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ABSTRACT 

 

BIOACTIVE COMPONENTS IN COLOSTRUM AND MILK FROM CANADIAN 

HOLSTEINS CLASSIFIED AS HIGH, AVERAGE AND LOW IMMUNE RESPONDERS 

 

Kelly Roberta Fleming                                                                   Advisor: Dr. Bonnie A. Mallard 

University of Guelph, 2014 

 

  Whey proteins protective against mastitis-causing bacteria are present in bovine 

colostrum and milk. High immune response (HIR) cattle have more robust and balanced 

antibody-mediated (AMIR) and cell-mediated immune responses (CMIR) compared to Average 

(A) and Low (L) responders and have lower incidents of mastitis. The hypothesis of this research 

was that HIR cows have increased concentrations of anti-microbial constituents in mammary 

secretions compared to A or L responders. The objectives of the study were to quantify total 

immunoglobulin isotype G (IgG), β-lactoglobulin (β-LG) and lactoferrin in colostrum and milk 

from cows (n=108) with diverse immune response phenotypes. Results indicated that cattle High 

(H) for AMIR have significantly greater total IgG and β-LG in colostrum compared to A and L 

AMIR cows. Breeding for H AMIR cows that produce colostrum with increased concentrations 

of immunologically active components may provide a method to prevent disease in animals and 

humans.
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Introduction 

 
 The dairy industry ranks third in the Canadian agricultural sector, generating sales of 

$13.7 billion and representing 16.4% of the Canadian food and beverage sector (Doyle & Paul, 

2012). Previously, selection pressure in dairy cattle has primarily focused on production traits, 

while paying minimum attention to health status (Miglior et al., 2005) and this has been 

associated with increases in the incidence of disease in herds (Appuhamy et al., 2009). Increases 

in disease incidence may lead to decreased milk and colostrum quality and milk production, 

increased labour costs, increased treatment costs and increased culling costs (Zwald et al., 2006). 

One potential solution to improve the health of dairy cattle is identifying and breeding High 

immune response (HIR) cows that are reported to have lower disease incidence (Thompson-

Crispi et al., 2012b; Thompson-Crispi et al., 2013). 

 
Canada is home to more than 680 functional food and natural health product (NHP) 

companies, which generated $3.7 billion in sales in 2012 (Invest in Canada, 2012). The 

economic burden of human disease in Canada is substantial. Particularly, neoplastic, metabolic 

and infectious diseases in the human population are prevalent and of financial significance 

(Health Canada, 1998). Disease incidence has been associated with increased direct costs (due to 

increases in treatment, care and rehabilitation services), indirect costs (due to economic output 

loss resulting from illness, injury or premature death) and intangible costs (e.g. quality of life) 

(Health Canada, 1998). Optimistically, Canadian consumers have become interested in the 

health-promoting and potential disease prevention benefits of functional foods. This may be due 

to enhanced public education, increasing health care costs and an aging population (Agriculture 

and Agri-Food Canada, 2012). Therefore, the consumption of functional foods such as milk with 
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increased host defence molecules may provide one potential solution to improve the health of 

Canadians. The goal of the current study was to determine if cows classified as High (H) 

immune responders, based on the HIR technology, produce colostrum and milk with enhanced 

bioactivity. 

 
 Genetic solutions to improve dairy cattle health are promising and among these is the 

patented HIR test system (Mallard et al., 2011). The HIR test identifies cattle with balanced and 

enhanced levels of both cell-mediated (CMIR) and antibody-mediated (AMIR) immune 

responses compared to other cows within a herd (Wagter et al., 2000; Hernandez et al., 2005; 

Mallard et al., 2011). Previous research has shown that HIR cows have lower incidents of 

diseases including mastitis (Wagter et al., 2000; DeLapaz, 2008; Thompson-Crispi et al., 2013) 

compared to Average (A) and Low (L) responders. Further, HIR traits have been demonstrated 

to be moderately heritable (Wagter et al., 2000; Hernandez et al., 2006; Thompson-Crispi et al., 

2012a), suggesting that HIR traits are amenable to genetic selection. Therefore, selective 

breeding for HIR cows is expected to lead to decreased disease incidence in herds. It seemed 

reasonable to suggest for the current study that breeding for improved immune response based 

on estimated breeding values (EBVs) for AMIR and CMIR would be a genetic solution to 

increase concentrations of host defence molecules in colostrum and milk.  

 
A functional food may be similar in appearance to (or may be) a conventional food that is 

consumed as part of a usual diet and is demonstrated to have physiological benefits and/or 

reduce the risk of chronic disease beyond basic nutritional functions (i.e. they contain bioactive 

compound(s)) (Invest in Canada, 2012). Similarly, a nutraceutical is a product that is isolated or 
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purified from foods and sold in medicinal form (e.g. pill, lozenge, chewable tablet). 

Nutraceuticals also prevent chronic disease and/or provide physiological benefits. 

 
Bovine colostrum and milk are rich sources of bioactive components that are of 

increasing importance in sustaining and improving human and animal health (Pakkanen and 

Aalto, 1997; Severin and Wenshui, 2005; Michaelidou and Steijns 2006; Muehlhoff et al., 2013). 

Identified components include whey proteins such as β-lactoglobulin (β-LG), α-lactalbumin, 

lactoperoxidase, lactoferrin (LF), lysozyme and immunoglobulin (Ig). The whey fraction 

comprises 20% of total milk protein; the casein fraction comprises the majority (i.e. 80%) of 

total milk protein and is divided into β-casein, κ-casein, αs1-casein and αs2-casein. Other 

important components in milk include lipids (i.e. monounsaturated and polyunsaturated fatty 

acids), glycosphingolipids (i.e. gangliosides), complement components, acute phase proteins, 

cytokines and leukocytes.  

Anti-microbial peptides have also been discovered in bovine colostrum and milk (e.g. β-

defensins, cathelicidins and lactoferricin). Many peptides are cleaved by proteolytic enzymes 

during gastrointestinal digestion and microbial fermentation (Ricci-Cabello et al., 2012).  

 

Because HIR cows have significantly less disease (including mastitis), and bioactive 

components exert anti-microbial activities against mastitis-causing pathogens, it was 

hypothesized for the current study that HIR cows produce colostrum and milk with increased 

concentrations of bioactive components.  

Multiple components in bovine colostrum and milk were considered for investigation in 

this study. Total immunoglobulin isotype G (IgG), β-LG and LF were chosen since each is 

easily measurable, is immunologically active against mastitis-causing pathogens and has genetic 
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components that allow selective breeding to be feasible (i.e. the heritability of each component is 

greater than or equal to 0.10). The magnitudes of these heritabilities provide the potential to 

naturally improve the nutrition of foods by implementing selective breeding programs.  

 The hypothesis that HIR cows produce colostrum and milk with elevated levels of 

bioactive components compared to A and L immune responders was investigated by quantifying 

IgG, β-LG and LF concentrations in colostrum and milk of cows of differing AMIR and CMIR 

characteristics based on their EBVs.  
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Chapter 1: Literature Review 

1.1 Milk Components 
 

Water is the major fraction of milk (87%) and supplies hydration to newborn and adult 

mammals. Many nutritive aspects of milk are held in the protein (3.2%), lipids (4%), lactose 

(5%) and mineral salt (0.7%) fractions (Severin and Wenshui, 2005). All solid fractions supply 

dietary energy to the consumer. The protein fraction in bovine milk consists of approximately 26 

g/L of casein and 6.3 g/L of whey (Mills et al., 2011). The casein fraction can be broken down 

into α-casein, β-casein and κ-casein present at 13 g/L, 9.3 g/L and 3.3 g/L, sequentially. The 

whey fraction can also be broken down into β-LG (3.2 g/L), α-lactalbumin (1.2 g/L), Ig (0.7 

g/L), albumin (0.4 g/L), LF (0.1 g/L), lactoperoxidase (0.003 g/L) and lysozyme (0.0004 g/L), 

with the remaining 0.7g/L being miscellaneous (Mills et al., 2011). Many of these bovine milk 

components (e.g. β-LG, Ig, LF) have been shown to exert anti-micobial activities (Butler, 1983; 

Chaneton et al., 2011; Brock, 2012) and are present at peak concentrations in colostrum, 

indicating their importance in early neonatal development (Severin and Wenshui, 2005; Mills et 

al., 2011). Milk also contains functionally active peptides, which are cleaved from parent 

proteins by proteolysis (Gobbetti et al., 2004). They can be categorized based on their origin or 

activities such as anti-thrombotic, anti-hypertensive, opiod, casein phosphopeptides, 

miscellaneous, immunomodulatory and anti-microbial (Hayes et al., 2007). Oligosaccharides, 

glycoproteins and glycosphingolipids (e.g. gangliosides) (Severin and Wenshui, 2005; Leiter et 

al., 2008) containing immunologically active sialic acid residues as well as factors of the innate 

(e.g. macrophages, neutrophils, complement, acute-phase proteins) and adaptive immune system 

(e.g. lymphocytes) (Stelwagon et al., 2009) have been detected in milk. Although milk contains a 

plethora of beneficial elements, the remaining portions of this literature review focus on selective 
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whey proteins (i.e. LF, IgG and β-LG) in bovine colostrum and milk with known immunological 

significance. 

 
1.1.1 Lactoferrin & Lactoferricin 

 
i. Introduction 

 
Bovine LF is an 80 kDa iron-binding monomeric glycoprotein that is present in 

biological fluids such as bovine milk and is an important component of the innate immune 

system (Montreuil et al., 1960; Brock, 2012). The protein is released by bovine mammary 

epithelial cells (Kaminski et al., 2006) and neutrophils (Masson et al., 1969). Bovine LF, 

consisting of approximately 690 amino acids, has two homologous globular lobes (i.e. C and N 

lobes) that can be further divided into two domains each (i.e. C1, C2, N1, N2). One ferric ion 

binds between the two domains in each lobe and this iron sequestration partly accounts for 

functions performed by LF (Drago-Serrano et al., 2012). Peptides of LF can be released by 

enzymatic hydrolysis; bovine LF has been cleaved by porcine and cod pepsin to produce 

lactoferricin (Tomita et al., 1991), which is a cationic peptide motif located in the N1 domain of 

the parent protein (Bellamy et al., 1992). Bovine lactoferricin represents 25 amino acids of the 

690 amino acid parent protein (Drago-Serrano et al., 2012). 

 
ii. Profile in Bovine Milk and Colostrum 

 
Bovine LF concentrations have been reported to vary from 0.1 to 2.2 mg/mL in 

colostrum (Kehoe et al., 2007) and from 0.02 to 0.69 mg/mL in milk during late lactation 

(Turner et al., 2007) using an enzyme-linked immunosorbent assay (ELISA) (Bethyl 

Laboratories, Inc., Montgomery, Texas, USA). However, there are virtually no data on the 

variation of lactoferricin concentrations in colostrum and milk within and among breeds of dairy 
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cows. Cheng et al. (2008) showed that somatic cell count, stage of lactation, average daily 

milking, but not parity were significantly associated with LF concentrations in milk. Therefore, it 

is important to note that these factors may influence LF concentrations in mammary secretions. 

 
iii. Functions of Lactoferrin 

 
Early studies suggested that LF functions in transporting iron across the gut mucosa 

(Nagasako et al., 1993), however a recent review minimizes the role of LF in uptake of iron 

(Brock et al., 2012). Bovine LF is an important anti-microbial agent against viruses (Di Biase et 

al., 2003; Chien et al., 2008), parasites (Ochoa et al., 2008), fungi (Bellamy et al., 1993) and 

bacteria (Tomita et al., 1991; Lonnerdal and Lyer, 1995; Shin et al., 1998). Particularly, bovine 

LF has been shown to exert anti-bacterial activities against mastitis-causing pathogens (e.g. 

Escherichia coli, Staphylococcus aureus). Furthermore, bovine LF has been shown to exert anti-

inflammatory (Machnicki et al., 1993; Bertuccini et al., 2014) and anti-cancer (Sekine et al., 

1997; Tsuda et al., 2002; Tung et al., 2013) activities. Limited studies have evaluated anti-

parasitic activities of LF in vivo and the protein has not been examined in the context of H, A 

and L immune response dairy cattle. 

Lactoferrin is thought to execute anti-microbial activities by regulating microbial growth 

via iron deprivation and destabilizing membranes by binding to lipid A of lipopolysaccharide 

(LPS) of gram-negative bacteria (Drago-Serrano et al., 2012). It can also disrupt transmembrane 

electrochemical gradients by binding to lipoteichoic acid of gram-positive bacteria (González-

Chávez, et al., 2009). Further, it has been postulated that LF binds to heparin on host cells, 

preventing viral attachment (González-Chávez, et al., 2009). The protein can also neutralize free 

LPS, preventing it from initiating inflammatory responses. It does so by inhibiting LPS binding 
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to receptors including LPS-binding serum protein, soluble CD14 or membrane CD14 receptors 

(Drago-Serrano et al., 2012).  

In addition to LF’s extensive anti-microbial activities, this molecule has been shown to 

act as a transcription factor whose expression is downregulated in cancer (Mariller et al., 2012). 

Furthermore, bovine LF has been shown to exert ribonucleolytic activity towards yeast transfer 

RNA in a dose-dependant manner (Ye et al., 2000). 

 
iv. Functions of Lactoferricin 

 
Bovine lactoferricin is a 25 amino acid fragment of LF (Drago-Serrano et al., 2012) and 

exerts anti-bacterial (Bellamy et al., 1992; Wakabayashi et al., 1999; Yamauchi et al., 1993), 

anti-fungal (Bellamy et al., 1993), anti-parasitic (Tanaka et al., 1995), anti-viral (Andersen et al., 

2001), anti-tumor (Yoo et al., 1997; Iigo et al., 1999) and immunomodulatory (Brock, 1995; 

Levay and Viljoen, 1995) activities. The positively charged peptide is responsible for direct 

pathogen binding via anionic residues on pathogen membranes and cationic binding sites on LPS 

(Drago-Serrano et al., 2012). In greater detail, lactoferricin is amphipathic and may insert into 

pathogen membranes, promoting destabilization (Drago-Serrano et al., 2012).  

 
v. Clinical Research Supporting the Use of Bovine Lactoferrin in Humans 

 

 The main finding of all published studies in a recent meta-analysis conducted by Ochoa 

et al. (2012) was that bovine LF ingestion by children is safe. The meta-analysis also speculated 

that the most relevant biological activities of bovine LF include protection against neonatal 

sepsis and enteric pathogens in premature infants. There was also promising evidence to suggest 

that bovine LF use in infants may promote growth and reduce mortality.   
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1.1.2. Immunoglobulins 
 

i. Introduction 
 

Immunoglobulins provide humoral immunity to the host and are components of the 

adaptive immune system. Five different isotypes of Ig exist across species including IgA, IgM, 

IgD, IgE and IgG (Butler, 1983). Immunoglobulin molecules are monomeric (IgG, IgE, IgD), 

dimeric (mucosal IgA) and pentameric (IgM) glycoproteins. Monomers consist of two heavy and 

two light polypeptide chains linked by disulphide bonds. Each light chain contains one variable 

and one constant domain (VL, CL) and each heavy chain contains one variable domain as well as 

three to four constant domains (VH, CH1, CH2, CH3, CH4). Immunoglobulins contain functional 

regions. The Fab region contains two variable and two constant domains (VH, VL, CH1, CL); one 

antigen-binding site is located in each Fab region. The Fc region contains the remaining constant 

domains of the heavy chains and is critical for interaction with Fc receptors involved in 

phagocytosis and in IgG transport. Genes encoding the Fc region determine immunoglobulin 

class (Butler, 1983).  

 
ii. Profile in Bovine Milk and Colostrum 

 
 
Five Ig isotypes have been identified in bovine milk and colostrum including IgG1, IgG2 

(IgG2a and IgG2b [IgG3]; Rabbani et al., 1997), IgA, IgM, IgE (Butler, 1983). Phenotypic 

variation in IgG concentrations exists in bovine milk and colostrum. Concentrations of IgG1 

have been reported as 3,000-7,500 mg/dL in colostrum and 30-120 mg/dL in milk and 

concentrations of IgG2 have been reported as 190-400 mg/dL in colostrum and 3.7-6.0 mg/dL in 

milk (Butler, 1983). Total IgG represents the sum of IgG subclass 1 (IgG1) and IgG subclass 2 

(IgG2). In bovine colostrum, immunoglobulins comprise greater than 95% of total whey protein, 
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with IgG1 accounting for approximately 80% of these molecules (Butler, 1983). In bovine milk, 

IgG is also the predominant isotype of Ig, with IgA and IgM existing at low quantities. In 

contrast, human colostrum and milk consist of mainly IgA (Gapper et al., 2007). 

 
iii. Functions of Immunoglobulins 

 
 
 The suggested half-lives of IgG1 and IgG2 in calves are 17.4 and 22.4 days, respectively 

(Nielsen et al., 1978) and thus may provide protection against pathogens for weeks to months. 

Bovine IgG is also able to perform agglutination, opsonization, complement fixation and 

neutralization functions (Butler et al., 1983). It is also thought that IgG participates in intestinal 

immunosurveillance and defense of the mucosal lining (Dickinson et al., 1999; Rojas and 

Apodaca, 2002; Yoshida et al., 2004; Yoshida et al., 2006). 

 
iv. Importance of Immunoglobulins to Calf Health 

 
 

A newborn calf is almost devoid of serum Igs and depends on colostrum for humoral 

passive immunity (Kruse, 1970; Husband et al., 1972; Hancock, 1985). Adequate passive 

transfer of IgG is essential for protection against septicemia (Butler, 1983) and decreases the risk 

of diarrheal morbidity (Hancock, 1985). Diarrhea is the main cause of death of calves up to 14 

days of age (Brunning-Fann and Kaneene, 1992; Sivula et al., 1996). Greater concentrations of 

IgG have also been associated with less respiratory disease in calves (Furman-Fratczak et al., 

2011). Therefore, an adequate transfer of 4 L of 5,000 mg of IgG per dL of colostrum to the 

newborn calf is essential to prevent failure of passive transfer (FPT) (Weaver et al., 2000). 

Failure of passive transfer occurs when calves do not receive adequate quantities of colostral 

immunoglobulins (serum IgG concentration <1,000 mg/dL within 24 to 48 hours of age) 
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(NAHMS, 1996; Weaver et al., 2000). In a study by Besser et al. (1991) FPT was substantially 

reduced in calves that received greater than 100 g of IgG. Since enhanced colostrum quality may 

help reduce FPT and has been shown to be beneficial to the calf (Furman-fratczak et al., 2011), 

increased concentrations of IgG as well as other bioactive components within colostrum may 

lead to enhanced calf health and decreases in the risk of calf morbidity and mortality. 

 
v. Bovine Colostrum as a Natural Health Product for Humans 

 
 
Pregnant cows produce approximately 10-12 L of colostrum and it has been 

recommended that calves receive approximately 4 L of colostrum on average following birth 

(Butler, 1983; Godden et al., 2009).  Fortunately, 6-8 L of excess colostrum remains post-

calving. This surplus of colostrum could be used for NHP production for human use (i.e. 

supplements of whole colostrum or isolated components from colostrum in liquid, powder or pill 

form). It is important to note that bovine colostrum has been regulated by Health Canada as a 

NHP. 

 
vi. Clinical Research Supporting the Use of Bovine Colostrum and Colostrum Fractions in 

Humans 
 
 
 Clinical research supporting the beneficial effects of bovine colostrum and colostral 

fractions in humans exists (Struff and Sprotte, 2008). Firstly, Cesarone et al. (2007) showed that 

oral ingestion of chewable tablets containing defatted bovine freeze-dried colostrum by healthy 

patients lead to a three-fold decrease in the number of days with influenza compared to subjects 

that did not receive colostrum. Moreover, the incidence of complications and hospital admission 

of high-risk cardiovascular subjects who received influenza vaccination alone was higher 

compared to subjects receiving both vaccination and colostrum tablets. Secondly, in a  
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placebo-controlled, double-blinded, randomized cross-over study, colostrum low-molecular 

weight fraction treatment led to a rapid increase in blood monocyte and polymorphonuclear cell 

phagocytic activity compared to placebo (Jensen et al., 2012). Thirdly, patients given non-

steroidal anti-inflammatory drugs (NSAID) alone experienced a three-fold increase in gut 

permeability (marker of intestinal injury), whereas there was no significant increase in gut 

permeability when bovine spray-dried defatted colostrum was co-administered with NSAID 

(Playford et al., 2001). Therefore, bovine colostrum and colostral fractions may aid in decreasing 

influenza duration and associated complications, in stimulating the innate immune system and in 

preventing NSAID-induced gastrointestinal damage in humans.  

Bovine colostrum tablets are currently being manufactured and sold commercially in 

Canada and elsewhere. For example, The Saskatoon Colostrum Co. Ltd. (30 Molaro Place, S7K 

6A2, Saskatoon, ON) makes and sells Eterna Gold as a product for human use. Other distributers 

such as The Stone Store (14 Commercial Street, N1H 2T7, Guelph ON) and Nutrition House 

(1680 Richmond Street, N6G 3Y9, London, ON) carry products such as Sequel Colostrum 400 

mg tablets manufactured by Vega (101-3001 Wayburne Drive, V5G 4W3, Burnaby, BC) and 

Colostrum 500 mg capsules manufactured by NOW ® (244 Knollwood Drive, 60108, 

Bloomingdale, IL). 

 
vii. Immune Colostrum 

 
 

More recently, modern large-scale enrichment and isolation techniques have stimulated 

growth in the IgG product market. Current commercial IgG products are prepared using 

colostrum from non-vaccinated or immunized cattle (Mehra et al., 2006). After immunizing 

cattle, specific serum antibodies against pathogens that commonly infect humans (e.g. 
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Escherichia coli) are produced and transferred by the cow to colostrum. Colostrum containing 

bovine antibodies that recognize epitopes of human pathogens has been defined as “immune” 

(Gapper et al., 2007). Including bovine IgG from immune colostrum in products such as infant 

formula and other foods may help to protect humans against infectious disease. Cattle classified 

as H responders have been shown to have significantly higher concentrations of antibodies in 

colostrum in response to immunization compared to A and L responders (Wagter et al., 2000).  

 
viii. Experimental Evidence Supporting the Use of Bovine IgG in Humans 

 
 
 Clinical research supporting the use of bovine IgG from non-vaccinated and immunized 

cattle in humans should be highlighted. Firstly, Sarker et al. (1998) showed that children who 

consumed an Ig fraction from bovine colostrum containing 78% total IgG from immunized cattle 

against four serotypes of human rotavirus cleared rotavirus from the stool earlier compared to 

children who consumed placebo treatment. These children also had less frequent bowel 

movements and less daily as well as total stool output compared to children who did not receive 

immunoglobulins. Consumption of formula containing hyper-immune concentrates of bovine 

IgG specific for multiple strains of Escherichia coli by healthy infants resulted in a significantly 

lower incidence of diarrhea, shorter duration of diarrhea episodes and greater weight gain during 

follow-up periods compared to infants that received non-supplemented formula (Tawfeek et al., 

2003). In adults, oral administration of blood-derived bovine IgG from non-vaccinated cattle 

significantly decreased total cholesterol and low-density lipoprotein levels from baselines 

(Earnest et al., 2005).  
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1.1.3 β-Lactoglobulin 
 

 
i. Introduction 

 
β-Lactoglobulin is an 18 kDa protein that accounts for 50% of the protein fraction in 

bovine milk whey and 10% of the total protein fraction in bovine milk (Creamer and Sawyer, 

2003). Although β-LG has not been assigned a clear function, previous studies have suggested 

that β-LG is a hydrophobic molecule transporter and can be classified in the lipocalin 

superfamily (Papiz et al., 1986; Flower et al., 2000). 

 
ii. Structure 

 
The 18 kDa whey protein is approximately 162 amino acid residues in length, containing 

two disulfide bonds (Hambling et al., 1992). It exists predominantly as a dimer, but has been 

shown to dissociate into monomers at pH values below 3 (Uhrinova et al., 2000). One retinol 

molecule has been shown to bind each monomer of β-LG (Futterman et al., 1972). As a dimer at 

neutral pH, β-LG contains a central calyx or β-barrel sub-structure that is responsible for ligand 

binding to a wide variety of molecules (Kontopidis et al., 2004). The literature lacks evidence 

supporting the binding of IgG to β-LG in bovine milk. Future research in this area may provide 

insight regarding β-LG as an Ig transport molecule. 

 

iii. Profile in Bovine Milk and Colostrum 

 
Although β-LG is absent in human, rodent and lagomorph milk, mean concentrations of β-

LG in bovine colostrum and milk have been reported as 8.0 and 3.3 g/L, respectively (Korhonen 

and Pihlanto, 2003). The concentration of β-LG has been shown to vary throughout lactation. 
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Low levels of β-LG are expressed throughout the dry period (Aslam et al., 1994). It is greatest in 

colostrum, but then reaches a relatively constant concentration approximately two weeks post-

partum (Pérez et al., 1990).  

 

iv. Functions of β-Lactoglobulin 
 
 

Although researchers have speculated that β-LG functions in the transport and uptake of 

hydrophobic molecules, enzyme regulation and passive immunity, the primary function of β-LG 

has yet to be determined (Kontopidis et al., 2004).  

From an immunological perspective, β-LG has been shown to inhibit the growth of the 

mastitis-causing pathogens Staphylococcus aureus and Streptococcus uberis in a concentration-

dependant manner (Chaneton et al., 2011). It has been shown that β-LG has anti-viral (Superti et 

al., 1997) and anti-cancerous (reduced proliferation of human melanocytes in vitro; Nakajima et 

al., 2006) activities as well as reduces pathogen adhesion (Ouwehand et al., 1997). Perez et al. 

(1992) have identified fatty acid binding sites on β-LG and Kushibiki et al. (2001) have shown 

that β-LG enhances intestinal uptake of retinol, triglyceride, and long-chain fatty acids in pre-

ruminant calves. Furthermore, upon combination with 3-hydroxyphthalic anhydride, 3-

hydroxyphthaloyl- β-LG may act as an inhibitor of human HIV-1 infection (Neurath et al., 

1997a; Neurath et al., 1997b).  

In addition to the beneficial effects of the intact protein, proteolytic fragments of β-LG 

have been shown to have bioactive properties. In particular, four different anti-bacterial peptides 

generated by trypsin hydrolysis of bovine β-LG have been reported and shown to be bactericidal 

against gram-positive bacteria (Pellegrini et al., 2001).  
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v. Experimental Evidence Supporting the Use of β-Lactoglobulin in Humans 
 

 
In vivo evidence supporting the anti-microbial properties of β-LG is scant. Since its anti-

microbial activities in vitro are promising, in vivo research should be undertaken. 

 
 
1.2  Bioactive Component Survival and Absorption in the Gut 
 
 

i. Lactoferrin & Lactoferricin 
 
 
 There is evidence suggesting that bovine LF partially survives enzymatic digestion in the 

human gastrointestinal tract. Troost et al. (2001) have reported that following oral administration 

of bovine LF to healthy adults, 60-80% of the protein remains intact after passage through the 

stomach. Partial digestion of LF may be beneficial for the host since lactoferricin fragments have 

been shown to exert more potent bioactivities than the parent protein in vitro (Bellamy et al., 

1992; Yamauchi et al., 1993). Interestingly, Kuwata et al. (1998) found fragments containing the 

lactoferricin domain in stomachs of adults following ingestion of bovine LF, suggesting that the 

stomach is the site of peptide cleavage.  

 Future research is needed to determine if humans absorb bovine LF from the 

gastrointestinal tract. In any case, LF has been shown to directly bind to iron, pathogens and free 

LPS (Drago-Serrano et al., 2012), suggesting that this protein can exert anti-microbial effects 

within the lumen of the gastrointestinal tract regardless of absorption into the blood.  

 There is also evidence to suggest that bovine LF survives enzymatic degradation in the 

gut and is absorbed into the circulation of newborn calves since studies have shown steep 

increases in calf serum LF concentrations after colostrum feeding (Lakritz et al. 2000; Talukder 

et al., 2003; Dawes et al., 2004; Muri et al., 2005; Schottstedt et al., 2005) compared to serum LF 
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concentrations prior to feeding. However, Talukder et al. (2003) showed that plasma LF 

concentrations decreased gradually from the time of colostrum consumption to two weeks 

postpartum, suggesting that LF only enters the circulation prior to gut closure. Additionally, it is 

unclear whether LF is produced by cells in the gut upon stimulation with colostrum components. 

 Moreover, there is virtually no evidence of where in the calf gastrointestinal tract LF is 

cleaved to release lactoferricin or how or whether lactoferricin is absorbed from the 

gastrointestinal tract of humans or calves. 

 
ii. Immunoglobulins (IgG) 

 
 
  Limited literature supports survival of bovine IgG in the human gastrointestinal tract. 

However, a study that measured total bovine IgG and hyper-immune bovine IgG specific for 

Clostridium difficile toxins in fecal samples of humans who consumed hyper-immune bovine 

IgG concentrates suggested that bovine IgG survives gastric, pancreatic and intestinal enzymatic 

digestion (Kelly et al., 1997). Furthermore, stool samples retained neutralization activity against 

Colostridium difficile toxins A and B, in vitro. This suggests that bovine IgG remains 

immunologically active in the human gut post gastric insult. However, Ober et al. (2001) showed 

that human, rabbit and guinea pig but not bovine IgG binds to the human neonatal Fc receptor 

(FcRn). This suggests that bovine IgG is not absorbed into systemic circulation in humans and 

thus must perform its activities in the gastrointestinal tract.  

In contrast, bovine IgG as well as other important molecules are non-selectively 

transferred to the circulation of the calf upon colostrum consumption at birth. This uptake is 

transient however, since absorption of components ceases by 24-36 hours post-calving (i.e. gut 

closure) (Staley and Bush, 1985).  



  18 

iii. β-Lactoglobulin 

 
It has previously been shown that β-LG is stable at low pH values due to two stabilizing 

disulfide bonds present in its tertiary structure (Papiz et al., 1986). Since the environment of 

the human stomach and small intestine are highly and moderately acidic, respectively, it is 

probable that some β-LG remains intact in the gastrointestinal tract.  

With respect to the absorption of β-LG, a study by Lovegrove et al. (1993) showed that 

β-LG was absorbed into the serum of human subjects in a biphasic pattern. Furthermore, there 

is evidence to suggest that consumption of bovine milk leads to the presence of β-LG in the 

milk of breast-feeding mothers (Fukushima et al., 1997). These two studies suggest that β-LG 

is taken up into the circulation in humans. 

Kilshaw and Slade (1980) showed that β-LG is also absorbed into the calf circulation 

after milk consumption beginning at 6-8 weeks of age, but in small amounts. However, 

colostral β-LG is absorbed within the first 24 hours of life via passive transfer and thus has the 

opportunity to exert its anti-microbial activities during this time.  

 

 
1.3 Effects of Heat Treatment on Bioactive Component Functionality 
 
 
 It is important to consider the effects of heat treatment on bioactive components, since 

milk must undergo pasteurization (e.g. 63°C for 30 minutes, 72°C for 15 seconds) to be sold in 

Canada. A study by Abe et al. (1991) showed that LF is stable against heat treatment under 

acidic conditions, but is denatured at neutral pH. Immunoglobulins are subject to conformational 

changes (Calmettes et al., 1991) and reductions in antigen-binding activity (Dominguez et al., 

1997) upon exposure to heat. Specifically, the detection of isolated bovine IgG was reduced by 
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40% and 100% upon exposure to temperatures of 75oC and 95oC for 5 and 15 minutes, 

respectively (Chen and Chang, 1998). Thermal defendants such as sugar or glycerol can increase 

isolated bovine IgG’s stability to heat treatment (Chen and Chang, 1998) and high-pressure 

processing is a non-thermal method of microbial and enzymatic inactivation (Balasubramaniam 

et al., 2004). A study by Iametti et al. (1995) showed that heating β-LG at neutral pH at 

temperatures greater than 60oC results in irreversible modifications to its tertiary structure. 

Nevertheless, a study by Nacka et al. (1998) showed that glycation with glucose, mannose and 

galactose improved the stability of β-LG when exposed to heat. Furthermore, glycating β-LG 

with ribose and arabinose has been shown to enhance the anti-oxidant properties of the protein 

via stimulating scavenging activity (Chobert et al., 2006). Overall, although LF, Igs and β-LG 

are affected by heat, alternative strategies exist and may preserve the beneficial functions of 

these bioactive proteins. 

 

1.4 Milk Hypersensitivity 

 
 Milk hypersensitivity can be attributed to lactose and protein in milk (Muehlhoff et al., 

2013). Lactose, a disaccharide composed of glucose and galactose, is the principal carbohydrate 

in milk. Lactase is required to digest lactose into its simple sugars for absorption in humans 

(Muehlhoff et al., 2013). Lactase non-persistance occurs when adults are deficient in lactase; this 

leads to intact lactose molecules arriving at the lower bowel where they are fermented by 

microorganisms (Muehlhoff et al., 2013). The residual gases including methane, carbon dioxide 

and hydrogen are responsible for bloating, flatulence and abdominal pain (Muehlhoff et al., 

2013). Although rarely life threatening, lactose intolerance is associated with discomfort and 
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decrease quality of life (Heyman et al., 2006). Lactose maldigestion increases with age 

throughout adulthood (Goulding et al., 1999). 

Oppositely, allergy to milk protein is one of the most common food allergies in 

childhood (Monaci et al., 2006), however it is often outgrown by age 5. The incidence of allergy 

to bovine milk proteins occurs 2-6% on a global scale (Fiocchi et al., 2010). Although an allergic 

reaction may occur to any protein in milk, cow’s milk allergy is most often associated with β-LG 

and casein (Muehlhoff et al., 2013). Cow’s milk allergy is generally an IgE-mediated reaction 

and may cause gastrointestinal (vomiting, diarrhea), respiratory (rhinitis, asthma, cough) and 

dermatological (atopic dermatitis, urticaria, angioedema) symptoms (Muehlhoff et al., 2013). In 

rare cases, it can also cause anaphylaxis. Cerecedo et al. (2008) also showed that human IgG4 

recognizes bovine β-LG epitopes and is involved in milk allergy. Avoidance of all foods 

containing bovine milk proteins is required to prevent cow’s milk allergy (Fiocchi et al., 2010).  
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ABSTRACT 

The objective of this study was to evaluate variation in total immunoglobulin isotype G 

(IgG) concentrations by radial immunodiffusion (RID) in colostrum and milk from Canadian 

Holsteins classified as having High (H), Average (A) or Low (L) antibody-mediated (AMIR) or 

cell-mediated immune responses (CMIR) based on their estimated breeding values. Cows 

(n=108) had previously been tested and classified based on the magnitude of their immune 

responses using a standardized immune response test system. In this study, colostrum and milk 

samples were collected on d 0 and 5 relative to calving, respectively. Results indicate that cows 

classified as H for AMIR have significantly (P<0.05) higher total IgG concentrations (mean = 

7,451 mg/dL) in colostrum compared to A (mean = 4,979 mg/dL) and L (mean = 5,852 mg/dL) 

immune responders, with H AMIR cows having 2,472 mg/dL and 1,599 mg/dL more IgG than A 

and L responders, respectively. However, there were no significant differences with respect to 

IgG concentrations in milk among AMIR cows. Total IgG concentrations in colostrum and milk 

did not differ significantly among cows classified as H, A or L for CMIR. Based on these 

findings, breeding cows for H AMIR status may enhance passive transfer of IgG to their calves 

contributing to their health in the neonatal period. Colostrum from H AMIR cows may also serve 

as an economical feedstock source for natural health product manufacturing for human or animal 

use. 

 

Key words: bioactive component, immunoglobulin, immune response, milk quality 
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INTRODUCTION 

Optimal dairy cattle health is important for high quality milk production. Previously, 

selection objectives in dairy cattle have primarily focused on production traits, while paying 

minimum attention to health status and this has been associated with disease (Zwald et al., 2004; 

Miglior et al., 2005). Disease has resulted in economic losses due to decreased milk quality, 

colostrum quality and milk production, discarding of milk, increased labour costs, increased 

veterinary treatment costs and increased culling (Zwald et al., 2006). Disease within herds has 

also raised concerns regarding food safety, food quality and animal welfare (Rupp et al., 2007). 

One potential solution to improve the health of dairy cattle is identifying and breeding High 

Immune Response (HIR) cows with balanced and robust host defense (Wagter et al., 2000; 

Mallard et al., 2011; Thompson-Crispi et al., 2012a).  

The HIR test identifies cattle with balanced and enhanced levels of cell-mediated 

(CMIR) and antibody-mediated (AMIR) immune responses compared to other cows (Wagter et 

al., 2000; Hernandez et al., 2005; Mallard et al., 2011). Previous research has shown that HIR 

cows have lower occurrence of diseases including mastitis, metritis, ketosis and retained placenta 

(Wagter et al., 2000; DeLapaz, 2008; Thompson-Crispi et al., 2012a; Thompson-Crispi et al., 

2013) compared to Low (L) and Average (A) responders. Further, the traits AMIR and CMIR 

have been demonstrated to be heritable (Wagter et al., 2000; Thompson-Crispi et al., 2012b), 

suggesting that HIR traits can be passed from parent to offspring and there is potential for 

genetic selection. Selective breeding for HIR may improve animal health by decreasing the 

incidence of disease.  

Bovine colostrum and milk are rich sources of bioactive components that are important in 

sustaining and improving animal and human health (Severin and Wenshui, 2005). Identified 
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components include whey proteins such as β-lactoglobulin, α-lactalbumin, lactoperoxidase, 

lysozyme, lactoferrin and immunoglobulin (Ig). The whey and casein fractions comprise 20 and 

80% of total milk protein, respectively, with the latter dividing into β-casein, κ-casein, αs1-casein 

and αs2-casein (Brophy et al., 2003). Other important components in milk include lipids (i.e. 

monounsaturated and polyunsaturated fatty acids) (MacGibbon and Taylor, 2006), 

oligosaccharides (Gopal and Gill, 2000), glycosphingolipids (i.e. gangliosides) (Leitner et al., 

2008), complement proteins (Korhonen et al., 2000), acute phase proteins (Eckersall and Bell, 

2010), cytokines and leukocytes (Wheeler et al., 2007).  

The bioactive component, Ig, was of particular interest in this study. These molecules 

provide humoral immunity to the host and are components of the adaptive immune system. Five 

different isotypes of Ig exist across species including IgA, IgM, IgD, IgE and IgG (Butler, 1983). 

Total IgG represents the sum of IgG subclasses, for example, IgG subclass 1 (IgG1) and IgG 

subclass 2 (IgG2) in bovine milk. In bovine colostrum, Ig comprise greater than 95% of total 

whey protein, with IgG1 accounting for approximately 80% of these molecules (Butler, 1983). 

Bovine IgG has been shown to exert anti-bacterial activities against mastitis-causing pathogens 

(i.e. Escherichia coli, Staphylococcus aureus) (Butler, 1983). It is important to note that 

enhanced colostrum quality can be generally defined as having Ig concentrations greater than 

5,000 mg/dL and has been associated with enhanced calf health (Weaver et al., 2000).  

Given that HIR cows have less disease, including mastitis, and that bioactive components 

exert anti-microbial activities against mastitis-causing pathogens it was hypothesized that HIR 

cows produce colostrum and milk with increased concentrations of Ig compared to other cows. 

The objective of this study was to evaluate variation of total IgG concentrations in colostral 
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whey and early lactation milk from High (H), A and L immune response cows using radial 

immunodiffusion (RID).  

 

MATERIALS AND METHODS 

Immune Response Phenotyping 

The immune responses of cattle from the University of Guelph research herd near Elora, 

Ontario and a commercial herd near Drayton, Ontario were evaluated. The research herd 

consisted of approximately 300 cows, which were housed in a mixture of tie stalls and freestalls 

(75% tie stall and 25% freestall). The commercial herd consisted of approximately 350 cows, 

which were housed in freestalls. Cows were classified for AMIR and CMIR using a standardized 

14 d protocol as described previously (Hine et al. 2011). Briefly, cows were immunized 

intramuscularly with a combination of type 1 and type 2 test antigens with Quil-A adjuvant. 

Blood samples were taken on d 0 and 14 of the immunization protocol to evaluate primary 

AMIR to the type 2 test antigen using an enzyme-linked immunosorbent assay (ELISA) 

(Thompson-Crispi et al., 2012b). To evaluate the CMIR, a delayed-type hypersensitivity test to 

the type 1 test antigen and a PBS control was initiated at d 14 (Thompson-Crispi et al. 2012b). 

The log ratio of skin-thickness (mm) at 24 h and 0 h at the test site was the response variable for 

the CMIR, with the log ratio of the control site as the covariate. For the AMIR, the d 0 values 

were fit as a covariate for the d 14 primary response (Thompson-Crispi et al. 2012b). 

 

Statistical Analysis of Immune Response Traits - Research Herd 

Genetic evaluation for immune responsiveness in the University of Guelph research herd 

is an ongoing process. At the time of this study, 3 immune response phenotyping rounds had 
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been completed, in 2009, 2012 and 2013 with immune response data available on 390 animals. 

The full pedigree file included a total of 16,763 related animals and was provided by the 

Canadian Dairy Network (Guelph, Ontario, Canada). For the University of Guelph research herd, 

CMIR and AMIR were analyzed using a univariate linear animal model as follows:  

yijklm = µ + α x di + β x aj + pk + gl + cm + eijklm 

where yijklm = AMIR or CMIR, µ = overall mean, di = d 0 data for AMIR or control site for 

CMIR, aj = age in months at immune response test, α and β are regression co-efficients, pk = 

pregnancy status (not pregnant, 1-100, or 101-200 days in calf), gl = immune response test group 

(2009, 2012, 2013), cm = random effect of animal and eijklm = residual error. Heritabilities of 0.29 

for AMIR and 0.19 for CMIR were used as estimated and reported previously (Thompson-Crispi 

et al. 2012b). 

 

Statistical Analysis of Immune Response Traits - Commercial Herd 

The commercial herd evaluated was immune response tested with different parameters 

than the research herd, and therefore was analyzed with a different model. In the commercial 

herd, animals were tested in 7 groups as follows: bred heifers, breeding, calves, dry cows, high 

grain, low grain and transition cows. Immune response data was available for 265 animals. The 

full pedigree records file included a total of 15,449 related animals and was provided by the 

Canadian Dairy Network (Guelph, Ontario, Canada). For the commercial herd, CMIR and AMIR 

were analyzed using a univariate linear animal model as follows:  

yijkl = µ + α x di + glj + gpk + cl + eijkl 

where yijkl = AMIR or CMIR, µ = overall mean, di = d 0 data for AMIR or control site for CMIR, 

α is a regression co-efficient, glj = group lactation effect (7 groups; lactation 0, 1, 2, 3 and ≥4), 



  37 

gpk = group pregnancy status effect (7 groups; not pregnant, 1-100, or 101-200, >200 days in 

calf), cl = random effect of animal and eijkl = residual error. Heritabilities of 0.29 for AMIR and 

0.19 for CMIR were used as estimated and reported previously (Thompson-Crispi et al. 2012b). 

 

Estimation of Breeding Values, Immune Response Classification and Animal Selection 

Breeding values were estimated for the research and commercial herd separately and the 

genetic analysis was performed with ASReml software (Ronnengard et al., 2013). Cattle were 

ranked as H or L if estimated breeding values (EBVs) were >1 standard deviation (SD) above 

and <1 SD below the mean response for each trait, respectively. Average AMIR and CMIR cows 

had EBVs within 1 SD of the mean (Thompson-Crispi et al., 2013).  

From the start of colostrum and milk sample collection for use in this study, a total of 88 

Holstein cattle from the University of Guelph research herd were included. Samples from H, A 

and L responders for AMIR and CMIR were tested at the University of Guelph from May 2012 

to December 2013. The number of animals within each immune response category was as 

follows: H (n=21), A (n=45) and L (n=22) responders for AMIR and H (n=15), A (n=58) and L 

(n=15) responders for CMIR. For the commercial herd, a total of 20 Holsteins were included in 

this study. Each sample from H, A and L responders for AMIR and CMIR was tested upon 

arrival at the University of Guelph from May 2012 to September 2012. The number of animals 

within each immune response category was as follows: H (n=4), A (n=10) and L (n=6) for 

AMIR and H (n=4), A (n=11) and L (n=5) immune responders for CMIR. After immune 

response ranking, the research and commercial herd were combined to give a total of 108 

animals with H (n=25), A (n=55) and L (n=28) AMIR responders and H (n=19), A (n=69) and L 

(n=20) CMIR responders. 
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Milk and Colostrum Samples 

Samples were collected on d 0 (at calving) and d 5 (post-calving) and were considered 

colostrum and milk, respectively. Samples were stored at -20 °C in 50 ml conical tubes upon 

collection. Samples were thawed and aliquoted into 1.5 mL Eppendorf tubes at the time of first 

use. Colostrum samples were defatted by non-refrigerated centrifugation (11,000xg for 15 min) 

similar to a study conducted by Wagter et al. (2000). Milk fat was discarded and the whey was 

transferred into a clean Eppendorf tube and re-centrifuged (11,000xg for 15 min). The resulting 

whey fraction was transferred into a clean Eppendorf tube and stored at -80 °C. Prior to RID, 

samples were thawed, mixed and centrifuged (2570xg for 4 min).  

 

Total IgG Quantification 

The Mancini method or RID (Mancini et al., 1965) was performed to determine total IgG 

concentrations. Plates (Triple J Farms, Bellingham, Washington, USA) were stored at 4°C before 

use. Three standards of IgG (196, 1402 and 2,748 mg/dL) for colostrum and (10, 50, 100 mg/dL) 

for milk were used to generate standard curves as per manufacturer's instructions. Precipitate 

ring size (zone diameter) was measured 17 h post initiation of each plate and precipitate 

measurements were taken under an overhead light with an immunodiffusion reader.  

Standard curves were generated by plotting zone diameter (mm) against log 

concentrations of the standards (mg/dL) as per manufacturer's protocol. Samples were diluted in 

PBS and run at an initial dilution of 1/4 and neat for colostrum and milk samples, respectively. If 

the precipitate zone diameter of the sample was greater than that of the most concentrated 

standard, the sample was further diluted to 1/8 for colostrum and 1/2 for milk. Some samples 

required a further dilution of 1/16 and 1/32 for colostrum samples as well as 1/4, 1/8 and 1/16 for 
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milk samples in order for the precipitate zone diameter to fit within the range of the standard 

curve.  

 

Total IgG Statistical Analysis 

Data for each measure of IgG in colostrum and milk were analyzed independently using a 

linear mixed model (PROC MIXED, SAS Version 9.1.3, SAS Institute, Cary, North Carolina, 

USA). The statistical model was:  

yijkl = µijkl + pi + wj + bk + il + eijkl 

where yijkl = IgG; µijkl = the overall mean; pi = parity (1, 2, 3 and ≥4); wj = colostrum or milk 

weight (kg); bk = herd (commercial or research); il = immune response category (AMIR or 

CMIR); eijkl = the residual error. Covariates with P-values greater than 0.10 were removed from 

the model in hierarchal fashion. Interactions were tested and removed if non-significant 

preserving hierarchy. Normality was tested using the Shapiro-Wilk test and data that was not 

normally distributed was log transformed. Least square means were estimated and a Tukey test 

was used to compare contrasts between immune response groups.   

 

RESULTS 

Results showed substantial variation in total IgG concentrations in colostrum as well as 

in milk among cows (Table 1), with IgG concentrations in colostrum ranging from 399 to 20,864 

mg/dL and IgG concentrations in milk ranging from 19 to 2,096 mg/dL. Colostrum samples 

contained the greatest concentration of total IgG (mean = 7,048 mg/dL; SD = 3,556 mg/dL), 

compared to milk samples (mean = 90 mg/dL; SD = 216 mg/dL). The mean colostral IgG 

concentrations for H, A and L AMIR cows were 7,451 mg/dL, 4,979 mg/mL and 5,852 mg/mL, 
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sequentially. Cows with H AMIR had 2,472 mg/dL and 1,599 mg/dL greater IgG in colostrum 

on average than cows with A and L AMIR, respectively. Thirty colostrum samples out of 108 

(28%) contained less than the suggested minimum of 5,000 mg/dL of IgG. Based on AMIR 

classification, 21 out of 25 (84%) of H immune response cows and 19 out of 28 (68%) L 

immune response cows had more than the recommended minimum of 5,000 mg/dL in colostrum 

samples. Based on CMIR classification, 14 out of 19 (74%) and 15 out of 20 (75%) colostrum 

samples from cows classified as having H and L immune responses had greater than 5,000 

mg/dL of IgG. 

Parity was found to have a significant (P<0.01) effect on total IgG concentrations in 

colostrum (Table 2) with parity 2 cows having the lowest concentrations of total IgG, compared 

to parity 1, 3 and ≥4 cows (Figure 1). Herd had a significant (P<0.0001) effect on IgG 

concentrations in colostrum and milk (Table 2), with cows from the research herd having 

significantly greater IgG concentrations in colostrum (Figure 2A) and significantly lower IgG 

concentrations in milk (Figure 2B) compared to cows from the commercial herd.  

The AMIR was found to have a significant (P<0.01) effect on colostral total IgG 

concentrations (Table 2), with H AMIR cows having significantly more IgG in colostrum 

compared to A and L immune responders (Figure 3). However, no significant differences in 

colostral IgG concentrations were found among H, A and L immune responders that were 

classified based on CMIR. There were no significant differences in milk total IgG concentrations 

among H, A and L immune responders when classified according to AMIR or CMIR (Figure 4).  

The Pearson correlation coefficient (Table 3) showed that total IgG concentrations in 

colostrum and milk were negatively (r = -0.23) and significantly (P<0.05) correlated. Colostrum 

weight was negatively (r = -0.20) and significantly correlated (P<0.05) with colostral IgG 
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concentration. Similarly, milk weight was negatively (r = -0.20) and significantly (P<0.05) 

correlated with total IgG concentrations in milk.  

 

DISCUSSION 

The objective of the current study was to determine the variation of total IgG 

concentrations in colostrum and early lactation milk among H, A and L immune response 

groups, with the hypothesis that mammary secretions from HIR cows contain increased 

concentrations of IgG. Determining differences in bioactive components by immune response 

phenotype would provide insight into the quality of colostrum and milk among H, A and L 

immune response cows. 

The mean colostrum IgG concentration (7,048 mg/dL) in cows in the current study was 

similar to that reported by Maunsell et al. (1999) (7,500 mg/dL) and greater than that reported by 

Pritchett et al. (1991) (4,800 mg/dL). The mean milk IgG concentration (90 mg/dL) was less 

than that reported by Levieux and Ollier (1999) (200 mg/dL).  

Enhanced colostrum quality can be defined as having greater quantities of IgG than 5,000 

mg/dL and has been associated with enhanced calf health (Weaver et al., 2000). Failure of 

passive transfer (FPT) occurs when calves receive inadequate quantities of colostral IgG 

(defined as calf serum IgG concentration <1,000 mg/dL at 24 to 48 h of age) (NAHMS, 1996; 

Weaver et al., 2000) and is associated with increased susceptibility to alimentary and respiratory 

tract infections, as well as death within the first weeks of life (Hancock, 1985; Donovan et al., 

1998; Wells et al., 2006). Eighty-four percent of H AMIR cows produced colostrum containing 

greater than 5,000 mg/dL of IgG per dL compared to 68% of L AMIR cows. Cows classified as 

A and L for AMIR were also 3.0 and 2.5 times more likely, respectively, to produce colostrum 
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containing less than 5,000 mg/dL of IgG compared to cows H for AMIR (Appendix Table 2.1); 

however, these estimates did not differ significantly from 1. These results suggest that feeding 

calves colostrum from H AMIR cows may reduce the incidence of FPT in calves.  

In this study, a significant negative correlation between colostrum weight at first milking 

and colostral IgG concentration was found. This suggests that cows that produce greater 

quantities of colostrum have lower concentrations of IgG compared to cows that produce lower 

quantities during the first milking. A study by Pritchett et al. (1991) similarly showed the 

presence of higher IgG1 concentrations in colostrum milkings weighing less than 8.5 kg 

compared to lower IgG1 concentrations in larger milkings. This suggests that calves from dams 

that have high first milking volumes need to consume greater volumes of colostrum to obtain the 

same amount of IgG as cows from dams with a lower first milking volume. However, ingestion 

of large volumes of colostrum as a bolus may cause health problems. Large volumes of 

colostrum in calves’ forestomachs may promote abnormal anaerobic fermentation of milk 

leading to ruminal and systemic acidosis (Anderson, 2011). Ruminal acidosis may lead to 

subsequent rumenitis, omasitis, abomasitis and diarrhea (Gentile, 2004). Flooding of colostrum 

in the forestomach of the calf may also lead to overstretching, promoting capillary rupture, 

hemorrhage, blood clots and hypoxia, predisposing the calf to mortality (Anderson, 2011). 

Weaver et al. (2000) advised that calves be fed 4 L of colostrum, containing ≥5,000mg/dL of 

IgG, promptly after birth in order to obtain a total of 150,000-200,000 mg of IgG needed to 

prevent FPT. In the current study, 30 cows produced colostrum with less than 5,000 mg/dL of 

IgG, suggesting that 28% of calves will need to consume greater than 4 L of colostrum in order 

to prevent FPT. Since abomasal capacity is 2 L (Anderson, 2011), these volumes could be 

damaging to the calves’ health and confirms the importance of enhanced colostrum quality. 
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Selectively breeding for H AMIR cattle that produce high quality colostrum containing greater 

concentrations of IgG may also help prevent complications associated with feeding large 

volumes of colostrum to calves. 

Similar to a study by Guidry et al. (1980), milk weight was also negatively and 

significantly correlated with IgG concentrations in milk. Results suggest a similar dilution effect 

as seen with colostrum with lower concentrations of IgG with larger milk yields. Furthermore, 

IgG concentrations in colostrum and milk were also negatively and significantly correlated, 

indicating that high colostrum IgG concentrations are associated with low milk IgG 

concentrations and low colostrum IgG concentrations are associated with high milk IgG 

concentrations. This may in part be explained by the amount of maternal energy expended prior 

to parturition (Barrington et al., 2001); if limited energy is used in transferring decreased 

concentrations of IgG into colostrum, excess energy may be available to transfer increased 

amounts of IgG molecules into milk post-partum. At the genetic level, single nucleotide 

polymorphisms (Martin et al., 2002) or epigenetic modifications (Rijnkels et al., 2010) may 

drive varied expression of Ig genes as shown with other bioactive milk components, leading to 

dissimilar IgG content in colostrum and milk. Decreased IgG concentrations in colostrum may 

increase mammary gland infection likelihoods during pregnancy, but increased IgG 

concentrations in d 5 milk may protect the cow from disease post-calving.  

Parity had a significant effect on IgG concentrations in colostrum. There was a higher 

concentration of IgG in colostrum of third parity cows, and an even greater increase in fourth or 

higher parity cows compared to second parity cows (Figure 1). Second parity cows had the 

lowest concentrations of IgG similar to studies conducted by Gulliksen et al. (2008) and Quigley 

et al. (1994). Previously, AMIR has been positively and significantly correlated with longevity 
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traits (Thompson-Crispi et al., 2012b). Since AMIR has been positively and significantly 

correlated with longevity traits (Thompson-Crispi, 2012) and high parity cows produce 

colostrum with increased total IgG concentrations, breeding for H AMIR status within herds may 

lead to higher colostrum quality. 

Herd also had a significant effect on IgG concentrations in colostrum and milk. Inverse 

relationships existed between herds such that cows from the University of Guelph research herd 

had greater concentrations of IgG in colostrum than in milk, but cows from the commercial herd 

had lower concentrations of IgG in colostrum compared to milk samples. Since cows from both 

herds were Holsteins, this dissimilarity may be due to environmental influences. It has 

previously been shown that the type of housing (i.e. free-stall or tie-stall) is associated with the 

incidence of mastitis pathogens (Olde Riekerink et al., 2008), which may drive variation in IgG 

production throughout the peripartum period due to differences in pathogen exposure. Feed 

supplementation with selenium (Ceballos-Marquez et al., 2010) and chromium (Burton et al., 

1993) has also been associated with udder health and immune function, respectively, suggesting 

that diet may influence IgG concentrations in milk and colostrum. Previous immunizations and 

disease incidence may also contribute to variation in IgG quantities. Moreover, Baumrucker et 

al. (2014) found quarter differences in IgG1 concentration, which may contribute to elevated or 

lowered total IgG concentrations in mammary secretions.  

Immune response category (AMIR) had a significant effect on colostral IgG 

concentration such that H cows had greater IgG concentrations in colostrum compared to A and 

L responders. The adaptive immune system consists of antibody-mediated and cell-mediated 

components, which target extracellular and intracellular pathogens, respectively. Type 1 (CMIR) 

and 2 (AMIR) immune responses can be characterized by IgG2 and IgG1 production, 
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respectively (Thompson-Crispi et al., 2012c). Since IgG1 accounts for the majority of 

immunoglobulins in bovine colostrum (Butler, 1983), it is not surprising that cows with H AMIR 

produce colostrum with increased concentrations of IgG and that there were no significant 

differences with respect to CMIR. Although significant differences were found in colostrum, 

there were no significant differences in milk IgG concentrations among immune response-

phenotyped cows. This may in part be explained by the smaller variation in milk IgG (19-2,096 

mg/dL) compared to colostrum IgG (399-20,864 mg/dL), with differences of 2,077 and 20,465 

mg/dL, respectively.  

It has been shown that H AMIR cows produce colostrum and milk (weeks 2, 3, 4 and 6 

relative to parturition) with increased concentrations of antibody (IgG1, IgG2) specific to an 

experimental test antigen compared to A and L responders and this result has been correlated 

with antibody in serum (r = 0.48, P<0.05) (Wagter et al., 2000). In the current study, total IgG 

(IgG1 and IgG2) concentrations specific to unidentified antigens were quantified in colostrum 

and milk (d 5 post-calving) to investigate whether HIR cows produce colostrum with increased 

concentrations of total IgG. It is of interest whether H AMIR cows have increased concentrations 

of serum total IgG in addition to colostral IgG. It could be hypothesized that H AMIR cows have 

greater total serum IgG concentrations compared to A and L AMIR cows, since H AMIR cows 

have more total IgG in colostrum. Correlations may provide insight regarding differential 

expression among immune response phenotypes of the Fc receptor of the neonate (FcRn), which 

is responsible for transferring IgG1 during colostrogenesis (Baumrucker et al., 2010). 

Current commercial bovine Ig products for human use have been prepared using 

colostrum from immunized cattle (Mehra et al., 2006). After immunizing cattle against 

pathogens that commonly infect humans, antibodies are transferred from serum to colostrum. 
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Colostrum containing bovine antibodies specific for human pathogens has been described as 

“immune milk” (Gapper et al., 2007). Including bovine IgG from “immune colostrum” in 

products such as infant formulae and other foods may help to protect humans against infectious 

disease. Consumption of formula containing “immune milk” concentrates of bovine IgG specific 

for multiple strains of Escherichia coli by healthy infants resulted in significantly lower 

incidents of diarrhea, shorter duration of diarrhea episodes and greater weight gain during 

follow-up periods compared to infants that received non-supplemented formula (Tawfeek et al., 

2003). Wagter et al. (2000) showed that H AMIR cows have improved response to vaccination 

compared to A and L responders; therefore, “immune colostrum” from H AMIR cows may be an 

efficient antibody source for functional food or nutraceutical product preparation. As a result, 

breeding for HIR cattle may be important for future implications in veterinary and human 

medicine.  

Bovine IgG is multi-functional as it has been shown to provide protection against viruses, 

parasites, fungi and bacteria by mechanisms such as agglutination, opsonization, complement 

fixation and neutralization (Butler, 1983) and participates in intestinal immunosurveillance and 

defense of the mucosal lining (Dickinson et al., 1999; Rojas and Apodaca, 2002; Yoshida et al., 

2004; Yoshida et al., 2006). The extensive anti-microbial activities of IgG may decrease disease 

incidence in calves. Since this protein has been shown to provide protection against mastitis-

causing pathogens (i.e. Escherichia coli, Staphylococcus aureus), it may contribute to decreased 

mastitis incidence in cows. Increased IgG concentrations in colostrum may explain decreased 

disease incidence seen with HIR cattle.  

In summary, there are multiple benefits that accompany HIR cattle breeding. Cows with 

H AMIR that may remain in herds for long time periods may lead to relatively higher colostrum 
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IgG concentrations. Increased amounts of IgG in colostrum produced by H AMIR cows 

enhances colostrum quality. Specifically, these cows are more likely to produce colostrum 

containing at least 5,000mg/dL of IgG required to prevent FPT as well as complications 

associated with feeding large colostrum volumes. Colostrum from H AMIR cows responding 

optimally to vaccines also supplies an efficient source of antibody (IgG) ingredients for natural 

health product manufacturing. Human consumption of functional foods containing these 

ingredients or the ingredients alone as nutraceuticals may provide a strategy to prevent prevalent 

and financially significant diseases in Canada. Consumption of colostrum with enhanced 

bioactivity may also lead to enhanced calf health and less disease. Increased concentrations of 

bioactive components in the mammary gland may help to decrease mastitis incidence. 

Consequently, improving human and animal health would result in economic savings. Results of 

this study suggest that breeding for HIR cows is important for the production of colostrum with 

increased concentrations of host defence molecules for enhancing dairy cattle and human health.  

 

CONCLUSIONS 

Total IgG concentrations were measured to determine if cows with H AMIR or CMIR 

immune responses had higher quality colostrum and milk compared to A and L immune 

responders. There was variation of colostrum and milk total IgG concentrations among cows. 

Parity had a significant effect on total IgG concentrations in colostrum, with parity 1, 3 and ≥4 

cows having more IgG compared to parity 2 cows. Cows that were classified as H immune 

responders according to AMIR had 2,472 mg/dL and 1,599 mg/dL greater total IgG 

concentrations in colostrum on average compared to A and L immune response cows, 

respectively. Ultimately, breeding for H AMIR cows may lead to the production of higher 
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quality colostrum, which may provide a natural genetic solution to improve the health of humans 

and subsequent generations of dairy cattle. 
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Table 1. Descriptive statistics of total immunoglobulin isotype G concentrations (mg/dL) in 

colostrum and milk (day 5 post-calving) as determined by radial immunodiffusion. 

 
 N Mean SD Minimum Maximum 

Colostrum 
(mg/dL)  

108 7,048 3,556 399 20,864 

Milk 
(mg/dL) 

103 90 216 19 2,096 
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Table 2. Probabilities of significance for the effects of immune response (IR), parity, herd, 

colostrum or milk weight on total immunoglobulin isotype G concentrations (mg/dL) in 

colostrum and milk as determined by radial immunodiffusion from High, Average and Low 

immune response cows classified based on the antibody-mediated immune response (AMIR) and 

cell-mediated immune response (CMIR). 

 
Sample Trait IR Parity Herd Weight 

Colostrum AMIR <0.01 <0.01 < 0.01 0.53 
 CMIR 0.92 <0.01 < 0.01 0.31 

Milk AMIR 0.22 0.17 < 0.01 <0.01 
 CMIR 0.97 0.25 < 0.01 <0.01 

                
                  Significant effects (P≤0.05) are boldface. 
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Table 3. Pearson correlation coefficient of total immunoglobulin isotype G (IgG) concentrations 

(mg/dL) in colostrum and milk (day 5 post-calving), with colostrum weight (CW), milk weight 

(MW), antibody-mediated immune response (AMIR) estimated breeding value (EBV), cell-

mediated immune response (CMIR) EBV. 

 

 Colostrum IgG Milk IgG CW MW AMIR 
EBV 

CMIR 
EBV 

Colostrum 
IgG 

1 -0.23 
(<0.05) 

-0.20 
(<0.05) 

-0.06 
(0.54) 

0.14 
(0.15) 

0.06 
(0.54) 

Milk  
IgG 

 1 0.29 
(<0.01) 

-0.20 
(<0.05) 

0.06 
(0.52) 

-0.02 
(0.88) 

CW   1 -0.23 
(<0.01) 

0.09 
(0.34) 

0.02 
(0.81) 

MW    1 0.10 
(0.30) 

-0.09 
(0.35) 

AMIR 
EBV 

    1 -0.22 
(<0.05) 

CMIR 
EBV 

     1 
 

 
 

Significant effects (P≤0.05) are boldface and probabilities of significance are in brackets. 
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Figure 1. Total immunoglobulin isotype G (IgG) (mg/dL) concentrations in colostrum as 

determined by radial immunodiffusion based on parities of 1 (n=43), 2 (n=28), 3 (n=27) and ≥ 4 

(n=10), n=108. Columns represent least squares means with bars indicating standard errors of the 

means (means with the same letter are not significantly different, P>0.05). Co-variates (i.e. 

AMIR, herd) were included in the model. 
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Figure 2. Total immunoglobulin isotype G (IgG) (mg/dL) concentrations in colostrum (A) and 

milk (B) as determined by radial immunodiffusion from cows at the University of Guelph 

research herd (n=88) and a commercial herd in Southwestern Ontario (n=20). Columns represent 

least squares means with bars indicating standard errors of the means (means with the same letter 

are not significantly different, P>0.05). Covariates for colostrum (i.e. AMIR, parity, herd) and 

for milk (AMIR, milk weight) were included in the model. 

A. 

 

B. 
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Figure 3. Total immunoglobulin isotype G (IgG) (mg/dL) concentrations in colostrum (first milk 

post-calving) from High (n=25), Average (n=55) and Low (n=28) immune response cows ranked 

according to the antibody-mediated immune response (AMIR) and from High (n=19), Average 

(n=69) and Low (n=20) immune response cows ranked according to the cell-mediated immune 

response (CMIR) as determined by radial immunodiffusion (RID), n=108. Columns represent 

least squares means with bars indicating standard errors of the means (means with the same letter 

are not significantly different, P>0.05). Covariates (i.e. herd, parity) were included in each 

model. 
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Figure 4. Total immunoglobulin isotype G (IgG) (mg/dL) concentrations in milk (day 5 post-

calving) from High (n=21), Average (n=55) and Low (n=27) immune response cows ranked 

according to the antibody-mediated immune response (AMIR) and from High (n=19), Average 

(n=66) and Low (n=18) immune response cows ranked according to the cell-mediated immune 

response (CMIR) as determined by radial immunodiffusion (RID), n=103. Columns represent 

least squares means with bars indicating standard errors of the means (means with the same letter 

are not significantly different, P>0.05). Covariates (i.e. herd, milk weight) were included in each 

model. 
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ABSTRACT 

 The primary function of β-lactoglobulin (β-LG), a whey protein in bovine milk, remains 

unclear. Previous work has a suggested a role for β-LG in host defense. The main objective of 

this study was to evaluate concentrations of the bioactive molecule β-LG in colostrum and milk 

from cows with diverse adaptive immune system phenotypes. Cows (n=108) from 2 herds were 

previously classified as High (H), Average (A) or Low (L) based on antibody-mediated (AMIR) 

and cell-mediated (CMIR) immune responses. Colostrum and milk samples were collected on d 

0 and 5 post-calving, respectively and β-LG concentrations were evaluated using an enzyme-

linked immunosorbent assay. Results show that cows classified as H for AMIR had significantly 

greater β-LG concentrations in colostrum compared to A and L immune response cows. Cows A 

for CMIR had greater β-LG in milk compared to H and L cows. Concentrations of β-LG were 

also significantly and positively correlated with previously quantified total immunoglobulin G 

(IgG) concentrations in colostrum. These results suggest that β-LG may play a role in the bovine 

immune system and in decreasing mastitis incidence. Consumption of high quality colostrum 

with increased β-LG and IgG concentrations by calves may serve as a strategy to improve calf 

health. In addition, these results may lead to the development of high value ingredients from 

superior colostrum. 

 

Key words: β-lactoglobulin, colostrum and milk quality, immune response, whey 
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INTRODUCTION 

Novel methods of enhancing dairy cattle health should prevent the incidence of diseases 

such as mastitis, which has been associated with economic losses resulting from milk quality 

penalties, decreased milk production, culling of infected cows and treatment costs (Steeneveld et 

al., 2011). Optimizing health of dairy cows contributes to food safety, decreases the need for 

antibiotics and is an essential component of animal welfare (Rupp et al., 2007). Selective 

breeding for cows that have the ability to mount more vigorous and appropriate immune 

responses compared to herd mates is a promising approach to enhance overall disease resistance 

(Mallard et al., 2011).  

High Immune Response (HIR) cows with enhanced antibody-mediated (AMIR) and 

cell-mediated immune responses (CMIR) have been shown to have a lower incidence of disease 

(i.e. mastitis, metritis, ketosis and retained placenta) (Wagter et al., 2000; DeLapaz, 2008; 

Thompson-Crispi et al., 2012a; Thompson-Crispi et al., 2013) compared to Average (A) and 

Low (L) immune responders. The adaptive branches of the immune system, AMIR and CMIR, 

target extracellular and intracellular pathogens, respectively and are heritable (Wagter et al., 

2000; Thompson-Crispi et al., 2012b). The latter demonstrates that these traits are genetically 

regulated and amenable to selection. Selectively breeding for cows with high AMIR and CMIR 

may lead to decreases in the incidence and prevalence of disease. 

Bovine colostrum and milk contain a wide range of bioactive components that exert 

immunological activities, including cells of the innate (e.g. macrophages, neutrophils) and 

adaptive immune system (e.g. lymphocytes), cytokines, peptides such as defensins, cathelicidins 

and proteins such as lactoferrin, immunoglobulins, and β-lactoglobulin (β-LG) (Stelwagen et al., 

2009). Bovine milk whey protein consists of approximately 50% β-LG, an 18 kDa protein of 162 
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amino acids in length (Hambling et al., 1992); however, β-LG is absent in human milk 

(Marshall, 2004). The primary function of β-LG remains unclear (Kontopidis et al., 2004), but 

previous work has suggested a role of β-LG in binding and transporting hydrophobic molecules 

(fatty acids, vitamin A and vitamin D) (Pérez and Calvo, 1995; Wang et al., 1997), in absorption 

and metabolism of fatty acids (Pérez et al., 1992; Kushibiki et al., 2001) and in passive immunity 

(Ouwehand et al., 1997). From an immunological standpoint, β-LG has been shown to exert anti-

bacterial activities against the mastitis-causing pathogens, Staphylococcus aureus and 

Streptococcus uberis (Chaneton et al., 2011). Ouwehand et al. (1995) also showed that β-LG 

inhibits adhesion of Escherichia coli, another major mastitis-causing pathogen, to human 

intestinal glycoproteins. In addition to the beneficial effects of the intact protein, proteolytic 

fragments of β-LG generated by trypsin hydrolysis have been reported to exert bactericidal 

effects against gram-positive organisms (Pellegrini et al., 2001). Furthermore, β-LG has been 

shown to possess anti-viral (Neurath et al., 1997), anti-cancer (Nakajima et al., 2006) and anti-

oxidant (Elias et al., 2005) activities. Consequently, β-LG is considered an important defense 

molecule of colostrum and milk.   

Given that HIR cows have less mastitis (Thompson-Crispi et al., 2012a; Thompson-

Crispi et al., 2013) and that β-LG and its peptides exert anti-microbial activities against mastitis-

causing pathogens, it was hypothesized that HIR cows have increased concentrations of β-LG in 

colostrum and milk. The main objective of this study was to quantify β-LG concentrations in 

mammary secretions using enzyme-linked immunosorbent assay (ELISA) from cows previously 

classified based on their abilities to mount adaptive immune responses. Outcomes of this 

research will provide further insight concerning the quality of milk and colostrum produced from 

H, A and L immune response cows. 



  64 

MATERIALS AND METHODS 

Immune Response Phenotyping 

The immune responses of cattle from the University of Guelph research herd near Elora, 

Ontario and a commercial herd near Drayton, Ontario were evaluated. The research herd 

consisted of approximately 300 cows, which were housed in a mixture of tie stalls and freestalls 

(75% tie stall and 25% freestall). The commercial herd consisted of approximately 350 cows, 

which were housed in freestalls. Cows were classified for AMIR and CMIR using a standardized 

14 d protocol as described previously (Hine et al. 2011). Briefly, cows were immunized 

intramuscularly with a combination of type 1 and type 2 test antigens with Quil-A adjuvant. 

Blood samples were taken on d 0 and 14 of the immunization protocol to evaluate primary 

AMIR to the type 2 test antigen using ELISA (Thompson-Crispi et al., 2012b). To evaluate the 

CMIR, a delayed-type hypersensitivity test to the type 1 test antigen and a PBS control was 

initiated at d 14 (Thompson-Crispi et al. 2012b). The log ratio of skin-thickness (mm) at 24 h 

and 0 h at the test site was the response variable for the CMIR, with the log ratio of the control 

site as the covariate. For the AMIR, the d 0 values were fit as a covariate for the d 14 primary 

response (Thompson-Crispi et al. 2012b). 

 

Statistical Analysis of Immune Response Traits - Research Herd 

Genetic evaluation for immune responsiveness in the University of Guelph research herd 

is ongoing. At the time of this study, 3 immune response phenotyping rounds had been 

completed, in 2009, 2012 and 2013 with immune response data available on 390 animals. The 

full pedigree file included a total of 16,763 animals and was provided by the Canadian Dairy 
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Network (Guelph, Ontario, Canada). For the University of Guelph research herd, CMIR and 

AMIR were analyzed using a univariate linear animal model as follows:  

yijklm = µ + α x di + β x aj + pk + gl + cm + eijklm 

where yijklm = AMIR or CMIR, µ = overall mean, di = d 0 data for AMIR or control site for 

CMIR, aj = age in months at immune response test, α and β are regression co-efficients, pk = 

pregnancy status (not pregnant, 1-100, or 101-200 days in calf), gl = immune response test group 

(2009, 2012, 2013), cm = random effect of animal and eijklm = residual error. Heritabilities of 0.29 

for AMIR and 0.19 for CMIR were used as estimated and reported previously (Thompson-Crispi 

et al. 2012b). 

 

Statistical Analysis of Immune Response Traits - Commercial Herd 

The commercial herd evaluated was immune response tested with different parameters 

than the research herd, and therefore was analyzed with a different model. In the commercial 

herd, animals were tested in 7 groups as follows: bred heifers, breeding, calves, dry cows, high 

grain, low grain and transition cows. Immune response data was available for 265 animals. The 

full pedigree records file included a total of 15,449 animals and was provided by the Canadian 

Dairy Network (Guelph, Ontario, Canada). For the commercial herd, CMIR and AMIR were 

analyzed using a univariate linear animal model as follows:  

yijkl = µ + α x di + glj + gpk + cl + eijkl 

where yijkl = AMIR or CMIR, µ = overall mean, di = d 0 data for AMIR or control site for CMIR, 

α is a regression co-efficient, glj = group lactation effect (7 groups; lactation 0, 1, 2, 3 and ≥4), 

gpk = group pregnancy status effect (7 groups; not pregnant, 1-100, or 101-200, >200 days in 
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calf), cl = random effect of animal and eijkl = residual error. Heritabilities of 0.29 for AMIR and 

0.19 for CMIR were used as estimated and reported previously (Thompson-Crispi et al. 2012b). 

 

Estimation of Breeding Values, Immune Response Classification and Animal Selection 

Breeding values were estimated for the research and commercial herd separately and the 

genetic analysis was performed with ASReml software (Ronnengard et al., 2013). Cattle were 

ranked as H or L if estimated breeding values (EBVs) were >1 standard deviation (SD) above 

and <1 SD below the mean response for each trait, respectively. Average AMIR and CMIR cows 

had EBVs within 1 SD of the mean (Thompson-Crispi et al., 2013).  

From the start of colostrum and milk sample collection for use in this study, a total of 88 

Holstein cattle from the University of Guelph research herd were included. Samples from H, A 

and L responders for AMIR and CMIR were tested at the University of Guelph from May 2012 

to December 2013. The number of animals within each immune response category was as 

follows: H (n=21), A (n=45) and L (n=22) responders for AMIR and H (n=15), A (n=58) and L 

(n=15) responders for CMIR. For the commercial herd, a total of 20 Holsteins were included in 

this study. Each sample from H, A and L responders for AMIR and CMIR was tested upon 

arrival at the University of Guelph from May 2012 to September 2012. The number of animals 

within each immune response category was as follows: H (n=4), A (n=10) and L (n=6) for 

AMIR and H (n=4), A (n=11) and L (n=5) immune responders for CMIR. After immune 

response ranking, the research and commercial herd were combined to give a total of 108 

animals with H (n=25), A (n=55) and L (n=28) AMIR responders and H (n=19), A (n=69) and L 

(n=20) CMIR responders. 
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Milk and Colostrum Samples 

Colostrum (n=108) and milk (n=103) samples were collected on d 0 (at calving) and d 5 

(post-calving). Samples were stored at -20 °C in 50 mL conical tubes upon collection. Samples 

were thawed and aliquoted into 2 mL Eppendorf tubes at the time of first use. Colostrum and 

milk samples were defatted by centrifugation (11,000xg for 15 min) similar to a study conducted 

by Wagter et al. (2000). Milk fat was discarded and the protein fraction was transferred into a 

clean Eppendorf tube and centrifuged (11,000xg for 15 min). The remaining whey fraction was 

transferred into a clean Eppendorf tube and stored at -80 °C. Samples were thawed for 30 min 

and mixed before being assayed by ELISA.  

 

β-Lactoglobulin Quantification 

Concentrations of β-LG were measured using ELISA (Bethyl Laboratories, Inc., 

Montgomery, Texas, USA). Kits were stored at 5°C prior to use. Flat bottomed MicrowellTM 

MaxiSorpTM polystyrene 96-well plates (Thermo Fisher Scientific Inc., Waltham, Massachusetts, 

USA, Cat #12565135) were coated with 100 µL/well of affinity purified rabbit anti-bovine β-LG 

coating polyclonal antibody diluted in coating buffer (0.05 M carbonate-bicarbonate, pH=9.6) 

(Fisher Scientific) at 1 in 100 and incubated at room temperature (RT) (20-25°C) for 1 h. Plates 

were washed five times using 180 µL/well of wash buffer (WB) (50mM Tris, 0.14M NaCl and 

0.05% Tween 20, pH=8.0) (Sigma-Aldrich Canada Ltd., pH=8.0) dissolved in 1 L Milli-Q water. 

Plates were blocked with 200 µL/well of WB and incubated at RT for 30 min then washed five 

times. Diluted standard or sample were added at 100 µL/well in duplicate and incubated at RT 

for 1h. Standards were diluted using a two-fold dilution series to generate a standard curve. 

Colostrum and milk samples were diluted using a four-fold dilution series in WB. Plates were 
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washed five times and 100 µL/well of diluted HRP conjugated rabbit anti-bovine β-LG detection 

antibody (polyclonal) in wash buffer was added at a final dilution of 1/100,000. Plates were 

incubated at RT for 1 h before washing five times. Enzyme substrate, TMB (Fisher Scientific, 

Cat #ENN301) was added at 100 µL/well for 8 min to β-LG plates. Stop solution, HCl (Fisher 

Scientific, Cat #SA48-1) was subsequently added at 100 µL/well after incubation. Optical 

density (OD) values were obtained at 450 nm using the EL808 (BioTek, Winooski, Vermont, 

USA) plate reader and data was collected using Gen5 Software (BioTek). Duplicate OD values 

obtained per sample were averaged prior to calculating concentrations. Unknown β-LG 

concentrations were determined by comparing absorbance values to a standard curve.  

 

β-Lactoglobulin Statistical Analysis 

Data for each measure of β-LG in colostrum and milk were analyzed independently using 

a linear mixed model (PROC MIXED, SAS Version 9.1.3, SAS Institute, Cary, North Carolina, 

USA). The statistical model was:  

yijkl = µijkl + pi + wj + bk + il + eijkl 

where yijkl = β-LG; µijkl = the overall mean; pi = parity (1, 2, 3 and ≥4); wj = colostrum or milk 

weight (kg); bk = herd (commercial or research); il = immune response category (AMIR or 

CMIR); eijkl = the residual error. Season was also tested in the model; however, season was not 

evenly distributed within the commercial herd and thus this effect could not be appropriately 

investigated. Therefore, season was only evaluated in the context of the research herd, where an 

effect of the four seasons was evaluated (sm = spring, summer, fall, winter). Covariates with P-

values greater than 0.10 were removed from the model in hierarchal fashion. Interactions were 

tested and removed if non-significant preserving hierarchy. Normality was tested using the 
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Shapiro-Wilk test statistic and data that was not normally distributed was log transformed. Least 

square means were estimated and a Tukey test was used to compare contrasts between immune 

response groups. To determine correlations between previously quantified total immunoglobulin 

G (IgG) (Chapter 2, unpublished) concentrations in colostrum and milk, a Pearson correlation 

coefficient was used.  

 

RESULTS 

Results showed biological variation in β-LG concentrations in colostrum as well as in 

milk among cows (Table 1), with colostrum concentrations ranging from 2.5 to 12 mg/mL and 

milk concentrations ranging from 0.2 to 4.2 mg/mL. Colostrum samples contained the greatest 

concentration of β-LG (mean = 6.6 mg/mL; SD = 2.0 mg/mL), compared to milk samples (mean 

= 1.3 mg/mL; SD = 0.89 mg/mL). Cows classified as H for AMIR had 1.8 mg/mL and 1.6 

mg/mL greater β-LG in colostrum compared to A and L AMIR cows, respectively. Cows 

classified as A for CMIR had 0.47 mg/mL and 0.62 mg/mL greater β-LG in milk compared to H 

and L CMIR cows, respectively. Parity 3 cows had 0.64 mg/mL and parity 2 cows had 0.69 

mg/mL greater β-LG in milk compared to parity 1 cows. 

Parity had a significant effect on β-LG concentrations in milk (P<0.05) (Table 2), with 

second and third parity cows having significantly greater amounts of β-LG compared to first 

parity cows (Figure 1). Herd had a significant effect on β-LG concentrations in colostrum 

(P≤0.001) and milk (P≤0.01) (Table 2), with the commercial herd having greater β-LG in milk 

and decreased β-LG in colostrum compared to the research herd (Figure 2). Milk weight also had 

a significant effect (P<0.05) on β-LG concentrations in milk (Table 2), with increased milk 

volumes having decreased concentrations of β-LG (Figure 3). AMIR had a significant (P<0.001) 
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effect on β-LG concentrations in colostrum and CMIR had a significant (P<0.01) effect on β-LG 

concentrations in milk (Table 2). Significant differences in colostral β-LG concentrations were 

found among H, A and L immune response cows ranked according to AMIR (Figure 4), with H 

cows having significantly more β-LG in colostrum compared to A and L immune responders. 

However, no significant differences were found with respect to β-LG concentrations in 

colostrum from cows classified based on CMIR (Figure 4). Concentrations of β-LG in milk did 

not differ significantly among cattle classified based on AMIR (Figure 5). Nonetheless, cows 

with A CMIR were shown to have significantly greater β-LG concentrations in milk compared to 

H and L immune responding cows (Figure 5).  

Total IgG and β-LG concentrations in colostrum were positively correlated (r = 0.48; 

P<0.0001) (Table 3, Figure 6). Concentrations of β-LG in colostrum were positively correlated 

(r = 0.30; P<0.01) with AMIR EBV. Concentrations of β-LG in milk had a tendency (P<0.10) to 

be negatively correlated (r = -0.18) with milk weight.  

 

DISCUSSION 

Cows with enhanced AMIR and CMIR have been shown to experience less disease 

including mastitis (Thompson-Crispi et al., 2012a; Thompson-Crispi et al., 2013), β-LG has been 

shown to exert anti-microbial activities again mastitis-causing pathogens, Staphylococcus aureus 

and Streptococcus uberis (Chaneton et al., 2011) and β-LG concentrations in mammary 

secretions have not yet been investigated in the context of diverse immune response phenotypes. 

Therefore, the objective of this study was to quantify the variation of β-LG concentrations in 

colostrum and milk from High, Average and Low AMIR and CMIR cows. Investigating the 
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quality of colostrum and milk from these cows may highlight the opportunity to selectively breed 

cattle to improve the composition of dairy foods in addition to enhancing immune responses. 

Results showed variation of β-LG concentrations in colostrum and milk among cows 

(Table 1). The mean colostrum (6.6 mg/mL) and milk (1.3 mg/mL) β-LG concentrations were 

less than previously reported values for colostrum (8.0 mg/mL) and milk (3.3 mg/mL) 

(Korhonen and Pihlanto, 2003). Concentrations of β-LG were greater in colostrum compared to 

milk and this agrees with a previous study that showed β-LG concentrations sharply declined in 

subsequent milk after colostrum (Levieux and Ollier, 1999). 

Herd had a significant effect on β-LG concentrations in colostrum and milk such that the 

research herd had greater β-LG in colostrum and less β-LG in milk, compared to the commercial 

herd. Factors such as season and housing type have been shown to specifically influence whey 

protein quantities. Firstly, season has been shown to have a significant effect on whey protein 

content (Brodziak et al., 2012), suggesting that temperature influences the nutritional 

composition of milk. Colostrum and milk samples in the current study were collected throughout 

the year and thus were subject to seasonal influences. The distribution of the data was such that 

an answer regarding the effect of season on β-LG content in colostrum and milk from both 

research and commercial herds could not be obtained. Season was therefore tested in the 

research herd only since commercial herd samples were collected only from the summer season. 

Season had an effect on β-LG content in colostrum and milk, with samples collected from winter 

having the least β-LG compared to those collected during spring, summer and fall. This suggests 

that lower temperatures contribute to the depression of β-LG concentrations. Housing type (i.e. 

free-stall or tie-stall) has also been associated with the incidence of mastitis pathogens (e.g. 

Klebsiella species, Escherichia coli, Staphylococcus aureus, Streptococcus uberis) (Olde 
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Riekerink et al., 2008) and thus exposure to different pathogen loads in the environment may 

stimulate the immune response to various degrees. On the other hand, individuals may have 

intrinsic abilities to produce colostrum with higher β-LG, since it has been shown that cows have 

diverse abilities to mount immune responses (Wagter et al., 2000). Ultimately, these factors may 

partly explain the variation and differences seen with β-LG colostrum and milk concentrations 

between herds. 

Milk weight had a significant effect on β-LG milk concentrations with β-LG in milk 

having a tendency to negatively correlate with milk weight, suggesting that lower quantities of β-

LG are present in larger milk volumes, similar to a study conducted by Ng-Kwai-Hang et al. 

(1987). A similar result with another bioactive component in milk, total IgG, has been shown 

previously (Chapter 2, unpublished).  

Retrieving milk from parity 2 and 3 cows may also serve as a specific method to enrich 

milk with β-LG since parity had a significant effect on β-LG in milk in this study, with parity 2 

and 3 cows having significantly more β-LG milk concentrations than parity 1 cows. It has 

previously been shown that parity has a significant effect on β-LG in milk, with β-LG showing a 

positive response with lifetime age (Ng-Kwai-Hang et al., 1987). The small sample size of parity 

4 cows (n=9) compared to parity 1 (n=42), 2 (n=27) and 3 (n=25) cows generated a higher 

standard error of the mean and may explain a somewhat unexpected decline in β-LG 

concentrations in milk from parity 4 cows. Parity did not have a significant effect on colostral β-

LG concentrations, suggesting that β-LG concentrations in colostrum remain relatively constant 

throughout a cow’s lifetime. A stable proportion of β-LG may suggest an important purpose for 

the protein to exist in colostrum. 
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The primary function of β-LG is unclear particularly since it appears to serve a variety of 

roles (Kontopidis et al., 2004). Cows with H AMIR have been shown to produce colostrum 

containing higher total IgG (Chapter 2, unpublished) and β-LG concentrations compared to A 

and L immune responders, with IgG and β-LG correlating positively and significantly in this 

study. Based on H AMIR cows having more colostral β-LG and IgG, and since IgG primarily 

functions as an immune response molecule (Butler, 1983), it could be hypothesized that β-LG 

principally also contributes to immune system function. Buck et al. (1990) showed that B cells 

replicate in response to retinol attached to retinol-binding protein in cell culture. Retinol has 

been shown to bind β-LG (Monaco et al., 1987) and β-LG resembles retinol-binding protein 

(Papiz et al., 1986). As a result, β-LG may mimic retinol-binding protein binding to retinol to 

promote the differentiation of B cells and Ig secretion during AMIR. Retinol (vitamin A) and 

vitamin D have also been shown to play an important role in regulatory T-helper 2 (TH2) cell 

function (Mora et al., 2008). Generally, TH2 cells can secrete cytokines such as IL-4 and IL-5 to 

mediate antibody responses, whereas T-helper 1 (TH1) cells can secrete IL-2 and IFN-γ to 

mediate cell-mediated immune responses (Gor et al., 2003). Cantorna et al. (1994) showed that 

vitamin A deficiencies in mice led to a regulatory T cell imbalance, with excess TH1 and 

sufficient TH2 function, suggesting vitamin A promotes TH2 activity. Vitamin D can bind to β-

LG (Wang et al., 1997) and has similarly been shown to inhibit the expression of IL-2 and IFN- 

γ (Lemire, 1995), which may lead to a surplus of IL-4 and IL-5 and subsequent AMIR 

predominance. Therefore, β-LG may act as a vehicle to transport vitamin A and vitamin D to 

TH2 cells for heightened AMIR stimulation. β-LG, in its role as retinol-binding protein and 

acting as a vehicle for vitamin A and D transfer may explain the relationship between colostral 
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β-LG and AMIR EBV in this study, since greater concentrations of β-LG bound to more retinol 

molecules may contribute to enhanced immune responses in H AMIR cattle.  

Cows H for AMIR have been shown to have significantly fewer incidents of clinical 

mastitis compared to A and L AMIR cows (Thompson-Crispi et al., 2013). Chaneton et al. 

(2011) showed that purified β-LG inhibits the growth of mastitis-causing pathogens, 

Staphylococcus aureus and Streptococcus uberis, although the mechanism of action is unknown. 

Due to its anti-microbial activities, increased colostral β-LG concentrations in the mammary 

gland prior to calving may protect the cow from disease during a time when immune and innate 

host defense mechanisms are suboptimal (Mallard et al., 1998; Sordillo et al., 2009) and may 

partly explain decreased mastitis incidence in H AMIR cattle.  

The whey protein fraction of bovine milk, which consists of >50% β-LG (Marshall, 

2004), is a byproduct that is generated in large volumes during cheese manufacturing. Casein 

proteins are precipitated and extracted for curd production, while whey remains as a residual 

component in aqueous form (Marshall, 2004). The health benefits of whey have been 

investigated in humans and for this reason, whey supplements have been manufactured using 

cheese-making secondary products and are available commercially (Marshall, 2004). Colostrum 

whey from H AMIR cows with increased concentrations of β-LG and total IgG (Chapter 2, 

unpublished) may generate higher quality whey for use as supplements or incorporation into 

functional foods. Future research is required to determine if β-LG plays a role in preventing 

septicemia, diarrhea and respiratory infections in calves after birth and if this molecule could be 

used to compensate for lack of protective immunoglobulins in colostrum. If this hypothesis is 

proven true, colostral whey containing increased β-LG from H AMIR cows might also serve as a 

valuable additive to colostrum replacer.  
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 It has previously been found that H AMIR cattle produce colostrum with higher 

concentrations of specific antibody (Wagter et al., 2000) as well as more total IgG compared to 

A and L responders (Chapter 2, unpublished). The current study found an additional feature of 

colostrum from H AMIR cows of elevated concentrations of β-LG. Selecting for HIR cows that 

generate higher quality colostrum containing increased concentrations of total IgG (heritability 

of 0.10; Mallard et al., 1983) and β-LG (heritability of 0.80; Schopen et al., 2009) may be linked 

to lower risk of infections in newborn calves and udder infections in dams in addition to 

increasing overall herd health. Colostrum from H AMIR cows may also provide an efficient 

source of ingredients for future manufacturing of natural health products for human 

consumption, which may eventually reduce the incidence of infectious diseases in Canadians. 

Future directions include investigating other bioactive components in colostrum and milk from 

cattle having immune response phenotypes. 

 

CONCLUSION 

Quantifying β-LG in colostrum and milk from cows with varied adaptive immune 

response phenotypes was the main focus of this study. Results showed that H AMIR cows had 

significantly greater concentrations of β-LG in colostrum compared to A and L AMIR cows. 

Previously determined total IgG concentrations positively and significantly correlated with β-LG 

concentrations in colostrum. These results further suggest a possible function for β-LG in host 

defense. Ultimately, breeding for cattle with H AMIR immune responses may lead to the 

production of better quality colostrum, which may serve as an efficient source of bioactive 

components for manufacturing natural health products and may improve pathogen protection in 

calves. 
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Table 1. Descriptive statistics of β-lactoglobulin concentrations (mg/mL) in colostrum (first milk 

post-calving) and milk (day 5 post-calving) as determined by enzyme-linked immunosorbent 

assay. 

 N Mean SD Minimum Maximum 
Colostrum 
(mg/mL) 

108 6.6 2.0 2.5 12 

Milk 
(mg/mL) 

103 1.3 0.9 0.2 4.2 
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Table 2. Probabilities of significance for the effects of immune response group (IR), parity, herd, 

and colostrum or milk weight on β-lactoglobulin concentrations (mg/mL) in colostrum and milk 

as determined by enzyme-linked immunosorbent assay from High, Average and Low immune 

response cows classified based on the antibody-mediated immune response (AMIR) and cell-

mediated immune response (CMIR). 

 

Sample Trait IR Parity Herd Weight 
Colostrum AMIR <0.01 0.40 <0.01 0.94 

 CMIR 0.34 0.46 <0.01 0.67 
Milk AMIR 0.78 0.09 <0.01 <0.01 

 CMIR <0.01 <0.01 <0.01 <0.01 
 

Significant effects (P≤0.05) are boldface. 
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Table 3. Pearson correlation coefficient of β-lactoglobulin (β-LG) concentrations (mg/mL) as 

determined by enzyme-linked immunosorbent assay in colostrum (first milk post-calving) and 

milk (day 5 post-calving), with colostrum weight (CW), milk weight (MW), antibody-mediated 

immune response (AMIR) estimated breeding value (EBV), cell-mediated immune response 

(CMIR) EBV and colostrum and milk total immunoglobulin G (IgG). 

 

 Colostrum 
β-LG 

Milk  
β-LG 

CW MW AMIR 
EBV 

CMIR 
EBV 

Colostrum 
IgG 

Milk  
IgG 

Colostrum 
β-LG 

1 -0.05 
(0.62) 

-0.10 
(0.30) 

0.09 
(0.34) 

0.30 
(<0.01) 

-0.03 
(0.79) 

0.48 
(<0.01) 

-0.11 
(0.25) 

Milk  
β-LG 

 1 0.04 
(0.67) 

-0.18 
(0.08) 

0.10 
(0.32) 

-0.05 
(0.63) 

-0.19 
(0.06) 

0.14 
(0.14) 

 

Significant effects (P≤0.05) are boldface and probabilities of significance are in brackets. 

Colostrum and milk IgG were quantified previously using radial immunodiffusion (Chapter 2, 

unpublished). 
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Figure 1. β-lactoglobulin (mg/mL) concentrations in milk as determined by enzyme-linked 

immunosorbent assay based on parity 1 (n=42), 2 (n=27), 3 (n=25) and ≥ 4 (n=9), n=103. 

Columns represent least squares means with bars indicating standard errors of the means (means 

with the same letter are not significantly different, P>0.05). Co-variates (i.e. CMIR, herd and 

milk weight) were included in the model. 
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Figure 2. β-lactoglobulin (mg/mL) concentrations in colostrum (A) and milk (B) as determined 

by enzyme-linked immunosorbent assay from cows at the University of Guelph research herd 

(n=88) and a commercial herd in Southwestern Ontario (n=20). Columns represent least squares 

means with bars indicating standard errors of the means (means with the same letter are not 

significantly different, P>0.05). Covariates for colostrum (i.e. AMIR) and for milk (AMIR, 

parity, milk weight) were included in the model. 

A. 

 

B.  
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Figure 3. Correlation between milk weight (kg) and β-lactoglobulin (mg/mL) concentrations in 

milk (day 5 post-calving) as determined by enzyme-linked immunosorbent assay; r = -0.18, 

P<0.10. 
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Figure 4. β-lactoglobulin (mg/mL) concentrations in colostrum (first milk post-calving) from 

High (n=25), Average (n=55) and Low (n=28) immune response cows ranked according to the 

antibody-mediated immune response (AMIR) and from High (n=19), Average (n=69) and Low 

(n=20) immune response cows ranked according to the cell-mediated immune response (CMIR) 

as determined by enzyme-linked immunosorbent assay, n=108. Columns represent least squares 

means with bars indicating standard errors of the means (means with the same letter are not 

significantly different, P>0.05). Covariates (i.e. herd) were included in each model.  
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Figure 5. β-lactoglobulin (mg/mL) concentrations in milk (day 5 post-calving) from High 

(n=21), Average (n=55) and Low (n=27) immune response cows ranked according to the 

antibody-mediated immune response (AMIR) and from High (n=19), Average (n=66) and Low 

(n=18) immune response cows ranked according to the cell-mediated immune response (CMIR) 

as determined by enzyme-linked immunosorbent assay, n=103. Columns represent least squares 

means with bars indicating standard errors of the means (means with the same letter are not 

significantly different, P>0.05). Covariates (i.e. herd, parity, milk weight) were included in each 

model. 
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Figure 6. Correlation between β-lactoglobulin (mg/mL) and total immunoglobulin G (IgG) 

(mg/dL) concentrations as determined by enzyme-linked immunosorbent assay and radial 

immunodiffusion in colostrum (first milk post-calving); r = 0.48, P<0.0001. 

 

 



  89 

Chapter 4 

 

Lactoferrin concentrations in colostrum and milk from Canadian Holsteins ranked as high, 

average or low for antibody and cell-mediated immune responses 
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ABSTRACT 

 The objective of this research was to evaluate the variation of lactoferrin (LF) 

concentrations by enzyme-linked immunosorbent assay in mammary secretions from cows 

classified as High (H), Average (A) or Low (L) immune responders for antibody (AMIR) and 

cell-mediated immune response (CMIR). Colostrum (n=108) and milk (n=103) samples were 

collected on d 0 and d 5 post-calving, respectively. Samples were retrieved from cows that were 

members of the University of Guelph research herd (n=88) and a commercial herd in 

Southwestern Ontario (n=20). Results show that LF in colostrum did not differ significantly 

among AMIR or CMIR phenotypes. Cows ranked as A for AMIR had significantly (P<0.05) 

greater LF in milk compared to L responders, with A and L cows having 0.10 mg/mL and 0.056 

mg/mL in milk, respectively. There were no significant differences with respect to LF in milk 

among CMIR cows. Total immunoglobulin G (IgG) concentrations measured previously were 

positively (r = 0.31) and significantly (P<0.01) correlated with LF in milk. The Pearson 

correlation also showed a tendency (P = 0.11) for LF to positively (r = 0.16) correlate with 

previously measured β-lactoglobulin (β-LG) concentrations in colostrum. Results suggest that 

although some bioactive components of colostrum, including IgG and β-LG, differ among H, A, 

and L AMIR cows, there are no notable differences in LF.   

 

Key words: lactoferrin, colostrum and milk quality, immune response 
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INTRODUCTION 

Optimal dairy cattle health is important to prevent economic losses resulting from 

premature culling, costs associated with disease treatments and discarding low quality milk 

(Steeneveld et al., 2011) as well as to prevent poor animal welfare, enhance food safety and 

reduce antibiotic use (Rupp et al., 2007). Breeding for High Immune Response (HIR) cows 

offers a natural way to enhance overall herd health, reducing the use of antibiotics and the 

subsequent development of antibiotic resistant organisms (Mallard et al., 2014).  

The HIR technology involves identifying and selectively breeding cows with optimal and 

balanced adaptive immune responses (Wagter et al., 2000; Hernandez et al., 2005; Mallard et al., 

2011). Cows are ranked as High (H), Average (A) or Low (L) responders based on two traits, 

antibody-mediated immune response (AMIR) and cell-mediated immune response (CMIR). 

Cows with favourable immune responses have been shown to have a lower incidence of disease, 

including mastitis, metritis, ketosis and retained placenta (Wagter et al., 2000; DeLapaz, 2008; 

Thompson-Crispi et al., 2012a; Thompson-Crispi et al., 2013). Further, Thompson-Cripsi et al. 

(2013) showed that HIR cattle have less severe mastitis compared to other cows. Previously, 

AMIR and CMIR of cattle have been shown to be moderately highly heritable (Wagter et al., 

2000; Hernandez et al., 2006; Thompson-Crispi et al., 2012b), suggesting that these 

characteristics are partly genetically regulated and thus can be transmitted to future offspring.  

Billions of people worldwide consume milk or other dairy products on a daily basis, with 

per capita milk consumption reaching 214 and 55 kilograms per year in developed and 

developing countries, respectively (Muehlhoff et al., 2013). Apart from being a source of 

minerals, fat, carbohydrates, water and energy, 100 grams of milk contains approximately 4 

grams of protein (Muehlhoff et al., 2013). Milk proteins supply essential amino acids and  
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anti-microbial protection to the consumer. One of these defensive proteins, lactoferrin (LF), 

naturally occurs in milk (Yoshida et al., 2000) and was of particular interest in this study.  

Lactoferrin is an 80 kDa iron-binding monomeric glycoprotein present in biological 

fluids such as bovine milk and is an important component of the innate immune system (Brock, 

2012). It is released by bovine mammary epithelial cells (Kaminski et al., 2006) and the 

secondary granules of neutrophils (Masson et al., 1969). The heritability of LF has previously 

been estimated to be 0.35 (Leclercq et al., 2013). Bovine LF has been shown to exert anti-

bacterial activities against mastitis-causing pathogens (e.g. Escherichia coli, Staphylococcus 

aureus) (Reiter et al., 1975; Bellamy et al., 1992; Kawasaki et al., 2000). Bovine LF has also 

been shown to also possess activity against viruses (Di Biase et al., 2003; Chien et al., 2008), 

parasites (Ochoa et al., 2008) and fungi (Bellamy et al., 1993) as well as to have anti-cancerous 

(Sekine et al., 1997; Tsuda et al., 2002; Tung et al., 2013) and anti-inflammatory (Machnicki et 

al., 1993; Britigan et al., 1994) activities. 

 Since HIR cows have significantly decreased incidence rates and severity of clinical 

mastitis, particularly cows H for AMIR (Thompson-Crispi et al., 2013), and because bovine LF 

has anti-bacterial activities against mastitis-causing pathogens, it was hypothesized that cows 

classified as being H for AMIR have increased concentrations of LF in colostrum and milk.  

 

MATERIALS AND METHODS 

Immune Response Phenotyping 

The immune responses of cattle from the University of Guelph research herd near Elora, 

Ontario and a commercial herd near Drayton, Ontario were evaluated. The research herd 

consisted of approximately 250 cows, which were housed in a mixture of tie stalls and freestalls 



  93 

(75% tie stall and 25% freestall). The commercial herd consisted of approximately 350 cows, 

which were housed in freestalls. Cows were classified for AMIR and CMIR using a standardized 

14 d protocol as described previously (Hine et al. 2011). Briefly, cows were immunized 

intramuscularly with a combination of type 1 and type 2 test antigens with Quil-A adjuvant. 

Blood samples were taken on d 0 and 14 of the immunization protocol to evaluate primary 

AMIR to the type 2 test antigen using an enzyme-linked immunosorbent assay (ELISA) 

(Thompson-Crispi et al., 2012b). To evaluate the CMIR, a delayed-type hypersensitivity test to 

the type 1 test antigen and a PBS control was initiated at d 14 (Thompson-Crispi et al. 2012b). 

The log ratio of skin-thickness (mm) at 24 h and 0 h at the test site was the response variable for 

the CMIR, with the log ratio of the control site as the covariate. For the AMIR, the d 0 values 

were fit as a covariate for the d 14 primary response (Thompson-Crispi et al. 2012b). 

 

Statistical Analysis of Immune Response Traits - Research Herd 

Genetic evaluation for immune responsiveness in the University of Guelph research herd 

is an ongoing process. At the time of this study, 3 immune response phenotyping rounds had 

been completed, in 2009, 2012 and 2013 with immune response data available on 390 animals. 

The full pedigree file included a total of 16,763 animals and was provided by the Canadian Dairy 

Network (Guelph, Ontario, Canada). For the University of Guelph research herd, CMIR and 

AMIR were analyzed using a univariate linear animal model as follows:  

yijklm = µ + α x di + β x aj + pk + gl + cm + eijklm 

where yijklm = AMIR or CMIR, µ = overall mean, di = d 0 data for AMIR or control site for 

CMIR, aj = age in months at immune response test, α and β are regression co-efficients, pk = 

pregnancy status (not pregnant, 1-100, or 101-200 days in calf), gl = immune response test group 
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(2009, 2012, 2013), cm = random effect of animal and eijklm = residual error. Heritabilities of 0.29 

for AMIR and 0.19 for CMIR were used as estimated and reported previously (Thompson-Crispi 

et al. 2012b). 

 

Statistical Analysis of Immune Response Traits - Commercial Herd 

The commercial herd evaluated was immune response tested with different parameters 

than the research herd, and therefore was analyzed with a different model. In the commercial 

herd, animals were tested in 7 groups as follows: bred heifers, breeding, calves, dry cows, high 

grain, low grain and transition cows. Immune response data was available for 265 animals. The 

full pedigree records file included a total of 15,449 animals and was provided by the Canadian 

Dairy Network (Guelph, Ontario, Canada). For the commercial herd, CMIR and AMIR were 

analyzed using a univariate linear animal model as follows:  

yijkl = µ + α x di + glj + gpk + cl + eijkl 

where yijkl = AMIR or CMIR, µ = overall mean, di = d 0 data for AMIR or control site for CMIR, 

α is a regression co-efficient, glj = group lactation effect (7 groups; lactation 0, 1, 2, 3 and ≥4), 

gpk = group pregnancy status effect (7 groups; not pregnant, 1-100, or 101-200, >200 days in 

calf), cl = random effect of animal and eijkl = residual error. Heritabilities of 0.29 for AMIR and 

0.19 for CMIR were used as estimated and reported previously (Thompson-Crispi et al. 2012b). 

 

Estimation of Breeding Values, Immune Response Classification and Animal Selection 

Breeding values were estimated for the research and commercial herd separately and the 

genetic analysis was performed with ASReml software (Ronnengard et al., 2013). Cattle were 

ranked as H or L if estimated breeding values (EBVs) were >1 standard deviation (SD) above 
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and <1 SD below the mean response for each trait, respectively. Average AMIR and CMIR cows 

had EBVs within 1 SD of the mean (Thompson-Crispi et al., 2013).  

From the start of colostrum and milk sample collection for use in this study, a total of 88 

Holstein cattle from the University of Guelph research herd were included. Samples from H, A 

and L responders for AMIR and CMIR were tested at the University of Guelph from May 2012 

to December 2013. The number of animals within each immune response category was as 

follows: H (n=21), A (n=45) and L (n=22) responders for AMIR and H (n=15), A (n=58) and L 

(n=15) responders for CMIR. For the commercial herd, a total of 20 Holsteins were included in 

this study. Each sample from H, A and L responders for AMIR and CMIR was tested upon 

arrival at the University of Guelph from May 2012 to September 2012. The number of animals 

within each immune response category was as follows: H (n=4), A (n=10) and L (n=6) for 

AMIR and H (n=4), A (n=11) and L (n=5) immune responders for CMIR. After immune 

response ranking, the research and commercial herd were combined to give a total of 108 

animals with H (n=25), A (n=55) and L (n=28) AMIR responders and H (n=19), A (n=69) and L 

(n=20) CMIR responders. 

 

Milk and Colostrum Samples 

Colostrum (n=108) and milk (n=103) samples were collected on d 0 (at calving) and d 5 

(post-calving), respectively. Five milk samples were not collected due to culling of cattle prior to 

d 5 post-calving as well as incomplete sample collection. Samples were stored at -20 °C in 50 

mL conical tubes upon collection. Samples were thawed and aliquoted into 1.5 mL Eppendorf 

tubes at the time of first use. Colostrum samples were defatted by centrifugation (11,000xg for 

15 min) similar to a study conducted by Wagter et al. (2000). Milk fat was discarded and the 
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protein fraction was transferred into a clean Eppendorf tube and centrifuged (11,000xg for 15 

min). The remaining whey fraction was transferred into a clean Eppendorf tube and stored at -

80°C.  

 

Lactoferrin Quantification 

Concentrations of LF were measured using an ELISA (Bethyl Laboratories, Inc., 

Montgomery, Texas, USA). Kits were stored at 5°C prior to use. Flat bottomed MicrowellTM 

MaxiSorpTM polystyrene 96-well plates (Thermo Fisher Scientific Inc., Waltham, Massachusetts, 

USA, Cat #12565135) were coated with 100 µL/well of affinity purified goat anti-bovine LF 

coating polyclonal antibody diluted in coating buffer (0.05 M carbonate-bicarbonate, pH=9.6) 

(Fisher Scientific) at 1 in 100 and incubated at room temperature (RT) (20-25°C) for 1 h. Plates 

were washed five times using 180 µL/well of wash buffer (WB) (50mM Tris, 0.14M NaCl and 

0.05% Tween 20, pH=8.0) (Sigma-Aldrich Canada Co., Oakville, Ontario, Canada) dissolved in 

Milli-Q water. Plates were blocked with 200 µL/well of WB and incubated at RT for 30 min then 

washed five times. Samples were thawed for 30 min and mixed before performing ELISA. One 

hundred µL/well of diluted standard or sample in duplicate were added and incubated at RT for 

1h. Standards were diluted using a two-fold dilution series to generate a standard curve. 

Colostrum and milk samples were diluted using a two-fold dilution series in WB. Milk samples 

that generated optical density (OD) values greater than that of the most concentrated standard 

(125 ng/mL) were re-run at dilutions of 1/8000, 1/16000, 1/32000, 1/64000. Plates were washed 

five times and 100 µL/well of diluted HRP conjugated goat anti-bovine LF detection antibody 

(polyclonal) in wash buffer was added at a final dilution of 1/100,000. Plates incubated for 1 h 

before washing five times. Enzyme substrate, TMB (Fisher Scientific, Cat #ENN301) was added 
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at 100 µL/well for 4 min to LF plates. Stop solution, HCl (Fisher Scientific, Cat #SA48-1) was 

subsequently added at 100 µL/well after incubation. Values of OD were obtained at 450 nm 

using the EL808 (BioTek Instruments, Inc., Winooski, Vermont, USA) plate reader and data was 

collected using Gen5 Software (BioTek). Duplicate OD values obtained per sample were 

averaged prior to calculating concentrations. LF concentrations were determined by comparing 

absorbance values to the standard curve run on each plate. 

 

Statistical Analysis 

Data were analyzed using a linear mixed model (PROC MIXED, SAS Version 9.1.3, 

SAS Institute, Cary, North Carolina, USA). The statistical model was:  

yijkl = µijkl + pi + wj + bk + il + eijkl 

where yijkl = lactoferrin; µijkl = the overall mean; pi = parity (1, 2, 3 and ≥4); wj = colostrum or 

milk weight (kg); bk = herd (commercial or research); il = immune response category (AMIR or 

CMIR); eijkl = the residual error. Covariates with P-values greater than 0.10 were removed from 

the model in hierarchal fashion. Interactions were tested and were removed if non-significant 

preserving hierarchy. Normality was tested using the Shapiro-Wilk test statistic. Milk and 

colostrum lactoferrin data were not normally distributed and were log transformed. Least square 

means were estimated and a Tukey test was used to compare differences between immune 

response groups. To evaluate correlations with previously quantified total immunoglobulin G 

(IgG) (Chapter 2, unpublished) and β-lactoglobulin (β-LG) (Chapter 3, unpublished) 

concentrations in colostrum and milk, Pearson correlation coefficients were calculated. 
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RESULTS 

Results showed substantial biological variation in LF concentrations in colostrum as well 

as in milk among cows (Table 1), with colostrum concentrations ranging from 0.04 to 4.80 

mg/mL and milk concentrations ranging from 0.01 to 0.62 mg/mL. Colostrum samples contained 

the greatest concentration of LF (mean = 0.52 mg/mL; SD = 0.70 mg/mL), compared to milk 

samples (mean = 0.09 mg/mL; SD = 0.10 mg/mL). Parity 1 and 4 cows had the lowest and 

highest colostral LF concentration means, respectively (Figure 1), with parity 4 cows having 4 

times greater LF than parity 1 cows. Parity 1 and 2 cows had similar means for LF 

concentrations in milk and parity 3 and 4 cows had higher LF milk means than parity 1 and 2 

cows (Figure 2). Parity 4 cows had 3 and 2.5 times more LF in milk compared to parity 2 and 1 

cows, respectively.  

Parity had a significant (P<0.001) effect on LF concentrations in colostrum (Table 2), 

with first parity 1 cows having significantly less LF in colostrum compared parity 2, 3 or ≥4 

cows (Figure 1). Similarly, parity had a significant (P<0.05) effect on LF concentrations in milk 

(Table 2), with fourth or greater parity cows having significantly more LF compared to first or 

second parity cows (Figure 2). Secondly, milk volume had a significant (P<0.05) effect on LF 

concentrations in milk (Table 2), with higher milk volumes having significantly less LF. There 

was a tendency (P=0.07) for AMIR to have an effect on LF milk concentrations (Table 2). 

Concentrations of LF in colostrum from cows classified based on AMIR or CMIR did not 

differ significantly (Figure 3) and there were no significant differences among CMIR cows with 

respect to LF in milk (Figure 4). The mean LF milk concentrations of cows ranked as H and A 

for AMIR were similar and L AMIR cows had significantly (P<0.05) lower LF in milk 

compared to cows A for AMIR (Figure 4).  
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The Pearson correlation coefficient (Table 3) showed that LF and IgG concentrations in 

milk were positively correlated (r = 0.31) and significant (P<0.01) (Figure 5). Similarly, LF and 

β-LG concentrations positively correlated in colostrum (r = 0.16; P = 0.11). Milk weight was 

negatively (r = -0.21) and significantly (P<0.05) correlated with LF concentrations milk. 

 

DISCUSSION 

Cows H for AMIR have less incidence and severity of clinical mastitis (Thompson-Crispi 

et al., 2013) and LF has been shown to exert anti-bacterial activities against mastitis-causing 

pathogens (Bellamy et al., 1992; Kawasaki et al., 2000). Therefore, it was hypothesized that 

increased LF was present in colostrum and milk from cows designated as H immune responders, 

particularly those with greater AMIR. The objective was to quantify LF from mammary 

secretions using ELISA in a set of cows that were previously immune response tested.  

Results showed variation of LF concentrations in colostrum and milk among cows (Table 

1). The ranges of colostrum (0.04-4.80 mg/mL) and milk (0.01-0.62 mg/mL) LF concentrations 

in this study were larger and slightly smaller than previously reported values for colostrum (0.1-

2.2 mg/mL; Kehoe et al., 2007) and milk (0.02-0.69 mg/mL; Turner et al., 2007), respectively, 

using ELISA (Bethyl Laboratories, Montgomery, Texas, USA). The mean LF concentrations in 

colostrum (0.52 mg/mL) and milk (0.090 mg/mL) were less than previously reported values for 

colostrum (0.80 mg/mL; Kehoe et al., 2007) and milk (0.12 mg/mL; Cheng et al., 2008) using 

ELISA (Bethyl Laboratories). Concentrations of LF were greater in colostrum compared to milk 

and this agrees with previous studies that showed reductions in LF concentration from colostrum 

to milk (Neville and Zhang, 2000; Indyk and Filonzi, 2005; Prenner et al., 2007). 
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Parity had a significant effect on LF in milk, with fourth or greater parity cows having 

over 3 times higher LF compared to second and having over 2.5 times more LF than first parity 

cows, similar to a study conducted by Krol et al. (2010). Krol et al. (2010) showed that Polish 

multiparous cows of various breeds (Holstein-Friesian, Jersey and Simental) at the late stage of 

lactation had the highest concentrations of LF in milk. In the present study, multiparous 

Holsteins had greater LF in milk at the early stage of lactation (d 5 post-calving). Although 

Cheng et al. (2008) found no significant differences with respect to LF in milk from Chinese 

Holsteins among parities, LF concentrations tended to be higher for parity 3, 4 and ≥5 cows than 

for parity 1 and 2 cows. Therefore, there is convincing evidence to suggest that parity influences 

LF concentrations in milk. Parity also had a significant effect on LF colostrum concentrations, 

with concentrations of LF gradually increasing with parity. Tsuji et al. (1990) showed similar 

results; Holstein-Friesian and Jersey multiparous cows had two to three times higher LF in 

colostrum compared to primiparous cows. Furthermore, Thompson-Crispi et al. (2012) showed 

that AMIR was positively and significantly correlated with longevity traits (multiple measures of 

direct herd life). Since H AMIR cows may remain in herds for longer time periods compared to 

A and L responders (Thompson-Crispi, 2012) and high parity cows produce colostrum and milk 

with greater LF, breeding for H AMIR status within herds may lead to higher colostrum and 

milk quality.  

Milk weight had a significant effect on and was negatively correlated with LF 

concentrations in milk, suggesting that higher milk volumes had less milk LF. Cheng et al. 

(2008) similarly showed that daily milk production was significantly and negatively correlated (r 

= -0.47) with LF concentrations. Similar results have been shown with respect to other bioactive 

components including total IgG and β-LG in milk (Chapters 2 and 3, unpublished).  



  101 

The Pearson correlation showed that LF and IgG in milk were significantly and 

positively correlated. Previous literature suggests that LF and its peptide, lactoferricin, act to 

disrupt transmembrane electrochemical gradients by binding to lipoteichoic acid on gram-

positive bacteria (González-Chávez, et al., 2009) as well as to disorganize gram-negative 

bacterial membranes by inducing lipopolysaccharide removal (Farnaud and Evans, 2003). 

Drago-Serrano et al. (2012) suggests that the latter enables hydrophobic molecules such as 

lysozyme (LYZ) to bypass bacterial membranes to exert effects inside the cell. Ellison and Giehl 

(1991) showed that LYZ performs more potent activities against Escherichia coli in the presence 

of LF. It is of interest whether synergistic anti-bacterial effects are seen with LF, LYZ and IgG, 

since LF and IgG molecules have been shown to form complexes (Butler, 1973). 

Immunoglobulin molecules may act as a vehicle for transporting LF and LYZ machinery to 

bacterial organisms. 

There was a tendency for AMIR to be associated with LF milk concentrations, with A 

AMIR cows having greater LF in milk compared to L responders. Although the difference was 

not significant, the mean for LF in milk from H AMIR cows was also higher than the LF milk 

mean for L AMIR cows. It is commonly known that the innate immune system plays a critical 

role in discriminating self from non-self by ligation of pathogen recognition receptors with 

pathogen associated molecular patterns (Gürtler and Bowie, 2013). It has been postulated that 

the innate immune system is primarily responsible for mounting adaptive immune responses by 

stimulating the expression of cytokines and of co-stimulatory molecules on antigen-presenting 

cells (Gürtler and Bowie, 2013). Higher concentrations of LF in milk from H and A compared to 

L AMIR cows may represent enhanced innate mechanisms and may be responsible for 

subsequent mounting of more robust, but biased adaptive immune responses in these cows. Since 
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LF and its peptides have been shown to exert anti-bacterial activities against mastitis-causing 

pathogens (Reiter et al., 1975; Bellamy et al., 1992; Kawasaki et al., 2000), lower concentrations 

of LF in milk may also partly explain the higher incidence of mastitis in cows classified as being 

L for AMIR.  

It has previously been shown that LF increases with somatic cell count (SCC) and 

infection in the mammary gland (Harmon and Newbould, 1980). A limitation of this study was 

the inability to collect consistent SCC data on the days that colostrum and milk samples were 

collected. Inability to account for the effect of SCC on LF concentrations in colostrum or milk 

may explain the lack of differences with respect to LF in colostrum among AMIR cows.  

Cows H for AMIR have significantly more IgG and β-LG in colostrum compared to A 

and L responders (Chapter 2 and 3, unpublished). Secondly, IgG, LF and β-LG are known to 

have protective and often synergistic effects against Staphlococcus aureus as well as other 

mastitis-causing pathogens (Butler, 1983, Guidry et al., 1993, Chaneton et al., 2011). Therefore, 

the finding that H AMIR cows did not show LF differences in colostrum was somewhat 

unexpected. Testing additional cows from more herds for colostrum and milk LF to increase the 

sample size may be worthwhile to verify these results. 

In addition to β-LG and IgG, it has previously been shown that H AMIR cows have 

significantly greater specific antibody in serum, colostrum and milk compared to A and L 

responders (Wagter et al., 2000). Increased concentrations of these various biologically relevant 

components in colostrum and other body fluids from H AMIR cows would further highlight the 

importance of breeding for improved immune responsiveness. Enhancing colostrum quality with 

greater amounts of bioactive components through selective breeding should help lower disease in 

newborn calves with timely colostrum consumption. Colostrum with elevated levels of LF or 
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other host-defense molecules would also provide an efficient source of ingredients for the use as 

supplements and incorporation into other products (e.g. infant formula, orange juice, snack bars) 

to prevent disease in humans (Brock, 2012). 

 

CONCLUSION 

The primary objective of this research was to quantify LF concentrations in colostrum 

and milk from cows with diverse immune response phenotypes. There were no significant 

differences in colostral LF concentrations among H, A and L immune responder cows. Milk LF 

also did not differ significantly among CMIR cows. However, cows classified as A for AMIR 

had significantly greater LF in milk compared to L responders. Although the difference was not 

significant, the mean for LF in milk from H AMIR cows was higher than L responders. Future 

directions include measuring LF in colostrum and milk from additional cows to increase 

statistical power. 
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Table 1. Descriptive statistics of lactoferrin concentrations (mg/mL) in colostrum and milk (day 

5 post-calving) as determined by enzyme-linked immunosorbent assay. 

 

 N Mean SD Minimum Maximum 
Colostrum 
(mg/mL) 

108 0.52 0.70 0.04 4.80 

Milk 
(mg/mL) 

103 0.09 0.10 0.01 0.62 
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Table 2. Probabilities of significance for the effects of immune response (IR), parity, herd, 

colostrum or milk weight on lactoferrin concentrations (mg/mL) in colostrum and milk as 

determined by enzyme-linked immunosorbent assay from High, Average and Low immune 

response cows classified based on the antibody-mediated immune response (AMIR) and cell-

mediated immune response (CMIR). 

 

Sample Trait IR Parity Herd Weight 
Colostrum AMIR 0.74 <0.01 0.15 0.30 

 CMIR 0.59 <0.01 0.14 0.33 
Milk AMIR 0.07 0.12 0.45 <0.01 

 CMIR 0.73 0.04 0.30 0.04 
 

Significant effects (P≤0.05) are boldface. 
 



  110 

Table 3. Pearson correlation coefficients of lactoferrin (LF) concentrations (mg/mL) in 

colostrum and milk (day 5 post-calving) as determined by enzyme-linked immunosorbent assay 

(ELISA). 

 

 Colostrum 
LF 

Milk  
LF 

Colostral 
IgG 

Milk  
IgG 

Colostral 
β-LG 

Milk  
β-LG 

Colostral 
Weight 

(kg) 

Milk 
Weight 

(kg) 
Colostrum 

LF 
1 0.07 

(0.52) 
0.08 

(0.41) 
0.01 

(0.92) 
0.16 

(0.11) 
0.07 

(0.50) 
0.09 

(0.34) 
0.19 

(0.05) 
Milk  
LF 

 1 0.06 
(0.55) 

0.31 
(<0.01) 

0.03 
(0.77) 

0.02 
(0.88) 

0.04 
(0.68) 

-0.21 
(0.04) 

 

Significant effects (P≤0.05) are boldface and probabilities of significance are in brackets. 

Colostrum and milk total immunoglobulin isotype G (IgG) and β-lactoglobulin (β-LG) were 

quantified previously using radial immunodiffusion and ELISA, respectively (Chapter 2 and 3, 

unpublished). 
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Figure 1. Lactoferrin (mg/mL) concentrations in colostrum (first milk post-calving) as 

determined by enzyme-linked immunosorbent assay based on parities of 1 (n=43), 2 (n=28), 3 

(n=27) and ≥ 4 (n=10), n=108. Columns represent least squares means with bars indicating 

standard errors of the means (means with the same letter are not significantly different, P>0.05). 

Covariates (i.e. AMIR) were included in the model. 
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Figure 2. Lactoferrin (mg/mL) concentrations in milk as determined by enzyme-linked 

immunosorbent assay based on parities of 1 (n=42), 2 (n=27), 3 (n=25) and ≥ 4 (n=9), n=103. 

Columns represent least squares means with bars indicating standard errors of the means (means 

with the same letter are not significantly different, P>0.05). Covariates (i.e. CMIR, milk weight) 

were included in the model. 
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Figure 3. Lactoferrin (mg/mL) concentrations in colostrum (first milk post-calving) from High 

(n=25), Average (n=55) and Low (n=28) immune response cows ranked according to the 

antibody-mediated immune response (AMIR) and from High (n=19), Average (n=69) and Low 

(n=20) immune response cows ranked according to the cell-mediated immune response (CMIR) 

as determined by enzyme-linked immunosorbent, n=108. Columns represent least squares means 

with bars indicating standard errors of the means (means with the same letter are not 

significantly different, P>0.05). Covariates (i.e. parity) were included in each model. 
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Figure 4. Lactoferrin (mg/mL) concentrations in milk (day 5 post-calving) from High (n=21), 

Average (n=55) and Low (n=27) immune response cows ranked according to the antibody-

mediated immune response (AMIR) and from High (n=19), Average (n=66) and Low (n=18) 

immune response cows ranked according to the cell-mediated immune response (CMIR) as 

determined by enzyme-linked immunosorbent, n=103. Bars represent least squares means and 

standard error of the mean (significant differences are indicated by different letters within an 

immune response trait, P≤0.05). Covariates (i.e. milk weight, parity for CMIR) were included in 

each model. 
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Figure 5. Correlation between lactoferrin (mg/mL) and total immunoglobulin G (IgG) (mg/dL) 

concentrations in milk (day 5 post-calving) as determined by enzyme-linked immunosorbent 

assay and radial immunodiffusion, respectively; r = 0.31, P<0.01. 
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Chapter 5: Synopsis and Future Directions 

 

Mastitis is the most common and one of the most economically burdensome diseases in 

dairy herds with losses for producers estimated at approximately $300 million (CAN) annually 

(Canadian Bovine Mastitis Research Network, 2006). These losses result from early culling 

costs, treatment costs, discarding low quality and unsafe milk that has high bacterial and somatic 

cell counts or contains traces of antibiotics as well as indirect costs such as decreased production 

throughout lactation (Bradley, 2002; Huijps et al., 2008).  

 

The High Immune Response (HIR) technology (US Patent #7,258,858; Wagter-

Lesperance and Mallard, 2007) identifies cows with enhanced abilities to mount adaptive 

immune responses to foreign pathogens. The test involves screening adaptive immune system 

traits including antibody-mediated (AMIR) and cell-mediated (CMIR) immune responses of 

individual cows within herds. The ability to make robust adaptive immune responses is 

dependent on the ability of the innate immune system to properly identify pathogen-associated 

molecular patterns (PAMP), which leads to the initiation of appropriate protective response 

cascades. Therefore, HIR cows are expected to have superior innate in addition to adaptive 

immune responses. Variation of these traits has been shown previously (Wagter et al., 2000) and 

cows with robust and balanced immune responses (Mallard et al., 2014) have been shown to 

have overall less disease incidence. Particularly, High (H) AMIR cows had significantly 

(P≤0.05) less incidence rates of clinical mastitis compared to Average (A) and Low (L) AMIR 

cows (Thompson-Crispi et al., 2013).  
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During the period of 2010-2012, 870 million people worldwide were undernourished, 

with 852 living in developing countries (Muehlhoff et al., 2013). Although less people from 

developed countries are undernourished, other diseases and conditions are of primary concern. In 

Canada for example, cancer, osteoporosis, obesity, diabetes, cardiovascular, musculoskeletal and 

infectious diseases are prevalent (Health Canada, 1998). Milk normally consists of 5% lactose, 

4% lipid, 0.7% mineral salts and 3.2% protein (Severin and Wenshui, 2005). It is an important 

nutritive source to meet human needs for vitamins and minerals such as vitamin B12, vitamin B5, 

calcium, magnesium, selenium and riboflavin in both the developed and developing world 

(Muehlhoff et al., 2013). Milk has also been shown to have additional anti-inflammatory and 

anti-microbial properties (Severin and Wenshui, 2005) that may aid in decreasing the incidence 

and prevalence of disease in developed countries.  

 

The objectives of this study were to quantify total immunoglobulin isotype G (IgG), β-

lactoglobulin (β-LG) and lactoferrin (LF) in colostrum (d 0 post-parturition) and milk (d 5 post-

calving). Colostrum was selected for investigation due to its richness in immunologically active 

molecules as well as its importance to the calf after birth. Milk was collected on d 5 post-calving 

since this would represent the initial milk entering the bulk tank for future processing and human 

consumption. In previous experiments, serum antibody responses to an experimental test antigen 

(AMIR) and delayed-type hypersensitivity test (DTH) results were used as indicators of AMIR 

and CMIR traits (Thompson-Crispi et al., 2012a). Estimated breeding values were calculated and 

cows were classified as H, A or L immune responders.  
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Wagter et al. (2000) found that H AMIR cows have significantly greater serum antibody 

(IgG1 and IgG2) responses to an experimental test antigen, which correlated positively with 

antibody concentrations in colostrum. This correlation ranged from 0.28-0.44 depending on herd. 

These cows also produced increased concentrations of antibody in milk that was collected weeks 

2, 3, 4 and 6 after parturition. Although this provides H AMIR cows with protection against 

known pathogens, it was of interest whether H AMIR cows produce colostrum and milk with 

increased concentrations of total IgG specific to unidentified antigens. Therefore, total IgG was 

measured in mammary secretions for the purposes of determining whether colostrum and milk 

from H AMIR cows can be used to help reduce failure of passive transfer (FPT) in calves in 

addition to preventing diseases in the cow, as well as potentially in human populations.  

 

In this study, H AMIR cows were shown on average to produce colostrum containing 

higher total IgG concentrations compared to A and L AMIR cows. The HIR technology may 

therefore help to reduce FPT in calves and protect the mammary gland from mastitis-causing 

agents. Secondly, H AMIR cows had significantly greater β-LG in colostrum compared to A and 

L AMIR cows. Since β-LG has the ability to exert anti-microbial activities, breeding cattle with 

H AMIR phenotypes may lead to the production of better quality colostrum. This colostrum may 

serve as an efficient source of ingredients for natural health products and may improve infectious 

agent protection in calves. Thirdly, A AMIR cows were shown to have greater LF in milk 

compared to L responders and although not significant, H AMIR cows had higher milk LF 

means compared to L AMIR cows. Increased LF was also correlated with higher IgG in milk (r = 

0.31; P<0.01) and colostral LF had a tendency to be positively correlated with β-LG in 

colostrum (r = 0.16; P=0.11). Due to their anti-microbial activities, increased colostral IgG,  
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β-LG and LF concentrations in the mammary gland during the peripartum period may protect the 

cow from disease during a time when immune and innate host defense mechanisms are 

suboptimal (Mallard et al., 1998; Sordillo et al., 2009) and may partly explain decreased mastitis 

incidence in H AMIR cattle. Higher quality colostrum with greater concentrations of 

immunologically active components should help to prevent disease and enhance health in calves. 

It may also provide an efficient source of innovative food ingredients for nutraceutical 

production and/or incorporation into existing foods, which may serve as a novel strategy to 

prevent prevalent and financially significant diseases in Canada and elsewhere.  

 

There were no significant differences with respect to IgG, β-LG and LF content in 

colostrum among CMIR cows. This may not be surprising since antibodies are soluble 

components of milk that control extracellular pathogens such as those that commonly cause 

mastitis. Conversely, CMIR is predominately important for control of intracellular pathogens 

(Estes and Brown, 2002; Zhu and Paul, 2008) and is not commonly recorded to be associated 

with mastitis. However, we may see differences in colostrum and milk leukocyte numbers (e.g. 

macrophages and TH1 cells) and cytokine concentrations (e.g. IFN-γ, TNF-α, IL-2) among H, A 

and L CMIR cows. These studies are currently under investigation.  

 

Parity was a significant covariate for colostral IgG, colostral LF, milk LF and milk β-LG. 

Parity 2 cows had the least IgG in colostrum similar to studies conducted by Gulliksen et al. 

(2008) and Quigley et al. (1994), whereas parity 1 cows had the least LF in colostrum similar to 

Tsuji et al. (1990). Higher parity cows had greater LF in milk compared to cows with lower 

parities similar to Krol et al. (2010) and parity 2 and 3 cows had greater β-LG in milk than parity 
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1 cows. These results suggest that age influences the ability of cows to produce high quality 

colostrum and milk. Since high parity cows produce colostrum with increased IgG and LF and 

AMIR has been positively and significantly correlated with longevity traits (Thompson-Crispi, 

2012), breeding for H AMIR status within herds may lead to better colostrum quality. 

 

Herd had a significant effect on IgG and β-LG concentrations in colostrum as well as in 

milk, with the research herd having higher IgG and β-LG in colostrum and less IgG and β-LG in 

milk than the commercial herd. Timing of colostrum collection (Baumrucker et al., 2010), type 

of housing (Olde Riekerink et al., 2008), diet (Burton et al., 1993; Ceballos-Marquez et al., 2010; 

Brodziak et al. 2012), season (Brodziak et al. 2012), microclimate (Thompson-Crispi et al., 

2012b), genetic (Thompson-Crispi et al., 2012a) and epigenetic factors (Paibomesai et al., 2013) 

may partly explain differences between herds.  

 

The Pearson correlation coefficient showed that colostral IgG concentrations were 

significantly (P<0.05) and negatively (r = - 0.20) correlated with colostrum weight, suggesting 

that lower IgG content is present in greater volumes of colostrum. This result coincides with 

previous literature (Pritchett et al. 1991). This dilution effect may be due to increased water 

retention in the udder at parturition as a result of enhanced secretion and trapping of lactose in 

the mammary gland (Nguyen and Neville, 1998; Baumrucker et al., 2010). Similarly, milk 

weight was negatively and significantly correlated with IgG and LF concentrations in milk, 

paralleling earlier IgG (Guidry et al., 1980) and LF (Cheng et al., 2008) studies. There was also a 

tendency for β-LG content in milk to negatively correlate with milk weight. These results 
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suggest that smaller milk volumes contain increased concentrations of anti-microbial whey 

proteins. 

 

Ouwehand et al. (1995), Pellegrini et al. (2001) and Chaneton et al. (2011) have 

previously showed that β-LG exerts anti-bacterial activities against mastitis-causing pathogens 

and Ouwehand et al. (1997) have suggested a role for β-LG in passive immunity. Total IgG and 

β-LG concentrations in colostrum were positively correlated (r = 0.48; P<0.0001). Due to this 

correlation and since IgG primarily acts as a molecule of the immune response, it could be 

hypothesized that one of the primary function of β-LG lies in host defense. Total IgG was also 

positively correlated with LF in milk, suggesting that these molecules may be functionally 

related (r = 0.31; P<0.01). Given that these molecules may be functionally related and that H 

AMIR cows have significantly more IgG in colostrum compared to A and L responders, the 

hypothesis that H AMIR cows generate colostrum with increased concentrations of LF remains 

in question. Although the difference was not significant, the mean LF concentration in milk was 

also higher for H AMIR cows compared to L AMIR cows. Therefore, future work includes 

quantifying LF in additional colostrum and milk samples.  

 

Future directions for this line of research include measuring anti-microbial components 

in sera of calves receiving high quality and low colostrum from cows with diverse immune 

response phenotypes. Passive transfer failure can be defined as calves having serum IgG 

concentrations less than 1000 mg/dL at 24 to 48 h of age) (NAHMS, 1996; Weaver et al., 2000). 

Low concentrations of IgG in colostrum as well as timing of colostrum feeding are predisposing 

factors for FPT. In this study, H AMIR cows had more total IgG in colostrum compared to A and 
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L AMIR responders. Therefore, it could be hypothesized that the proportion of calf sera having 

at least 1,000 mg/dL of IgG is greater in calves receiving colostrum from H AMIR cows 

compared to calves receiving colostrum from A and L AMIR cows. Quantifying β-LG and LF 

concentrations in calf sera and correlating the results with calf disease records may suggest roles 

for β-LG and LF in host defense. Future in vivo research is required to determine if β-LG plays a 

role in preventing septicemia, diarrhea and respiratory infections in calves post parturition and if 

this molecule could be used to compensate for lack of protective colostral IgG. If this hypothesis 

is proven true, colostral whey with approximately 1.3 times higher β-LG from H compared to A 

and L AMIR cows might also serve as a valuable additive to colostrum replacer. 

 

Quantifying the vast array of bioactive proteins (e.g. lysozyme, lactoperoxidase, 

transferrin), peptides (e.g. lactoferricin, cathelicidins, β-defensins), glycosphingolipids (e.g. 

ganglioside types M1, M2, M3, D3), cytokines (e.g. osteopontin), glycoproteins (e.g. 

glycomacropeptide), carbohydrates (e.g. oligosaccharides), lipids (e.g. conjugated linoleic acid, 

monounsaturated and polyunsaturated fatty acids) and even neuropeptides (Hayashida et al., 

2003) in colostrum and milk from H, A and L immune response dairy cattle is also of interest. 

This would provide further insight regarding the innate immune response in cows with diverse 

immune response phenotypes, relationships between innate and adaptive mechanisms in AMIR 

and CMIR cows and why decreased disease incidence is seen in HIR cows.  

 

Blood samples from H, A and L AMIR and CMIR cows were collected and DNA 

extractions (n≅560) were performed throughout the course of this thesis for future work. It 

would also be interesting to determine if single nucleotide polymorphisms (SNPs) located in the 
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regulatory region of bioactive component gene sequences differ among H, A and L immune 

response cattle and if these SNPs correlate with bioactive component concentrations in 

colostrum and milk. Particularly, SNPs within the lactoferrin gene have yet to be investigated in 

the context of Canadian Holsteins. This information could be incorporated into breeding indices 

for health-related traits in the future. Genetic parameters of these bioactive components could 

also be investigated to calculate heritabilities when these are not reported in the literature, or to 

confirm or refine existing estimates. This would aid in determining the feasibility of cattle to 

pass on the trait of better colostrum and milk quality to future offspring.  

 

 Ultimately, breeding for cows with enhanced immune responses may benefit not only the 

individual cow, the herd to which the cow belongs and their calves, but also humans. Exploiting 

milk consumption habits of billions worldwide to enhance the health of human individuals and 

populations by drinking milk with increased concentrations of immunologically active 

components may reduce the incidence and spread of infectious diseases. Having efficient sources 

of anti-microbial whey components may also be of utmost importance on a commercial scale due 

to the rising interest regarding natural health products. Overall, breeding for H AMIR cows may 

serve as a method to enhance colostrum and milk quality in the future. 
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Chapter 6: Appendix 
 

Table 2.1. Logistic regression analyzing the risk of cows classified based on the antibody-

mediated immune response (AMIR) producing colostrum with total immunoglobulin isotype G 

(IgG) concentration less than 5,000 mg/dL (high colostrum quality has been defined as having 

greater than 5000 mg/dL of IgG; Weaver et al., 2000). Odds ratios were calculated relative to the 

risk for colostrum from High AMIR status cows.  

 

Trait  Model Covariates Odds Ratio P-Value 

Average AMIR Herd, Parity 3.03 0.13 

Low AMIR Herd, Parity 2.47 0.27 

 
  

All estimates did not differ significantly from 1.0. Three times as many cows (n≅324) 

would be required to attain statistical significance with the observed variances. This was 

determined by increasing the sample size in the odds ratio analysis until significance was 

reached. 

 

• The odds of colostrum having an IgG concentration less than 5,000 mg/dL were 3.03 

times higher for cows classified as having average AMIR, compared to cows with high 

AMIR status. 

 

• The odds of colostrum having an IgG concentration less than 5,000 mg/dL were 2.47 

times higher for cows classified as having low AMIR, compared to cows with high 

AMIR status. 
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Figure 2.1. Total immunoglobulin isotype G (IgG) (mg/dL) concentrations in colostrum from 

cows ranked according to the antibody-mediated immune response and cell-mediated immune 

response in this order as Low/Low (L/L) (n=2), Low/Average (L/A) (n=18), Low/High (L/H) 

(n=8), Average/Low (A/L) (n=12), Average/Average (A/A) (n=34), Average/High (A/H) (n=9), 

High/Low (H/L) (n=6), High/Average (H/A) (n=17), High/High (H/H) (n=2) by radial 

immunodiffusion, n=108. Columns represent least squares means with bars indicating standard 

errors of the means. Covariates (i.e. parity, herd) were included in the model. Significant 

differences (P≤0.05) were found between H/A and A/H as well as H/A and A/A.  
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Figure 2.2. Total immunoglobulin isotype G (IgG) (mg/dL) concentrations in milk (day 5post-

calving) from cows ranked according to the antibody-mediated immune response and cell-

mediated immune response in this order as Low/Low (L/L) (n=2), Low/Average (L/A) (n=17), 

Low/High (L/H) (n=8), Average/Low (A/L) (n=12), Average/Average (A/A) (n=34), 

Average/High (A/H) (n=9), High/Low (H/L) (n=4), High/Average (H/A) (n=15), High/High 

(H/H) (n=2) by radial immunodiffusion, n=103. Columns represent least squares means with 

bars indicating standard errors of the means. Covariates (i.e. parity, herd, milk weight, milk 

weight by parity interaction) were included in the model. Significant differences (P≤0.05) were 

found between A/A and H/A.  
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Figure 3.1. β-Lactoglobulin (mg/mL) concentrations in colostrum from cows ranked according 

to the antibody-mediated immune response and cell-mediated immune response in this order as 

Low/Low (L/L) (n=2), Low/Average (L/A) (n=18), Low/High (L/H) (n=8), Average/Low (A/L) 

(n=12), Average/Average (A/A) (n=34), Average/High (A/H) (n=9), High/Low (H/L) (n=6), 

High/Average (H/A) (n=17), High/High (H/H) (n=2) by enzyme-linked immunosorbent assay, 

n=108. Columns represent least squares means with bars indicating standard errors of the means. 

Covariates (i.e. herd) were included in the model. Significant differences (P≤0.05) were found 

between A/A and H/A, A/A and H/L, A/H and H/A as well as A/H and H/L.  
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Figure 3.2. β-Lactoglobulin (mg/mL) concentrations in milk (day 5post-calving) from cows 

ranked according to the antibody-mediated immune response and cell-mediated immune 

response in this order as Low/Low (L/L) (n=2), Low/Average (L/A) (n=17), Low/High (L/H) 

(n=8), Average/Low (A/L) (n=12), Average/Average (A/A) (n=34), Average/High (A/H) (n=9), 

High/Low (H/L) (n=4), High/Average (H/A) (n=15), High/High (H/H/) (n=2) by enzyme-linked 

immunosorbent assay, n=103. Columns represent least squares means with bars indicating 

standard errors of the means. Covariates (i.e. parity, herd, milk weight) were included in the 

model. Significant differences (P≤0.05) were found between A/L and A/A.  
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Figure 4.1. Lactoferrin (mg/mL) concentrations in colostrum from cows ranked according to the 

antibody-mediated immune response and cell-mediated immune response in this order as 

Low/Low (L/L) (n=2), Low/Average (L/A) (n=18), Low/High (L/H) (n=8), Average/Low (A/L) 

(n=12), Average/Average (A/A) (n=34), Average/High (A/H) (n=9), High/Low (H/L) (n=6), 

High/Average (H/A) (n=17), High/High (H/H) (n=2) by enzyme-linked immunosorbent assay, 

n=108. Columns represent least squares means with bars indicating standard errors of the means. 

Covariates (i.e. parity) were included in the model. No significant differences (P≤0.05) were 

found among immune response groups. 
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Figure 4.2. Lactoferrin (mg/mL) concentrations in milk (day 5post-calving) from cows ranked 

according to the antibody-mediated immune response and cell-mediated immune response in this 

order as Low/Low (L/L) (n=2), Low/Average (L/A) (n=17), Low/High (L/H) (n=8), 

Average/Low (A/L) (n=12), Average/Average (A/A) (n=34), Average/High (A/H) (n=9), 

High/Low (H/L) (n=4), High/Average (H/A) (n=15), High/High (H/H) (n=2) by enzyme-linked 

immunosorbent assay, n=103. Columns represent least squares means with bars indicating 

standard errors of the means. Covariates (i.e. parity, milk weight) were included in the model. 

No significant differences (P≤0.05) were found among immune response groups. 
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Figure 4.3. Additional analysis regarding lactoferrin concentrations in colostrum from cows 

ranked as High (n=20), Average (n=34) and Low (n=19) according to the antibody-mediated 

immune response by enzyme-linked immunosorbent assay, n=73. Columns represent least 

squares means with bars indicating standard errors of the means (means with the same letter are 

not significantly different, P>0.05). Covariates (i.e. parity) were included in the model. No 

significant differences (P≤0.05) were found among immune response groups. 
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Figure 4.4. Additional analysis regarding lactoferrin concentrations in milk (day 5 post-calving) 

from cows ranked as High (n=18), Average (n=34) and Low (n=18) according to the antibody-

mediated immune response by enzyme-linked immunosorbent assay, n=70. Columns represent 

least squares means with bars indicating standard errors of the means (means with the same letter 

are not significantly different, P>0.05). Covariates (i.e. parity, milk weight, parity by milk 

weight interaction) were included in the model. No significant differences (P≤0.05) were found 

among immune response groups. 
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Figure 4.5. Additional analysis regarding lactoferrin (mg/mL) concentrations in colostrum from 

cows ranked according to the antibody-mediated immune response and cell-mediated immune 

response in this order as Low/Low (L/L) (n=2), Low/Average (L/A) (n=18), Average/Average 

(A/A) (n=34), High/Average (H/A) (n=17), High/High (H/H) (n=2) by enzyme-linked 

immunosorbent assay, n=73.Columns represent least squares means with bars indicating 

standard errors of the means. Covariates (i.e. parity) were included in the model. No significant 

differences (P≤0.05) were found among immune response groups. 
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Figure 4.6. Additional analysis regarding lactoferrin (mg/mL) concentrations in milk (day 5post-

calving) from cows ranked according to the antibody-mediated immune response and cell-

mediated immune response in this order as Low/Low (L/L) (n=2), Low/Average (L/A) (n=17), 

Average/Average (A/A) (n=34), High/Average (H/A) (n=15), High/High (H/H) (n=2) by 

enzyme-linked immunosorbent assay, n=70. Columns represent least squares means with bars 

indicating standard errors of the means. Covariates (i.e. parity, milk weight, parity by milk 

weight interaction) were included in the model. No significant differences (P≤0.05) were found 

among immune response groups. 

 

 


