.12E-04
1.95E-05
4.82E-04
6.73E-04
7.06E-04
8.22E-04
7.90E-04
4.85E-04
5.74E-04
2.37E-04
7.60E-04
2.42E-04
6.08E-04
9.04E-05
4.19E-04
6.03E-06
9.56E-06
4.62E-04
6.89E-04
6.85E-04
1.39E-05
6.94E-05
7.66E-06
3.78E-04
2.04E-04
6.34E-04
8.15E-04

-170.31
-30.59
4.87
5.59
6.93
7.01
7.12
7.87
9.24
9.50
10.28
10.63
10.82
10.96
12.01
13.00
13.65
20.48
20.83
26.13
62.74
496.05
-41.23
-12.11
4.55
4.94
6.24

4.85E-02
6.20E-03
3.69E-02
4.47E-02
4.55E-02
4.87E-02
4.81E-02
3.70E-02
4.15E-02
2.44E-02
4.72E-02
2.47E-02
4.28E-02
1.38E-02
3.43E-02
3.22E-03
4.02E-03
3.60E-02
4.52E-02
4.52E-02
4.94E-03
1.20E-02
3.69E-03
3.22E-02
2.25E-02
4.35E-02
4.85E-02

ENSBTAG00000016785
ENSBTAG00000039890
ENSBTAG00000012442
ENSBTAG00000020935
ENSBTAG00000020935
ENSBTAG00000004269
ENSBTAG00000001173
ENSBTAG00000022890
ENSBTAG00000033316
ENSBTAG00000001511
ENSBTAG00000001511
ENSBTAG00000005622
ENSBTAG00000030669
ENSBTAG00000007823
ENSBTAG00000001511
ENSBTAG00000016841
ENSBTAG00000021999
ENSBTAG00000021568
ENSBTAG00000030669
ENSBTAG00000004723
ENSBTAG00000030669
ENSBTAG00000042245
ENSBTAG00000005501
ENSBTAG00000012855
ENSBTAG00000046383
ENSBTAG00000045854
ENSBTAG00000027316
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Gene_3134.2
Gene_1664.4
Gene_1668.4
Gene_3309.2
Gene_1450.2
Gene_2174.2
Gene_2592.2
Gene_289.5
Gene_575.1
Gene_2868.1
Gene_2254.2
Gene_1523.4
Gene_2816.2
Gene_200.6
Gene_2290.2
Gene_495.7
Gene_2900.2
Gene_2586.2
Gene_1874.4
Gene_2178.2
Gene_3099.2
Gene_3204.1
Gene_2165.1
Gene_2394.2
Gene_2911.1
Gene_2828.2
Gene_3182.1
Gene_3106.2
Gene_3181.2
Gene_46.2
Gene_2411.6

Intergenic

4.46E-04
8.20E-04
6.64E-05
6.31E-04
1.20E-04
5.82E-04
6.93E-04
5.96E-04
1.62E-04
3.57E-04
6.56E-04
4.47E-05
1.85E-04
6.22E-04
4.51E-04
3.52E-04
6.93E-05
6.71E-04
1.49E-04
2.21E-04
4.93E-05
1.18E-04
4.20E-04
5.64E-05
7.98E-04
1.58E-04
6.68E-04
2.77E-06
2.71E-05
3.39E-04
3.73E-04

6.27
6.32
6.42
6.71
6.88
7.12
7.19
7.20
7.31
7.39
8.09
8.30
8.49
8.62
8.64
8.80
9.15
9.19
9.64
10.06
10.20
10.25
10.29
10.31
10.58
10.62
10.66
10.94
11.07
11.12
11.31
76

3.56E-02
4.87E-02
1.17E-02
4.34E-02
1.60E-02
4.19E-02
4.53E-02
4.24E-02
1.99E-02
3.11E-02
4.43E-02
1.01E-02
2.13E-02
4.31E-02
3.57E-02
3.11E-02
1.20E-02
4.47E-02
1.89E-02
2.37E-02
1.02E-02
1.59E-02
3.43E-02
1.08E-02
4.83E-02
1.96E-02
4.47E-02
1.92E-03
7.52E-03
3.05E-02
3.19E-02

ENSBTAG00000000735
ENSBTAG00000014953
ENSBTAG00000046383
ENSBTAG00000049849
ENSBTAG00000024918
ENSBTAG00000012899
ENSBTAG00000052036
ENSBTAG00000004556
ENSBTAG00000018898
ENSBTAG00000024715
ENSBTAG00000009470
ENSBTAG00000015086
ENSBTAG00000048499
ENSBTAG00000045948
ENSBTAG00000054946
ENSBTAG00000048577
ENSBTAG00000016542
ENSBTAG00000054905
ENSBTAG00000006155
ENSBTAG00000007444
ENSBTAG00000049077
ENSBTAG00000017593
ENSBTAG00000029904
ENSBTAG00000010644
ENSBTAG00000011970
ENSBTAG00000051221
ENSBTAG00000054150
ENSBTAG00000054225
ENSBTAG00000052050
ENSBTAG00000052589
ENSBTAG00000004211
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ENSBTAG00000018898
Gene_575.2
5.61E-04
12.28
4.08E-02
ENSBTAG00000029830
Gene_2517.4
7.46E-04
13.35
4.67E-02
ENSBTAG00000006523
Gene_2580.2
5.36E-05
13.57
1.06E-02
ENSBTAG00000054946
Gene_2289.2
4.34E-04
13.83
3.49E-02
ENSBTAG00000049546
Gene_2788.1
1.81E-04
15.06
2.10E-02
ENSBTAG00000029830
Gene_2517.2
4.10E-06
15.49
2.54E-03
ENSBTAG00000011358
Gene_3224.2
1.61E-05
16.09
5.41E-03
ENSBTAG00000052050
Gene_3181.3
1.52E-04
16.81
1.90E-02
ENSBTAG00000007244
Gene_3324.2
1.02E-04
17.14
1.47E-02
ENSBTAG00000052589
Gene_46.6
1.15E-06
17.70
1.37E-03
ENSBTAG00000030671
Gene_2310.2
1.84E-07
18.26
4.50E-04
ENSBTAG00000020093
Gene_2780.2
4.23E-05
18.40
9.85E-03
ENSBTAG00000052589
Gene_46.4
9.43E-05
26.58
1.43E-02
ENSBTAG00000053979
Gene_2322.5
4.00E-04
34.54
3.34E-02
ENSBTAG00000031441
Gene_2963.2
6.47E-04
41.88
4.41E-02
ENSBTAG00000013996
Gene_343.3
1.84E-06
44.62
1.55E-03
ENSBTAG00000038891
Gene_498.1
1.06E-04
168.93
1.50E-02
ENSBTAG00000006252
Gene_2140.1
1.68E-04
197.51
2.02E-02
ENSBTAG00000050249
Gene_3210.4
7.43E-04
291.66
4.66E-02
ENSBTAG00000014798
Gene_2159.2
7.12E-04
683.48
4.57E-02
1
lncRNA type = are defined according to the orientation of the interactions and the localization of the interactions.2FC (log10) =
Fold change (log10); 3transcript interaction = transcript that the lncRNA is closest to in the bovine reference annotation
(ARS.UCD1.2.100), transcripts can be mRNA, miRNA, lncRNA, snRNA or pseudogene.
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Table 4.13: Significantly enriched pathways for genes associated with differentially expressed
long intergenic noncoding RNA (lincRNA)

215
130
37
178
60
44
90
708
17
105
27

Total genes
associated with
lincRNA (n)2
11
9
5
7
5
4
4
7
2
3
2

3.87E-14
9.27E-13
6.52E-09
2.57E-08
7.95E-08
1.29E-06
2.30E-05
2.40E-04
4.69E-04
1.01E-03
1.20E-03

28

2

1.29E-03

29

2

1.38E-03

480

5

1.80E-03

34

2

1.90E-03

52

2

4.39E-03

54
374
222
5
82
83
252
7

2
4
3
1
2
2
3
1

4.72E-03
5.06E-03
8.36E-03
9.56E-03
1.06E-02
1.09E-02
1.18E-02
1.34E-02

498

4

1.37E-02

9
10
112
11

1
1
2
1

1.71E-02
1.90E-02
1.92E-02
2.09E-02

317

3

2.17E-02

12

1

2.28E-02

Total
(n)1

Metabolic Pathway
Steroid biosynthetic process
Positive regulation of immune response
Intracellular transport
Apoptotic nuclear changes
Isoprenoid metabolic process
Multicellular organismal development
Regulation of immune response
Regulation of cytokine biosynthetic process
Mitochondrion organization
Response to hypoxia
Protein tetramerization
Positive regulation of transcription,
DNA_dependent
Intracellular signal transduction
Transcription initiation from RNA
polymerase II promoter
Epithelial cell differentiation
Regulation of cyclin_dependent protein
kinase activity
Superoxide metabolic process
Lipid biosynthetic process
Sulfur compound metabolic process
Regulation of chromosome organization
Vitamin metabolic process
T cell differentiation
Macromolecule biosynthetic process
Negative regulation of programmed cell death
Regulation of transcription from RNA
polymerase II promoter
Chromosome condensation
Protein_DNA complex assembly
Regulation of JAK_STAT cascade
Cellular response to extracellular stimulus
DNA damage response, signal transduction
by p53 class
Regulation of neurotransmitter levels
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Positive regulation of I_kappaB
12
1
2.28E-02
kinase/NF_kappaB cascade
Negative regulation of myeloid cell
124
2
2.32E-02
differentiation
Myeloid cell differentiation
14
1
2.65E-02
Cellular cation homeostasis
15
1
2.84E-02
Establishment of vesicle localization
15
1
2.84E-02
Regulation of intracellular transport
153
2
3.43E-02
Sphingolipid biosynthetic process
19
1
3.59E-02
Negative regulation of catalytic activity
19
1
3.59E-02
Heme biosynthetic process
165
2
3.93E-02
Positive regulation of JUN kinase activity
21
1
3.96E-02
Regulation of action potential
22
1
4.14E-02
Regulation of actin polymerization or
22
1
4.14E-02
depolymerization
Interleukin_1 secretion
24
1
4.51E-02
1
Total genes from NetworkAnalyst database involved with metabolic pathway of interest;
2
Total genes associated with our list of differentially expressed long intergenic
noncoding RNA (lincRNA)
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Table 4.14: Significantly enriched pathways for genes associated with the differentially
expressed genic long noncoding RNA identified from the 12 milk somatic cell samples collected
from 6 Holstein dairy cows

426
146
121
88

Total genes
associated with
genic lncRNA (n)2
9
6
5
4

6.73E-07
1.50E-06
1.22E-05
6.89E-05

42

3

1.61E-04

48
126
708
53
1160
140

3
4
8
3
10
4

2.40E-04
2.77E-04
2.87E-04
3.22E-04
3.79E-04
4.14E-04

63

3

5.37E-04

604
161
17
77
178

7
4
2
3
4

6.44E-04
7.01E-04
8.38E-04
9.66E-04
1.02E-03

317

5

1.12E-03

487
91
215
1
34
35
36
2
145
46
52

6
3
4
1
2
2
2
1
3
2
2

1.23E-03
1.57E-03
2.05E-03
2.56E-03
3.37E-03
3.56E-03
3.77E-03
5.11E-03
5.85E-03
6.09E-03
7.73E-03

498

5

7.88E-03

53
4

2
1

8.02E-03
1.02E-02

Total
(n)1

Metabolic Pathway
Cell maturation
Carbohydrate transport
RNA splicing, via transesterification reactions
Mitotic spindle organization
Positive regulation of cysteine_type
endopeptidase in apoptotic process
Behavior
Positive regulation of T cell proliferation
Regulation of cytokine biosynthetic process
Anion transport
Positive regulation of cytokine secretion
Actin polymerization or depolymerization
Cell morphogenesis involved in
differentiation
DNA replication initiation
Actin filament_based process
Lipid catabolic process
G2/M transition of mitotic cell cycle
Apoptotic nuclear changes
DNA damage response, signal transduction
by p53 class mediator
DNA damage checkpoint
Anatomical structure morphogenesis
Steroid biosynthetic process
Regulation of cell migration
CAMP_mediated signaling
Lipid homeostasis
Microtubule_based process
Positive regulation of protein phosphorylation
Reciprocal meiotic recombination
Protein processing
Microtubule organizing center organization
Regulation of transcription from RNA
polymerase II promoter
Regulation of signal transduction
Endothelial cell proliferation
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Regulation of small GTPase mediated signal
4
1
1.02E-02
transduction
Lysosomal transport
62
2
1.09E-02
Apoptotic signaling pathway
63
2
1.12E-02
Steroid metabolic process
349
4
1.14E-02
Monocarboxylic acid transport
67
2
1.26E-02
Lipid biosynthetic process
374
4
1.44E-02
Dephosphorylation
6
1
1.53E-02
Tube development
77
2
1.64E-02
Cytoskeleton organization
214
3
1.68E-02
Inflammatory response
80
2
1.76E-02
Negative regulation of DNA replication
7
1
1.78E-02
Negative regulation of phosphorylation
7
1
1.78E-02
Regulation of binding
83
2
1.89E-02
Peroxisome organization
236
3
2.18E-02
Regulation of gene expression, epigenetic
9
1
2.28E-02
Neuron development
97
2
2.53E-02
Macromolecule biosynthetic process
252
3
2.59E-02
Ras protein signal transduction
100
2
2.68E-02
Positive regulation of cell proliferation
11
1
2.78E-02
Response to hypoxia
105
2
2.93E-02
Response to hormone stimulus
12
1
3.03E-02
Neutral amino acid transport
12
1
3.03E-02
Lipoprotein metabolic process
13
1
3.28E-02
Regulation of cellular component size
14
1
3.52E-02
Protein transport
15
1
3.77E-02
B cell differentiation
15
1
3.77E-02
Regulation of cytokine production
16
1
4.02E-02
Gamete generation
16
1
4.02E-02
Viral reproduction
17
1
4.26E-02
Metal ion transport
17
1
4.26E-02
Angiogenesis
19
1
4.75E-02
Striated muscle contraction
20
1
5.00E-02
Response to wounding
20
1
5.00E-02
1
Total genes from NetworkAnalyst database involved with metabolic pathway of interest; 2
Total genes associated with our list of differentially expressed genic long noncoding RNA
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Table 4.15: QTL annotation analysis within codification genomic regions of differentially expressed long non-coding RNA
identified from the 12 milk somatic cells samples collected from 6 Holstein dairy cows
Transcript ID

Position

Fold change

QTL_type

QTL_ID

Flank_Markers

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

85637

rs132656042

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

85638

rs137169584

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

85639

rs135758570

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

72162

rs132656042

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

72163

rs137169584

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

72164

rs135758570

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

83868

rs132656042

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

83869

rs137169584

Gene_2159.2

X:79073608-79080933

683.48

Reproduction

83870

rs135758570

Gene_1505.1

16:44572821-44616632

496.05

Reproduction

30168

rs41608555

Gene_1505.1

16:44572821-44616632

496.05

Reproduction

30369

rs41608555

Gene_2209.1

1:151346789-151359836

46.89

Milk

14915

rs109452554

Gene_2322.5

3:104443741-104466628

34.54

Health

179933

rs43366814

Gene_2209.2

1:151346789-151359836

27.38

Milk

14915

rs109452554

Gene_1751.3

19:48405247-48407474

26.13

Production

68973

rs109044085

Gene_1751.3

19:48405247-48407474

26.13

Production

68974

rs109044085

Gene_3116.4

20:28791624-28829693

25.06

Milk

105122

rs132878568

Gene_3116.4

20:28791624-28829693

25.06

Milk

104668

rs132878568

ENSBTAT00000069074

20:28801242-28823133

19.02

Milk

105122

rs132878568

ENSBTAT00000069074

20:28801242-28823133

19.02

Milk

104668

rs132878568

ENSBTAT00000070418

1:151342531-151427134

16.31

Milk

14915

rs109452554

Gene_3182.1

22:53273501-53288313

10.66

Production

69227

rs42017220

Gene_2165.1

X:98097707-98098234

10.29

Reproduction

75831

rs135056594

Gene_2165.1

X:98097707-98098234

10.29

Reproduction

88819

rs135056594

Gene_2586.2

10:4275621-4325006

9.19

Meat/Carcass

37243

rs29022216

Gene_200.6

3:119431372-119434064

8.62

Production

180978

rs135897656
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Gene_2174.2

1:2129653-2161384

7.12

Milk

111671

rs135537220

Gene_2174.2

1:2129653-2161384

7.12

Milk

112083

rs133418963

Gene_2174.2

1:2129653-2161384

7.12

Milk

113321

rs137196899

Gene_2570.1

9:72403793-72417951

7.01

Milk

25888

rs41594143

Gene_577.1

10:73857290-73886496

6.93

Milk

115749

rs135085707

ENSBTAT00000084347

20:70033246-70035651

-35.43

Milk

113994

rs41961266

Gene_330.1

6:85666003-85671517

-39.49

Milk

105452

rs137600734

Gene_330.1

6:85666003-85671517

-39.49

Milk

105453

rs132724570

Gene_330.1

6:85666003-85671517

-39.49

Milk

105454

rs110274757

Gene_330.1

6:85666003-85671517

-39.49

Milk

105455

rs108990141

Gene_330.1

6:85666003-85671517

-39.49

Milk

117019

rs137600734

Gene_330.1

6:85666003-85671517

-39.49

Milk

117020

rs132724570

Gene_330.1

6:85666003-85671517

-39.49

Milk

117021
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Figure 4.6: Gene network analysis constructed with the 56 mRNAs, associated with the long
intergenic non-coding RNA (lincRNAs) using NetworkAnalyst. The two red circles represent two
significantly enriched genes in which are involved with two of DE lincRNA.
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Figure 4.7: Gene network analysis constructed with the 22 mRNAs associated with the genic DE
lncRNAs using NetworkAnalyst. The two red circles represent two significantly enriched genes in
which involved with two of identified genic lncRNAs.
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Figure 4.8: QTL annotation analysis on the codification regions of the 94 DE lncRNAs using
GALLO R package.
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Supplementary figures can be found in the additional excel file.
Supplementary Figure 4.S9: The coding potential score computed using FEELnc codpot
Supplementary Figure 4.S10: The QTL in our analysis associated with milk (65%)
Supplementary Figure 4.S11: Plotting the QTL associated with the health trait
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5.1 Abstract
Within the dairy industry, mastitis is a debilitating disease that affects not only the animal’s
health, but also the producer’s profit. Mastitis has been thoroughly studied over the years, however
it is still an extremely common disease, due to the numerous pathogens, which can cause
intramammary infections (IMI). Integrating high - throughput transcriptomic and genomic data
offers a new opportunity to characterize the biological basis underlying complex traits, such as
mastitis resistance. Previous research using RNA - Sequencing (RNA - Seq) technology from 12
milk somatic cell samples from 6 Holstein dairy cows identified key functional candidate genes
and regulatory elements, which included: 7 differentially expressed (DE; FDR < 0.05, |FC| > 2)
candidate genes, 3 DE candidate mRNA isoforms and 5 DE candidate long non - coding RNA
(lncRNAs). In the present study, hair samples were collected from 14 Holstein dairy cows (N = 7
healthy and N = 7 mastitic). Whole genome sequencing (WGS) was used to identify structural
variants (SVs) including single nucleotide polymorphisms (SNPs) and insertions / deletions
(INDELs) that were fixed and uniquely present in either all 7 healthy or all 7 mastitic samples
within candidate functional regulatory elements identified previously using RNA - Sequencing
technology. In total, WGS analysis identified 29 SVs (18 - SNPs and 11 - INDELs) in the DE
candidate genes, 58 SVs (26 - SNPs and 32 - INDELs) in the DE mRNA isoforms and 19 SVs (9
- SNPs and 10 - INDELs) for the DE candidate lncRNAs. These specific functional variants could
impact the host’s response to the mastitis causing agent, aiding in breeding healthier animals that
are better able to cope or resist the IMI.
Keywords: mastitis, Holstein dairy cow, whole genome sequencing, RNA - Sequencing,
functional variants, SNP, INDEL
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5.2 Introduction
Mastitis is an inflammatory disease of the udder caused by different species of bacteria and
it is extremely prevalent in the dairy industry. There are significant costs associated with each
mastitis case due to the price of treatment, milk loss and potential culling [1]. As mastitis is a very
complex trait, it has yet to be effectively controlled at a low incidence rate. Thus, there is
significant interest in studying differences in the genome that could make an animal more resistant
to mastitis or better able to cope with the IMI.
Whole genome sequencing (WGS) is a new tool to study the complete genome of the
species of interest, e.g., humans, dairy cows, mice. With WGS, it possible to identify key
differences in the genome, such as structural variants (SVs) that may impact the host’s response
to a specific disease. These differences can occur in primary regulatory components of the genome
in promotors and enhancers [2]. Structural variants are often result of chromosomal
rearrangements, which include deletion, duplication, novel sequence insertion or inversion and are
responsible for the phenotypic variation observed between animals of the same species. The
specific SVs of interest in this study include single nucleotide polymorphisms (SNP), which cause
changes in a single nucleotide in the genomic sequence and insertions or deletions (INDELs),
which involved multiple nucleotides from the genome sequence either being inserted or deleted.
Both types of SVs can occur in coding and non - coding regions of the genome [3] and these
differences in the genomic sequence can cause a different amino acid to be transcribed, thus
translating to a different protein. Therefore, the genetic variation amoung individuals could
determine their susceptibility to disease if the protein created is non - functional. Research by Liu
et al. (2019) found that SVs, including INDELs and copy number variants, are significantly
associated with mastitis and reproductive system diseases in Holstein cows [4]. Additionally, it
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was found that sequence deletions had a greater impact on resistance to mastitis than sequence
duplications [5].
Previous research used RNA - Sequencing (RNA - Seq) technology to identify genes (N
= 7; [6]), mRNA isoforms (N = 3; [7] and lncRNA (N = 5; [8]) that were differentially expressed
(DE) between healthy and mastitic samples. Using the 15 candidate regions found using the RNA
- Seq studies, WGS analysis was then used to identify potential SVs, including SNPs and INDELs
that were fixed (uniquely present) in either all 7 healthy or all 7 mastitic Holstein dairy cows that
could affect the functionality of the candidate regulatory elements in terms of resistance to mastitis.
Thus, the main objective of this study was to use WGS to identify SNP and INDELs in the genome
of Holstein dairy cows that might impact mastitis resistance. Key variants they could then be
implemented into breeding strategies to select for and breed dairy cattle that are more resistant to
mastitis disease, which would greatly benefit the dairy industry.
5.3 Results and discussion
5.3.1 Variants across the whole genome
In the current study, WGS was used to identify SVs (SNP and INDELs), which could have
a noticeable phenotypic impact due to their effect on gene function and regulation. These SVs
found could cause observable differences within populations (i.e., some animals to be more
resistant to mastitis than others [9 - 10]) and across species [11 - 12]. The total number of SNPs in
the healthy and mastitic samples were 11,536,257 and 256,331, across the ARS_UCD1.2 bovine
reference genome, respectively (Figure 5.12). In relation to INDELs, there were 1,958,766
INDELs identified in the healthy samples and 1,953,629 INDELs identified in the mastitic samples
(Figure 5.12). To determine which of these SNPs and INDELs may have a potential impact on the
host’s immune response to mastitis, we were further looked at the specific variants that were fixed
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in each group (i.e., all 7 healthy animals had the same variant or all 7 mastitic animals had the
same variant) and that these variants were unique between the two groups.
5.3.2 Structural variants (SNPs and INDELs) in functional candidate genes
The candidate genes previously identified using RNA - Seq include: fc fragment of IgE
receptor Ig (FCER1G), located on BTA. 3; glycosylation - dependent cell adhesion molecule 1
(GLYCAM1), BTA. 5; CD74 molecule (CD74), BTA. 7; B2 - microglobulin (B2M), BTA. 10;
serine dehydratase (SDS), BTA. 17; NFKB inhibitor α (NFKBIA), BTA. 21; and major
histocompatibility complex, Class II, DR α (BoLA - DRA), BTA. 23 (Table 5.17; [6]). These 7
genes were key functional candidate genes based on 3 overlapping criteria; 1) they were all DE
between healthy and mastitic milk somatic cell samples (FDR < 0.05, fold change (|FC|) > 2)
collected from 6 Holstein dairy cows; 2) they were all highly expressed based on a reads per
kilobase per million mapped reads (RPKM) ³ 500; 3) they were involved in significant metabolic
pathways associated with the immune system (FDR < 0.05).
Using the WGS results obtained in the present study, it was found that there were 4 SVs (2
SNPs and 2 insertions) that were the same across both the mastitic and healthy groups (Table 5.18).
Thus, due to the same variant being found in both groups, it is not expected that any of these 4 SVs
would have a direct impact on mastitis resistance. For this reason, the other variants found in each
group are of more interest, as they were fixed and unique between groups. Within the healthy
group there were 4 unique insertions and 2 unique deletions that were fixed in the genes FCER1G,
GLYCAM1, CD74, NFKBIA, BoLA - DRA and B2M (Table 5.18; Figure 5.13a). However, variants
within FCER1G, B2M and CD74 were all located in intron regions, with a predicted effect of
MODIFIER, meaning there is little to no evidence that these SVs will have an impact on the
functionality of the protein formed. Thus, it is hypothesized that the variants within GLYCAM1,
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NFKBIA and BoLA - DRA, which are not yet annotated in either an intron or exon, could positively
impact the functionality of these genes and could aid in the host responding to the mastitis causing
agents. Within all animals in the mastitic group, in total there were 14 unique SNPs and 1 unique
insertion fixed among all animals (Table 5.18; Figure 5.13a) for 5 of the 7 genes (GLYCAM1,
CD74, B2M, SDS and BoLA - DRA. However, within the genes GLYCAM1 and B2M, there were
2 unique SVs in introns with predicted effect to be MODIFIER and thus, it is not expected that
these specific SVs would impact the functionality of the protein. The gene with the most SVs is
B2M, thus we focused on this specific gene, due to structural and functional results. This gene is
directly related with the major histocompatibility complex (MHC) molecules and has multiple
roles in immune regulatory mechanisms of defense toward internal or invasive threats [6, 13]. This
gene also possesses antibacterial activity against S. aureus, which is a gram - positive bacteria
primarily carried on mucosal surfaces and is considered one of the most contagious mastitis
pathogens worldwide [14 - 16]. Within B2M, there were 7 unique variants that were fixed in the
mastitic group and one SNP was in an intron and thus isn’t expected to impact the functionality of
the protein. Therefore, there were 6 SNPs of key interest in terms of mastitis resistance in Holstein
dairy cows, due to the variants potentially having a causal effect that impacts the genes
functionality (Table 5.18). As all these variants were found in the mastitic group, we can
hypothesize that these variants would negatively affect the functionality of B2M, making the
animal less resistant to the mastitis causing agents.
There were also various other variants found within the functional candidate genes,
however they were not fixed across all the mastitic or healthy animals. As such, we could not
determine the exact impact that these variants would have. These variants were not further reported
and discussed but can be found in Supplementary Table 5.S21.
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5.3.3 Structural variants (SNPs and INDELs) in functional candidate mRNA isoforms
Within the candidate mRNA isoform category [7] there were 3 mRNA isoforms of interest
that were previously identified using RNA - Seq: SWI/SNF related, matrix associated, actin
dependent regulator of chromatin, subfamily a, member 4 (SMARCA4), located on BTA. 7;
hypoxia inducible factor 1 subunit alpha (HIF - 1a), BTA. 10; and cyclic AMP response element
- binding protein binding protein (CREBBP), BTA. 25 (Table 5.17; [7]). These candidate mRNA
isoforms were identified based on 1) they were DE between healthy and mastitic milk somatic cell
samples (FDR < 0.05, |FC| > 2) collected from 6 Holstein dairy cows; 2) involved in significant
metabolic pathways associated with the immune system; and 3) acting as a central node connecting
numerous other immune genes based on gene - network analyses [7].
Looking deeply into the WGS results, four of the SVs (3 SNPs and 1 deletion) were the
same in both the healthy and mastitic groups and thus, were not expected to cause phenotypic
variation in mastitis resistance or immune response. Therefore, we focused on those that were
unique and fixed in each group. In the healthy group, there were 7 unique deletions, 24 unique
insertions and 19 unique SNPs that were fixed in the 7 healthy animals (Table 5.19; Figure 5.13b).
Six of these unique variants are located in introns and have a predicted effect of either MODIFIER
or LOW, which are assumed to be mostly harmless or unlikely to change the protein behavior. As
presented in Table 5.19 of the 5 SVs in the mastitic group, there is only 1 unique SNP fixed in this
group (Figure 5.13b) and this SV is unannotated so we cannot confirm if it is located in an intron
or an exon. Therefore, the only mRNA isoform of interest for the mastitic group is HIF - 1a. To
the best of our knowledge HIF - 1a has not been directly linked to mastitis in ruminants; however,
it has been found in nearly all innate and adaptive immune populations [17] and plays a key role
in the mammary epithelium of mice [18]. In the healthy group, there were 6 unique variants (2
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SNPs and 4 insertions) within this mRNA isoform and 1 has a predicted effect of MODIFIER,
which is located in an intron. Therefore, it can be hypothesized that 5 of the SVs could positively
impact the functionality of the HIF - 1a isoform, making the animal more resistant to mastitis.
There were also 28 unique variants (13 SNPs and 15 insertions) in the mRNA isoform for CREBBP
within the healthy group and only 1 of these variants which is located in an intron, has a predicted
effect of MODIFIER. This is another key component to the immune system, as it binds to many
different transcription factors, including cyclic AMP response element - binding protein (CREB;
[19]). Cyclic AMP response element - binding protein is involved in various parts of the innate
immune system and the pathway is activated by various extracellular stimuli [20], which could
include the inflammatory response caused by mastitis causing agents [21]. Therefore, if any of
these SVs affect the functionality of either the DE isoforms for HIF - 1a or CREBBP, this could
impact the host’s immune response to mastitis. Lastly, there were 15 unique and fixed variants
within the SMARCA4 mRNA isoform in the healthy group (4 SNPs, 6 deletions, 5 insertions). Four
of these SVs (2 deletions, 1 insertion and 1 SNP) are located in introns and have a predicted effect
of MODIFER, thus, they are not expected to impact the functionality of the protein. This mRNA
isoform has demonstrated roles in T - cell development, T - cell lineage choice, T - helper (Th)
cell differentiation/function and macrophage function [22]. Therefore, these SVs could positively
impact T - cell development and in turn the host’s response to mastitis.
Similar to the gene candidates, there were other SVs found within the mRNA isoforms,
which were not fixed in the mastitic or healthy group and therefore were not further reported and
discussed. These variants can be found in Supplementary Table 5.S22.
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5.3.4 Structural variants (SNPs and INDELs) in functional candidate lncRNA regulatory
elements
Lastly, RNA - Seq previously identified 5 candidate lncRNAs key regulatory elements
(Gene_577 (two isoforms) located on BTA. 10, Gene_1450 located on BTA. 15, Gene__2411
located on BTA. 5 and Gene_2901 located on BTA. 16 (Table 5.17; [8]). These lncRNAs were
determined to be functionally relevant based on them being 1) DE between healthy and mastitic
milk somatic cell samples (FDR < 0.05, |FC| > 2) collected from 6 Holstein dairy cows; 2) involved
in significant metabolic pathways associated with the immune system; and 3) acting in close
proximity to a central node in the gene network pathways which connect numerous other immune
genes [8]. However, of these 5 DE lncRNAs found, only 4 of them had a SVs within their genomic
regions (Table 5.20).
Of the SVs found in the DE lncRNAs, there were 2 SVs (both insertions) overlapped
between groups, therefore, it is not expected that these variants would cause a difference in the
host immune response (Table 5.20; Figure 5.13c). Due to the overlapping SVs, the only candidate
in the mastitic group, with a unique and fixed SV is in located in lncRNA Gene_577. This variant
is a SNP and is predicted to be a MODIFIER, which is expected as lncRNA are non - coding and
thus it is difficult to predict its effect. This DE lncRNA acts in close proximity to HIF - 1a, which
as discussed in the mRNA isoform section, induces numerous aspects of the host immune response
[17]. In the healthy group, there were 4 unique insertions, 2 unique deletions and 8 unique SNPs,
fixed across all 7 healthy animals (Figure 5.13c) and 5 of these unique SVs were within Gene_577.
Any of these SVs could impact the lncRNA functionality and in turn, its ability to activate HIF 1a, thus impacting the host’s response to mastitis. The next lncRNA of interest, Gene_2901, has
5 unique SVs in the healthy group and acts in close proximity to Plexin - A2 (PLXNA2). Of the
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variants in Gene_2901, 3 have a predicted effect of MODIFIER, which again, is to be expected
due to lncRNA being non - coding and the effect of the SV is difficult to predict. This gene is
associated with the semaphorin 5A (SEMA5A) gene, which is one of the only molecules to interact
with forebrain embryonic zinc finger - like (FEZL). Interestingly, this FEZL - SEMA5A pathway
has been shown to increase the susceptibility of a cow to mastitis [23 - 24]. Thus, if the lncRNA
have SVs that modify the coding sequence of Gene_2901 / PLXNA2 relationship, this could make
the healthy animals more resistant to mastitis. Lastly, there were 4 unique variants fixed in the
healthy group in the DE lncRNA Gene_1450 and none of these variants have a predicted effect.
This lncRNA acts in close proximity to baculoviral IAP repeat containing 3 (BIRC3), which has
roles in apoptosis and regulation of innate immunity and inflammation [25]. Thus, since there were
only SV present in this DE lncRNA in the healthy group, it can be hypothesized that these SV
might positively impact the functionality of this DE lncRNA / mRNA relationship.
Lastly, there were other SV in the lncRNAs key regulatory elements, but again, they were
not fixed in the healthy or mastitic group and therefore we cannot hypothesize their potential
impact on mastitis resistance or immune response. These variants can be found in Supplementary
Table 5.S23.
5.3.5 Validation of structural variants (SNPs and INDELs) identified
This research highlights the importance of not only studying all levels of the genome to
identify key functional differences that may impact economic traits of interest, but also using
difference approaches to validate the results previously obtained. Our research used two different
technologies and approaches (RNA - Seq and WGS) to study the transcriptome across two
different populations of Holstein dairy cows, all having at least 1 case of mastitis reported in their
lifetime. This allowed us to not only identify key DE functional candidate regulatory elements
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(genes, mRNA isoforms and lncRNAs) using RNA - Seq, but also identify potential SVs (SNPs
and INDELs) within these functional candidate regions that might impact mastitis resistance or the
host’s immune response using WGS.
In total, 6 functional candidate regulatory elements (B2M, HIF - 1a, CREBBP, Gene_577,
Gene_2901, Gene_1450) all with significant SVs were identified based on their functional
relevance to mastitis. Therefore, future analysis will aim to determine if these potential SVs have
a causal role in mastitis resistance and thus, affect the host’s response to mastitis [26]. Once this
is determined, we can aim to make full use of the findings and estimate the genetic effect of the
SVs to make decisions about breeding animals that are more resistant or better able to cope with
mastitis infections.
5.4 Conclusions
In conclusion, this study used WGS to identify SVs (SNPs and INDELs) within previously
identified functional candidate regions within key regulatory elements (including functional
candidate genes, mRNA isoforms and lncRNAs) in the milk somatic cell transcriptome of healthy
and mastitic samples using RNA - Seq. We aimed to identify any SVs present in the genome that
could make the animals more or less susceptible to mastitis, especially those that were fixed in
either the mastitic or healthy group and were unique between groups. We identified potential
structural variants which could impact the host’s response to mastitis, specifically the variants
affecting the B2M gene, CREBBP mRNA isoform and the lncRNA Gene_577. In summary, this
research could benefit and positively impact the dairy industry by integrating these SVs (SNPs and
INDELs) into genomic breeding programs, thus, helping producers decide the best animals to
breed to decrease the prevalence of mastitis in their herds.
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5.5 Methods
5.5.1 Animal material and sample collection
All protocols used in this study were approved by the Animal Care Services and the Animal
User Program (AUP) at the University of Guelph AUP#3503 and all experiments were performed
in accordance with these guidelines. Permission was obtained from the Elora Dairy Research
Center to collect samples from their dairy herd. In total, 23 Holstein dairy cows housed at the
Ontario Dairy Research Center, Elora, ON were sampled. At the time of enrollment into the study,
all these animals in the study were first lactation heifers [27 - 28]. Hair samples (approximately 80
- 100 follicles) from the tail end were individually collected from each of the 23 animals, following
the guidelines outlined for the Zoetis animal genetics hair sample collector (Item number:
ZOG0001; https://www.ordergeneticstestkits.com/storefrontB2CWEB/). Once the hair sample
was collected, it was sealed into a pre - labelled Zoetis hair sample collector and stored at room
temperature in a sealed bag until WGS analysis could be completed on all samples at the same
time.
5.5.2 Health categorization
Using the VAS Pulse Platform (https://platform.vas.com/), the health records for each of
the 23 animal samples used to perform whole genome sequencing were searched manually. One
animal was removed from the analysis due to missing health records and resulting inability to
verify her health records. Animals were classified as ‘mastitic’ if they had at least 1 case of either
clinical mastitis, diagnosed visually at the time of milking or subclinical mastitis, diagnosed via a
high somatic cell count on a Dairy herd improvement (DHI) test which was confirmed with culture
(N = 7; Table 5.16). After diagnosis either at the time of milking (for clinical mastitis) or after
receiving results from DHI for SCC, the teat end was disinfected with an alcohol swab, the first
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few squirts of milk were discarded and the milk was collected in a 20mL sterile vial and frozen at
- 20 °C [29 - 30]. Frozen samples were sent to the Animal Health Laboratory at the University of
Guelph for culture to confirm the presence of an intramammary infection (Animal Health
Laboratory, University of Guelph, Guelph, ON). In total, 5 animals had 1 case of mastitis in their
lives (animal IDs: 4775, 4783, 4785, 4792, 4821; Table 5.16) and 2 animals had 2 cases of mastitis
in their lives (animal IDs: 4774, 4777). Alternatively, animals were classified as healthy if at the
time of analysis (June 12th, 2021) they had no reported cases of either clinical or subclinical
mastitis (Table 5.16). Fifteen of the 23 animals had no reported cases of mastitis at the time of
analysis and 7 were randomly selected as the control group to have a balanced dataset with the
mastitic group (N = 7).
5.5.3 Whole genome sequencing analysis
The hair samples were sent to Neogen Canada for WGS analysis (Neogen Canada, 7323
Roper Road NW, Edmonton, AB T6E 0W4). Whole genome sequencing analysis was completed
using the Illumina HiSeq X (https://www.illumina.com/systems/sequencing-platforms/hiseqx.html) with an average of 23.4 ± 5.8 × coverage. Single nucleotide polymorphisms (SNP),
insertion / deletion (INDEL) and SV detection was performed using the Read Mapping and
Variant Calling workflow (https://github.com/stothard-group/variant-calling-pipeline). All
programs and parameters for SNP and INDEL detection were selected in accordance with the 1000
Bull Genome Project guidelines (http://www.1000bullgenomes.com). The Raw fastq files were
downloaded from the Nanuq interface on Génome Québec’s website (https://cesgq.com/ennanuq). Using FastQC, read quality control was performed on the high - throughput sequencing
data

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Next,

the

software

Trimmomatic, which is a program to trim and crop the Illumina (FASTQ) data, as well as remove
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the adapters, was used to trim paired reads of adapter, low quality bases (q - score < 20) at the
beginning and end of the sequence and filtered out reads with mean q - score < 20 or length < 35
bp (http://www.usadellab.org/cms/?page=trimmomatic; [31]). The trimmed reads were then
mapped to the bovine reference genome ARS - UCD1.2_Btau5.0.1Y assembly using Burrow Wheeler Aligner (BWA; https://github.com/lh3/bwa). Lastly, single nucleotide polymorphisms
and INDELs were identified using the Genome Analysis Toolkit (GATK) Haplotype Caller
(https://gatk.broadinstitute.org/hc/en-us). For each SNP and INDEL category, one VCF file was
generated with the data for all animals included (7 mastitic and 7 healthy Holstein dairy cows).
5.5.4 Positional candidate genomic regions
Comparing the lists of DE candidate genes, DE mRNA isoforms and DE lncRNAs
previously identified using RNA - Seq [6 - 8] allowed 15 key functional regions to be selected for
further in depth analyses using WGS (Table 5.17). The functional candidate genes were previously
identified using the preceding bovine reference genome (UMD3.1; [6]), therefore, the exact gene
locations were updated to include their positions as presented in the latest ARS - UCD1.2 bovine
reference genome.
As shown in Table 5.17, the 15 key positional regions that were studied using WGS were
located on 10 different chromosomes (BTA.) of interest: BTA. 3, BTA. 5, BTA. 7, BTA. 10, BTA.
15, BTA. 16, BTA. 17, BTA. 21, BTA. 23 and BTA. 25). After the VCF files for SNP and INDEL
from the WGS analysis were obtained, the CLC Genomics Workbench software (CLC Bio Version
20.0.4, Aarhus, Denmark), was used to upload the VCF files for SNP and INDEL independently.
Then, track tools were used to inspect the 15 key functional candidate regions to identify SNPs
and INDELs within these functional candidate regions.
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5.5.5 Variant effect predictor and functional impact
CLC Genomics Workbench was also used to classify the SNP with the amino acid change
as either synonymous (which do not cause an amino acid change) or non - synonymous (which do
change the amino acid transcribed) using the functional consequences tool (CLC Genomics
Workbench; [32 - 34]). In our analysis, CLC Genomics Workbench was unable to determine if
there would be an amino acid change for any of the key candidates, perhaps due to the novelty of
the variants identified. Lastly, Ensembl Variant Effect Prediction (VEP; [35]) was used to
determine the potential causal effect of the variant [36 - 37]. These causal effects can be: HIGH the variant is assumed to have high (disruptive) impact in the protein, probably causing protein
truncation, loss of function or triggering nonsense mediated decay; MODERATE - a non disruptive variant that might change protein effectiveness; LOW - assumed to be mostly harmless
or unlikely to change protein behavior; or MODIFIER - usually non - coding variants or variants
affecting non - coding genes, where predictions are difficult or there is no evidence of impact
(https://useast.ensembl.org/info/genome/variation/prediction/predicted_data.html).
5.6 Data availability
The datasets generated and/or analyzed during the current study are publicly available in the
NCBI's Gene Expression Omnibus repository,
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc. Accession ID = GSE131607.
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Table 5.16: Holstein dairy cows used to perform whole genome sequencing categorized as mastitic1 (N = 7) or healthy2 (N = 7) at the
time of sampling
Cow ID
47743

Date
of birth
20-Jul-17

Health
categorization
Mastitis
Mastitis

Lactation

DIM

Date
of mastitis
16-Aug-19
05-Nov-20
07-Jan-20
03-Apr-20
11-Dec-20
05-Apr-20
19-Dec-19
26-Feb-20
10-Apr-21

Culture

1
29
E. coli/ S. species
122
E. coli
2
4775
1
177
S. species4
21-Jul-17
Mastitis
47773
24-Jul-17
1
304
S. aureus
Mastitis
2
102
S. aureus
Mastitis
4783
1
281
S. aureus
11-Aug-17
Mastitis
4785
1
164
E. coli
15-Aug-17
Mastitis
4792
1
220
S. species4
07-Sep-17
Mastitis
4821
2
34
S. aureus
15-Dec-17
Mastitis
Av lactation = 1.33
Av DIM = 159
4755
2
377
04-Jun-17
Healthy
4762
22-Jun-17
3
70
Healthy
4768
2
363
11-Jul-17
Healthy
4771
2
15
17-Jul-17
Healthy
4789
2
273
01-Sep-17
Healthy
4804
2
283
14-Oct-17
Healthy
4808
2
274
29-Oct-17
Healthy
Av lactation = 2.14
Av DIM = 236
1
Animals were classified as mastitic if they had at least 1 case of either clinical mastitis which was diagnosed visually at the time or milking
or subclinical mastitis which was diagnosed via a high somatic cell count on a DHI test, which was confirmed with culture results; 2 Animals
were classified as healthy if at the time of analysis (June 12th, 2021) that had no reported cases of either clinical or subclinical mastitis; 3Cow
had two different cases of mastitis by the time analysis was completed on June 12th, 2021; 4Animal was diagnosed via a high somatic cell
count on a DHI test, which was confirmed via culture results positive for (Staphylococcus species; S. species)
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Table 5.17: Candidate genes, mRNA isoform and lncRNAs that were differentially expressed (FDR < 0.05, |FC| > 2) between 6
healthy and 6 mastitic milk somatic cells samples collected from 6 Holstein dairy cows
Category

DE Genes1

DE mRNA isoforms2

DE lncRNAs3

ID

P-value

Fold change

FDR P-value correction

Position

B2M
CD74
GLYCAM1
BoLA-DRA
FCER1G
NFKBIA
SDS
CREBBP
SMARCA4
HIF - 1a
Gene_2411.4
Gene_1450.4
Gene_2901.1
Gene_577.1
Gene_577.4

1.92E-04
5.72E-04
1.87E-08
1.51E-04
1.80E-05
1.42E-04
1.40E-04
1.09E-04
1.44E-04
1.42E-04
3.73E-04
1.20E-04
7.90E-04
7.06E-04
6.73E-04

2.62
4.11
-55.59
6.40
3.43
3.38
6.27
-240.70
-912.37
-1055.33
11.31
6.88
7.12
6.93
5.59

1.64E-02
3.70 E-02
1.15E-04
1.42E-02
3.57E-03
1.36E-02
1.36E-02
4.14E-02
4.67E-02
4.65E-02
3.19E-02
1.60E-02
4.81E-02
4.55E-02
4.47E-02

10:103116503-103123174
7:61747923-61755685
5:25478787-25482857
23:25837353-25843155
3:8286937-8290169
21:45639133-45643131
17:61030240-61040569
25:3054307-3057678
7:15487480-15515185
10:73836333-73879560
5:104022584-104023733
15:6406173-6411563
16:75129679-75141399
10:73857290-73886496
10:73875845-73886496

1

Asselstine, V., F. Miglior, A. Suárez-Vega, P. A. S. Fonseca, B. Mallard, N. Karrow, A. Islas-Trejo, J. F. Medrano and A. Cánovas.
2019. Genetic mechanisms regulating the host response during mastitis. J. Dairy Sci. 102(10):9043-9059.
https://doi.org/10.3168/jds.2019-16504.

2

Asselstine, V., J. F. Medrano and A. Cánovas. 2021. Identification of novel alternative splicing associated with mastitis disease in
Holstein dairy cows using large gap read mapping. BMC Genomics – Accepted with minor revisions: Submission ID 19c8ae3f3ca5-4ea9-81e3-68923bc0bcf0

3

Asselstine, V., J. F. Medrano, M. M. M. Muniz, B. Mallard, N. Karrow and A. Cánovas. 2021. Novel lncRNA regulatory elements in
milk somatic cells of Holstein dairy cows associated with mastitis disease. Nature Communications Biology – Under Peer
Review: Submission ID COMMSBIO-21-3474.
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Table 5.18: Structural variants found in differentially expressed (FDR < 0.05, |FC| > 2) candidate genes fixed and uniquely present in
either the mastitic or healthy milk somatic cell samples from 6 Holstein dairy cows
Health category

Gene

Position

Type

Reference genotype

GLYCAM1

5:25479440

SNP

C

7:617488031

SNP

T

7:61749473

SNP

T

10:103122942^1031229432

Insertion

-

10:103116650

SNP

T

10:103116656

SNP

T

10:103116719

SNP

G

10:103116846

SNP

T

10:103116928

SNP

C

10:103116980

SNP

G

10:103116988

SNP

G

10:103119892^1031198933

Insertion

-

17:61030286

SNP

G

17:61030372

SNP

G

17:610306644

SNP

C

17:61031090^61031091

Insertion

-

CD74

B2M
Mastitis

SDS

106

Zygosity

Genotype

Homozygous
Heterozygous
Homozygous
Homozygous
Heterozygous
Homozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Homozygous
Heterozygous

C/C
C/G
C/C
T/T
T/A
-/T/T
T/C
T/T
T/C
G/G
G/C
T/T
T/C
C/C
C/G
G/G
G/C
G/G
G/A
AG/AG
-/AG
G/G
G/C
G/G
G/A
C/C
-/-/G
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23:25839069

SNP

G

23:25837511

SNP

C

23:25837540

SNP

T

FCER1G

3:8289327..8289351

Deletion

CCACTCCATCTTT
TTTTTTTTTTTT

GLYCAM1

5:25480359^25480360

Insertion

-

CD74

7:61754710..61754711
7:617488031

Deletion
SNP

GG
T

10:103119892^1031198933

Insertion

-

10:103122942^1031229432

Insertion

-

17:610306644
21:45641090^45641091

SNP
Insertion

C
-

21:45642227^45642228

Insertion

-

23:25841128^25841129

Insertion

-

BoLA-DRA

Healthy

B2M

SDS
NFKBIA
BoLA-DRA
1,2,3,4

Structural variants are the same in both healthy and mastitic samples
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Homozygous
Homozygous
Heterozygous
Homozygous
Heterozygous

G/G
C/C
C/A
T/T
T/C

Homozygous

-/-

Homozygous
Heterozygous
Homozygous
Homozygous
Homozygous
Heterozygous
Homozygous

-/-/T
G/G
C/C
AG/AG
-/AG
-//TCTGAGAGTCTGCACATTCC
TCATTCCT
C/C
-/-/-/C
-/-/TGAGGGCTGAAGGAAA

Heterozygous
Homozygous
Homozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
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Table 5.19: Structural variants found in differentially expressed (FDR < 0.05, |FC| > 2) candidate mRNA isoforms fixed and uniquely
present in either the mastitic or healthy milk somatic cell samples from 6 Holstein dairy cows
Health category

Gene

SMARCA4
Mastitic
HIF - 1a

SMARCA4

Position

Type

Reference genotype

Zygosity

Genotype

7:154879741

SNP

A

Homozygous

A/A

7:154879772

SNP

A

Homozygous

A/A

7:154879893

Deletion

A

Homozygous

-/-

Heterozygous

A/-

4

10:73841246

SNP

A

Homozygous

A/A

10:73836871

SNP

T

Homozygous

T/T

Heterozygous

T/C

2

7:15487977

SNP

A

Homozygous

A/A

7:154879893

Deletion

A

Homozygous

-/-

Heterozygous

A/-

7:15494586

Deletion

A

Homozygous

-/-

Heterozygous

A/-

7:15495426

Deletion

T

Homozygous

-/-

Heterozygous

T/-

7:15505804

Deletion

T

Homozygous

-/-

Heterozygous

T/-

7:15487964^15487965

Insertion

-

Homozygous

T/T

7:15491911^15491912

Insertion

-

Homozygous

-/-

7:15502209..15502210

Deletion

TC

Homozygous

-/-

Heterozygous

TC/-

7:15503091..15503092

Deletion

GA

Homozygous

-/-

Heterozygous

GA/-
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HIF - 1a

Healthy

Homozygous

-/-

Heterozygous

-/TG

Homozygous

-/-

Heterozygous

-/T

Homozygous

-/-

Heterozygous

CT/-

Homozygous

-/-

Homozygous

A/A

Heterozygous

G/A

G

Homozygous

G/G

SNP

C

Homozygous

C/C

7:154879741

SNP

A

Homozygous

A/A

Heterozygous

A/T

7:15488243

SNP

T

Homozygous

T/T

Heterozygous

T/C

10:738412464

SNP

A

Homozygous

A/A

Heterozygous

A/-

10:73853987

SNP

G

Homozygous

G/G

10:73865441

SNP

T

Homozygous

T/T

Heterozygous

T/-

10:73841906^73841907

Insertion

-

Homozygous

A/A

Heterozygous

A/AA

10:73849778^73849779

Insertion

-

Homozygous

-/-

Heterozygous

-/G

10:73850157^73850158

Insertion

-

Homozygous

-/-

Heterozygous

-/TTTTT

10:73854868^73854869

Insertion

-

Homozygous

-/-

7:15505295^15505296

Insertion

-

7:15508308^15508309

Insertion

-

7:15512056..15512057

Deletion

CT

7:15514781^15514782

Insertion

-

7:15487606

SNP

G

7:15487612

SNP

7:15487948
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CREBBP

Heterozygous

-/T

Homozygous

A/A

Heterozygous

A/-

Homozygous

A/A

Heterozygous

A/-

Homozygous

C/C

Homozygous

A/A

Heterozygous

A/-

Homozygous

A/A

Heterozygous

A/-

Homozygous

C/C

Heterozygous

C/-

Homozygous

A/A

Heterozygous

A/-

Homozygous

T/T

Heterozygous

T/-

Homozygous

T/T

Heterozygous

T/-

Homozygous

A/A

Heterozygous

A/-

25:3081353

SNP

A

25:3095473

SNP

A

25:3103893

SNP

C

25:3128674

SNP

A

25:3132799

SNP

A

25:3115669

SNP

C

25:3136480

SNP

A

25:3155702

SNP

T

25:3157131

SNP

T

25:3157145

SNP

A

25:3058793^3058794

Insertion

-

Homozygous

-/-

25:3064345^3064346

Insertion

-

Homozygous

-/-

25:3068574^3068575

Insertion

-

Homozygous

-/-

Heterozygous

-/GC

25:3090192^3090193

Insertion

-

Homozygous

-/-

Heterozygous

-/TT

25:3097089^3097090

Insertion

-

Homozygous

-/-
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25:3099365^3099366

Insertion

-

25:3101762^3101763

Insertion

-

25:3114639^3114640

Insertion

-

25:3116655^3116656

Insertion

-

25:3136182^3136183

Insertion

-

25:3142100^3142101

Insertion

-

25:3145856^3145857

Insertion

-

25:3148858^3148859

Insertion

-

25:3153826^3153827

Insertion

-

25:3158795^3158796

Insertion

-

25:3054980

SNP

25:3055665
25:3056688

Homozygous

-/-

Homozygous

-/-

Heterozygous

-/GGGGGGGGGGGGGGGGGGGG

Homozygous

-/-

Heterozygous

-/G

Homozygous

-/-

Homozygous

-/-

Heterozygous

-/A

Homozygous

-/-

Heterozygous

-/C

Homozygous

-/-

Heterozygous

-/AC

Homozygous

-/-

Heterozygous

-/A

Homozygous

-/-

Heterozygous

-/ACT

Homozygous

-/-

Heterozygous

-/A

G

Homozygous

G/G

SNP

G

Homozygous

G/G

SNP

G

Homozygous

G/G

Structural variants are the same in both healthy and mastitic samples
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Table 5.20: Structural variants found in differentially expressed (FDR < 0.05, |FC| > 2) candidate lncRNAs fixed and uniquely present
in either the mastitic or healthy milk somatic cell samples from 6 Holstein dairy cows
Health category

Mastitic

Gene

Gene_577
Gene_2901

Gene_577

Gene_1450
Healthy

Gene_2901

Position

Type

Reference genotype

Zygosity

Genotype

10:73865441

SNP

T

Homozygous

T/T

10:73883421^738834221

Insertion

-

Homozygous

-/-

Heterozygous

-/AA

2

16:75132900^75132901

Insertion

-

Homozygous

-/-

10:73883421^738834221

Insertion

-

Homozygous

-/-

Heterozygous

-/AA

10:73858814

SNP

G

Homozygous

G/G

Heterozygous

G/A

10:73874895

SNP

T

Homozygous

T/T

Heterozygous

T/C

10:73874994

SNP

G

Homozygous

G/G

10:73875671

SNP

G

Homozygous

G/G

10:73875740

SNP

A

Homozygous

A/A

Heterozygous

A/G

15:6409187^6409188

Insertion

-

Homozygous

-/-

Heterozygous

-/CTG

15:6411551^6411552

Insertion

-

Homozygous

-/-

15:6406605

SNP

C

Homozygous

C/C

15:6407578

SNP

T

Homozygous

T/T

Heterozygous

T/C

16:75135751

Deletion

G

Homozygous

-/-

16:75140168

Deletion

C

Homozygous

-/-
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16:75132900^751329012

Insertion

-

16:75136269^75136270

Insertion

-

16:75138015^75138016

Insertion

-

16:75132902

SNP

T

Structural variants are the same in both healthy and mastitic samples
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Homozygous

-/-

Heterozygous

-/AG

Homozygous

-/-

Heterozygous

-/A

Homozygous

T/T

Homozygous

T/T

Heterozygous

T/G
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Supplementary tables can be found in the additional excel file.
Supplementary Table 5.S21: Variants found in differentially expressed (FDR < 0.05, |FC| > 2)
candidate genes not fixed or uniquely present in either the mastitic or healthy milk somatic cell
samples from 6 Holstein dairy cows
Supplementary Table 5.S22: Variants found in differentially expressed (FDR < 0.05, |FC| > 2)
candidate mRNA isoforms not fixed or uniquely present in either the mastitic or healthy milk
somatic cell samples from 6 Holstein dairy cows
Supplementary Table 5.S23: Variants found in differentially expressed (FDR < 0.05, |FC| > 2)
candidate lncRNA not fixed or uniquely present in either the mastitic or healthy milk somatic
cell samples from 6 Holstein dairy cows
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SNPs Mastitic:

SNPs Healthy:

INDELs Mastitic:

INDELs Healthy:
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Figure 5.12: Total INDEL and SNPs structural variants across whole genome of 7 healthy and 7
mastitic animals
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Figure 5.13a

Figure 5.13c

Figure 5.13c

Figure 5.13: Structural variants fixed in the mastitic and healthy samples. Figure 5.13a: structural
variants in the genes, fixed in the mastitic and healthy samples, Figure 5.13b: structural variants
in the mRNA, fixed in the mastitic and healthy samples, Figure 5.13c: structural variants in the
lncRNA, fixed in the mastitic and healthy samples.
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CHAPTER 6

General Discussion and Conclusions

6.1 Important findings
The dairy industry products support human health, but animal welfare and economic
viability are also key factors in determining the long - term sustainability of the industry. One
challenge in lactating dairy cows is mastitis, which is one of the most prominent and debilitating
diseases that dairy producers all over the world face. There are substantial welfare and economic
implications with each mastitis case and thus, there is great interest in breeding cows who are
better able to defend against mastitis causing agents (Bhatt et al., 2012). Milk produced by infected
cows must be discarded and cows must undergo high treatment costs, which will consequently
affect the dairy producers’ profitability. Such expenses can be attributed to milk yield reduction ($67 CAD) discarded milk (- $166 CAD), veterinary fees (- $100 CAD), additional labour (-$34
CAD) among other costs, with an average cost of $662 CAD / cow – year for a typical Canadian
dairy herd (Aghamohammadi et al., 2018). It is also known that if a heifer has subclinical mastitis
in her first lactation, this will reduce her lifelong milk yield (Krömker and Friedrich, 2009) and
might influence other economically important traits, such as resistance to other infections and
reproductive traits. Therefore, producers are then faced with the decision to either cull the cow or
deal with reoccurring mastitis.
RNA - Sequencing technology allowed us to study the transcriptome of the host at a high
- throughput level, to isolate differences in the milk somatic cell transcriptome of healthy (N = 6)
and mastitic (N = 6) milk somatic cell samples from 6 Holstein dairy cows. Our research aimed to
identify the functional regulatory elements influencing mastitis in Holstein dairy cows and this
was achieved by looking at differentially expressed (DE) mRNA isoforms (Chapter 3), DE long
non - coding RNA (lncRNAs; Chapter 4) and structural variants within previously identified
117
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candidate regions that are unique between groups and representative of the mastitic group and
healthy group as a whole (Chapter 5). Once these differences are isolated, genetic selection can
then offer the ability to improve resistance to mastitis.
In chapter 3, the main objective was to isolate milk somatic cells from Holstein dairy cows
to identify DE known mRNA isoforms, novel transcript lengths of known genes and novel
transcript length of unknown genes for the bovine reference genome that could impact the cow’s
immune response to mastitis. Differential transcript expression analysis was performed between
healthy and mastitic samples, identifying 333 DE transcripts (false discovery rate (FDR) < 0.05,
fold change (|FC|) > 2) corresponding to 303 unique genes. Of these 333 DE transcripts between
healthy and mastitic samples, 68 mRNA isoforms were annotated in the bovine genome reference
(ARS.UCD.1.2), 249 mRNA isoforms had novel transcript lengths of know genes and 16 were
novel transcript lengths of non - annotated genes in the bovine genome reference (ARS.UCD.1.2).
Of these mRNA isoforms generated via alternative splicing, there were 288 unique gene names
related to DE transcript identified, which were used to perform metabolic pathway analysis. In
total, 67 significant metabolic pathways were identified including positive regulation of cytokine
secretion and cell - cell adhesion. After the functionality of all of the DE mRNA isoforms was
determined, this left three main candidates of interest for future analysis, they are: SWI/SNF
related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 4
(SMARCA4), located on Chr. 7; hypoxia inducible factor 1 subunit alpha (HIF - 1a), Chr. 10; and
cyclic AMP response element - binding protein binding protein (CREBBP), Chr. 25. These
candidates were identified based on 1) being DE (FDR < 0.05, |FC| > 2); 2) involved in significant
metabolic pathways associated with the immune system; and 3) acting as a central node connecting
numerous other immune genes. Further investigation in chapter 5 will look at potential structural
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variants within these candidate regions that could lead to differences in the immune response of
Holstein dairy cows and potentially implemented in future breeding programs.
In chapter 4, we identified long non - coding RNAs (lncRNAs) that were DE between
healthy and mastitic udder milk somatic cells, as some lncRNA could play a fundamental role in
immune regulation. In total, 94 DE lncRNAs were identified (FDR < 0.05, |FC| > 2), with 63%
classified as intergenic and 37% classified as genic. Among the DE lncRNA, 5 were previously
annotated for gene name and length, 12 were previously annotated for gene name but the length
was novel and 78 were novel for which neither gene name or length was previously annotated.
Functional analysis was performed on the list of genes associated with DE lncRNA. Some of the
DE lncRNA may work in association with immune system key genes such as baculoviral IAP
repeat containing 3 (BIRC3), Tumor necrosis factor receptor superfamily member 1A
(TNFRSF1A), hypoxia - inducible factor 1 - alpha (HIF - 1a) and Plexin - A2 (PLXNA2).
Additionally, significantly enriched pathways were identified such as: positive regulation of T cell
proliferation, positive regulation of cytokine secretion, inflammatory response and regulation of
immune response. This analysis determined that there were 5 candidate lncRNAs determined to
be functionally relevant based on 1) they were DE (FDR < 0.05, |FC| > 2); 2) involved in significant
metabolic pathways associated with the immune system; and 3) acts in close proximity to a central
node in the gene network pathways which connect numerous other immune genes. These candidate
lncRNA are Gene_2411.4, Gene 1450.4, Gene_2901.1, Gene_577.1 and Gene_577.4. Thus,
chapter 5 will again look within these candidates DE lncRNAs to determine if there were structural
variants that could impact the functionality of these DE lncRNAs and in turn, their target mRNA.
This will aid in better understanding the etiology of mastitis, in turn, improving the selection of
cows who are better able to adapt or prevent against mastitis disease.
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In chapter 5, we integrated high - throughput transcriptomic (RNA - Seq) and genomic data

(whole genome sequencing; WGS) which provided a new opportunity to characterize the
biological basis underlying mastitis resistance. Previous research identified differentially
expressed (DE) genes, mRNA isoforms and lncRNAs between healthy and mastitic samples (FDR
< 0.05, |FC| > 2). In total, there were 7 DE candidate genes (Asselstine et al., 2019), 3 candidate
DE mRNA isoforms (Chapter 3) and 5 candidate DE lncRNA (Chapter 4) that were identified,
based on structural and functional data. We then used WGS genomic data from 7 healthy and 7
masititc Holstein dairy cows to isolate structural variants (SVs), specifically SNP and INDELs,
within the key functional candidate regions previously identified that could impact the host’s
immune response. In total, there were 58 SVs (26 - SNPs; 32 - INDELs) in the DE candidate
mRNA isoforms, 19 SVs (9 - SNPs; 10 - INDELs) in the DE candidate lncRNAs and 29 SVs (18
- SNPs; 11 - INDELs) in the DE candidate genes. However, we were more interested on focusing
on the SV that were not only fixed in each group, but also those that were unique between groups,
as this will allow key SV that might be causing the phenotypic variation to be identified. For the
candidate genes, one specific gene, β2 - microglobulin (B2M), has 7 unique SV in the mastitic
group and these variants could in turn impact the functionality of B2M which is has multiple roles
in immune regulatory mechanisms of defense toward internal or invasive threats (Liu et al., 2018;
Asselstine et al., 2019). Another candidate of interest is the mRNA isoform of cyclic AMP
response element - binding protein binding protein (CREBBP), which has 28 unique variants in
the healthy group. The CREB is activated by various extracellular stimuli (Ichiki, 2006), which
could include the inflammatory response caused by the mastitis causing agents (Ingman et al.,
2015). Lastly, the most notable unique SVs in the healthy group potentially affects the
functionality of novel DE lncRNA, Gene_2901 which acts in close proximity to Plexin - A2
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(PLXNA2). This gene plays a crucial role in the FEZL - SEMA5A pathway, which has been shown
to increase the susceptibility of a cow to mastitis. In summary, once these differences are isolated,
SVs (specifically SNP and INDELs) of interest can be implemented into breeding programs using
marker - assisted or genomic selection to help producers decide the best animals to breed to
decrease the prevalence of mastitis in their herd.

6.2 Future research and implications
Through the identification of functional candidates and SVs, were able to identify key
differences in the transcriptome of healthy and mastitic samples, which will allow us to target
specific regions for future breeding programs. However, before this is possible, we must first verify
that these SVs do impact the phenotypic trait of interest, i.e., mastitis. Therefore, future research
will aim to verify impact these SVs have on the candidates of interest. We also aim to identify if
different mastitis causing bacteria i.e., S. aureus, E. coli, etc. will trigger a difference in the host
immune response. To achieve this, we will complete transcriptomic analysis, along with microbial
analysis on milk samples from healthy cows (to verify they have no bacterial agents present) as
well as mastitic cows. The goal of this is to better understand the etiology of mastitis and learn
how the host responds to different bacterial agents, from this, breeding programs can be
implemented that target specific types of mastitis or mastitis as a whole.
In summary, results from this thesis will provide a more complete understanding of the
genes and regulatory pathways and networks involved in the immune system for improved mastitis
resistance, which will aid in the development of genetic selection programs. This research will
improve the sustainability of agricultural practices, by facilitating the selection of cows with
improved immune systems and increased resistance to mastitis through genetic selection.
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