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ABSTRACT 
 
 
 
GENETIC MECHANISMS REGULATING HOST DEFENSE TO INFECTION IN THE  

COW MAMMARY GLAND 
 
 
 

Victoria Asselstine        Advisor: 
University of Guelph, 2018      Dr. Angela Cánovas   
 
 
 
 Mastitis is one of the most challenging diseases with immense economic impacts in dairy 

animals. Due to the high prevalence of mastitis and its effects on milk quality and cow well-being, 

there is interest in investigating novel genomic methods to achieve increased mastitis resistance. 

The objective of this thesis was to identify the genetic mechanisms that regulate bovine host 

defense to intramammary infections, based on milk somatic cell transcriptome from Holstein cows.  

This research examined genes and mRNA isoforms differentially expressed between healthy and 

mastitic quarters of the udder that were involved with immune response to intramammary 

infection. A list of nine functional candidate genes were identified which provide possible insight 

for the phenotypic variation of resistance observed between healthy and mastitic dairy cows. 

Among the list of nine candidate genes, QTL regions within these genes that could impact 

phenotypic variation in regards to mastitis resistance were explored.  
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Bovine mastitis is one of the most challenging and profit-limiting problems in lactating 1 

dairy cows and is thus of great economic importance to the global dairy industry. Mastitis is an 2 

inflammatory disease of the udder, caused by different species of bacteria (Miglior et al., 2017). 3 

Parker Gaddis et al. (2014) reported costs associated with mastitis due to discarding the cow’s milk 4 

($115 USD), increased mortality ($14 USD) and treatment costs ($50 USD), totaling $179 USD 5 

lost for each case of clinical mastitis. Along with economic concerns, there are also welfare 6 

concerns when animals have mastitis, therefore limiting mastitis in herds is a main goal of 7 

producers. Early diagnostic testing is essential to reduce the severity of mastitis and prevent 8 

contagious intramammary infections (IMI) from spreading through the herd. One method for early 9 

diagnostic testing is using the California Mastitis Test (CMT). This test roughly identifies the 10 

number of somatic cells in milk and is fast, simple and inexpensive ($0.15/ cow, in addition to 11 

labor costs) (Schalm and Noorlander, 1957; Godden et al., 2017). This test is incorporated into 12 

routine management practices and allows producers to identify cases of subclinical mastitis 13 

without needing to rely on clinical signs.  14 

Although genetic resistance to mastitis has been extensively studied, currently, not much 15 

is known in regards to which genes make cows more susceptible or more tolerant to mastitis. In 16 

Canada, for the first, second and third+ lactations, the incidence of clinical mastitis was estimated 17 

to be 12.9%, 18.6% and 22.2%, respectively (CDN, 2013), and clinical mastitis has a heritability 18 

of 0.03 and 0.05 in first and later lactations (Jamrozik et al., 2013a). Due to the frequent incidence 19 

and low heritability of this trait, genetic improvement of clinical mastitis is difficult. One of 20 

Canada’s selection index’s, the Lifetime Performance Index (LPI) is an index that combines a 21 

production, durability and health and fertility component for Holstein. Within the health and 22 

fertility component of the LPI, somatic cell score (SCS) was incorporated into the index in 2001 23 
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and had an index weight of 2.0% (CDN, 2018b).  However, as producers are now collecting herd 24 

health events, such as clinical mastitis, they are able to select directly for mastitis resistance, which 25 

was incorporated into the LPI in 2015 with a relative index weight of 3.3% in the health and 26 

fertility component (CDN, 2014; CDN 2018a; CDN 2018b; CDN, 2018c).  The mastitis resistance 27 

index is an overall index that equally combines clinical mastitis (CM) in first lactation cows, 28 

clinical mastitis in later lactations, and somatic cell score evaluated across the first three parities 29 

(Jamrozik et al., 2013b; CDN 2014).  30 

There are also some host immune responses, such as the formation of a mucus plug, which 31 

forms in the mammary gland canal after milking and acts as a physical barrier to IMI. The mucus 32 

is mainly comprised mucins which are involved in the hosts immune response and aim to trap 33 

pathogens. Looking into the genes associated with mucin proteins and mucus plug formation, as 34 

well as the cow’s immune response to mastitis will help establish breeding programs, focusing on 35 

genotypes which increase resistance to mastitis infections. This will allow producers to select cows 36 

who are either less susceptible to mastitis, or better able to adapt to infection via a more efficient 37 

immune response which could potentially produce better mucins.  38 

 39 

1.1 State of the dairy industry  40 

The global dairy industry plays a very important role in providing nutritious sources of 41 

calcium and protein at an affordable price (Rizzoli, 2014). In 2011, the Food and Agriculture 42 

Organization of the United Nations (FAO) predicted a 58% increase in the consumption of dairy 43 

products by 2050 (FAO, 2011). Therefore, the sustainability of the world dairy market has received 44 

considerable attention in the last years. As of 2017, Canada had 945,000 dairy cows, and 454,300 45 

dairy heifers, on 10,951 Canadian dairy farms. Though, in Canada, two provinces, Ontario and 46 
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Quebec dominate the Canadian dairy industry with over 70% of dairy products from Canada 47 

coming from these two provinces. Ontario dairy cows (309,300) and heifers (163,100) contribute 48 

to 32.7% and 35.9% respectively of the Canadian total, while Quebec contributes, 346,600 (36.6%) 49 

dairy cows and 154,300 (34.0%) heifers to the Canadian total (http://www.dairyinfo.gc.ca). In 50 

Canada, 93% of dairy cows are of the Holstein breed, providing 10,512 kg of milk/year, on average 51 

(http://www.dairyinfo.gc.ca). As there is continuous scrutiny regarding the production of 52 

greenhouse gas emissions by dairy cattle, it is critical that cows are bred better to produce more 53 

milk on average, which will reduce the number of cows needed per herd to reach quota levels.  54 

 Worldwide, the total profit from dairy production was $336 billion in 2014, with the 55 

expectation of $442 billion in 2019 (http://www.dairyinfo.gc.ca). The Canadian dairy industry is 56 

extremely important to Canada’s economy, with the total dairy cash receipts equaling $6.17 billion 57 

in 2016. Ontario and Quebec dominate the Canadian dairy industry, contributing 32.0% and 36.4% 58 

of this revenue, respectively. Genetic progress has contributed significant annual net benefits to 59 

the dairy industry. Prior to the implementation of genomic selection in 2009, average rate of 60 

genetic progress per year was $84/cow Pro$, which summed to $265 Million/year in net annual 61 

economic value (Dr. Filippo Miglior, personal communication, 2017). However, after genomics 62 

was introduced, these values climbed to $171/cow/year, or $540 Million/year at the industry-wide 63 

scale (Dr. Filippo Miglior, personal communication, 2017). These values support the clear benefit 64 

of genomics in the dairy industry. It is predicted that by 2019, these values will have totaled 65 

$237/cow/year and $748 Million/year (Dr. Filippo Miglior, personal communication, 2017).  Not 66 

only is genomics contributing to significant advancements in the economy, it is also improving 67 

production efficiency of the world dairy industry. Sustainability is a major concern for the growing 68 
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population, and with the use of genomics in breeding practices, the dairy industry will be able to 69 

keep up with this increase in demand, while ensuring the health of dairy cows. 70 

  71 

1.2 Genomic selection in dairy cattle 72 

Genomic selection has contributed to significant and rapid advancements in the world dairy 73 

industry. Since 1970, the number of dairy farms and cows has reduced by a third, however, 74 

historical production trends presented that in 1960 the average 305-day milk yield totaled 5,000 75 

kg, whereas in 2010 this value had increased to 10,000 kg (http://www.dairyinfo.gc.ca). This can 76 

be attributed to the doubling of average milk production for every breed (Holstein, Jersey, 77 

Ayrshire, Brown Swiss, Canadienne, Guernsey, and Milking Shorthorn), and 70 - 75% of this 78 

improvement is attributed to genetics (http://www.dairyinfo.gc.ca). Not only has genetics 79 

contributed significantly to the milk yield of cows, but it has also doubled the rate of genetic gain 80 

per year, leading to more rapid genetic improvement (standard deviation unit) for some major traits 81 

in Canadian cattle, such as conformation (0.86 vs 1.37), longevity (0.39 vs 1.16), fertility (-0.26 82 

vs 0.38), ketosis (0.04 vs 0.51) and mastitis (0.34 vs 0.91) (Brito et al., 2017).  The success of 83 

adopted breeding methods is contributing to significant genetic gain, which will eventually lead to 84 

healthier cows. Although the rate of genetic gain for mastitis has increased from 0.34 to 0.91, 85 

which relates to accelerated genetic improvement through selection, mastitis incidence rates 86 

remain high, thus further genetic improvement is needed (Martin et al., 2018).   87 

Genomic selection utilizes high density markers with genome-wide coverage, thus accounting for 88 

all quantitative trait loci (QTL) which may impact the trait of interest (Arruda et al., 2016). Single 89 

QTL can act through multiple pathways and can affect not only coding regions, but also regulatory 90 

regions flanking those genes (Bickel et al., 2011).  To date, the cattle QTL database contains 91 
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108,040 QTL associations representing 580 different traits (release 34; Hu et al., 2016; 92 

https://www.animalgenome.org/cgi-bin/QTLdb/BT/index). Among these 108,040 QTL, focusing 93 

on mastitis resistance there are 166 QTL related to CM, 77 QTL associated with milk somatic cell 94 

count (SCC), 1,072 QTL associated with milk SCS and 196 QTL associated with immune capacity 95 

(Hu et al., 2016; https://www.animalgenome.org/cgi-bin/QTLdb/BT/index). Looking into the 96 

structural variants within QTL regions in key regulatory genes might impact the host’s immune 97 

response leading to increased mastitis resistance.  98 

 99 

1.3 Mastitis disease  100 

Mastitis is known to be one of the most challenging diseases that dairy farmers face daily. 101 

There have been multiple studies conducted on eliminating mastitis, however, the incidence of 102 

mastitis is still estimated to be 15 - 25% on all farms (Cynthia, 2005). There are two different kinds 103 

of mastitis, CM and subclinical mastitis (SCM), and a cow can have one or both of these in 104 

differing quarters at any given time (Miglior et al., 2017). Clinical mastitis is diagnosed by visual 105 

cues such as flakes and clots in the milk from infected quarters, as well as swelling in these quarters 106 

(Bhatt et al., 2012). Subclinical mastitis is much more challenging to diagnose, because there are 107 

no clinically detectable abnormalities in the udder and the milk appears normal (Santman-Berends 108 

et al., 2012). One of the main issues with SCM is that if it occurs in the first lactation, this reduces 109 

the cow’s lifelong milk yield, leading to increased veterinary expenses and replacement costs 110 

(Krömker et al., 2009; Koop et al. 2010; Bhatt et al., 2012). Cows with SCM will also have a high 111 

milk SCC (>150,000 cells/mL), which impacts the quality and hygiene of the milk (Santman-112 

Bernedes et al., 2012). There are also predisposing factors such as breed, body conformation, 113 

lactation stage and awareness of dairy farmers, that affect the incidence of mastitis in herds (Sinha 114 
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et al., 2014). Equally important, susceptibility of mastitis has a strong genetic background, and 115 

mastitis can be reduced by selecting against severely affected cows (Lush, 1950; Miglior et al., 116 

2017).  117 

1.3.1 Mastitis pathogens 118 

Mastitis is caused by different species of bacteria, fungi, and viruses that live in the cow’s 119 

environment (Miglior et al., 2017). These organisms are always present in the cow’s environment 120 

and pose a threat for intramammary infections.  Another reason contributing to the issue of mastitis 121 

is poor milking practices in which cows are not being properly prepared for milking (i.e. dipping 122 

the udder, cleaning the udder, stripping the first milk), and they are not being properly iodine 123 

dipped after milking (Enger et al., 2016). As some of the mastitis causing agents are contagious, 124 

if proper management practices are not in place to prevent the transmission of these infectious 125 

agents, mastitis will be easily spread through the herd.  126 

There are two different classifications of bacteria that can cause an intramammary 127 

infection. The first is contagious bacteria, and these bacteria are spread from a cow with an infected 128 

quarter to the udder of a healthy cow, and this usually occurs during milking. The major contagious 129 

pathogens are: Streptococcus agalacite (Strep ag), Staphlococcus aureus (S. aureus) and 130 

mycoplasma app (Extension extra: Contagious vs environmental mastitis, 2004). The Strep ag is 131 

a major cause of SCM in North American dairy cattle, which decreases the quantity and quality of 132 

the milk (Keefe, 1997). Staphylococcus aureus is a Gram- positive bacteria, primarily carried on 133 

mucosal surfaces and is regarded as one of the most contagious mastitis pathogens worldwide 134 

(Harmon, 1994; Gill et al., 2005; Botaro et al., 2014). The S. aureus is also a very common bacteria 135 

that causes SCM in dairy cows. Lastly, mycoplasma spp is a contagious mastitis pathogen which 136 

causes CM (Merek Veterinary Manual, 2018). The most common and highly contagious form of 137 
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mycoplasma spp is Mycoplasma bovis. Unlike Strep ag and S. aureus, mycoplasma spp may be 138 

spread from cow to cow through aerosol transmission in comparison to transmission during the 139 

milking process (Merek Veterinary Manual, 2018). 140 

There are also bacteria in the cow’s environment within the bedding, soil and manure that 141 

cause IMI. Due to the nature of the cow’s environment, it is impossible to completely eliminate 142 

the environmental bacteria. The most common environmental bacteria are coliforms, which 143 

included E. coli, Klebsiella spp and Enterobacter. Coliforms are Gram-negative rods which 144 

usually do not respond to treatment and are the most common cause of severe clinical mastitis, 145 

leading to a higher incidence of cow death or agalactia-related culling (Extension extra: 146 

Contagious vs environmental mastitis, 2004). The E. coli infections tend to occur immediately 147 

before and after calving, and thus, it is critical that dry cows are kept in clean areas with dry 148 

bedding to minimize the risk of infection, as environmental bacteria thrive in wet conditions 149 

(Extension extra: Contagious vs environmental mastitis, 2004). There are also two Streptococcus, 150 

Streptococcus uberis (S. uberis) and Streptococcus dysgalactiae (S. dysgalactiae) that cause SCM 151 

in the udder and are Gram-positive cocci (Extension extra: Contagious vs environmental mastitis, 152 

2004). The S. uberis is associated with only environmental transmission, however, S. dysgalacite 153 

can be spread from the cow’s environment, or from an infected cow to a healthy herd mate (Vélez 154 

et al., 2017; Merck Veterinary Manual, 2018).   155 

1.3.2 Prevention of intramammary infections 156 

Cows have developed their own line of defense to protect against IMI.  One line of defense 157 

is the teat plug, which is comprised of mucus, and acts as a natural physical barrier that can prevent 158 

pathogens from entering the udder via the mammary canal after milking (Medrano and Cánovas, 159 

2014). The faster the mucus plug forms, the more resistant the cow will be to IMI, due to the 160 
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prevention of bacteria being able to enter the mammary gland. The mucus layer is highly hydrated 161 

and varies in thickness depending on location (Corfield, 2014). This mucus, which is comprised 162 

of mucins can be found in the mucosal tissue of the gastrointestinal tract, respiratory tract, 163 

reproductive tract, and urinary tract and other places such as the surface of the eye, nasal cavity, 164 

mouth and throat (Linden et al., 2008; Corfield, 2014).  Within this mucus are mucin proteins, 165 

which aid in the protection and renewal of the epithelial cells (Linden et al., 2008), and can be 166 

found in areas such as the intestines, hooves and teats (Medrano and Cánovas, 2014). There are 167 

many important functions that mucins have such as: protecting epithelial surfaces, inflammation, 168 

and immune response by trapping pathogens (Pallesen et al., 2007; Dhanisha et al., 2018). Mucins 169 

are present in both secreted and membrane-associated forms, where secreted mucins usually form 170 

a protective layer over organs that are in contact with the external environment and create a 171 

physical barrier against pathogens, and the membrane associated form, which possess membrane 172 

specific domains and are retained in the plasma (Corfield et al., 2014;  Dhanisha et al., 2018). The 173 

secreted mucins follow two different pathways, the constitutive pathway in which mucins are 174 

continuously released or the regulated pathway in which mucins are released in vast quantities in 175 

response to bacterial invasion (Linden et al., 2008). These mucins are critical to ensure that the 176 

cow is able to mount a proper response to mastitis, and proper turnover of these mucin proteins is 177 

critical (Corfield et al., 2014). There are two different mucins, mucin 1 (MUC1) and mucin 15 178 

(MUC15) that are known to be in the cow’s mammary gland. Both of these mucins are cell surface 179 

mucins, which are present on apical membranes of all mucosal epithelial cells (Linden et al., 2008). 180 

The MUC1 is a type I transmembrane mucin which is expressed in most epithelial cells (Patton et 181 

al., 1995).  Alternatively, the MUC15 is a cell surface associated mucin, and was originally isolated 182 

from bovine milk fat globule membranes (Pallesen et al., 2002). Pallesen et al. (2007) found that 183 
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MUC15 was present in raw milk as well as in the non-fat containing fractions such as skim milk 184 

and whey, while MUC1 is found in the skim milk portion and the cream fraction. These mucins 185 

have the potential to protect the mammary gland; however, at the present time, it is unknown if 186 

there are other mucins that could play a role in this as well.  187 

Another barrier of protection which aids in protecting the cow from IMI are the keratin teat 188 

plugs. The keratin teat plugs form during the dry off period. Dingwell et al. (2004) studied 189 

variables that could impact the development of mastitis, such as daily milk production, teat end 190 

integrity and the formation of the keratin plug. They found that cows who had cracked teat ends 191 

had a higher incidence of developing IMI than cows who had no cracks (15% and 10%, 192 

respectively). Similarly, they found that quarters which took longer to form the keratin plug in the 193 

early dry off period had a higher incidence of developing IMI than those whose teats closed faster 194 

(10% and 14%, respectively). This suggests that the keratin plug is important to prevent bacteria 195 

from entering the mammary gland.  196 

1.3.3 Immune response to intramammary infections  197 

Recently, breeding objectives have changed to breed healthier cows (Rupp and Boichard, 198 

2003). One aspect of this ensures that dairy cows are able to mount an appropriate response to 199 

disease and have developed resistance to IMI. Resistance can be defined as the ability to avoid an 200 

infection, or the ability to quickly recover from an infection, such as mastitis (Rupp and Boichard, 201 

2003).  202 

1.3.3.1 BoLA. The major histocompatibility complex (MHC) molecules play an essential 203 

role in the induction and regulation of the acquired immune response, and is an important candidate 204 

involved with the susceptibility and resistance to various diseases, such as mastitis (Rupp et al., 205 

2007; Behl et al., 2012). There is a very high degree of genetic variation in these molecules that 206 
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have occurred due to a variety of mechanisms, for example: gene duplication and silencing, point 207 

mutations that become fixed, and nucleotide insertions and deletions.  In bovine species, the MHC 208 

molecules are called bovine leukocyte antigens (BoLA) and are found on chromosome 23. There 209 

are three classes of BoLA antigens (Class I, Class II and Class III).  210 

Class I BoLA consists of an a-chain, consisting of three domains (a1, a2, a3) associated 211 

non-covalently with B2- macroglobulin (B2M). The MHC class I molecules play an important 212 

role in antigen presentation to alert the immune system to virally infected cells, and all cells possess 213 

BoLA class I molecules (Hewitt, 2003). Multiple studies have illustrated a relationship between 214 

BoLA class 1 molecules and resistance or susceptibility to mastitis (Weigel et al., 1990; Mejdell 215 

et al., 1994; Aarestrup et al., 1995; Mallard et al., 1995), or immune response (Mallard et al., 1995; 216 

Rupp et al., 2007). The BoLA class I recognizes endogenous antigens such as cancer cells and 217 

virus infected cells, and most endogenous proteins are recycled by ubquination, processed within 218 

the proteasome and degraded into peptides (Dr. Niel Karrow, ANSC 4650 Unit 11: APCs and 219 

antigen presentation, 2018). Most of these peptides are recycled but some are loaded on to MHC 220 

class 1 molecules which are transported from the cytoplasm to the endoplasmic reticulum via 221 

transported associated with antigen processing (TAP), they then attach to the BoLA class I 222 

antigen binding cleft on the cells surface which allows them to interact with cluster of 223 

differentiation (CD) 8+ T-lymphocytes, which then kills the virus and cancer infected cells (Behl 224 

et al., 2012; Niel Karrow, ANSC 4650: Unit 11: APCs and antigen presentation, 2018). 225 

 Alternatively, BoLA class II is formed by non-covalent association of a and b chains, and 226 

each chain has two external domains (a1, a2 and b1, b2). In the BoLA class II region, an inversion 227 

occurred which created BoLA class IIa and BoLA class IIb regions. Within the Ila sub region, 228 

there are clusters of DQ and DR genes, while in the IIb sub region, there are DY, DI and DO 229 
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clusters of genes (Dr. Niel Karrow, ANSC 4650 Unit 12: Antigen receptor diversity (MHC), 2018).  230 

Only BoLA class II molecules can respond to exogeneous antigens from extracellular pathogens. 231 

There are three main types of BoLA class II molecules known as antigen presenting cells (APC): 232 

dendritic cells, macrophages and B-cells. All of these are all able to discriminate between self and 233 

non-self-antigens, such as antigens that cause IMI. Within the APC, the protein, otherwise known 234 

as the invariant chain, is positioned in the MHC binding groove to stabilize the a and b chains 235 

while the antigen is packaged into the endosome (Dr. Niel Karrow, ANSC 4650 Unit 11: APCs 236 

and antigen presentation. 2018). As the pH of the endosome lowers, the invariant chain is degraded 237 

and leaves behind a small self-peptide within the binding groove of the MHC called CLIP. Once 238 

this stage is complete, the APC engulf the pathogen and displace CLIP from the binding groove 239 

(Dr. Niel Karrow, ANSC 4650 Unit 11: APCs and antigen presentation. 2018). Once the CLIP has 240 

been displaced, the BoLA class II peptide is then directed to the cell membrane and presents the 241 

antigen to the BoLA antigenic binding receptors (Behl et al., 2012). The antigen is then presented 242 

to CD4+ T cells, which once stimulated activate macrophages and B-cells to generate 243 

inflammatory and antibody responses, respectively (Behl et al., 2012).  244 

 In summary, due to the importance of the BoLA gene in terms of antigen presentation and 245 

immune response, if there are any BoLA genes regulated differently between cows, this could in 246 

turn make some cows more resistant to mastitis, while others are more susceptible to developing 247 

IMI.  248 

1.3.3.2 Interleukins. There are some genes that are associated with interleukins, which as 249 

a whole are responsible for promoting cell growth and differentiation (Mizel, 1989). There are two 250 

interleukins, interleukin-1b (IL-1b) and interleukin 10 (IL-10), that preliminary studies have 251 

shown are associated with the cow’s immune response to mastitis infection (Medrano and 252 
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Cánovas, 2014). Interleukin 10 is an anti-inflammatory cytokine that plays a critical role in the 253 

control of immune responses and is activated by immune cells (Ouyang et al., 2011; Ip et al., 254 

2017). The IL-10 limits the process of inflammation by inhibiting the production of cytokines by 255 

stimulated CD4+ Th1 helper cells and it also inhibits the cytotoxic effects of monocytes and 256 

macrophages, as well as the synthesis of pro-inflammatory cytokines and acute phase proteins 257 

(Bochniarz et al., 2017). Similarly, IL-1b, which is the predominant form if IL-1, is a key regulator 258 

of the cow’s inflammatory response, however, this cytokine is pro-inflammatory.  Interleukin- 1b 259 

is produced and secreted by activated macrophages, monocytes, dendritic cells, natural killer cells 260 

and B cells (De Sanctis et al., 1997; Bendtzen et al., 1998; Laddha et al., 2014). Preliminary studies 261 

have already observed differential expression of these genes in healthy and mastitic cows 262 

(Medrano and Cánovas, 2014). This suggests that there are potentially other interleukins that are 263 

involved with the cow’s immune response to bacterial invasion.  264 

 265 

1.4 Potential regulator genes and functional SNPs associated with mastitis resistance 266 

Focusing on the genes that are involved with key immune system components, such as 267 

BoLA and the mucus plug formation in the mammary gland, would offer key information about 268 

what makes some cows more resistant to mastitis than others. One method that is currently being 269 

used to look at marker-trait associations is known as marker-assisted selection (MAS). Marker-270 

assisted selection differs from genomic selection because it is based on quantitative trait loci, 271 

which are detected through linkage mapping or genome wide association studies (Arruda et al., 272 

2016). The downfall to MAS is that the number of markers per trait is generally low, however, its 273 

use for mastitis resistance in dairy cattle has been supported (Yuan et al., 2012). Yuan et al. (2012) 274 

determined that the bovine breast cancer 1 (BRCA1) gene, which is mapped to chromosome 19, is 275 
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a candidate gene for bovine mastitis, due to its association with milk SCS. This study used three 276 

SNPs (c.5682 G>C, c.26198 C>T and c.46126 G>T) which were genotyped, and 21 combinations 277 

of these SNPs were observed. Yuan et al. (2012) observed that the genotype with the highest SCS 278 

was HHLLNN (5.88 ± 0.29; mean ± standard error or mean), leading to increased mastitis 279 

susceptibility, and the GGKKMM genotype had the lower SCS (3.58 ± 0.25), favoring mastitis 280 

resistance. Therefore, if cows with the GGKKMM genotype are bred this may have beneficial 281 

effects on SCS and productivity of dairy cattle. While there have been multiple studies looking 282 

into increased resistance to mastitis using MAS, limited studies have looked into mastitis 283 

resistance using genomic selection, focusing on key regulator genes and SNPs associated with 284 

mucin development. 285 
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The overall objective of this thesis was to study the genetic mechanisms of immune 287 

response and mucus plug formation in response to infection in the cow mammary gland. The 288 

specific objectives were:  289 

Chapter 3: 290 

- to identify milk somatic cell genes differentially expressed between healthy and mastitic 291 

samples using RNA-Seq;  292 

- to perform functional analysis to identify the biological processes, molecular functions 293 

and metabolic pathways involved in the list of differentially expressed genes;  294 

- to integrate transcriptomic and functional data into systems biology to identify functional 295 

candidate genes involved in host immune response and mucin development.  296 

Chapter 4: 297 

- to identify mRNA isoforms differentially expressed between healthy and mastitic 298 

quarters;  299 

- to identify which genes with differentially expressed mRNA isoforms are highly involved 300 

in immune processes;  301 

- to generate an updated functional candidate gene list of genes that could potentially be 302 

responsible for difference in response to intramammary infections.   303 

 Chapter 5: 304 

- to identify QTL regions associated with mastitis resistance in the list of 1) 449 305 

differentially expressed genes between healthy and mastitic quarters (Chapter 3), 2) the list 306 

of 19 highly expressed genes (reads per kilo base per million mapped reads; RPKM ³ 500) 307 

in healthy and mastitic quarters (Chapter 3), 3) the list of 67 genes with more than one 308 

mRNA isoform, with at least one being differentially expressed (Chapter 4), and 4) the 9 309 
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potential functional candidate genes identified integrating transcriptomic and functional 310 

data (Chapter 3 and Chapter 4 ).311 
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3.1 ABSTRACT 329 

Mastitis is a very costly and common disease in the dairy industry that has yet to be minimized. 330 

The study of the transcriptome from healthy and mastitic milk somatic cell samples using RNA-331 

Sequencing technology (RNA-Seq) can provide measurements of transcript levels associated with 332 

the immune response to the infection. The objective of this study was to characterize the Holstein 333 

milk somatic cells transcriptome from 6 cows to determine host response to intramammary 334 

infections (IMI). RNA-Sequencing was performed on two samples from each cow from two 335 

separate quarters, one classified as healthy (n = 6) and one as mastitic (n = 6). In total, 449 genes 336 

were differentially expressed between the healthy and mastitic quarters (P-value < 0.01, FDR < 337 

0.05, FC > ±2). Among the differentially expressed genes, the highly expressed genes (Reads Per 338 

Kilo base per Million mapped reads; RPKM ≥ 500) in the healthy group were associated with milk 339 

components (i.e. CSN2 and BLG), and in the mastitic group they were associated with immunity 340 

(i.e. B2M and CD74). Functional analysis was performed using the list of 449 differentially 341 

expressed genes, which identified 55 significant metabolic pathways (FDR < 0.05), some of which 342 

were associated with the immune system and diseases, such as interleukin 17 (IL-17) and mastitis. 343 

Six functional candidate genes were selected, integrating genomic and functional data into a 344 

systems biology approach (NFKBIA, CD74, FCER1G, B2M, SDS and GLYCAM1). In conclusion, 345 

the identification of key regulator genes associated with host defense to infection will aid to better 346 

understand the biology underlying the genetic architecture associated with mastitis. This will in 347 

turn improve the sustainability of agricultural practices, by facilitating the selection of cows with 348 

improved immune system’s leading to increased resistance to mastitis.   349 
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3.2 INTRODUCTION 350 

Mastitis is one of the most challenging and profit-limiting diseases in lactating dairy cows. 351 

Mastitis, or rather, inflammation of the udder, is caused by bacterial pathogens that enter the udder 352 

and trigger an immune response (Martin et al., 2018). There are two types of mastitis including 353 

clinical mastitis (CM), which is detected by abnormalities in the milk and inflammation in the 354 

udder, and subclinical mastitis (SCM), which is more challenging to diagnose because of a lack 355 

of clinical signs (Santman-Berends et al., 2012). For cases of SCM, the biggest loss comes from 356 

decreased milk production. Although mastitis is a very well-known disease in dairy animals, its 357 

incidence has not decreased over the years (Martin et al., 2018). There is a wide range of economic 358 

consequences of mastitis due to milk production losses, veterinary services, labor, and product 359 

quality  (Halasa et al., 2007). Parker Gaddis et al. (2014) estimated that clinical mastitis costs 360 

producers $179 USD per case, due to treatment costs, discarding milk and increased mortality. In 361 

2013, over 20% of Canadian cows were involuntarily culled due to mastitis and high somatic cell 362 

count (SCC) issues (CDN, 2014; Martin et al., 2018).  Antibiotics are mostly used to treat mastitis 363 

cases, and there is an increase in pressure to reduce the amount of antibiotics used in food animals 364 

(Godden et al., 2017). Therefore, producers need better ways to treat and prevent mastitis, to 365 

maintain the health of their herd.  366 

One of the best treatments for mastitis is prevention, however, as stated by Baltain et al. 367 

(2012), mastitis is a complex disease that involves three major factors: the causative agent, the 368 

host and the environment. Therefore, it is extremely challenging to achieve this goal of prevention. 369 

There is interest in determining what the leading causes of susceptibility to mastitis are, and what 370 

factors improve adaptability and resistance to infectious causing agents. The bovine major 371 

histocompatibility complex (BoLA) is responsible for an effective immune response to antigens, 372 
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however, there are a variety of genes that can impact antigen presentation. If some of these genes 373 

are upregulated or downregulated, this could cause variation in an individual cow’s immune 374 

response, making some cows more susceptible to intramammary infections (IMI). Cows also have 375 

certain defense mechanisms in place, such as their mucus plug in the mammary gland that forms 376 

after milking and aims to help prevent pathogens from entering their udder, thus limiting the need 377 

for an immune response (Medrano et al., 2014). The faster this plug forms, the less susceptible the 378 

cow is to having bacteria enter her mammary gland, thus preventing some instances of mastitis. 379 

This plug is comprised of mucus, and within mucus are mucins, which aid in the protection of 380 

epithelial cells, inflammation, and immune response (Pallesen et al., 2007; Corfield, 2014). There 381 

are two mucins, MUC1 and MUC15 that are known to be in the cow’s mammary gland and are 382 

cell surface mucins, which act as a barrier to infection (Linden et al., 2008). This study used 383 

transcriptomics to look into the milk somatic cell (SC) transcriptome of healthy and mastitic 384 

quarters to determine genes that are differentially expressed between the healthy and mastitic 385 

quarters. The milk SC fraction was used as milk and mammary gland tissue transcriptomes are 386 

highly correlated in Jersey (r=0.98) and Normande (r=0.92) breeds (Cánovas et al., 2014a). Using 387 

the milk SC is an alternative, direct and simple approach to examine the transcriptome, without 388 

the need to perform a mammary gland tissue biopsy (Cánovas et al., 2014a). 389 

The objectives of this study were: 1) to identify milk somatic cell genes differentially 390 

expressed between healthy and mastitic samples using RNA-Seq; 2) to perform functional analysis 391 

to identify the biological processes, molecular functions and metabolic pathways using the list of 392 

differentially expressed genes; and 3) to integrate transcriptomic and functional data into systems 393 

to identify functional candidate genes involved in host immune response and mucin development. 394 

The findings from this study provide a better understanding of host immune response to mastitis, 395 
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and the genetic mechanism of mucus plug formation in the mammary gland, specifically looking 396 

at the formation of mucins. 397 

 398 

3.3 MATERIALS AND METHODS 399 

3.3.1 Animal and sample collection 400 

Six Holstein dairy cows ranging from first to third+ lactations were used in this study. The 401 

animals were housed in a free stall at the UC Davis dairy facility, were fed a total mixed ration, 402 

and were supplied water ad libitum. All protocols used were approved by the UC Davis 403 

Institutional Animal Care and Use Committee (IACUC). The California Mastitis Test (CMT) was 404 

used to detect mastitis (Godden et al., 2017). This study looked at natural cases of mastitis, and 405 

therefore, as soon as a cow was diagnosed with mastitis, milk samples were collected. Two 406 

different samples were taken from each cow, one sample from the mastitic quarter, and the other 407 

sample taken diagonally across from the mastitic quarter and classified as the healthy quarter (n = 408 

12). Using examination gloves, the cow’s teat was cleaned with gauze and damped in 70% 409 

isopropanol and 50 mL milk samples were taken using a 3 cm plastic cannula (Genesis Industries 410 

Inc., Elmwood, WI), to ensure no bacterial contaminated the sample. Milk was kept on ice and 411 

immediately processed for RNA extraction using a Trizol reagent to preserve the integrity of RNA.  412 

3.3.2 RNA extraction 413 

As described by Cánovas et al. (2014a) samples were centrifuged at 2000 g for 10 min to 414 

pellet somatic cells (SC) and to separate the upper milk fat globule (MFG) fraction. After the fat 415 

was removed, the milk was decanted from the tube and the pelleted somatic cells were washed by 416 

re-suspending them in 10 mL of RNase-free phosphate- buffered saline (PBS) at pH 7.2, followed 417 

by centrifugation at 2000 g at 7°C for 10 min. The supernatant was decanted and the milk pellet 418 
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was lysed with 1 mL Trizol (Invitrogen, Grand Island, NY). RNA was purified following the Trizol 419 

protocol (Invitrogen, Carlsbad, CA), and the RNA was quantified by an ND-1000 Nanodrop 420 

Spectrometer (thermo Scientific, Pittsburgh, PA). Quality was evaluated using the RNA integrity 421 

number (RIN) value from the Experion automated electrophoresis system (BioRad, Hercules, CA; 422 

Cánovas et al., 2014b).  423 

3.3.3 Library construction and RNA-Seq analysis 424 

Library construction was performed using the TruSeq RNA sample preparation kit 425 

(Illumina, San Diego, CA; Canovas et al 2014b). Adapters were ligated to the ends of double-426 

stranded cDNA and PCR amplified to create libraries. Sequencing was completed with an Illumina 427 

HiSeq 2000 analyzer that yielded 100 base pair (bp) single read sequences. Sequence reads were 428 

assembled to the annotated UMD3.1 bovine reference genome (release 90) using the CLC 429 

genomics workbench (CLC Bio, Aarhus, Denmark). Quality control analysis was performed using 430 

the NGS quality control tool of CLC Genomics workbench software, version 10 (CLC Bio, 431 

Aarhus, Denmark). Quality control analysis includes GC content, ambiguous base content, Phred 432 

score, base coverage, nucleotide contributions and over-represented sequences parameters 433 

(Cánovas et al., 2014a). All the samples passed the quality control analysis showing same length 434 

(100 bp), 100% coverage in all bases, 25% of A, T, G and C nucleotide contributions, 50% GC 435 

base content and less than 0.1% over-represented sequences (Cánovas et al., 2014a).  436 

Transcript levels were quantified in reads per kilo base per million mapped reads (RPKM). 437 

By normalizing the data for RNA length and total reads in each sample, the RPKM measure 438 

facilitated comparisons of transcript levels both between groups (Mortazavi et al., 2008).  Detailed 439 

analysis of unique gene reads and unique exon reads revealed a threshold value 0.2 for detectable 440 

gene expression in milk somatic cells (Mortazavi et al., 2008). Therefore, a threshold of RPKM ≥ 441 
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0.2 was used to select genes expressed in a given sample (Wickramasinghe et al., 2011; 442 

Wickramasinghe et al., 2012). Differential gene expression analysis was performed between 443 

healthy (n = 6) and mastitic (n = 6) quarters by t-test. We considered genes to be differentially 444 

expressed between healthy and mastitic quarters when they had (1) P-value < 0.01, (2) a false 445 

discovery rate (FDR) of q < 0.05, and (3) a fold-change (FC) > ±2. Associated gene name 446 

annotation was performed using Ensembl biomart tool (http://useast.ensembl.org/index.html).  447 

3.3.4 Functional analysis  448 

Gene ontology (GO) enrichment analysis was performed using panther software (Thomas 449 

et al., 2003). The GO terms associated with the three main GO categories such as biological 450 

processes, molecular function and cellular component were analyzed. Cluster and heatmap 451 

analysis were performed to identify the hierarchical clustering of the global gene expression 452 

(transcriptome) between healthy and mastitis groups using R (version 3.2.3). Functional pathway 453 

enrichment analysis was performed using R (version 3.2.3) package KEGGprofile (Zhao et al., 454 

2012a). A threshold of FDR < 0.05 was used to obtain highly significant metabolic pathways. 455 

Integrating transcriptomic and functional data into systems biology identified functional candidate 456 

genes based on overlapping different criteria (1) differentially expressed genes, (2) highly 457 

expressed genes with RPKM ³ 500, and (3) genes involved in significant metabolic pathways; 458 

were identified using a Venn diagram (http://jvenn.toulouse.inra.fr/app/example.html).  459 

 460 

3.4 RESULTS AND DISCUSSION 461 

A total amount of 226 million total reads were generated from milk SC samples (n = 12) 462 

using RNA-Seq. On average, each of the 12 samples generated ~19 million reads. RNA-Seq 463 

analysis revealed that ~78% of the reads were mapped to the annotated UMD3.1 bovine reference 464 
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genome release 90 (26,740 genes). Between each group, all samples clustered perfectly between 465 

groups as illustrated in the cluster dendrogram (Figure 3.1) and the heat map (Figure 3.2). The 466 

total number of genes expressed in healthy and mastitic group were 13,322 and 15,126, 467 

respectively (RPKM ≥ 0.2).  468 

3.4.1 High, medium and low expressed genes in the healthy and mastitic groups 469 

In order to categorize the genes with different levels of expression, RPKM expression 470 

values were categorized into three different groups: high (≥ 500 RPKM), medium (≥ 10 to 500 471 

RPKM) and low (< 10 RPKM) expressed genes, based on a previous study by Wickramasinghe et 472 

al. (2012). The number of high, medium and low expressed genes for each sample is shown in 473 

Table 3.1. By categorizing the genes based on their RPKM expression values, this allowed us to 474 

compare the genes within each category based on their expression values (high, medium and low).  475 

On average, the number of highly expressed genes was 10 (RPKM ranged from 503.16 to 476 

10,808.45) and 12 (RPKM ranged from 521.17 to 2,707.40) in the healthy and mastitic groups, 477 

respectively (Table 3.2). In the healthy group, 264 genes were medium expressed (RPKM ranged 478 

from 10.01 to 322.24) and 173 genes had low expression values (RPKM ranged from 0.23 to 9.97). 479 

In the mastitic group, 241 genes were medium expressed (RPKM ranged from 10.53 to 490.53), 480 

while 173 genes had a low expression value (RPKM ranged from 0.20 to 9.62). Genes highly 481 

expressed in the healthy group (n = 10; ≥ 500 RPKM) showed RPKM values ranging from 503.16 482 

to 10,808.45. The top five highly expressed genes in the healthy group were casein beta (CSN2), 483 

casein kappa (CSN3), casein-a-s1(CSN1S1), b - Lactoglobulin (BLG) and Alpha-S2-caesin 484 

Casocidin-1 (CSN1S2), with RPKM values of 10,808.45, 8,425.35, 7,791.50, 5,236.74 and 485 

5,059.00, respectively. Casein beta, along with whey, are the two major protein groups found in 486 

bovine milk (Kamiñski et al., 2007). Approximately 80% of the proteins in bovine milk consists 487 
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of caseins (Coulon et al., 1998). Within the casein category, there are four different caseins 488 

expressed in milk: CSN2 (25 to 35% of caseins in milk), CSN1S1 (39 to 46%), CSN1S2 (8 to 11%) 489 

and CSN3 (8 to 15%) (Eigel et al., 1984; Roginski, 2003). The b-lactoglobulin was highly 490 

expressed, and is one of the major whey proteins of ruminant species, and, along with a-491 

lactoglobulin, contribute to approximately 14% of the protein in milk (Coulton et al., 1998; 492 

Kontopidis et al., 2004; Kamiñski et al., 2007). Due to the importance of these genes listed for 493 

milk component production in the mammary gland, this supports why these genes would be highly 494 

expressed, as healthy cow’s biological processes are focusing on milk production, rather than 495 

immune system responses. 496 

In the mastitic group, there were 12 genes that were highly expressed (Table 3.2), with 497 

RPKM expression values ranging from 521.17 to 2,707.40. The five highest expressed genes in 498 

the mastitic group were b-2-microglobulin (B2M), CD74 molecule (CD74), major 499 

histocompatibility complex class II DR alpha (BoLA DR-Alpha), serine dehydratase (SDS) and 500 

L-Lactate dehydrogenase A chain (LDHA), with expression values of 2,707.40, 1,029.08, 926.42, 501 

905.28 and 771.75 RPKM, respectively. Three of these genes (B2M, CD74 and BoLA DR-Alpha), 502 

are directly related to the major histocompatibility complex (MHC) which is a fundamental part 503 

of the immune system (Behl et al., 2012), and is essential for an acquired immune response. In 504 

bovine, this MHC is referred to as bovine leukocyte antigens (BoLA), and polymorphisms in the 505 

BoLA-DR genes are related to resistance to infectious diseases, such as mastitis (Baltian et al., 506 

2012). One gene from our study associated with BoLA is B2M, which has multiple functions in 507 

regards to immune regulatory mechanisms, such as ensuring the immune system responds to 508 

potential internal or invasive threats (Liu et al., 2018). The B2M forms a non-covalent bond with 509 

BoLA class 1 molecules, which present endogenous antigens, such as cancer cells and virus 510 
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infected cells, to BoLA class 1 antigen receptors, and then CD8+ T-lymphocytes kill the antigen 511 

(Behl et al., 2012).  Similarly, the CD74 molecule (BoLA class II invariant chain) is also involved 512 

with BoLA as it has a variety of functions that deal with the cow’s immune response and plays a 513 

role in antigen presentation pathways (Su et al., 2017). The CD74 molecule is expressed on the 514 

cell surface of BoLA class II positive cells, such as dendritic cells, macrophages and B cells, which 515 

are the three key antigen presenting cells (APC). These APC aid in the protection of the host as 516 

they signal CD4+ T helper cells which come kill the pathogen causing the immune response. The 517 

third most highly expressed gene was BoLA DR-Alpha. The BoLA complex is critical for immune 518 

system response due to the ability of the genes involved with BoLA to be able to differentiate 519 

between self and non-self-antigens and elicit an immune response to kill the invading pathogens. 520 

This gene is further discussed in the functional analysis section as it is involved in two pathways 521 

of interest. Also, the SDS gene, which is involved in gluconeogenesis, was highly expressed in the 522 

mastitic group and this gene will be further discussed in the functional candidate gene section.  523 

Similarly the LDHA gene was highly expressed in the mastitic group; when an inflammatory 524 

process involving cell damage occurs, LDH is released from cells into the milk (Jørgensen et al., 525 

2016), therefore, LDH activity increases with mastitis (Bogin et al., 1977; Harmon, 1994). This 526 

evidence supports the high expression values of LDHA gene in the SC milk samples from mastitic 527 

cows.  528 

Although CSN1S1 and CSN2 were not in the top 5 highly expressed genes in the mastitic 529 

group, they did fit into the highly expressed category with expression values of 672.82 and 638.28 530 

RPKM, respectively. However, in comparison to the healthy group, these genes both had much 531 

lower expression values. Alternatively, both BLG and CSN2 were not highly expressed in the 532 

mastitic group. A possible explanation to the lower expression levels of these genes suggests that 533 
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there would be a decrease in the protein content in mastitic cow’s milk, which would have an 534 

economical implication. This is supported by Heringstad et al. (2005) who found an antagonistic 535 

genetic relationship between clinical mastitis and protein yield. Similarly, protein and fat 536 

percentages are positively correlated (0.67), which means that if the protein percent in milk is 537 

decreasing, fat percent will also decrease, resulting in a greater implication for the profitability of 538 

the cow’s milk (Carlén et al., 2004). It is also possible that these genes were not highly expressed 539 

due to the high expression levels of inflammatory cells in the mastitic milk SC samples. 540 

3.4.2 Differentially expressed genes between healthy and mastitic groups 541 

Differential gene expression analysis between healthy and mastitic groups was performed 542 

identifying 449 differentially expressed genes (P-value < 0.01, FDR< 0.05, and FC > ±2). When 543 

comparing the healthy to mastitic group, out of the 449 differentially expressed genes, 200 were 544 

under expressed in the mastitic group and 249 genes were over expressed in the mastitic group 545 

based on their FC values. The most under expressed (FC = -84.28) gene in the mastitic group was 546 

solute carrier family 34, member 2 (SLC34A2). In a recent study analyzing putative biomarkers 547 

for disease in bovine milk, it was found that the SLC34A2 gene which is located on chromosome 548 

6, encodes a sodium dependent phosphate transporter, was upregulated in highly resistant cows 549 

(van Altena et al., 2016). Alternatively, the serum amyloid A protein (SAA1) gene, located on 550 

chromosome 29, was the most over expressed (FC = 117.89) gene in the mastitic group.  The SAA1 551 

gene has shown to be expressed at different levels based on inflammatory stimuli and is a marker 552 

of inflammation (Chami et al., 2015). As mastitis causes inflammation in the udder, this could 553 

explain why this gene would have been over expressed in the mastitic group. The SAA gene is 554 

already being used as a marker for mastitis, and thus, research by Gerardi et al. (2009) aimed to 555 

validate the use of SAA as an indicator for mastitis. Gerardi et al. (2009) found that the use of SAA 556 
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concentrations is not useful in order to discriminate between types of mastitis. However, other 557 

studies have shown that healthy cows have very low levels of SAA, such as Nielsen et al. (2004) 558 

who found that there are significantly different levels of SAA in cows with mastitis compared with 559 

healthy cows (P-value < 0.05). This is concordant with the results found in our study as the gene 560 

expression values (RPKM) for the mastitic group was 46.99 RPKM, while in the healthy group it 561 

was 0.30 RPKM.  562 

3.4.3 Functional analysis  563 

 3.4.3.1 Gene ontology. The three main GO categories (biological process, molecular 564 

function and cellular component) were analyzed using the list of 449 differentially expressed 565 

genes. A total of 763, 343 and 229 significant GO terms were identified in the biological process, 566 

molecular function and cellular component GO categories, respectively. The main biological 567 

processes with significant GO terms associated were involved with cellular processes and 568 

metabolic processes (Figure 3.3a). Regarding molecular functions, the significant GO terms 569 

associated were catalytic activity and binding activity (Figure 3.3b).  Lastly, the main associated 570 

GO term with cellular processes were cell part and organelle (Figure 3.3c). The results obtained in 571 

the biological and molecular GO categories are in concordance with Cardoso et al. (2018) who 572 

also found the same biological and molecular significant associated GO terms. However, for the 573 

cellular processes, Cardoso et al. (2018) found that cell part and membrane were the significant 574 

associated GO terms. Similar GO terms can be found across livestock species and are remarkably 575 

unspecific (Cardoso et al., 2018).  576 

3.4.3.2. Functional gene networks. Functional enrichment pathway analysis was 577 

performed to identify the significant metabolic pathways involved with the differentially expressed 578 

(DE) genes. In total, 232 pathways were identified that had at least one of the 449 DE genes present 579 
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(P-value < 0.05). Among them, 55 metabolic pathways were significantly enriched (FDR < 0.05). 580 

Table 3.3 presents the 36 pathways obtained using a more stringent filter of FDR < 0.01. Among 581 

these 36 pathways, the top 5 most significant pathways were Leishmaniosis, in which 18% of the 582 

DE genes were involved, toxoplasmosis (14% of DE genes involved), inflammatory bowel disease 583 

(15% of DE genes involved), herpes simplex infection (8%) and cytokine-cytokine receptor 584 

interaction (8%). Of these five pathways, they are all associated with the immune system either 585 

directly or indirectly. Therefore, the presence of these highly significant enriched pathways can be 586 

an indication of the identification of core genes associated with the regulation of immune system. 587 

 Also, within these 36 pathways, there are three significant pathways with functional 588 

importance with the traits under study including cell adhesion molecules (P-value = 0.00018), 589 

Staphylococcus aureus (S. aureus) infection (P-value = 0.00056), and IL-17 signaling pathway 590 

(P-value = 0.00024). In the cell adhesion molecule pathway, 14 of 449 DE genes were found in 591 

this pathway. This is a very important pathway to consider as cell adhesion molecules (i.e. 592 

selectins, integrins and immunoglobulins) play a central role in cell  migration, proliferation, 593 

survival and apoptosis (Golias et al., 2011). Adhesion molecules ensure that there is a stable 594 

environment or cell growth and differentiation and allows cells to migrate. They are also involved 595 

in regulation of inflammatory and immune responses (Golias et al., 2011). Cell adhesion molecules 596 

cause cells to adhere to one another or the extracellular matrix. Connecting this with our objectives, 597 

this pathway plays a potential role in the formation of the mucus plug, as this pathway encourages 598 

cells to stick together. As some cows might be able to form this mucus plug more efficiently this 599 

could produce a more efficient mammary gland barrier, protecting the host from the external 600 

environment (Hoorens et al., 2011), thus preventing some cases of IMI.  601 
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The S. aureus infection pathway involved 8 DE genes between healthy and mastitic groups. 602 

Staphylococcus aureus is a Gram- positive bacteria, primarily carried on mucosal surfaces and is 603 

regarded as one of the most contagious mastitis pathogens worldwide (Harmon, 1994; Gill et al., 604 

2005; Botaro et al., 2014). The S. aureus IMI are mainly subclinical in cattle, resulting in high 605 

SCC to be observed in the milk, which decreases milk quality as well as milk production (Tao and 606 

Mallard, 2007; Botaro et al., 2014). One study by Whist et al. (2009) found that in both primiparous 607 

and multiparous cows, if cows tested positive for S. aureus in more than two quarters, during a 608 

305-d lactation, they had 229 kg and 303 - 390 kg, less milk produced, respectively. Another study 609 

found that on average S. aureus infection reduced (P-value = 0.0495) quarter milk production at 610 

4.4% compared to the healthy quarters (Botaro et al., 2014). As S. aureus is a major opportunistic 611 

pathogen, prevention of this IMI has not been achieved, therefore, breeding more resistant cows 612 

offers a possible solution to fight mastitis causing agents (Gill et al., 2005).   613 

The interleukin-17 (IL-17) signaling pathway, in which 10 DE genes were present, plays a 614 

critical role in the development of inflammatory diseases, such as mastitis (Gu et al., 2013). 615 

Interleukin-17 belongs to a family of pro-inflammatory cytokines that respond to both acute and 616 

chronic inflammatory responses, and has been considered to be a bridge of the innate and adaptive 617 

immune systems (Gu et al., 2013; Usman et al., 2017). Within this subset of IL-17 are IL-17A and 618 

IL-17F which are pro-inflammatory cytokines (Ishigame et al., 2009; Gu et al., 2013). Tao and 619 

Mallard (2007) studied the differentially expressed genes associated with S. aureus mastitis in 620 

Canadian Holstein cows and identified a number of DE genes, including IL-17 in the milk somatic 621 

cells of the infected cows. 622 
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3.4.4 BoLA complex and its association with host defense to mastitis 623 

The BoLA gene is a critical component of the cow’s immune system and some of the DE 624 

genes from this study are directly involved with the BoLA complex. Genetics plays a significant 625 

role in a cows natural ability to defend against invading pathogens, there is great interest in looking 626 

into finding what makes some cows able to adapt and respond quicker, thus, decreasing the severity 627 

of the disease (Tao and Mallard, 2007). Potential SNPs in genes involved directly or indirectly 628 

with the BoLA could cause the host’s response to IMI to be altered. Thus, providing reasoning as 629 

to why some animals respond better under a threat compared to others.  630 

In total there were four genes associated with the BoLA complex, which are also present 631 

in two of the three highly significant metabolic pathways identified (cell adhesion molecule 632 

pathway and S. aureus). These genes are: BOLA-DQA5, BoLA DR-Alpha, which are both 633 

annotated in the bovine reference genome, as well as two genes not yet annotated in bovine, but 634 

both with human orthologues, MHC class II, DQ Alpha1 (HLA-DQA1) and MHC Class II, DR 635 

Beta1 (HLA-DR1B) (bovine ensemble IDs ENSBTAG00000037605 and 636 

ENSBTAG00000013919, respectively). In general, the BoLA molecules are key for antigen 637 

presentation (Vandre et al., 2014). The DR and DQ within the names of BOLA-DQA5 and BoLA 638 

DR-Alpha genes illustrates two sub-regions within the class IIa sub region that represent the main 639 

class II restriction elements for CD4+ helper cells. Both sub regions are involved with antigen 640 

presentation (Behl et al., 2012). There is a high degree of polymorphism in the DQ locus, 641 

generating many haplotypes, which have been associated with mastitis (Lewin et al., 1999; Park 642 

et al., 2004; Thompson-Crispi et al., 2014). There is also a very high degree of polymorphism of 643 

the DRB3 locus in the BoLA DR gene, which has been attributed to the variability in immune 644 

response to different pathogens in certain individuals (Behl et al., 2012). The BoLA DRB3.2 645 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 34 

alleles *3 and *11 were associated with lower SCC, whereas the alleles *22 and *23 were 646 

associated with higher SCC (Rupp et al., 2007). Also, the allele *3 was associated with less clinical 647 

mastitis, while the allele *8 was associated with higher mastitis risk (Rupp et al., 2007). Therefore, 648 

when looking into increasing the cow’s mastitis resistance, focusing on the BoLA alleles, and 649 

genes that are present in BoLA pathways could provide a variety of information that may aid in 650 

the selection for improved health and increased mastitis resistance. In addition, HLA-DQA1 and 651 

HLA-DR1B genes are present in the cell adhesion molecule pathway and S. aureus pathways; 652 

respectively. As discussed previously, the MHC complex is critical in the development of the 653 

immune system, and genes that regulate this process can determine susceptibility or resistance to 654 

various diseases (Behl et al., 2012) and therefore impact resistance to IMI.  655 

3.4.5 Potential functional candidate genes  656 

Results from transcriptomics (RNA-Seq) combined with the functional analysis were 657 

integrated using a Venn diagram to create a list of functional candidate genes, with a potential 658 

effect on host defense to mastitis (Figure 3.4). Among them, the criteria used to overlap the genes 659 

was as follows: 1) the list of DE genes between healthy and mastitic groups (n = 449), 2) highly 660 

expressed genes (RPKM ³ 500) in both healthy and mastitic groups (n = 19), and 3) genes involved 661 

in the significantly enriched metabolic pathway analysis (n = 117). There were six genes identified 662 

as being present in all three groups of criteria: B2M, glycosylation- dependent cell adhesion 663 

molecule 1 (GLYCAM1), CD74, NFKB inhibitor alpha (NFKBIA), fc fragment of IgE receptor 664 

Ig (FCER1G) and SDS and are thus are considered our functional candidate genes for further 665 

analysis (Table 3.4). 666 

The first gene GLYCAM1, is a mucin-like endothelial glycoprotein and is a component of 667 

the milk fat globule membrane (Dowbenko et al., 1993; Le Provost et al., 2003). This gene is 668 
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expressed during lactation by mammary epithelial cells, as well as in the epithelial cells of the 669 

peripheral and mesenteric lymph nodes (Dowbenko et al., 1993).  As mentioned prior, mucins play 670 

an important role in protection as they trap pathogens and are a key component of the mucus plug. 671 

The GLYCAM1 gene was under expressed in the mastitic group compared to the healthy group 672 

(FC= -55), and therefore, this could potentially impact the susceptibility to IMI in the mastitic 673 

quarter. Le Provost et al. (2003) compared the GLYCAM1 promotor sequence across four species 674 

(mouse, cow, camel, human) and found that the regulatory elements (STAT, nuclear factor I and 675 

GR) were conserved across all four species supporting that this is important in the transcriptional 676 

regulation of the GLYCAM1 gene. In this study we did not look to see if there were any variants 677 

in the GLYCAM1 gene promoter region, however, future analysis will aim to identify if there is a 678 

variation in this region, or among other regions in the GLYCAM1 gene that may result in different 679 

levels of expression for this gene, and therefore impact the its potential in the formation of the 680 

mucus plug.   681 

The B2M gene, is associated non-covalently with Class I BoLA and is a 12-kD secreted 682 

protein involved in a wide range of biological processes, such as immune modulation and 683 

inflammatory diseases. The B2M gene responds to molecules of bacterial origin, such as S. aureus, 684 

and presents them to the BoLA complex via MHC class 1 antigen receptors (Chiou et al., 2016).  685 

In beef cattle, 12 mutations in the B2M gene were associated with changes in milk protein and the 686 

immunoglobulin IgG, which lead to an elevated SCC (Clawson et al., 2004; Sanchez et al., 2004). 687 

A recent study by Liu et al. (2018) also found that there were 5 mutations present in the B2M gene 688 

associated with milk protein and SCC in Chinese Holstein dairy cows. In our study, this gene was 689 

over expressed in the mastitic group (FC = 2.61) in comparison to the healthy group.  690 
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The CD74 gene is a glycoprotein with diverse immunological functions and is present in 691 

APC (Beswick and Reyes, 2009). This gene was over expressed (FC = 4.10) in the mastitic group 692 

in comparison to the healthy group.  In humans, CD74 is also involved with the MHC complex as 693 

it acts as an MHC class II chaperone, which is important to initiate immune function (Su et al., 694 

2017). The CD74 molecule also displaces the small peptide (CLIP) from the MHC binding groove 695 

on MHC class II molecules, which is key for antigen presentation (Jones et al., 1979). It is also 696 

present in other cell types other than APC (Beswick and Reyes, 2009), and  is directly involved 697 

with many inflammatory diseases in humans, such as liver fibrosis, systemic lupus and Alzheimer 698 

disease (Su et al., 2017).  Various studies support that CD74 is involved with inflammatory 699 

diseases (Beswick and Reyes, 2009; Su et al., 2017) but to the best of our knowledge, it has not 700 

been linked with mastitis in dairy cows. However, the presence of variants in the sequence of this 701 

gene, may result in cows who are susceptible to mastitis infections.  702 

The next gene, Fc fragment receptor of IgE receptor Ig (FCER1G) was over expressed   703 

(FC = 3.43) in the mastitic group compared to the healthy group. The FCER1G genes are present 704 

on the surfaces of cells, and bind to specific immunoglobulins (IgG, IgE, IgA) based on the shape 705 

of the antigen binding regions (Garman et al., 2001; Woof and Burton, 2004). This recognition 706 

ensures that the immunoglobulin molecules are able to eliminate bacteria, viruses and parasites 707 

from the body (Woof and Burton, 2004). For this gene, the immunoglobulin of interest is IgE, 708 

which helps to protect against parasitic infections and is a key molecule involved with allergic 709 

reactions (Woof and Burton, 2004).  710 

The SDS gene is essential for gluconeogenesis, as serine dehydratase catalyzes the 711 

deamination of L-serine to pyruvate (López-Flores et al., 2006). In dairy cows, gluconeogenesis is 712 

critical during lactation for high producing dairy cows, as there is an increase in glucose demand 713 
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to maintain adequate glucose supply for the mammary gland (Lemon and Nagle, 1981; Reynolds 714 

et al., 1988; Aschenbach et al., 2010). In the healthy group, this gene had a medium expression 715 

(RPKM = 182.72), whereas in the mastitic group the SDS gene had a high expression value  716 

(RPKM = 905.28), however, due to the role of this gene, it was not expected to be differentially 717 

expressed.  718 

Lastly, the NFKBIA gene was over expressed (FC = 3.38) in the mastitic group and is 719 

present in the inflammatory pathway NFKB. The NFKB  produces pro-inflammatory genes such as 720 

cytokines, chemokines and adhesion molecules (Lawrence, 2009). The NFKBIA gene plays a 721 

significant role in the regulation of immune response and inflammation through its ability to induce 722 

transcription of pro-inflammatory genes (Tak and Firestein, 2001; Yang et al., 2012; Zhao et al., 723 

2012b). The NFKBIA gene interacts with REL dimers which then inhibit the NFKB transcription 724 

factor, blocking the ability of NFKB to bind DNA (Huang et al., 2014). In mastitis, the inhibition 725 

of this pathway might decrease the severity of mastitis infections, but further research is needed 726 

into this gene.  727 

 728 

3.5 CONCLUSIONS 729 

In summary, 449 differentially expressed genes between healthy and mastitic Holstein milk 730 

somatic cell samples were identified using RNA-Seq technology. In the healthy group, the genes 731 

with the highest expression were associated with milk components, while for the mastitic group, 732 

the genes with the highest expression were associated with immune response, as the mastitic cow’s 733 

immune system is trying to fight off the intramammary infection. Functional analysis using the list 734 

of 449 differentially expressed genes identified 55 significant metabolic pathways, such as the cell 735 

adhesion molecules pathway, Staphylococcus aureus infection and IL-17 signaling pathway. Six 736 
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potential functional candidate genes (GLYCAM1, B2M, CD74, NFKBIA, FCER1G and SDS) 737 

associated with mastitis susceptibility and resistance was identified integrating results from 738 

transcriptomic and functional analysis. The BoLA gene is evidently important for increased 739 

mastitis resistance and multiple functional candidate genes were involved with this complex, either 740 

directly, or indirectly. If SNPs are found within certain genes involved with the BoLA gene, this 741 

could positively, or negatively affect the cow’s response to infection. Further investigation will 742 

include the identification of potential SNPs located in the list of six functional candidate genes 743 

associated with mastitis susceptibility and resistance. In conclusion, this research was able to 744 

identify a list of six functional candidate genes involved in metabolic pathways associated with 745 

the BoLA complex and the host’s defense to mastitis.  746 

 747 

3.6 REFERENCES 748 

Aschenbach, J.R., N.B. Kristensen, S.S. Donkin, H.M. Hammon, and G.B. Penner. 2010. 749 

Gluconeogenesis in dairy cows: The secret of making sweet milk from sour dough. IUBMB 750 

Life 62:869–877. https://dx.doi.org/10.1002/iub.400. 751 

Baltain, L. R., M. V. Ripoli, S. Sanfilippo, S. N. Takeshima, Y. Aida, and G. Giovambattista. 2012. 752 

Association between BoLA-DRB3 and somatic cell count in Holstein cattle from Argentina. 753 

Mol. Biol. Rep. 39:7215-7220. https://dx.doi.org/10.1007/s11033-012-1526-y. 754 

Behl, J.D., N.K. Verma, N. Tyagi, P. Mishra, R. Behl, and B.K. Joshi. 2012. The Major 755 

Histocompatibility Complex in Bovines: A Review. ISRN Vet. Sci. 2012:1–12. 756 

https://dx.doi.org/10.5402/2012/872710. 757 

Beswick, E.J., and V.E. Reyes. 2009. CD74 in antigen presentation, inflammation, and cancers of 758 

the gastrointestinal tract. World J. Gastroenterol. 15:2855–2861. 759 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 39 

https://dx.doi.org/10.3748/wjg.15.2855. 760 

Bogin, E., G. Ziv, J. Avidor, B. Rivetz, S. Gordin, and A. Saran. 1977. Distribution of lactate 761 

dehydrogenase isoenzymes in normal and inflamed bovine udder and milk. Res. Vet. Sci. 762 

22(2):198–200.  763 

Botaro, B.G., C.S. Cortinhas, A.G. Dibbern, L.F.P. e. Silva, N.R. Benites, and M.V. dos Santos. 764 

2014. Staphylococcus aureus intramammary infection affects milk yield and SCC of dairy 765 

cows. Trop. Anim. Health Prod. 47:61–66. https://dx.doi.org/10.1007/s11250-014-0683-5. 766 

Cánovas, A., G. Rincón, C. Bevilacqua, A. Islas-Trejo, P. Brenaut, R. C. Hovey, M. Boutinard, C. 767 

Morgenthaler, M. K. VanKlompenberg, P. Martin and J. F. Medrano. 2014a. Comparison of 768 

five different RNA sources to examine the lactating bovine mammary gland transcriptome 769 

using RNA-Sequencing. Sci. Rep. 4:5297. https://dx.doi.org/10.1038/srep05297. 770 

Cánovas, A., A. Reverter, K. L. DeAtley, R. L. Ashley, M. L. Colgrave, M. R. S. Fortes, A. Isla-771 

Trejo, S. Lehnert, L. Porto-Neto, G. Rincón, G. A. Silver, W. M. Snelling, J. F. Medrano, 772 

and M. G. Thomas. 2014b. Multi-tissue omics analyses reveal molecular regulatory 773 

networks for puberty in composite beef cattle. PLoS One. 9(7):e102551.  774 

Cardoso, T. F., R. Quintanilla, A. Castelló, R. González-prendes, and M. Amills. 2018. Differential 775 

expression of mRNA isoforms in the skeletal muscle of pigs with distinct growth and fatness 776 

profiles 1–12. http://dx.doi.org/10.1186/s12864-018-4515-2. 777 

CDN. 2014. Mastitis resistance selection: Now a reality! Accessed January 24, 2018. 778 

https://www.cdn.ca/document.php?id=356. 779 

Chami, B., N. Barrie, X. Cai, X. Wang, M. Paul, R. Morton-Chandra, A. Sharland, J.M. Dennis, 780 

S.B. Freedman, and P.K. Witting. 2015. Serum amyloid a receptor blockade and 781 

incorporation into high-density lipoprotein modulates its pro-inflammatory and pro-782 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 40 

thrombotic activities on vascular endothelial cells. Int. J. Mol. Sci. 16:11101–11124. 783 

https://dx.doi.org/10.3390/ijms160511101. 784 

Chiou, S.J., C.C. Wang, Y.S. Tseng, Y.J. Lee, S.C. Chen, C.H. Chou, L.Y. Chuang, Y.R. Hong, 785 

C.Y. Lu, C.C. Chiu, and M. Chignard. 2016. A novel role for β2-microglobulin: A precursor 786 

of antibacterial chemokine in respiratory epithelial cells. Sci. Rep. 6:1–12. 787 

https://dx.doi.org/10.1038/srep31035. 788 

Corfield, A.P. 2014. Mucins: A biologically relevant glycan barrier in mucosal protection. 789 

Biochim. Biophys. Acta - Gen. Subj. 1850:236–252. 790 

https://dx.doi.org/10.1016/j.bbagen.2014.05.003. 791 

Coulon, J.B., C. Hurtaud, B. Remond, and R. Verite. 1998. Factors contributing to variation in the 792 

proportion of casein in cows’ milk true protein: A review of recent INRA experiments. J. 793 

Dairy Res. 65:375–387. https://dx.doi.org/10.1017/S0022029998002866. 794 

Dowbenko, D., A. Kikuta, C. Fennie, N. Gillett, and L.A. Lasky. 1993. Glycosylation-dependent 795 

cell adhesion molecule 1 (GLYCAM 1) mucin is expressed by lactating mammary gland 796 

epithelial cells and is present in milk. J. Clin. Invest. 92:952–960. 797 

https://dx.doi.org/10.1172/JCI116671. 798 

Eigel, W.N., J. E. Butler, C. A. Ernstrom, H. M. Farrell, V. R. Halwarkar, R. Jenness, and R. M. 799 

Whitney. 1984. Nomenclature of proteins of cow’s milk: fifth revision. J. Dairy Sci. 800 

67(8):1599–1631. https://doi.org/10.3168/jds.S0022-0302(84)81485-X. 801 

Fedota, O.M., R.S. Yu, V.I. Bolotin, I.O. Klochko, and V.N.K. Kharkov. 2015. Genetics of 802 

resistance to clinical mastitis in cows: A review. J. Vet. Med. Biotechnol. Biosaftey. 1(4):22-803 

27. UDC 575:619:618.19-002:636.22/.28 804 

Garman, S.C., S. Sechi, J.P. Kinet, and T.S. Jardetzky. 2001. The analysis of the human high 805 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 41 

affinity IgE receptor FcεRIα from multiple crystal forms. J. Mol. Biol. 311:1049–1062. 806 

https://dx.doi.org/10.1006/jmbi.2001.4929. 807 

Gerardi, G., D. Bernardini, C. Azzurra Elia, V. Ferrari, L. Iob, and S. Segato. 2009. Use of serum 808 

amyloid A and milk amyloid A in the diagnosis of subclinical mastitis in dairy cows. J. Dairy 809 

Res. 76:411–417. https://dx.doi.org/10.1017/S0022029909990057. 810 

Gill, S.R., D.E. Fouts, G.L. Archer, E.F. Mongodin, R.T. Deboy, J. Ravel, I.T. Paulsen, J.F. 811 

Kolonay, L. Brinkac, M. Beanan, R.J. Dodson, S.C. Daugherty, R. Madupu, S. V Angiuoli, 812 

A. S. Durkin, D.H. Haft, J. Vamathevan, H. Khouri, T. Utterback, C. Lee, G. Dimitrov, L. 813 

Jiang, H. Qin, J. Weidman, K. Tran, K. Kang, I.R. Hance, K.E. Nelson, and C.M. Fraser. 814 

2005. Insights on Evolution of Virulence and Resistance from the Complete Genome 815 

Analysis of an Early Methicillin-Resistant Staphylococcus aureus Strain and a Biofilm-816 

Producing Methicillin-Resistant Staphylococcus epidermidis Strain. J. Bacteriol. 187:2426–817 

2438. https://dx.doi.org/10.1128/JB.187.7.2426-2438.2005. 818 

Godden, S.M., E. Royster, J. Timmerman, P. Rapnicki, and H. Green. 2017. Evaluation of an 819 

automated milk leukocyte differential test and the California mastitis test for detecting 820 

intramammary infection in early- and late-lactation quarters and cows. J. Dairy Sci. 100:1–821 

18. https://dx.doi.org/10.3168/jds.2017-12548. 822 

Golias, C., A. Batistatou, G. Bablekos, A. Charalabopoulos, D. Peschos, P. Mitsopoulos, and K. 823 

Charalabopoulos. 2011. Physiology and pathophysiology of selectins, integrin’s, and IgSf 824 

cell adhesion molecules focusing on inflammation. A paradigm model on infectious 825 

endocarditis. Cell Commun. Adhes. 18:19–32. 826 

https://dx.doi.org/10.3109/15419061.2011.606381. 827 

Gu, C., L. Wu, and X. Li. 2013. IL-17 family: Cytokines, receptors and signalling. Cytokine 828 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 42 

64:477–485. https://dx.doi.org/10.1016/j.cyto.2013.07.022. 829 

Halasa, T., K. Huijps, O. Østerås, and H. Hogeveen. 2007. Economic effects of bovine mastitis 830 

and mastitis management: A review. Vet. Q. 29:18–31. 831 

https://dx.doi.org/10.1080/01652176.2007.9695224. 832 

Harmon, R. J.1994. Physiology of mastitis and factors affecting somatic cell counts. J. Dairy Sci. 833 

77(7):2103–2112. https://dx.doi.org/10.3168/jds.S0022-0302(94)77153-8. 834 

Heringstad, B., Y. M. Chang, D. Gianola, and G. Klemetsdal. 2005. Genetic association between 835 

susceptibility to clinical mastitis and protein yield in Norwegian dairy cattle. J. Dairy Sci. 836 

88(4):1509-1514. https://dx.doi.org/10.3168/jds.S0022-0302(05)72819-8. 837 

Hoorens, P. R., M. Rinaldi, R. W. Li, B. Goddeeris, E. Claerebout, J. Vercruysse, and P. Geldhof. 838 

2011. Genome wide analysis of bovine mucin genes and their gastrointestinal transcription 839 

profile. BMC Genomics. 12:140-151. 840 

http://dx.doi.org.subzero.lib.uoguelph.ca/10.1186/1471-2164-12-140. 841 

Huang, F., J. Tang, X. Zhuang, Y. Zhuang, W. Cheng, W. Chen, H. Yao, and S. Zhang. 2014. 842 

MiR-196a promotes pancreatic cancer progression by targeting nuclear factor kappa-B-843 

inhibitor alpha. PLoS One 9:18–20. https://dx.doi.org/10.1371/journal.pone.0087897. 844 

Ishigame, H., S. Kakuta, T. Nagai, M. Kadoki, A. Nambu, Y. Komiyama, N. Fujikado, Y. 845 

Tanahashi, A. Akitsu, H. Kotaki, K. Sudo, S. Nakae, C. Sasakawa, and Y Iwakura. 2009. 846 

Differential roles of interleukin-17A and -17F in host defense against mucoepithelial 847 

bacterial infection and allergic responses. Immunity 2009;30(1):108–119. 848 

https://doi.org/10.1016/j.immuni.2008.11.009 849 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 43 

Jones, P. P., D. B. Murphy, D. Hewgill, and H.O. McDevitt. 1979. Detection of a common 850 

polypeptide chain in I-A and I-E sub-region immunoprecipitates. Mol. Immunol. 16(1): 51–851 

60. https://doi.org/10.1016/0161-5890(79)90027-0.  852 

Jørgensen, C.H., A.R. Kristensen, S. Østergaard, and T.W. Bennedsgaard. 2016. Use of inline 853 

measures of l-lactate dehydrogenase for classification of posttreatment mammary 854 

Staphylococcus aureus infection status in dairy cows. J. Dairy Sci. 99:8375–8383. 855 

https://dx.doi.org/10.3168/jds.2016-10858. 856 

Kamiñski, S., A. Cieœliñska, and E. Kostyra. 2007. Polymorphism of bovine beta-casein and its 857 

potential effect on human health 48:189–198. https://dx.doi.org/10.1007/BF03195213. 858 

Kontopidis, G., C. Holt, and L. Sawyer. 2004. Invited Review: β-Lactoglobulin: Binding 859 

Properties, Structure, and Function. J. Dairy Sci. 87:785–796. 860 

https://dx.doi.org/10.3168/jds.S0022-0302(04)73222-1. 861 

Lawrence, T. 2009. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb. 862 

Perspect. Biol. 1:1–10. https://dx.doi.org/10.1101/cshperspect.a001651. 863 

Lemon, P. W. and F. J. Nagle. 1981. Effects of exercise on protein and amino acid metabolism. 864 

Med. Sci. Sports Exerc. 13:141–149. 865 

Lewin, H. A., G. C. Russell and E. J. Glass. 1999. Comparative organization and function of 866 

the major histocompatibility complex of domesticated cattle. Immunol. Rev. 167:145–158. 867 

Linden, S.K., P. Sutton, N.G. Karlsson, V. Korolik, and M.A. McGuckin. 2008. Mucins in the 868 

mucosal barrier to infection. Mucosal Immunol. 1:183–197. 869 

https://dx.doi.org/10.1038/mi.2008.5. 870 

Liu, Y., J. Liao, T. Ku, X. Li, and A.M. Sheppard. 2018. Assessment of milk quality using novel 871 

mutations of B2M gene in bovine DNA from milk. CyTA - J. Food 16:281–286. 872 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 44 

https://dx.doi.org/10.1080/19476337.2017.1394367. 873 

López-Flores, I., J. Peragón, R. Valderrama, F.J. Esteban, F. Luque, M.A. Peinado, F. Aranda, J. 874 

a Lupiáñez, and J.B. Barroso. 2006. Downregulation in the expression of the serine 875 

dehydratase in the rat liver during chronic metabolic acidosis. Am. J. Physiol. Regul. Integr. 876 

Comp. Physiol. 291:R1295-302. https://dx.doi.org/10.1152/ajpregu.00095.2006. 877 

Martin, P., H.W. Barkema, L.F. Brito, S.G. Narayana, and F. Miglior. 2018. Symposium review: 878 

Novel strategies to genetically improve mastitis resistance in dairy cattle. J. Dairy Sci. 879 

https://dx.doi.org/10.3168/jds.2017-13554. 880 

Medrano, J. F., and A. Cánovas. 2014. Genetic mechanisms of zinc availability associated to 881 

immunity in the cow mammary gland: A proposal. Animal Health and production and animal 882 

products.  883 

Mortazavi, A., B. A. Williams, K. McCue, L. Schaeffer, B. Wold. 2008. Mapping and 884 

quantifying mammalian transcriptomes by RNASeq. Nat. Methods 5(7):621–628. 885 

https://dx.doi.org/10.1038/nmeth.1226. 886 

Pallesen, L.T.L.T., L.R.L.L.R. Pedersen, T.E.T.E. Petersen, and J.T.J.T. Rasmussen. 2007. 887 

Characterization of carbohydrate structures of bovine MUC15 and distribution of the mucin 888 

in bovine milk. J. Dairy Sci. 90:3143–3152. https://dx.doi.org/10.3168/jds.2007-0082. 889 

Park, Y. H., Y. S. Joo, J. Y. Park, J. S. Moon, S. H. Kim, N. H. Kwon, J. S. Ahn, W. C. Davis and 890 

C. J. Davies. 2004. Characterization of lymphocyte subpopulations and major 891 

histocompatibility complex haplotypes of mastitis-resistant and susceptible cows. J. Vet Sci. 892 

5(1):29–39. 893 

Parker Gaddis, K.L., J.B. Cole, J.S. Clay, and C. Maltecca. 2014. Genomic selection for producer-894 

recorded health event data in US dairy cattle. J. Dairy Sci. 97:3190–3199. 895 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 45 

https://dx.doi.org/10.3168/jds.2013-7543. 896 

Le Provost, F., S. Cassy, H. Hayes, and P. Martin. 2003. Structure and expression of goat 897 

GLYCAM1 gene: Lactogenic-dependent expression in ruminant mammary gland and 898 

interspecies conservation of the proximal promoter. Gene 313:83–89. 899 

https://dx.doi.org/10.1016/S0378-1119(03)00632-2. 900 

Reynolds, C. K., P. C. Aikman, B. Lupoli, D. J. Humphries, and D. E. Beever. 2003. Splanchnic 901 

metabolism of dairy cows during the transition from late gestation through early lactation. J. 902 

Dairy Sci. 86(4):1201–1217. https://dx.doi.org/10.3168/jds.S0022-0302(03)73704-7. 903 

Roginski H, 2003. Encyclopedia of dairy sciences. Academic Press, London. 904 

Roussel, P., P. Cunha, A. Porcherie, W. Petzl, F.B. Gilbert, C. Riollet, H. Zerbe, P. Rainard, and 905 

P. Germon. 2015. Investigating the contribution of IL-17A and IL-17F to the host response 906 

during Escherichia coli mastitis. Vet. Res. 46(1):1–14. https://dx.doi.org/10.1186/s13567-907 

015-0201-4. 908 

Rupp, R., A. Hernandez, and B. A. Mallard. 2007. Association of Bovine Leukocyte Antigen 909 

(BoLA) DRB3.2 with immune response, mastitis, and production and type traits in Canadian 910 

Holsteins. J. Dairy Sci. 90:1029-1038. https://doi.org/10.3168/jds.S0022-0302(07)71589-8. 911 

Santman-Berends, I.M., R.G. Olde Riekerink, O.C. Sampimon, G. van Schaik, and T.J. Lam. 2012. 912 

Incidence of subclinical mastitis in Dutch dairy heifers in the first 100 days in lactation and 913 

associated risk factors. J. Dairy Sci. 95:2476–2484. https://dx.doi.org/10.3168/jds.2011-914 

4766. 915 

Su, H., N. Na, X. Zhang, and Y. Zhao. 2017. The biological function and significance of CD74 in 916 

immune diseases. Inflamm. Res. 66:209–216. https://dx.doi.org/10.1007/s00011-016-917 

09951. 918 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 46 

Tak, P. P., and G. S. Firestein. 2001.  NF-kB: a key role in inflammatory disease. J. Clin. Invest. 919 

107(1): 7-11.  920 

Tao, W., and B. Mallard. 2007. Differentially expressed genes associated with Staphylococcus 921 

aureus mastitis of Canadian Holstein cows. Vet. Immunol. Immunopathol. 120:201–211. 922 

https://dx.doi.org/10.1016/j.vetimm.2007.06.019. 923 

Thompson-Crispi, K. A., M. Sargolzaei, R. Ventura, M. Abo-Ismail, F. Miglior, F. Schenkel, B. 924 

A. Mallard. 2014. A genome-wide association study of immune response traits in Canadian 925 

Holstein cattle. BMC Genomics. 15:559-569. https://doi.org/10.1186/1471-2164-15-559 926 

Usman, T., Y. Wang, C. Liu, Y. He, X. Wang, Y. Dong, H. Wu, A. Liu, and Y. Yu. 2017. Novel 927 

SNPs in IL-17F and IL-17A genes associated with somatic cell count in Chinese Holstein 928 

and Inner-Mongolia Sanhe cattle. J. Anim. Sci. Biotechnol. 8:1–9. 929 

https://dx.doi.org/10.1186/s40104-016-0137-1. 930 

van Altena, S.E.C., B. de Klerk, K.A. Hettinga, R.J.J. van Neerven, S. Boeren, H.F.J. Savelkoul, 931 

and E.J. Tijhaar. 2016. A proteomics-based identification of putative biomarkers for disease 932 

in bovine milk. Vet. Immunol. Immunopathol. 174:11–18. 933 

https://dx.doi.org/10.1016/j.vetimm.2016.04.005. 934 

Vandre, R.K., G.R. Gowane, A.K. Sharma, and S.S. Tomar. 2014. Immune responsive role of 935 

MHC class II DQA1 gene in livestock. Livest. Res. Int. 2(1):1–7. 936 

Wickramasinghe, S., S. Hua, G. Rincon, A. Isla-Trejo, J. B. German, C. B. Lebrilla and J. F. 937 

Medrano. 2011. Transcriptome profiling of bovine milk oligosaccharide metabolism genes 938 

using RNA-Sequencing. PLos One. 6(4):e18895.  939 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 47 

Wickramasinghe, S., G. Rincon, A. Islas-Trejo, and J. F. Medrano. 2012. Transcriptional profiling 940 

of bovine milk using RNA sequencing. BMC Genomics. 13(1):45-58. 941 

https://dx.doi.org/10.1186/1471-2164-13-45. 942 

Whist, A. C., O. Østeras, and L. Sølverød. 2009. Association between isolation of Staphylococcus 943 

aureus one week after calving and milk yield, somatic cell count, subclinical mastitis and 944 

culling through the remaining lactation. J. Dairy Res. 76:24-35. 945 

https://dx.doi.org/10.1017/S0022029908003592. 946 

Woof, J.M., and D.R. Burton. 2004. Human antibody–Fc receptor interactions illuminated by 947 

crystal structures. Nat. Rev. Immunol. 4:89–99. https://dx.doi.org/10.1038/nri1266. 948 

Yuan, Z., J. Li, J. Li, L. Zhang, X. Gao, H.J. Gao, and S. Xu. 2012. Investigation on BRCA1 SNPs 949 

and its effects on mastitis in Chinese commercial cattle. Gene 505:190–194. 950 

https://dx.doi.org/10.1016/j.gene.2012.05.010. 951 

Zhao, S., Guo, Y., & Shyr, Y. 2012a. KEGGprofile: An annotation and visualization package for 952 

multi-types and multi-groups expression data in KEGG pathway. R package version, 1(1). 953 

Zhao, Q., Y. Qian, R. Li, B. Tan, H. Han. M. Liu, and B. Du. 2012b. Norcantharidin facilitates 954 

LPS-mediated immune responses by up-regulation of AKT/NF-kB signalling in 955 

macrophages. PLoS One 7:e44956. https://dx.doi.org/10.1371/journal.pone.0044956.  956 

 

 

 

 

 

 
 
 
 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 48 

Table 3.1: Number of high, medium and low expressed genes in healthy and mastitic Holstein samples 957 

Group Sample ID Low expressedi 
genes(n) 

Medium expressedii 
genes(n) 

High expressediii 
genes(n) 

Healthy 

50A 205 238 6 
50C 183 256 10 
50E 160 281 8 
50G 158 276 15 
70A 339 102 8 
70E 263 178 8 

Average Healthy  218 221 10 

Mastitic 

50B 222 219 8 
50D 214 222 13 
50F 202 231 16 
50H 189 230 30 
70C 255 192 2 
70G 268 180 1 

Average Mastitic  225 212 12 

i = < 10 RPKM 958 
ii =  ³ 10 to 500 RPKM  959 
iii = ³ 500 RPKM 960 
RPKM: reads per kilo base per million mapped reads. 961 
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Table 3.2: Average number of genes with high, medium and low expression values, as well as RPKM values for 962 
each health group 963 
 964 

Category Average Healthy RPKM (n) Average Mastitic RPKM (n) 

High expressediii 

 
10 12 

Medium expressedii 

 
264 241 

Low expressedi 

 
175 196 

RPKM  ³ 0.2 447 447 

RPKM ≤ 0.2 2 2 

i = < 10 RPKM 965 
ii =  ³ 10 to 500 RPKM  966 
iii = ³ 500 RPKM 967 
RPKM: reads per kilo base per million mapped reads. 968 
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Table 3.3: Significant metabolic pathways (FDR < 0.01) differentially expressed genes are involved with 969 

Pathway Name P-value 

Number of 

DE genes 

mapped in 

pathway 

Total 

number of 

genes in 

pathway 

Function 

Leishmaniasis 1.19127E-08 15 82 disease 

Toxoplasmosis 2.74071E-08 17 119 disease 

Cytokine-cytokine receptor interaction 2.37939E-07 25 297 immune 

Inflammatory bowel disease (IBD) 6.86263E-06 11 73 disease 

Herpes simplex infection 2.04185E-05 18 213 disease 

TNF signaling pathway 5.33881E-05 12 108 immune 

Th17 cell differentiation 0.000109245 12 117 immune 

Chagas disease  0.000109245 12 118 disease 

Th1 and Th2 cell differentiation 0.000133763 11 103 immune 

Asthma 0.000178945 7 44 disease 

Cell adhesion molecules (CAMs) 0.000178945 14 168 mastitis 

Influenza A 0.000188449 15 192 disease 

Kaposi's sarcoma-associated herpesvirus infection 0.000197392 16 217 disease 

IL-17 signaling pathway 0.000235747 10 95 immune 

NF-kappa B signaling pathway 0.000394677 10 101 immune 

Tuberculosis 0.000403083 15 209 disease 

Hepatitis C 0.000415625 12 143 disease 

Chemokine signaling pathway 0.00044007 14 189 immune 

Staphylococcus aureus infection 0.000555081 8 71 mastitis 

Toll-like receptor signaling pathway 0.000911917 10 114 immune 

Malaria 0.000968051 7 60 disease 

African trypanosomiasis 0.000989529 6 45 disease 

Osteoclast differentiation 0.001306431 11 142 immune 

Intestinal immune network for IgA production 0.001349985 7 64 immune 

Apoptosis 0.001563182 11 146 immune 

Salmonella infection 0.002006444 8 87 mastitis 

Rheumatoid arthritis 0.002428886 9 110 immune 

Antigen processing and presentation 0.003619783 8 95 immune 

Legionellosis 0.003825855 6 58 disease 
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Pertussis 0.004298929 7 78 disease 

Fluid shear stress and atherosclerosis 0.005431778 10 147 disease 

Measles 0.007729099 10 154 disease 

Pathways in cancer 0.008204237 23 548 disease 

Allograft rejection 0.008415858 6 68 immune 

NOD-like receptor signaling pathway 0.008415858 11 183 immune 

PI3K-Akt signaling pathway 0.008415858 18 386 immune 
FDR: False discovery rate; DE: Differentially expressed 970 
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Table 3.4: Potential functional candidate genes differentially expressed between healthy and mastitic groups and 971 
their associated significance levels  972 
 973 

Gene Name* P-value FDR  Fold Change 
RPKM Values 

Healthy Group Mastitic Group 

B2M 1.92E-04 0.0164 2.615 1,213.07 2,707.40 

CD74 5.72E-04 0.0370 4.107 289.93 1,029.08 

FCER1G 1.80E-05 3.75E-03 3.432 221.18 546.31 

GLYCAM1 1.87E-08 1.15E-04 -55.59 3,444.66 110.34 

NFKBIA 1.42E-04 0.0136 3.38 212.31 570.08 

SDS 1.40E-04 0.0136 6.27 182.72 905.28 
*All genes present in metabolic pathways P-value adjusted FDR < 0.05 974 
FDR: false discovery rate; RPKM: reads per kilo base per million mapped reads; B2M: B2-microglobulin, 975 
GLYCAM1: glycosylation- dependent cell adhesion molecule 1, CD74: CD74 molecule, NFKBIA:  NFKB 976 
inhibitor alpha, FCER1G: fc fragment of IgE receptor Ig and SDS: serine debydratase  977 
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 978 

 979 
 980 

Figure 3.1: Cluster dendrogram of the milk somatic cells transcriptome analyzed from healthy (n = 6) and mastitic  981 
(n = 6) groups.  982 

 
 
 
 
 
 
 
 

Healthy Mastitic 



Chapter III. Genetic mechanisms regulating the host defense to mastitis  

 54 

 983 
 984 
Figure 3.2: Heatmap showing the hierarchical clustering for the global gene expression differences between healthy 985 
and mastitic groups. The vertical and horizontal dendrograms correspond to the samples and genes hierarchical 986 
clustering, respectively. The vertical blue bars represent healthy samples (n = 6), and the vertical red bars represent 987 
the mastitic samples (n = 6). The expression values are shown in log2(RPKM) scale. Green shades represent 988 
upregulated genes, while red shades represent downregulated genes.989 
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Figure 3.3: Associated GO terms with differentially expressed genes in healthy and mastitic samples (P-value < 0.01, FDR < 0.05, FC > ± 2) in the GO 990 
categories a) biological process b) molecular function and c) cellular component.991 
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 992 
 
 
Figure 3.4: Venn diagram to identify potential functional candidate genes. The Venn diagram was constructed 993 
combining the 449 genes differentially expressed between healthy and mastitic groups (P-value < 0.01, FDR < 0.05, 994 
FC > ± 2; green), the 117 genes involved in the 55 significant metabolic pathways (FDR < 0.05; blue), and the 19 995 
highly expressed gees in both healthy and mastitic groups (RPKM ≥ 500; pink).  996 
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4.1 ABSTRACT 1015 

There is great interest in studying the genetic mechanisms of improving resistance to mastitis in 1016 

order to reduce the incidence of mastitis by breeding more resistant cows. One method is by 1017 

utilizing RNA-Sequencing technology (RNA-Seq) from milk somatic cell (SC) transcriptome to 1018 

identify structural variations in genes differentially expressed (DE) between healthy and mastitic 1019 

quarters.  The objective of this study was isolate Holstein milk SC from 6 cows to identify 1020 

differentially expressed mRNA isoforms, that could impact the cow’s immune response to 1021 

intramammary infections (IMI). RNA-Seq was performed on two samples from each cow from 1022 

two separate quarters; one classified as healthy (n = 6), one as mastitic (n = 6). Differential 1023 

transcript expression analysis was performed between healthy and mastitic groups, identifying 516 1024 

DE transcripts. Of these 516 DE transcripts between healthy and mastitic groups, they 1025 

corresponded to 502 genes. Among them, 435 genes had only one mRNA isoform, while 67 genes 1026 

showed two or more mRNA isoforms, with at least one of them being DE (80 mRNA isoforms 1027 

DE, corresponding to the 67 genes). Functional analysis including gene ontology, gene network 1028 

and metabolic pathway analysis, was performed using the list of 80 DE mRNA isoforms (67 genes) 1029 

identifying six metabolic pathways significantly enriched and involved with immune system 1030 

processes. Three of the genes with at least one DE mRNA isoform identified, myeloid 1031 

differentiation primary response 88 (MyD88), interleukin 1 receptor accessory protein (IL1RAP) 1032 

and interleukin 1 receptor associated kinase (IRAK2), demonstrated their involvement with 1033 

immune system processes and regulation. In conclusion, we identified an additional three 1034 

functional candidate genes with mRNA isoforms that could lead to differences in the immune 1035 

response of Holstein dairy cows.  1036 

 1037 
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4.2 INTRODUCTION 1038 

 Mastitis is a very common inflammatory disease that dairy producers face in their herds. 1039 

Mastitis has been studied thoroughly in terms of its impacts on milk yield, composition, health and 1040 

welfare of the animal, however, studying the genetic mechanisms that make some cows more 1041 

resistant to mastitis has not been studied thoroughly. The milk transcriptome of bovine provides a 1042 

variety of important information at a host level, however, using a cost effective and minimally 1043 

invasive technique to extract the information is critical. Next generation sequencing technologies 1044 

have advanced this area for high-throughput functional genomics remarkably. One high-1045 

throughput technology, RNA-Sequencing (RNA-Seq), identifies the transcriptome of the host, and 1046 

has been developed to identify and quantify gene and transcript expression in different tissues 1047 

(Mortazavi et al., 2008; Cánovas et al., 2014a; Suárez-Vega et al., 2017). RNA-Seq can identify 1048 

DE genes as well as structural variants, such as mRNA isoforms, which can impact phenotypes of 1049 

interest, for example the host’s response to intramammary infections (IMI) (Cox et al., 2012).  1050 

RNA-Seq has been previously used to study the milk transcriptomes, utilizing milk somatic 1051 

cells (SC), milk fat globule membrane, laser micro-dissected mammary epithelial cells, mammary 1052 

gland tissue and antibody captured milk mammary epithelial cells (Cánovas et al., 2014a). 1053 

Previous work by Cánovas et al. (2014a) found a high correlation between milk SC transcriptome 1054 

and mammary gland tissue (MGT) transcriptome in Jersey and Normande breeds (r=0.98 and 1055 

r=0.92, respectively). Therefore, as the milk SC transcriptome is representative of MGT 1056 

transcriptome, they can be used as a less invasive method to acquire detailed information about 1057 

the genes and transcripts involved in functional metabolic pathways in the mammary gland.  1058 

The goals of this study were to:  1) identify mRNA isoforms differentially expressed (DE) 1059 

between healthy and mastitic quarters, 2) identify which genes with DE mRNA isoforms are highly 1060 
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involved in immune processes, and 3) to identify more functional candidate genes that could 1061 

potentially be responsible for difference in response to mastitis causing agents to performs SNP 1062 

discovery on in future analysis in an independent population.  1063 

 1064 

4.3 MATERIALS AND METHODS 1065 

4.3.1 Animals, library preparation and sequencing 1066 

This study used six Holstein dairy cows to compare healthy and mastitic quarters within 1067 

cow. Two different milk samples were taken from each cow, one sample from the mastitic quarter, 1068 

and the other sample taken diagonally across from the mastitic quarter and classified as the healthy 1069 

quarter (n = 12) (Asselstine et al., 2018a). Using examination gloves, the cow’s teat was cleaned 1070 

with gauze and damped in 70% isopropanol and 50 mL milk samples were taken using a 3 cm 1071 

plastic cannula (Genesis Industries Inc., Elmwood, WI), to ensure no bacterial contaminated the 1072 

sample. Milk was kept on ice and immediately processed for RNA extraction using a Trizol reagent 1073 

to preserve the integrity of the RNA.  1074 

RNA sample preparation was described in Cánovas et al. (2014a) and RNA quality was 1075 

evaluated using the RNA integrity number (RIN) value from the Experion automated 1076 

electrophoresis system (BioRad, Hercules, CA; Cánovas et al., 2014b).   Library construction was 1077 

performed using the TrueSeq RNA sample preparation kit (Illumina, San Diego, CA; Cánovas et 1078 

al 2014b).  As described in Asselstine et al. (2018a) sequencing was completed with an Illumina 1079 

HiSeq 2000 analyzer that yielded 100 base pair (bp) single read sequences. These sequences were 1080 

then assembled to the annotated UMD3.1 bovine reference genome (release 90) using the CLC 1081 

genomics workbench (CLC Bio, Aarhus, Denmark). Quality control analysis was performed using 1082 
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CLC genomics workbench (CLC Bio, Aarhus, Denmark) as described by Cánovas et al., 2014a. 1083 

All samples passed the quality control analysis (Asselstine et al., 2018a). 1084 

Transcript levels were quantified in reads per kilo base per million mapped reads (RPKM; 1085 

Cánovas et al., 2018b). By normalizing the data for RNA length and total reads in each sample, 1086 

the RPKM measure facilitated comparisons of transcript levels between groups (Mortazavi et al., 1087 

2008). A threshold of RPKM ≥ 0.2 was used to select transcripts expressed in a given sample, as 1088 

this threshold has previously been used by Mortazavi et al. (2008) to detect gene expression in 1089 

milk somatic cells (Wickramasinghe et al., 2011; Wickramasinghe et al., 2012). Differential 1090 

transcript expression analysis was performed between healthy (n = 6) and mastitic (n = 6) quarters 1091 

by t-test. We considered mRNA isoforms to be differentially expressed between healthy and 1092 

mastitic quarters when they had (1) P-value < 0.01, (2) a false discovery rate (FDR) q < 0.05, and 1093 

(3) a fold-change (FC) > ± 2.  1094 

4.3.2 mRNA isoform annotation and functional analysis 1095 

 Transcript annotation of the bovine mRNA isoforms from the milk SC was retrieved from 1096 

the BioMart Database (http://useast.ensembl.org/biomart/martview/) (UMD3.1 release 90). Gene 1097 

ontology (GO) enrichment analysis was performed using Panther software (Thomas et al., 2003). 1098 

The GO terms associated with the three main GO categories such as biological processes, 1099 

molecular function and cellular component were analyzed. Gene network analysis was performed 1100 

using (1) STRING (Szklarczyk et al., 2017; https://string-db.org) and (2) NetworkAnalyst 1101 

(http://www.networkanalyst.ca) software. The STRING is a database that is used to perform a 1102 

meta-analysis to visualize through gene networks, the protein-protein interactions in a list of 1103 

candidate genes (Szklarczyk et al., 2017). A list of genes with DE mRNA isoforms was uploaded 1104 

to STRING for the Bos taurus organism using the default parameters. Similarly, NetworkAnalyst 1105 
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software also performs meta-analysis on gene expression data sets, to determine important 1106 

features, patterns, functions and connections between genes (Xia et al., 2015). A list of the genes 1107 

with DE mRNA isoforms was uploaded specifically for Bos taurus organism using their associated 1108 

transcript Ensembl ID and default parameters were used.  1109 

 1110 

4.4 RESULTS AND DISCUSSION 1111 

4.4.1 Global transcript expression 1112 

As reported in Asselstine et al. (2018), a total of 226 million total reads were generated 1113 

from milk SC samples. RNA-Seq analysis revealed that 78% of these reads were mapped to the 1114 

annotated UMD3.1 bovine reference genome release 90. The total number of transcripts expressed 1115 

in the healthy and mastitic groups was 14,238 and 12,902, respectively (RPKM ≥ 0.2). Among the 1116 

transcripts, 1,843 genes have alternative mRNA isoforms, resulting in 3,966 transcripts. In total 1117 

516 DE transcripts were identified (P-value < 0.01, FDR < 0.05 and FC > ± 2), corresponding to 1118 

502 genes. Among them, 435 genes had only one mRNA isoform, while 67 genes showed two or 1119 

more mRNA isoforms (80 mRNA isoforms DE corresponding to the 67 genes) (Table 4.1). We 1120 

were further interested in looking at the functional relevance of these mRNA isoforms, by looking 1121 

at the genes with two or more mRNA isoforms, with at least one mRNA isoform DE. This allows 1122 

us to identify not only which genes are DE, but also which specific mRNA isoform is DE. This 1123 

reduces the complexity of the data and allows us to identify the specific mRNA isoform that could 1124 

affect the phenotypic variation observed. As presented in table 4.1, of the 67 genes showing two 1125 

or more mRNA isoforms, 59 genes had two mRNA isoforms, seven genes had three mRNA 1126 

isoforms and one gene had four mRNA isoforms. Among them, the endothelin converting enzyme 1127 

1 (ECE1) gene had two mRNA isoforms DE (FDR < 0.05) with transcript lengths of 2,314 bp and 1128 
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2,890 bp. Both DE mRNA isoforms of ECE1 gene showed higher expression in the mastitic group 1129 

(RPKM = 22.58 and 25.50) compared with the healthy group (RPKM = 8.60 and 8.03).  The HCK 1130 

proto-oncogene, Src family tyrosine kinase (HCK) gene also had two mRNA isoforms DE (FDR 1131 

< 0.05) with transcript lengths of 2,046 bp and 940 bp. Similarly, these mRNA isoforms were 1132 

higher expressed in the mastitic group (RPKM = 92.22 and 5.69) compared to the healthy group 1133 

(RPKM = 33.04 and 0.81). Interleukin-2 receptor subunit alpha (IL2RA) gene also had two mRNA 1134 

isoforms DE (FDR < 0.05) with transcript lengths of 2,534 bp and 2,539 bp and were both higher 1135 

expressed in the mastitic group (RPKM = 3.59 and 13.2) compared to the healthy group (RPKM 1136 

= 0.45 and 2.47). Junction adhesion molecule like (JAML) gene had two mRNA isoforms DE 1137 

(FDR < 0.05), with transcript lengths 1,692 bp and 1,738 bp which were higher expressed in the 1138 

mastitic group (RPKM = 29.02 and 8.97) compared to the healthy group (RPKM = 8.64 and 2.56). 1139 

The NADH ubiquinone oxidoreductase core subunit S7 (NDUFS7) gene had two mRNA isoforms 1140 

(transcript lengths 1,139 bp and 733 bp) DE (FDR < 0.05) between the healthy and mastitic groups. 1141 

Both mRNA isoforms were higher expressed in the healthy group (RPKM = 13.85 and 134.47) 1142 

compared to the mastitic group (RPKM = 1.25 and 19.60).  Similarly, the two mRNA isoforms 1143 

DE (FDR < 0.05) for the nuclear factor I C (NFIC) gene were also higher expressed in the healthy 1144 

group (RPKM = 17.76 and 16.15) compared to the mastitic group (RPKM = 3.43 and 1.96) 1145 

(transcript lengths 1,616 bp and 1,457 bp). Polymeric immunoglobulin receptor (PIGR) gene had 1146 

two mRNA isoforms DE (FDR < 0.05) with transcript lengths of 3,601 bp and 2,899 bp and the 1147 

mRNA isoforms were higher expressed in the healthy group (RPKM = 4.38 and 7.18) in 1148 

comparison to the mastitic group (RPKM = 0.48 and 0.40). The two mRNA isoforms DE (FDR < 1149 

0.05) in the RBM33 gene (RNA binding motif protein 33) were higher expressed in the healthy 1150 

group (RPKM = 38.25 and 11.40) compared to the mastitic group (RPKM = 5.53 and 0.64), with 1151 
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transcript lengths of 3,610 bp and 3,715 bp. The S100 calcium binding protein A9 (S100A9) gene 1152 

had two mRNA isoforms DE (FDR < 0.05) with transcript lengths 749 bp and 629 bp, and these 1153 

mRNA isoforms were higher expressed in the mastitic group (RPKM = 240.42 and 60.63) 1154 

compared to the healthy group (RPKM = 23.66 and 2.67). In addition, the vascular endothelial 1155 

growth factor A isoform VEGF-A precursor (VEGFA) gene showed three mRNA isoforms DE 1156 

(FDR < 0.05), with transcript lengths 1,790 bp, 1,505 bp and 932 bp, which were all higher 1157 

expressed in the mastitic group (RPKM = 38.17, 12.32 and 43.66) compared to the healthy group 1158 

(RPKM = 12.12, 2.42 and 5.67). Lastly, ENSBTAG00000045948 gene, which has not yet been 1159 

annotated in bovine, human or mice, had two mRNA isoforms DE (FDR < 0.05), with transcript 1160 

lengths of 1,041 bp and 873 bp, and was higher expressed in the mastitic group (RPKM = 53.94 1161 

and 5.47) in comparison to the healthy group (RPKM = 14.22 and 0.65; Table 4.1).  1162 

4.4.2 Functional analysis of mRNA isoforms  1163 

4.4.2.1 Gene ontology. The three main GO categories (biological process, molecular 1164 

function and cellular component) were analyzed using the list of 67 genes with more than one 1165 

mRNA isoforms with at least one being DE. A total of 73, 34 and 35 significant GO terms were 1166 

identified in the biological process, molecular function and cellular component GO categories, 1167 

respectively. The main biological processes with significant GO terms associated were involved 1168 

with cellular processes and metabolic processes (Figure 4.1a). Regarding molecular functions, the 1169 

significant GO terms associated were catalytic activity and binding activity (Figure 4.1b).  Lastly, 1170 

the main associated GO term with cellular processes were cell part and membrane (Figure 4.1c). 1171 

The results obtained in the three GO categories were in concordance with Cardoso et al. (2018) 1172 

who also found the same biological, molecular and cellular significant associated GO terms. These 1173 
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significant GO terms are reported in different livestock species and studies and are remarkably 1174 

unspecific (Cardoso et al., 2018).  1175 

 4.4.2.2 Functional gene networks. Gene network analysis was performed using the list of 1176 

67 genes with more than one mRNA isoform, with at least one DE (80 DE mRNA isoforms) 1177 

between healthy and mastitic cows using two software programs. The first software used was 1178 

STRING, which considers only the list of genes or transcripts inputted into the program (Figure 1179 

4.2). Among the list of 80 DE mRNA isoforms uploaded, in total 62 nodes were identified with 1180 

21 edges. The protein-protein interaction P-value was 3.16E-05. We identified apoptosis as the 1181 

most enriched significant metabolic pathway due to gene network connections (4 genes; FDR = 1182 

0.0272). A limitation with this is that it only looks at the gene we input into the program, and 1183 

misses connections, resulting in gaps between our genes (Szklarczyk et al., 2017; https://string-1184 

db.org). On the other hand, NetworkAnalyst software takes into account the input list of genes, as 1185 

well as makes connections to other networks to generate a more complete network analysis. This 1186 

procedure typically produces one big subnetwork (continent) (Figure 4.3) and several smaller 1187 

islands (Figure 4.4). Therefore, since this is the most complete network we will discuss the results 1188 

from NetworkAnalyst. The NetworkAnalyst software identified 33 metabolic pathways 1189 

significantly enriched in the gene network generated using the list of 80 DE mRNA isoforms 1190 

(Table 4.2). Among them, six significant metabolic pathways were identified with functional 1191 

relevance, due to their involvement with the immune system, such as positive regulation of 1192 

immune response, regulation of immune response, regulation of cytokine biosynthesis process, 1193 

interleukin-1 secretion, response to other organism and positive regulation of cytokine 1194 

biosynthesis process.  1195 
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Adequate immune response is essential to maintain the health of the host. There are a 1196 

variety of components which are regulated by many genes that determine the host’s immune 1197 

response. One of these components is cytokine production. Cytokines are small proteins (less than 1198 

50 kDA), which have specific effects on the interaction and communication between cells, 1199 

especially under inflammatory conditions (Zhang and An, 2007).  The term cytokine is very broad 1200 

and depending on which cell made the cytokine impacts the name given to it, such as lymphokine, 1201 

chemokine, and interleukin (Zhang and An, 2007). Some of these cytokines are pro inflammatory 1202 

(Il-1B, IL-6, TNF-a), whereas some are anti-inflammatory (Il-4, Il-10, IL-11). In our study, IL-1B 1203 

did not fit into our criteria of being DE, however it was directly connected to one of our DE mRNA 1204 

isoforms, IL1RAP. Interleukin-1B it is present in 3 immune pathways and is interesting to look 1205 

into, as this interleukin is secreted during times of infection, invasion and inflammation. As 1206 

mastitis causes infection due to bacterial invasion which leads to inflammation, this pathway is 1207 

critical for immune response to mastitis (Zhang and An, 2007). Another interesting pathway that 1208 

we found is the “response to other organism” pathway. Mastitis is caused by an influx of foreign 1209 

organisms, such as Escherichia coli, Streptococcus dysgalactiae, Streptococcus uberis, 1210 

Staphylococcus aureus, and Streptococcus agalactiae, therefore, this pathway and the genes 1211 

involved with it are interesting to consider (Botrel et al., 2010; Panigrahi et al., 2014). The toll like 1212 

receptor 4 (TLR4), was found in the “response to other organism” pathway is a gene directly 1213 

connected to one of our DE mRNA isoforms (MyD88; Figure 4.3). Toll like receptors are involved 1214 

in both the induction of both tolerance and inflammation (Villena et al., 2014), and in particular, 1215 

TLR4 recognizes the pathogen ligand, such as lipopolysaccharide (LPS) endotoxin from 1216 

Escherichia coli  and mediates the signaling to the innate and adaptive immune system (Panigrahi 1217 

et al., 2014). Therefore, this gene is very critical to the host’s immune response to mastitis causing 1218 
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agents, so it could be potentially used to enhance mastitis resistance in dairy cattle. A deeper 1219 

understanding of the genes with at least one DE mRNA isoforms involved in these immune 1220 

processes would provide insight into why some cows are better able to fight off IMI. Moreover, 1221 

potentially functional SNPs can regulate the expression of the different mRNA isoforms in 1222 

immune related genes, thus translating to different host immune response.  1223 

4.4.2.3 mRNA isoforms involved in functional metabolic pathways. We performed 1224 

functional network analysis and found a principle continent in which 37 genes are present (Figure 1225 

4.3). Furthermore, we found eleven subcontinents ranging between 4 to 32 genes (Figure 4.4). For 1226 

the principal continent, three genes (MyD88, IL1RAP and IRAK2) had more than two mRNA 1227 

isoforms, with at least one DE between healthy and mastitic cows and were at the center of this 1228 

continent.  1229 

The first gene with two mRNA isoforms, although only one is DE (FDR < 0.05), is MYD88. 1230 

The MYD88 gene acts as a bridge to 28 other nodes (genes). It also has a betweenness value of 1231 

517.83, which means it acts as the shortest bridge between two nodes and is found on chromosome 1232 

22. The DE mRNA isoform of this gene (2,558 bp) was upregulated in the mastitic group compared 1233 

to the healthy group (FC = 3.56) (Table 4.1).  The MYD88 gene is critical for innate immune 1234 

regulation and host defense, as it is a universal adapter protein (Takeda et al., 2003; Beutler, 2004; 1235 

Kissner et al., 2010). It has been considered to be a central node of inflammatory pathways as it 1236 

links IL-1 receptor and toll like receptor (TLR) family members to IL-IR associated kinase 1237 

(Deguine and Barton, 2014). The TLR are pattern recognition receptors of the innate immune 1238 

response and are responsible for sensing pathogens and initiating immunity (Flannery and Bowie, 1239 

2010).  The MYD88 gene is one of the two known adaptor molecules that facilitates the TLR-4 1240 

induced NF-kB activation (Cates et al., 2009).  One study by Cates et al. (2009) found that bovine 1241 
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MyD88 gene plays a functional role in transducing LPS signaling from TLR-4 to downstream 1242 

effector molecules in NFkB activation. In mouse models with mastitis, the activation of this TLR4 1243 

signaling pathway and downstream NFkB was critical to mediate local mammary gland infection 1244 

and systemic immune response (Ingman et al., 2014). In terms of mastitis, Gram-negative bacteria 1245 

express the pro-inflammatory molecules LPS, which are responsible for the majority of acute 1246 

clinical cases of mastitis. The next gene which has two mRNA isoforms with only one being DE 1247 

(FDR < 0.05; 2,799 bp) that acted as a bridge between nodes was IRAK2 and is also found on 1248 

chromosome 22. This DE mRNA isoform was higher expressed in the mastitic group (FC = 3.68; 1249 

Table 4.1). As presented in the network analysis, the IRAK2 gene was involved with 13 other 1250 

nodes, and had a betweenness value of 155.83. The IRAK2 gene is highly involved in the regulation 1251 

of immune response. The IRAK gene family consists of four members, IRAK-1, IRAK-2, IRAK-3 1252 

and IRAK-4 (Gosu et al., 2012). This gene family plays a significant role in the innate immune 1253 

system as they are also involved with regulating TLR. Equally important, IRAK genes are also 1254 

involved in regulating IL-1 signaling pathways, and IL-1 is one of the key cytokines that mediates 1255 

inflammation (Flannery and Bowie, 2010).  Lastly, IL1RAP gene has two mRNA isoforms, with 1256 

one being DE (FDR < 0.05; 2064). This gene was a bridge for 11 other nodes and had a 1257 

betweenness value of 118.33. In our samples, this DE mRNA isoform was upregulated in the 1258 

mastitic group in comparison to the healthy group (FC = 5.43; Table 4.1). The IL1RAP gene is 1259 

responsible for forming a complex with IL-1, which as discussed prior is one of the key cytokines 1260 

that mediates inflammation and is a central mediator of the immune system and is involved with 1261 

acute and chronic inflammatory responses (Wesche et al., 1997).    1262 

Using the list of 67 genes with more than two mRNA isoforms DE (80 DE mRNA 1263 

isoforms) between healthy and mastitic cows, NetworkAnalyst generated 11 subcontinents. 1264 
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Among these subcontinents, four of them had one of the DE mRNA isoforms acting as the central 1265 

node (Figure 4.4). The first is L-lactate dehydrogenase A chain (LDHA) gene which had a degree 1266 

of 10 and a betweenness of 45. The LDHA gene had one DE (FDR < 0.05) mRNA isoform (1,686 1267 

bp) that was higher expressed in the mastitic group compared to the healthy group (FC = 3.24; 1268 

Table 4.1).  NetworkAnalyst identified this gene as being linked with immune system 1269 

development. The LDHA gene is a cytosolic enzyme, that is mostly involved with aerobic and 1270 

anaerobic glycolysis, and is responsible for converting pyruvate to lactate and has been linked with 1271 

non-central nervous system tumors (Valvona et al., 2016).  The next gene, ADAM 1272 

metallopeptidase domain 17 (ADAM17) had a degree of 9 and a betweenness of 36, and 1273 

NetworkAnalyst linked this gene with immune response. The ADAM17 gene has one mRNA 1274 

isoform (2,655 bp) that is DE (FDR < 0.05) and was higher expressed in the mastitic group 1275 

compared to the healthy group (FC = 2.87; Table 4.1).  The ADAM17 gene is a member of the 1276 

metalloproteinase- disintegrin family of membrane-anchored glycoproteins and is the proteinase 1277 

responsible for the shedding of the pro-inflammatory cytokine, TNF-a and several epidermal 1278 

growth factor receptor binding ligands (Black et al., 1997; Moss et al., 1997; Sinnathamby et al., 1279 

2010).  Additionally, histone-lysine methyltransferase 2D (KMT2D) gene had a degree of 8 and a 1280 

betweenness of 28, and NetworkAnalyst identified this gene as being involved with the regulation 1281 

of cytokine biosynthetic processes. The KMT2D gene has one DE (FDR < 0.05) mRNA isoform 1282 

(16,263 bp) that was higher expressed in the healthy group in comparison to the mastitic group 1283 

(FC = -23.64; Table 4.1). This gene is a histone H3 lysine 4 methyltransferase that facilitates gene 1284 

expression (Toska et al., 2017). Lastly, HCK gene was the center node of one of the subcontinents 1285 

and had a degree of 6 and a betweenness of 15. The HCK gene had two DE (FDR < 0.05) mRNA 1286 

isoforms (2,046 and 940) which were higher expressed in the mastitic group (FC = 3.96 and 9.19, 1287 
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respectively; Table 4.1). The HCK gene was identified by NetworkAnalyst as being involved with 1288 

inflammatory response. The HCK gene is a member of the highly conserved Src family of 1289 

cytoplasmic protein tyrosine kinases (Ernst et al., 2002), and the best-known function of Src family 1290 

kinases in the immune system is their role in integrin signal transduction (Kovács et al., 2014). 1291 

In summary, all of these genes with two or more mRNA isoforms, with at least one being 1292 

DE, are related to the host’s immune response, specifically the three in the main continent: MYD88, 1293 

IL1RAP and IRAK2. Looking deeper into these genes with mRNA isoforms (with at least one being 1294 

DE) within the transcriptome of bovine milk SC can offer the potential to explain phenotypic 1295 

variance in the healthy and mastitic groups. Identifying the DE transcripts allows us to look further 1296 

into the specific mRNA isoforms that potentially regulate the host’s phenotypic variation. At the 1297 

present time, it is unknown if there are any structural variations, such as SNPs or Indels that would 1298 

change the structure and function of the proteins created by the 67 genes (80 DE mRNA isoforms). 1299 

Therefore, further analysis will aim to look at SNPs within the candidate genes identified in 1300 

Asselstine et al. (2018), as well as in the three genes with at least one DE mRNA isoforms 1301 

significantly enriched in the immune system metabolic pathways from this study. Future analysis 1302 

aims to identify SNPs within the genes with mRNA isoforms in a large Holstein dairy cow 1303 

population, as we now have illustrated statistical, functional and biological evidence for increased 1304 

mastitis resistance.  1305 

 1306 

4.5 CONCLUSIONS 1307 

RNA-Seq technology was used to better understand the etiology of mastitis infection, by 1308 

identifying the genes that have two or more mRNA isoforms and at least one of them DE in bovine 1309 

milk SC transcriptome, from healthy and mastitic groups. In total, 80 mRNA isoforms, 1310 
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corresponding to 67 genes, were differentially expressed between healthy and mastitic samples. 1311 

Three genes with at least one mRNA isoform differentially expressed were involved with 1312 

significant pathways relating to immune response, and thus, could provide reasoning as to why 1313 

some cows are more resistant to mastitis than others. Further research is needed to identify 1314 

potential SNPs in or near these mRNA isoforms in an independent population to determine the 1315 

influence of SNPs on important traits, such as increased resistance to mastitis. 1316 
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Table 4.1: List of differentially expressed transcripts with at least two mRNA isoforms 1428 
Ensembl Trasncript ID Gene Name P-value Fold 

change FDR Transcripts 
annotated 

Transcript 
length 

RPKMa 
Healthy 

RPKMa 
Mastitic 

ENSBTAG00000017704.4_2 ABCG2 3.64E-05 -14.300 0.005 2 2184 13.306 1.177 
ENSBTAG00000001141.5_2 ADAM17 1.87E-04 2.872 0.014 2 2655 12.771 27.784 
ENSBTAG00000021818.5_1 ADGRE5 1.97E-04 3.258 0.015 2 3096 5.247 13.245 
ENSBTAG00000021048.4_1 ADM 6.86E-04 3.300 0.035 2 1578 23.737 68.170 
ENSBTAG00000016911.5_1 ARHGAP23 7.01E-05 -30.943 0.008 3 3744 6.670 0.041 
ENSBTAG00000002688.5_2 ATP1B1 2.62E-04 2.872 0.018 2 1068 20.265 45.422 
ENSBTAG00000038128.2_2 BOLA-DQA5 7.40E-04 8.207 0.036 2 833 7.227 52.808 
ENSBTAG00000031753.3_2 BTN1A1 7.89E-07 -23.392 0.001 2 1089 18.418 0.837 
ENSBTAG00000012888.5_2 C2H2orf80 3.86E-04 -42.771 0.024 2 694 5.307 0.067 
ENSBTAG00000020884.5_1 CASP4 8.66E-04 2.925 0.040 2 2006 22.710 46.818 
ENSBTAG00000001898.5_1 CCDC112 6.50E-04 5.315 0.034 2 2138 2.755 9.949 
ENSBTAG00000011578.5_3 CD44 1.50E-04 3.206 0.012 3 3058 12.106 29.110 
ENSBTAG00000019785.5_1 CIC 1.12E-03 -4.737 0.048 2 7558 21.425 3.210 
ENSBTAG00000019269.5_3 COL6A2 1.37E-04 -58.665 0.012 3 698 15.104 0.057 
ENSBTAG00000017077.5_1 CTSL2 1.48E-04 -4.818 0.012 2 1387 13.166 2.513 
ENSBTAG00000014237.4_2 CYTH4 3.01E-04 3.301 0.020 2 3051 21.646 44.870 
ENSBTAG00000014237.4_1 CYTH4 1.08E-04 4.853 0.010 2 2972 5.531 17.848 
ENSBTAG00000048249.1_1 DEFB1 6.52E-04 13.554 0.034 2 415 0.476 6.845 
ENSBTAG00000010932.4_1 DNAJC12 2.40E-07 -55.064 0.000 2 1172 99.771 3.024 
ENSBTAG00000002977.5_1 ECE1 6.85E-04 3.766 0.035 3 2314 8.604 22.580 
ENSBTAG00000002977.5_3 ECE1 5.87E-04 4.109 0.031 3 2890 8.035 25.500 
ENSBTAG00000037558.2_1 GRO1 6.26E-05 7.353 0.007 2 1045 40.961 282.132 
ENSBTAG00000007932.5_1 HCK 3.73E-05 3.952 0.005 2 2046 33.045 92.222 
ENSBTAG00000007932.5_2 HCK 9.34E-05 9.193 0.009 2 940 0.806 5.694 
ENSBTAG00000016995.5_2 HDHD5 7.87E-04 -5.643 0.037 2 1436 16.474 2.034 
ENSBTAG00000012380.5_2 HK1 4.58E-05 -60.706 0.006 2 2871 10.439 0.000 
ENSBTAG00000018937.5_2 HMOX2 3.05E-04 -12.225 0.020 2 721 21.880 1.023 
ENSBTAG00000038154.1_2 HSH2D 3.82E-04 4.617 0.024 2 1051 1.627 6.095 
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ENSBTAG00000013205.5_1 IL1RAP 2.05E-04 5.429 0.015 2 2064 4.168 15.614 
ENSBTAG00000020892.5_2 IL2RA 6.88E-05 7.205 0.008 2 2539 2.469 13.225 
ENSBTAG00000020892.5_1 IL2RA 2.52E-04 8.575 0.018 2 2534 0.455 3.587 
ENSBTAG00000006193.5_1 IRAK2 4.62E-04 3.684 0.027 2 2799 6.583 20.127 
ENSBTAG00000002849.5_2 IRF6 4.75E-04 -9.185 0.028 2 2031 3.880 0.267 
ENSBTAG00000014762.5_2 ISG20 5.68E-04 3.774 0.031 2 773 11.383 33.321 
ENSBTAG00000023283.4_2 JAML 7.83E-04 4.344 0.037 2 1736 2.560 8.967 
ENSBTAG00000023283.4_1 JAML 9.15E-05 4.901 0.009 2 1692 8.635 29.016 
ENSBTAG00000003449.5_2 KCP 5.00E-04 -29.342 0.028 3 4658 5.115 0.018 
ENSBTAG00000014429.5_2 KMT2D 1.09E-05 -23.640 0.002 2 16263 17.688 0.411 
ENSBTAG00000038384.2_1 KRT5 4.05E-04 -5.838 0.025 2 2256 8.701 1.148 
ENSBTAG00000005477.5_1 LAPTM5 8.91E-08 -70.264 0.000 2 946 154.722 1.336 
ENSBTAG00000008683.5_2 LDHA 3.77E-06 3.241 0.001 2 1686 344.194 825.040 
ENSBTAG00000012780.3_1 LPO 1.87E-06 -25.972 0.001 2 2709 16.337 0.606 
ENSBTAG00000018936.5_1 LSS 8.75E-04 -2.746 0.040 2 4250 13.644 3.934 
ENSBTAG00000002082.5_1 MARCKS 1.86E-05 4.551 0.003 2 2370 78.714 262.639 
ENSBTAG00000003300.4_1 MFGE8 3.92E-05 -6.571 0.005 2 1983 77.225 12.399 
ENSBTAG00000027126.4_1 MUC15 1.34E-05 -58.188 0.002 3 3106 19.434 0.387 
ENSBTAG00000000563.5_1 MYD88 1.40E-04 3.564 0.012 2 2558 50.952 124.863 
ENSBTAG00000019419.5_1 NDUFS7 4.79E-04 -7.111 0.028 2 1139 13.846 1.246 
ENSBTAG00000019419.5_2 NDUFS7 8.42E-05 -5.067 0.008 2 733 134.466 19.600 
ENSBTAG00000001562.2_2 NFE2 9.01E-05 34.750 0.009 2 1491 0.037 3.795 
ENSBTAG00000027442.4_2 NFIB 2.43E-04 -76.625 0.017 2 2032 7.002 0.032 
ENSBTAG00000008520.5_2 NFIC 1.05E-03 -5.336 0.046 2 1457 16.148 1.963 
ENSBTAG00000008520.5_1 NFIC 1.57E-04 -3.902 0.013 2 1616 17.756 3.429 
ENSBTAG00000010987.4_1 NFKBIZ 8.59E-04 3.384 0.040 2 3601 9.341 26.957 
ENSBTAG00000019798.5_2 PIGR 2.89E-04 -18.137 0.020 3 2899 7.183 0.398 
ENSBTAG00000019798.5_1 PIGR 1.17E-03 -7.325 0.049 3 3601 4.382 0.479 
ENSBTAG00000010949.4_1 PROSER1 7.40E-04 -5.629 0.036 2 3303 36.750 4.570 
ENSBTAG00000014367.5_2 PRXX 7.23E-04 -52.712 0.036 2 666 8.815 0.000 
ENSBTAG00000010243.6_2 RBM33 4.14E-04 -10.691 0.025 2 3715 11.400 0.640 
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ENSBTAG00000010243.6_1 RBM33 8.71E-04 -4.610 0.040 2 3610 38.249 5.530 
ENSBTAG00000006505.5_1 S100A9 3.89E-06 12.402 0.001 2 749 23.657 240.415 
ENSBTAG00000006505.5_2 S100A9 3.37E-04 29.411 0.022 2 629 2.671 60.625 
ENSBTAG00000008690.5_1 SLC6A9 4.38E-06 7.073 0.001 2 3155 6.756 35.138 
ENSBTAG00000003857.5_1 SUSD6 6.76E-04 3.886 0.035 2 822 3.633 11.638 
ENSBTAG00000012671.5_1 TNIP1 1.72E-04 3.653 0.013 2 2550 40.140 112.468 
ENSBTAG00000015707.5_1 TREML2 1.74E-04 4.132 0.013 2 1209 10.317 29.128 
ENSBTAG00000031327.3_2 TRMT61A 2.73E-04 -35.454 0.019 2 1455 12.660 0.114 
ENSBTAG00000004093.5_2 TUBB2B 3.08E-04 -8.068 0.020 2 1088 13.381 0.992 
ENSBTAG00000038845.2_2 TYSND1 1.02E-05 -21.562 0.002 2 1698 31.176 0.881 
ENSBTAG00000039160.2_2 VAV1 1.83E-04 3.379 0.014 2 2393 10.795 26.581 
ENSBTAG00000005339.5_1 VEGFA 8.40E-06 4.143 0.002 4 1790 12.122 38.169 
ENSBTAG00000005339.5_3 VEGFA 2.26E-06 6.253 0.001 4 1505 2.423 12.320 
ENSBTAG00000005339.5_4 VEGFA 5.11E-09 9.468 0.000 4 932 5.670 43.662 
ENSBTAG00000013928.4_2 WFDC2 1.82E-06 -10.545 0.001 2 545 52.541 4.140 
ENSBTAG00000044194.2_1 ZDHHC2 9.28E-05 6.976 0.009 2 1432 4.099 16.281 
ENSBTAG00000008573.4_2 ZFP36 1.03E-05 4.978 0.002 2 1716 82.220 297.073 
ENSBTAG00000001126.5_1 - 1.00E-04 3.363 0.009 2 1600 9.537 24.568 
ENSBTAG00000009937.5_1 - 1.13E-03 13.789 0.048 2 903 0.156 3.200 
ENSBTAG00000045948.1_1 - 1.48E-06 5.260 0.001 2 1041 14.219 53.938 
ENSBTAG00000045948.1_2 - 2.46E-05 9.668 0.004 2 873 0.652 5.467 

a RPKM: reads per kilo base per million mapped reads; genes without a gene symbol are denoted with –1429 
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Table 4.2: Significant metabolic pathway analysis using NetworkAnalyst   1430 

Pathway Number of 
Genesa P-value FDR 

positive regulation of immune response 15 1.53E-20 1.02E-17 
regulation of immune response 13 4.07E-19 1.35E-16 
regulation of protein phosphorylation 12 3.20E-17 7.06E-15 
regulation of intracellular transport 12 2.28E-14 3.77E-12 
regulation of programmed cell death 5 3.10E-11 4.10E-09 
protein secretion 8 3.03E-09 3.35E-07 
sulfur compound metabolic process 8 3.71E-07 3.51E-05 
heme biosynthetic process 7 7.34E-07 6.08E-05 
response to stress 19 1.24E-06 9.15E-05 
regulation of cytokine biosynthetic process 11 7.64E-06 0.000506 
regulation of action potential 3 4.43E-05 0.00266 
protein tetramerization 3 8.31E-05 0.00459 
regulation of JAK-STAT cascade 4 0.000426 0.0208 
protein-DNA complex assembly 2 0.00044 0.0208 
regulation of cyclin-dependent protein kinase activity 3 0.000595 0.0262 
regulation of transcription from RNA polymerase II promoter 7 0.000857 0.0355 
lipid biosynthetic process 6 0.00107 0.0417 
interleukin-1 secretion 2 0.00262 0.0965 
endoplasmic reticulum unfolded protein response 2 0.00523 0.182 
regulation of Ras protein signal transduction 1 0.00639 0.211 
reproductive process 2 0.00826 0.26 
sensory perception of chemical stimulus 1 0.00956 0.288 
body fluid secretion 2 0.0115 0.33 
fatty acid oxidation 4 0.0136 0.374 
apoptotic nuclear changes 3 0.0189 0.485 
response to other organism 1 0.019 0.485 
G2/M transition of mitotic cell cycle 2 0.025 0.592 
tube development 2 0.025 0.592 
cellular carbohydrate metabolic process 2 0.0262 0.599 
positive regulation of cytokine biosynthetic process 1 0.0346 0.764 
regulation of neurotransmitter levels 1 0.0377 0.806 
myeloid cell differentiation 1 0.0439 0.886 
response to hypoxia 2 0.0442 0.886 

FDR: false discovery rate  1431 
a Number of genes from NetworkAnalyst database involved with metabolic pathway of interest1432 
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 1433 
Figure 4.1: Associated GO terms with differentially expressed mRNA isoforms in healthy and mastitic samples (P-value < 0.01, FDR < 0.05, FC > ± 2) in the GO 1434 
categories a) biological process b) molecular function and c) cellular component. 1435 
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1436 
Figure 4.2: Gene network analysis using the list of 80 differentially expressed mRNA isoforms (corresponding to 1437 
67 genes) between healthy and mastitic groups using STRING software.  1438 
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 1439 
Figure 4.3: Gene network analysis using the list of 80 differentially expressed mRNA isoforms (corresponding to 67 1440 
genes) between healthy and mastitic groups using NetworkAnalyst software. 1441 
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 1442 
 
 
Figure 4.4: NetworkAnalyst result for differentially expressed genes with differentially expressed mRNA isoforms 1443 
involved in the subcontinents a) L-lactate dehydrogenase A chain (LDHA), b) ADAM metallopeptidase domain 17 1444 
(ADAM17), c) histone-lysine methyltransferase 2D (KTM2D) and d) HCK proto-oncogene (HCK).  1445 
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Chapter 5: QTL analysis of functional candidate genes associated with mastitis disease 1447 

 1448 

5.1 ABSTRACT 1449 

Mastitis is a very common and challenging disease in the dairy cattle industry. Some cows are 1450 

better able to adapt and respond to intramammary infections (IMI), and therefore, there is interest 1451 

in looking at the genes that regulate the host’s response to infection. Investigating genes that have 1452 

functional, statistical and biological relevance to increase mastitis resistance provides a solution to 1453 

tackling this complex trait. The identification of quantitative trait loci (QTL) was performed using 1454 

lists of: differentially expressed genes (n = 449) between healthy and mastitic milk somatic cell 1455 

(SC) samples, genes with more than one mRNA isoform, with at least one being differentially 1456 

expressed (DE) between healthy and mastitic milk somatic cell samples ( n = 67), highly expressed 1457 

genes (reads per kilo base per million mapped reads; RPKM ³ 500) (n = 19),  and functional 1458 

candidate genes selected by integrating structural and functional genomic data (n = 9). Within 1459 

these genes, QTL regions associated with mastitis, specifically clinical mastitis (CM), somatic cell 1460 

count (SCC) and somatic cell score (SCS) were identified. It was concluded that there are multiple 1461 

QTL within these lists of genes that could potentially impact the host’s response to mastitis causing 1462 

agents, and thus make some cows more susceptible to IMI. In conclusion, the identification of 1463 

QTL within genes associated with immune response and mastitis resistance will aid in better 1464 

understanding the biology underlying mastitis resistance of potential functional candidate genes.   1465 

 1466 

5.2 INTRODUCTION 1467 

In dairy cattle, one of the most common diseases producers deal with is mastitis. There has 1468 

been a wide variety of studies looking into breeding cows with increased resistance to this disease, 1469 
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as there are severe economic and welfare implications. Analyzing quantitative trait loci (QTL) 1470 

allows researchers to link complex phenotypes, such as mastitis resistance, to specific regions of 1471 

chromosomes (Miles and Wayne, 2008). To date, the current cattle QTL database contains 108,040 1472 

QTL, representing 580 different traits (release 34; Hu et al., 2016; 1473 

https://www.animalgenome.org/cgi-bin/QTLdb/BT/index). These QTL are distributed across all 1474 

the bovine chromosomes and the number of QTL reported range from 714 on chromosome 28 to 1475 

25,689 QTL reported on the bovine X chromosome.  Among these 108,040 QTL, focusing on 1476 

mastitis resistance there are 166 QTL related to clinical mastitis (CM), 77 QTL associated with 1477 

somatic cell count (SCC), 1,072 QTL associated with somatic cell score (SCS) and 196 QTL 1478 

associated with immune capacity (Hu et al., 2016; https://www.animalgenome.org/cgi-1479 

bin/QTLdb/BT/index). Somatic cell count is a count of the somatic cells present in milk samples 1480 

collected on test days, whereas SCS is the actual cell counts (which can range from zero to several 1481 

millions) which are then transformed to a linear score ranging from 0 to 10 (CDN, 2002).  1482 

 Mastitis resistance, or rather, the cow’s ability to avoid intramammary infection or the 1483 

ability to quickly recover form an infection, is a key component in improving the host’s health 1484 

(Rupp and Boichard, 2003). Sahana et al. (2013) found that there was a strong association of single 1485 

nucleotide polymorphism (SNP) with mastitis traits on chromosomes 6, 13, 14 and 20 in Nordic 1486 

Holstein cattle. Within these QTL regions, they found possible candidate genes that could be used 1487 

for marker-based selection for mastitis resistance (Sahana et al., 2013). Similarly, Sahana et al. 1488 

(2014), also reported that two genes (neuropeptide FF receptor 2 and vitamin D-binding protein 1489 

precursor) are found within the QTL region on chromosome 6 in Holstein cattle, and both these 1490 

genes are good candidates for affecting mastitis. Kahdri et al. (2015) also looked into QTL regions 1491 

associated with mastitis and found that the caspase recruitment domain family member 6 (CARD6) 1492 
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gene emerged as a strong candidate gene affecting clinical mastitis in Danish Holstein cattle. The 1493 

CARD6 gene is involved with the family of protein kinases, which is involved in multiple ND-kB 1494 

signaling pathways which are important for innate and adaptive immune responses (Dufner et al., 1495 

2006; Kahdri et al., 2015).  1496 

Previous research by Asselstine et al. (2018a) looked into identifying differentially 1497 

expressed (DE) genes in healthy and mastitic quarters of Holstein dairy cows, and it was 1498 

determined that 449 genes were DE (P-value < 0.01, FDR < 0.05, FC > ±2). Of these 449 DE 1499 

genes, 19 were highly expressed (reads per kilo base per million mapped reads; RPKM ³ 500) in 1500 

the mastitic and healthy quarters of the udder. Functional analysis identified 55 significant 1501 

metabolic pathways (FDR < 0.05), some of which were associated with the immune system and 1502 

diseases. From these three groups (449 DE genes, 19 highly expressed genes, and genes involved 1503 

in the 55 significant pathways) six functional candidate genes overlapping in all the criteria were 1504 

reported (NFKBIA, CD74, FCER1G, B2M, SDS and GLYCAM1). Asselstine et al. (2018b) also 1505 

looked at genes with more than one mRNA isoform, with at least one being DE and generated a 1506 

list of 67 genes (corresponding to 80 DE mRNA isoforms). Of these 67 genes, three genes (MyD88, 1507 

IL1RAP, IRAK2) were identified as being potential functional candidate genes due to their 1508 

significant involvement with immune processes and regulation. These nine functional candidate 1509 

genes offer the potential for the phenotypic variation observed in terms of mastitis resistance 1510 

between healthy and mastitic cows (Sahana et al., 2013).  1511 

In summary, this study will provide structural information on the functional candidate 1512 

genes identified in Asselstine et al. (2018a; 2018b) within QTL regions. Specifically, the objective 1513 

of this study is to identify QTL regions associated with mastitis resistance in the list of 1) 449 1514 

differentially expressed genes between healthy and mastitic quarters (Chapter 3), 2) the list of 19 1515 
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highly expressed genes (reads per kilo base per million mapped reads; RPKM ³ 500) in healthy 1516 

and mastitic cows (Chapter 3), 3) the list of 67 genes with more than one mRNA isoform, with at 1517 

least one being differentially expressed (Chapter 4), and 4) the 9 potential functional candidate 1518 

genes identified integrating transcriptomic and functional data (Chapter 3 and Chapter 4).  1519 

 1520 

5.3 MATERIALS AND METHODS 1521 

 The cattle QTL database (Hu et al., 2016; https://www.animalgenome.org/cgi-1522 

bin/QTLdb/BT/index) was searched for terms relating to mastitis, specifically CM, SCC and SCS, 1523 

and QTL data was downloaded from this website. Once the files for CM, SCS and SCC were 1524 

downloaded, the files were prepared (chromosome number, chromosome start, chromosome end) 1525 

and saved as a bed file to be used in BEDTools (Quinlan and Hall, 2010). Similarly, for the 449 1526 

DE genes and the 19 highly expressed genes, as well as the 67 genes with more than one mRNA 1527 

isoform, and the nine functional candidate genes, these files were also prepared with each gene’s 1528 

chromosome number, chromosome start and chromosome end. BEDTools script was used to 1529 

intersect the regions of the genes with the regions of the reported QTL and the information was 1530 

extracted (Quinlan and Hall, 2010).  1531 

 1532 

5.4 RESULTS AND DISCUSSION 1533 

5.4.1 QTL identification in genes differentially expressed between healthy and mastitis 1534 

samples 1535 

The first part of this study aimed to identify if any of the 449 DE genes between healthy 1536 

and mastitic quarters of the udder had QTL associated with mastitis. We identified that out of the 1537 

list of 449 DE genes, there are 235 QTL associated with SCS, 21 QTL associated with SCC and 1538 
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51 QTL associated with CM (Table 5.1). Three chromosomes, 5, 18 and 19 have 25, 47 and 38 1539 

associated QTL, respectively. In all three of these chromosomes, the trait most commonly linked 1540 

with the QTL is SCS. Within these 449 genes, 62 genes had multiple QTL regions present 1541 

associated with mastitis. Among them, two genes, lysine methyltransferase 2D (KMT2D) and 1542 

gamma-secretase activating protein (GSAP), each had four QTL regions within them, while the 1543 

rest of genes had two or three QTL regions associated with them. The KMT2D encodes a highly 1544 

conserved protein belonging to the SET1 family of histone lysine methyltransferase (Zhang et al., 1545 

2015). The KMT2D gene had one QTL associated with CM and three associated with SCS, and 1546 

this gene has been linked with the regulation of cytokine biosynthesis processes 1547 

(http://www.networkanalyst.ca). Due to the large confidence interval of these QTL, further 1548 

research is needed to determine if these QTL regions are directly or indirectly associated with 1549 

mastitis. The next gene, GSAP selectively increases amyloid-beta production, which has been 1550 

linked with Alzheimer’s in humans (He et al., 2010). This gene had two QTL linked with CM, one 1551 

linked with SCC and one linked with SCS. To the best of our knowledge, this gene has not yet 1552 

been linked with mastitis in dairy cattle and thus, further research is needed to confirm these 1553 

results.  1554 

 1555 

5.4.2 QTL identification in genes with differentially expressed mRNA isoforms 1556 

 QTL identification was performed using the 67 genes with more than one mRNA isoform 1557 

with at least one being DE (Asselstine et al., 2018b). Using the list of 80 DE mRNA isoforms 1558 

(corresponding to 67 genes) it was found that within the list of 67 genes, there were five QTL 1559 

associated with CM, four QTL regions associated with SCC and 24 QTL regions associated with 1560 

SCS (Table 5.1). Three chromosomes, 5, 7, and 18 had six, seven and four QTL associated with 1561 
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them, respectively, all linked to SCS. Among the list of 67 genes, nine of these genes had multiple 1562 

QTL regions associated with CM, SCS and SCC. In particular, two genes, KMT2D and nuclear 1563 

factor I B (NFIB) had four and three QTL associated with CM, SCS and SCC, respectively, while 1564 

the remaining seven only had 2 QTL associated with CM, SCS and SCC. As previously mentioned, 1565 

the KMT2D gene had QTL regions associated with CM and SCS. The NFIB gene codes for a 1566 

transcription factor and is conserved across vertebra species and promotes the differentiation of 1567 

astrocytes from neural stem/ progenitor cells in the mammalian central nervous system 1568 

development (Steele-Perkins et al., 2005; Barry et al., 2008; Stringer et al., 2016). The QTL within 1569 

this gene region were linked with CM and SCC. However, further research is needed to look into 1570 

the function of this gene in bovine, specifically in terms of mastitis.  1571 

5.4.3 QTL identification in highly expressed genes in mastitic and healthy samples 1572 

QTL associated with mastitis resistant related traits were identified in the list of 19 highly 1573 

expressed genes from the healthy and mastitic quarters of the Holstein cows (Asselstine et al., 1574 

2018a). There are four QTL regions associated with SCS in three genes which are: glycosylation-1575 

dependent cell adhesion molecule 1 (GLYCAM1), major histocompatibility complex, class II, DR 1576 

alpha (BoLA DR-Alpha) and lactalbumin alpha (LALBA) (Table 5.1; Table 5.2). The LALBA gene 1577 

also had a QTL associated with CM. This gene encodes  a-lactalbumin protein, which is a principle 1578 

protein of milk and plays a key role in the biosynthesis of lactose (Zidi et al., 2014). To the best of 1579 

our knowledge, this gene has not been directly linked with CM and SCS, however, due to the large 1580 

confidence interval of QTL, this gene can be located within the QTL region but may not actually 1581 

affect the mastitis traits. The GLYCAM1 gene, which is also one of the functional candidate genes 1582 

previously identified, is a component of the milk fat globule membrane and is a mucin like 1583 

endothelial glycoprotein (Dowbenko et al., 1993; Le Provost et al., 2003), and had an associated 1584 
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QTL region linked to SCS. This gene will be discussed more thoroughly in the functional candidate 1585 

gene section. Next, the BoLA DR-Alpha gene has an QTL region associated with SCS (Table 5.2). 1586 

The BoLA Class II molecules are responsible for presenting exogeneous antigens to the BoLA 1587 

complex. Therefore, due to these genes being present within QTL regions associated with SCS, 1588 

this could impact the host’s phenotypic variation in mastitis resistance, due to higher levels of SC 1589 

in the milk, which reflects the presence of mastitis, leading to significant loses of milk production 1590 

and increased health costs (CDN, 2001).   1591 

5.4.4 QTL identification in the list of functional candidate genes in mastitic and healthy 1592 

samples 1593 

 In addition, we were interested in identifying if there are QTL located in the list of nine 1594 

functional candidate genes previously identified based on differential gene expression analysis, 1595 

functional analysis and metabolic pathways (n = 6), as well as mRNA isoform analysis, functional 1596 

analysis including gene ontology, metabolic pathways and gene network analysis (n = 3) 1597 

(Asselstine et al., 2018a; 2018b). Among the list of nine functional candidate genes, there was one 1598 

QTL directly associated with SCS in the GLYCAM1 gene. In addition, there was a QTL indirectly 1599 

associated with mastitis identified in another functional candidate gene (FCER1G) (Table 5.1). 1600 

The GLYCAM1 gene is located on chromosome 5 and the associated QTL on chromosome 5 1601 

impacts the SCS trait (Table 5.2). As mucins play an important role in protection as well as 1602 

inflammatory responses, this could provide reasoning as to why a QTL region within the 1603 

GLYCAM1 gene could be responsible for an observed phenotypic variation in healthy and mastitic 1604 

cows. This was the only functional candidate gene identified with a QTL in a region that could 1605 

potentially directly affect mastitis resistance. However, in the functional candidate gene FCER1G, 1606 

five QTL have been reported and are associated with: calving to conception interval, daughter 1607 



Chapter V. QTL analysis of functional candidate genes associated with mastitis disease 

 94 

pregnancy rate, first service conception, inseminations per conception and milk protein percentage 1608 

(Hu et al., 2016; https://www.animalgenome.org/cgi-1609 

bin/QTLdb/BT/genesrch?gwords=FCER1G&submit=go). The FCER1G gene has a QTL in the 1610 

region of (3:16909683-16910156 bp) which impacts milk protein percentage. As mastitis 1611 

resistance is genetically correlated with milk production traits (Lund et al., 2008), if this QTL 1612 

affects milk protein production, this could potentially affect mastitis resistance as well, which 1613 

could be due to a pleiotropic effect controlling the phenotype of several different and unrelated 1614 

traits.   1615 

 1616 

5.5 CONCLUSIONS 1617 

 In conclusion, this study aimed to identify QTL within differentially expressed genes, 1618 

highly expressed genes, genes with two or more mRNA isoforms (with at least one being DE) and 1619 

a list of functional candidate genes previously identified integrating transcriptomic and functional 1620 

data. Multiple QTL associated with CM, SCC and SCS were identified within each of the four list 1621 

of functional genes. Within the list of nine functional candidate genes previously identified, there 1622 

was an associated QTL region within the GLYCAM1 gene, which is a mucin like gene that has 1623 

important functions in inflammatory response. The results show additional positional and 1624 

functional evidence to study the structural variations within the QTL regions identified in these 1625 

functional candidate genes in an independent population. This will allow structural variations to 1626 

be identified within key regulatory genes, that might impact the host’s immune response leading 1627 

to increased mastitis resistance.  1628 
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Table 5.1: QTL within differentially expressed genes, mRNA isoforms, highly expressed genes and functional 1719 
candidate genes, relating to clinical mastitis, somatic cell count and somatic cell score 1720 

Genes (n) 
Quantitative trait loci 

Clinical mastitis (CM) 
(n) 

Somatic cell count (SCC)  
(n) 

Somatic cell score (SCS)  
(n) 

449a 51 21 235 
67b 5 4 24 
19c 1 - 4 
9d - - 1 

a 449 differentially expressed genes between healthy and mastitic cows 1721 
b 67 genes with more than one mRNA isoform differentially expressed between healthy and mastitic cows 1722 
c 19 highly expressed genes in both healthy and mastitic cows (reads per kilo base per million mapped reads; RPKM 1723 
³ 500) 1724 
d 9 functional candidate genes identified combining transcriptomics and functional data1725 
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Table 5.2: QTL regions within the 19 highly expressed genes in healthy and mastitic samples 1726 

Gene Chromosome Gene Region (bp) QTL ID QTL Region (bp) RPKM 
Healthy 

RPKM 
Mastitic Trait 

GLYCAM1 5 25595262 - 25598162 20620 18794396 - 71053139 3444.66 110.34 SCS 

LALBA 5 31347861 - 31349882 2659 28229734 - 44520234 1555.74 160.16 SCS 

LALBA 5 31347861 - 31349882 20620 18794396 - 71053139 1555.74 160.16 SCS 

LALBA 5 31347861 - 31349882 4973 30747653 - 32571641 1555.74 160.16 CM 

BoLA DR-Alpha 23 25587526 - 25592227 2688 23274081 - 31653997 157.16 926.42 SCS 

bp: base pair; QTL: quantitative trait loci; RPKM: reads per kilo base per million mapped reads; SCS: somatic cell score; CM: clinical mastitis; BoLA DR-Alpha: 1727 
major histocompatibility complex, class II, DR alpha; GLYCAM1: glycosylation-dependent cell adhesion molecule 1 and LALBA: lactalbumin alpha 1728 
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6.1 Important findings  1730 

Bovine mastitis is the most prominent disease in the dairy industry, with sizeable costs, 1731 

due to treatment, production loses and culling. Mastitis is caused by intramammary infection (IMI) 1732 

in the udder, that either causes clinical signs, such as inflammation in the udder, or subclinical 1733 

signs in which the somatic cell count is elevated (Godden et al., 2017; Martin et al., 2018). It is 1734 

well-known that milk yield and mastitis are negatively correlated, and thus, any time the cow has 1735 

mastitis this is impacting her milk yield. This is a big concern for producers, as any cows in their 1736 

herd will not be maximizing their milk yield. There is currently a wide range of studies looking 1737 

into mastitis, however, mastitis resistance has not yet been achieved due to the variety of bacteria 1738 

that can cause the intramammary infection (Miglior et al., 2017). The aim of this thesis was to look 1739 

at the differences in immune response and mucus plug formation in the milk somatic cell 1740 

transcriptome from healthy (n = 6) and mastitic (n = 6) quarters of Holstein dairy cows. This aim 1741 

was achieved by focusing on differentially expressed genes (Chapter 3), differentially expressed 1742 

mRNA isoforms (Chapter 4) and QTL regions associated with mastitis-related traits (clinical 1743 

mastitis, somatic cell score, somatic cell count) (Chapter 5).  1744 

In chapter 3, the objective was to use RNA-Seq technology to look at the transcriptome of 1745 

Holstein milk somatic cells from 6 cows to determine host response to IMI, specifically looking at 1746 

differentially expressed (DE) genes between the healthy and mastitic groups. A total of 449 genes 1747 

were DE between the healthy and mastitic quarters. In terms of the healthy group, the genes that 1748 

were the highest expression values were all involved with caseins or whey protein production. 1749 

Caseins compose 80% of the proteins found in milk, and whey compose 14% of the proteins found 1750 

in milk (Coulon et al., 1998; Kontopidis et al., 2004; Kamiñski et al., 2007). As these samples 1751 

were taken from the healthy quarter of the cow, the high level of expression of these genes is 1752 
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supported due to the importance of these genes for milk component production. However, in the 1753 

mastitic group, the highest expressed genes were mostly involved with immunity. This is 1754 

supported, as within the mastitic quarter the cow’s immune system is trying to fight of the mastitis 1755 

infection. Functional enrichment pathway analysis was performed on the 449 differentially 1756 

expressed genes and 36 significant (FDR < 0.01) metabolic pathways were identified. Some of 1757 

these pathways are associated with the immune system, such as interleukin 17 (IL-17) and other 1758 

pathways with mastitis such as cell adhesion molecules and Staphylococcus aureus. The last part 1759 

of this study looked at identifying functional candidate genes associated with host defense to 1760 

mastitis. The functional candidate genes were identified based on their involvement with: 1) 449 1761 

DE genes, 2) highly expressed genes with RPKM ³ 500, and 3) the genes that were involved in 1762 

the identified significant metabolic pathways. Six genes were identified as being suitable candidate 1763 

genes: B2M, GLYCAM1, CD74, NFKBIA, FCER1G and SDS. Further investigation in chapter 4 1764 

aimed to identify potential mRNA isoforms in the six candidate genes associated with mastitis 1765 

susceptibility and the genetic architecture of increased mastitis resistance. 1766 

The objective of chapter 4 was to look at Holstein milk somatic cells from 6 cows to 1767 

identify specific genes with DE mRNA isoforms that could impact the cow’s immune response to 1768 

mastitis causing agents, using RNA-Seq technology. We identified 67 genes with more than two 1769 

mRNA isoforms, corresponding to 80 mRNA isoforms DE. Functional analysis including gene 1770 

ontology, gene network and metabolic pathway analysis, was performed using the list of 80 DE 1771 

mRNA isoforms. Three genes, MyD88, IRAK2, and IL1RAP, each had two mRNA isoforms with 1772 

at least one DE, were all highly involved with immune system processes. Six significant metabolic 1773 

pathways were identified (i.e. positive regulation of immune response, regulation of immune 1774 

response, regulation of cytokine biosynthesis process, interleukin-1 secretion, response to other 1775 
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organism and positive regulation of cytokine biosynthesis process) with functional relevance with 1776 

the trait under study. These three genes with at least one DE mRNA isoforms are all involved with 1777 

these significant metabolic pathways (directly or indirectly). Therefore, in the future, we aim to 1778 

look at the six functional candidate genes identified in chapter 3, as well as the three genes with 1779 

mRNA isoforms DE identified in chapter 4, to look into SNP present in or near these genes and 1780 

mRNA isoforms in an independent population. This will identify structural variations within key 1781 

regulatory genes that might impact the cow’s immune response and is could be responsible for 1782 

phenotypic variations observed. 1783 

The objective of chapter 5 was to identify QTL associated with mastitis resistance either 1784 

directly or indirectly in 1) the list of 449 DE genes (Chapter 3), 2) highly expressed genes (Chapter 1785 

3), 3) genes with DE mRNA isoforms (Chapter 4) and 4) the list of nine functional candidate genes 1786 

identified in chapters 3 and 4. There were multiple QTL associated with clinical mastitis (n = 51), 1787 

somatic cell count (n = 21) and somatic cell score (n = 235) within the four lists of functional 1788 

candidate genes. Integrating all the structural and functional data, two functional candidate genes 1789 

(GLYCAM1 and FCER1G) had previously reported QTL. The GLYCAM1 gene had one QTL 1790 

region associated with SCS, while the FCER1G gene associated with fertility and milk protein 1791 

percentage. Therefore, this additional evidence supports their potential role in immune response 1792 

and mucin development, and future analysis will aim to identify SNPs within these QTL regions.  1793 

6.2 Future research and implications  1794 

Although this thesis looked into a novel approach to making herds more resistant to 1795 

mastitis, there is still more that needs to be done before this can be implemented into a breeding 1796 

program. In future, we plan to continue with the research in this thesis to confirm some of the 1797 

results obtained. As previously mentioned, we need to look into the SNP associated with the 1798 
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functional candidate genes to determine if there is a SNP in any of the genes or isoforms that cause 1799 

some cows to be more susceptible to mastitis infections. Also, future research will aim to complete 1800 

metagenomic analysis (16S) on samples previously collected to identify the bacterial profile of the 1801 

mastitis causing agents, allowing us to study the interaction between the host and microbiome, 1802 

specifically looking into health and disease resistance. Lastly, there is evidence to support that as 1803 

climate temperatures continue to rise, there will also be an increase in the bacterial load of the 1804 

cow’s environment, making the cows more likely to be exposed to infectious agents. So, future 1805 

research will aim to identify the effects of temperature, precipitation and humidity on the bacterial 1806 

profile of the mastitis causing agent and its interaction with the host genome.  1807 

In summary, results from this thesis will provide a more complete understanding of the 1808 

genes and regulatory pathways and networks involved in the immune system for improved mastitis 1809 

resistance, which will aid in the development of genetic selection programs.  This will improve 1810 

the sustainability of agricultural practices, by facilitating the selection of cows with improved 1811 

immune systems and increased resistance to mastitis through genetic selection.1812 
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