
 

 

PROTEOMIC ANALYSIS OF BOVINE MILK PROTEINS 

TO IDENTIFY PUTATIVE BIOMARKERS OF 

Staphylococcus aureus SUBCLINICAL MASTITIS  

 

by 

Shaimaa Abdelmegid 

 

A Thesis 

Presented to 

The University of Guelph 

 

In partial fulfilment of requirements 

for the degree of 

Doctor of Philosophy 

in 

Biomedical Sciences 

 

 

Guelph, Ontario, Canada 

© Shaimaa Abdelmegid, 2017 

 



 

ABSTRACT 

PROTEOMIC ANALYSIS OF BOVINE MILK PROTEINS 

TO IDENTIFY PUTATIVE BIOMARKERS OF 

STAPHYLOCOCCUS AUREUS SUBCLINICAL MASTITIS  

 

 Shaimaa Abdelmegid                                                        Advisor:  

University of Guelph, 2017                                                Professor Gordon M. Kirby 

 

Bovine mastitis remains a primary focus of dairy cattle disease research due to its negative 

economic impact on the dairy industry. In Canada, total losses are estimated more than four 

hundred million dollars per year, or about 15 % of the industry’s total net revenue. Clinical 

mastitis is associated with visible local and systemic signs of inflammation of the udder. In 

contrast, subclinical mastitis (SCM) lacks clinical signs and often leads to persistent and chronic 

infections that represent a serious problem to the dairy industry. Staphylococcus aureus is the 

most common contagious pathogen associated with bovine SCM. Current diagnosis of S. aureus 

SCM is based on bacteriological culture of milk samples and somatic cell counts both of have 

limitations. The main objective of this study was to identify, characterize and quantify the 

differential expression of whey proteins in milk samples collected from healthy control cows and 

cows that are infected with S. aureus SCM utilizing different proteomic approaches.  

The first study characterized variations in the composition of the whey proteome in healthy and S. 

aureus mastitic milk samples using an optimized fractionation strategy to enrich for low- 



abundance proteins. Fractionation of the whey proteins using low speed ultracentrifugation 

resulted in partial depletion of casein and minimized protein losses. In addition, two-dimensional 

difference gel electrophoresis enhanced the separation and resolution of low abundant whey 

proteins. In the second study, 2D-DIGE coupled with liquid chromatography and tandem mass 

spectrometry (LC-MS/MS) showed the differentially expressed proteomic signatures of S. aureus-

positive whey fractions compared to samples from healthy controls. Twenty-eight upregulated 

proteins in mastitic milk were identified, 11 of which had related host defense functions. In the 

third study, quantitative proteomic analyses using direct LC-MS/MS and label-free quantification 

resulted in identification of 90 proteins in both control and mastitic milk samples of which 25 

proteins were differentially regulated including pathogen-recognition and acute phase proteins. 

The comprehensive proteomic and bioinformatics analyses resulted in four candidate biomarkers 

including cathelicidin-4, haptoglobin, cathepsin B and lactotransferrin for mastitis diagnosis that 

also provide insight to understanding the role of milk proteins in host-pathogen interaction during 

S. aureus intramammary infection.  
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1 Chapter 1: Literature review 

1.1 Introduction 

Mastitis is one of the most prevalent and costly diseases affecting dairy herds 

worldwide. Bovine mastitis has been estimated to cost the Canadian dairy industry more 

than $400 million annually and the total cost of a clinical case of mastitis on a Canadian 

dairy farm is close to $345/case according to the Canadian Bovine Mastitis and Milk 

Quality Research Network (CBMQRN). Mastitis also has profound economic 

consequences for the dairy industry as it deteriorates the quality of the milk through 

changes in milk composition. Indeed, more than 80% of costs associated with mastitis 

are due to lowered milk production and discarded milk (Seegers et al., 2003; Halasa et 

al., 2007; Hogeveen et al., 2011). Mastitis is defined as inflammation of the mammary 

tissues and is characterized by an influx of inflammatory cells and serum proteins from 

the blood to the site of infection. Manifestation of signs of mastitis can be either clinical 

or subclinical as described below. Staphylococcus aureus is the most common 

contagious pathogen associated with persistent or recurrent bovine mastitis.  In 

Canada, S. aureus herd level prevalence ranges from 38% in British Columbia, 70% in 

Ontario and Quebec and up to 91% in Nova Scotia (Olde Riekerink et al., 2010). 

Intramammary infection (IMI) with S. aureus often results in clinical or subclinical 

mastitis. Clinical mastitis typically displays the 5 cardinal signs of inflammation; redness, 

swelling, heat, pain and loss of function and can be per-acute that is often fatal, acute 

with systemic and local inflammatory responses, or subacute with only local 

inflammatory signs. Localization of the inflammation to the udder tissue and lack of 
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visible signs such as edema and redness of the gland are the most common 

characteristics of subclinical mastitis that limit its detection by physical examination 

(Radostits et al., 2000).  Both clinical and subclinical mastitis can progress to persistent 

or chronic intramammary infection (Hoe and Ruegg, 2005). Persistent subclinical S. 

aureus mastitis is highly prevalent in dairy herds and typically characterized by 

increased somatic cell counts (SCC) with no visible changes in the milk or the udder 

(Barrett et al., 2005; Barkema et al., 2006) 

Staphylococcus aureus colonizes the teat and udder skin of healthy lactating 

cows. Nevertheless, the primary reservoir of infection is the infected gland and transfer 

of S. aureus often occurs through fomites (Roberson et al., 1994).  Entry of S. aureus 

into the mammary gland often occurs as a result of compromised teat and mucosal 

defenses. During that time, S. aureus colonizes the teat end, breaching into the 

intramammary space due to a change in intramammary pressure during milking.  If S. 

aureus is not eliminated, it produces surface and extracellular proteins that play a role in 

virulence through adherence to, and internalization into, bovine mammary tissues ( 

Atalla et al., 2010; Dego et al., 2002).  Intramammary infection with S. aureus causes an 

increase in vascular permeability and an influx of cells and proteins from the blood 

vessels as well as the production of native mammary proteins that have antimicrobial 

and other immune regulatory functions during infection. The interaction between S. 

aureus and the bovine mammary gland determines the outcomes of S. aureus mastitis.  

Acute clinical mastitis involves rapid replication of invading S. aureus and production of 

toxins that overwhelm the innate defenses and allow for the spread of infection.  
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Conversely, persistent subclinical mastitis often has a slower infection process that 

overcomes the innate and adaptive defenses. Persistent subclinical mastitis has been 

related to the adaptability of this pathogen within the mammary gland environment and 

to the formation of a slow growing population with altered toxin production termed small 

colony variants (SCVs) (Atalla et al., 2010). Small colony variants are characterized by 

the ability to survive within mammary epithelial cells cells and their high tendency to 

revert to the wild-type phenotype under certain conditions leading to recurrent 

infections. S. aureus with the SCV phenotype were detected in 50% of S. aureus 

positive milk samples from cows in the research herd at the University of Guelph that 

had a history of chronic mastitis (Atalla et al., 2008) 

To date, diagnosis of S. aureus bovine mastitis relies mainly on bacteriological 

culture of milk samples along with non-pathogen-specific screening tests including 

somatic cell counts (SCC) and the California mastitis test (CMT). These methods are 

still widely used, despite major drawbacks associated with their application and 

interpretation.  

 By employing various proteomic methods, protein biomarkers of mastitis that 

reflect a host immune response to intramammary infection could be identified and 

integrated into a rapid, sensitive and reliable diagnostic assay for early detection of S. 

aureus subclinical mastitis. 
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1.2 Staphylococcus aureus bovine mastitis 

1.2.1 Susceptibility  

Various environmental, physiological and genetic factors could potentially compromise 

the immunity of dairy cattle increasing their susceptibility to subclinical mastitis. Several 

environmental factors can lead to increased susceptibility such as; unhygienic housing 

conditions, increased cow densities in the housing area, contaminated bedding 

materials which support bacterial growth and traumatic events to the teat tissues by 

milking machine. Physiological factors include the stage of lactation and the 

periparturient period during which the mammary local defense is decreased (Waller, 

2002). Variable phagocytic capabilities of neutrophils and complement activity during 

the periparturient period are among the main genetic factors that might increase the 

animal susceptibility to mastitis (Sordillo and Streicher, 2002; Sordillo, 2005) 

1.2.2 Prevalence 

In Canada, the herd level prevalence of contagious S. aureus mastitis ranges from the 

lowest (38%) in British Columbia, (70%) in Ontario and the highest prevalence (91%) 

recorded in Nova Scotia (Olde Riekerink et al., 2010). In addition to the susceptibility 

factors listed above, there are many factors which affect the prevalence of bovine 

mastitis such as: animal factors including animal resistance, the state of health of the 

animal, the stage of lactation and the level of milk production; and microbiological 

factors, including the virulence of the bacterial strain and the severity of the infection 

(Cervinkova et al., 2013).  
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1.2.3 Pathogenesis 

The teat canal is physiologically secured by sphincter muscles and lined with keratin, a 

waxy layer that prevents the entrance of microorganisms. However, during the process 

of milking, the keratin layer is removed and the open sphincter takes several hours to 

reseal again. During that time, S. aureus can colonize the teat end, invading into the 

intramammary space as a result of changes in intramammary pressure during milking. If 

S. aureus is not eliminated, it produces surface and extracellular proteins such as 

glyceraldehyde-3-phosphate dehydrogenase-B (GapB) and -C (GapC) that play a role 

in adherence to, and internalization into bovine mammary epithelial cells (as modelled in 

vitro in MAC-T cells)  (Kerro-Dego et al., 2012; Dego et al., 2002). Other bacterial 

virulence factors that have been isolated from cows with subclinical mastitis include 

capsular polysaccharides, exotoxins. These factors are responsible for bacterial 

adhesion to the mammary tissues and allow S. aureus to acquire resistance to 

phagocytosis by milk macrophages (Taverna et al., 2007; Sutra and Poutrel, 1994). In 

addition to the above-mentioned virulence factors, the bacteria combat the humoral and 

cellular response of the udder by liberating toxins (α, β, γ and δ hemolysins, 

enterotoxins), cell-wall associated proteins (collagen-binding protein, fibronectin-binding 

protein) and enzymes (staphylokinase, esterases, protease, nuclease), all of which 

destroy the cell membrane and damage the lining epithelium of the teat and the gland 

cistern of the quarter, leading to tissue scar formation. These toxins stimulate 

leukocytes to release chemotactic factors, such as cytokines, prostaglandin F2α 

(PGF2α) and acute phase proteins (APPs), which in-turn attract polymorphonuclear 
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leukocytes (PMNs) to the site of infection (Ezzat Alnakip et al., 2014; Sordillo and 

Streicher, 2002). This leads to formation of abscesses which wall-off the bacteria to 

prevent them from spreading, but at the same time allows the bacteria to be hidden 

from the immune system. Failure of response to antibiotics at this stage is due to this 

“hiding behavior” of the bacteria inside the neutrophils where the organism has the 

ability to survive within the neutrophils. Meanwhile, the destruction of the milk-producing 

ducts and alveoli will present clinically as reduction in milk production. When the PMNs 

undergo apoptosis, the bacteria are released into the tissue again and resume the 

infection. High output of SCC in secreted milk results from the damaged epithelium 

together with the inflammatory leukocytes. Infection caused by S. aureus is mostly 

subclinical; however, in some cases it could progress to clinical infection where swelling 

and lumps could be palpated externally and milk become discolored with blood and 

contains clots (Viguier et al., 2009). 

1.2.4 Milk proteins 

Bovine milk contains 2.3–4.4% (w/w) of proteins. There are several protein types that 

are unique to bovine milk and considered as the major compositions that affect most of 

the properties of milk and dairy products (Casado et al., 2009).  The primary group of 

milk proteins is casein (CN) which is specifically hydrolyzed by the enzyme rennin and 

converted to curds used in cheese making. Following casein precipitation of skim or 

whole milk, the liquid solution is referred to as whey or serum proteins (Madureira et 

al., 2007). Other protein groups in bovine milk include β-microglobulin, vitamin-binding 
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proteins, glycoproteins and proteins of the milk fat globule membrane (MFGM) ( 

Reinhardt and Lippolis, 2006; Lindmark-Månsson et al., 2005) . Casein constitutes 80% 

(76–86%) of milk proteins with observed molecular weight of ~28-30 kDa. Casein is 

subdivided into 3 proteins; α-, β-, γ- casein with different electrophoretic motilities 

(Roncada et al., 2012). Alpha-casein is further fractionated into αs-casein, which 

contains two types of proteins αs1- and αs2- caseins, as well as κ-casein (Fox and 

Brodkorb, 2008). The most common whey proteins are β-lactoglobulin (β-LG), α-

lactalbumin (α-LA), bovine serum albumin (BSA) and immunoglobulins (Igs) (Madureira 

et al., 2007). Whey also contains low-abundance proteins such as lactoferrin (LF), 

lactoperoxidase (LP) and lysozyme, (Smolenski et al., 2007; Steijns and van Hooijdonk, 

2000), as well as acute phase proteins (Eckersall et al., 2006). β-LG (18 kDa) and α-LA 

(18 kDa) are synthesized in mammary epithelial cells only, while immunoglobulin and 

serum albumin are absorbed from the blood and are not synthesized by the epithelial 

cells. A limited amount of immunoglobulin is synthesized by the mammary lymphocytes 

which provide local immunity to the udder tissues. There are several factors that affect 

the composition of milk proteins, e.g., stage of lactation, animal health status, breed of 

cow, milking frequency and the feeding systems. Various protocols for milk protein 

separation and identification in health and disease by different types of chromatography 

and electrophoresis have been developed during recent years along with the techniques 

that are commonly used for this purpose.  
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1.2.5 Current diagnostic methods for subclinical mastitis 

The following traditional diagnostic methods are the most common diagnostic tests of 

bovine mastitis worldwide. They are still widely used, despite major drawbacks 

associated with their application and interpretation. 

1.2.5.1 Somatic Cell Count (SCC) 

Somatic cell count is one of the most useful diagnostic indicators of bovine mastitis, 

because normally, the level of SCC is low (≤ 2x105 cells/mL) with macrophages 

accounting for more than 60% and neutrophils for 12% of the total somatic cells in milk. 

However, within 6 hours of bacterial infection, SCC levels increase to 103 cells/mL with 

an increase in the neutrophil population up to 90%. High levels of SCC can last for 3 

weeks following infection before returning to normal levels (ten Napel et al., 2009). The 

high level of SCC deteriorates the quality of milk flavor as well as the milk shelf life 

which in turn affects the milk payment schemes (Viguier et al., 2009). Rapid automated 

estimation of SCC can be done by using a Coulter milk cell counter or a Fossomatic 

counter (Dohoo et al., 1984). Many factors should be considered when interpreting the 

SCC. The first is the type of sample; either composite samples, where a high SCC from 

infected quarters becomes diluted with low SCC from uninfected quarters, or quarter 

samples taken from individual quarters (Dohoo et al., 2011). Dohoo and Meek, (1982) 

reported that the ability to correctly identify cows as “infected or uninfected by SCC 

increased from 77.9% to 92.7% as the number of infected quarters rose from one to 

four quarters”. The authors concluded that 200,000 cells/ mL is the most recommended 
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threshold for an uninfected quarter (Dohoo et al., 1984).  The second factor is 

postpartum period, where the SCC is elevated and then decreases to normal levels 

within 4-5 days after calving. The third factor is lactation stage, where SCC is increased 

especially at the end of lactation and then returns to normal levels if there is no 

infection; this pattern may help in detection of new infections during that time (Barkema 

et al., 1999). In spite of the diagnostic value of SCC, the possibilities of false 

positive/negative results especially in subclinical mastitis, the lack of specificity 

(detection of a specific pathogen) and the necessity of submitting samples to a 

laboratory for analysis are still the main drawbacks of SCC analysis (Middleton et al., 

2004). 

1.2.5.2 California Mastitis test (CMT) 

The California mastitis test is an accessible cow-side test to detect mastitis. CMT 

reagent contains bromocresol-purple detergent which breaks the leukocyte cell 

membranes and releases DNA, which aggregates and forms a gel matrix. The gel 

viscosity is proportional to the number of leukocytes and the reaction is considered 

negative until the cell count exceeds 500,000 cells/ml (Carroll et al., 1962). In an 

evaluation of SCC and CMT effectiveness in identifying subclinical mastitis, Middleton et 

al., (2004) found that the CMT was not a valid screening test as only 50% of infected 

mammary quarters gave a positive result. The specificity was (0.73) but 27% of 

uninfected quarters were diagnosed as infected (false positive). This study concluded 

that SCC is the most sensitive diagnostic test followed by the CMT. 
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1.2.5.3 Bacterial culture test 

Microbiological isolation and identification of pathogens from quarters suspected to be 

infected with clinical or subclinical mastitis is the gold standard diagnostic method. 

However, contamination during sample collection, variation in shedding patterns of 

bacteria especially S. aureus microorganisms and differences in laboratory procedures 

might result in false positive/negative results and re-culturing of the samples is a time-

consuming option (Viguier et al., 2009; Dohoo et al., 2011) 

1.2.5.4 Enzyme levels 

N-acetyl-β-D-glucosaminidase (NAGase) was reported as a reliable and sensitive 

mastitis indicator. In healthy udders, low levels of NAGase are released from the cytosol 

of mammary gland secretory cells; however, during mastitis, NAGase were found to be 

secreted from the inflammatory cells into milk according to intensity of the inflammation. 

Other enzymes such as β -glucuronidase (β-Gase), and L-lactate dehydrogenases 

(LDH) are used as indicators of mastitis and to grade the severity of the inflammation 

(Pyörälä, 2003). Though these enzymes are useful in detection of clinical mastitis, no 

diagnostic value has been demonstrated for these enzymes for detection of subclinical 

mastitis (Chagunda et al., 2006). 

1.2.5.5 Electrical Conductivity (EC) test  

This test measures the increase in milk conductivity during mastitis caused by changes 

in composition and levels of ions such as Na+, Cl- ,Mg+, K + and Ca+ (Norberg et al., 

2004).  It is used as a cow-side test but, like other tests, the EC test results are affected 
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by other factors such as other inflammatory conditions which could give rise to false 

positive results and alter the EC of milk content (Galfi et al., 2015). 

1.2.6 Acute Phase Proteins (APPs)  

The acute phase response (APR) is the central base of the non-specific innate immune 

response to infection and inflammation. Intramammary infections stimulate the 

production of inflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor-α 

(TNFα) at the site of inflammation. These cytokines induce hepatic secretion of APPs 

which modulate the host immune response and restore homeostasis (Thomas et al., 

2015; Ceciliani et al., 2012). The major APPs in cattle are haptoglobin (Hp), with the 

serum concentration increasing up to 1,000 fold in response to inflammation and serum 

amyloid A (SAA) which has four hepatically derived isoforms and another three 

isoforms, which are produced locally in the udder (Tothova et al., 2014; Boehmer, 

2011). One of these udder isoforms is called mammary-associated SAA3 (M-SAA3); 

this milk-specific form is produced in the mammary glands and is induced by mastitis 

(Eckersall et al., 2001; McDonald et al., 2001). Another study detected two acidic serum 

SAA isoforms (pI 5.5 and 4.5) in subclinical mastitic cows which were not recognized in 

the healthy animals (Kovačević-Filipović et al., 2012). Grönlund et al., (2005) reported 

that the increase of Hp & M-SAA3 levels in milk were specific for infected udder 

quarters while the levels were normal or slightly raised in control quarters. 
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1.3 Rationale 

The multifactorial etiology of bovine mastitis and its huge impact on economic and 

welfare issues in dairy farming necessitates investigation of mammary gland–pathogen 

interactions to understand the pathophysiology of mastitis; information will have a direct 

impact on designing more efficient diagnostic tools and adequate treatment options. 

Staphylococcus aureus accounts for most of the cases of subclinical, persistent and 

chronic mastitis that is characterized by a mild host response, intermittent shedding of 

the bacteria in the milk and fluctuations in the milk SCC during the course of infection. 

Current diagnosis of this disease relies on diagnostic tests such as SCC and CMT 

which lack specificity and sensitivity as discussed previously. Although considered as 

the “gold standard” test, bacterial culture can be inaccurate and impractical due to the 

variable shedding behaviour of S. aureus and the prolonged time to obtain the results. 

Therefore, it is imperative to develop a reliable and accurate diagnostic test to detect 

infected animals with subclinical mastitis. 

With recent technological advances, proteomics has become a fundamental research 

tool to study proteins and their key functional roles enabling the identification of 

promising candidate biomarkers of disease and monitoring of response to treatments. 

During the last decade, rapid development of large-scale, high-throughput proteomic 

technologies, such as mass spectrometry, has made it possible to tackle the challenges 

of milk proteome analysis. This has expanded our knowledge beyond the nutritive and 

health benefits of bovine milk to its use as a diagnostic biological fluid to better 
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understand the etiology and pathogenesis of bovine mastitis. The concurrent evolution 

of computational and bioinformatics platforms integrated with the proteomic analysis 

pipeline has enabled exploration of novel molecular pathways and cellular interactions 

with which the identified proteins might be involved.  Unraveling the changes in the milk 

proteome in response to S. aureus intramammary infection should advance the 

identification of potential protein biomarkers as a diagnostic tool for early detection of 

subclinical mastitis. Early detection of S. aureus subclinical mastitis will reduce the 

significant economic losses and considerable impact of this disease on productivity and 

animal welfare in the dairy industry. 

1.4 Hypothesis 

During S. aureus subclinical mastitis, differentially expressed milk proteins are putative 

biomarkers of infection.  

1.5 Objectives 

1) To compare the profiles of whey proteins utilizing different gel-based 

proteomics approaches (1DE, 2DE, and 2D-DIGE) and different pre-

fractionation methods (rennet coagulation, acid precipitation, phosphate 

buffer precipitation and ultracentrifugation) to identify the qualitative and 

quantitative protein changes in the milk proteome during the course of 

naturally occurring S. aureus subclinical mastitis. (Chapter 2). 

2) To detect the changes of the milk proteome profile and identify candidate 

biomarkers for diagnosis of cows naturally infected with S. aureus 
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subclinical mastitis utilizing a gel-based approach involving 2D-differential 

gel electrophoresis (2D-DIGE). (Chapter 3). 

3) To profile and quantify the differential expression of whey milk proteins in 

cows infected with S. aureus subclinical mastitis compared to healthy 

control animals using a gel-free shot-gun approach involving tandem MS 

analysis.  (Chapter 4). 

4)  To select a panel of whey proteins based on proteomics and 

bioinformatics analyses that represent potential biomarkers of subclinical 

mastitis. 
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2 Chapter 2: Comparative Proteomic Analysis of Bovine Milk Whey 

using Different Gel-Based Approaches 

2.1 Introduction 

Recent advancements of proteomics technologies including 2D gel electrophoresis and 

mass spectrometry techniques have enabled detailed analysis of the protein 

composition of milk. Indeed, the recent proteomic investigations of bovine milk have 

expanded our knowledge beyond its nutritive and health benefits to its use as a 

diagnostic biological fluid to better understand the etiology and pathogenesis of bovine 

mastitis. 

Bovine mastitis is a major disease that causes considerable economic loss to the dairy 

industry due to decreased milk production, high culling rates and associated 

reproductive disorders such as metritis in affected dairy cows (Halasa et al., 2007; 

Hogeveen et al., 2011). Subclinical mastitis is frequently known as the “hidden” mastitis 

because the affected udder lacks the visible signs of inflammation such as edema and 

redness of the gland that limits its detection by physical examination. Subclinical 

mastitis can progress to persistent or chronic intramammary infection. Staphylococcus 

aureus is the most common contagious pathogen associated with subclinical bovine 

mastitis. Persistent subclinical S. aureus mastitis is highly prevalent in dairy herds and 

is typically characterized by increased somatic cell counts (SCC) with no visible 

changes in the milk or the udder (Barkema et al., 2006; Atalla et al., 2009; Bendixen et 

al., 2011). Currently, diagnosis of S. aureus bovine mastitis relies mainly on the 

bacteriological culture of milk samples along with non-pathogen specific screening tests 
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including somatic cell counts (SCC) and the California Mastitis Test (CMT). These 

methods are still widely used, despite major drawbacks associated with their application 

and interpretation.  

The milk proteome is complex and milk proteins are characterized by a high dynamic 

range due to the dominance of casein proteins and some of the high-abundant proteins 

of whey namely beta-lactoglobulin, alpha-lactalbumin, and serum albumin. (O’Donnell et 

al., 2004; Roncada et al., 2012). Moreover, milk proteins contain abundant post-

translational modifications (PTMs) in addition to the presence of low-abundant proteins 

such as lactoferrin, immunoglobulins, glycoproteins, and enzymes which add an 

additional level of complexity to the analysis of the milk proteins (Verma and 

Ambatipudi, 2016).  These low abundant proteins have been linked to significant 

biological functions such as host defense and signal transduction and other crucial 

biological mechanisms. The identification of specific low abundant proteins that are 

overexpressed in association with subclinical mastitis would enable their investigation 

as potential biomarkers for early detection of this disease (Boehmer, 2011; Smolenski et 

al., 2014). As such, enrichment of these proteins facilitates their separation and 

resolution against the background of abundant casein and whey proteins (Manso et al., 

2005; Roncada et al., 2012). Pre-fractionation of proteins from skimmed milk samples is 

often required prior to protein separation to either isolate protein subsets or perform 

sample clean-up to remove highly abundant proteins which improves the robust 

identification of proteins. Therefore, the objective of this study was to compare profiles 

of whey proteins utilizing different gel-based proteomics approaches (1DE, 2DE, and 
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2D-DIGE) following different pre-fractionation methods in order to eventually identify the 

qualitative and quantitative protein changes in the milk proteome during S. aureus 

subclinical mastitis. 
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2.2 Methods 

2.2.1 Milk samples 

Milk samples used in the current study were collected from the Elora dairy facility at the 

University of Guelph. Seven healthy cows with no previous history of clinical mastitis or 

other major systemic diseases were selected in middle to late lactation with quarter milk 

samples that were negative for S. aureus culture and had a SCC of (≤6.2 × 103) 

cells/ml. Another group of samples was collected from three diseased cows which had a 

previous history of subclinical mastitis i.e. no systemic or localized signs of mastitis and  

that were positive for S. aureus culture with a SCC higher than 2 × 105 cells/mL. Quarter 

milk samples (30 mL) were collected aseptically into sterile snap-top bottles for bacterial 

culture, SCC and proteomic analysis. Measurement of SCC was performed using a 

DeLaval Cell Counter DCC (DeLaval, Denmark) and bacterial culture was done by 

streaking a loopful of each quarter sterile milk sample over Columbia blood agar (CBA) 

and incubated at 37 o
 C for 48 hours and then examined for positive or negative results 

based on bacterial colony growth.  

2.2.2 Casein depletion and preparation of whey 

Sodium azide (NaN3, Bioshop, Canada) 0.02-0.05% was added to the whole milk 

samples to prevent microbial growth.  The milk samples were then centrifuged at 1,500 

× g at 4°C for 30 minutes and the top fat layer was removed and discarded. The 

remainder was then filtered through glass filter paper to eliminate any remaining fat left 

in the samples. This was used in subsequent analyses as skim milk. For depletion of 
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casein and separation of whey from the filtered skim milk, four different methods were 

used as follows:  

Acid Precipitation: GDL (glucono-delta-lactone) was used to adjust the pH of the 

skimmed milk to 4.6 to precipitate the casein. GDL (2%) was added to a 20 mL aliquot 

of skimmed milk and incubated at 25o C for 4 hours and then kept refrigerated overnight 

before centrifugation at 5 000 x g for 20 minutes at 4o C to separate the 

supernatant/whey fraction and precipitate the casein. The resultant acid whey was kept 

at -80o C for further analysis (Menéndez et al., 2004). 

Rennet Coagulation: An aliquot of 5 μl of 7.5 mg/mL rennet (Sigma-Aldrich, Dorset, UK) 

was added to a 10 mL aliquot of skimmed milk and incubated at 30o C for 30 minutes. 

Finally, the samples were centrifuged at 21 000 x g for 10 minutes and the 

supernatant/whey was kept at -80o C until further analysis. 

Ultracentrifugation:  Skimmed milk samples were centrifuged at two different speeds 

either 100,000 or 45,000 × g at 4oC for 30 minutes. The supernatant constituted the 

whey which was collected and kept in -80o C for further analysis. 

 Phosphate buffer method: To separate casein from other milk proteins, 0.2 mL of 1M 

sodium phosphate buffer at various pH values (5.8, 6.0, 6.4 and 7.8) were added into 

0.8 mL of skimmed milk sample. The mixtures then underwent a freeze-thaw cycle after 

which whitish gel-like aggregates appeared which were then precipitated by 

centrifugation at 7 600 xg for 10 min.  
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2.2.3 One-dimensional - Gel Electrophoresis (SDS-PAGE)  

Whey samples of healthy animals were used in this experiment.  For comparison, skim 

milk sample without any casein precipitation was run on the 1D gel electrophoresis as a 

control. Assessment of the total protein concentration was performed using a BioRad 

Bradford Assay (Bio-Rad Laboratories Inc. USA), then 25 g of whey and skim milk 

samples were mixed with the SDS reducing buffer (10% (w/v) SDS containing 0.5M 

Tris-HCl, pH 6.8, 0.8 mL glycerol, 0.4 mL 2- mercaptoethanol and 1% bromophenol blue 

(0.1g/mL) at a 1:3 ratio to each sample and then heated at 95°C for 4 minutes in a 

heating block. The samples and 4 L of kaleidoscope marker (Bio-Rad Canada) were 

loaded into wells of SDS-PAGE gels (12% polyacrylamide). Proteins were separated by 

electrophoresis at 100V for 1-1.5 hours at room temperature. After electrophoresis, the 

gels were stained using colloidal Coomassie blue G dye according to the 

manufacturer’s instructions (Sigma-Aldrich, Dorset, UK) and de-stained in 10% (w/v) 

acetic acid in 25% (v/v) methanol overnight. Gel images were acquired using a 

ChemiDoc™ MP Imaging System (Bio-Rad Laboratories, Inc., Canada) 

2.2.4 Two-dimensional - Gel Electrophoresis (2D-GE) 

Whey samples of healthy animals only were used in this experiment.  Each sample was 

treated with the above mentioned four methods and two 2D-gels were used to assess 

the variation between different treatments (48 gels in total). The protein content of the 

whey fraction was quantified using a BCA Protein Assay kit (Pierce™, ThermoFischer 

scientific, Canada). Prior to running 2D-GE, removal of salts and other interfering 
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molecules and concentration of the proteins in the whey fractions were done using two 

methods; using a 2D clean-up kit according to the manufacturer's instructions (GE 

Healthcare LifeSciences, USA), or by using the TCA/acetone precipitation method. For 

the latter, 125 μL of 100% (w/v) TCA was added to 500 μL of the whey sample and 

incubated for 10 min at 4°C followed by centrifugation at 8,000 rpm for 10 min. The 

supernatant was removed and pellets were washed with 200 μL ice-cold acetone and 

then were spun again at 8 000 rpm for 5 min.  The last two steps were repeated for a 

total of 2 acetone washes. Finally the protein pellet was air-dried by evaporating the 

acetone for 1-2 minutes.  Protein pellets were then resuspended in a standard cell lysis 

buffer [30 mM Tris/HCl, 2M thiourea, 7M urea, 4% CHAPS (w/v) (pH 8.5)] and protein 

quantification was repeated to determine the required protein concentration to load onto 

the 2D gels. 

Approximately 200 μg of whey protein sample was diluted in rehydration buffer (7 M 

urea, 2M thiourea, 2% (w/v) CHAPS supplemented with 1% w/v DTT and 0.5% v/v 

pharmalytes) to a final sample volume corresponding to the IPG strips length (200 μl for 

11 cm or 450 μl for 24 cm). 

Following dilution in rehydration buffer, samples were applied to 11 or 24 cm pH 3-10 

nonlinear immobilized pH gradient (IPG) strips (Bio-Rad Laboratories, Hercules, CA) 

and focused in a Bio-Rad Protean IEF Cell for 20 h using the following voltage intervals: 

500 V for 1 h, 1000 V for 1 h, 2000 V for 2 h, 4000 V for 4 h, and 8000 V for 12 h. After 

focusing, the IPG strips were equilibrated in buffer I, which consisted of 6 M urea, 2% 
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SDS, 75 mM Tris-HCl pH 8.8, 30% glycerol, and 1% w/v DTT (Bio-Rad Laboratories, 

Hercules, CA), at room temperature for 15 min, then alkylated in buffer II which 

consisted of 6 M urea, 2% SDS, 75 mM Tris-HCl pH 8.8, 30% glycerol, and 2.5% w/v 

iodoacetamide (Bio-Rad Laboratories, Hercules CA), at room temperature for 15 min.   

The IPG strips were run in the second dimension on 12.5% Tris-HCl polyacrylamide 

gels in 10X Tris/Glycine/SDS buffer. The strips were placed horizontally on top of the 

gels (26 x 20cm) in an Ettan DALTsix® apparatus (GE Healthcare) and 2 mL of 0.5% 

agarose was poured on top of the gel.  The electrophoresis was run overnight at 6 

W/gel for 17 h at 20o C. Gels were then fixed in 10% methanol (MeOH)/7% acetic acid 

for 1 h and stained overnight with SYPRO® Ruby stain (Lonza, Walkersville, MD).  Gels 

were then destained in 10% MeOH/7% acetic acid for 40 minutes at room temperature 

and scanned on a Typhoon 9410 scanner (GE Healthcare Bio-Sciences, Piscataway, 

NJ) with excitation and emission wavelengths of 532 nm and 610 nm respectively. 

2.2.5 Two-dimensional Difference Gel Electrophoresis (2D-DIGE) 

For the preparation of whey, skimmed milk samples from control and diseased cows 

were centrifuged in a Beckman Coulter ultracentrifuge at 45,000 × g at 4°C for 30 min 

and then the translucent supernatant was collected and stored at -80°C. The protein 

concentration of the whey fractions was measured using a BCA Protein Assay (BCA 

Protein Assay kit, Pierce™, ThermoFischer Scientific, Canada). Prior to CyDye labelling 

of the whey samples, the pH of the whey samples was adjusted to 8.5 to ensure 

effective labelling with the fluorescent dyes. Using CyDye DIGE fluors (GE Healthcare, 
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Amersham™), 50 μg of whey protein was labeled with 100 pmol of the minimal dye for 

the labeling reaction. The healthy whey samples were labelled with Cy3, the mastitic 

whey samples were labelled with Cy5 and the pooled standard sample was labelled 

with Cy2. The labelled samples were then incubated in the dark for 1 hour followed by 

the addition of 1 μl of 10 mM lysine to each sample to stop the reaction and then further 

incubated in the dark for 10 minutes. The labeled protein samples (10 µl) were pooled 

and mixed with 240 µl of rehydration buffer supplemented with 1% w/v DTT and 0.5% 

v/v pharmalytes. Samples were then loaded onto 24 cm, nonlinear, pH 3–10 Immobiline 

DryStrips (GE Healthcare) and the IEF and the SDS-PAGE steps were performed as 

explained earlier in the 2D-GE procedures with the exception of using gradient 2D gels 

(10-20%). The gel images were then viewed on a Typhoon 9410 scanner (GE 

Healthcare). Cy2, Cy3 and Cy5 images were scanned with laser excitation at 488 nm, 

532 nm and 633 nm respectively; and with emission filters at 520 nm, 580 nm and 670 

nm respectively. 
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2.3 Results 

2.3.1 Somatic Cell Count and Bacterial Culture 

The range of SCC values in milk samples from quarters of healthy cows (n=28) was 

between 2 and 17 x 103 cells/mL with an average of 6.2 x 103 cells/mL. The range of 

SCC values for milk samples from quarters with subclinical mastitis (n=12) was between 

220 and 3264 x 103 cells/mL with an average of 1152 x 103 cells/mL. The control 

quarter milk samples were negative on culture for S. aureus and contained 500 CFU\mL 

or less of potential udder pathogens other than S. aureus. The milk samples from the 

cows with subclinical mastitis were positive for S. aureus in one or more quarters with 

growth levels ranging from 4+ (numerous) to +1(few). 

2.3.2 Comparison of Casein Depletion Methods 

2.3.2.1 One-Dimensional gel electrophoresis (SDS-PAGE)  

 Fractionation of skimmed milk from control samples using the previously discussed four 

different methods resulted in the separation of whey and casein fractions.  Whey 

fractions processed by each method were then subjected to proteomic analysis by SDS-

PAGE to separate the proteins and compare the proteomic profile from each method.  

For comparison, a skimmed milk sample was subjected to SDS-PAGE in the first lane 

as a control. As shown in Figure  2-1 , the high abundant protein bands in skim milk and 

whey fractions were identified based on previous studies (Mansor, 2012; Boggs et al., 

2015). α-S1 Casein and β–Casein bands appeared with less intensity when depleted 

using either rennet or GDL methods compared to the other methods. In addition, the 
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BSA band was increased in intensity in rennet and GDL whey compared to phosphate 

buffer treatment and ultracentrifugation methods respectively. To achieve better 

separation of whey proteins, samples were subjected to 2D electrophoresis analysis. 

 

 

Figure 2-1. 1D gel electrophoresis of proteins in whey prepared by various casein depletion 

methods compared to the skimmed milk. A=BSA, B=αs-casein and β-casein, C= β- 

lactoglobulin, D=α- lactalbumin. 
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2.3.2.2 Two-Dimensional gel electrophoresis  

In order to assess the impact of different casein depletion techniques on the proteomic 

profiles of high and low-abundant milk proteins, whey fractions from healthy milk 

samples separated by rennet coagulation and ultracentrifugation methods were 

subjected to 2D gel electrophoresis.  

There was no visible difference in terms of presence or level of intensity of protein spots 

observed between the whey fraction of both rennet coagulation and ultracentrifugation 

(at high speed) methods. 2D-cleanup kit treatment (Figure  2-2 & Figure  2-3) resulted in 

better visible resolution of BSA spot intensity on the 2D gel of the rennet and 

ultracentrifugation prepared whey compared to TCA precipitation protocol (Figure 2-4 & 

Figure 2-5) resulted in visible. Otherwise, no other significant or low abundant proteins 

were detected on these gels. 

The identity of these protein spots was determined based on pI and MW coordinates in 

comparison with 2D analysis of normal milk whey in previous studies (Jensen et al. 

2012; Hogarth et al. 2004).  

The pH of skimmed milk is approximately 6.7 which was adjusted to 4.6 using the third 

method of casein depletion, i.e. acid precipitation, also known as isoelectric 

precipitation, to neutralize the basic casein micelles and precipitate the casein micelles 

to separate the whey fraction. However, when the acid whey was run on 2D gels, no 

successful protein separation was obtained as shown in (Figure 2-6). Similarly, the 
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whey fractionation and separation using the phosphate salt method at different pH 

ranges followed by a freeze-thawing procedure did not improve the separation of whey 

proteins on 2D gels (Figure 2-7). To overcome the inability to recover whey proteins 

using different fractionation methods and the relatively less sensitive SYPRO Ruby 

stain, whey samples were analyzed using the more sensitive fluorescence Cy dyes on 

2D gradient gel to improve the detection and the visibility of the protein spots. 
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Figure 2-2. 600ug of whey proteins stained with SYPRO Ruby, casein was depleted by 
ultracentrifugation and then treated with the 2-D cleanup protocol 
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Figure 2-3. 600ug of whey proteins stained with SYPRO Ruby, casein was depleted by 
rennet coagulation method and then treated with the 2-D cleanup protocol 
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Figure 2-4. 600ug of whey proteins stained with SYPRO Ruby, casein was depleted by 
rennet coagulation method and then treated with the TCA precipitation protocol. 
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Figure 2-5. 600ug of whey proteins stained with SYPRO Ruby, casein was depleted by 
ultracentrifugation and then treated with the TCA precipitation protocol 
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Figure 2-6. 200 ug of whey proteins stained with SYPRO Ruby, casein was depleted 
using the GDL method 
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Figure 2-7. 200 ug of whey proteins stained with SYPRO Ruby, casein was depleted using the 

phosphate method 
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2.3.3 Two-Dimensional Difference Gel Electrophoresis (DiGE) on Mastitic and 

Healthy Milk Samples 

Following partial casein depletion using ultracentrifugation of milk samples, whey 

proteins of mastitic and healthy samples were sparated on 2D DIGE gradient gels.  A 

marked difference was observed in terms of enhanced separation and resolution of 

proteins. Significant differential expression between the mastitic protein spots labeled 

with Cy5 and control protein spots labeled with Cy3 was detected using this approach 

(Figure  2-8). While the presence of major whey proteins (β- lactoglobulin and α- 

lactalbumin) and caseins α-S1, β on the 2D gel caused visible streaking, this didn’t 

interfere with the separation of spots and the detection of low molecular weight spots. 

To further identify the differentially expressed spots using LC-MS/MS analysis and to 

perform quantitative proteomic analysis, the same refined protocol employed in this 

experiment was expanded in the next chapter using a larger number of samples from 

both healthy and mastitic cows. 
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Figure 2-8. Overlay image of 2D-DIGE gel showing mastitic whey milk sample labeled 

fluorescent dye and pooled standard labeled with Cy2 (blue spots). Circled spots 

indicate spots of the mastitic whey  

 Gradient  
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20% 
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Figure 2-9. 50 g of mastitic whey labeled with Cy5 (1) and 50 g of healthy skimmed milk 

labeled with Cy3 (2)  
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2.4 Discussion 

The aim of this study was to optimize a pre-fractionation method of whey proteins from 

bovine skimmed milk using four different pre-fractionation techniques (acid precipitation, 

rennet coagulation, phosphate buffer precipitation and high or low speed- 

ultracentrifugation). A further objective was to establish a gel-based method to compare 

the extracted whey protein from healthy and mastitic samples utilizing the 2D-DIGE 

technique. The results from the current study indicate that low-speed ultracentrifugation 

with minimal clean-up treatment of skimmed milk samples was the most appropriate 

method to extract whey proteins with minimal loss of low-abundance proteins. This was 

likely due to the fact that elimination of sample clean-up steps decreased the loss of 

low-abundance proteins and allowed for the detection of a larger number of putative 

biomarker proteins of mastitis as indicated by similar recent studies (Olumee-Shabon et 

al., 2013; Thomas et al., 2016). In addition, the use of gradient 2D gels resulted in better 

separation and resolution of proteins and the detection of differentially expressed 

proteins in mastitic whey samples. Chapter 3 describes the identification of these low 

abundant proteins and their host defense functions in a study with a larger number of 

samples using 2D-DIGE coupled with LC-MS/MS.  

The investigation of the milk proteome, either in health during different stages of 

lactation (colostrum and mature milk) or in disease during intramammary infections, has 

been challenging due to the extremely complex composition of milk which hindered their 

identification and resulted in a lack of established methods for the extraction of milk 

proteins. This gap of knowledge in the literature was the impetus for the current study to 
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compare different pre-fractionation methods to establish a standard protocol for optimal 

protein recovery to then be analyzed by different gel-based proteomic approaches. 

The four methods that were selected to deplete the casein proteins and major whey milk 

proteins and to enrich the low abundant proteins (Golinelli et al., 2011; Jensen et al., 

2012) were selected based on their different effects on the physico-chemical properties 

of milk proteins to guarantee separating the whey from the skimmed milk. Whey 

fractions obtained using the four methods were subsequently analyzed by SDS-PAGE 

to assess the ability of each method to deplete major milk proteins or to separate low 

abundant proteins. Major milk proteins were not significantly depleted and low-

abundance proteins were not detected with all four methods which is in agreement with 

a previous study with similar results (Mansor, 2012). This could be due to either the low 

sensitivity of Colloidal Coomassie blue staining and/or the inherent limitation of 1D gel 

electrophoresis analysis as proteins are separated based on molecular weight only. 

Therefore, the same whey samples were subjected to 2D gel electrophoresis, a 

technique that is more efficient in separating milk proteins based on isoelectric point and 

molecular weight (O’Donnell et al., 2004; Manso et al., 2005) in conjunction with more 

sensitive stains such as SYPRO-Ruby (Jensen et al., 2012). Before running the rennet 

and ultracentrifugation whey samples on 2D gels, samples were treated using either a 

2-D clean-up kit or TCA precipitation (10% w/v) to eliminate salt and other interfering 

contaminants in bovine milk that could reduce the quality of the 2D gels.  Unfortunately, 

the outcome was not improved with the separation of whey proteins using both the 

rennet and ultracentrifugation techniques and the treatment with either the 2-D clean-up 
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kit or TCA precipitation did not improve sample preparation for analysis by 2D gel 

electrophoresis. These findings were similar to other studies (Mansor, 2012) which used 

similar methods to extract whey proteins and suggested that the loss of proteins is more 

likely to occur when major milk proteins such as bovine serum albumin (BSA) are 

removed.  Albumin is known to bind and transport proteins such as acute phase 

proteins and other molecules which could be lost during the depletion of BSA from the 

samples (Gundry et al., 2010). Using acid or phosphate buffer precipitation methods to 

precipitate casein did not improve the isolation of low-abundance proteins possibly due 

to the dramatic reduction in milk pH that might have reduced protein solubility 

subsequently leading to their loss during precipitation (Boehmer et al., 2008; Jensen et 

al., 2012).  

In view of these and previous findings and to avoid substantial protein loss, skimmed 

milk samples from both healthy and mastitic animals were processed using low-speed 

ultracentrifugation and the extracted whey proteins were analyzed by 2D-DIGE as 

discussed previously. This substantially improved proteomic analysis with results 

indicating abundant differential expression of protein spots in healthy and mastitic whey 

samples with enhanced separation of major and low abundant proteins. This reflects the 

success of the adopted method to separate the whey proteins and enrich the low 

abundant proteins.  

Since the objective of this study was to optimize milk pre-fractionation and sample 

preparation, further proteomic analysis of 2D gels using Decyder software to perform 
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the Biological Variation Analysis and statistical analysis was left for a more robust 

analysis with a larger sample size described in Chapter 3. For this reason, low-

abundance protein spots of interest isolated by 2D-DIGE were not identified using mass 

spectrometry. However, high-abundance proteins such as the caseins and major milk 

proteins (α- lactalbumin, β- lactoglobulin and serum albumin) were tentatively identified 

based on their pI and MW. Unfortunately, similar studies of bovine milk proteins in S. 

aureus mastitis using 2D-DIGE do not exist in the scientific literature so the identity of 

low-abundance proteins could not be estimated based on their coordinates on 2D-DIGE 

gels.  

Based on the current findings, it was concluded that sustaining the large dynamic range 

of the milk proteome by minimizing clean-up procedures and avoiding changes in milk 

pH improves the extraction and separation of a greater number of whey proteins 

including those in low abundance. This conclusion is supported by the results of other 

recent proteomic studies (Smolenski et al., 2014; van Altena et al., 2016). 
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3.1 Introduction: 

Despite extensive research and control programs, bovine mastitis is still one of the most 

prevalent and costly diseases affecting dairy herds. Costs are primarily due to lowered milk 

production, penalties for high somatic cell count (SCC), discarded milk, increased culling rate or 

death from infection and treatment costs. More than 80% of costs associated with mastitis are 

due to lowered milk production and discarded milk (Halasa et al., 2007; Hogeveen et al., 2011) 

Staphylococcus aureus is one of the most frequently isolated contagious mastitis pathogens that 

cause either clinical or subclinical mammary gland infection. Subclinical mastitis often leads to 

persistent and chronic infections because the bacteria have the ability to survive within the 

mammary epithelial cells (Barkema et al., 2006; Atalla et al., 2010). Subclinical infection is the 

most problematic in dairy cattle because it goes undetected clinically which leads to damage to 

the mammary tissues and subsequent decrease in milk production (Bannerman et al., 2004). The 

inflammatory response during establishment of the infection is characterized by a number of 

changes in milk composition due to infiltration of cellular components such as neutrophils, 

macrophages and soluble immune factors such as complement proteins and acute phase 

proteins which together synchronize to clear the infection and the pathogen (Bannerman, 2009; 

Kim et al., 2011). These innate immune mediators also may play an important role in early stages 

and they are usually pathogen-dependent. Hence, identifying them can offer insight into the host 

immune response during mastitis.  

Currently, there are no effective and efficient procedures available to diagnose S. aureus- 

subclinical induced mastitis. Recently, proteomics has been widely applied to elucidate 
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pathogenic mechanisms of mastitis during natural and experimental infections in different animal 

species (Reinhardt et al., 2013; Smolenski et al., 2014; Thomas et al., 2016). While specific 

cytokine levels and the effects of the innate immune response during bacterial mastitis have been 

documented earlier (Kim et al., 2011; Reinhardt et al., 2013), changes in milk protein expression 

profiles using gel-based proteomic approaches during natural S. aureus intramammary infection 

still need to be clarified. Indeed, there is a scarcity of proteomic studies of milk that reflect 

immune responses to subclinical S. aureus mastitis. 

The aim of this study was to investigate the changes of the protein profiles that are involved due 

to natural subclinical infection with S. aureus mastitis with the goal of identifying putative 

biomarkers for diagnostic purposes. In particular, the present study describes the differential 

expression of whey proteins as proteomic signatures of S. aureus-positive whey fractions 

compared to non-infected milk samples.  To our knowledge, this is the first study that utilizes 2D-

DIGE, to characterize protein expression in milk whey from cows with S. aureus mastitis. The 

results will provide insight to understand the role of milk proteins in host-pathogen interaction 

during S. aureus intramammary infection.  
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3.2 Methods 

3.2.1  Cows and Sample Collection 

Milk samples were obtained from 12 lactating cows from the dairy herd at the Livestock Research 

and Innovation Centre - Dairy Facility of the University of Guelph in Elora, Ontario. Cows were in 

mid to late-lactation and ranged in age from 4 to 8 years. Six cows were culture positive for S. 

aureus with a high somatic cell count (≥1152 × 103) cells/ml which had a previous history of 

subclinical mastitis i.e. no systemic or localized signs of mastitis and with no history of major 

systemic diseases.  Six healthy cows that were microbiologically negative for S. aureus with low 

SCC (≤6.2 × 103) cells/ml with no previous history of clinical mastitis three month preceeding the 

samples collection; this group was used as a control. The cows were selected based on the 

results of the clinical examination (absence of systemic and local signs) to exclude clinical 

mastitis. Quarter milk samples (30 ml) were collected aseptically and brought immediately to the 

laboratory. Milk samples for proteomic analysis were immediately mixed with a protease inhibitor 

cocktail (Sigma-Aldrich). Microbiological examination and SCC were performed within 24 h. The 

uses of all animals in this study were approved by the Animal Care and Use Committee of the 

University of Guelph. 

3.2.2 Somatic Cell Counts (SCC) and Microbiological Examination 

SCC was determined using a commercial automated cell counter (DeLaval cell counter DCC, 

Sweden). The bacteriological analysis was performed according to the standard procedures of 

the National Mastitis Council (Harmon et al., 1990). Briefly, a loopful of each quarter sterile milk 

sample was plated on Columbia blood agar (CBA) supplemented with 5% sheep red blood cells, 
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incubated at 37°C and examined 24h and 48 h for positive or negative results based on bacterial 

colony growth. S. aureus bacteria were identified by culture characteristic on selective media, 

gram-staining and biochemical reactions (Atalla et al., 2008). 

3.2.3 Sample Processing and 2D- Differential Gel Electrophoresis (2D-DIGE) 

For the preparation of whey, milk samples were centrifuged at 3,000 × g and 4°C for 30 min, and 

the fat layer was removed with a spatula. The skimmed milk was decanted into a clean tube, 

centrifuged again at 45,000 × g and 4°C for 30 min and the supernatant collected and stored at -

80°C. The protein concentration of the whey fractions was estimated using a BCA Protein Assay 

(BCA Protein Assay kit, Pierce™, ThermoFischer Scientific, Canada). Fifty micrograms of whey 

proteins were labeled with 400 pmol cyanine dyes Cy3 (control group) and Cy5 (mastitic group) 

(Amersham CyDye DIGE Fluors, GE Healthcare, Uppsala, Sweden). Equal amounts of all 

experimental samples were properly combined to create the internal pooled standard, which was 

labeled with the Cy2 cyanine dye. The labeled protein samples were mixed and diluted in 

rehydration buffer (8 M urea, 2 M thiourea, 2% CHAPS, 65 mM dithiothreitol, 0.8% ampholyte). 

The labeled samples were applied to 24-cm IPG strips (pH 3 to 10, nonlinear; GE Healthcare, 

Uppsala, Sweden) by passive rehydration overnight at room temperature. After rehydration, IPG 

strips were focused on an Ettan IPGphor IEF system at 20 °C (GE Healthcare, Uppsala, Sweden) 

using a gradient voltage increase for a total of about 90,000 Vh for 20h. After focusing, IPG strips 

were reduced in equilibration buffer I (6 M urea, 2% SDS, 1.5 M Tris-HCl pH 8.8, 30% glycerol, 

and 2% (w/v) dithiothreitol), at room temperature for 20 min, then alkylated in equilibration buffer 

II (6 M urea, 2% SDS, 1.5 M Tris-HCl pH 8.8, 30% glycerol, and 2.5% (w/v) iodoacetamide) at 



Chapter 3 

46 

room temperature for 20 min. The IPG strips were run in the second dimension on 10 to 20% 

precast Tris-HCl polyacrylamide gels (Jule Biotechnologies, Inc. USA) in 0.1% w/v SDS, 25 

mMTris–HCl pH 8.3 as running buffer for 200V for 17h. 

Gels were scanned on a Typhoon 9400 scanner (GE Healthcare, Uppsala, Sweden). All images 

were analyzed with the DeCyder software analysis v5.0 and differential in-gel analysis (DIA) 

modules (GE Healthcare, Uppsala, Sweden) for the detection and matching of spots, while 

statistical analysis of protein level changes was performed with the DeCyder BVA (biological 

variation analysis module). The resulted images of the preassigned control and mastitic samples 

were compared by calculation of fold changes and statistically evaluated with the DeCyder BVA 

module. The false discovery rate (FDR) at 1% was applied to minimize the number of false-

positive results. 

 Protein spots were selected as differentially expressed between control and mastitic groups, if 

showing a difference in fold change of ≥ 2-fold, with a statistically significant variation (P≤0.05). 

Using preparative 2-D gels, the differentially expressed proteins were separated and matched 

with the analytical gels. For optimum matching with the 2D DIGE gels, 50 µg of proteins were 

labeled with Cy5 as described above and then mixed with 550 µg of non-labeled proteins on 24-

cm IPG strips with a pH non-linear gradient of 3-10 (GE Healthcare, Uppsala, Sweden). All strips 

were rehydrated, focused, and subjected to second dimension electrophoresis as described 

above. After electrophoresis, all gels were fixed in 10% methanol- 7% acetic acid for 40-60 

minutes and then post-stained overnight in SYPRO Ruby stain (Lonza, Walkersville, MD). Gels 

were destained in 10% methanol- 7% acetic acid for 40 minutes at room temperature and then 
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imaged on a Typhoon scanner. Matching between 2D DIGE and 2D gels was performed using 

Decyder analysis software and differential in-gel analysis (DIA) modules (GE Healthcare, 

Uppsala, Sweden). A spot-picking list was generated from Decyder software and exported to 

Ettan Spot Picker (GE Healthcare, Uppsala, Sweden). The gel spots were excised and delivered 

into 96-well plates.     

3.2.4 In-Gel Digestion and LC-MS/MS Analysis 

Protein spots excised from the 2D gels were subjected to tryptic digestion. Briefly, gel fragments 

were destained at room temperature for 1 h in 25 mM ammonium bicarbonate-50% acetonitrile. 

Gel spots were dehydrated in 100% acetonitrile for 5 min at room temperature and then dried to 

completeness in a vacuum centrifuge for 20 min at 22°C. Spots were rehydrated in 15 μg/mL of 

trypsin (Sigma-Aldrich, St. Louis, MO) in 25 mM ammonium bicarbonate and allowed to digest for 

16 h at 37°C. After digestion, peptides were extracted with 50% acetonitrile-5% trifluoroacetic 

acid at room temperature for 1 h. Peptides were concentrated in a vacuum centrifuge for 20 min 

at 22°C. Samples were analyzed on a linear ion trap-Orbitrap hybrid analyzer (LTQ Orbitrap, 

ThermoFisher, San Jose, CA) outfitted with a nanospray source and EASY-nLC split-free nano-

LC system (ThermoFisher, San Jose, CA). Lyophilized peptide mixtures were dissolved in 0.1% 

formic acid and loaded onto a 75 μm x15 cm PepMax RSLC EASY-Spray column filled with 2 μM 

C18 beads (ThermoFisher, San Jose CA) at a pressure of 800 BAR. Peptides were eluted over 

60 min at a rate of 250 nl/min using a 0 to 35% acetonitrile gradient in 0.1% formic acid. Peptides 

were introduced by nano electrospray into an LTQ-Orbitrap hybrid mass spectrometer (Thermo-

Fisher). The instrument method consisted of one MS full scan (400–1400 m/z) in the Orbitrap 
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mass analyzer, an automatic gain control target of 500,000 with a maximum ion injection of 100 

ms, one microscan, and a resolution of 100,000. Ten data-dependent MS/MS scans were 

performed in the linear ion trap using the ten most intense ions at 35% normalized collision 

energy. The MS and MS/MS scans were obtained in a parallel fashion. In MS/MS mode 

automatic gain control targets were 10,000 with a maximum ion injection time of 50 ms. Minimum 

ion intensity of 10000 was required to trigger an MS/MS spectrum. The dynamic exclusion was 

applied using a maximum exclusion list of 500 with one repeat count with a repeat duration of 30 

s and exclusion duration of 20 s. 

3.2.5 Protein Identification 

The following database searching parameters were applied. All MS/MS samples were analyzed 

using Sequest (Thermo Fisher Scientific, San Jose, CA, USA; version 1.4.0.288) and X! Tandem 

(The GPM, thegpm.org; version CYCLONE) (2010.12.01.1). Sequest was set up to search 

Uniprot_Bos_Taurus_Feb232015.fasta assuming the digestion enzyme trypsin. X! Tandem was 

set up to search the Uniprot_Bos_Taurus_Feb232015 database also assuming trypsin. Sequest 

and X! Tandem were searched with a fragment ion mass tolerance of 0.60 Da and a parent ion 

tolerance of 10.0 PPM. Deamidated of asparagine and glutamine, oxidation of methionine and 

carbamidomethyl of cysteine were specified in Sequest as variable modifications. Scaffold 

(version Scaffold_4.4.1.1, Proteome Software Inc., Portland, OR) was used to validate MS/MS-

based peptide and protein identifications. Peptide identifications were accepted if they could be 

established at greater than 95.0% probability. Peptide probabilities from Sequest were assigned 

by the Scaffold Local FDR algorithm. Peptide probabilities from X! Tandem were assigned by the 
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Peptide Prophet algorithm with Scaffold delta-mass correction. Protein identifications were 

accepted if they could be established at greater than 99.0% probability and contained at least 2 

identified peptides.  Protein probabilities were assigned by the Protein Prophet algorithm. 

Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis 

alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide 

evidence were grouped into clusters. 

3.2.6 Gene Ontology (GO) and Pathway Enrichment Analyses  

To investigate the biological and clinical value of the identified differentially expressed proteins in 

the mastitic group through 2D-DIGE and mass spectrometry methods, in silico functional 

analyses were performed. Enrichment analyses for Gene Ontology (GO) terms were performed. 

The proteins were categorized based on their biological processes (BP), cellular components 

(CC) and molecular function (MF) using the Database for Annotation, Visualization and 

Integrated Discovery (DAVID ) v6.8 software (Huang et al., 2009). Pathway enrichment analysis 

was performed using Kyoto Encyclopedia of Genes and Genomes (KEGG) (Tanabe et al., 2012) 

to investigate the interaction between the differentially expressed proteins. 
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3.3 Results 

Proteomic analysis of whey fractions from normal and S. aureus mastitic bovine milk samples 

was performed using combined 2D-DIGE and MS procedures. Milk sample grouping was done 

based on a specific microbiological culture and somatic cell counting. Typical morphological and 

biochemical properties of S. aureus were identified including large, creamy hemolytic colonies on 

CBA, positive coagulase production within 18 h and sugar–alcohol fermentation. 

 In order to identify protein signatures of each experimental group, the analysis was done on 6 

individuals in each group in technical duplicates for a total of 12 gels. Only protein spots 

accurately detected and matched in all gels run on samples collected from all the biological 

replicates were considered for further identification. Analysis of the 2-D DIGE images with 

DeCyder software (GE Healthcare) through the Biological Variation Analysis (BVA) module 

allowed gel to gel matching and statistical analysis of protein abundance changes between 

samples (control and mastitic) across the 12 different gels by comparison with the pooled internal 

standard. 

The statistical analysis resulted in the significant differential expression for numerous protein 

spots in the S. aureus-positive group compared to the control group as shown in the 

representative overlay 2-D DIGE image Figure 3-1. In total, 22 differentially expressed spots 

(p<0.05) altered two-fold or greater were selected and picked from the preparatory gel and then 

further identified using LC-MS/MS analysis which resulted in the identification of 28 proteins, 11 

of them have a host-defense associated biological function. All the statistically significant spots 

were upregulated in the mastitic and no proteins were detected as down-regulated. The identified 
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spots and their corresponding proteins that were modulated or upregulated due to S. aureus 

infection, are summarized in Table  3-1. Some spots were visible on the analytical 2D-DIGE gel 

images; however, they were undetected in the preparative gel possibly due to the relative lower 

protein concentration in the prep gel, which may have resulted in difficulty in picking those 

undetected spots for further MS analysis. Multiple spots were identified representing isoforms of 

the same protein (Table  3-1) which might reflect possible post-translation modifications.  

In addition to the identification of host proteins in mastitic whey, we were able to detect proteins 

of bacterial origin when the results of LC-MS/MS analysis were screened against a S. aureus 

reference proteome database (Table  3-2). The identified proteins were detected in four spots on 

the 2D gels from mastitic whey, however, the fold change and total spectral counts of these 

proteins were less than the bovine proteins. Therefore, no further analysis was performed to 

quantify the identified bacterial proteins.  
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Figure 3-1. Representative 2D-DIGE gel image of proteins in the milk whey fractions of healthy and 

mastitic samples. Mastitic whey were labelled with Cy5 (red), healthy mastitic were labelled with Cy3 

(green) and pooled standard were labelled with Cy2(blue).  Spot numbers correspond to spot identification 

in Table 3-1. 
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Table 3-1 List of proteins identified by 2D-DIGE/ LC-MS/MS analysis and upregulated in whey of cows with subclinical 

Staphylococcus aureus mastitis compared to controls. 

Function Protein name Accession Number 
Gel Spot 

No. 
P-value 

Fold 
change 

relative to 
controls 

Mr (kDa) 
Unique 

peptides 

Sequenc
e 

coverage 
(%) 

H
o

st
-d

e
fe

n
se

 p
ro

te
in

s 

Serotransferrin Q29443|TRFE_BOVIN 1 0.007 3.37 77.6 3 50 

Polymeric immunoglobulin 
receptor 

P81265|PIGR_BOVIN 

1 0.007 3.37 82.4 12 16 

2 0.003 5.34 82.4 13 15 

Fibrinogen gamma-B chain F1MGU7 |F1MGU7_BOVIN 3 0.012 3.59 50.233 22 56 

Complement C3 G3X7A5| G3X7A5_BOVIN 

4 0.000 7.5 187.148 29 17.5 

5 0.025 6.2 187.148 43 23.7 

Beta-1,4-galactosyltransferase 1 P08037 |B4GT1_BOVIN 4 0.000 7.5 44.844 5 13.7 

MHC class I antigen H6V5G4| H6V5G4_BOVIN 4 0.000 7.5 38.843 6 26.3 
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Function Protein name Accession Number 
Gel Spot 

No. 
P-value 

Fold 
change 

relative to 
controls 

Mr (kDa) 
Unique 

peptides 

Sequenc
e 

coverage 
(%) 

Apolipoprotein E A7YWR0| A7YWR0_BOVIN 4 0.000 7.5 35.980 4 17.7 

Cathepsin B P07688 |CATB_BOVIN 4 0.000 7.5 36.661 13 34.4 

Beta-2-microglobulin P01888 |B2MG_BOVIN 13 0.001 20.36 13.677 5 25.4 

M
aj

o
r 

M
ilk

 P
ro

te
in

s 

Serum albumin P02769| ALBU_BOVIN 

3 0.012 3.59 69.294 5 8.5 

4 0.000 7.5 69.294 27 51.6 

5 0.025 6.2 69.294 15 29.8 

6 0.002 11.32 69.294 11 20.8 

11 0.003 13.79 69.294 7 13.7 

Alpha-S1-casein P02662| CASA1_BOVIN 

7 0.005 17.15 24.529 4 32.7 

8 0.002 24.72 24.529 7 35 
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Function Protein name Accession Number 
Gel Spot 

No. 
P-value 

Fold 
change 

relative to 
controls 

Mr (kDa) 
Unique 

peptides 

Sequenc
e 

coverage 
(%) 

9 0.002 13.79 24.529 21 48.1 

Alpha-S2-casein P02663 |CASA2_BOVIN 6 0.002 11.32 26.019 3 16.2 

Beta-casein P02666| CASB_BOVIN 

11 0.003 13.79 25.107 5 21.4 

12 0.009 40.45 25.107 7 25 

13 0.001 20.36 25.107 6 21.9 

Kappa-casein P02668 | CASK_BOVIN 

4 0.000 7.5 21.270 5 30 

6 0.002 11.32 21.270 4 25.8 

St
ru

ct
u

ra
l &

 
M

et
ab

o
lic

 p
ro

te
in

s 

Collagen alpha-1(I) chain P02453|CO1A1_BOVIN 3 0.012 3.59 138.939 4 3.14 

Actin, cytoplasmic 1 
P60712 | ACTB_BOVIN 

4 0.000 7.5 41.738 23 60 

5 0.025 6.2 41.738 11 33.3 

6 0.002 11.32 41.738 29 72.8 
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Function Protein name Accession Number 
Gel Spot 

No. 
P-value 

Fold 
change 

relative to 
controls 

Mr (kDa) 
Unique 

peptides 

Sequenc
e 

coverage 
(%) 

7 0.005 17.15 41.738 3 8.53 

St
ru

ct
u

ra
l &

 
M

et
ab

o
lic

 p
ro

te
in

s 

Actin, cytoplasmic 1 P60712 | ACTB_BOVIN 

10 0.002 21.94 41.738 13 41.6 

11 0.003 13.79 41.738 6 24.3 

13 0.001 20.36 41.738 6 17.9 

Dystroglycan F1N7D7 |F1N7D7_BOVIN 4 0.000 7.5 97.310 5 7.26 

N-acetylglucosamine-1-
phosphotransferase subunit 
gamma 

Q58CS8| GNPTG_BOVIN 4 0.000 7.5 33.783 5 19.3 

Hemoglobin subunit alpha P01966|HBA_BOVIN 10 0.002 21.94 15.185 4 31.7 

Thymosin beta-4 P62326|TYB4_BOVIN 10 0.002 21.94 5.053 3 54.5 

Histone H2B F1MUD2|F1MUD2_BOVIN 10 0.002 21.94 13.937 3 38.1 

Histone H1.2 P02253| H12_BOVIN 10 0.002 21.94 21.357 3 11.7 
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Function Protein name Accession Number 
Gel Spot 

No. 
P-value 

Fold 
change 

relative to 
controls 

Mr (kDa) 
Unique 

peptides 

Sequenc
e 

coverage 
(%) 

u
n

kn
o

w
n

 

Putative uncharacterized 
protein 

A5D7Q2 |A5D7Q2_BOVIN 4 

0.000 

 7.5 51.670 
4 9.65 
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Table 3-2 S. aureus database searching and protein identifications 

Spot number Protein name Protein accession 
numbers 

 Unique peptide 
count 

 Sequence 
coverage 

1106 50S ribosomal protein L19  RL19_STAA1 2 17.20% 

1106 Orotate phosphoribosyltransferase  PYRE_STAAC,PYRE_STAAS 2 10.80% 

1106 Immunoglobulin G-binding protein A  SPA_STAA8 8 23.10% 

2617 ATP-dependent Clp protease ATP-binding 
subunit ClpL  

CLPL_STAAR 5 16.00% 

2617 DNA topoisomerase 4 subunit B  PARE_STAEQ 5 13.30% 

2617 Hyaluronate lyase  HYSA_STAA8 7 13.40% 

2617 Putative hemin import ATP-binding protein 
HrtA  

HRTA_STAAR 5 24.40% 

2617 Septation ring formation regulator EzrA  EZRA_STAEQ 5 12.60% 

2617 Protein draper  DRPR_DROME 6 16.10% 

3654 DNA-directed RNA polymerase subunit beta' 
(Fragment)  

RPOC_STAAU 5 12.10% 

3654 60 kDa chaperonin  CH60_STAAU 5 20.40% 

972 Immunoglobulin G-binding protein A  SPA_STAA8 10 26.60% 

972 Staphopain B  SSPB_STAAS 2 10.90% 

972 Transcription termination/antitermination 
protein NusG  

NUSG_STAA8 2 14.30% 

972 Lactose phosphotransferase system repressor LACR_STAA8, 
LACR_STAAR 

2 18.30% 

972 Acetylglutamate kinase  ARGB_STAAR 2 22.70% 
 
Database Name: Uniprot_Staphylococcus-aureus_Feb192017.fasta 

Peptide Thresholds: 95.0% minimum, Protein Thresholds: 99.9% minimum and 2 minimum unique peptides 
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To further investigate the biological and clinical value of the identified differentially expressed 

proteins in the mastitic group through 2D DIGE and mass spectrometry methods, Gene Ontology 

(GO) functional annotations and enrichment analysis were performed and the proteins were 

categorized based on their biological processes (BP), cellular components (CC) and molecular 

function (MF) using DAVID analysis (http://david.abcc.ncifcrf.gov/). Differentially expressed 

proteins that were significantly enriched at a p-value <0.05 for each category are presented in 

(Table  3-3 & Appendix table 7.2.1). There were thirty GO terms identified for the BP category of 

which the top five were maintenance of location, cellular component organization, cellular 

component assembly, response to stimulus and response to stress. There were only five GO 

terms for the CC category which were extracellular region, extracellular space, macromolecular 

complex and protein complex. There were also only five GO terms for the MF category which 

included protein binding, oxygen binding, lipid binding and cytoskeletal protein binding. 

Pathway enrichment analysis was performed using the KEGG pathway to investigate the 

interaction between the differentially expressed proteins indicated the following: Staphylococcus 

aureus infection pathway (bta05150) was enriched with complement C3 and fibrinogen gamma-B 

chain (Appendix Figure 7.2.2); antigen processing and presentation pathway (bta04612) was 

enriched with Cathepsin B (CTSB) and BOLA-NC1; Complement and coagulation cascades 

pathway (bta04610) was enriched with Fibrinogen gamma-B chain (FGG) and C3 and ECM-

receptor interaction pathway (bta04512) was enriched with COL1A1 and DAG1. 

 

http://david.abcc.ncifcrf.gov/
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Table 3-3  Gene ontology (GO) terms over-represented significantly expressed whey proteins due to S.  

aureus mastitis 

Categories Biological Processes Count1 P-Value2 

C
e

llu
la

r 
fo

rm
 

GO:0044085~cellular component biogenesis 5 0.009 

GO:0065003~macromolecular complex assembly 4 0.017 

GO:0016043~cellular component organization 8 0.002 

GO:0022607~cellular component assembly 5 0.005 

GO:0009653~anatomical structure morphogenesis 5 0.008 

GO:0043933~macromolecular complex subunit organization 4 0.02 

GO:0051270~regulation of cell motion 3 0.008 

GO:0048856~anatomical structure development 6 0.021 

GO:0048646~anatomical structure formation involved in morphogenesis 3 0.033 

GO:0051651~maintenance of location in cell 2 0.028 

GO:0051235~maintenance of location 3 0.001 

R
e

gu
la

ti
o

n
 o

f 
ce

llu
la

r 
p

ro
ce

ss
 

GO:0032879~regulation of localization 4 0.008 

GO:0051179~localization 9 0.011 

GO:0048523~negative regulation of cellular process 5 0.021 

GO:0048519~negative regulation of biological process 5 0.03 

GO:0065008~regulation of biological quality 5 0.029 

GO:0051049~regulation of transport 3 0.037 

GO:0001649~osteoblast differentiation 2 0.038 
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Categories Biological Processes Count1 P-Value2 

C
el

l D
e

at
h

 

GO:0042981~regulation of apoptosis 4 0.017 

GO:0043065~positive regulation of apoptosis 3 0.022 

GO:0043068~positive regulation of programmed cell death 3 0.022 

GO:0010942~positive regulation of cell death 3 0.022 

GO:0043067~regulation of programmed cell death 4 0.018 

GO:0010941~regulation of cell death 4 0.018 

R
e

sp
o

n
se

 t
o

 s
ti

m
u

lu
s 

GO:0009605~response to external stimulus 4 0.019 

GO:0050896~response to stimulus 8 0.005 

GO:0006950~response to stress 6 0.006 

GO:0009611~response to wounding 3 0.043 

A
n

gi
o

ge
n

e
si

s GO:0001944~vasculature development 3 0.022 

GO:0001568~blood vessel development 3 0.021 

Count1 = the number of proteins enriched in the GO term using DAVID software        

P-value2= Absolute P-value where significantly (P ≤ 0.05) annotated proteins were considered. 
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3.4 Discussion  

This study highlights the differential expression of the proteomic signatures of S. aureus-positive 

whey fractions compared to the non-infected fractions and provides insight to understanding the 

role of milk proteins in host-pathogen interaction during S. aureus intramammary infection. During 

intramammary infection, damage to the milk-secreting tissues also occurs which results in a 

reduction of the synthetic capacity of the mammary epithelial tissues that become manifested 

clinically by decreased milk production. In the early stages of infection, the damage is minimal 

and reversible. The outcome of bacterial invasion of the mammary gland, whether it be clearance 

or establishment and persistence of the infection, is mainly dependent upon the effectiveness of 

the host defense response that occurs immediately after initial infection.   

Bovine milk contains a high concentration of proteins with wide-ranging functions.  Although 

dominated by the six major milk proteins (αS1-casein, αS2-casein, β-casein, κ-casein, β-

lactoglobulin, and α-lactalbumin), accumulated evidence supported by many studies have shown 

that milk also contains a range of low abundant proteins which are associated with host defense 

functions that form a significant first line of defense against the invading pathogens. The 

detection and profiling of the low abundant proteins is challenged by the biological complexity 

and the high dynamic range of bovine milk. However, factors such as advances in proteomic 

technologies, improvement of bovine protein sequence databases and the desire to identify 

protein biomarkers for early detection of intramammary infections, have been able to overcome 

many of these challenges. This has fuelled interest in investigating the host defense response to 

different environmental and contagious pathogens that cause clinical or subclinical mastitis either 

in natural or experimental infections such as E. coli, Streptococcus uberis and S. aureus in 
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different animal species (Reinhardt et al., 2013; Huang et al., 2014; Smolenski et al., 2014; 

Thomas et al., 2016). While many studies have investigated the host defense response at the 

transcriptomic level of mammary epithelial cells during infection, few studies have focused on the 

proteome level especially in bovine milk during natural infection with S. aureus. To the best of our 

knowledge, this is the first study which presents a 2D map profiling the modulation of the milk 

whey proteome during natural infection with S. aureus utilizing 2D-DIGE coupled with LC-MS/MS 

analysis.  

 The 2D-DIGE technique is a robust quantitative method that allows direct comparison of spots 

between mastitic and healthy samples on the same gel, thus eliminating inter-gel variability. The 

DIGE workflow also provides a platform for relative quantitation of intact proteins that are 

differentially labeled with fluorescent dyes that improves the overall statistical reliability and 

sensitivity of protein differential expression.   

In the present study, we compared the proteomic profile of whey samples of 6 control cows with 6 

cows infected with S. aureus subclinical mastitis. With this proteomic approach we identified 28 

proteins in 22 spots differentially expressed in the mastitic versus the control group, all of which 

were upregulated. Because the mastitic samples were collected from animals naturally infected 

with S. aureus and the control samples were collected from different animals, intercow variability 

might have affected the expression levels of the detected proteins. This level of variability was 

also reported in other studies that examined the milk proteome during natural infections 

(Chiaradia et al., 2013;Danielsen et al., 2010). 
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Identification of serotransferrin and serum albumin in mastitic whey suggests that changes in 

vascular permeability results in a compromised barrier between milk and blood leading to 

exudation of serum proteins into the milk (Larsen et al., 2010). Previous proteomic studies 

reported that serotransferrin and serum albumin were elevated in response to other bacterial 

infections resulting in mastitis (Hogarth et al., 2004; Smolenski et al., 2007; Boehmer et al., 2008; 

Reinhardt et al., 2013). 

Some of the proteins which were differentially expressed in mastitic whey such as fibrinogen 

gamma-B chain and complement (C3) indicate the involvement of the complement and 

coagulation cascades. A recent study involving iTRAQ-proteomic analysis of mammary tissue 

from cows naturally infected with S. aureus indicated that clinical and subclinical mastitis might 

cause disturbances in coagulation due to fibrin accumulation and subsequent clot formation 

(Huang et al., 2014). Previously, complement C3 was identified in normal whey only (Yamada et 

al., 2002), however, in the present study it was identified in both mastitic and normal whey but 

with higher expression in mastitic samples. This is in agreement with other studies that reported 

the essential biological role of the complement cascade in innate immunity by eliciting 

chemoattraction and activation of leukocytes, opsonization and killing of pathogens (Rainard and 

Riollet, 2006; Boehmer et al., 2008; Ibeagha-Awemu et al., 2010; Reinhardt et al., 2013). 

Perhaps one of the most interesting findings in the current analysis was the identification of 

polymeric immunoglobulin receptor-like protein (PIgR) with higher abundance in mastitic whey.  

PIgR is a transmembrane glycoprotein which is expressed in many mucosal epithelium cell types 

including mammary epithelial cells (MECs) (Kaetzel, 2005; Stelwagen et al., 2008). Recently, 
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several studies showed that PIgR is one of the pattern recognition receptors (PRRs) which are 

expressed and activated through the MECs to respond to bacterial infection and so-called 

pathogen-associated molecular patterns (PAMP). PIgR plays an active role in transporting IgG 

into the lactating mammary glands and facilitates the translocation of IgA across the MECs. Once 

at the apical side of MECs, PIgR is cleaved to release IgA into the alveolar lumen which suggests 

that this receptor may contribute to bridging the innate and the adaptive immune response in 

MECs (Kaetzel, 2005; Murgiano et al., 2009; Ezzat Alnakip et al., 2014) 

The relatively high-abundance of different forms of casein (αS1-casein, αS2-casein, β-casein, κ-

casein) in the whey of mastitic animals was unexpected in this study in view of our efforts to 

partially deplete caseins to enrich low abundant whey proteins. As previous studies reported 

(Reinhardt et al., 2013; Chiaradia et al., 2013), the concentration of caseins decreases during 

mastitis while the whey proteins (β-lactoglobulin, and α-lactalbumin) may increase or decrease if 

the epithelial cells lost their synethetic functions due to tissue damage. The increase of caseins in 

the current analysis may indicate proteolysis due to activation of plasmin during infection, not an 

actual higher level of expression of caseins. (Danielsen et al., 2010; Larsen et al., 2010). 

The abundance of cathepsin B in the mastitic whey is compatible with previous studies which 

reported its increase in the milk of quarters infused with lipoteichoic acid (LTA) from S. aureus or 

infected with Streptococcus uberis (Larsen et al., 2004, 2010). It was demonstrated that 

intracellular granules of polymorphonuclear neutrophils (PMNs) contain several neutral and acidic 

proteases such as elastase and cathepsins B and G that have the ability to kill different mastitis 

pathogens (Ezzat Alnakip et al., 2014). Additionally, these proteases contribute to the elevated 
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SCC and the increased proteolysis of caseins during infection (Larsen et al., 2004; Zhao and 

Lacasse, 2008) 

Several protein spots were characterized as bovine serum albumin (BSA) in the mastitic whey in 

the current study. The multiple isoforms of the BSA which were detected on 2D gels have the 

same molecular weight (69 kD), however, they have different pI values similar to results 

demonstrated in a previous study (Chang et al., 2005). In contrast, another study reported that 

BSA isoforms were shifted in both molecular weight and pI in the mastitic whey due to E.coli 

infection (Boehmer et al., 2008).  A possible explanation for the abundance of multiple forms of 

BSA is proteolysis as result of trypsin digestion during sample preparation for MS analysis. 

The roles of apolipoproteins (APO) in lipid transport and as a component of high-density 

lipoproteins (HDL) have been well characterized (Scanu and Edelstein, 2008). Recently, many 

investigations revealed other roles for apolipoproteins especially APO A-I (APOA1) such as anti- 

inflammatory functions. This includes inhibition of neutrophil activation and suppression of 

inflammatory cytokine release following E.coli infection of the bovine mammary gland suggesting 

a role in modulating the immune response during mastitis (Boehmer et al., 2010a; Danielsen et 

al., 2010). The immune-modulatory functions of APOA1 were also reported during S. uberis and 

S. aureus mastitis but to a lesser extent (Ibeagha-Awemu et al., 2010; Smolenski et al., 2014).  In 

the current study, we observed that apolipoprotein-E (APO-E) was up-regulated in mastitic milk. 

Others have detected a high-abundance of APO-E in the cerebral spinal fluid of cows showing 

signs of BSE (Bendixen et al., 2011). However, the specific role of APO-E in inflammation 

particularly during mastitis requires further investigation.    
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In conclusion, increased knowledge of the host immune response to different mastitis pathogens 

is an essential prerequisite for the detection and diagnosis of subclinical mastitis. The results of 

the current study showed for the first time a 2D-DIGE analysis that elucidates the proteomic 

changes that occur in bovine milk infected with S. aureus. The majority of up-regulated proteins 

such as complement C3, serotransferrin, polymeric immunoglobulin receptor and fibrinogen 

gamma-B chain have relevant biological functions related to host defense and acute phase 

responses. These data provide information about biomarkers that could be validated and 

subsequently used in future studies for the detection of intramammary infection at subclinical 

stages. However, there were inherent limitations in the gel-based approach used in this study 

that resulted in the low number of proteins identified in our proteomic analysis. Possible reasons 

include insufficient separation of low-abundance proteins and acidic and basic proteins likely due 

to the high complexity and the high dynamic range of proteins present in bovine milk. Moreover, 

the limited sensitivity of SYPRO Ruby staining of preparatory gels made it difficult to pick all 

differentially expressed proteins identified on analytical 2D-DIGE gels. While the sample clean-up 

and fractionation methods used in this study allowed us to identify the overexpression of a 

considerable number of the low abundant whey proteins in mastitic samples, a more 

comprehensive shotgun tandem mass spectrometric approach to identifying protein biomarkers 

of subclinical mastitis will be explored in the next chapter.   
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4.1  Introduction 

Bovine mastitis is defined as inflammation of the mammary gland and is most often caused by a 

bacterial infection. The pathological lesions that follow infection of mammary tissues result in 

severe losses in milk production and deterioration of the physical and chemical composition of 

the milk (Halasa et al., 2007; Hogeveen et al., 2011). These losses are estimated to cost the 

Canadian dairy industry more than $300 million annually (Canadian Bovine Mastitis Research 

Network, CBMRN, 2008). This has a huge economic impact on the dairy industry and also raises 

the concerns of zoonotic disease transmission as well as the development of antimicrobial 

resistance (Barkema et al., 2006). Clinical mastitis is usually associated with visible local and 

systemic signs of inflammation of the udder and with abnormalities in the secreted milk such as 

watery consistency, milk clots, flakes or evidence of blood or pus. In contrast, subclinical mastitis 

lacks recognizable inflammatory manifestations, so the infected animals can go undetected, and 

the infection might advance to the chronic stage and become unresponsive to treatment. 

Subclinical mastitis also represents a serious problem to the dairy industry that accounts for 

approximately 70% of annual losses. Staphylococcus aureus bacteria is one of the most 

frequently isolated pathogens from persistent subclinical mastitis cases (Barkema et al., 2006; 

Hogeveen et al., 2011). Currently, the available procedures to detect subclinical intra-mammary 

infection with S. aureus  performed on milk have moderate specificity and sensitivity (Middleton et 

al., 2004; Verma and Ambatipudi, 2016). Therefore, there is a critical need to develop a test that 

detects early stages of subclinical mastitis that will allow for efficient treatment of diseased cows 

and minimize the spread of the infection throughout the herd. 
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The host-pathogen interaction is variable during the different stages of mastitis. The outcome of 

the infection, either elimination of the pathogen from the mammary glands or establishment of the 

infection, is strongly dependent on the host immune response (de Souza et al., 2012; Wellnitz 

and Bruckmaier, 2012). If bacteria gain access to mammary tissues by evading the teat 

anatomical barriers, a typical first line of host defense is activation of the innate immune response 

either by recognition of pathogen molecules or by upregulation of the local resident immune 

components in order to combat an invading pathogen. Changes in the expression levels of innate 

immune mediators and modulation of their pattern of expression could represent biomarkers of 

host response that predict early intramammary infection with specific pathogens. 

 Advances in proteomic technologies together with rapidly evolving bioinformatics tools allows for 

in-depth analysis of different fractions of the milk proteome especially the low abundant proteins 

some of which have host defense functions during mastitis (Boehmer et al., 2010b; Reinhardt et 

al., 2013; Smolenski et al., 2014). 

In the previous chapter we used the gel-based quantitative proteomics technique, 2D-DIGE, 

coupled with LC-MS/MS to identify alterations in the milk whey proteome during natural infection 

with S. aureus subclinical mastitis. A number of low abundant milk proteins such as PIgR, 

complement C3, fibrinogen gamma-B chain, cathepsin B and several proteins that are associated 

with different host defense biological functions were differentially expressed.  However, gel-based 

proteomic analysis has inherent limitations such as difficulty in separation of very high or low 

molecular weight proteins particularly in a complex biological sample such as milk proteins 

(Boehmer, 2011; Roncada et al., 2012; Thomas et al., 2016). Therefore, in order to perform more 
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accurate comprehensive analysis and to avoid the shortcomings of the gel-based approach, a 

bottom up or shotgun proteomic analysis was utilized.   

Accordingly, the aim of the current study was to profile and quantify the differential expression of 

whey milk proteins in cows with subclinical mastitis infected with S. aureus compared to healthy 

control animals. A further objective was to demonstrate the applicability of label-free 

quantification as an inexpensive and accurate alternative analysis to the labelling approach to 

identify biomarkers in clinical samples. As such, we have emphasized on the role of 

bioinformatics tools in connecting proteins to known biological functions and pathways. 
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4.2 Methods 

4.2.1 Sample collection 

 Quarter milk samples used in this study were collected from 11 dairy cows from the Livestock 

Research and Innovation Centre - Dairy Facility of the University of Guelph in Elora, Ontario. 

Cows were in mid- to late-lactation and ranged in age from 4 to 8 years. The cows were selected 

based on the results of clinical examination (absence of systemic and local signs) to exclude 

clinical mastitis. The use of all animals in this study was according to the guidelines of the Animal 

Care and Use Committee of the University of Guelph. All milk samples were visibly normal in 

gross appearance. Quarter milk samples (30 ml) were collected aseptically and brought 

immediately to the laboratory. According to the results of Somatic Cell Count (SCC) and bacterial 

culture, the samples were divided into two groups; a control group (n=5) which was 

microbiologically negative on duplicate culture for S. aureus with SCC of less than 2×105 cells\ml 

and no previous history of clinical mastitis in the last three months preceding the study. The 

second group (n=6) consisted of samples that were positive for S. aureus by culture with high 

SCC of more than 2×105 cells/mL. Milk samples for proteomic analysis were immediately mixed 

with a protease inhibitor cocktail (Sigma-Aldrich) to minimize proteolysis and kept at -80°C for 

further analysis. Microbiological analysis and SCC were performed within 24 hours of collecting 

the samples. 

4.2.2 Somatic Cell Count and microbiological examination 

SCC was determined using a commercial automated cell counter (DeLaval Cell Counter DCC, 

Sweden). The bacteriological analysis was performed according to standard procedures of the 
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National Mastitis Council (Harmon et al., 1990). Briefly, a loopful of each sterile quarter milk 

sample was plated on Columbia Blood agar (CBA) supplemented with 5% sheep red blood cells, 

incubated at 37°C and examined 24h and 48 h for evidence of bacterial growth. S. aureus 

bacteria were identified by culture characteristic on selective media, gram-staining and 

biochemical reactions (Atalla et al., 2008). 

4.2.3 Separation of whey proteins 

Whole milk samples were centrifuged at 3,000 × g at 4°C for 30 min to skim the milk and the fat 

layer was removed using a spatula. The remaining clear portion was then transferred to an 

ultracentrifuge tube (Beckman Coulter Thick wall polycarbonate) and centrifuged again in a 

Beckman Coulter benchtop ultracentrifuge (model LXL-TB-015BD) with a Swinging-Bucket Rotor 

(SW 32.1) at a speed of 45,000 × g at 4°C for 30 min. Casein micelles were pelleted in the 

sediment and the translucent supernatant forming the whey fraction was aliquoted in Eppendorf 

tubes and stored at -80°C for further analysis. The total protein concentration was assessed in 

the whey fractions using the BCA Protein Assay (BCA Protein Assay kit, Pierce™, 

ThermoFischer Scientific, Canada). 

4.2.4 In-solution trypsin digestion of whey proteins 

Ten µg of whey proteins in control and mastitic samples were dissolved in 20 µL of denaturation 

buffer (8M urea, 50mM Tris-HCl (pH 8). The following steps were carried out with incubation at 

room temperature and gentle shaking. Reduction of disulfide bonds was done by adding 0.2 µL of 

5 mM dithiothreitol in 50 mM of ammonium bicarbonate (pH 7.8) and incubation at 37°C for 1 

hour. Iodoacetamide (0.4 µL) was then added for the alkylation step to a final concentration of 15 
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mM and incubated for additional 30 minutes in the dark at room temperature. The reaction was 

diluted with three volumes of 50 mM Tris-HCl (pH 8) or 50 mM ammonium bicarbonate (pH 7.8) 

to allow for trypsin digestion. Finally, trypsin (Promega, product no. V5280) was added and 

incubated with the protein extracts overnight at 37°C. 

4.2.5 Liquid chromatography and tandem mass spectrometry (LC-MS/MS) 

Following trypsin digestion, peptides were separated by on-line reverse phase high pressure 

liquid chromatography and mass spectrometry (LC-MS), LTQ-Orbitrap Elite (linear ion trap-

orbitrap) hybrid analyzer outfitted with a nano-spray source and EASY-SPRAY 1200 split free 

nano-LC system (ThermoFischer Scientific). A 50 cm PepMap RSLC Easy-Spray column filled 

with 2 uM C18 beads were used in the HPLC. (ThermoFischer Scientific). The resultant peptides 

loaded at a pressure of 800 BAR, eluted over 0-120 minutes at rate of 250 nL/min using a 0-35% 

acetonitrile gradient in 0.1% formic acid. In the mass spectrometer, one full MS Scan (400-

1500m/z) was measured in the Orbitrap Elite with an automatic gain control (AGC) of 500000, 

max ion time of 200ms, one microscan, resolution of 240000.  Ten data-dependant MS/MS scans 

were performed in the linear ion trap using the 10 most intense ions at 35% normalized collision 

energy.  MS and MS/MS scans were done in parallel.  For MS/MS scans, AGC was 10000 with 

max ion injection time of 100 ms. Minimum ion intensity of 1000 was required to trigger MS/MS 

scan. Dynamic exclusion was applied with a maximum exclusion list of 500, with one repeat 

count and a repeat duration of 8 seconds and exclusion duration of 30 seconds. 
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4.2.6 Quantitative proteomic data analysis 

4.2.6.1 Protein identification and label free quantification. 

The raw MS/MS data from all samples were imported into a freely available computational 

proteomics platform, MaxQuant (version. 1.3.0.5) (Max-Planck-Institute of Biochemistry, 

Martinsried, Germany) for label-free relative quantification analysis. Proteins were identified using 

Bos taurus protein reference proteomes (UniProt Proteome ID:UP000009136; last modified 10 

May 2015) which were downloaded from the UniProt Knowledgebase and imported into the 

MaxQuant-integrated Andromeda search engine (Cox et al., 2011). Precursor mass accuracy of 

7 ppm and MS/MS accuracy of 0.5 Da were used during the main search. For identification and 

quantification, variable modification methionine oxidation and N-terminal acetylation and fixed 

modification cysteine carbamidomethylation were set for the search, and enzyme specificity was 

set for trypsin where a maximum of two missed cleavages of trypsin was allowed for searching. 

The false discovery rate (FDR) for peptide-spectrum match and protein identification was set to 

1% and was determined by using the reversed peptide sequences (target-decoy-search strategy) 

to account for any false matches. At least one unique or “razor” peptide was required for protein 

identification. The frequently observed contaminants were removed after being compared to the 

Bos taurus reference proteome and MaxQuant contaminant list, where proteins were assigned to 

Bos taurus such as keratin and serum albumin protein if they were of bovine origin. Following 

protein identification, the intensity for each identified protein was calculated using peptide signal 

intensities (MS1). Retention time alignment, label-free quantification, and MaxLFQ normalization 

were done as described in the MaxLFQ label-free quantification method (Cox et al., 2014). The 
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“match-between-runs” feature in MaxQuant was enabled to run the identification transfer protocol 

within the experimental replicates to extract the quantification information across the replicates 

(Cox et al., 2014; Tyanova et al., 2016). 

4.2.6.2 Statistical analysis. 

Perseus, version 1.4.1.3 (Max-Planck-Institute of Biochemistry, Martinsried, Germany), the freely 

available software was used to perform the statistical analysis where the LFQ protein intensities 

from the MaxQuant analysis were imported and transformed to a logarithmic scale with base two. 

To obtain the quantitative data for all of the peptides in the sample, peak intensities from the 

whole set of measurements were compared (Cox et al., 2009). The missing values were replaced 

with 20 which is the value of the lowest intensity to compensate for the low signals of the low 

abundant proteins. The statistical significance analysis and quantification were performed by two-

way Student-t test using Perseus software. All proteins with a fold-change of at least 1.5 and 

FDR-adjusted p <0.05 were considered differentially expressed proteins between the 

experimental groups. FDR-adjusted p <0.05 was corrected using the Benjamini–Hochberg 

multiple correction method. To further improve the visualization and the interpretation of the 

differentially expressed proteins, a heatmap was generated using Perseus software. 

4.2.6.3 Gene Ontology (GO) enrichment analysis 

To investigate the biological and clinical value of the identified differentially expressed proteins, 

further analysis was performed using enrichment and functional annotations analysis. Proteins 

were submitted to the Database for Annotation, Visualization and Integrated Discovery (DAVID) 
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v6.8 software with an updated knowledge base (http://david.abcc.ncifcrf.gov) (Huang et al., 

2009) 

4.2.6.4 Pathway and network analysis 

To evaluate the integration of differentially expressed proteins either through direct (physical) as 

well as indirect (functional) associations, we searched the STRING database for protein-protein 

interactions networks using the STRING v10.0 web-tool (Search Tool for the Retrieval of 

Interacting Genes/Proteins) (Szklarczyk et al., 2015). Also, we further identified and analyzed the 

enriched canonical pathways using ingenuity pathway analysis (IPA) software (QIAGEN, 

RedwoodCity, CA) (Kramer et al., 2014). 

http://david.abcc.ncifcrf.gov/
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4.3 Results 

Shotgun proteomic analyses of bovine milk whey proteins which involved trypsin digestion, 

separation of peptides by liquid chromatography (LC) coupled to MS/MS and label-free proteomic 

analyses revealed modulation of the milk proteome in cows infected with S. aureus and 

differential expression of proteins which are known to have host defense functions. Using 

MaxQuant software, the protein analysis identified a total of 240 proteins by searching the Bos 

taurus database of which 90 proteins were valid after removal of known contaminants (MaxQuant 

contaminant list). The criteria upon which the proteins were successfully identified included: 1% 

FDR, the detection of at least one unique or “razor” peptide, and abundance of the signal in at 

least four samples in each experimental group. The full list of identified proteins is presented in 

(Appendix Table 7.3.1). The LFQ analysis and statistical analysis using Perseus software 

resulted in the identification of 25 proteins that were differentially expressed among the identified 

proteins between the control and the mastitic groups. Table  4-1 shows the list of the differentially 

expressed proteins, 10 of which were significantly downregulated, and 15 were significantly 

upregulated (p <0.05) also at a FDR of 1%. The hierarchical clustering analysis of the identified 

proteins ( 

Figure  4-1) revealed two different clusters, one each for control and mastitis samples. One of the 

diseased samples (D6) was excluded from the clustering analysis due to weak peptides signal 

compared to the other replicates which may refer to early stage of the infection. 
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Table  4-1 Proteins significantly up-regulated or down-regulated by the presence of staphylococcus aureus 

identified by LC-MS/MS analysis in whey milk samples when compared to the control samples. 

UniProt 
ID

1
 

Protein name 

Student's t-test Unique 
peptides 

# 

Sequence 
coverage 

[%] 

Mascot 
Score  fold 

change 
p-value 

A)      Down-regulated proteins 

Q9XSG3 Isocitrate dehydrogenase 
-2.92 0.013 10 30.7 77.65 

Q4GZT4 ATP-binding cassette sub-family G member 2 
-2.33 0.004 12 22.9 225.73 

G5E5H7 Uncharacterized protein 
-2.18 0.009 3 80.9 82.9 

P80025 Lactoperoxidase 
-1.93 0.001 31 54.6 323.31 

Q0P569 Nucleobindin-1 
-1.84 0.014 15 44.7 323.31 

Q95122 Monocyte differentiation antigen 
-1.7 0.000 9 39.4 292.72 

P11151 Lipoprotein lipase 
-1.57 0.007 13 41.2 323.31 

Q9TUM6 Perilipin-2 (Adipophilin) 
-1.55 0.006 18 56.2 323.31 

P08037 Beta-1,4-galactosyltransferase 1 
-1.08 0.011 12 43.3 265.82 

P79345 Epididymal secretory protein E1 
-0.7 0.013 9 39.4 246.96 

B)      Up-regulated proteins 

P24627 Lactotransferrin (Lactoferrin) 
2.28 0.001 61 69.9 323.31 

P07688 Cathepsin B 
2.31 0.011 9 37 137.05 

Q2TBI0 Lipopolysaccharide-binding protein 
2.69 0.014 12 35.8 193.74 

G3MXB5 Uncharacterized protein 
2.7 0.002 5 25.5 90.66 

P30922 Chitinase-3-like protein 1 
3.97 0.01 16 53.5 323.31 

F1MYX5 Uncharacterized protein 
4.08 0.002 13 29.3 238.12 

G3X807 Histone H4 
4.09 0.003 6 53.1 52.09 
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P33046 Cathelicidin-4 (Indolicidin) 4.29 0.002 4 41.7 158.33 

Q1JPB0 Leukocyte elastase inhibitor (Serpin B1) 4.31 0.003 7 23.9 173.08 

P10096 Glyceraldehyde-3-phosphate dehydrogenase 5.17 0.003 8 34.2 187.73 

E1B6Z6 Uncharacterized protein 5.29 0.001 13 61 308.2 

P63258 Actin, cytoplasmic 2 5.46 0.002 9 69.1 199.37 

Q3ZBX9 Histone H2A.J 5.47 0.000 1 49.6 144.26 

Q2TBU0 Haptoglobin 6.45 0.002 17 49.1 250.99 

Q8SPP7 Peptidoglycan recognition protein 1 7.92 0.000 10 73.7 323.31 

1 UniProt identification entries of the listed proteins 
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Figure  4-1 Heat-map represents the hierarchical clustering analysis of the identified proteins and the 

proteins that were significantly up/down regulated. Data analysis was based on LFQ and was performed in 

Perseus software using 5 replicates of both control and mastitic groups. One mastitic sample was 

excluded from the clustering analysis. Columns represent samples; rows are individual proteins. Red 

indicates upregulated proteins and green indicates downregulated proteins. 
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Gene Ontology (GO) enrichment classification of the identified differentially expressed 

proteins according to specific biological processes demonstrated that 29.1% are involved 

in response to bacterium (GO: 0009617), 25% in regulation of cytokine production (GO: 

0001817), 20.8% in the innate immune response (GO: 0045087), 12.5% in the Toll-like 

receptor signaling pathway (GO: 0002224) and 8.3% in cellular response to lipoteichoic 

acid (GO: 0071223). The complete list of the GO terms that were enriched in the analysis 

is provided (Appendix Table  7.3.2).  To avoid redundancy of GO terms for biological 

processes and to highlight the most relevant biological functions in which the proteins were 

annotated, the direct GO option of DAVID was used at p <0.05 (Table  4-2) 

To investigate how the differentially expressed proteins interact with each other and how 

their functional interaction might affect their biological roles during the infection, we 

searched the STRING database for evidence of protein-protein interaction (PPI). The 

protein entry names of the differentially expressed proteins were mapped to Entrez gene 

identifiers and imported to the STRING website to obtain the interaction network analysis. 

This interaction network analysis resulted in enrichment of 12 proteins that are 

represented as nodes and numbers of edges are 9 as shown in Figure  4-2. The PPI 

enrichment p-value is 0.000273 with the application of a Fisher's exact test followed by a 

correction for multiple testing. Each PPI in the STRING database is assigned a confidence 

score that ranges between zero and one. The confidence score for our interaction network 

ranged from 0.526 to 0.951. The higher confidence score reflects the higher probability 

that the interaction is biologically meaningful given that it is supported by several types of 

evidence.  
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Table 4-2 Biological processes (BP) that were significantly enriched in differentially expressed proteins 

during S. aureus mastitis 

GO terms (biological processes) * Gene name p-value 

GO:0042742~defense response to bacterium Hp, LPO, CATHL4 0.0066 

GO:0031640~killing of cells of other organism PGLYRP1, CATHL4 0.0076 

GO:0071223~cellular response to lipoteichoic acid LBP, CD14, PGLYRP1 0.0091 

GO:0034145~positive regulation of Toll-like receptor 4 signaling pathway LTF, LBP 0.0136 

GO:0006953~acute-phase response Hp, LBP 0.027 

GO:0019731~antibacterial humoral response LTF, LPO 0.0314 

GO:0031663~lipopolysaccharide-mediated signaling pathway LBP, CD14 0.0417 

GO:0045087~innate immune response LBP, CD14, PGLYRP1 0.0459 

GO:0098869~cellular oxidant detoxification Hp, LPO 0.0461 

GO:0032760~positive regulation of tumor necrosis factor production LBP, CD14 0.0519 

* BP terms when direct option was used in DAVID to avoid the redundancy of the terms enriched at p <0.05 and 5% FDR  

LBP=Lipopolysaccharide-binding protein, CD14=Monocyte differentiation antigen, LTF=Lactotransferrin, CATHL4=Cathelicidin-4, 

HP=Haptoglobin, (PGLYRP1)=Peptidoglycan recognition protein 1, LPO= Lactoperoxidase 



Chapter 4 

84 

 

Figure 4-2 The protein-protein interaction network analyzed by STRING software. The nodes represent 

individual proteins enriched in the analysis and the edges reflect the functional association between 

proteins derived from different sources. LBP=Lipopolysaccharide-binding protein, CD14=Monocyte 

differentiation antigen, H4=Histone, H2AFJ=Histone H2A, LTF=Lactotransferrin, CATHL4=Cathelicidin-4, 

HP=Haptoglobin, IDH1=Isocitrate dehydrogenase, ABCG2=ATP-binding cassette sub-family G member 2, 

GAPDH=Glyceraldehyde-3-phosphate dehydrogenase, ACTG1=Actin cytoplasmic 2 and 

LCP1=Uncharacterized protein. 

To explore which canonical biological pathways are significantly enriched in our protein data set, 

IPA software was used to run the Canonical pathways and network analysis. Twenty-three 

differentially expressed proteins were found to be enriched in most of the pathways. Figure 4-3 
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Figure 4-3 Canonical pathways enriched in the differentially expressed proteins (n=25) during the infection with S. aureus. Each pathway is 

represented with a bar with the negative log of the p-value obtained by a Right Tailed Fisher’s Exact Test. The ratio is the proportion of proteins 

that were identified in the dataset. VDR/RXR = Vitamin D receptor, RXR = retinoid X receptor, LXR = liver X receptor, RXR = retinoid X receptor, 

NOS= nitric oxide synthase, IL = interleukin. 
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4.4 Discussion 

The objective of the current study was to characterize the changes of the bovine milk proteome 

during S. aureus subclinical mastitis and to identify key proteins as potential candidate 

biomarkers the levels of which are altered in subclinical mastitis. The overall goal is to apply 

these biomarkers to a diagnostic tool that could facilitate the development of more targeted 

therapies and prevention protocols. LC/MS-based quantitative proteomic analysis of milk whey 

protein samples from healthy and mastitic animals revealed significant changes in the expression 

of proteins in mastitic milk. This suggests that infection with S. aureus induces a host immune 

response that is reflected at the level of the milk proteome. Of the 90 proteins with altered 

expression, 25 are involved in well characterized host defense functions or inflammatory 

processes.  

In contrast to the other studies (Larsen et al., 2010; Kim et al., 2011; Reinhardt et al., 2013) that 

characterized altered protein expression during experimental S. aureus mastitis, our study 

investigated these alterations in samples collected from cows that were naturally infected with S. 

aureus. This approach provided the advantage of investigating the complexity of natural elicited 

immune responses during intramammary infection under field conditions. Identification of protein 

biomarker repertoires in milk affected by spontaneous mastitis is a biologically relevant approach 

as it reflects the natural ability of cows to respond to bacterial infection at the local tissue level, 

and therefore is an appropriate and valuable strategy for discovery of novel new diagnostic tests 

for subclinical mastitis. 
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Bioinformatics analysis revealed that several differentially expressed proteins can be divided into 

sub-categories of host defense biological functions. Haptoglobin (Hp) and lipopolysaccharide-

binding protein (LBP) function as acute phase proteins, while cathelicidin-4 (CATHL4), 

Peptidoglycan recognition protein 1(PGLYRP1), Lactoperoxidase (LPO), Lactoferrin (LF), histone 

proteins (histone H4 and Histone H2A) and Cathepsin B (CTSB) are well-known antimicrobial 

peptides (AMP). A third group functions as pathogen-recognition proteins including 

Lipopolysaccharide-binding protein (LBP), Monocyte differentiation antigen (CD14) and chitinase-

3-like protein 1(CHI3L1). The other differentially expressed proteins such as Lipoprotein lipase 

(LPL), Beta-1, 4-galactosyltransferase 1(B4GALT1), Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), Nucleobindin-1(NUCB1) and Actin (ACTG) have known metabolic or 

structural functions.   

The immune response in the mammary glands to different pathogens including S. aureus is a 

reflection of the inherent capability of the innate immune system to induce an integrative 

response to recognize, minimize and overcome intramammary infection. This response starts 

with recognizing the highly conserved motifs which are known as pathogen-associated molecular 

patterns (PAMPs) such as lipoteichoic acid (LTA), peptidoglycan (PGN) or lipopolysaccharide 

(LPS) which are the major components of the outer cell wall of gram-positive and negative-

bacteria respectively (Bannerman et al., 2004; Rainard and Riollet, 2006; Bannerman, 2009). The 

recognition of PAMPs occurs through pattern recognition receptors (PRRs) which include a family 

of Toll-like receptors (TLRs) that can recognize specific PAMPs. Additionally, LBP also plays an 

important role in recognizing bacterial LPS and LTA during E. coli and S. aureus mastitis 

(Bannerman et al., 2004; Whelehan et al., 2011). LBP delivers and facilitates the binding of 
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bacterial LPS or PGN to membrane bound CD14 (mCD14) or soluble CD14 (sCD14) to form a 

LBP-LPS-mCD14 complex. This complex is then recognized by TLR4 to induce an innate 

immune response to infection initiated by LPS or gram-negative bacteria. However, interaction of 

LBP with LTA or PGN of gram-positive bacteria and binding to mCD14 triggers a different innate 

immune response via TLR2 activation (Schröder et al., 2003; Rainard and Riollet, 2006; Ceciliani 

et al., 2012). Therefore, the observation that LBP was upregulated 2.7-fold in our study is 

consistent with known immune activities of LBP as one of the key host defense mechanisms that 

control mammary gland infection. However, we found that that CD14 was down-regulated, in 

contrast to another study in mastitic cows which reported elevated levels of CD14 either in serum 

or milk whey following IMI infection with S. aureus (Bannerman et al., 2004). Nonetheless, our 

observation is in agreement with another study which investigated the levels of CD14 in S. 

aureus or S. uberis bovine mastitic milk postpartum and concluded that low levels of CD14 levels 

might be an indicator of mastitis following calving (Kiku et al., 2010). LBP also plays an important 

role as a major positive acute phase protein which is synthesized in the liver and released into 

the general circulation or produced locally in the mammary glands in response to the induction of 

pro-inflammatory cytokines such as IL-1 and IL-6 (Bannerman et al., 2003; Suojala et al., 2008). 

Our results from PPI network analysis demonstrated the functional interaction between LBP and 

CD14 with a high confidence score (0.9). Moreover, GO analysis revealed their involvement in 

relevant biological processes such as cellular response to LTA (GO: 0071223), pattern 

recognition receptor signaling pathway (GO: 0002221) and positive regulation of cytokine 

production (GO: 0001819) (Table  4-2 & Appendix table 7.3.2). The other major positive APP that 

was upregulated in mastitic milk in our study is Hp. The validity of Hp as a diagnostic biomarker 
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of IMI has been evaluated in several studies which demonstrate that Hp is a sensitive marker of 

mastitis, especially when measured in milk, rather than in serum, with increases in excess of 100-

fold during earlier stages of IMI (Funmilola, 2015; Grönlund et al., 2003).  Hp was upregulated 

during acute mastitis caused by three different strains of S. aureus (Kim et al., 2011) or E. coli 

(Suojala et al., 2008) which suggests that Hp is a sensitive non-specific indicator of inflammation 

as it cannot discriminate between different pathogens. The main biological role of Hp are to bind 

to free Hb-derived iron to render it unavailable to bacteria, resulting in a bacteriostatic effect 

reducing bacterial growth and multiplication (Ceciliani et al., 2012; Thomas et al., 2015). 

Following IMI, macrophages produce pro-inflammatory cytokines predominantly IL-6, IL-1 and 

TNFα that elicit an acute phase response which stimulates the synthesis of Hp in the liver and 

locally in the mammary gland tissues. The other possible sources of Hp in milk during mastitis 

are somatic cells, predominantly neutrophils, or via leakage through the damaged blood-milk 

barrier (Grönlund et al., 2003; Thomas et al., 2015). Consistent with these previous findings, the 

IL-6 signaling pathway was one of the top canonical pathways significantly regulated in our 

results which emphasize its role in inducing APP production.   

The last group of host defense-related proteins identified in our data is the antimicrobial peptides 

(AMP). These are diverse proteins with antimicrobial functions which are produced by neutrophils 

and macrophages which infiltrate the mammary glands in response to IMI or produced from 

mammary epithelial cells (Rainard and Riollet, 2006; Stelwagen et al., 2009; Ezzat Alnakip et al., 

2014). Among the characterized AMP, expression levels of lactoferrin (LF), cathelicidin-4 

(CATHL4), peptidoglycan recognition protein-1 (PGLYRP1), cathepsin B (CTSB) and (histone H4 

and histone H2A) were upregulated. However, lactoperoxidase (LPO) was downregulated in 
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mastitic whey milk compared to controls. Similar to the bacteriostatic action of Hp, LF is 

recognized as an antimicrobial and bactericidal protein through its capability to sequester Fe 

which deprives the bacteria of this critical element required for growth and multiplication. The 

levels and patterns of LF expression during clinical or subclinical mastitis were investigated in 

earlier studies that found LF to be significantly increased in the milk from quarters infected with S. 

aureus or Streptococcus agalactiae (Hagiwara et al., 2003; Chaneton et al., 2008). Similarly, 

another study suggested that levels of LF expression are pathogen-specific since a significant 

expression of LF occurred during S. aureus and E.coli IMI whereas low levels of expression were 

noticed during S. uberis IMI (Chaneton et al., 2008). LF was identified and validated in a recent 

study as a putative diagnostic and prognostic biomarker in milk that enabled recognition of cows 

with high resistance to mastitis and other metabolic diseases versus another group of low 

resistance cows (van Altena et al., 2016). 

The role of LF in the innate immune response was shown in our GO analysis results in which LF 

was enriched in relevant biological processes such as antibacterial humoral response 

(GO:0019731) and positive regulation of innate immune response (GO:0045089). Moreover, the 

functional interaction between Hp and LF in chelating free iron that affects the growth of many 

pathogens in addition to their innate immune roles as acute phase effector proteins was 

demonstrated in our protein-protein interaction network analysis using STRING (Figure  4-2). 

CATHL4 is one of seven cathelicidin genes that have previously been identified in cattle and are 

produced or secreted from neutrophil cytoplasmic granules or mammary epithelial cells and have 

well characterized potent antimicrobial functions and proinflammatory activities. Our results 

indicated upregulation of CATHL4 in mastitic milk from cows infected with S. aureus subclinical 
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mastitis which has been reported in other proteomic studies (Boehmer et al., 2010a; Reinhardt et 

al., 2013; Smolenski et al., 2014). An interesting advantage of measuring CATHL4 as an 

inflammatory marker is that it is detected only in mastitic milk and not in the milk of healthy 

animals (Smolenski et al., 2011; Addis et al., 2016). The protein-protein interaction network 

analysis showed the interaction between LF and CATHL4 which confirms that they have a dual 

protective role as AMPs and key components of the innate arm of the immune system. 

Peptidoglycan recognition protein-1 (PGLYRP1) showed the highest fold change in the 

differentially expressed proteins in mastitic milk. PGLYRP1 is a conserved pattern recognition 

molecule, found mainly in polymorphonuclear leukocyte granules, that recognizes bacterial 

peptidoglycan and is bactericidal by inhibiting peptidoglycan synthesis (Boehmer et al., 2010b; 

Kashyap et al., 2011).  Lactoperoxidase (LPO) is an AMP that was previously reported as a 

biomarker of mastitis due its role as an innate immune effector molecule. However, LPO was 

downregulated in the current analysis of mastitic milk possibly due to decreased or limited 

expression by the low oxygen tension in milk as reported in another study of IMI with S. uberis 

(Rainard and Riollet, 2006; Thomas et al., 2016).    

The upregulation of histone proteins (H4 and H2A) in the mastitic milk was quite interesting 

because earlier studies characterized the antimicrobial functions of the histone proteins (Lippolis 

et al., 2006a).  Indeed, a recent study revealed that histone proteins contribute to the formation of 

neutrophil extra-cellular traps (NETs) formed by neutrophils in milk fat globule membranes 

(MFGM) in response to S. aureus mastitis (Lippolis and Reinhardt, 2008; Reinhardt et al., 2013). 

NETs are considered a unique mechanism adopted by the neutrophils to limit and kill the 
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bacterial invasion through the production of a web of DNA, histones and other antimicrobial 

proteins to trap and destroy the bacteria (Lippolis et al., 2006a). The observation that both H4 

and H2A were found in mastitic whey in our results is in contrast to the previous studies where 

they were detected in MFGM. This could be due to the ability of the milk neutrophils to ingest the 

milk fat which decreases their immune functions but not the formation of NETs (Lippolis et al., 

2006b). Additionally, it was suggested recently that the mammary epithelial cells might be 

contributing to the formation of NETs in addition to MFGM, however, this role still needs to be 

elucidated (Pisanu et al., 2015). Supporting the previous findings, our results from the PPI 

showed the interaction between H4 and H2A.  

To gather functional insights about the differentially expressed proteins, the enriched canonical 

pathways were investigated using IPA software.  The most significantly enriched pathways in our 

dataset were VDR/RXR activation, LXR/RXR activation, iNOS signaling, IL-6 signaling and acute 

phase response signaling as indicated in Figure 4-3. In VDR/RXR activation, the direct binding of 

vitamin D receptor (VDR) to its ligand 1, 25(OH)2D3 activates VDR which in turn interacts with 

retinoic X receptor (RXR) to form a heterodimer. This VDR/RXR heterodimer has 

immunomodulatory functions such as induction of antimicrobial peptides and promotion of 

bacterial cell killing functions of phagocytes (Nelson et al., 2010; Di Rosa et al., 2011). Similarly, 

the IL-6 signaling pathway is known as a main inducer of the acute phase response that 

stimulates the production of acute phase proteins such as Hp and LBP in the liver as well as in 

the mammary gland and other tissues (Rainard and Riollet, 2006; Thomas et al., 2015) 
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 Despite the observed similarity between the identified proteins in response to S. aureus IMI as 

shown in the current study and the host response trends of S. uberis and E. coli-dependent 

mastitis, the patterns and quantitative trends of the expressed proteins in the mastitic milk 

compared to healthy animals reflect the ability of S. aureus to modulate the host response and 

produce a moderate innate immune as reported in other studies (Bannerman et al., 2004; 

Reinhardt et al., 2013; Huang et al., 2014). This similarity may suggest that each pathogen 

activates common pathways during the initial immune response. 

As encouraging as these results are, a number of limitations led to identification of relatively low 

numbers of proteins particularly the high dynamic range due to the extreme complexity of milk as 

a biological fluid. Additionally, the inherent biological variability of the immune response in 

infected cows during naturally occurring mastitis contributed to the variable abundance of the 

identified proteins. 

Taken together, our data suggest that overexpression of host-defense related proteins represents 

modulation of the milk proteome during IMI with S. aureus. Quantitative proteomics using label-

free proteomic analysis allowed the detection of proteomic signatures that are characteristic to 

bovine subclinical mastitis and provided a more comprehensive identification of proteins of low- 

abundance and extreme low or high molecular weight that is usually missed using conventional 

gel-based approaches. Moreover, the bioinformatics analysis added an additional layer of 

information since the identified proteins were mapped to GO and KEGG databases to determine 

the significantly over-represented GO categories. Additionally, protein-protein interactions were 
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also investigated to provide insight into the possible functional biological connections between 

the overexpressed proteins. 

 



General Discussion 

95 

5 Chapter 5 GENERAL DISCUSSION 

Bovine mastitis is a multifactorial disease involving a complex relationship between the infecting 

pathogen, the host, and the surrounding environment. Mastitis is considered to be one of the 

most prevalent and costly diseases of dairy cattle. Huge economic and health consequences 

have been attributed to this disease which seriously affects animal welfare and the dairy industry.    

Clinical mastitis is usually associated with visible local and systemic signs of inflammation of the 

udder. In contrast, subclinical mastitis lacks recognizable inflammatory manifestations and often 

leads to persistent and chronic infections which represent a serious problem to the dairy industry 

accounting for approximately 70% of annual losses. Staphylococcus aureus is the most common 

contagious pathogen associated with bovine subclinical mastitis. Subclinical mastitis caused by 

S. aureus is characterized by intermittent shedding of the bacteria in the milk with fluctuations in 

the milk SCC during the infection which poses challenges for accurate diagnosis and early 

detection of the infection. One of the major limitations that make it difficult to apply control and 

management protocols to this disease is the lack of a rapid, definitive and pathogen-specific 

diagnosis. 

Recent remarkable advances in mass spectrometry-based proteomics have enabled 

characterization of changes in protein levels in complex biological samples, including the 

identification of individual proteins and the acquisition of quantitative information. This 

unparalleled analytical ability of mass spectrometry when combined with bioinformatics tools 

allow for the translation of large data sets into an understanding of complex biological processes 

and disease mechanisms. Therefore, in this thesis research we applied different mass 
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spectrometry-based proteomics approaches and bioinformatics platforms to investigate the 

hypothesis that differentially expressed milk proteins can be used as putative biomarkers for 

diagnosis of subclinical intramammary S. aureus infection.  To test this hypothesis, we had three 

objectives which are outlined in Chapter 1 and detailed in the appropriate chapters.  

The aim of Chapter 2 was to characterize variations in the composition of the whey proteome 

when establishing the optimal fractionation strategy to enrich the profile of low-abundance 

proteins in healthy and S. aureus mastitic milk samples. Milk samples were collected from seven 

healthy cows with SCC less than 200,000 cells/ml and S. aureus-negative bacterial culture. Four 

different fractionation methods including rennet coagulation, acid precipitation, phosphate buffer 

precipitation and high-speed ultracentrifugation were used to deplete caseins, major whey 

proteins (α-lactalbumin and β-lactoglobulin) and bovine serum albumin (BSA) and to separate 

low abundant proteins from the major milk proteins in whey fractions. Comparison of the four 

whey proteomic profiles revealed that none of the fractionation methods significantly depleted 

major proteins. This might be due to the low sensitivity of the Coomassie blue stain in identifying 

proteins in low concentration and the inherent limitations of 1D gel electrophoresis as had been 

suggested by other studies (Smolenski et al., 2007; Mansor, 2012). Consequently, the same 

samples were subjected to 2D gel electrophoresis with additional initial sample clean-up steps to 

improve the quality of the gels. Unfortunately, these changes failed to improve separation of 

major proteins or to identify low abundant proteins in whey samples. According to previous 

studies, the most likely explanation of the failure to detect low abundant proteins on 2D gels is 

that removal of major proteins such as BSA, which are known to bind and transport several 

proteins and molecules, that could lead to loss of these low-abundant proteins if a binding event 
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had occurred (Gundry et al., 2007).  Additionally, the reduction in skim milk pH due to acids or 

salt precipitation could also affect the solubility of proteins and hence their separation (Golinelli et 

al., 2011; Jensen et al., 2012).  

In view of the inability of these fractionation techniques to adequately extract and concentrate the 

low-abundance proteins, we concluded that excessive depletion and fractionation steps should 

be avoided in order to maintain the dynamic range of the milk proteome. This rationale is 

supported by the success of recent proteomic studies in identifying a larger number of low-

abundance proteins despite the lack of fractionation and clean-up steps (Boehmer et al., 2008; 

Reinhardt et al., 2013; Thomas et al., 2016). Therefore, we decided to process whey fractions of 

healthy and mastitic samples using low-speed ultracentrifugation to partially deplete casein 

protein and minimize protein losses. In addition, the extracted whey proteins were then separated 

by 2D-DIGE using gradient gels (10-20%) to enhance separation and resolution. Furthermore, 

labeling of proteins using fluorescent Cy-dye stains allowed the visualization of differentially 

expressed proteins with increased sensitivity.  

The establishment of a standard method to enrich the low abundant proteins and detect 

differential protein expression facilitated investigation of the influence of intramammary infection 

with S. aureus on the milk proteome described in Chapter 3. Use of increased numbers of 

healthy and mastitic milk samples separated by 2D-DIGE revealed differential protein expression 

that was evident between the healthy and mastitic milk samples. Semi-quantitative analysis using 

DeCyder software revealed that the levels of 22 spots were significantly altered in mastitic 

samples. LC-MS/MS analysis of the protein spots subsequently revealed a total 28 proteins that 



General Discussion 

98 

were significantly differentially expressed. Eleven of these proteins had host defense-related 

functions including complement C3, fibrinogen gamma-B chain, polymeric immunoglobulin 

receptor-like protein, serotransferrin, and cathepsin B. The biological relevance of these proteins 

to host-defense was confirmed following gene ontology and KEGG pathway analyses. While the 

discovery of these proteins in both normal and mastitic whey have been reported before, their 

identification using 2D-DIGE coupled with LC-MS/MS analysis provides, for the first time, a 

unique 2D map of the modulated milk proteome during S. aureus mastitis. The broader 

importance of these results is that the identified proteins, particularly those with host-defense 

biological functions, can be further validated as candidate biomarkers of mastitis. 

Many of the proteins that were identified in the current study were also identified in response to 

mastitis caused by other pathogens, either gram-positive (e.g. S. uberis) (Smolenski et al., 2014; 

Thomas et al., 2016) or gram-negative (e.g. E. coli) (Boehmer et al., 2008). This degree of 

concordance suggests that intramammary infection with different pathogens may activate 

common biological pathways.  

Using the 2D-DIGE approach to study differential expression of the milk proteome offered many 

advantages: I) co-separation of intact whey proteins of healthy and mastitic samples on the same 

gel eliminated inter-gel variability allowing for more accurate matching and quantitation of spots 

thereby reducing the bias of experimental variation, II) loading an internal pooled standard 

together with the healthy and mastitic samples allowed for normalization of all the proteins spots 

across the analytical gels which improved the statistical confidence, and III) the high sensitivity of 

CyDyes and their compatibility with mass spectrometry improved the detection and the 
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quantification of differentially expressed low-abundant proteins. However, there are inherent 

technical deficiencies of gel-based approaches such as poor resolution of proteins with high and 

low molecular weights as well as hydrophobic proteins. Additionally, co-migration of proteins with 

similar molecular weight and slightly different pI resulted in the identification of several proteins in 

a single spot which didn’t necessarily correlate with their actual expression values. These 

drawbacks posed several challenges on accurate identification and quantification of differentially 

expressed proteins. Therefore, the subsequent study was designed to compensate for these 

shortcomings. 

The study reported in Chapter 4 used a gel-free or shotgun approach to obtain a high-throughput 

and in-depth proteomic analysis of bovine milk whey.  Trypsin-digested whey proteins from 

healthy cows and cows infected with S. aureus subclinical mastitis were separated using reverse 

phase LC, followed by detection, sequencing and finally identification by mass spectrometry (LC-

MS/MS). This analysis resulted in the identification of 90 proteins in the samples with a 1% FDR 

and at least one unique or “razor” peptide. To deterimine the differential expression of the 

identified proteins,  label-free protein quantification using MS1 or a peak ion intensity approach 

was performed using MaxQuant software and statistical analysis using Perseus software resulted 

in differential expression of 25 proteins in mastitic whey compared to healthy whey. Non-gel 

quantitative proteomics using a label-free approach holds great potential for identifying and 

quantifying proteins with a better dynamic range without the need of multi-step labeling that could 

lead to problems with reproducibility and loss of target peptides. The involvement of differentially 

expressed proteins in several host-defense mechanisms were further revealed when results were 

mapped to GO and KEGG databases. In addition, statistical enrichment analysis determined 
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significantly over-represented GO categories such as antimicrobial, acute phase response and 

pathogen recognition functions. Moreover, Ingenuity pathway analysis identified several signaling 

pathways in which differentially expressed proteins were involved. 

Based on the current results from both gel-based and gel-free proteomic analyses, it could be 

concluded that due to the extreme complexity of intramammary infection and the nature of the 

host immune response, no single biomarker is likely to discriminate between healthy and mastitic 

cows. Additionally, no single biomarker is likely to enable the detection of subclinical or chronic 

stages of S. aureus mastitis with high sensitivity and specificity. The development of a clinical test 

that relies on detection of a panel of candidate biomarkers would significantly improve the 

potential for early diagnosis of subclinical mastitis. Therefore, four proteins were selected as a 

panel of candidate biomarkers for further validation experiments. These proteins are cathelicidin-

4, haptoglobin, cathepsin B and lactotransferrin. These proteins were chosen based on the 

specific inclusion criteria that they: I) be representative of different host defence biological 

functions and pathways, II) be up-regulated by more than two-fold in all the mastitic samples 

analyzed as identified by one or both proteomic analyses (2D-DIGE and LC-MS/MS) and III) 

have proven utility through previous proteomic studies as inflammatory markers during mastitis 

(Figure 5-1). Further verification of these proteins and validation of their relationship with mastitis 

can be performed using immunoassays such as ELISA or Western blotting with specific 

antibodies on a large number of samples.   

Based on the results of these studies, it can be concluded that the proteomic approach to 

identifying biomarkers of subclinical mastitis was challenging with a number of inherent difficulties 
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that need to be addressed to minimize their limitations. Some of these pitfalls include; lack of a 

complete bovine genomic database, challenges associated with data processing and analysis 

due to the huge quantity of acquired data and the high costs of running MS-based experiments.  

 

 

Figure 5-1. Schematic representations of the contribution of the differentially expressed proteins in our dataset, 

depicting their host defense functions during IMI with S. aureus. Highlighted proteins refer to the proteins that were 

selected as candidate biomarkers according to the previously discussed criteria.   
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Although the current study represents the first combined comparative proteomic analysis of milk 

samples from cows with subclinical mastitis naturally infected with S. aureus in comparison to 

healthy cows, further research is needed to investigate the modulation of the milk proteome 

across different time points at different stages of S. aureus subclinical mastitis. In addition, 

experimental infection would be a complementary approach to monitor the progress of the 

infection given the highly variable nature of the inflammatory response as had been observed 

even between quarters of the same cow. 

Taken together, the characterization of host defense proteins in whey using combined 

comparative proteomics approaches provided an increased knowledge and understanding of 

host-pathogen interactions. Moreover, the results strengthen the evidence that milk proteins 

perform significant host-defence functions during the course of S. aureus subclinical mastitis 

 The broader importance of these findings lies in proposing a panel of protein biomarkers that 

could prove useful in designing future experiments for validation and implementation of a rapid 

and reliable in-line (on farm) diagnostic test to detect early infection with S. aureus subclinical 

mastitis.  
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7 Appendices 

7.1 Chapter 1 Appendix 

7.1.1 2-DE buffers 

Cell lysis buffer with urea and thiourea 

-Tris (1M, not pH’d) 30 mM 3.0 mL 

-Thiourea (2 M)        15.22 g 

- Urea (7 M)               42.0 g 

-CHAPS (4% -w/v)   4.0 g 

pH to 8.5* and make up to 100 mL with distilled water 

Adjust to pH 8.5 on ice with dilute HCL. Small aliquots can be stored at –20 oC for up to 3 

months. 

Rehydration buffer stock solution with urea and thiourea 

-Urea (7 M)    10.5 g 

-Thiourea (2M)  3.8 g 

-CHAPS (2% w/v)  0.5 g 

Make up to 25 mL with deionized water, aliquot (1.5 ml) and store at -20 oC. Add DTT and IPG 

buffer just prior to use. 

SDS equilibration buffer 

-Tris-Cl (1.5M, pH 8.8) (75 mM)  15.0 mL 

- Urea (6M)         108.11 g 

- Glycerol (30% v/v)             90 mL 

- SDS (2% w/v)     6.0 g 

Make up to 300 mL with deionized water, separate in 10, 30 mL aliquots and store at –20 oC. 
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7.2 Chapter 2 Appendix 

7.2.1 GO enrichment analysis of milk proteins differentially expressed in control and 

infected cows with Staphylococcus aureus mastitis 

GO Term Count1 P-value2 

Molecular functions(MF) 

GO:0005515~protein binding 16 0.007 

GO:0042802~identical protein binding 4 0.007 

GO:0019825~oxygen binding 2 0.021 

GO:0008289~lipid binding 3 0.045 

GO:0008092~cytoskeletal protein binding 3 0.048 

Cellular components(CC) 

GO:0005576~extracellular region 15 0.000 

GO:0005615~extracellular space 6 0.000 

GO:0044421~extracellular region part 7 0.000 

GO:0032991~macromolecular complex 10 0.006 

GO:0043234~protein complex 7 0.0047 

Count
1 

= the number of genes enriched in the GO term using DAVID software        

P-value
2
= Absolute P-value where significantly (P ≤ 0.05) annotated proteins were considered. 
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7.2.2 KEGG pathway analysis of milk proteins differentially expressed in control and infected cows with 

Staphylococcus aureus mastitis 

 

Appendix Figure 1. Proteins mapping to KEGG pathway for Staphylococcus aureus infection. Highlighted boxes in red represent upregulated 

proteins in this pathway from dataset. These proteins are C3 (Complement C3), FGG (fibrinogen gamma chain) and IgG (immunoglobulin G). 

Green boxes represent other proteins enriched in this pathway.  
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7.3 Chapter 3 Appendix 

7.3.1 List of 90 proteins identified using LC-MS/MS in control and mastitic whey 

Protein 
ID 

Protein names Student's t-test (Mastitic vs Control) unique 
peptides 

Sequence 
coverage % 

   Fold change p-value    

Q3ZBX9 Histone H2A.J (H2a/j) 5.47 0.00 4 49.6 

P22226 Cathelicidin-1 (Bactenecin-1)  3.22 0.02 6 38.1 

A0JNP2 Secretoglobin family 1D member  -0.96 0.68 2 19.6 

A6QLL8 Fructose-bisphosphate aldolase  2.69 0.02 9 40.4 

A6QLZ7 Cysteine-rich secretory protein  0.02 0.99 11 36.1 

E1B6Z6 Uncharacterized protein 5.29 0.00 13 61 

P63048 Ubiquitin-60S ribosomal protein L40 -0.89 0.16 5 41.4 

G3X807 Histone H4 4.09 0.00 6 53.1 

E1BGX8 Uncharacterized protein -2.63 0.05 19 26.4 

F1MLW8 Uncharacterized protein 1.96 0.16 4 26.6 

F1MM32 Sulfhydryl oxidase (EC 1.8.3.2) 0.21 0.87 11 25 

F1MMW8 Serum amyloid A protein 3.46 0.02 5 34.4 

F1MVJ8 Uncharacterized protein 1.05 0.08 5 14.7 

F1MX50 Uncharacterized protein 1.45 0.30 5 40.7 

F1MYX5 Uncharacterized protein 4.08 0.00 13 29.3 

F1N6Y1 Uncharacterized protein -3.07 0.06 16 28.1 

F1N726 Uncharacterized protein -2.15 0.12 10 23.4 

F6R3I5 Uncharacterized protein 0.57 0.11 8 37.6 

G3MXB5 Uncharacterized protein 2.70 0.00 5 25.5 

G3MXR2 Uncharacterized protein -2.31 0.02 6 7.4 
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Protein 
ID 

Protein names Student's t-test (Mastitic vs Control) unique 
peptides 

Sequence 
coverage % 

G3MZ19 HRPE773-like (Uncharacterized 
protein) 

2.81 0.06 6 59.9 

G3MZ88 Uncharacterized protein -1.69 0.23 4 26.9 

G3N0V0 Uncharacterized protein 1.91 0.06 6 44.8 

G3N1R1 Uncharacterized protein 0.25 0.75 1 16.1 

G3N2D8 Uncharacterized protein -0.71 0.44 5 15.5 

G3N2H4 Uncharacterized protein 2.11 0.08 3 22.2 

G5E5H7 Uncharacterized protein -2.18 0.01 3 80.9 

G5E604 Uncharacterized protein 1.99 0.02 4 52.3 

G8JKW7 Uncharacterized protein 2.69 0.02 4 25.2 

M5FKI8 Pancreatic adenocarcinoma 
upregulated factor 

3.02 0.10 8 60.6 

O02853 Prostaglandin-H2 D-isomerase  5.26 0.02 6 54.5 

P01035 Cystatin-C (Colostrum thiol 
proteinase inhibitor)  -1.75 0.19 

5 56.8 

P01888 Beta-2-microglobulin (Lactollin) -1.52 0.22 5 57.6 

P02666 Beta-casein  0.76 0.12 7 45.5 

P02702 Folate receptor alpha (FR-alpha)  -2.03 0.16 10 59.3 

P07589 Fibronectin (FN) [Cleaved into: 
Anastellin] 

2.10 0.05 19 12.3 

P07688 Cathepsin B  2.31 0.01 9 37 

P08037 Beta-1,4-galactosyltransferase 1  -1.08 0.01 12 43.3 

P10096 Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH)  5.17 0.00 

8 34.2 

Q2NKV1 Angiogenin, ribonuclease, RNase A 
family -0.60 0.28 

6 38.5 

P10790 Fatty acid-binding protein -0.50 0.39 9 66.9 
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Protein 
ID 

Protein names Student's t-test (Mastitic vs Control) unique 
peptides 

Sequence 
coverage % 

P11151 Lipoprotein lipase (LPL) (EC 3.1.1.34) -1.57 0.01 13 41.2 

P12799 Fibrinogen gamma-B chain (Gamma') 0.86 0.50 9 31.1 

P15396 Ectonucleotide 
pyrophosphatase/phosphodiesterase  -2.98 0.03 

7 12.4 

P15467 Ribonuclease 4 (RNase 4)  -0.62 0.19 4 38.7 

P18892 Butyrophilin subfamily 1 member A1 
(BT) -0.88 0.02 

20 49.6 

P24627 Lactotransferrin (Lactoferrin) 2.28 0.00 63 69.9 

P26201 Platelet glycoprotein 4  -1.48 0.02 9 23.7 

P26779 Prosaposin (Proactivator 
polypeptide) 

-0.75 0.58 9 28.4 

P30922 Chitinase-3-like protein 1 (39 kDa 
whey protein)  

3.97 0.01 16 53.5 

P33046 Cathelicidin-4 (Indolicidin) 4.29 0.00 6 41.7 

P40673 High mobility group protein B2 1.32 0.02 4 27.3 

P50397 Rab GDP dissociation inhibitor beta  -0.69 0.63 9 27 

P54228 Cathelicidin-6 (Antibacterial peptide 
BMAP-27)  

1.53 0.08 5 41.1 

P63258 Actin, cytoplasmic 2 (Gamma-actin)  5.46 0.00 18 69.1 

P61585 Transforming protein RhoA (Gb) 
(p21) 

0.06 0.97 4 18.7 

P79121 Metalloproteinase inhibitor 3  -0.87 0.27 6 33.6 

P79345 Epididymal secretory protein E1  -0.70 0.01 9 53.7 

P80025 Lactoperoxidase (LPO)  -1.93 0.00 31 54.6 

P80177 Macrophage migration inhibitory 
factor (MIF)  

0.51 0.24 2 17.4 

P80195 Glycosylation-dependent cell -0.54 0.11 12 47.7 
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Protein 
ID 

Protein names Student's t-test (Mastitic vs Control) unique 
peptides 

Sequence 
coverage % 

adhesion molecule 1  

P80457 Xanthine dehydrogenase/oxidase  -0.48 0.33 51 49.8 

P81265 Polymeric immunoglobulin receptor 
(PIgR)  -0.25 0.52 

30 54.6 

Q0IIH5 Nucleobindin 2 (Uncharacterized 
protein) 

0.75 0.53 5 16.6 

Q0P569 Nucleobindin-1 -1.84 0.01 15 44.7 

Q0V8B6 Tripeptidyl-peptidase 1 (TPP-1)  0.67 0.38 5 16 

Q1JPB0 Leukocyte elastase inhibitor (LEI) 
(Serpin B1) 4.31 0.00 

7 23.9 

Q27960 Sodium-dependent phosphate 
transport protein 2B  -1.53 0.30 

6 14.3 

Q27968 DnaJ homolog subfamily C member 3  -3.50 0.04 4 14.9 

Q29451 Lysosomal alpha-mannosidase 
(Laman)  

-0.65 0.56 5 7.8 

Q2TBI0 Lipopolysaccharide-binding protein 
(LBP) 

2.69 0.01 12 35.8 

Q2TBU0 Haptoglobin (Zonulin) 6.45 0.00 17 49.1 

Q32KV6 Nucleotide exchange factor SIL1 -1.27 0.02 11 31.8 

Q3SYR8 Immunoglobulin J chain 
(Uncharacterized protein) 

2.15 0.09 2 15.9 

Q3SYV4 Adenylyl cyclase-associated protein 1 
(CAP 1) 

1.85 0.08 4 16.3 

Q3ZBZ1 45 kDa calcium-binding protein 
(Cab45)  

-1.09 0.39 7 22.8 

Q3ZCD0 CD81 antigen (CD antigen CD81) -2.69 0.08 2 16.5 

Q3ZCH5 Zinc-alpha-2-glycoprotein (Zn-alpha-
2-GP)  

-0.47 0.32 22 64.2 
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Protein 
ID 

Protein names Student's t-test (Mastitic vs Control) unique 
peptides 

Sequence 
coverage % 

Q3ZCJ8  Cathepsin C 1.75 0.08 6 19.9 

Q4GZT4 ATP-binding cassette sub-family G 
member 2  

-2.33 0.00 12 22.9 

Q5EAB4 Chitinase domain-containing protein 
1 

-2.27 0.11 6 23.2 

Q6R8F2 Cadherin-1 (Epithelial cadherin)  0.56 0.41 3 4.9 

Q71SP7 Fatty acid synthase -3.33 0.02 40 27.3 

Q8SPP7 Peptidoglycan recognition protein 1  7.92 0.00 10 73.7 

Q8WML4 Mucin-1 (MUC-1) -3.04 0.05 3 5 

Q95114 Lactadherin (BP47)  -0.32 0.31 30 60.7 

Q95122 Monocyte differentiation antigen 
CD14  

-1.70 0.00 9 39.4 

Q9MZ06 Fibroblast growth factor-binding 
protein 1 (FGF-BP)  

1.05 0.54 5 34.6 

Q9TUM6 Perilipin-2 (Adipophilin)  -1.55 0.01 18 56.2 

Q9XSG3 Isocitrate dehydrogenase [NADP] 
cytoplasmic (IDH)  

-2.92 0.01 10 30.7 

Q9XSJ4 Alpha-enolase  2.24 0.02 5 17.5 
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7.3.2 Complete list of biological processes GO terms  

Term1 Count* P-Value Genes** FDR*** 

GO:0042742~defense response 
to bacterium 

6 4.5E-06 512242, 280846, 280692, 
282305, 280844, 282166 

7.1E-03 

GO:0006952~defense response 10 5.9E-06 512242, 281048, 280846, 
280692, 282305, 281181, 
286869, 281781, 280844, 

282166 

9.3E-03 

GO:0009617~response to 
bacterium 

7 8.4E-06 512242, 281048, 280846, 
280692, 282305, 280844, 

282166 

1.3E-02 

GO:0051707~response to other 
organism 

8 2.4E-05 512242, 281048, 280846, 
280692, 282305, 280815, 

280844, 282166 

3.8E-02 

GO:0043207~response to 
external biotic stimulus 

8 2.5E-05 512242, 281048, 280846, 
280692, 282305, 280815, 

280844, 282166 

3.9E-02 

GO:0009607~response to biotic 
stimulus 

8 3.6E-05 512242, 281048, 280846, 
280692, 282305, 280815, 

280844, 282166 

5.7E-02 
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Term1 Count* P-Value Genes** FDR*** 

GO:0001816~cytokine 
production 

7 4.6E-05 512242, 281048, 280846, 
282305, 280838, 286869, 

280843 

7.3E-02 

GO:0051704~multi-organism 
process 

10 7.0E-05 512242, 281048, 281105, 
280846, 280692, 282305, 
281781, 280815, 280844, 

282166 

1.1E-01 

GO:0006954~inflammatory 
response 

6 2.3E-04 512242, 281048, 280692, 
282305, 286869, 281781 

3.7E-01 

GO:0002221~pattern 
recognition receptor signaling 

pathway 

4 3.0E-04 512242, 281048, 280846, 
282305 

4.7E-01 

GO:0006950~response to stress 12 3.1E-04 512242, 281048, 280846, 
280692, 281235, 282305, 
281181, 286869, 404122, 
281781, 280844, 282166 

4.9E-01 

GO:0002758~innate immune 
response-activating signal 

transduction 

4 3.3E-04 512242, 281048, 280846, 
282305 

5.2E-01 

GO:0050832~defense response 
to fungus 

3 3.3E-04 280846, 282305, 282166 5.2E-01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0098542~defense response 
to other organism 

6 3.4E-04 512242, 280846, 280692, 
282305, 280844, 282166 

5.4E-01 

GO:0001817~regulation of 
cytokine production 

6 3.5E-04 512242, 281048, 280846, 
282305, 280838, 280843 

5.5E-01 

GO:0002376~immune system 
process 

10 3.7E-04 512242, 281048, 280846, 
280692, 280691, 282305, 
540990, 281181, 281781, 

280844 

5.9E-01 

GO:0002218~activation of 
innate immune response 

4 3.9E-04 512242, 281048, 280846, 
282305 

6.2E-01 

GO:0034142~toll-like receptor 4 
signaling pathway 

3 7.0E-04 512242, 281048, 280846 1.1E+00 

GO:0009620~response to fungus 3 7.5E-04 280846, 282305, 282166 1.2E+00 

GO:0009605~response to 
external stimulus 

9 9.3E-04 512242, 281048, 280846, 
280692, 282305, 286869, 
280815, 280844, 282166 

1.5E+00 
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Term1 Count* P-Value Genes** FDR*** 

GO:0045089~positive regulation 
of innate immune response 

4 9.8E-04 512242, 281048, 280846, 
282305 

1.5E+00 

GO:0045088~regulation of 
innate immune response 

4 1.6E-03 512242, 281048, 280846, 
282305 

2.5E+00 

GO:0006955~immune response 7 1.6E-03 512242, 281048, 280846, 
282305, 540990, 281181, 

280844 

2.6E+00 

GO:0031663~lipopolysaccharide-
mediated signaling pathway 

3 1.7E-03 512242, 281048, 280846 2.6E+00 

GO:0002757~immune response-
activating signal transduction 

4 2.5E-03 512242, 281048, 280846, 
282305 

3.9E+00 

GO:0002764~immune response-
regulating signaling pathway 

4 3.0E-03 512242, 281048, 280846, 
282305 

4.7E+00 

GO:0031349~positive regulation 
of defense response 

4 3.3E-03 512242, 281048, 280846, 
282305 

5.1E+00 
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Term1 Count* P-Value Genes** FDR*** 

GO:0045087~innate immune 
response 

5 3.4E-03 512242, 281048, 280846, 
282305, 281181 

5.3E+00 

GO:0051240~positive regulation 
of multicellular organismal 

process 

7 3.6E-03 512242, 281048, 280846, 
280838, 286869, 281781, 

280843 

5.5E+00 

GO:0002526~acute 
inflammatory response 

3 3.8E-03 512242, 280692, 281781 5.9E+00 

GO:0002253~activation of 
immune response 

4 4.2E-03 512242, 281048, 280846, 
282305 

6.5E+00 

GO:0002224~toll-like receptor 
signaling pathway 

3 4.4E-03 512242, 281048, 280846 6.8E+00 

GO:0050896~response to 
stimulus 

17 4.7E-03 281048, 280692, 281235, 
281181, 404122, 280844, 

280843, 512242 

7.1E+00 

GO:0010876~lipid localization 4 5.0E-03 512242, 280981, 280815, 
280843 

7.7E+00 
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Term1 Count* P-Value Genes** FDR*** 

GO:0051239~regulation of 
multicellular organismal process 

9 5.3E-03 512242, 281048, 280846, 
280691, 282305, 280838, 
286869, 281781, 280843 

8.1E+00 

GO:0044403~symbiosis, 
encompassing mutualism 

through parasitism 

5 5.5E-03 512242, 281105, 280846, 
282305, 280815 

8.4E+00 

GO:0044419~interspecies 
interaction between organisms 

5 5.5E-03 512242, 281105, 280846, 
282305, 280815 

8.4E+00 

GO:0035821~modification of 
morphology or physiology of 

other organism 

3 5.7E-03 280846, 282305, 282166 8.7E+00 

GO:0032680~regulation of 
tumor necrosis factor 

production 

3 6.6E-03 512242, 281048, 280846 1.0E+01 

GO:1903555~regulation of 
tumor necrosis factor 

superfamily cytokine production 

3 6.9E-03 512242, 281048, 280846 1.0E+01 

GO:0042221~response to 
chemical 

10 7.2E-03 512242, 281048, 281105, 
280846, 280692, 281181, 
286869, 280844, 280843, 

536203 

1.1E+01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0071706~tumor necrosis 
factor superfamily cytokine 

production 

3 7.3E-03 512242, 281048, 280846 1.1E+01 

GO:0001819~positive regulation 
of cytokine production 

4 8.7E-03 512242, 281048, 280838, 
280843 

1.3E+01 

GO:1903707~negative 
regulation of hemopoiesis 

3 8.8E-03 280846, 280691, 282305 1.3E+01 

GO:0071223~cellular response 
to lipoteichoic acid 

2 9.1E-03 512242, 281048 1.3E+01 

GO:0070391~response to 
lipoteichoic acid 

2 9.1E-03 512242, 281048 1.3E+01 

GO:0071222~cellular response 
to lipopolysaccharide 

3 1.1E-02 512242, 281048, 280846 1.5E+01 

GO:0071219~cellular response 
to molecule of bacterial origin 

3 1.2E-02 512242, 281048, 280846 1.7E+01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0044281~small molecule 
metabolic process 

7 1.2E-02 281235, 281181, 281781, 
280815, 280844, 280843, 

536203 

1.7E+01 

GO:0050778~positive regulation 
of immune response 

4 1.2E-02 512242, 281048, 280846, 
282305 

1.8E+01 

GO:0034145~positive regulation 
of toll-like receptor 4 signaling 

pathway 

2 1.4E-02 512242, 280846 1.9E+01 

GO:0050663~cytokine secretion 3 1.4E-02 280838, 286869, 280843 2.0E+01 

GO:0006082~organic acid 
metabolic process 

5 1.5E-02 281235, 281181, 280844, 
280843, 536203 

2.1E+01 

GO:0044710~single-organism 
metabolic process 

10 1.5E-02 512242, 281105, 281235, 
281181, 286869, 281781, 
280815, 280844, 280843, 

536203 

2.1E+01 

GO:0071216~cellular response 
to biotic stimulus 

3 1.5E-02 512242, 281048, 280846 2.1E+01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0034143~regulation of toll-
like receptor 4 signaling 

pathway 

2 2.1E-02 512242, 280846 2.9E+01 

GO:0001818~negative 
regulation of cytokine 

production 

3 2.2E-02 512242, 280846, 282305 3.0E+01 

GO:0098581~detection of 
external biotic stimulus 

2 2.3E-02 512242, 282305 3.0E+01 

GO:0050776~regulation of 
immune response 

4 2.5E-02 512242, 281048, 280846, 
282305 

3.3E+01 

GO:0044116~growth of 
symbiont involved in interaction 

with host 

2 2.6E-02 512242, 282305 3.4E+01 

GO:0034123~positive regulation 
of toll-like receptor signaling 

pathway 

2 2.6E-02 512242, 280846 3.4E+01 

GO:0009595~detection of biotic 
stimulus 

2 2.6E-02 512242, 282305 3.4E+01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0044110~growth involved in 
symbiotic interaction 

2 2.6E-02 512242, 282305 3.4E+01 

GO:0044117~growth of 
symbiont in host 

2 2.6E-02 512242, 282305 3.4E+01 

GO:0031347~regulation of 
defense response 

4 2.6E-02 512242, 281048, 280846, 
282305 

3.5E+01 

GO:0065007~biological 
regulation 

19 2.7E-02 281048, 280692, 280691, 
281181, 404122, 618489, 
280981, 280843, 512242, 

3.5E+01 

GO:0006026~aminoglycan 
catabolic process 

2 2.8E-02 282305, 286869 3.7E+01 

GO:0031640~killing of cells of 
other organism 

2 2.8E-02 282305, 282166 3.7E+01 

GO:0044364~disruption of cells 
of other organism 

2 2.8E-02 282305, 282166 3.7E+01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0006810~transport 10 2.9E-02 512242, 281048, 280846, 
280838, 540990, 286869, 
280981, 280815, 280843, 

536203 

3.7E+01 

GO:0032496~response to 
lipopolysaccharide 

3 3.0E-02 512242, 281048, 280846 3.8E+01 

GO:0002366~leukocyte 
activation involved in immune 

response 

3 3.3E-02 512242, 282305, 540990 4.1E+01 

GO:0070887~cellular response 
to chemical stimulus 

7 3.3E-02 512242, 281048, 281105, 
280846, 281181, 286869, 

280844 

4.1E+01 

GO:0002263~cell activation 
involved in immune response 

3 3.3E-02 512242, 282305, 540990 4.1E+01 

GO:0010033~response to 
organic substance 

7 3.4E-02 512242, 281048, 281105, 
280846, 281181, 286869, 

280843 

4.2E+01 

GO:0002237~response to 
molecule of bacterial origin 

3 3.5E-02 512242, 281048, 280846 4.3E+01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0006869~lipid transport 3 3.6E-02 512242, 280981, 280815 4.4E+01 

GO:0006953~acute-phase 
response 

2 3.6E-02 512242, 280692 4.4E+01 

GO:0071702~organic substance 
transport 

7 3.6E-02 512242, 280838, 540990, 
286869, 280981, 280815, 

280843 

4.4E+01 

GO:0051234~establishment of 
localization 

10 3.7E-02 512242, 281048, 280846, 
280838, 540990, 286869, 
280981, 280815, 280843, 

536203 

4.5E+01 

GO:0044765~single-organism 
transport 

8 3.7E-02 512242, 280846, 280838, 
286869, 280981, 280815, 

280843, 536203 

4.5E+01 

GO:0002682~regulation of 
immune system process 

5 4.0E-02 512242, 281048, 280846, 
280691, 282305 

4.8E+01 

GO:0019731~antibacterial 
humoral response 

2 4.0E-02 280846, 280844 4.8E+01 
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Term1 Count* P-Value Genes** FDR*** 

GO:0019730~antimicrobial 
humoral response 

2 4.5E-02 280846, 280844 5.1E+01 

GO:0071310~cellular response 
to organic substance 

6 4.6E-02 512242, 281048, 281105, 
280846, 281181, 286869 

5.3E+01 

GO:0002684~positive regulation 
of immune system process 

4 5.0E-02 512242, 281048, 280846, 
282305 

5.5E+01 

Significant expressed whey proteins were considered for this table (expression ≥ 2 fold changes and p ≤ 0.05 expression change). 

 

 
1
 This table only included Biological Processes GO terms that were significantly overexpressed (p ≤ 0.05).  

* Number of genes enriched in this GO term 

** Entrez genes identification that are enriched in this GO term 

***
 Highlighted rows represent BP terms enriched at 5% FDR.  


