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Abstract

Fang, Z.H. (2017). The genetic background of bovine 𝛼௦ଵ- and 𝛼௦ଶ-casein phosphorylation.

Joint PhD thesis, AgroParisTech, Paris, France and Wageningen University & Research, Wa-

geningen, the Netherlands.

Phosphorylation of caseins (CN) is a crucial post-translational modification allowing caseins

to aggregate as micelles. The formation and stability of casein micelles are important for

transporting abundant minerals to the neonate and manufacturing of dairy products. This

thesis aimed to explore variation in degrees of phosphorylation of caseins and study to what

extent genetic and other factors contribute to this variation. Two studies were conducted to

quantify phosphorylation levels of 𝛼௦ଵ- and 𝛼௦ଶ-CN: one in French Montbéliarde using liquid

chromatography coupled with electrospray ionization mass spectrometry and the other in

Dutch Holstein Friesian using capillary zone electrophoresis. In French Montbéliarde, in ad-

dition to the known isoforms𝛼௦ଵ-CN-8P and-9P and𝛼௦ଶ-CN-10P to -13P, three new phospho-

rylation isoforms were detected, namely 𝛼௦ଶ-CN-9P, 𝛼௦ଶ-CN-14P, and 𝛼௦ଶ-CN-15P. Relative

concentrations of the phosphorylation isoforms varied considerably among cows. Pheno-

typic correlations showed that isoforms phosphorylated at higher degrees (𝛼௦ଵ-CN-9P and

𝛼௦ଶ-CN-12P to -14P) correlated negatively with isoforms phosphorylated at lower degrees

(𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and -11P). Furthermore, 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation profiles

were shown to change across parity and lactation, and exploitable genetic variation for the

phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN (defined as the proportion of higher degree iso-

forms in 𝛼௦ଵ- and 𝛼௦ଶ-CN, respectively) exists. In Dutch Holstein Friesian, 𝛼௦ଶ-CN-10P to -12P

and the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN were quantified. High intra-herd heri-

tabilities for these traits (ranging from 0.54 to 0.89) suggest that genetic factors contribute

substantially to observed differences in 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation profiles. The cor-

relation between the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN was 0.94. Additionally, a

total of 10 regions, distributed across Bos taurus autosomes (BTA) 1, 2, 6, 9, 11, 14, 15, 18,

24 and 28, were detected to be associated with individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation

isoforms and their phosphorylation degrees in Dutch Holstein Friesian. Regions on BTA1,

6, 11 and 14 were associated with multiple traits studied. Two quantitative trait loci (QTL)

regions were detected on BTA1: one affecting 𝛼௦ଶ-CN production, and the other affecting

𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. The QTL region on BTA6 affected only individual 𝛼௦ଶ-CN isoforms.

The QTL region on BTA11 and 14 affected relative concentrations of 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-

11P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Results suggested that effects of identified genomic regions

on 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD are probably due to changes in milk synthesis and phosphorus

secretion in milk.
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Chapter 1

General Introduction





1. General Introduction

Protein phosphorylation regulates nearly every aspect of cell life, including disease states,

by altering the structural confirmationof proteins to activate, deactivate ormodify their func-

tion. Caseins from cows’ milk are the well-studied group of phosphoproteins and play an

important role in human nutrition as well as manufacturing of dairy products, such as yogurt

and cheese. Phosphorylation of caseins is a crucial post-translational modification that al-

lows caseins to form colloid particles called casein micelles, which enables transport of large

amounts of calcium and phosphate above what is normally soluble. As a result, these miner-

als can be delivered efficiently to the neonate without damaging the mammary gland of the

mother by evoking either pathological calcification or amyloidosis (Holt et al., 2013). Using

caseins as model phosphoproteins can increase our knowledge of protein phosphorylation.

Besides the high biological importance of phosphorylation of caseins, the formation and sta-

bility of casein micelles are highly relevant to manufacturing of dairy products. Therefore, it

is of great interest to explore the variation in phosphorylation of caseins, in particular 𝛼௦ଵ-

and 𝛼௦ଶ-caseins that are heavily phosphorylated, and study to what extent genetic and other

factors contribute to this variation. This thesis aimed to investigate the genetic background

of bovine milk protein composition with a focus on phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-caseins.

1.1 Bovine milk protein composition

Bovine milk contains 3 to 4 % protein, of which 90% comprises the six major milk proteins,

i.e. the two whey proteins [𝛼-lactalbumin (𝛼-LA) and 𝛽-lactoglobulin (𝛽-LG)] and the four

caseins (𝛼௦ଵ-, 𝛼௦ଶ-, 𝛽-, and 𝜅-CN). The caseins account for around 80% of total protein in

cows’ milk and are the phosphoproteins that precipitate from raw skim milk by acidification

to pH=4.6 at 20∘C (Jenness et al., 1956). The relative amounts of 𝛼௦ଵ-, 𝛼௦ଶ-, 𝛽-, and 𝜅-CN oc-

cur in a ratio of approximately 4.0:1.0:3.5:1.5 in cow’s milk. Most of caseins in milk, together

with calcium, phosphate and other minerals, are assembled in colloidal structures known as

casein micelles. The casein micelles act as transporters of calcium and phosphorous. More-

over, the casein micelle properties, such as their size and structure, have a major influence

on the technological properties of milk (Glantz et al., 2010; Gustavsson et al., 2014; Logan

et al., 2015). For example, the destabilization of casein micelles by rennet or acid to form gel

networks is highly relevant for manufacturing cheese and yogurt. As for the whey proteins,

𝛼-LA and 𝛽-LG are soluble at pH=4.6. The 𝛽-LG is the most abundant whey protein in cows’

milk, accounting for around 10% of total protein or 50% of whey proteins. The 𝛼-LA has an

important biological function as a regulatory protein in the biosynthesis of lactose (Brodbeck

and Ebner, 1966; Brodbeck et al., 1967).

Different methods have been developed to analyze milk protein composition: gel elec-

trophoresis (Ng-Kwai-Hang and Kroeker, 1984; Seibert et al., 1985), high-performance liquid

chromatography (HPLC) by ion-exchange (Hollar et al., 1991), hydrophobic interactions (Bra-

manti et al., 2002) and reversed-phasemethods (Visser et al., 1991; Bobe et al., 1998; Bordin

et al., 2001; Bonfattiet al., 2008), capillary zone electrophoresis (de Jong et al., 1993; Recio et

al., 1997; Heck et al., 2008), and liquid chromatography coupledwithmass spectrometry (LC-

MS; Léonil et al., 1995). In general, gel-based methods are less suitable for quantifying milk

protein composition on a large scale due to the difficulty in automation, poor dynamic range
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1. General Introduction

and limited sensitivity (O’Donnell et al., 2004). Particular advantageous method is LC-MS,

as it allows simultaneous qualitative and quantitative analysis of the six major milk proteins

including their isoforms and genetic variants. The LC method allows rapid and automated

analysis with high resolutions, accuracy and reproducibility, and combined with MS allows

identification of proteins based on their molecular masses even when proteins co-elute in

LC.

1.2 Variation in milk protein composition

Detailed milk protein composition exhibits high heterogeneity because of quantitative vari-

ation in the content of different milk proteins, numerous genetic variants, and isoforms with

different degrees of post-translational modifications such as glycosylation of 𝜅-CN and phos-

phorylation of all caseins (Caroli et al., 2004; Holland and Boland, 2014). The next sections

will provide a detailed overview regarding natural variation in milk protein composition.

Genetic variants. Milk proteins are products of milk protein genes. The genes encod-

ing caseins are clustered within a 250 kb region on chromosome 6 with the following order:

𝛼௦ଵ-, 𝛽-, 𝛼௦ଶ-, and 𝜅-CN (Threadgill and Womack, 1990). The gene encoding 𝛼-LA is located

on chromosome 5 (Hayes et al., 1993), and the one encoding 𝛽-LG is located on chromo-

some 11 (Hayes and Petit, 1993). The DNA sequence determines the amino acid sequence

of the protein and influences the amount of protein that is produced. Genetic differences

can be due to point mutations such as single nucleotide polymorphisms (SNP) or due to DNA

rearrangements such as structure variations, insertions or deletions. When changes occur

in regulatory regions (e.g. enhancers and promoters), alteration may occur at the transcrip-

tion level, and may result in different levels of expression and different amounts of proteins.

When non-synonymous changes occur in coding regions, this will result in amino acid sub-

stitutions. One or more differences in amino acid sequence e.g. due to mutations, deletions

or insertions in the DNA sequence will result in different genetic (protein) variants, which

may possess different physical or chemical properties. Genetic variants of the six major milk

proteins detected so far in bovine are shown in Table 1.1. In most western dairy breeds,

𝛼௦ଶ-CN is monomorphic for the A variant, and 𝛼-LA is monomorphic for the B variant. The

important functional role of 𝛼-LA in lactose biosynthesis suggests that less genetic variation

of this protein is allowed. Furthermore, 𝛼௦ଵ-CN B, 𝛽-CN A1 and A2, 𝜅-CN A and B, and 𝛽-LG

A and B are the most common genetic variants.

Table 1.1. Detected genetic variants for the six major bovine milk proteins

Protein Genetic variants

ఈೞభ-CN A, B, C, D, E, F, G, H, I

ఈೞమ-CN A, B, C, D

ఉ-CN A1, A2, A3, B, C, D, E, F, G, H, I, J

఑-CN A, B, B2, C, D, E, F1, F2, G1, G2, H, I, J, K, L

ఈ-LA A, B, C, D

ఉ-LG A, B, B*, C, D, Dr, E, F, G, H, I, J, W

(Visker et al., 2012; Martin et al., 2013)
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1. General Introduction

Genetic variants may affect cheese-making properties of milk (Bittante et al., 2012), ei-

ther through changed protein structure (e.g. 𝛼௦ଵ-CN A) or through changed casein content

(e.g. 𝛽-LG B) or composition (e.g. 𝜅-CN B). The 𝛼௦ଵ-CN A variant is a variant with a dele-

tion of 13 amino acid residues compared to the 𝛼௦ଵ-CN B variant. This deletion reduces the

hydrophobicity of this protein and is responsible for the loss of the primary cleavage site

(Fଷ଻-Fଷ଼, see Figure1.2) by chymosin. Milk containing 𝛼௦ଵ-CN A variant exhibits longer clot-

ting time than milk containing 𝛼௦ଵ-CN B variant (Coker et al., 1999). The 𝛽-LG B variant is

associated with higher casein content (Bobe et al., 1999; Heck et al., 2009). Milk contain-

ing 𝛽-LG B variant results in higher cheese yield (Van Den Berg et al., 1992; Wedholm et al.,

2006; Hallén et al., 2008). The 𝜅-CN B variant is associated with a greater proportion of 𝜅-CN

including glycosylated 𝜅-CN and smaller casein micelle size (Bijl et al., 2014a; Bonfatti et al.,

2014). Milk containing the 𝜅-CN B variant exhibits shorter renneting time compared with

milk containing the 𝜅-CN A variant (Ng-Kwai-Hang, 2006; Jensen et al., 2015).

Post-translational modifications. Unlike two main whey proteins, caseins are present

in diverse isoforms because of different degrees of post-translational modifications such as

glycosylation of 𝜅-CN, phosphorylation of all caseins, and disulphide bridging of 𝛼௦ଶ-CN and

𝜅-CN. These post-translational modifications are crucial for micelle formation and stability

as shown in the schematic representation of a casein micelle in Figure 1.1A. Although casein

micelle structure is not fully elucidated, it is nowwell established thatmost of 𝜅-CN is present

on the surfaces of the micelles (Dalgleish et al., 1989). The highly hydrophilic part of 𝜅-CN

(some are glycosylated), known as the hairy layer, causes electrostatic and steric repulsion

between micelles to avoid aggregation of caseins (De Kruif and Zhulina, 1996). The micellar

interior consists of amatrix of caseins and calciumphosphate nanoclusters (De Kruif andHolt,

2003). Besides glycosylation and phosphorylation, another post-translational modification

is the disulphide bond formed between two cysteine residues in 𝛼௦ଶ-CN or 𝜅-CN. As a result,

𝛼௦ଶ-CN is present as monomers or dimers, and 𝜅-CN is present as monomers or oligomers

(Rasmussen et al., 1994).

Phosphorylation. Phosphorylation of caseins occurs after the synthesis of polypeptide

chains in the Golgi apparatus of the mammary epithelial cell and is catalyzed by protein

kinases (Bingham et al., 1972). These kinases phosphorylate serine (Ser/S) or threonine

(Thr/T) by recognizing the tripeptide sequence as Ser or Thr-X-glutamic acid (Glu/E) or phos-

phorylated Ser (SerP) or Aspartic acid (Asp/D), where X represents any amino acid residue

(Mercier, 1981). This post-translational modification allows caseins to interact with calcium

phosphate in the assembly of casein micelles. Phosphoserine clusters of 𝛼௦ଵ-, 𝛼௦ଶ- and 𝛽-

CN are involved in stabilizing calcium phosphate nanoclusters and enable micellar growth by

crosslinking between phosphorylated residues of caseins and calcium phosphate as shown in

Figure 1.1B (De Kruif and Holt, 2003; Dalgleish and Corredig, 2012; De Kruif et al., 2012). So

far, the molecular mechanism and factors controlling casein phosphorylation are still largely

unknown.

Although caseins are all phosphoproteins, they differ greatly in their degree of phos-

phorylation. The known phosphorylation sites of the different caseins are shown in Figure

1.2. The 𝛼௦ଵ-CN possesses 2 phosphoserine clusters and has 2 common phosphorylation iso-

forms: 𝛼௦ଵ-CN-8P as the predominant form and 𝛼௦ଵ-CN-9P as the minor form (Farrell, Jr. et

al., 2004). The extra phosphorylated serine of 𝛼௦ଵ-CN-9P is present on Ser
ହ଺ in the Ser-X-Asp
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1. General Introduction

A B

Figure 1.1. (A) Schematic representation of the casein micelle structure adopted from Dal-

gleish and Corredig (2012). The internal structure is the matrix of 𝛼௦- and 𝛽-caseins linked to

the calcium phosphate nanoclusters. The 𝜅-CN (the hairy layer) is on the outermost parts of

the surface. (B) Interaction between calcium phosphate nanoclusters and phosphopeptides

of caseins (Schmidt, 1982).

motif (Manson et al., 1977). The 𝛼௦ଶ-CN possesses 3 phosphoserine clusters and is present

with isoforms from 10P to 13P (Farrell, Jr. et al., 2004), with 𝛼௦ଶ-CN-11P as the major form.

Based on the amino acid sequence of 𝛼௦ଶ-CN, 12 Ser and 6 Thr residues can be phosphory-

lated in theory, but not all the phosphorylation sites have been confirmed by experiments.

Up to now, only 11 Ser have been confirmed as phosphorylation sites of 𝛼௦ଶ-CN (Imanishi

et al., 2007; Baum et al., 2013). The 𝛽-CN possesses only 1 phosphoserine cluster and is usu-

ally present with 5P and occasionally with 4P. The 𝜅-CN does not possess any phosphoserine

cluster and is present with 1P to 2P and occasionally with 3P (Farrell, Jr. et al., 2004; Holland

and Boland, 2014). The 2 Ser residues in 𝜅-CN are phosphorylated first in Serଵ଻଴ followed by

Serଵସ଼ (Holland and Boland, 2014). In 𝜅-CN-B-3P, the additional phosphorylated residue is

on Thrଵ଺଺ (Holland et al., 2006).
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1. General Introduction

αs1-casein B 
  1 MKLLILTCLV AVALARPKHP IKHQGLPQEV LNENLLRFFV  
 41 APFPEVFGKE KVNELSKDIG SESTEDQAME DIKQMEAESI   
 81 SSSEEIVPNS VEQKHIQKED VPSERYLGYL EQLLRLKKYK  
121 VPQLEIVPNS AEERLHSMKE GIHAQQKEPM IGVNQELAYF  
161 YPELFRQFYQ LDAYPSGAWY YVPLGTQYTD APSFSDIPNP  
201 IGSENSEKTT MPLW 
 
αs2-casein A 
  1 MKFFIFTCLL AVALAKNTME HVSSSEESII SQETYKQEKN 
 41 MAINPSKENL CSTFCKEVVR NANEEEYSIG SSSEESAEVA    
 81 TEEVKITVDD KHYQKALNEI NQFYQKFPQY LQYLYQGPIV 
121 LNPWDQVKRN AVPITPTLNR EQLSTSEENS KKTVDMESTE 
161 VFTKKTKLTE EEKNRLNFLK KISQRYQKFA LPQYLKTVYQ 
201 HQKAMKPWIQ PKTKVIPYVR YL 
 
β-casein A2 
  1 MKVLILACLV ALALARELEE LNVPGEIVES LSSSEESITR  
 41 INKKIEKFQS EEQQQTEDEL QDKIHPFAQT QSLVYPFPGP 
 81 IPNSLPQNIP PLTQTPVVVP PFLQPEVMGV SKVKEAMAPK 
121 HKEMPFPKYP VEPFTESQSL TLTDVENLHL PLPLLQSWMH 
161 QPHQPLPPTV MFPPQSVLSL SQSKVLPVPQ KAVPYPQRDM  
201 PIQAFLLYQE PVLGPVRGPF PIIV  
 
κ-casein A 
  1 MMKSFFLVVT ILALTLPFLG AQEQNQEQPI RCEKDERFFS 
 41 DKIAKYIPIQ YVLSRYPSYG LNYYQQKPVA LINNQFLPYP 
 81 YYAKPAAVRS PAQILQWQVL SNTVPAKSCQ AQPTTMARHP 
121 HPHLSFMAIP PKKNQDKTEI PTINTIASGE PTSTPTTEAV 
161 ESTVATLEDS PEVIESPPEI NTVQVTSTAV 

Figure 1.2. Amino acid sequences of 𝛼௦ଵ-CN B, 𝛼௦ଶ-CN A, 𝛽-CN A2 and 𝜅-CN A variants.

The signal peptides are in italics. The known phosphorylated residues are marked bold and

red (Holland and Boland, 2014). Phosphoserine clusters are marked underlined (De Kruif

and Holt, 2003). The extra phosphorylated residue in 𝛼௦ଵ-CN-9P, 𝜅-CN-2P and 𝜅-CN-3P are

marked bold andhighlighted in yellow (Manson et al., 1977; Holland et al., 2006). For𝛼௦ଶ-CN,

not all the phosphorylation sites are confirmed by experiments. The potential (theoretical)

phosphorylation sites are marked in orange (Mercier, 1981).
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1. General Introduction

1.3 Genomic regions involved inmilkprotein com-

position

Detailed milk protein composition contributes largely to the nutritional value and techno-

logical properties of milk. Therefore, detailed milk protein composition tailored according to

desired products is of great interest to the dairy industry, especially for cheese production

(Wedholm et al., 2006; Hallén et al., 2008; Caroli et al., 2009). Relative concentrations of

individual milk proteins and their isoforms vary considerably among milk of individual cows

(Heck et al., 2008; Bonfatti et al., 2011; Bonfatti et al., 2014; Bijl et al., 2014b; Boichard et al.,

2014; Gebreyesus et al., 2016). Factors contributing to the variation inmilk protein composi-

tion include breed, feed, seasonal changes, stage of lactation and health status of individual

cows (Ng-Kwai-Hang et al., 1987; Groen et al., 1994; Coulon et al., 1998). Additionally, several

studies have shown that genetic factors contribute a major part of the variation in milk pro-

tein composition; heritability estimates, as the proportion of phenotypic variation explained

by genetic variation, for the six major milk proteins range from 0.25 to 0.79 across different

breeds (Schopen et al., 2009; Bonfatti et al., 2011; Boichard et al., 2014). This implies that

selecting cows that producemilk with the desired composition is one possible way tomodify

detailedmilk protein composition. While genetic variation for the sixmajormilk proteins has

been reported, information about genetic variation in phosphorylation of caseins is scarce.

To date, only two studies have reported heritability estimates for relative concentrations of

𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P in Dutch Holstein Friesian (Bijl et al., 2014b), Danish Holstein and

Danish Jersey (Buitenhuis et al., 2016). Heritability estimates for 𝛼௦ଶ-CN phosphorylation

isoforms have not been reported. The limited number of studies reflects the technical diffi-

culties for their quantification. Given the substantial genetic variation in bovine milk protein

composition, identifying genomic regions responsible for this variation will increase our un-

derstanding of the biological mechanisms involved in milk protein synthesis. To identify such

regions, known as quantitative trait loci (QTL), the whole genome is screened using SNP with

known location. Up to now, there are only three genome-wide association studies (GWAS)

for milk protein composition measured with different analytical methods (Schopen et al.,

2011; Buitenhuis et al., 2016; Sanchez et al., 2016). The main identified regions for milk pro-

tein composition are on chromosomes 6 where casein gene cluster is located, 11 where the

gene encoding 𝛽-LG is located, 14 where DGAT1 gene is located.

The formation and stability of casein micelles are highly relevant to manufacturing of

dairy products. Therefore, exploring the variation in phosphorylation degree of 𝛼௦-CN is

of great interest because caseins may play different roles in stabilizing the internal micellar

structure (Hoagland et al., 2001; De Kruif and Holt, 2003), and affect cheese-making prop-

erties of milk (Frederiksen et al., 2011; Jensen et al., 2012). Furthermore, finding genomic

regions associated with different phosphorylation isoforms of caseins, in particular 𝛼௦ଵ- and

𝛼௦ଶ-CN, might help to understand the mechanism of phosphorylation of caseins. Up to now,

only a single study has reported QTL associated with 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P (Bijl et al.,

2014b), and there is no information regarding QTL associated with individual 𝛼௦ଶ-CN phos-

phorylation isoforms. Interestingly, Bijl et al. (2014b) showed that one QTL on BTA 11 is as-

sociated with 𝛼௦ଵ-CN-8P concentration, and one QTL on chromosome 14 is associated with
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1. General Introduction

𝛼௦ଵ-CN-9P concentration. Consequently, they hypothesize that different sets of genes reg-

ulate the phosphorylation of 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P. Furthermore, Heck et al. (2008) re-

ported strong phenotypic correlations of 𝛼௦ଵ-CN-9P with 𝛼௦ଶ-CN-10P and -11P, suggesting

that phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN might be related. However, the relations between

𝛼௦ଶ-CN phosphorylation isoforms as well as the relations between 𝛼௦ଵ- and 𝛼௦ଶ-CN isoforms

have not been reported.

1.4 Aim and outline of this thesis

This thesis aimed to unravel the genetic background of bovinemilk protein composition with

special emphasis on the phosphorylation of caseins. In Chapter 2, we quantified the varia-

tion in 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms among milk of French Montbéliarde cows

and quantified the relations among these isoforms. These results were further explored in

chapter 3. In Chapter 3, we investigated to what extent genetic and other factors contribute

to the variation in relative concentrations of 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and

the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN defined as the proportion of isoforms with

higher degrees of phosphorylation in total𝛼௦ଵ- and total𝛼௦ଶ-CN, respectively. We also inves-

tigated associations of genetic variants of milk proteins and casein haplotypes with relative

concentrations of 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and with the phosphorylation

degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN. In Chapter 4, we estimated genetic parameters for individual

𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms in Dutch Holstein Friesian and the genetic corre-

lations among these isoforms. In Chapter 5, we performed a genome-wide association study

in Dutch Holstein Friesian for 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms to identify genomic

regions involved in phosphorylation of caseins. In Chapter 6, the general discussion, the

possible reasons for discrepancies across studies regarding milk protein composition were

discussed, and the results obtained from this thesis were used to speculate on the phospho-

rylation mechanism of the caseins.
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Abstract

Casein (CN) phosphorylation is an important post-translational modification, and it is one of

the key factors responsible for constructing and stabilizing caseinmicelles. Variation in phos-

phorylation degree of 𝛼௦-CN is of great interest because it is suggested to affect milk techno-

logical properties. This study aimed to investigate the variation in phosphorylation degree

of 𝛼௦-CN among milk of individual cows and to explore relationships among different phos-

phorylation isoforms of 𝛼௦-CN. For this purpose, we analyzed morning milk samples from

529 French Montbéliarde cows using Liquid Chromatography coupled with Electrospray Ion-

ization Mass Spectrometry (LC/ESI-MS). We detected three new phosphorylation isoforms:

𝛼௦ଶ-CN-9P, -14P, and -15P in bovine milk, in addition to the known isoforms 𝛼௦ଵ-CN-8P and

-9P, and𝛼௦ଶ-CN-10P, -11P, -12P, and -13P. The relative concentrations of each𝛼௦-CN phospho-

rylation isoform varied considerably among individual cows. Furthermore, the phenotypic

correlations and hierarchical clustering suggest at least two regulatory systems for phospho-

rylation of𝛼௦-CN: one responsible for isoformswith lower levels of phosphorylation (𝛼௦ଵ-CN-

8P, 𝛼௦ଶ-CN-10P and -11P), and another responsible for isoforms with higher levels of phos-

phorylation (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, -13P and -14P). Identifying all phosphorylation sites of

𝛼௦ଶ-CN and investigating the genetic background of different 𝛼௦ଶ-CN phosphorylation iso-

forms may provide further insight into phosphorylation mechanism of caseins.

Key words: phosphorylation, casein, milk protein composition, LC/ESI-MS



2. Phosphorylation of 𝛼௦-Casein

2.1 Introduction

Detailedmilk protein composition contributes largely to the nutritional value and technologi-

cal properties ofmilk. Casein accounts for about 80% of total protein in cowmilk, and its con-

tent and composition largely influence cheesemanufacturing properties ofmilk (Hallén et al.,

2008; Wedholm, 2008; Caroli et al., 2009). Casein arises from the expression of 4 genes en-

coding 4 distinct polypeptide chains: 𝛼௦ଵ-CN, 𝛼௦ଶ-CN, 𝛽-CN, and 𝜅-CN, of which the relative

amounts in milk are approximately at the ratio 4:1:4:1. Phosphorylation of caseins is an im-

portant posttranslationalmodification occurring after the synthesis of the polypeptide chains

in the Golgi apparatus of the mammary epithelial cell under the action of protein kinases

(Bingham et al., 1972). These kinases phosphorylate Ser or Thr by recognizing the tripeptide

sequence Ser/Thr-X-Glu/SerP/Asp, where X represents any AA residue and P indicates phos-

phorylation (Mercier, 1981). This posttranslational modification allows caseins to interact

with calcium phosphate to form large colloidal structures called casein micelles. Phospho-

serine clusters of 𝛼௦ଵ-CN, 𝛼௦ଶ-CN, and 𝛽-CN are involved in stabilizing calcium phosphate

nanoclusters and enable micellar growth by crosslinking between phosphorylated residues

of caseins and calcium phosphate (De Kruif and Holt, 2003; De Kruif et al., 2012; Dalgleish

and Corredig, 2012).

Although 𝛼௦ଵ-CN, 𝛼௦ଶ-CN, 𝛽-CN, and 𝜅-CN are all phosphoproteins, they vary strikingly

in their degree of phosphorylation. In bovine milk, 𝛼௦ଵ-CN has 2 common phosphorylation

isoforms: 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P; 𝛼௦ଶ-CN is present with isoforms from 10P to 13P, 𝛽-CN

is usually present with 5P and occasionally with 4P, and 𝜅-CN is present with 1P to 2P and oc-

casionally with 3P (Farrell, Jr. et al., 2004; Holland and Boland, 2014). Exploring the variation

in phosphorylation degree of 𝛼௦-CN is of great interest because caseins may play different

roles in stabilizing the internal micellar structure (Hoagland et al., 2001; De Kruif and Holt,

2003), and affect cheese-making properties of milk (Frederiksen et al., 2011). Phosphoryla-

tion degree of 𝛼௦ଶ-CN was found negatively correlated with phosphorylation degree of 𝛼௦ଵ-

CN (Heck et al., 2008). Additionally, 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P are suggested to be regulated

by different sets of genes (Bijl et al., 2014).

This study aimed to investigate the variation in phosphorylation degree of 𝛼௦-CN among

milk of individual cows and to explore the relationships among different phosphorylation

isoforms of 𝛼௦-CN in Montbéliarde cows in the Franche-Comté region in France.

2.2 Materials and Methods

2.2.1 Milk samples

We sampled 576 Montbéliarde cows located on 430 herds across 3 departments (Doubs,

Jura, and Haute-Saône) to obtain a good representation of the variation in milk protein com-

position from the currentMontbéliarde cattle population in the Franche-Comté region in the

east of France. We sampled cows across different parities (1-5) and lactation stages (7-652 d)

based on paternal pedigree (to maximize genetic diversity) and on protein and calcium con-

tent in milk (to increase milk content diversity). During autumn/winter (October-December,
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2. Phosphorylation of 𝛼௦-Casein

2014) and spring/summer (April-July, 2015), fresh morning milk samples (25 mL) were pre-

served with Bronopol after collection, transported on ice to the laboratory, and then frozen

at -20∘C until analysis by liquid chromatography/electrospray ionization-mass spectrometry

(LC/ESI-MS).

2.2.2 Milk protein profiling

All chemicals used in the LC/ESI-MS analysis were of the highest purity commercially avail-

able and were used without further purification. Trifluoroacetic acid (TFA), urea, Bis-Tris,

dithiothreitol, and acetonitrile were purchased from Sigma-Aldrich (St. Louis, MO). Ultra-

pure water (Milli-Q Plus System, >18.3 MΩcm) was produced in the laboratory.

Prior to LC/ESI-MS analysis, milk sampleswere skimmedby centrifugation at 2,500× g for

20min at 4∘C. Skimmilk samples (20𝜇L)were then clarified by adding 180𝜇L of 0.1MBis-Tris

buffer pH 8.0, containing 8 M urea, 1.3% trisodium citrate, and 0.3% dithiothreitol (Visser et

al., 1991). Next, 15 𝜇L of clarified milk samples were injected into a Discovery BIOWide Pore

(Supelco) C5 column (150 × 2.10 mm, 300Å). Reversed-phase HPLC was carried out with an

Ultimate LC 3000 system (Thermo Fisher Scientific, Waltham, MA). During the analysis, the

autosampler was kept at 10∘C, and the columnwasmaintained at 42∘C. The column’smobile

phase consisted of a gradient mixture of solvent A (0.025% TFA in ultrapure water, vol/vol)

and solvent B (0.02% TFA in acetonitrile, vol/vol) at a flow rate of 0.2 mL/min. The elution

condition was a linear gradient from 29.5 to 34% B in 16 min, from 34 to 35.5% B in 0.1 min,

from 35.5 to 37.5% B in 14.9 min, from 37.5 to 42% B in 14 min, from 42 to 95% B in 0.1 min,

followed by an isocratic elution at 95% B for 5 min, and a linear return to 29.5% B in 0.1 min.

The column was then re-equilibrated at 29.5% B as the starting condition for 10 min.

Protein elutes were detected by UV absorbance at 214 nm. The column was directly

interfaced with an ESI-TOF mass spectrometer micrOTOF II focus (Bruker Daltonics, Wissem-

bourg, France). The positive ion mode was used and mass scans were acquired over a range

of 50 to 3,000 m/z. End plate offset voltage was set at -500 V and capillary voltage to 4,500

V. Nebulizer gas (Nଶ) pressure was maintained at 250 kPa and drying gas (Nଶ) flow was set at

4.0 L/min at 200∘C. The LC/ESI-MS system was controlled by Hystar software v.2.3 (Bruker

Daltonics). The charge number of multicharged ions, the deconvoluted mass spectra, and

the determination of average molecular mass (M௥) were obtained from Data Analysis v.3.4

software (Bruker Daltonics). A blank sample was injected after every milk sample to avoid

carryover effects. A reference milk sample was analyzed after every 10 milk samples to de-

termine reproducibility. In total, 58 aliquots of this reference sample were analyzed during

the whole series of analyses.

2.2.3 Identification and quantification ofmilk protein frac-

tions

We implemented the LC/ESI-MS method developed at INRA to simultaneously measure the

relative concentrations of the major milk proteins and their isoforms, notably their phos-

phorylation isoforms (Miranda et al., 2013). Peak profiles from UV 214 nm were analyzed

by Chromeleon software (Chromeleon 7.0.0, Dionex, Thermo Fisher Scientific). Protein vari-
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ants and isoforms of the 6 major milk proteins (𝛼௦ଵ-CN, 𝛼௦ଶ-CN, 𝛽-CN, 𝜅-CN, 𝛼-LA, and 𝛽-LG)

were identified by matching measured molecular masses with an in-house calculated mass

database on bovine milk proteins (Miranda et al., 2011).

A milk sample was considered degraded if peptides arising from the proteolysis of milk

proteins, such as 𝛾-casein and proteose-peptone component 5, accounted for more than

10% of total protein in milk. Degraded milk samples were discarded because degradation

products co-eluted with some major protein fractions and interfered with the accuracy of

quantification. As a result, 47 milk samples were discarded and 529 samples qualified for

downstream quantification of the relative concentration of each protein fraction. Fractions

of individual proteins and of 𝛼௦ଵ-CN phosphorylation isoforms were estimated based on di-

viding the peak area of an individual protein by the total integrated peak area in the chro-

matogram of an individual milk sample. The LC could not completely separate the 𝛼௦ଶ-CN

phosphorylation isoforms in our study, so quantification based on peak area in the chro-

matogram would not be possible for individual 𝛼௦ଶ-CN phosphorylation isoforms. Coupling

mass spectrometry allows identification of a specific isoform in amixture based on its molec-

ular mass and further quantification via its signal intensity (Tuli and Ressom, 2009). There-

fore, we used mass signal intensity to estimate the proportion of each 𝛼௦ଶ-CN phosphoryla-

tion isoform as a fraction of total 𝛼௦ଶ-CN, and the following equation was used to estimate

the relative concentration of each 𝛼௦ଶ-CN phosphorylation isoform in total milk protein:

isoform mass signal intensity

∑ isoform mass signal intensity
× total 𝛼௦ଶ − CN (%wt/wt).

The reproducibility of the method was assessed by calculating the coefficient of variation of

the relative protein concentration for each protein and isoform fraction from the 58 aliquots

of the reference milk sample.

2.2.4 Divisive hierarchical clustering analysis

A dendrogram was constructed using divisive hierarchical clustering analysis to graphically

visualize phenotypic correlations among 𝛼௦-CN phosphorylation isoforms. The dissimilarity

between the isoforms was calculated as √1 − 𝑟, where r is the correlation coefficient be-

tween isoforms, to account for the direction and intensity of the relationships. The distance

matrix was calculated using Euclidean distance. The analysis was performed using the R

package Cluster (Maechler et al., 2015; R Core Team, 2015).

2.3 Results and Discussions

2.3.1 Milk protein profiling by LC/ESI-MS

Milk protein composition of 529 individual cows was determined by the LC/ESI-MS method.

In this method, the 6 major milk proteins were separated by RP-HPLC, and their protein vari-

ants and posttranslational isoforms were identified by measured molecular masses (M௥) us-

ing ESI-MS. The LC/ESI-MS reproducibility was based on the coefficient of variation of 58

aliquots of a reference milk sample analyzed during the whole series of sample analyses,
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which were below 5% for the 6 major milk proteins and below 8% for the 𝛼௦ଵ-CN and 𝛼௦ଶ-

CN phosphorylation isoforms (Table 2.1). The LC/ESI-MS reproducibility for the 6 major milk

proteins obtained in this study is within the range of reproducibilities reported for previous

studies (Bobe et al., 1998; Bordin et al., 2001; Bonfatti et al., 2008; Heck et al., 2008).

Table 2.1. Mean, SD, CV, liquid chromatography coupled with electrospray ionization mass

spectrometry (LC/ESI-MS) reproducibility, and frequencies of protein variants for the 6major

milk proteins and the different phosphorylation isoforms of𝛼௦ଵ-CN and𝛼௦ଶ-CNmeasured on

test-day morning milk samples from 529 Montbéliarde cows

Trait Mean SD CV
LC-ESI/MS

reproducibilityଵ
Frequency of

protein variantଶ

Milk protein composition (%wt/wt)

𝛼௦ଵ-CN

total 32.92 2.22 7 1 B(0.935); C(0.065)

8P 25.27 2.18 8 1

9P 7.65 0.96 13 5

𝛼௦ଶ-CN

total 8.41 0.72 11 4 A(0.999); D(0.001)

9Pଷ 0.24 0.05 21 NA

10P 0.72 0.3 42 6

11P 3.03 0.55 18 8

12P 2.68 0.34 13 7

13P 1.56 0.31 20 8

14P 0.4 0.14 36 8

15Pସ 0.2 0.1 49 NA

𝛽-CN 28.14 2.69 10 2 B(0.355);A1(0.087); A2(0.405); I(0.155)

𝜅-CN 9.03 0.86 9 2 A(0.537); B(0.459); E(0.004)

𝛼-LA 3.54 0.7 20 5 B (1)

𝛽- LG 12.16 1.87 15 4 A(0.444); B(0.554); D(0.002)

∑caseinହ 78.5 2.6 3

∑whey଺ 15.71 1.83 12

Milk production

Milk yield (kg/day) 23.9 7.3 31

Protein (%) 3.32 0.37 11

Fat (%) 3.84 0.59 16

Lactose (%) 4.93 0.31 6

1 Calculated based on the CV (%) of 58 repeated analyses of a reference milk sample.
2 Frequencies of protein variants were calculated from 576 Montbéliarde cows.
3 𝛼௦ଶ-CN-9P is 0.0 in 508 out of 529 samples; mean, SD, and CV are calculated based on 9 samples.
4 𝛼௦ଶ-CN-15P is 0.0 in 525 out of 529 samples; mean, SD, and CV are calculated based on 4 samples.
5 ∑casein = 𝛼௦ଵ-CN + 𝛼௦ଶ-CN + 𝛽-CN + 𝜅-CN.
6 ∑whey = 𝛼-LA + 𝛽-LG.

The 6 major milk proteins eluted in the following order: 𝜅-CN, 𝛼௦ଶ-CN, 𝛼௦ଵ-CN, 𝛽-CN, 𝛼-

LA, and𝛽-LG (Figure 2.1A).𝜅-Casein eluted as 3 separate peaks: the first one contained glyco-

sylated 𝜅-CN from different protein variants, whereas the second one with a minor shoulder

contained nonglycosylated 𝜅-CN A-1P+2P (M௥ = 19,037 Da for 1P;M௥ = 19,117 Da for 2P) or

𝜅-CN E-1P+2P (M௥ = 19,007 Da for 1P; M௥ = 19,087 Da for 2P), and the last peak with a mi-

nor shoulder contained nonglycosylated 𝜅-CN B-1P+2P (M௥ = 19,005 Da for 1P;M௥ = 19,085

Da for 2P). Although 𝜅-CN A-1P+2P and E-1P+2P had similar retention times, they could be

discriminated based on their molecular masses. The 𝛼௦ଶ-CN eluted into 2 major peaks as

the retention time increased with its phosphorylation degree: one with 𝛼௦ଶ-CN-11P (M௥ =

25,228 Da) as the major component, together with 𝛼௦ଶ-CN-10P (M௥ = 25,148 Da) and occa-

sionally with 𝛼௦ଶ-CN-9P (M௥ = 25,069 Da; Figure 2.1.B1), and the other with 𝛼௦ଶ-CN-12P (M௥
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= 25,308 Da) as the major component and 𝛼௦ଶ-CN-13P (M௥ = 25,388 Da), 𝛼௦ଶ-CN-14P (M௥ =

25,468 Da), and sometimes 𝛼௦ଶ-CN-15P (M௥ = 25,548 Da; Figure 2.1.C2). To our knowledge,

this is the first study to show the presence of 𝛼௦ଶ-CN-9P, 𝛼௦ଶ-CN-14P, and 𝛼௦ଶ-CN-15P (Figure

2.1.B1 and 2.1.C2). The 𝛼௦ଵ-CN separated into 𝛼௦ଵ-CN-8P (M௥ = 23,615 Da for the B variant;

M௥ = 23,543 Da for the C variant) and 𝛼௦ଵ-CN-9P (M௥ = 23,695 Da for the B variant; M௥ =

23,623 Da for the C variant). The B and C variants had the same retention times, but they

could be differentiated by their molecular masses. Four protein variants of 𝛽-CN eluted in

the following order: 𝛽-CN B-5P (M௥ = 24,092 Da), 𝛽-CN A1–5P (M௥ = 24,023 Da), 𝛽-CN A2–5P

(M௥ = 23,983 Da), and 𝛽-CN I-5P (M௥ = 23,965 Da). Two whey proteins without posttransla-

tional modifications eluted after the caseins in the following order: 𝛼-LA (M௥ = 14,186 Da),

𝛽-LG D (M௥ = 18,280 Da), 𝛽-LG B (M௥ = 18,281 Da), and 𝛽-LG A (M௥ = 18,367 Da).
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Figure 2.1. Milk protein profiling by liquid chromatography coupled with electrospray ion-

ization mass spectrometry (LC/ESI-MS) of 2 individual bovine milk samples with distinct

𝛼௦ଶ-casein profiles. (A) Peaks of protein variants and isoforms (G = glycan, P = phosphate

group) of major milk proteins are identified by LC/ESI-MS. (B1 and B2) 𝛼௦ଶ-Casein profile of

cow 1 from deconvolution of multicharged-ion spectra corresponding to chromatographic

peak B1 and B2. The B1 spectra show the presence of 𝛼௦ଶ-CN-9P. (C1 and C2) 𝛼௦ଶ-Casein

profile of cow 2 fromdeconvolution ofmulticharged-ion spectra corresponding to chromato-

graphic peak C1 and C2. The C2 spectra show the presence of 𝛼௦ଶ-CN-15P.
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2.3.2 Variation in major milk proteins

Detailed milk protein composition of Montbéliarde cows is of great interest because cheese-

making properties are considered important in this breed. In Franche-Comté, milk from the

Montbéliarde breed is used to produce regional cheeseswith ProtectedDesignationofOrigin

certification. However, not much information is available about the Montbéliarde breed.

Table 2.1 summarizes the descriptive statistics for milk production traits and milk protein

composition, and frequencies ofmilk protein variants. 𝛼-Lactalbuminwas the least abundant

protein, and 𝛼௦ଵ-CN themost abundant protein amongmilk samples from 529Montbéliarde

cows. The coefficient of variation values ranged between 7 and 20%, implying substantial

variation in milk protein composition among milk of individual cows. The average relative

protein concentrations for the 6major milk proteins are in the range of results from previous

studies in other breeds (Bobe et al., 1998; Heck et al., 2008).

Two protein variants were found for 𝛼௦ଵ-CN (B and C) and 𝛼௦ଶ-CN (A and D), 3 for 𝜅-CN

(A, B, and E) and 𝛽-LG (A, B, and D), and 4 for 𝛽-CN (A1, A2, B, and I). Protein variants 𝜅-CN

E and 𝛽-CN I have not been reported in the French Montbéliarde population before. These

variants may have been missed in earlier studies (Grosclaude, 1988) because the analytical

technique used (gel electrophoresis) could not detect these 2 protein variants (Miranda et

al., 1993; Jann et al., 2002). The frequency of 𝜅-CN E is lower, whereas the frequency of 𝜅-CN

B is higher in the studied Montbéliarde population compared with other cattle breeds, such

as Dutch Holstein Friesian, Danish Holstein, Italian Holstein Friesian, and Swedish Red (Heck,

2009; Gustavsson et al., 2014; Chessa et al., 2014). 𝜅-Casein B has been associated with bet-

ter coagulation properties of milk, whereas for 𝜅-CN E the opposite has been shown (Hallén

et al., 2008). Milk from theMontbéliarde breed is considered to possess better cheese-mak-

ing properties thanmilk fromHolstein and Nordic cattle breeds because of this characteristic

(Montbéliarde, 2014). Regarding 𝛽-CN, the frequency of the B variant was moderate (0.355)

and has increased at the expense of the A1 variant since 1976 (Grosclaude, 1988). The 𝛽-CN

B variant has been positively associated with rennet coagulation and cheese-making prop-

erties (Caroli et al., 2009), whereas the 𝛽-CN A1 variant has been negatively associated with

milk yield and protein yield (Ikonen et al., 1999; Visker et al., 2011). Because selection based

on specific milk protein variants has not been implemented in Montbéliarde breed, the in-

creased frequency of the 𝛽-CN B variant could be either due to genetic drift or selection on

milk production traits.

2.3.3 Phenotypic correlations among six major milk pro-

teins

Table 2.2 presents the phenotypic correlations among the 6 major milk proteins. Strong

negative correlation was found between 𝛽-LG and∑casein (-0.74). This correlation supports

previous findings (Wedholm et al., 2006; Ng-Kwai-Hang, 2006; Schopen et al., 2009). As for

the relationships among the 4 caseins, the phenotypic correlations were relatively low and

ranged from -0.33 to +0.11. Generally, these low correlations among the caseins are in line

with those reported by (Gebreyesus et al., 2016; Schopen et al., 2009) with 2 exceptions.

Schopen et al. (2009) reported a moderate and negative phenotypic correlation between
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𝛼௦ଵ-CN and 𝛼௦ଶ-CN (-0.50 vs. 0.07 in this study), and Gebreyesus et al. (2016) reported a

moderate and positive phenotypic correlation between 𝛼௦ଵ-CN and 𝛽-CN (0.48 vs. -0.33

in this study). The discrepancies between these studies might be explained by genetic dif-

ferences between the 3 breeds (Montbéliarde, Holstein Friesian, and Danish Holstein) and

use of different analytical methods [capillary zone electrophoresis (CZE) and LC/ESI-MS)]. As

some protein variants have been shown to be associated with the relative concentrations of

certain protein fractions, differences in frequencies of protein variants between breeds could

affect the concentrations and, subsequently, the phenotypic correlations between protein

fractions (Heck et al., 2009; Bonfatti, 2010). In terms of analytical methods, CZE may have

provided ambiguous estimations of 𝛼௦ଶ-CN, 𝛽-CN, and 𝜅-CN because 𝛼௦ଶ-CN-13P was not

detected, measurement of 𝛽-CN was partially disturbed by compounds co-migrating with 𝛽-

CN such as glycosylated andmulti-phosphorylated 𝜅-CN, andmeasurement of 𝜅-CN involved

only the mono-phosphorylated isoform (Heck et al., 2008). Furthermore, measurements of

protein fractions using the same analytical method, such as LC, could differ because of dif-

ferent separation conditions.

Table 2.2. Phenotypic correlationsଵ among the 6 major milk proteins (% wt/wt of total pro-

tein in milk) measured on test-day morning milk samples from 529 Montbéliarde cows

Trait 𝛼௦ଵ-CN 𝛼௦ଶ-CN 𝛽-CN 𝜅-CN ∑casein 𝛼-LA 𝛽-LG

𝛼௦ଶ-CN 0.07

𝛽-CN −0.33 −0.32

𝜅-CN −0.14 0.11 −0.17

∑caseinଶ 0.41 0.00 0.63 0.07

𝛼-LA 0.15 0.14 −0.16 −0.10 −0.03

𝛽-LG −0.37 0.01 −0.35 −0.18 −0.74 −0.24

∑wheyଷ −0.32 0.06 −0.42 −0.22 −0.77 0.14 0.93

1 SE (0.004–0.04).
2 ∑casein = 𝛼௦ଵ-CN + 𝛼௦ଶ-CN + 𝛽-CN + 𝜅-CN.
3 ∑whey = 𝛼-LA + 𝛽-LG.

2.3.4 Variation in 𝛼s1-CN and 𝛼s2-CN phosphorylation iso-

forms

Among milk samples from 529Montbéliarde cows, we found 77% of 𝛼௦ଵ-CN carrying 8P and

23% carrying 9P, on average. Thus, 𝛼௦ଵ-CN-8P was the abundant isoform whose mean con-

centration accounted for 25.3% of total protein in milk (Table 2.1). For 𝛼௦ଶ-CN phosphory-

lation isoforms, we estimated only the relative concentrations of 𝛼௦ଶ-CN-10P to 𝛼௦ଶ-CN-14P

from the A variant because only one milk sample contained the D variant (which is present

with isoforms from 7P to 11P). The 𝛼௦ଶ-CN-9P and 𝛼௦ଶ-CN-15P occurred in trace amounts,

and they were not observed in all milk samples. Out of 529 milk samples, 𝛼௦ଶ-CN-9P was de-

tected in 21 samples, and𝛼௦ଶ-CN-15Pwas detected in 4 different samples. For the remaining

samples, the concentrations of these 2 isoforms may have been too low to be detected by

MS. Among milk samples from 529 Montbéliarde cows, we found 8% of 𝛼௦ଶ-CN having 10P,
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36.5% having 11P, 32% having 12P, 19% having 13P, and 4.5% having 14P, on average. Thus,

𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-12P were the abundant isoforms, whose mean concentrations ac-

counted for 3.1 and 2.7% of the total protein in milk, whereas 𝛼௦ଶ-CN-13P had a mean con-

centration of 1.6%. The coefficient of variation values of 𝛼௦-CN phosphorylation isoforms

ranged between 8 and 42%, suggesting large variation in relative concentrations of different

𝛼௦-CN phosphorylation isoforms. The estimatedmean concentrations of 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-

CN-9P and of 𝛼௦ଶ-CN-10P to 𝛼௦ଶ-CN-12P, as well as their coefficient of variation values, were

comparable with the results reported by Heck et al. (2008). However, Heck et al. (2008) did

not detect 𝛼௦ଶ-CN-9P, 𝛼௦ଶ-CN-13P, 𝛼௦ଶ-CN-14P, and 𝛼௦ଶ-CN-15P because of the technique

used (CZE) in that study.

2.3.5 Phenotypic correlations among 𝛼s-CN phosphoryla-

tion isoforms and the six major milk proteins

As 3 new 𝛼௦ଶ-CN phosphorylation isoforms were detected, we further explored the relation-

ships among different 𝛼௦-CN phosphorylation isoforms and with other major milk proteins

(Table 2.3). Correlations between the relative concentrations of different 𝛼௦-CN phosphory-

lation isoforms and those of the other 4 major milk proteins were relatively low (from -0.34

to 0.25). Correlations related to 𝛼௦ଵ-CN-8P concentration were in line with those reported

by Gebreyesus et al. (2016) except for the correlation between 𝛼௦ଵ-CN-8P and 𝛽-CN (0.42

vs. -0.28 in this study). The discrepancy between the 2 studies could be explained by dif-

ferences between studied breeds and analytic methods used as mentioned above. A strong

positive correlation was found between 𝛼௦ଶ-CN-13P and 𝛼௦ଶ-CN-14P (0.92). The 𝛼௦ଶ-CN-10P

correlated positively with 𝛼௦ଶ-CN-11P (0.62), but correlated negatively with 𝛼௦ଶ-CN-13P and

𝛼௦ଶ-CN-14P (-0.58 and -0.55, respectively). The 𝛼௦ଶ-CN-12P correlated weakly with the rest

of𝛼௦ଶ-CN phosphorylation isoforms (-0.28 to 0.19). Correlation between𝛼௦ଵ-CN-8P and𝛼௦ଵ-

CN-9P was weak (-0.12), which agrees with previous findings reported by Bijl et al. (2014).

Table 2.3. Phenotypic correlationsଵ among 𝛼௦-CN phosphorylation isoforms and the 6major

milk proteins (% wt/wt of total protein in milk) measured on test-day morning milk samples

from 529 Montbéliarde cows

Trait 𝛼௦ଵ-CN-8P 𝛼௦ଵ-CN-9P 𝛼௦ଶ-CN-10P 𝛼௦ଶ-CN-11P 𝛼௦ଶ-CN-12P 𝛼௦ଶ-CN-13P 𝛼௦ଶ-CN-14P

Major milk protein

𝛼௦ଵ-CN 0.90 0.33 0.11 −0.08 −0.01 −0.19 −0.14

𝛼௦ଶ-CN 0.22 −0.32 0.49 0.66 0.17 0.14 0.08

𝛽-CN −0.28 −0.16 −0.09 −0.08 −0.24 −0.10 −0.04

𝜅-CN −0.17 0.04 −0.17 0.10 0.01 0.23 0.17

𝛼-LA 0.22 −0.12 0.25 0.19 0.18 −0.30 −0.32

𝛽-LG −0.34 −0.11 −0.09 −0.09 0.06 0.01 −0.04

Phosphorylation isoform

𝛼௦ଵ-CN-9P −0.12

𝛼௦ଶ-CN-10P 0.43 −0.68

𝛼௦ଶ-CN-11P 0.22 −0.67 0.62

𝛼௦ଶ-CN-12P −0.10 0.19 −0.07 −0.28

𝛼௦ଶ-CN-13P −0.43 0.50 −0.58 −0.28 0.11

𝛼௦ଶ-CN-14P −0.38 0.49 −0.55 −0.27 −0.11 0.92

1 SE (0.01–0.04).

The relationships between phosphorylation of 𝛼௦ଵ-CN and phosphorylation of 𝛼௦ଶ-CN
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have rarely been investigated before due to the limitations of analytic methods for quantify-

ing 𝛼௦ଶ-CN phosphorylation isoforms. The dendrogram constructed from hierarchical analy-

sis shows 2 main groups: one group of 𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P, and another

group of 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, 𝛼௦ଶ-CN-13P, and 𝛼௦ଶ-CN-14P (Figure 2.2). Both phenotypic

correlations and hierarchical clustering suggest that 𝛼௦-CN phosphorylation might involve

at least 2 different regulatory systems. One system might be involved in forming isoforms

with a lower degree of phosphorylation (𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P), whereas

another system favors a higher degree of phosphorylation (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, 𝛼௦ଶ-CN-

13P, and 𝛼௦ଶ-CN-14P). This is in line with Bijl et al. (2014), who showed that 2 different chro-

mosomal regions are associated with 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentration, respectively.

Consequently, they hypothesize that a different set of genes regulates the phosphorylation

of 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P. Our results support this hypothesis and further suggest that

one regulatory system is more effective than the other depending on the individual cow. As

illustrated by the relationships between 𝛼௦ଵ-CN-9P and the other 𝛼௦-CN isoforms, the pro-

portion of 𝛼௦-CN isoformswith a lower degree of phosphorylation correlated negatively with

the proportion of𝛼௦-CN isoformswith a higher degree of phosphorylation. In otherwords, in

the milk of an individual cow, either 𝛼௦-CN isoforms with a lower degree of phosphorylation

would be more abundant than those with a higher degree of phosphorylation or vice versa.

Figure 2.2. Dendrogram based on divisive hierarchical clustering analysis of phenotypic cor-

relations among 𝛼௦ଶ-CN phosphorylation isoforms (% wt/wt of total protein in milk) mea-

sured on test-day morning milk samples from 529 Montbéliarde cows.

Phosphorylation could be influenced by many factors, such as genetic expression and ef-

ficiency of protein kinases, substrate availability, and accessibility of phosphorylation sites

as a result of the conformational structure of proteins (Holland and Boland, 2014). It is still

unclear what factors regulate the differences in 𝛼௦-CN phosphorylation among milk of in-

dividual cows. Two casein kinases with different substrate specificity could explain the hy-
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pothesis of one regulatory system responsible for isoforms with a lower degree of phospho-

rylation and another responsible for isoforms with a higher degree of phosphorylation. The

casein kinases from the Golgi-enriched fraction of the lactating mammary gland (termed

G-CK) are thought to phosphorylate caseins in vivo (Bingham and Farrell, Jr., 1974; Moore

et al., 1985). The G-CK has been shown to phosphorylate consensus phosphorylation sites

(Ser/Thr-X-Glu/SerP/Asp) with different efficiency. Ser-X-Glu is the most effective motif, Thr-

X-Glu and Ser-X-Asp are less effective to be phosphorylated, and Thr-X-Asp has never been

shown to be phosphorylated (Mercier, 1981; Meggio et al., 1988; Lasa-Benito et al., 1996).

Bovine𝛼௦ଵ-CN has 10 potential phosphorylation sites, but only𝛼௦ଵ-CN-8P and𝛼௦ଵ-CN-9P are

the common isoforms. The 𝛼௦ଵ-CN-9P carries an extra phosphorylated serine at Ser41 in the

Ser-X-Aspmotif of themature peptide chain (Manson et al., 1977). Furthermore, bovine𝛼௦ଶ-

CN has 18 potential phosphorylation sites, but only 12 serine residues are in the consensus

motifs. Until now, only 10 phosphorylation sites of 𝛼௦ଶ-CN are identified, and they are in Ser-

X-Glu/SerP motifs (Imanishi et al., 2007; Baum et al., 2013). Consequently, some threonine

residues among the 2 Thr-X-Asp and 4 Thr-X-Glu motifs in 𝛼௦ଶ-CN have to be phosphory-

lated for 𝛼௦ଶ-CN carrying more than 12P. Additionally, threonine in Thr-X-Glu motifs would

be more likely to be phosphorylated because phosphorylated threonine in Thr-X-Glu motifs

has been identified in caprine, human, and equine 𝛽-CN when they are phosphorylated at

the highest level (Greenberg et al., 1984; Neveu et al., 2002; Matéos et al., 2010). Recently,

Fam20C has been identified as a bona fide G-CK, and FAM20C is also highly expressed in

human breast (Lizio et al., 2015; The GTEx Consortium, 2015). However, Fam20C phospho-

rylates only Ser-X-Glu/SerP motifs (Ishikawa et al., 2012; Tagliabracci et al., 2012; Tibaldi et

al., 2015; Tagliabracci et al., 2015), so it could be responsible only for forming 𝛼௦-CN iso-

forms with a lower degree of phosphorylation. To form 𝛼௦-CN isoforms with a higher degree

of phosphorylation, another mammary G-CK should be responsible for phosphorylating ser-

ine or threonine in less favorable motifs, such as those in Ser/Thr-X-Asp or Thr-X-Glu motifs.

This hypothesis is further supported by the phosphorylated serine in the Ser-X-Asp motif of

𝛼௦ଵ-CN-9P. Identifying all phosphorylation sites of 𝛼௦ଶ-CN and investigating the genetic back-

ground of different 𝛼௦ଶ-CN phosphorylation isoforms may provide further insight into the

phosphorylation mechanism of caseins.

2.4 Conclusions

Wecharacterized the bovine𝛼௦ଵ-CN and𝛼௦ଶ-CNphosphorylation profile using the LC/ESI-MS

method. This is the first study to show the presence of 𝛼௦ଶ-CN-9P, 𝛼௦ଶ-CN-14P, and 𝛼௦ଶ-CN-

15P, in addition to 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P and 𝛼௦ଶ-CN-10P, 𝛼௦ଶ-CN-11P, 𝛼௦ଶ-CN-12P, and

𝛼௦ଶ-CN-13P. Relative concentrations of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN phosphorylation isoforms varied

considerably among milk of individual cows. Interestingly, our results suggest 2 regulatory

systems for the phosphorylation of 𝛼௦-CN: one responsible for isoforms with a lower degree

of phosphorylation and the other responsible for isoforms with a higher degree of phos-

phorylation. Investigating the genetic background of 𝛼௦ଶ-CN phosphorylation would help to

elucidate the phosphorylation mechanism of caseins.
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Abstract

Relative concentrations of 𝛼௦-casein (𝛼௦-CN) phosphorylation isoforms vary considerably

among milk of individual cows. We aimed to explore to what extent genetic and other fac-

tors contribute to the variation in relative concentrations of 𝛼௦-CN phosphorylation isoforms

and the phosphorylation degree of 𝛼௦-CN defined as the proportion of isoforms with higher

degrees of phosphorylation. We also investigated the associations of genetic variants of milk

proteins and casein haplotypes with relative concentrations of 𝛼௦-CN phosphorylation iso-

forms and with the phosphorylation degree of 𝛼௦-CN in French Montbéliarde cattle from

the cheese production area of Franche-Comté. Detailed milk protein composition was de-

termined by liquid chromatography coupled with electrospray ionization mass spectrome-

try from 531 test-day morning milk samples. Parity, lactation stage, and genetic variation

of cows contributed to the phenotypic variation in relative concentrations of individual 𝛼௦-

CN phosphorylation isoforms and in the phosphorylation degree of 𝛼௦-CN. As lactation pro-

gressed, we observed a significant increase for relative concentrations of 𝛼௦-CN isoforms

with higher degrees of phosphorylation (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-13P, and 𝛼௦ଶ-CN-14P) as well as

for the phosphorylation degree of both 𝛼௦ଵ-CN and 𝛼௦ଶ-CN. Furthermore, the 𝛽-CN I variant

was associated with a greater proportion of isoforms with lower degrees of phosphorylation

(𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P); the 𝛽-CN B variant was associated with a greater

proportion of isoforms with higher degrees of phosphorylation (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P to

𝛼௦ଶ-CN-14P). The heritability estimates were low to moderate for relative concentrations of

𝛼௦ଶ-CN phosphorylation isoforms (0.07 to 0.32), high for relative concentrations of 𝛼௦ଵ-CN-

8P (0.84) and 𝛼௦ଵ-CN-9P (0.56), and moderate for phosphorylation degrees of 𝛼௦ଵ-CN (0.37)

and 𝛼௦ଶ-CN (0.23). Future studies investigating relations between the phosphorylation de-

gree of 𝛼௦-CN and technological properties of milk will be beneficial for the dairy industry.

Key words: casein haplotype; genetic variant; lactation stage; French Montbéliarde
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3.1 Introduction

Detailed milk protein composition exhibits high heterogeneity because of quantitative vari-

ation in the content of the different milk proteins, numerous genetic variants, and isoforms

with different degrees of posttranslational modifications such as glycosylation in 𝜅-CN and

phosphorylation in all caseins (Caroli et al., 2009; Holland and Boland, 2014). Phosphory-

lation of caseins is one of the key factors responsible for constructing and stabilizing casein

micelles (De Kruif and Holt, 2003). Although all 4 caseins (𝛼௦ଵ-CN, 𝛼௦ଶ-CN, 𝛽-CN, and 𝜅-CN)

are phosphoproteins, 𝛼௦ଵ-CN and 𝛼௦ଶ-CN are more phosphorylated, and their phosphoryla-

tion profiles are more heterogeneous than those of 𝛽-CN and 𝜅-CN. In bovine milk, 𝛼௦ଵ-CN

accounts for about 35% of the total casein and has 2 common phosphorylation isoforms:

𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P (where P indicates phosphate group attached); 𝛼௦ଶ-CN accounts

for about 10% of the total casein and is present with isoforms from 10 to 14P and occasion-

ally with 9P or 15P (Holland and Boland, 2014; Fang et al., 2016). Relative concentrations of

𝛼௦-CN phosphorylation isoforms vary considerably among milk of individual cows (Bijl et al.,

2014a; Fang et al., 2016).

The phosphorylation degree (PD) of 𝛼௦-CN is one of the factors affecting technological

properties of milk. Bijl et al. (2014b) demonstrated that high 𝛼௦ଵ-CN-8P concentration in

bovine milk is a great benefit for the production of uncooked curd cheese because 𝛼௦ଵ-CN-

8P is hydrolyzed more efficiently by chymosin during ripening. Additionally, 2 studies have

shown that poorly or noncoagulatingmilk was associated with a greater proportion of 𝛼௦-CN

isoforms with higher degrees of phosphorylation (e.g., 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, and 𝛼௦ଶ-CN-

13P)when comparedwithwell-coagulatingmilk, although the numbers of observationswere

limited (Frederiksen et al., 2011; Jensen et al., 2012). Recently, Fang et al. (2016) suggested

that 𝛼௦-CN isoforms with lower degrees of phosphorylation (e.g., 𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P,

and 𝛼௦ଶ-CN-11P) might be regulated differently compared with 𝛼௦-CN isoforms with higher

degrees of phosphorylation (e.g., 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P to 𝛼௦ଶ-CN-14P). Therefore, it is of

great interest to explore to what extent genetic and other factors contribute to the variation

in 𝛼௦-CN phosphorylation profile. Bijl et al. (2014a) and Buitenhuis et al. (2016) reported the

genetic parameters for relative concentrations of𝛼௦ଵ-CN-8P and𝛼௦ଵ-CN-9P in Dutch Holstein

Friesians and inDanishHolstein and Jersey, respectively. However, no information is available

regarding 𝛼௦ଶ-CN phosphorylation profile as well as detailed milk protein composition in the

Montbéliarde breed.

The objective of this study was to investigate the genetic and nongenetic sources of

variation in the phosphorylation degree of 𝛼௦-CN, and in relative concentrations of 𝛼௦-CN

phosphorylation isoforms and other major milk proteins in French Montbéliarde cattle from

Franche-Comté cheese production area. We also investigated the associations of genetic

variants of milk proteins and casein haplotypes with detailed milk protein composition.
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3.2 Material and Methods

3.2.1 Milk samples

Test-day morning milk samples from 531 Montbéliarde cows were collected from 430 com-

mercial herds across 3 French departments (239 herds in Doubs, 160 herds in Jura, and

31 herds in Haute-Saône) located in the production area of protected designation of origin

(PDO) cheeses: Comté, Morbier, Mont d’Or, and Bleu de Gex, and of protected geographical

indication (PGI) French Gruyère cheese. The sampling periods were during October-Decem-

ber 2014 andApril-July 2015. The objective of the samplingwas tomaximize genetic diversity

and milk content diversity to obtain optimal representation of the variation in milk protein

composition from the current French Montbéliarde cattle population in the Franche-Comté

region. For this purpose, we sampled cows across different parities (1-5) and lactation stages

(7-652 d), and based on paternal pedigree and on protein and calcium content in milk from

previous lactation records. Cows descended from 191 sires and 68 paternal grandsires, 52

of which were also maternal grandsires. Milk (25 mL) was preserved with Bronopol after

collection, transported on ice to the laboratory, and then frozen at -20∘C until analyzed by

liquid chromatography (LC)/electrospray ionization (ESI)-MS.

3.2.2 Milk protein profiling

Milk protein composition was determined by LC/ESI-MS method developed at INRA as de-

scribed in detail by Fang et al. (2016). Briefly,milk proteinswere separated by reversed-phase

HPLC using an Ultimate LC 3000 system (Thermo Fisher Scientific, Waltham, MA) with a Dis-

covery BIOWide Pore (Supelco, Bellefonte, PA) C5 column (150 × 2.10 mm, 300 Å). Genetic

variants and isoforms of the 6 major milk proteins (𝛼௦ଵ-CN, 𝛼௦ଶ-CN, 𝜅-CN, 𝛽-CN, 𝛼-LA, and

𝛽-LG) were identified using an ESI-TOF mass spectrometer micrOTOF II focus (Bruker Dalton-

ics, Wissembourg, France). Relative concentrations of individual milk proteins and of 𝛼௦ଵ-CN

phosphorylation isoforms were estimated based on dividing the peak area of an individual

protein by the total integrated peak area in the chromatogram (absorbance at 214 nm) of an

individual milk sample. Mass signal intensity obtained from mass spectrometry was used to

estimate the proportion of each 𝛼௦ଶ-CN phosphorylation isoform as a fraction of total 𝛼௦ଶ-

CN. The relative concentration of each 𝛼௦ଶ-CN phosphorylation isoform was estimated using

the following equation:

isoform mass signal intensity

∑ isoform mass signal intensity
× total 𝛼௦ଶ−CN (%wt/wt). (3.1)

The phosphorylation degrees of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN were defined as the proportion of iso-

forms with higher degrees of phosphorylation, which were calculated as 𝛼௦ଵ-CN PD = (𝛼௦ଵ-

CN-9P/total 𝛼௦ଵ-CN) × 100 and 𝛼௦ଶ-CN PD = [(𝛼௦ଶ-CN-12P + 𝛼௦ଶ-CN-13P + 𝛼௦ଶ-CN-14P)/total

𝛼௦ଶ-CN] × 100.
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3.2.3 Statistical analyses

To estimate variance components and genetic parameters, the following animal model was

used:

𝑦௜௝௞௟௠ = 𝜇 + region௜ + parity௝ + lstage௞ + season௟ + animal௠ + e௜௝௞௟௠, (3.2)

where y௜௝௞௟௠ is the observation of the trait of interest; 𝜇 is the overall mean; region௜ is the

fixed effect of the ith region class (3 classes for the 3 French departments: Doubs, Jura, and

Haute-Saône); parity௝ is the fixed effect of the jth parity class (3 classes: 1st, 2nd, ≥3rd parity);

lstage௞ is the fixed effect of the kth lactation stage class [0-50 DIM (n = 95), 51-100 DIM (n

= 73), 101-150 DIM (n = 69), 151-200 DIM (n = 76), 201-250 DIM (n = 82), 251-300 DIM (n

= 66), >300 DIM (n = 68)]; season௟ is the fixed effect of the lth season class (2 classes for

2 sampling seasons: October-December 2014 and April-July 2015); animal௠ is the random

additive genetic effect of animal m and is assumed to be distributed as 𝑁(0,A𝜎ଶ
௔ ), where A

is the additive genetic relationships matrix consisting of 5,546 animals with pedigree traced

back for 5 generations, and 𝜎ଶ
௔ is the additive genetic variance; e௜௝௞௟௠ is the random residual

effect and is assumed to be distributed as 𝑁(0,I𝜎ଶ
௘ ), where I is the identity matrix, and 𝜎ଶ

௘ is

the residual variance. The heritability was defined as

ℎଶ =
𝜎ଶ
௔

𝜎ଶ௣
,

where the phenotypic variance 𝜎ଶ
௣ = 𝜎ଶ

௔ + 𝜎ଶ
௘ .

To estimate the effects of genetic variants of milk proteins on detailed milk protein com-

position, model 3.2 was extended with a genotype effect where the genotypes of the milk

proteins were inferred from the genetic variants obtained from LC/ESI-MS analysis. The

genotype classes containing less than 5 observations were excluded from the analysis. The

proportion of additive genetic variance explained by the genetic variants was calculated as

𝜎ଶ
௚௘௡௢௧௬௣௘

𝜎ଶ௔
× 100,

where 𝜎ଶ
௚௘௡௢௧௬௣௘ is calculated based on the estimated genotype effects obtained from the

extended mode 3.2 and the observed frequencies of genetic variants, and 𝜎ଶ
௔ is the additive

genetic variance estimated from model 3.2.

The 𝛼௦ଵ-𝛽-𝜅-CN haplotypes were inferred with Beagle 4.1 (Browning and Browning,

2007) adapted to multiallelic variants from 𝛼௦ଵ-CN, 𝛽-CN, and 𝜅-CN genetic variants. A mul-

tiallelic locus with n alleles (n > 2) was replaced by (n - 1) virtual fully linked biallelic loci. The

allele coded as 1 from the ith biallelic virtual locus (1 ≤i <n) corresponded the ith allele of

the original locus and the allele coded as 2 corresponded to any other allele. To estimate the

effects of 𝛼௦ଵ-𝛽-𝜅-CN haplotypes on detailed milk protein composition, the following model

was used:
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𝑦௜௝௞௟௠௡௢ =𝜇 + region௜ + parity௝ + lstage௞ + season௟ + animal௠

+ haplo1௡ + haplo2௢ + e௜௝௞௟௠௡௢; (3.3)

model 3.3 was model 3.2 extended with haplo1௡ and haplo2௢, where haplo1௡ is the effect

of the first 𝛼௦ଵ-𝛽-𝜅-CN haplotype, and haplo2௢ is the effect of the second 𝛼௦ଵ-𝛽-𝜅-CN hap-

lotype. The 2 haplotypes per animal were randomly assigned to haplo1௡ or haplo2௢, and

the design matrix for haplo1௡ was added to the design matrix for haplo2௢. The haplo1௡ or

haplo2௢ were modeled as fixed effects to estimate the effect of having 1 copy of each hap-

lotype. The haplotype classes containing less than 5 observations were excluded from the

analysis. The proportion of additive genetic variance explained by haplotypes was calculated

as

𝜎ଶ
௛௔௣௟௢௧௬௣௘

𝜎ଶ௔
,

wherehaplotypesweremodeled as randomeffects assumed tobedistributed as𝑁(0,I𝜎ଶ
௛௔௣௟௢)

All statistical analyses were performed using ASReml (Gilmour et al., 2009).

3.3 Results

3.3.1 Genetic parameters

Table 3.1 summarizes the means, standard deviations, and genetic parameters for relative

concentrations of the 6majormilk proteins and𝛼௦-CN phosphorylation isoforms, and for the

phosphorylation degree of 𝛼௦-CN (𝛼௦-CN PD). Heritability estimates for relative concentra-

tions of the 6majormilk proteins weremoderate to high and ranged from 0.22 (𝛼-LA) to 1.00

(𝛼௦ଵ-CN). The standard error of the heritability estimate for 𝛼௦ଵ-CN concentration could not

be approximated accurately as the estimate was at the boundary of the parameter space.

Likelihood ratio test suggested that the 95% confidence interval of the heritability estimate

for 𝛼௦ଵ-CN concentration ranged from 0.75 to 1.00. For 𝛼௦-CN phosphorylation isoforms,

heritability estimates for relative concentrations of 𝛼௦ଵ-CN-8P (0.84) and 𝛼௦ଵ-CN-9P (0.56)

were high, and for 𝛼௦ଵ-CN PD (0.37) was moderate. The heritability estimates for relative

concentrations of 𝛼௦ଶ-CN phosphorylation isoforms and for 𝛼௦ଶ-CN PD were low to moder-

ate (0.07 to 0.32).

3.3.2 Effects of parity and lactation stage on detailed milk

protein composition

Parity significantly affected relative concentrations of𝛽-CN and𝛼-LA (all P <0.001; Table 3.2).

For 𝛼௦-CN phosphorylation isoforms, parity significantly affected 𝛼௦ଵ-CN PD, 𝛼௦ଶ-CN PD, and

relative concentrations of all 𝛼௦-CN phosphorylation isoforms except 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-

CN-12P. Lactation stage significantly affected 𝛼௦ଵ-CN PD, 𝛼௦ଶ-CN PD, and relative concentra-

tions of all 𝛼௦-CN phosphorylation isoforms except 𝛼௦ଶ-CN-12P (all P <0.001, Figure 3.1). The
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Table 3.1. Mean, SD, phenotypic varianceଵ (𝜎ଶ
௣ ) and hଶ for the 6 major milk proteins, the in-

dividual phosphorylation isoforms of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN, and the phosphorylation degrees

(PD)ଶ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN measured on test-day morning milk samples from 531 Mont-

béliarde cows (SE in parentheses)

Trait Mean SD 𝜎ଶ
௣ hଶ

Major milk protein (% wt/wt)

𝛼௦ଵ-CN 32.92 2.18 4.51 1.00 (-)

𝛼௦ଶ-CN 8.22 0.88 0.74 0.29 (0.14)

𝜅-CN 9.03 0.86 0.73 0.62 (0.20)

𝛽-CN 28.14 2.69 7.48 0.75 (0.19)

𝛼-LA 3.54 0.70 0.32 0.22 (0.12)

𝛽-LG 12.16 1.87 3.41 0.73 (0.19)

Phosphorylation isoform (% wt/wt)

𝛼௦ଵ-CN-8P 25.27 2.08 3.60 0.84 (0.18)

𝛼௦ଵ-CN-9P 7.65 0.96 0.84 0.56 (0.18)

𝛼௦ଵ-CN PD 23.27 2.80 6.19 0.37 (0.15)

𝛼௦ଶ-CN-10P 0.72 0.30 0.08 0.11 (0.09)

𝛼௦ଶ-CN-11P 3.04 0.55 0.28 0.32 (0.14)

𝛼௦ଶ-CN-12P 2.68 0.34 0.11 0.09 (0.12)

𝛼௦ଶ-CN-13P 1.57 0.31 0.07 0.07 (0.11)

𝛼௦ଶ-CN-14P 0.40 0.14 0.02 0.14 (0.13)

𝛼௦ଶ-CN PD 57.05 8.36 55.94 0.23 (0.12)

1 Phenotypic variance after adjusting for systematic effects: sampling region

and season, parity, and lactation stage.
2 𝛼௦ଵ-CN PD= (𝛼௦ଵ-CN-9P/total 𝛼௦ଵ-CN) × 100; 𝛼௦ଶ-CN PD = [(𝛼௦ଶ-CN-12P +

𝛼௦ଶ-CN-13P + 𝛼௦ଶ-CN-14P)/total 𝛼௦ଶ-CN] × 100.

changes in relative concentrations of individual 𝛼௦-CN phosphorylation isoforms during lac-

tation are shown in Figure 3.1. The magnitude of lactation stage effects is expressed as a

fold change in respective phenotypic standard deviations of relative concentrations of 𝛼௦-CN

isoforms (as given in Table 3.1) to facilitate comparison across isoforms. The magnitude of

the effects varied from 0.01 to 1.5 phenotypic standard deviation. As lactation progressed,

we observed a significant decrease in relative concentrations for the group of isoforms with

lower degrees of phosphorylation (𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P) and a signifi-

cant increase in relative concentrations for the group of isoforms with higher degrees of

phosphorylation (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-13P, and 𝛼௦ଶ-CN-14P) as well as a significant increase in

both 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD.
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Table 3.2. Effects of parity on the 6 major milk proteins, individual phosphorylation isoforms

of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN, and phosphorylation degrees (PD)ଵ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN measured

on test-day morning milk samples from 531 Montbéliarde cows (SE in parentheses)

Trait Parity

1 (n = 64) 2 (n = 197) ≥3(n = 269) -Logଵ଴(P)

Major milk protein (% wt/wt)

𝛼௦ଵ-CN 0 -0.19 (0.15) -0.23 (0.15) 0.5ேௌ

𝛼௦ଶ-CN 0 -0.09 (0.14) -0.11 (0.14) 0.1ேௌ

𝜅-CN 0 0.14 (0.13) 0.14 (0.14) 0.2ேௌ

𝛽-CN 0 -0.54 (0.42) 1.45 (0.44) 3.7∗∗∗

𝛼-LA 0 -0.16 (0.09) -0.13 (0.09) 31.9∗∗∗

𝛽-LG 0 -0.14 (0.29) 0.16 (0.30) 0.6ேௌ

Phosphorylation isoform (% wt/wt)

𝛼௦ଵ-CN-8P 0 -0.47 (0.29) -0.72 (0.30) 1.3∗

𝛼௦ଵ-CN-9P 0 0.04 (0.15) 0.26 (0.15) 1.5∗

𝛼௦ଵ-CN PD 0 0.45 (0.40) 1.20 (0.41) 3.0∗∗∗

𝛼௦ଶ-CN-10P 0 -0.03 (0.05) -0.11 (0.05) 2.4∗∗

𝛼௦ଶ-CN-11P 0 -0.04 (0.08) -0.09 (0.08) 0.4ேௌ

𝛼௦ଶ-CN-12P 0 0.08 (0.05) 0.09 (0.05) 0.7ேௌ

𝛼௦ଶ-CN-13P 0 0.02 (0.04) 0.14 (0.04) 5.3∗∗∗

𝛼௦ଶ-CN-14P 0 0.00 (0.02) 0.05 (0.02) 3.6∗∗∗

𝛼௦ଶ-CN PD 0 1.87 (1.22) 4.30 (1.22) 3.8∗∗∗

1 𝛼௦ଵ-CN PD= (𝛼௦ଵ-CN-9P/total 𝛼௦ଵ-CN) × 100; 𝛼௦ଶ-CN PD = [(𝛼௦ଶ-CN-12P + 𝛼௦ଶ-CN-13P +

𝛼௦ଶ-CN-14P)/total 𝛼௦ଶ-CN] × 100.

* P <0.05 ** P <0.01 *** P <0.001

Figure 3.1. Effects of lactation stage on 𝛼௦ଵ-CN (A) and 𝛼௦ଶ-CN (B) phosphorylation profile

and their phosphorylation degree (PD) throughout lactation. The x-axis shows days in milk.

The y-axis shows the effect of lactation stage expressed as a fold change in phenotypic stan-

dard deviation (σp) of the relative concentration of each phosphorylation isoform. 𝛼௦ଵ-CN

PD = (𝛼௦ଵ-CN-9P/total 𝛼௦ଵ-CN) × 100; 𝛼௦ଶ-CN PD = [(𝛼௦ଶ-CN-12P + 𝛼௦ଶ-CN-13P + 𝛼௦ଶ-CN-

14P)/total 𝛼௦ଶ-CN] × 100. ***P <0.001.
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3.3.3 Effects of genetic variants and casein haplotypes on

detailed milk protein composition

We investigated the effects of genetic variants of milk proteins and 𝛼௦ଵ-𝛽-𝜅-CN haplotypes

on relative concentrations of the 6major milk proteins and 𝛼௦-CN phosphorylation isoforms,

and 𝛼௦-CN PD. Two genetic variants were detected for 𝛼௦ଵ-CN (B and C) and 𝛼௦ଶ-CN (A and

D), 3 for 𝜅-CN (A, B, and E) and 𝛽-LG (A, B, and D), and 4 for 𝛽-CN (A1, A2, B, and I) in the

sampled population (Fang et al., 2016).

Effects of𝛼௦ଵ-CN variants. The𝛼௦ଵ-CN genotypes affected relative concentrations of𝛼௦ଵ-

CN, 𝜅-CN, 𝛽-CN, and 𝛼-LA (all P <0.001; Table 3.3); the 𝛼௦ଵ-CN genotype explained 22% of

additive genetic variance of 𝛼௦ଵ-CN concentration. The C variant was positively associated

with 𝛼௦ଵ-CN and 𝛼-LA concentrations and negatively associated with 𝜅-CN and 𝛽-CN con-

centrations. For 𝛼௦-CN phosphorylation profile, 𝛼௦ଵ-CN genotypes affected relative concen-

trations of all 𝛼௦-CN phosphorylation isoforms except 𝛼௦ଶ-CN-12P and 𝛼௦ଶ-CN-14P (P <0.001

to P = 0.046; Table 3.3). The C variant was positively associated with 𝛼௦ଵ-CN-8P, 𝛼௦ଵ-CN-9P,

and 𝛼௦ଶ-CN-10P concentrations and negatively associated with 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-13P

concentrations. The 𝛼௦ଵ-CN genotypes did not significantly affect 𝛼௦-CN PD.

Table 3.3. Effects of 𝛼௦ଵ-CN genotypes on the 6 major milk proteins, individual phosphory-

lation isoforms of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN, and phosphorylation degrees (PD)ଵ of 𝛼௦ଵ-CN and

𝛼௦ଶ-CN measured on test-day morning milk samples from 531 Montbéliarde cows (SE in

parentheses)

Trait 𝛼௦ଵ-CN genotype

BB (n =469) BC (n = 57) CC (n = 5) -Logଵ଴(P)

Major milk protein (% wt/wt)

𝛼௦ଵ-CN 0 2.75 (0.25) 5.80 (0.85) 29.0∗∗∗

𝛼௦ଶ-CN 0 -0.17 (0.12) 0.39 (0.40) 0.6ேௌ

𝜅-CN 0 -0.87 (0.11) -1.35 (0.37) 14.0∗∗∗

𝛽-CN 0 -2.26 (0.36) -4.01 (1.21) 9.7∗∗∗

𝛼-LA 0 0.23 (0.08) 0.73 (0.26) 3.1∗∗∗

𝛽-LG 0 -0.12 (0.25) -1.71 (0.86) 0.9ேௌ

Phosphorylation isoform (% wt/wt)

𝛼௦ଵ-CN-8P 0 2.21 (0.23) 5.17 (0.79) 23.6∗∗∗

𝛼௦ଵ-CN-9P 0 0.55 (0.13) 0.71 (0.42) 4.4∗∗∗

𝛼௦ଵ-CN PD 0 -0.22 (0.36) -1.61 (1.17) 0.5ேௌ

𝛼௦ଶ-CN-10P 0 0.05 (0.04) 0.29 (0.13) 1.3∗

𝛼௦ଶ-CN-11P 0 -0.26 (0.07) -0.05 (0.23) 2.8∗∗

𝛼௦ଶ-CN-12P 0 0.00 (0.04) 0.04 (0.14) 0.0ேௌ

𝛼௦ଶ-CN-13P 0 -0.10 (0.04) -0.12 (0.13) 1.6∗

𝛼௦ଶ-CN-14P 0 -0.03 (0.02) -0.03 (0.06) 0.7ேௌ

𝛼௦ଶ-CN PD 0 -0.89 (1.07) -4.61 (3.50) 0.5ேௌ

1 𝛼௦ଵ-CN PD= (𝛼௦ଵ-CN-9P/total 𝛼௦ଵ-CN) × 100; 𝛼௦ଶ-CN PD = [(𝛼௦ଶ-CN-12P + 𝛼௦ଶ-CN-13P +

𝛼௦ଶ-CN-14P)/total 𝛼௦ଶ-CN] × 100.

* P <0.05 ** P <0.01 *** P <0.001
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Effects of 𝛽-CN variants. The 𝛽-CN genotypes affected relative concentrations of all 6

major milk proteins (P <0.001 to P = 0.003, Supplemental Table S3.1); the 𝛽-CN genotypes

explained 81% of additive genetic variance of 𝛽-CN concentration. The associations of indi-

vidual genetic variants of 𝛽-CN with relative concentrations of the 6 major milk proteins are

present in Table 3.4 where the number of alleles wasmodeled as a class variable. The𝛽-CN B

variant showed positive association with 𝛽-CN concentration and negative association with

𝛼௦ଵ-CN, 𝛼௦ଶ-CN, 𝜅-CN, 𝛼-LA, and 𝛽-LG concentrations, whereas the A2 variant showed op-

posite associations. The A1 variant was positively associated with 𝛽-CN concentration and

negatively associated with 𝛼௦ଶ-CN, 𝛼-LA, and 𝛽-LG concentrations. The I variant was posi-

tively associated with 𝛼௦ଶ-CN, 𝜅-CN, and 𝛽-LG concentrations and negatively associated with

𝛽-CN concentration.

Table 3.4. Associations of 𝛽-CN genotypes with the 6 major milk proteins measured on test-

day morning milk samples from 531 Montbéliarde cowsଵ (SE in parentheses)

𝛽-CN genotypeଶ 𝛼௦ଵ-CN 𝛼௦ଶ-CN 𝜅-CN 𝛽-CN 𝛼-LA 𝛽-LG

B

0 (n = 210) 0 0 0 0 0 0

1 (n = 271) -1.75 (0.15) -0.31 (0.08) -0.22 (0.07) 2.95 (0.19) -0.18 (0.05) -0.40 (0.16)

2 (n = 50) -3.46 (0.26) -0.95 (0.13) -0.94 (0.13) 5.29 (0.32) -0.42 (0.09) -0.02 (0.28)

-Logଵ଴(P) 39.2∗∗∗ 11.1∗∗∗ 11.3∗∗∗ 61.9∗∗∗ 5.4∗∗∗ 1.5∗

A2

0 (n = 180) 0 0 0 0 0 0

1 (n = 279) 1.63 (0.16) 0.34 (0.08) 0.16 (0.08) -2.49 (0.20) 0.13 (0.05) 0.27 (0.17)

2 (n = 72) 3.89 (0.24) 0.25 (0.13) 0.47 (0.12) -5.33 (0.31) 0.41 (0.09) 0.20 (0.27)

-Logଵ଴(P) 46.8∗∗∗ 3.5∗∗∗ 3.1∗∗∗ 53.8∗∗∗ 5.3∗∗∗ 0.5ேௌ

A1

0 (n = 437) 0 0 0 0 0 0

1 (n = 93) -0.18 (0.23) -0.51 (0.10) -0.10 (0.10) 2.15 (0.30) -0.14 (0.07) -0.57 (0.21)

-Logଵ଴(P) 1.3ேௌ 6.4∗∗∗ 0.5ேௌ 11.8∗∗∗ 1.5∗ 2.2∗∗

I

0 (n = 368) 0 0 0 0 0 0

1 (n = 153) 0.02 (0.20) 0.67 (0.08) 0.35 (0.08) -1.50 (0.26) 0.10 (0.05) 0.35 (0.18)

2 (n = 10) -0.36 (0.61) 1.22 (0.26) 0.44 (0.26) -2.74 (0.79) 0.05 (0.18) 1.03 (0.55)

-Logଵ଴(P) 0.1ேௌ 16.9∗∗∗ 4.1∗∗∗ 8.8∗∗∗ 0.7ேௌ 1.4∗

1 One cow with A1A1 genotype was excluded from the analysis.
2 The number below the 𝛽-CN genotype indicates the number of alleles (0, 1, or 2) that a cow carried.

* P <0.05 ** P <0.01 *** P <0.001

For𝛼௦-CN phosphorylation profile,𝛽-CN genotypes affected relative concentrations of all

𝛼௦-CN phosphorylation isoforms (P <0.001 to P = 0.037; Supplemental Table S3.2) and 𝛼௦ଶ-

CN PD (P <0.001; Supplemental Table S3.2). The associations of individual genetic variants

of 𝛽-CN with 𝛼௦-CN phosphorylation profile are present in Table 3.5. The B variant showed

positive associations with both 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD, whereas the I variant showed

opposite associations.
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3. Factors Affecting Detailed Milk Protein Composition

Effects of 𝜅-CN variants. The 𝜅-CN genotypes showed highly significant effects on milk

protein composition, especially on 𝜅-CN concentration (Table 3.6); the 𝜅-CN genotype ex-

plained 65% of additive genetic variance of 𝜅-CN concentration. The B variant was positively

associated with relative concentrations of all major milk proteins except 𝛽-CN concentration

for which the association was negative. For 𝛼௦-CN phosphorylation profile, 𝜅-CN genotypes

affected 𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-12P concentrations (P <0.001; Table 3.6), and

the B variant was positively associated with relative concentrations of aforementioned iso-

forms. The 𝜅-CN genotypes significantly affected 𝛼௦ଶ-CN PD, and the A variant was positively

associated with 𝛼௦ଶ-CN PD.

Table 3.6. Effects of 𝜅-CN genotypes on the 6majormilk proteins, individual phosphorylation

isoforms of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN, and phosphorylation degrees (PD)ଵ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN

measured on test-day morning milk samples from 531 Montbéliarde cowsଶ (SE in parenthe-

ses)

Trait 𝜅-CN genotype

AA (n = 144) AB (n = 268) BB (n = 116) -Logଵ଴(P)

Major milk protein (% wt/wt)

𝛼௦ଵ-CN -0.15 (0.21) 0 0.82 (0.21) 3.9∗∗∗

𝛼௦ଶ-CN -0.40 (0.09) 0 0.44 (0.09) 12.7∗∗∗

𝜅-CN -1.12 (0.07) 0 0.25 (0.07) 53.0∗∗∗

𝛽-CN 1.87 (0.24) 0 -2.10 (0.25) 33.3∗∗∗

𝛼-LA -0.12 (0.06) 0 0.14 (0.06) 2.6∗∗

𝛽-LG -0.08 (0.19) 0 0.49 (0.19) 1.6∗

Phosphorylation isoform (% wt/wt)

𝛼௦ଵ-CN-8P -0.18 (0.19) 0 0.78 (0.19) 4.4∗∗∗

𝛼௦ଵ-CN-9P 0.06 (0.10) 0 0.05 (0.10) 0.1ேௌ

𝛼௦ଵ-CN PD 0.25 (0.26) 0 -0.42 (0.28) 0.9ேௌ

𝛼௦ଶ-CN-10P 0.01 (0.03) 0 0.01 (0.03) 0.0ேௌ

𝛼௦ଶ-CN-11P -0.22 (0.05) 0 0.17 (0.05) 8.1∗∗∗

𝛼௦ଶ-CN-12P -0.01 (0.03) 0 0.17 (0.03) 5.9∗∗∗

𝛼௦ଶ-CN-13P 0.02 (0.03) 0 0.02 (0.03) 0.4ேௌ

𝛼௦ଶ-CN-14P 0.00 (0.01) 0 -0.02 (0.01) 0.3ேௌ

𝛼௦ଶ-CN PD 2.49 (0.79) 0 -1.01 (0.83) 3.2∗∗∗

1 𝛼௦ଵ-CN PD= (𝛼௦ଵ-CN-9P/total 𝛼௦ଵ-CN) × 100; 𝛼௦ଶ-CN PD = [(𝛼௦ଶ-CN-12P + 𝛼௦ଶ-CN-13P +

𝛼௦ଶ-CN-14P)/total 𝛼௦ଶ-CN] × 100.
2 One cow with AE genotype and 2 cows with BE genotype were excluded from the analysis.

* P <0.05 ** P <0.01 *** P <0.001

Effects of 𝛽-LG variants. The 𝛽-LG genotypes significantly affected relative concentra-

tions of allmajormilk proteins except𝛼௦ଶ-CN concentration (P <0.001 to P = 0.002; Table 3.7);

the 𝛽-LG genotypes explained 95% of additive genetic variance of 𝛽-LG concentration. The

difference in 𝛽-LG concentration between AA and BB genotypes was about 4%. The B variant

was positively associated with 𝛼௦ଵ-CN, 𝜅-CN, 𝛽-CN, and 𝛼-LA concentrations and negatively

associated with 𝛽-LG concentration. For 𝛼௦-CN phosphorylation profile, 𝛽-LG genotypes af-

fected 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentrations (P <0.001; Table 3.7), and the B variant was
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3. Factors Affecting Detailed Milk Protein Composition

positively associated with both isoforms’ concentrations. The 𝛽-LG genotypes did not signif-

icantly affect 𝛼௦-CN PD.

Table 3.7. Effects of𝛽-LG genotypes on the 6majormilk proteins, individual phosphorylation

isoforms of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN, and phosphorylation degrees (PD)ଵ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN

measured on test-day morning milk samples from 531 Montbéliarde cowsଶ (SE in parenthe-

ses)

Trait 𝛽-LG genotype

AA (n = 103) AB (n = 259) BB (n = 167) -Logଵ଴(P)

Major milk protein (% wt/wt)

𝛼௦ଵ-CN -0.84 (0.21) 0 1.32 (0.18) 3.6∗∗∗

𝛼௦ଶ-CN 0.01 (0.10) 0 0.17 (0.09) 0.9ேௌ

𝜅-CN -0.27 (0.09) 0 0.33 (0.08) 7.2∗∗∗

𝛽-CN -0.84 (0.30) 0 0.41 (0.26) 3.0∗∗

𝛼-LA -0.09 (0.07) 0 0.21 (0.06) 4.3∗∗∗

𝛽-LG 1.88 (0.11) 0 -2.41 (0.10) 135.9∗∗∗

Phosphorylation isoform (% wt/wt)

𝛼௦ଵ-CN-8P -0.61 (0.20) 0 0.99 (0.17) 11.4∗∗∗

𝛼௦ଵ-CN-9P -0.29 (0.10) 0 0.32 (0.09) 6.1∗∗∗

𝛼௦ଵ-CN PD -0.21 (0.29) 0 0.05 (0.25) 0.2ேௌ

𝛼௦ଶ-CN-10P 0.01 (0.03) 0 0.03 (0.03) 0.3ேௌ

𝛼௦ଶ-CN-11P 0.02 (0.06) 0 0.08 (0.05) 0.5ேௌ

𝛼௦ଶ-CN-12P 0.03 (0.04) 0 0.01 (0.03) 0.3ேௌ

𝛼௦ଶ-CN-13P -0.01 (0.03) 0 0.03 (0.03) 0.4ேௌ

𝛼௦ଶ-CN-14P 0.01 (0.01) 0 0.01 (0.01) 0.3ேௌ

𝛼௦ଶ-CN PD 0.14 (0.87) 0 -0.61 (0.76) 0.2ேௌ

1 𝛼௦ଵ-CN PD= (𝛼௦ଵ-CN-9P/total 𝛼௦ଵ-CN) × 100; 𝛼௦ଶ-CN PD = [(𝛼௦ଶ-CN-12P + 𝛼௦ଶ-CN-13P +

𝛼௦ଶ-CN-14P)/total 𝛼௦ଶ-CN] × 100.
2 Two cows with BD genotype were excluded from the analysis.

* P <0.05 ** P <0.01 *** P <0.001

Effects of casein haplotypes. Inferring 𝛼௦ଵ-𝛽-𝜅-CN casein haplotypes resulted in 10 hap-

lotypes: CA2A, BA2A, BA1A, BBA, BA1B, BA2B, BIB, BBB, BIA, and BA1E (frequencies provided

in Supplemental Table S3.3). The 𝛼௦ଵ-CN C variant occurred only with the 𝛽-CN A2 and 𝜅-CN

A variants. The 𝜅-CN E variant occurred only with the 𝛽-CN A1 variant. The 𝛽-CN I variant

occurred predominately with the 𝜅-CN B variant. The 𝛼௦ଵ-𝛽-𝜅-CN haplotypes significantly

affected relative concentrations of the 6 major milk proteins (P <0.001 to P = 0.0025); the

proportions of additive genetic variance explained by haplotypes were high (0.46-0.89) for

the 4 caseins and low tomoderate (0.04-0.22) for the 2whey proteins (Table 3.8). The haplo-

type carrying the 𝛼௦ଵ-CN C variant was positively associated with 𝛼௦ଵ-CN concentration. The

haplotypes carrying the 𝛽-CN A2 and I variants were negatively associated with 𝛽-CN con-

centration and positively associatedwith𝛼௦ଵ-CN and𝛼௦ଶ-CN concentrations. The haplotypes

carrying the 𝜅-CN B variant were positively associated with 𝜅-CN concentration. For the 𝛼௦-

CN phosphorylation profile, the𝛼௦ଵ-𝛽-𝜅-CN haplotypes significantly affected both𝛼௦ଵ-CN PD

and 𝛼௦ଶ-CN PD, and relative concentrations of all 𝛼௦-CN phosphorylation isoforms (P <0.001
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3. Factors Affecting Detailed Milk Protein Composition

to P = 0.03); the proportion of additive genetic variance explained by haplotypes was as high

as 0.72 for 𝛼௦ଵ-CN-8P concentration, and ranged from 0.04 to 0.39 for relative concentra-

tions of the other 𝛼௦-CN phosphorylation isoforms and 𝛼௦-CN PD (Table 3.9). The haplotype

carrying the 𝛽-CN I variant showed negative associations with both 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN

PD, whereas the haplotype carrying the 𝛽-CN B variant showed opposite associations.

Table 3.8. Effects of 𝛼௦ଵ-𝛽-𝜅-CN haplotypes proportions of additive genetic variance ex-

plained by haplotypes (h௛௔௣௟௢) for the 6 major milk proteins measured on test-day morning

milk samples from 531 Montbéliarde cowsଵ (SE in parentheses)

𝛼௦ଵ-𝛽-𝜅-CN haplotypeଶ 𝛼௦ଵ-CN 𝛼௦ଶ-CN 𝜅-CN 𝛽-CN 𝛼-LA 𝛽-LG

CA2A (n = 31) 4.08 (0.18) 0.11 (0.10) -0.59 (0.09) -3.81 (0.22) 0.38 (0.07) -0.26 (0.24)

BA2A (n = 34) 2.87 (0.20) 0.23 (0.11) -0.17 (0.09) -3.04 (0.23) 0.24 (0.08) 0.22 (0.26)

BA1A (n = 26) 1.98 (0.21) -0.07 (0.12) -0.14 (0.10) -0.24 (0.25) 0.07 (0.09) 0.14 (0.28)

BBA (n = 178) 0 0 0 0 0 0

BA1B (n = 22) 0.73 (0.24) -0.45 (0.13) 0.35 (0.12) -0.08 (0.28) 0.17 (0.10) -0.52 (0.31)

BA2B (n = 141) 1.91 (0.12) 0.42 (0.07) 0.68 (0.06) -3.29 (0.14) 0.21 (0.05) 0.24 (0.15)

BIB (n = 94) 0.91 (0.13) 0.81 (0.08) 0.53 (0.06) -2.94 (0.16) 0.19 (0.06) 0.49 (0.18)

-Logଵ଴(P) 85.7∗∗∗ 27.0∗∗∗ 45.8∗∗∗ 106.7∗∗∗ 7.1∗∗∗ 2.6∗∗

h௛௔௣௟௢
ଷ 0.69 (0.15) 0.46 (0.20) 0.89 (0.21) 0.76 (0.14) 0.22 (0.15) 0.04 (0.04)

1 Cows that carried BIA, BBB, and BA1E haplotypes were excluded from the analysis due to low numbers of

observations.
2 The effects of haplotypes are estimated by modeling the haplotypes as fixed effects, and the estimate is the

effect of having 1 copy of that haplotype.
3 The proportion of additive genetic variance explained by haplotypes, where the haplotypes are modeled as

random effects.

* P <0.05 ** P <0.01 *** P <0.001
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3.4 Discussion

We report heritability estimates for detailed milk protein composition and explored factors

affecting detailed milk protein composition, especially for 𝛼௦-CN phosphorylation isoforms

and the phosphorylation degree of𝛼௦-CN (𝛼௦-CN PD). Accurate quantification of relative con-

centrations of 𝛼௦ଶ-CN phosphorylation isoforms has been a challenge due to limitations of

the analytical techniques. As a result, limited information was available about factors con-

tributing to the variation in relative concentrations of 𝛼௦ଶ-CN phosphorylation isoforms and

the phosphorylation degree of 𝛼௦ଶ-CN.

3.4.1 Heritability estimates

To our knowledge, this is the first study to report heritability estimates for relative concen-

trations of individual 𝛼௦ଶ-CN phosphorylation isoforms (0.07-0.32) and for 𝛼௦ଶ-CN PD (0.23).

Information about the 6 major milk proteins is scarce as well because their quantification

is time consuming and costly. A few studies have reported heritability estimates for rela-

tive concentrations of the 6 major milk proteins (Ikonen et al., 1997; Schopen et al., 2009;

Boichard et al., 2014; Buitenhuis et al., 2016), and only 2 studies have reported heritability

estimates for 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentrations (Bijl et al., 2014a; Buitenhuis et al.,

2016). In our study, we did not adjust for the herd effect because most of the cows were

located in different herds. Consequently, we could not estimate the proportion of pheno-

typic variance due to differences between herds, so heritability estimates of this study were

expected to be lower than the intra-herd heritability estimates reported in previous studies.

However, differences between herds contribute only a relatively small part of phenotypic

variances of the 6 major milk proteins, 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentrations according

to previous studies (Schopen et al., 2009; Bonfatti et al., 2011; Bijl et al., 2014a).

The heritability estimates for relative concentrations of the 6 major milk proteins were

similar to or higher than those reported by Boichard et al. (2014), who analyzed major pro-

tein fractions predicted by mid-infrared spectra in the Montbéliarde breed. In comparison

with other breeds, the heritability estimates for 𝛼௦ଵ-CN (1.00) and 𝛽-CN (0.75) in our study

were higher than those reported by Schopen et al. (2009, 0.47 for 𝛼௦ଵ-CN and 0.25 for 𝛽-CN

in Dutch Holstein-Friesian) and by Buitenhuis et al. (2016, 0 for 𝛼௦ଵ-CN and 0.05 for 𝛽-CN in

Danish Holstein; 0.05 for 𝛼௦ଵ-CN and 0.29 for 𝛽-CN in Danish Jersey). The heritability esti-

mate for 𝜅-CN (0.62) in our study is similar to those reported by Schopen et al. (2009, p. 0.64)

and Buitenhuis et al. (2016, 0.77 for Danish Holstein) but higher than the one for Danish Jer-

sey (0.29; Buitenhuis et al., 2016). The heritability estimate for 𝛽-LG (0.73) in our study is

similar to the one reported by Schopen et al. (2009, p. 0.80) but higher than those reported

by Buitenhuis et al. (2016, 0.58 for Danish Holstein and 0.16 for Danish Jersey). As shown

in previous studies (Bobe et al., 1999; Heck et al., 2009; Schopen et al., 2009), the 𝛼௦ଵ-CN,

𝜅-CN, 𝛽-CN, and 𝛽-LG genotypes contributed a major part of the genetic variation in 𝛼௦ଵ-CN,

𝜅-CN, 𝛽-CN, and 𝛽-LG concentration, respectively.

For𝛼௦ଵ-CNphosphorylationprofile, the heritability estimate for𝛼௦ଵ-CN-8P concentration

(0.84) in our study is higher than those reported by Bijl et al. (2014a, 0.48 in Dutch Holstein-

Friesian) and Buitenhuis et al. (2016, 0.01 in Danish Holstein and 0.41 in Danish Jersey). The
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3. Factors Affecting Detailed Milk Protein Composition

heritability estimate for 𝛼௦ଵ-CN-9P concentration (0.56) in our study is within the range of

the one reported by Bijl et al. (0.76 2014a) and is higher than those reported by Buitenhuis

et al. (2016, 0.25 in Danish Holstein and 0.23 in Danish Jersey). Discrepancies between stud-

ies might be due to genetic differences between breeds, limited sample sizes in the study of

Buitenhuis et al. (2016) , and in this study, and use of different analyticalmethods. In terms of

analytical methods, Schopen et al. (2009) and Bijl et al. (2014a) measured protein fractions

by capillary zone electrophoresis, so 𝛽-CN was measured together with glycosylated and

multi-phosphorylated 𝜅-CN, and 𝜅-CN was only measured as the mono-phosphorylated iso-

form (Heck et al., 2008). Furthermore, protein fractions measured with the same analytical

method, such as LC (as used by Buitenhuis et al. (2016)), could differ because of differences

in separation conditions.

3.4.2 Effects of genetic variants and casein haplotypes on

the 6 major milk proteins

We investigated the associations of genetic variants of milk proteins and casein haplotypes

with detailed milk protein composition, and this is the first study of such association analy-

sis done with the Montbéliarde breed. Our study confirms the effect of the 𝜅-CN B variant

on 𝜅-CN concentration and the effect of the 𝛽-LG B variant on 𝛽-LG concentration, which

seem to be the true effects as they are consistent across studies and breeds (Van Eenen-

naam and Medrano, 1991; Bobe et al., 1999; Graml and Pirchner, 2003; Hallén et al., 2008;

Heck et al., 2009; Bonfatti et al., 2010). Discrepancies for other associations among studies

could be due to reasons mentioned above (i.e., genetic differences between breeds, limited

sample sizes in some studies, and use of different analytical methods). Regarding genetic dif-

ferences between breeds, the casein loci are in close proximity, and linkage disequilibrium

between genetic variants has been reported (Ikonen et al., 1999; Heck et al., 2009; Bonfatti

et al., 2010). Differences in linkage disequilibrium between breeds will affect the associa-

tions of the genetic variants with detailed milk protein composition. Therefore, investigating

the associations of casein haplotypes with detailed milk protein composition provides better

insights into the associations of individual genetic variants.

𝛼௦ଵ-CN. Effects of 𝛼௦ଵ-CN genotypes onmilk protein composition are rarely reported due

to the low frequency of the C variant in western cattle breeds such as Dutch Holstein-Frisian,

Italian Simmental, Danish Holstein and Swedish Red (Heck et al., 2009; Bonfatti et al., 2010;

Gustavsson et al., 2014). The C variant was associated with higher 𝛼௦ଵ-CN concentration and

lower 𝛽-CN concentration, which is in line with the results of Graml and Pirchner (2003).

However, we did not detect the dominance effect reported by those authors. This could

be due to the small number of homozygous CC cows in our population, genetic differences

between breeds, or differences in the analytical methods.

𝛽-CN. For the 6 major milk proteins, the associations of the B and A2 variants were in

opposite directions, which agrees with associations reported by Visker et al. (2011). Positive

association of the B variant with 𝛽-CN concentration and negative association of the B vari-

ant with 𝛼௦ଵ-CN and 𝛼௦ଶ-CN concentrations are consistent with previous studies (Bonfatti

et al., 2010; Visker et al., 2011). However, we found a negative association of the B variant

with 𝜅-CN concentration, whereas Visker et al. (2011) reported a positive association and
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Bonfatti et al. (2010) found no association. Positive association of the I variant with 𝛼௦ଶ-CN

concentration is in line with association reported by Visker et al. (2011). As for the effect

of the I variant on 𝛼௦ଵ-CN concentration, we found no association, whereas Bonfatti et al.

(2010) and Visker et al. (2011) reported negative associations.

𝜅-CN. Besides a favorable effect of the 𝜅-CN B variant on 𝜅-CN concentration, we also

report a favorable effect of the 𝜅-CN B variant on 𝛼௦ଶ-CN concentration, which is similar to

what Heck et al. (2009) reported, whereas Bobe et al. (1999) found no effect of 𝜅-CN geno-

types on𝛼௦ଶ-CN concentration. Contrary to previous studies, we found a positive association

of the B variant with 𝛼௦ଵ-CN concentration and a negative association of the B variant with

𝛽-CN concentration, whereas other authors reported a negative association of the B variant

with 𝛼௦ଵ-CN concentration and no association with 𝛽-CN concentration (Bobe et al., 1999;

Hallén et al., 2008; Heck et al., 2009; Bonfatti et al., 2010).

𝛽-LG.We report that the 𝛽-LG genotypes accounted for 95% of genetic variation of 𝛽-LG

concentration, which agrees with the results reported by Bobe et al. (1999) and Heck et al.

(2009). These authors concluded that 𝛽-LG genotypes predominately regulate 𝛽-LG concen-

tration in total milk protein. We show a favorable effect of the B variant on 𝛼௦ଵ-CN, 𝜅-CN,

𝛽-CN, and 𝛼-LA concentrations, and a negative effect on 𝛽-LG concentration. These findings

agree with those from previous studies, as the B variant of 𝛽-LG decreases the proportion

of 𝛽-LG which results in increased proportions of the other milk proteins (Bobe et al., 1999;

Hallén et al., 2008; Heck et al., 2009; Bonfatti et al., 2010). Note that the effect of the 𝛽-LG

BB genotype on 𝛽-LG concentration in this study was about 1.5 times larger than the one

reported by Heck et al. (2009). One explanation for this difference might be that the ob-

served genotype effect is the combination of the effect of 𝛽-LG genotypes and the effect

of one or multiple linked causal mutations. Multiple genetic polymorphisms in the coding

and promoter regions have been detected in the 𝛽-LG gene, andmany of them are in linkage

disequilibriumwith the 𝛽-LG genotypes (Ganai et al., 2009). The effect of a linked causal mu-

tation might vary across breeds and populations due to differences in linkage disequilibrium

with the 𝛽-LG genotypes.

Casein haplotypes. The frequency and effects of the CA2A haplotype on detailed milk

protein composition are reported for the first time in this study in FrenchMontbéliarde cows

due to the low frequency of the 𝛼௦ଵ-CN C variant in other breeds. The 𝛽-CN B variant oc-

curred predominantly with the 𝜅-CN A variant in French Montbéliarde cows as reported for

Simmental cows (Bonfatti et al., 2010), whereas the 𝛽-CN B variant occurred only with the

𝜅-CN B variant in Dutch Holstein-Friesian cows (Visker et al., 2011).

Haplotype analysis confirmed positive association of the 𝛼௦ଵ-CN C variant with 𝛼௦ଵ-CN

concentration, positive association of the 𝜅-CN B variant with 𝜅-CN concentration, and pos-

itive association of the 𝛽-CN I variant with 𝛼௦ଶ-CN concentrations. These results are con-

sistent across studies and breeds, which seem to be direct associations of the genetic vari-

ants or causal mutations that are closely linked to the genetic variants (Van Eenennaam and

Medrano, 1991; Bobe et al., 1999; Graml and Pirchner, 2003; Hallén et al., 2008; Heck et al.,

2009; Bonfatti et al., 2010; Visker et al., 2011). We report a positive association of the 𝛽-CN I

variant with 𝛼௦ଵ-CN concentration, whereas Visker et al. (2011) reported a negative associa-

tion. Due to its low frequency, the BIA haplotype was excluded from the association analysis.

Hence, it is not straightforward to infer if associations of the BIB haplotype resulted from the
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𝛽-CN I variant or from the 𝜅-CN B variant. Positive associations of the BIB haplotype with

𝜅-CN and 𝛼-LA concentrations most likely resulted from associations of the 𝜅-CN B variant

because associations of BA1B, BA2B, and BIB haplotypes with 𝜅-CN and 𝛼-LA concentrations

were in the same direction and of about similar magnitude.

3.4.3 Factors affectingphosphorylationof𝛼s1-CNand𝛼s2-CN

Effects of parity and lactation stage. We show changes of 𝛼௦-CN phosphorylation profile

across parity and lactation. Cows in parity 3 or higher produced milk with higher degrees

of phosphorylation of 𝛼௦-CN as relative concentrations of 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-13P, and 𝛼௦ଶ-

CN-14P increased. Furthermore, both 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD increased as lactation pro-

gressed, whereas the total 𝛼௦ଵ-CN and 𝛼௦ଶ-CN concentrations were not affected by lactation

stage. Note that relative concentrations of the group of the isoforms with lower degrees

of phosphorylation (𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P) changed in the opposite direc-

tion compared with those of the group of isoforms with higher degrees of phosphorylation

(𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-13P, and 𝛼௦ଶ-CN-14P) during lactation. This observation supports the

hypothesis that different sets of genes regulate phosphorylation of 𝛼௦-CN (Bijl et al., 2014a;

Fang et al., 2016). Such different sets of genes involved in phosphorylation of caseins could

show different expression throughout lactation as the mammary transcriptome is known to

vary at different lactation stages due to physiological changes such as pregnancy (Bionaz et

al., 2012; Wickramasinghe et al., 2012). Moreover, Bijl et al. (2014a) detected association

between the DGAT1 gene and 𝛼௦ଵ-CN-9P concentration, and Bovenhuis et al. (2015) showed

that the magnitude of the DGAT1 effect on milk production traits changes during lactation.

The DGAT1 A allele is almost fixed in the French Montbéliarde breed (0.96) (Gautier et al.,

2007), so the K232A polymorphism in this gene is not responsible for the observed change

during lactation in the French Montbéliarde. Nevertheless, the effects of other genes in-

volved in the phosphorylation mechanism of caseins may show similar variation throughout

lactation.

Effects of genetic variants and casein haplotypes. Phosphorylation of caseins occurs in

the Golgi apparatus after the synthesis of polypeptide chains. If casein-phosphorylating en-

zymes are not saturated, the associations of genetic variants with individual phosphorylation

isoforms can be ascribed to the associations of genetic variants with total 𝛼௦-CN concentra-

tions. This is supported by the observation that the effects of genetic variants on 𝛼௦ଵ-CN-8P,

𝛼௦ଵ-CN-9P, and total 𝛼௦ଵ-CN concentration were in the same direction and of similar mag-

nitude. The same explanation applies to the associations of genetic variants with individual

𝛼௦ଶ-CN phosphorylation isoforms. This is confirmed by estimating the effects of genetic vari-

ants on the phosphorylation degree of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN. Only the negative effect of the

𝛽-CN I variant and the positive effects of the 𝜅-CN A variant and the 𝛽-CN B variant seem to

be direct effects on 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. These effects of the 𝛽-CN I and B variant are

also confirmed by haplotype analysis as the BIB haplotype showed positive associations with

𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P concentrations and a negative association with 𝛼௦-

CN PD, and the BBA haplotype showed opposite associations. In contrast, Bijl et al. (2014a)

reported negative associations of 𝛽-𝜅-CN haplotype IB with both 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P

concentrations in Dutch Holstein-Friesian cows. Combining the negative association of 𝛽-𝜅-
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CN haplotype IB with 𝛼௦ଵ-CN concentration reported by Visker et al. (2011), the associations

of the IB haplotype with 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentrations could be ascribed to its

association with total 𝛼௦-CN concentration as discussed above. Moreover, Bijl et al. (2014a)

showed that 𝛽-LG genotypes affect only 𝛼௦ଵ-CN-8P concentration, whereas we showed that

𝛽-LG genotypes affected both 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentrations. Inconsistencies be-

tween the 2 studies might be due to the reasons mentioned above (i.e., genetic differences

between the 2 breeds and differences in linkage disequilibrium between the 𝛽-LG genotypes

and other causal variants across breeds).

3.5 Conclusions

We report the difference in relative concentrations of𝛼௦-CN phosphorylation isoforms and in

the phosphorylation degree of𝛼௦-CN between cows due to systematic environmental effects

(parity and lactation stage) and genetic variation. We show that 𝛼௦-CN phosphorylation pro-

file changed across parity and lactation, and exploitable genetic variation for the phosphory-

lation degrees of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN exists in the French Montbéliarde cattle. Furthermore,

the 𝛽-CN I variant is associated with a greater proportion of isoforms with lower degrees of

phosphorylation (𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P); the 𝛽-CN B variant is associated

with a greater proportion of isoforms with higher degrees of phosphorylation (𝛼௦ଵ-CN-9P,

𝛼௦ଶ-CN-12P to 𝛼௦ଶ-CN-14P). Currently, knowledge regarding the effects of the phosphory-

lation degree of 𝛼௦-CN on technological properties of milk is limited and requires further

investigation.
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Supplementary materials

Table S3.1. Effects of 𝛽-CN genotypes on the 6 major milk proteins measured on test-day

morning milk samples from 531 Montbéliarde cowsଵ (SE in brackets)

𝛽-CN genotype 𝛼௦ଵ-CN 𝛼௦ଶ-CN 𝜅-CN 𝛽-CN 𝛼-LA 𝛽-LG

BA2 (n=169) 0 0 0 0 0 0

A1A2 (n= 38) 0.91 (0.29) -0.19 (0.14) 0.06 (0.15) -0.10 (0.30) 0.09 (0.10) 0.14 (0.34)

BA1 (n=38) -0.70 (0.27) -0.82 (0.14) -0.12 (0.14) 3.00 (0.29) -0.24 (0.10) -0.97 (0.31)

A1I (n= 17) -0.04 (0.38) 0.14 (0.19) 0.14 (0.20) 0.50 (0.40) -0.04 (0.14) -0.15 (0.43)

A2A2 (n=72) 2.67 (0.22) 0.04 (0.11) 0.40 (0.11) -3.66 (0.23) 0.32 (0.08) 0.07 (0.25)

A2I (n=72) 1.09 (0.21) 0.65 (0.11) 0.30 (0.11) -3.18 (0.23) 0.13 (0.08) 0.60 (0.25)

BB (n=50) -2.21 (0.24) -0.64 (0.12) -0.65 (0.13) 2.87 (0.26) -0.25 (0.09) 0.29 (0.28)

BI (n=64) -1.28 (0.23) 0.34 (0.11) 0.32 (0.12) 0.39 (0.24) 0.10 (0.08) 0.10 (0.26)

II (n=10) -0.55 (0.48) 1.03 (0.24) 0.38 (0.25) -2.47 (0.51) 0.04 (0.18) 0.99 (0.56)

-Logଵ଴(P) 55.4∗∗∗ 25.8∗∗∗ 10.5∗∗∗ 106.1∗∗∗ 6.0∗∗∗ 2.6∗∗

1 One cow with A1A1 genotype was excluded from the analysis.

* P <0.05 ** P <0.01 *** P <0.001
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Table S3.3. Frequencies of 𝛼௦ଵ-𝛽-𝜅-CN haplotypes from 531 Montbéliarde cows

𝛼௦ଵ-𝛽-𝜅-CN haplotype Frequency

CA2A 0.063

BA2A 0.062

BA1A 0.050

BBA 0.346

BA1B 0.037

BA2B 0.272

BIB 0.160

BBB 0.003

BIA 0.003

BA1E 0.003
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Abstract

Relative concentrations of 𝛼௦ଵ- and 𝛼௦ଶ-casein (𝛼௦ଵ- and 𝛼௦ଶ-CN) phosphorylation isoforms

vary considerably among milk of individual cows. We estimated heritabilities for 𝛼௦ଶ-CN

phosphorylation isoforms, determined by capillary zone electrophoresis from 1857 morn-

ing milk samples, and genetic correlations among 𝛼௦ଶ-CN phosphorylation isoforms in Dutch

Holstein Friesian. To investigate if phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN are due to the same

genetic mechanism, we also estimated genetic correlations between 𝛼௦ଵ- and 𝛼௦ଶ-CN phos-

phorylation isoforms as well as the genetic correlations between the phosphorylation de-

grees (PD) of 𝛼௦ଵ- and 𝛼௦ଶ-CN defined as the proportion of isoforms with higher degrees of

phosphorylation in total 𝛼௦ଵ- and 𝛼௦ଶ-CN, respectively. The intra-herd heritabilities for the

relative concentrations of 𝛼௦ଶ-CN phosphorylation isoforms were high and ranged from 0.54

for 𝛼௦ଶ-CN-10P to 0.89 for 𝛼௦ଶ-CN-12P. Furthermore, the high intra-herd heritabilities of 𝛼௦ଵ-

CN PD and 𝛼௦ଶ-CN PD imply a strong genetic control of the phosphorylation process, which

is independent of casein production. The genetic correlations between 𝛼௦ଶ-CN phosphoryla-

tion isoforms are positive andmoderate to high (0.33-0.90). Furthermore, the strong positive

genetic correlation (0.94) between 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD suggests that the phosphory-

lation processes of 𝛼௦ଵ- and 𝛼௦ଶ-CN are related. This study shows the possibility to breed

for specific 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, and relations between the phospho-

rylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN and technological properties of milk need to be further

investigated to identify potential benefits for the dairy industry.

Key words: milk protein composition, genetic correlation, posttranslational modification,

capillary zone electrophoresis
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4.1 Introduction

Phosphorylation of caseins is a crucial post-translational modification that allows caseins to

interact with calcium phosphate in the assembly of colloidal structures known as casein mi-

celles. The formation and stability of micelles depend largely on the presence of 𝜅-CN on the

micelle surface and its glycosylation, as well as the interactions between calcium phosphate

nanoclusters and phosphoserine residues of𝛼௦ଵ-, 𝛼௦ଶ-, and𝛽-CN(De Kruif and Holt, 2003; De

Kruif et al., 2012). Although caseins are all phosphoproteins,𝛼௦ଵ- and𝛼௦ଶ-CN aremore highly

phosphorylated and possess multiple phosphoserine clusters, whereas 𝛽-CN possesses only

one, and 𝜅-CN does not possess any. This suggests that 𝛼௦ଵ- and 𝛼௦ଶ-CNmight be more rele-

vant for stabilizing internal micellar structure (Dalgleish and Corredig, 2012; Huppertz et al.,

2017).

In bovine milk, 𝛼௦ଵ-CN accounts for about 35% of the total casein and has 2 common

phosphorylation isoforms, i.e. 𝛼௦ଵ-CN-8P as the predominant form and 𝛼௦ଵ-CN-9P (Holland

and Boland, 2014, where P indicates phosphate group attached;); 𝛼௦ଶ-CN accounts for about

10% of the total casein and is present with various degrees of phosphorylation ranging from

10P to 14P and occasionally with 9P or 15P (Fang et al., 2016). Milk containing a greater pro-

portion of 𝛼௦ଵ- and 𝛼௦ଶ-CN isoforms with lower degrees of phosphorylation (e.g. 𝛼௦ଵ-CN-8P,

𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN -11P) has been suggested to possess better coagulation properties

and to be hydrolyzed more efficiently by chymosin (Frederiksen et al., 2011; Jensen et al.,

2012; Bijl et al., 2014b). Furthermore, relative concentrations of 𝛼௦ଵ- and 𝛼௦ଶ-CN phospho-

rylation isoforms in milk vary considerably between individual cows (Bijl et al., 2014a; Fang

et al., 2016). Therefore, it is of great interest to investigate if genetic variation in individual

𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms exists.

To date, only few studies reported heritabilities for relative concentrations of 𝛼௦ଵ-CN-

8P and 𝛼௦ଵ-CN-9P; in Dutch Holstein Friesian (Bijl et al., 2014a), Danish Holstein and Jersey

(Buitenhuis et al., 2016), and French Montbéliarde (Fang et al., 2017). Only one study in

French Montbéliarde reported the hertabilities for relative concentrations of 𝛼௦ଶ-CN-10P to

𝛼௦ଶ-CN-14P (Fang et al., 2017). Additionally, Bijl et al. (2014a) reported a surprisingly low

genetic correlation between 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentration. Heck et al. (2008) and

Fang et al. (2016) reported that the proportion of 𝛼௦ଵ- and 𝛼௦ଶ-CN isoforms with lower de-

grees of phosphorylation phenotypically correlated negatively with the proportion of 𝛼௦ଵ-

and 𝛼௦ଶ-CN isoforms with higher degrees of phosphorylation. However, genetic correlations

among 𝛼௦ଶ-CN phosphorylation isoforms as well as genetic correlations between 𝛼௦ଵ- and

𝛼௦ଶ-CN isoforms have not been reported.

Within the framework of the Dutch milk genomic initiative, detailed milk protein compo-

sition was determined by capillary zone electrophoresis (CZE) for approximately 2,000 cows.

However, peaks assigned to 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-12P were based on predicted migra-

tion time without the use of standards of individual isoforms for confirmation, and 𝛼௦ଶ-CN-

13P and 𝛼௦ଶ-CN-14P were not identified (Heck et al., 2008). The aim of this study was first

to identify the peaks corresponding to individual 𝛼௦ଶ-CN phosphorylation isoforms on CZE

electropherograms for quantifying isoforms in the Dutch milk genomics initiative popula-

tion, and second to estimate heritabilities for 𝛼௦ଶ-CN phosphorylation isoforms and genetic

correlations among 𝛼௦ଶ-CN phosphorylation isoforms. To investigate if phosphorylation of
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𝛼௦ଵ- and 𝛼௦ଶ-CN are due to the same genetic mechanism, we also estimated genetic correla-

tions between 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms as well as the genetic correlations

between the phosphorylation degrees (PD) of 𝛼௦ଵ- and 𝛼௦ଶ-CN defined as the proportion of

isoforms with higher degrees of phosphorylation in total 𝛼௦ଵ- and 𝛼௦ଶ-CN, respectively. We

also investigated the relations of𝛼௦ଵ- and𝛼௦ଶ-CN phosphorylation isoformswithmilk protein

composition, phosphorus content and with routinely collected milk production traits.

4.2 Material and Methods

4.2.1 Animals

Test-day morning milk samples were collected from approximately 2,000 primiparous Dutch

Holstein Friesian cows as part of the Dutch Milk Genomic Initiative. Cows were located on

398 herds in the Netherlands, and at least 3 cows per herd were sampled. The pedigree of

the cows was supplied by cattle improvement organization CRV (Arnhem, the Netherlands).

Detailed description of the experimental design is provided in Schopen et al. (2009). In this

study, we analyzedmilk production traits andmilk protein composition from 1,857milk sam-

ples collected in winter.

4.2.2 Phenotypes

Milk production traits. Protein, fat, and lactose percentages were determined by infrared

spectroscopy using a MilkoScan FT 6000 (Foss Electric, Hillerød, Denmark) at the milk con-

trol station laboratory (Qlip, Zutphen, the Netherlands). phosphorus concentration was de-

termined by inductively coupled plasma-atomic emission spectrometry (Vista Axial, Varian,

Australia) of whole milk as described in (van Hulzen et al., 2009). Test-daymorningmilk yield

was available for 1,721 cows and was obtained from CRV. Yields of protein, fat, lactose and

phosphoruswere calculated bymultiplying the respective content traits by the observedmilk

yield.

Milk protein composition. The relative concentrations (% wt/wt) of individual milk pro-

teins and their isoforms were determined by CZE by Heck et al. (2008). The 𝜅-CN was mea-

sured as only non-glycosylated and mono-phosphorylated form. The 𝛼௦ଵ-CN phosphoryla-

tion isoforms were identified by using αs-CN standards as described by Heck et al. (2008).

The relative concentration of total 𝛼௦ଵ-CN was the sum of relative concentrations of 𝛼௦ଵ-

CN-8P and 𝛼௦ଵ-CN -9P and also the peak that migrates just before the 𝛼௦ଵ-CN-8P peak and

is predicted to be 𝛼௦ଵ-CN-7P according to Heck et al. (2008). Standards for the individual

isoforms were not available for 𝛼௦ଶ-CN isoforms. Therefore, to identify peaks correspond-

ing to individual 𝛼௦ଶ-CN phosphorylation isoforms on electropherograms from CZE analysis,

we purified 𝛼௦ଶ-CN phosphorylation isoforms from milk samples. For this purpose, 10 fresh

milk samples were analyzed by liquid chromatography/electrospray ionization-mass spec-

trometry (LC/ESI-MS) for screening their 𝛼௦ଶ-CN phosphorylation profiles using the method

of Fang et al. (2016). Fractions containing individual 𝛼௦ଶ-CN phosphorylation isoforms were

separated and collected by LC with the same method using milk that contained highest con-

centrations of 𝛼௦ଶ-CN-10P to 𝛼௦ଶ-CN-14P, respectively. Collected fractions were analyzed
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by LC-ESI/MS to verify the components. The fractions were then analyzed by CZE using the

method of Heck et al. (2008) to confirm the peaks corresponding to individual 𝛼௦ଶ-CN phos-

phorylation isoforms in CZE electropherograms. Yields (g) of individual milk proteins and

their isoforms were calculated by multiplying relative concentrations (% wt/wt) by protein

yield (g).

Relative concentrations of the 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms are the result

of two distinct processes: the production of 𝛼௦ଵ- and 𝛼௦ଶ-CN, and the posttranslational mod-

ification of both caseins. To characterize the phosphorylation process that is independent of

casein production, we defined the phosphorylation degrees (PD) of 𝛼௦ଵ- and 𝛼௦ଶ-CN as the

proportion of isoforms with higher degrees of phosphorylation, which were calculated as

𝛼௦ଵ−CN-9P

𝛼௦ଵ−CN-8P+𝛼௦ଵ−CN-9P
× 100 (4.1)

𝛼௦ଶ−CN-12P

𝛼௦ଶ−CN-10P+𝛼௦ଶ−CN-11P+𝛼௦ଶ−CN-12P
× 100 (4.2)

The 𝛼௦ଶ-CN-13P and 𝛼௦ଶ-CN-14P were not included in 4.2 due to low reproducibility of their

quantification.

Output of casein phosphorus. To investigate if the phosphorus availability would be a

limiting factor for phosphorylation of all caseins when more caseins are produced, we also

estimated the phenotypic and genetic correlations between the total amount of phosphate

groups attached to the caseins in milk (i.e. output of casein phosphorus, Pcas), and the milk

protein and milk phosphorus yields. To derive Pcas, we first calculated the molar concen-

tration (C௠௢௟௔௥) of each casein (𝛼௦ଵ-, 𝛼௦ଶ-, 𝜅- and 𝛽-CN) as its concentration in milk [g/L; as

protein percentage × 10 × (% wt/wt)] divided by its respective molecular weight (Da). As 𝜅-

CN carried 1 phosphate group, and 𝛽-CN carried 5 in our milk samples, C௠௢௟௔௥ of phosphate

groups attached to 𝜅-CN and 𝛽-CN were approximated by multiplying C௠௢௟௔௥ of 𝜅-CN and

𝛽-CN by 1 and 5, respectively. The C௠௢௟௔௥ of phosphate groups attached to 𝛼௦ଵ-CN was the

sum of C௠௢௟௔௥ of 𝛼௦ଵ-CN-8P multiplied by 8 and C௠௢௟௔௥ of 𝛼௦ଵ-CN-9P multiplied by 9. The

C௠௢௟௔௥ of phosphate groups attached to 𝛼௦ଶ-CN was the sum of C௠௢௟௔௥ of 𝛼௦ଶ-CN-10P mul-

tiplied by 10, C௠௢௟௔௥ of 𝛼௦ଶ-CN-11P multiplied by 11, and C௠௢௟௔௥ of 𝛼௦ଶ-CN-12P multiplied

by 12. Therefore, the total C௠௢௟௔௥ of the phosphate groups attached to the caseins was the

sum of C௠௢௟௔௥ of the phosphate groups attached to the individual caseins. Subsequently,

Pcas was approximated by multiplying the total C௠௢௟௔௥ of phosphate groups attached to the

caseins by milk yield.

4.2.3 Statistical analyses

To estimate variance components and genetic parameters, the following animal model was

used:

𝑦௞௟௠௡ =𝜇 + 𝛽ଵdim௞௟௠௡ + 𝛽ଶe
-0.05*dimೖ೗೘೙ + 𝛽ଷca௞௟௠௡ + 𝛽ସca

ଶ
௞௟௠௡ + season௞

+ scode௟ + animal௠ + herd௡ + e௞௟௠௡; (4.3)
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where y௞௟௠௡ is the observation of the trait of interest; 𝜇 is the overall mean of the trait;

dim௞௟௠௡ is a covariate describing the effect of days in lactation, modeled with a Wilmink

curve (Wilmink, 1987); ca௞௟௠௡ is a covariate describing the effect of age at first calving;

season௞ is the fixed effect with 3 classes of calving season (June-August 2004, September-

November 2004, and December 2004-February 2005); scodeூ is the fixed effect accounting

for possible differences in genetic level between proven bull daughters and young bull daugh-

ters; animal௠ is the random additive genetic effect assumed to be distributed as 𝑁(0,A𝜎ଶ
௔ ),

where A is the additive genetic relationships matrix consisting of 26,300 animals, and 𝜎ଶ
௔ is

the additive genetic variance; herd௡ is the random herd effect assumed to be distributed

as 𝑁(0,I𝜎ଶ
௛௘௥ௗ), where I is the identity matrix, and 𝜎ଶ

௛௘௥ௗ is the herd variance; e௞௟௠௡ is the

random residual effect assumed to be distributed as𝑁(0,I𝜎ଶ
௘ ), where I is the identity matrix,

and 𝜎ଶ
௘ is the residual variance. The intra-herd heritability was defined as

ℎଶ =
𝜎ଶ
௔

𝜎ଶ௔ + 𝜎ଶ௘
,

The proportion of phenotypic variance explained by herd was defined as

ℎ௛௘௥ௗ =
𝜎ଶ
௛௘௥ௗ

𝜎ଶ
௛௘௥ௗ + 𝜎ଶ௔ + 𝜎ଶ௘

,

Phenotypic and genetic correlations between traits were estimated by bivariate analyses us-

ingmodel 4.3. All statistical analyseswere performedusingASReml 4.1 (Gilmour et al., 2015).

4.3 Results and Discussion

4.3.1 Characterization of 𝛼s2-CN phosphorylation profile by

CZE

In this study, we first characterized the 𝛼௦ଶ-CN phosphorylation profile in CZE electrophero-

grams. To identify the peaks corresponding to individual 𝛼௦ଶ-CN phosphorylation isoforms

in a milk sample on the CZE electropherograms, the CZE electropherograms of the purified

and identified fractions of individual 𝛼௦ଶ-CN phosphorylation isoforms were aligned with the

CZE electropherogram of amilk sample (Figure 4.1). The peaks corresponding to𝛼௦ଶ-CN-10P,

-11P and -12P matched the migration times predicted by Heck et al. (2008). Therefore, the

reproducibilities of their measurements, calculated as the coefficient of variation from re-

peated measurements of a reference milk sample, were 15.7% for 𝛼௦ଶ-CN-10P, 5.7% for 𝛼௦ଶ-

CN-11P and 5.8 for 𝛼௦ଶ-CN-12P (Heck et al., 2008). The peak between the 𝛼௦ଶ-CN-11P peak

and the 𝛼௦ଶ-CN-12P peak was suggested to be products of casein hydrolysis by Recio et al.

(1997). The peak corresponding to 𝛼௦ଶ-CN-13P was difficult to quantify accurately using CZE

due to co-migration with other components in milk, which resulted in poor reproducibility

of its quantification. The peak corresponding to 𝛼௦ଶ-CN-14P overlapped with the 𝛼௦ଵ-CN-8P

peak. Therefore, we only estimated the relative concentrations of 𝛼௦ଶ-CN-10P, -11P, and -

12P based on the applied CZE method. Furthermore, 𝛼௦ଶ-CN-14P accounts for about 0.4%

of total protein in milk according to Fang et al. (2016). Therefore, we do not expect the
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measurement of 𝛼௦ଵ-CN-8P to be strongly affected by the overlap with 𝛼௦ଶ-CN-14P. Relative

concentrations of 𝛼௦ଵ-CN-8P and -9P had been determined previously based on the same

CZE electropherograms (Heck et al., 2008).

Figure 4.1. Capillary zone electropherograms of onemilk sample and three purified fractions

of 𝛼௦ଶ-CN phosphorylation isoforms showing 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms. (A)

Purified fraction containing 𝛼௦ଶ-CN-10P (peak 1) and 𝛼௦ଶ-CN-11P (peak 2). (B) Purified frac-

tion containing 𝛼௦ଶ-CN-11P, 𝛼௦ଶ-CN-12P (peak 3) and 𝛼௦ଶ-CN-13P (peak 4). (C) Purified frac-

tion containing 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-14P (peak 5).

4.3.2 Genetic parameters

Table 4.1 shows the descriptive statistics, heritabilities and proportions of variance explained

by herd for 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and for the phosphorylation degrees

of𝛼௦ଵ-CN (𝛼௦ଵ-CN PD) and𝛼௦ଶ-CN (𝛼௦ଶ-CN PD). To disentangle the casein production and the

phosphorylation process, we defined the phosphorylation degree as the proportion of iso-

forms with higher degrees of phosphorylation in the sum of 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P and

in the sum of 𝛼௦ଶ-CN-10P, 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-12P, respectively. The most abundant

𝛼௦ଶ-CN phosphorylation isoform was 𝛼௦ଶ-CN-11P. The average 𝛼௦ଵ-CN PD was around 26%,

meaning that 26% of 𝛼௦ଵ-CN is phosphorylated at the highest level (i.e. 9P), and the average

𝛼௦ଶ-CN PD was around 34%, meaning that 34% of 𝛼௦ଶ-CN is phosphorylated at the highest

level among the detected 𝛼௦ଶ-CN isoforms (i.e. 12P in the current study). The average rel-

ative concentrations of 𝛼௦ଵ-CN-8P, -9P, 𝛼௦ଶ-CN-10P, -11P and -12P, and the average 𝛼௦ଵ-CN

PD are in the range of the values reported for French Montbéliarde (Fang et al., 2017). The

𝛼௦ଶ-CN-13P and -14P were not included in the current study, but they account for about 24%
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of the total 𝛼௦ଶ-CN concentration in French Montbéliarde (Fang et al., 2016). Because 𝛼௦ଶ-

CN-13P and -14P were not included, 𝛼௦ଶ-CN PD is defined differently in the current study

and therefore cannot be compared directly with results for French Montbéliarde (Fang et

al., 2016). The average 𝛼௦ଶ-CN PD is similar in both studies when using the definition of the

current study to calculate the 𝛼௦ଶ-CN PD in French Montbéliarde.

Table 4.1. Mean, standard deviation (SD), phenotypic variance௔ (𝜎ଶ
௣ ), intra-herd heritability

estimates (hଶ), and proportion of phenotypic variance explained by herd (h௛௘௥ௗ) for relative

concentrations of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and for the phospho-

rylation degrees (PD)௕ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN measured on test-day morning milk samples

from 1,857 Dutch Holstein Friesian cows (SE in parentheses)

Trait (% wt/wt) Mean SD 𝜎ଶ
௣ hଶ h௛௘௥ௗ

𝛼௦ଵ-CN
௖ 33.64 1.66 2.80 0.52 (0.11) 0.11 (0.02)

𝛼௦ଵ-CN-8P
௖ 21.26 1.13 1.32 0.48 (0.10) 0.12 (0.02)

𝛼௦ଵ-CN-9P
௖ 7.42 1.07 1.18 0.76 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN 6.67 0.95 0.98 0.94 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN-10P 0.99 0.39 0.16 0.54 (0.11) 0.10 (0.02)

𝛼௦ଶ-CN-11P 3.44 0.57 0.33 0.89 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN-12P 2.24 0.22 0.05 0.71 (0.12) 0.07 (0.02)

Phosphorylation degree

𝛼௦ଵ-CN PD௕ 25.79 2.72 7.66 0.78 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN PD௕ 34.01 4.24 18.18 0.64 (0.11) 0.09 (0.02)

a Phenotypic variance after adjusting for systematic effects.
b 𝛼௦ଵ-CN PD= 𝛼௦ଵ-CN-9P/ (𝛼௦ଵ-CN-8P+𝛼௦ଵ-CN-9P) × 100%; 𝛼௦ଶ-CN PD =

[𝛼௦ଶ-CN-12P/( 𝛼௦ଶ-CN-10P + 𝛼௦ଶ-CN-11P+𝛼௦ଶ-CN-12P)] × 100%.
c Adopted from Bijl et al. (2014a).

The intra-herd heritabilities were high to very high for relative concentrations of individ-

ual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms (0.48 to 0.89), for 𝛼௦ଵ-CN PD (0.78) and for

𝛼௦ଶ-CN PD (0.64). Differences between herds contributed approximately 10% to the phe-

notypic variation in relative concentrations of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation

isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Our results suggest that housing, management and nu-

tritional differences between farms have little effect on 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation

under Dutch farming conditions. The high intra-herd heritabilities of individual 𝛼௦ଵ- and 𝛼௦ଶ-

CN phosphorylation isoforms suggest an important role of genetic factors in Dutch Holstein

Friesian. Furthermore, the high intra-herd heritabilities of 𝛼௦ଵ-CN (0.52), 𝛼௦ଶ-CN (0.94), 𝛼௦ଵ-

CNPD, and𝛼௦ଶ-CNPD imply a strong genetic control not only of the𝛼௦ଵ- and𝛼௦ଶ-CN synthesis

but also of the phosphorylation process. It should be noted that we reported lower 𝛼௦ଶ-CN

concentration and higher intra-herd heritability of 𝛼௦ଶ-CN compared to values reported by

Schopen et al. (2009), who analyzed approximately the same set of samples. In the current

study, we accounted only the 𝛼௦ଶ-CN isoforms that we identified on CZE electropherograms

as described, whereas Schopen et al. (2009) accounted also multiple peaks around the 𝛼௦ଶ-

CN-11P peak. Therefore, 𝛼௦ଶ-CN concentration is defined differently in the current study,

which explains the differences between the two studies.
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Few studies reported on the genetic background of individual 𝛼௦ଶ-CN phosphorylation

isoforms. Only a single study has reported genetic parameters for the relative concentrations

of individual 𝛼௦ଶ-CN phosphorylation isoforms and for 𝛼௦ଶ-CN PD measured by LC-ESI/MS

method in the milk of French Montbéliarde cows (Fang et al., 2017). The data did not al-

low Fang et al. (2017) to adjust for differences between herds. To allow comparison with

that study, we also estimated inter-herd heritabilities for the current study. The inter-herd

heritabilities for all the traits in this study (0.41 to 0.82) were higher than the inter-herd her-

itabilities from the French Montbéliarde (0.07 to 0.37; Fang et al., 2017). Discrepancies be-

tween both studies might be due to genetic differences between the breeds (Dutch Holstein

Friesian vs. FrenchMontbéliarde), limited sample size in the study of Fang et al. (2017) which

resulted in high standard errors of the estimates, and the use of different analytical methods

(CZE vs. LC/ESI-MS). For measurement of 𝛼௦ଵ-CN isoforms and 𝛼௦ଵ-CN PD, the difference

between CZE and LC/ESI-MS was trivial when we compared measurements from the same

10 samples analyzed with both methods (data not shown). Therefore, differences between

estimated genetic parameters for these traits might be mainly due to breed differences, e.g.

allele frequencies might differ between breeds. The 𝛽-LG genotypes affect 𝛼௦ଵ-CN-8P con-

centration, and theDGAT1 K232A polymorphism affects 𝛼௦ଵ-CN-9P concentration in Dutch

Holstein Friesian (Bijl et al., 2014a). However, the roles of 𝛽-LG and DGAT1 in regulating spe-

cific phosphorylation isoforms remain unclear. Nonetheless, such established associations

might vary between breeds due to differences in allele frequencies. The frequency of 𝛽-LG

A and B alleles were 0.52 and 0.48 in Dutch Holstein Friesian, respectively (Bijl et al., 2014a),

whereas the frequencies of 𝛽-LG A and B alleles were 0.44 and 0.55 in FrenchMontbéliarde,

respectively (Fang et al., 2016). Furthermore, the frequency of the DGAT1 A allele was 0.65

in Dutch Holstein Friesian (Bijl et al., 2014a), whereas DGAT1 is nearly fixed at the A allele in

French Montbéliarde (0.96, Gautier et al., 2007). The DGAT1 K232A polymorphism accounts

for about 13%of the additive genetic variance of𝛼௦ଵ-CN-9P concentration according to Bijl et

al. (2014a). After adjusting for the additive genetic variance attributed to the DGAT1 K232A

polymorphism and accounting for differences in the statistical model (herd differences), the

inter-herd heritability of𝛼௦ଵ-CN-9P concentration in Dutch Holstein Friesian (0.60) is in range

with that in French Montbéliarde (0.56). The genetic background of 𝛼௦ଶ-CN isoforms is cur-

rently unknown, but a similar explanation might apply to the discrepancy between genetic

parameters for individual 𝛼௦ଶ-CN isoforms.

4.3.3 Correlationsamongphosphorylation isoformsof𝛼s1-CN

and 𝛼s2-CN

Phenotypic correlations among individual 𝛼௦-CN phosphorylation isoforms were similar to

the genetic ones (Table 4.2). Regarding genetic correlations, 𝛼௦ଵ-CN-8P correlated weakly

with the other 𝛼௦-CN phosphorylation isoforms (-0.10 to 0.17), suggesting that production

of 𝛼௦ଵ-CN-8P is rather independent from production of other 𝛼௦-CN phosphorylation iso-

forms. The phenotypic correlations (-0.31 to 0.20) of 𝛼௦ଵ-CN-8P with other 𝛼௦ଵ- and 𝛼௦ଶ-CN

phosphorylation isoforms in this study are in range with those (-0.12 to 0.43) reported by

Fang et al. (2016) for French Montbéliarde. Both studies show weak to moderate corre-

lations of 𝛼௦ଵ-CN-8P with other isoforms, but the directions of the correlations are oppo-
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site. Taken together our results, results reported by Bijl et al. (2014a) and Fang et al. (2016),

𝛼௦ଵ-CN-8P seems to be regulated differently than other 𝛼௦-CN phosphorylation isoforms.

Regarding genetic correlations among 𝛼௦ଶ-CN isoforms, 𝛼௦ଶ-CN-12P correlated weakly with

the other 𝛼௦-CN phosphorylation isoforms (-0.20 to 0.33) except moderately with 𝛼௦ଶ-CN-

11P (0.67); 𝛼௦ଶ-CN-10P correlated strongly with 𝛼௦ଶ-CN-11P (0.90). The phenotypic correla-

tion between 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P (0.60) is in line with the one reported for French

Montbéliarde (0.62), whereas the phenotypic correlation between 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-

12P (0.50) is considerably higher than the estimate for French Montbéliarde (-0.28; Fang

et al., 2016). Discrepancies between the two studies could be explained by differences be-

tween studied breeds as mentioned above. Regarding genetic correlations among 𝛼௦ଵ- and

𝛼௦ଶ-CN isoforms, 𝛼௦ଵ-CN-9P correlated strongly negatively with 𝛼௦ଶ-CN-10P (-0.90) and 𝛼௦ଶ-

CN-11P (-0.80), suggesting an antagonistic regulation between 𝛼௦ଵ-CN phosphorylated at a

higher level and 𝛼௦ଶ-CN phosphorylated at a lower level. The phenotypic correlations of

𝛼௦ଵ-CN-9P with 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P in this study agree with those reported by Fang

et al. (2016). Both studies show that the proportion of 𝛼௦ଵ-CN isoforms with higher levels

of phosphorylation (i.e. 𝛼௦ଵ-CN-9P) correlate negatively with the proportion of 𝛼௦ଶ-CN iso-

formswith lower levels of phosphorylation (i.e. 𝛼௦ଶ-CN-10P and -11P). Even thoughwe could

not estimate the correlations regarding 𝛼௦ଶ-CN-13P and -14P in the current study, our results

partially support the hypothesis proposed by Fang et al. (2016) that either 𝛼௦ଵ- and 𝛼௦ଶ-CN

isoforms phosphorylated at lower levels would be present in higher concentrations in milk

than the ones phosphorylated at higher levels or vice versa based on the correlations of 𝛼௦ଵ-

CN-9P with the other 𝛼௦-CN isoforms. Furthermore, the strong positive genetic correlation

(0.94) between 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD suggests that the phosphorylation degrees of 𝛼௦ଵ-

CN and 𝛼௦ଶ-CN are related. This is also supported by strong correlations of different 𝛼௦-CN

phosphorylation isoforms with both 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD.

Table 4.2. Phenotypic (above diagonal) and genetic (below diagonal) correlations among in-

dividual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms (% wt/wt) and the phosphorylation de-

grees (PD)௔ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN measured on test-day morning milk samples from 1,857

Dutch Holstein Friesian cows (SE in parentheses)

Trait (%wt/wt) 𝛼௦ଵ-CN-8P 𝛼௦ଵ-CN-9P 𝛼௦ଶ-CN-10P 𝛼௦ଶ-CN-11P 𝛼௦ଶ-CN-12P 𝛼௦ଵ-CN PD 𝛼௦ଶ-CN PD

𝛼௦ଵ-CN-8P 0.20 (0.03) -0.31 (0.03) -0.04 (0.03) -0.00 (0.03) -0.05 (0.03) 0.28 (0.03)

𝛼௦ଵ-CN-9P 0.17 (0.15) -0.72 (0.02) -0.69 (0.02) 0.00 (0.03) 0.96 (0.00) 0.75 (0.01)

𝛼௦ଶ-CN-10P 0.07 (0.17) -0.90 (0.04) 0.60 (0.02) 0.06 (0.03) -0.99 (0.02) -0.82 (0.01)

𝛼௦ଶ-CN-11P -0.06 (0.15) -0.80 (0.05) 0.90 (0.04) 0.50 (0.03) -0.80 (0.05) -0.61 (0.02)

𝛼௦ଶ-CN-12P -0.10 (0.16) -0.20 (0.14) 0.33 (0.14) 0.67 (0.08) -0.02 (0.04) 0.19 (0.03)

𝛼௦ଵ-CN PD௔ -0.02 (0.16) 0.98 (0.01) -0.68 (0.02) -0.72 (0.02) -0.02 (0.04) 0.71 (0.02)

𝛼௦ଶ-CN PD௔ -0.02 (0.17) 0.91 (0.04) -0.95 (0.03) -0.80 (0.07) -0.07 (0.16) 0.94 (0.03)

a 𝛼௦ଵ-CN PD= 𝛼௦ଵ-CN-9P/ (𝛼௦ଵ-CN-8P+𝛼௦ଵ-CN-9P)× 100%; 𝛼௦ଶ-CN PD = [𝛼௦ଶ-CN-12P/( 𝛼௦ଶ-CN-10P + 𝛼௦ଶ-CN-11P+𝛼௦ଶ-

CN-12P)] × 100%.
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4.3.4 Correlationsof𝛼s1-CNand𝛼s2-CNphosphorylation iso-

forms with major milk proteins

Phenotypic correlations among individual𝛼௦ଵ- and𝛼௦ଶ-CN phosphorylation isoforms and the

major milk proteins were similar to the genetic ones (Table 4.3). Regarding genetic correla-

tions, 𝛼௦ଵ-CN correlated positively with both 𝛼௦ଵ-CN phosphorylation isoforms, 𝛼௦ଵ-CN PD

and 𝛼௦ଶ-CN PD (0.59 to 0.79) but negatively with 𝛼௦ଶ-CN-10P (-0.57) and 𝛼௦ଶ-CN-11P (-0.54).

The 𝛼௦ଶ-CN correlated positively with all 𝛼௦ଶ-CN phosphorylation isoforms (0.74 to 0.99) but

negatively with 𝛼௦ଵ-CN-9P (-0.75), 𝛼௦ଵ-CN PD (-0.77) and 𝛼௦ଶ-CN PD (-0.74). The decrease

of 𝛼௦ଶ-CN PD while total 𝛼௦ଶ-CN increases can be explained by an increase in the proportion

of isoforms with lower degrees of phosphorylation (i.e. 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P). This

suggests that forming isoforms with lower degrees of phosphorylation is favored when pro-

duction of 𝛼௦ଶ-CN increases, whereas the opposite is observed when total 𝛼௦ଵ-CN increases.

Furthermore, Schopen et al. (2009) reported negative genetic correlation between 𝛼௦ଵ-CN

and𝛼௦ଶ-CN (-0.49). Here, we show that higher𝛼௦ଵ-CN concentration is associatedwith lower

𝛼௦ଶ-CN-10P and𝛼௦ଶ-CN-11P concentrations, thus results in higher degree of phosphorylation

of 𝛼௦ଶ-CN, whereas higher 𝛼௦ଶ-CN concentration is associated with lower 𝛼௦ଵ-CN-9P concen-

tration, thus results in lower degree of phosphorylation of 𝛼௦ଵ-CN.

The genetic correlations between the relative concentrations of individual 𝛼௦ଵ- and 𝛼௦ଶ-

CN phosphorylation isoforms and those of the other 4 major milk proteins (𝜅-CN, 𝛽-CN, α-LA

and 𝛽-LG) were moderate to weak (-0.40 to 0.28). It should be noted that the relative con-

centration of 𝜅-CN reported in the currently study was measured as its non-glycosylated and

mono-phosphorylated form. Phenotypic correlations were in line with the ones reported by

Fang et al. (2016) for FrenchMontbéliarde, and the genetic correlations of𝛼௦ଵ-CN-8P concen-

tration with the other 4 major milk proteins were in line with those reported by Gebreyesus

et al. (2016) for Danish Holstein.

The genetic correlations among 𝛼௦ଵ-CN PD, 𝛼௦ଶ-CN PD and the other 4 major milk pro-

teins were weak (-0.33 to 0.26). These moderate to weak correlations of 𝛼௦ଵ- and 𝛼௦ଶ-CN

isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD with the other 4 major milk proteins suggest that phos-

phorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CNmight be regulated differently from phosphorylation of 𝛽-CN

and 𝜅-CN. This is supported by the finding that 𝛽-CN might be phosphorylated in a different

compartments of the Golgi apparatus in mice and rabbit than 𝛼௦-CN (Turner et al., 1993;

Boisgard and Chanat, 2000). Phosphorylation of 𝛼௦-CN occurs in the Golgi cisternae during

the transportation of milk proteins, whereas the phosphorylation of 𝛽-CN seems to occur

later in the trans-Golgi network.
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4.3.5 Genetic correlationsof𝛼s-CNphosphorylation isoforms

with milk Production traits and phosphorus

Generally, genetic correlations between individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation iso-

forms (% wt/wt) and milk production traits were weak to moderate, ranging from -0.59 to

0.53 (Table 4.4). All 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms except 𝛼௦ଶ-CN-12P were ei-

ther uncorrelated or correlated weakly with yields of protein, fat, lactose and milk (-0.30 to

0.36). The 𝛼௦ଶ-CN-12P correlated moderately positive with yields of protein (0.53), lactose

(0.52) and milk (0.48). These correlations suggest that cows producing larger quantities of

protein, lactose andmilk producemilk proteinwith a higher proportion of𝛼௦ଶ-CN-12P.More-

over, cows producing milk with higher protein and fat percentages tend to have milk protein

with a higher proportion of 𝛼௦ଶ-CN-10P and a lower proportion of 𝛼௦ଵ-CN-9P, which results

in lower 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD as shown by the genetic correlations of 𝛼௦ଵ-CN PD and

𝛼௦ଶ-CN PD with the milk production traits (-0.53 to -0.43).

In the past decades, selection for higher milk yield has been the main focus of most dairy

cattle breeding schemes (Miglior et al., 2005). Based on the weak to moderate correlations

between milk yield and 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, 𝛼௦ଵ- and 𝛼௦ଶ-CN phos-

phorylation profile might have changed as selection for milk yield is expected to result in an

increase of 𝛼௦ଵ-CN-9P and 𝛼௦ଶ-CN-12P concentrations while having little effect on the rest of

the isoforms. Some countries include protein and fat percentages in their breeding goal, such

as France, Italy and Switzerland (Miglior et al., 2005). Selection for higher protein and fat per-

centages will decrease 𝛼௦ଵ-CN-9P concentration and increase 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P

concentrations, which leads to lower 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. This is also observed when

comparing the 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation profiles between Danish Holstein and Dan-

ish Jersey. Milk from Danish Jersey, which has higher protein and fat percentages compared

to Danish Holstein, contains higher proportions of isoforms with lower degrees of phospho-

rylation (Buitenhuis et al., 2016, 𝛼௦ଵ-CN-8P and 𝛼௦ଶ-CN-11P;). Furthermore, this agrees with

the effects ofDGAT1 K232A genotypes; the K allele is associated with lowermilk yield, higher

protein and fat percentages, and lower 𝛼௦ଵ-CN-9P concentration (Grisart et al., 2002; Winter

et al., 2002; Bijl et al., 2014a).

The correlations of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms with milk pro-

duction traits also allow us to explore possible impacts of selection on technological proper-

ties of milk. To date, a few studies have investigated the relations between relative concen-

trations of individual𝛼௦ଵ- and𝛼௦ଶ-CN phosphorylation isoforms andmilk technological prop-

erties. For dairy products favoring efficient 𝛼௦ଵ-CN hydrolysis by chymosin, milk containing

higher 𝛼௦ଵ-CN-8P concentration and lower 𝛼௦ଵ-CN-9P concentration might be preferred(Bijl

et al., 2014b). In addition, to improve milk coagulation properties, milk containing a greater

proportion of 𝛼௦ଵ- and 𝛼௦ଶ-CN isoforms with lower degrees of phosphorylation (e.g. 𝛼௦ଵ-CN-

8P, 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P) might be preferred (Frederiksen et al., 2011; Jensen et al.,

2012; Ketto et al., 2017). Selecting for milk production traits shows little impact on 𝛼௦ଵ-CN-

8P concentration. However, selecting for higher protein and fat percentages would increase

𝛼௦ଶ-CN-10P concentration and decrease 𝛼௦ଵ-CN-9P concentration, which might be desirable

for cheese production.

Limiting factors of casein phosphorylation? Phosphorylation of caseins is a process of
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4. Genetic Parameters for 𝛼௦ଶ-Casein Phosphorylation

Table 4.4. Genetic correlations of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms (%

wt/wt) and the phosphorylation degrees (PD)௔ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN with milk production

traits measured on test-day morning milk samples from 1,857 Dutch Holstein Friesian cows

(SE in parentheses)

Trait Percentage (%) Yield (kg)

Protein Fat Lactose Protein Fat Lactose Milk

(% wt/wt)

𝛼௦ଵ-CN-8P -0.15

(0.17)

-0.20

(0.17)

0.02

(0.16)

0.13

(0.22)

-0.04

(0.19)

0.20

(0.18)

0.21

(0.19)

𝛼௦ଵ-CN-9P -0.56

(0.11)

-0.59

(0.12)

0.19

(0.14)

-0.01

(0.21)

-0.29

(0.16)

0.36

(0.16)

0.32

(0.16)

𝛼௦ଶ-CN-10P 0.47

(0.13)

0.51

(0.14)

0.02

(0.16)

0.01

(0.22)

0.33

(0.15)

-0.30

(0.17)

-0.28

(0.18)

𝛼௦ଶ-CN-11P 0.37

(0.12)

0.34

(0.13)

-0.03

(0.14)

0.20

(0.19)

0.33

(0.15)

-0.05

(0.16)

-0.05

(0.16)

𝛼௦ଶ-CN-12P -0.10

(0.15)

-0.20

(0.15)

0.18

(0.14)

0.53

(0.17)

0.35

(0.16)

0.52

(0.14)

0.48

(0.15)

𝛼௦ଵ-CN PD௔ -0.52

(0.10)

-0.53

(0.12)

0.17

(0.14)

-0.07

(0.20)

-0.31

(0.16)

0.28

(0.16)

0.25

(0.17)

𝛼௦ଶ-CN PD௔ -0.43

(0.14)

-0.45

(0.15)

0.24

(0.15)

0.16

(0.21)

-0.07

(0.19)

0.41

(0.16)

0.38

(0.17)

a 𝛼௦ଵ-CN PD= 𝛼௦ଵ-CN-9P/ (𝛼௦ଵ-CN-8P+𝛼௦ଵ-CN-9P)× 100; 𝛼௦ଶ-CN PD = [𝛼௦ଶ-CN-12P/ (𝛼௦ଶ-CN-

10P + 𝛼௦ଶ-CN-11P+𝛼௦ଶ-CN-12P)] × 100.

phosphate addition to the polypeptide chains. Therefore, producing individual 𝛼௦ଵ- and 𝛼௦ଶ-

CN phosphorylation isoforms is a function of both 𝛼௦ଵ- and 𝛼௦ଶ-CN synthesis and their sub-

sequent phosphorylation. To investigate the biological relations between production of 𝛼௦ଵ-

and 𝛼௦ଶ-CN isoforms, milk production, and phosphorus in milk, besides correlations with

milk protein composition (Table 4.4), we also estimated the phenotypic and genetic correla-

tions between yields of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, milk produc-

tion traits and phosphorus yield (Table 4.5). The phenotypic and genetic correlations be-

tween yields of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and the protein yield

were moderate to high (0.39 to 0.96). These correlations are expected as all isoforms un-

dergo common regulation as milk protein synthesis. Furthermore, the weak phenotypic and

genetic correlations (-0.23 to 0.16) among𝛼௦ଵ-CNPD,𝛼௦ଶ-CNPDand the yields of protein and

phosphorus suggest that the phosphorylation is not an important rate limiting step; when

more𝛼௦ଵ- and𝛼௦ଶ-CN are produced, the proportion of isoformswith higher degrees of phos-

phorylation is hardly affected.

We also investigated if phosphorus availability is a limiting factor for phosphorylation of

all caseins when the total amount of casein is higher, including the phosphoproteins 𝛽-CN

and 𝜅-CN in addition to 𝛼௦ଵ- and 𝛼௦ଶ-CN. A strong positive phenotypic (0.91) and genetic

(0.75) correlation between the total amount of phosphate groups attached to the caseins

(Pcas) and the total amount of phosphorus in milk suggests little competition between Pcas
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4. Genetic Parameters for 𝛼௦ଶ-Casein Phosphorylation

and other fractions of phosphorus (mainly inorganic phosphorus) for the total amount of

phosphorus available in milk. Furthermore, our results are in line with those reported by

Bijl et al. (2013), who showed that micellar phosphorus correlated positively with protein

content and suggested that increase in total phosphorus mainly results from an increase

in Pcas and micellar inorganic phosphorus. Results are supported by the fact that dietary

phosphorus in cow’s feed usually exceeds the requirements of the recommendation in the

Netherlands (Valk et al., 2002). It is currently unknown if phosphorus distribution in milk will

differ if cows suffer from phosphorus deficiency.
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4.4 Conclusions

The high intra-herd heritabilites for 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and for the

phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN suggest high relevance of genetic factors and

the possibility of altering 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation profiles by selective breeding in

Dutch Holstein Friesian cows. Furthermore, the strong positive genetic correlation between

𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD suggests that the phosphorylation degrees of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN

are related. Selecting for higher milk yield is expected to increase 𝛼௦ଵ-CN-9P and 𝛼௦ଶ-CN-

12P concentrations. Selecting for higher protein and fat percentages is expected to increase

𝛼௦ଶ-CN-10P concentration while decreasing 𝛼௦ଵ-CN-9P concentration. Currently, knowledge

regarding the effects of the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN on technological

properties of milk is limited and requires further investigation.
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Abstract

Phosphorylation of caseins (CN) is a crucial post-translational modification that allows ca-

seins to form colloid particles called casein micelles. The 𝛼௦ଵ- and 𝛼௦ଶ-CN, showing vary-

ing degrees of phosphorylation (isoforms) in cows’ milk, might be more relevant for stabi-

lizing internal micellar structure than 𝛽- and 𝜅-CN. However, little is known about the ge-

netic backgrounds of individual 𝛼௦ଶ-CN phosphorylation isoforms and the phosphorylation

degrees of𝛼௦ଵ- and𝛼௦ଶ-CN (𝛼௦ଵ-CN PD and𝛼௦ଶ-CN PD) defined as the proportion of isoforms

with higher degrees of phosphorylation in total 𝛼௦ଵ- and 𝛼௦ଶ-CN, respectively. We aimed to

identify genomic regions associated with these traits using 50K SNP for 1,857 Dutch Holstein

Friesian cows. A total of 10 quantitative trait loci (QTL) regions were identified for all studied

traits on 10 Bos taurus autosomes (BTA)1, 2, 6, 9, 11, 14, 15, 18, 24 and 28). Regions asso-

ciated with multiple traits were found on BTA 1, 6, 11, and 14. We showed two QTL regions

on BTA1: one affects 𝛼௦ଶ-CN production, and the other one affects 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN

PD, and harbors the SLC37A1 gene that encodes for a protein that functions as a phosphorus

antiporter. The QTL on BTA6 harbors the casein gene cluster and affects individual 𝛼௦ଶ-CN

phosphorylation isoforms. The QTL on BTA11 harbors the gene that encodes for 𝛽-lactoglob-

ulin (𝛽-LG) and affects relative concentrations of 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P, 𝛼௦ଵ-CN PD and

𝛼௦ଶ-CN PD. The QTL on BTA14 harbors the DGAT1 gene and affects relative concentrations of

𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Our results suggest that effects of

identified genomic regions on 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD are probably due to changes in milk

synthesis and phosphorus secretion in milk. The actual roles of SLC37A1, 𝛽-LG and DGAT1 in

𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation in Dutch Holstein Friesian require further investigation.

Key words: posttranslational modification, milk protein composition, single nucleotide poly-

morphism, quantitative trait loci



5. GWAS for 𝛼௦ଵ- and 𝛼௦ଶ-Casein Phosphorylation

5.1 Introduction

Protein phosphorylation regulates nearly every aspect of cell life, including disease states,

by altering the structural confirmation of proteins to either activate, deactivate or modify

their function. Caseins from cows’ milk are the most well-studied group of phosphoproteins

and play an important role in human nutrition as well as affect manufacturing properties of

dairy products, especially cheese (Wedholm et al., 2006; Hallén et al., 2008; Caroli et al.,

2009). Phosphorylation of caseins is a crucial post-translational modification that affects

the formation and stability of casein micelles as the structure of micelles partly relies on

the interactions between calcium phosphate nanoclusters and phosphoserine residues of

𝛼௦ଵ-, 𝛼௦ଶ-, and 𝛽-casein (CN) (De Kruif and Holt, 2003; De Kruif et al., 2012). As a result,

large amounts of calcium and phosphorus can be delivered efficiently to the neonatewithout

damaging the mammary gland of the mother by evoking either pathological calcification or

amyloidosis (Holt et al., 2013).

Although 𝛼௦ଵ-, 𝛼௦ଶ-, 𝛽-, and 𝜅-CN are all phosphorylated, 𝛼௦ଵ- and 𝛼௦ଶ-CN, showing var-

ious degrees of phosphorylation (isoforms) in cows’ milk, are more heavily phosphorylated,

possess multiple phosphoserine clusters. This suggests that 𝛼௦ଵ- and 𝛼௦ଶ-CN might be more

relevant for stabilizing internal micellar structure than 𝛽- and 𝜅-CN (Dalgleish and Corredig,

2012; Huppertz et al., 2017). 𝛼௦ଵ-CN has been observed to carry 8 to 9 phosphate groups,

and 𝛼௦ଵ-CN-8P is the predominant isoform (Holland and Boland, 2014). 𝛼௦ଶ-CN has been ob-

served to carry 9 to 15 phosphate groups, and 𝛼௦ଶ-CN-11P is the predominant isoform (Fang

et al., 2016).

Relative concentrations of individual𝛼௦ଵ- and𝛼௦ଶ-CN phosphorylation isoforms vary con-

siderably among milk of individual cows (Bijl et al., 2014b; Fang et al., 2016), and exploitable

genetic variation for these isoforms exists in FrenchMontbéliarde (Fang et al., 2017), Danish

Holstein and Jersey (Buitenhuis et al., 2016), and Dutch Holstein Friesian (Bijl et al., 2014b;

Fang et al., accepted). Furthermore, the phosphorylation degrees (PD) of 𝛼௦ଵ-CN and 𝛼௦ଶ-

CN, defined as the proportion of isoformswith higher degrees of phosphorylation, are herita-

ble in FrenchMontbéliarde (Fang et al., 2017) and highly heritable in Dutch Holstein Friesian

(Fang et al., accepted). This indicates that the difference in the phosphorylation process is

to a great extent determined by genetic factors. Additionally, Bijl et al. (2014a) showed that

𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P are largely regulated by different sets of genes. Our recent work

also suggests that 𝛼௦ଵ-and 𝛼௦ଶ-CN phosphorylated at lower degrees is regulated differently

from 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylated at higher degrees (Fang et al., 2016; Fang et al., 2017).

To date, little is known about the genetic backgrounds of individual 𝛼௦ଶ-CN phosphorylation

isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Therefore, this study aimed to identify genomic regions

associated with these traits.

5.2 Materials and Methods

5.2.1 Animals

Test-daymorningmilk samples were collected from in total approximately 2,000 primiparous

Dutch Holstein Friesian cows as part of the DutchMilk Genomic Initiative. Cowswere located

91



5. GWAS for 𝛼௦ଵ- and 𝛼௦ଶ-Casein Phosphorylation

on 398 herds in the Netherlands, and at least 3 cows per herd were sampled. The pedigrees

of the cows were supplied by cattle improvement organization CRV (Arnhem, the Nether-

lands). Detailed description of the experimental design is provided by Schopen et al. (2009).

5.2.2 Phenotypes

Milk production traits, phosphorus and milk protein composition from 1,857 milk samples

collected in winter (February and March 2005) were available for the current study.

Milk production traits. Protein percentage was determined by infrared spectroscopy us-

ingMilkoScan FT 6000 (Foss Electric, Hillerød, Denmark) at themilk control station laboratory

(Qlip, Zutphen, the Netherlands). phosphorus concentration was determined by inductively

coupled plasma-atomic emission spectrometry (Vista Axial, Varian, Australia) from whole

milk as described in van Hulzen et al. (2009). Test-day morning milk yield was available for

1,721 cows and was obtained from CRV. Yields of protein and phosphorus were calculated

by multiplying the respective content traits by the observed test-day milk yield.

Milk protein composition. Relative concentrations (% wt/wt) of individual milk proteins

and their isoforms were determined by capillary zone electrophoresis (CZE) by Heck et al.

(2008) and Fang et al. (accepted). Yields (in grams) of individual milk proteins and their iso-

forms were calculated by multiplying relative concentrations (% wt/wt) by protein yield (in

grams). Relative concentrations of 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms are the re-

sult of two distinct processes: the production of 𝛼௦ଵ- and 𝛼௦ଶ-CN and the posttranslational

modification of both caseins. To characterize the phosphorylation process, we defined the

phosphorylation degrees of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN as the proportion of isoforms with higher

degrees of phosphorylation (Fang et al., accepted), which were calculated as

𝛼௦ଵ−CN-9P

𝛼௦ଵ−CN-8P+𝛼௦ଵ−CN-9P
× 100

𝛼௦ଶ−CN-12P

𝛼௦ଶ−CN-10P+𝛼௦ଶ−CN-11P+𝛼௦ଶ−CN-12P
× 100

Casein phosphorus. The phosphorus distribution inmilkwas quantified by estimating the

content of phosphate groups attached to caseins in milk (i.e. molar concentration of casein

phosphorus, P௖௔௦) and the total amount of phosphate groups attached to caseins in milk

(i.e. output of casein phosphorus, P௖௔௦ yield). To derive P௖௔௦, we first calculated the molar

concentration (C௠௢௟௔௥) of each casein (𝛼௦ଵ-, 𝛼௦ଶ-, 𝜅- and 𝛽-CN) as its concentration in milk

(g/L), calculated as protein percentage ×10 ×(% wt/wt), divided by its respective molecular

weight (Da). As 𝜅-CN carried 1 phosphate group and 𝛽-CN carried 5 in our milk samples,

C௠௢௟௔௥ of phosphate groups attached to 𝜅-CN and 𝛽-CN were approximated by multiplying

C௠௢௟௔௥ of 𝜅-CN and 𝛽-CN by 1 and 5, respectively. The C௠௢௟௔௥ of phosphate groups attached

to 𝛼௦ଵ-CN was the sum of C௠௢௟௔௥ of 𝛼௦ଵ-CN-8P multiplied by 8 and C௠௢௟௔௥ of 𝛼௦ଵ-CN-9P

multiplied by 9. The C௠௢௟௔௥ of phosphate groups attached to 𝛼௦ଶ-CN was the sum of C௠௢௟௔௥

of 𝛼௦ଶ-CN-10P multiplied by 10, C௠௢௟௔௥ of 𝛼௦ଶ-CN-11P multiplied by 11, and C௠௢௟௔௥ of 𝛼௦ଶ-

CN-12P multiplied by 12. Therefore, P௖௔௦ was the sum of C௠௢௟௔௥ of 𝛼௦ଵ-, 𝛼௦ଶ-, 𝜅- and 𝛽-CN.

Subsequently, P௖௔௦ yield was approximated by multiplying P௖௔௦ by test-day milk yield.
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5.2.3 Genotypes

DNA was isolated from blood samples of 1,868 cows for genotyping. As described in detail

by Schopen et al. (2011), a 50K ( 50,000) SNP chip developed by CRV was used to genotype

cows with the Infinium assay technology (Illumina Inc., San Diego, CA). The map positions of

the SNP were based on bovine genome assembly BTAU 4.0 (Liu et al., 2009). Monomorphic

SNP, SNP with a genotyping rate <80%, and SNP with less than 10 observations for one of

the genotype classes were discarded (SNP with only two genotype classes instead of three

were kept in the final marker set). After filtering, 44,669 SNP were retained for the genome-

wide association study (GWAS). The data set used in the association study consisted of 1,667

animals with both phenotypes and genotypes. Protein variants A and B for 𝛽-lactoglobulin

(𝛽-LG) were genotyped for 1,671 cows as described by (Ganai et al., 2009). Genotypes for

the diacylglycerol acyltransferase 1 (DGAT1) K232A polymorphism were obtained for 1,702

cows as described by Schennink et al. (2007).

5.2.4 Statistical analyses

GWAS. Single-SNP associations were analyzed using the following animal model:

𝑦௞௟௠௡௢ =𝜇 + 𝛽ଵdim௞௟௠௡௢ + 𝛽ଶe
-0.05*dimೖ೗೘೙೚ + 𝛽ଷca௞௟௠௡௢ + 𝛽ସca

ଶ
௞௟௠௡௢ + season௞

+ scode௟ + animal௠ + herd௡ + SNP௢ + e௞௟௠௡௢; (5.1)

where y௞௟௠௡௢ is the observation of the trait of interest; 𝜇 is the overall mean of the trait;

dim௞௟௠௡௢ is a covariate describing the effect of days in lactation, modeled with a Wilmink

curve (Wilmink, 1987); ca௞௟௠௡௢ is a covariate describing the effect of age at first calving;

season௞ is the fixed effect for calving season (June-August 2004, September-November 2004,

and December 2004-February 2005); scodeூ is the fixed effect accounting for possible differ-

ences in genetic level between proven bull daughters and young bull daughters; animal௠ is

the random additive genetic effect assumed to be distributed as 𝑁(0,A𝜎ଶ
௔ ), where A is the

additive genetic relationships matrix consisting of 26,300 animals, and 𝜎ଶ
௔ is the additive ge-

netic variance; herd௡ is the random herd effect assumed to be distributed as 𝑁(0,I𝜎ଶ
௛௘௥ௗ),

where I is the identity matrix, and 𝜎ଶ
௛௘௥ௗ is the herd variance; SNP௢ is the fixed effect of the

SNP modelled as a class variable; e௞௟௠௡௢ is the random residual effect assumed to be dis-

tributed as 𝑁(0,I𝜎ଶ
௘ ), where I is the identity matrix, and 𝜎ଶ

௘ is the residual variance. The

variance components were fixed to estimates obtained from 5.1 without the SNP effect. The

effects of 𝛽-LG protein variants and DGAT1 genotypes were estimated using 5.1 by replacing

the SNP effect by protein variant and genotype effects, respectively. All statistical analyses

were performed using ASReml 4.1 (Gilmour et al., 2015).

Significance Thresholds. The genome-wide false discovery rate (FDR) was calculated

based on the P-values obtained from single-SNP analyses using the R package qvalue (Dab-

ney et al., 2010; R Core Team, 2015). The FDR was calculated for each trait individually.

Associations with an FDR <0.01 were considered significant. Obtained results were shown

as Manhattan plots constructed by qqman R package (Turner, 2014).

QTL regions. Because of strong linkage disequilibrium between neighboring SNP in cattle

genome, significant SNP located close to eachothermight be associatedwith the same causal
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variant. Therefore, we grouped those SNP into a single QTL region. A QTL region started

with the first significant SNP on a chromosome that was followed by an additional significant

SNP within 10 Mega-base pairs (Mbp), extended as long as another significant SNP occurred

within 10 Mbp from the previous one, and ended at the last significant SNP that was not

followed by another significant SNP within the next 10 Mbp. In this way, single, isolated and

significant SNPwere excluded because they have a higher risk of representing false positives.

5.3 Results and Discussion

In this study, we explored the genetic backgrounds of individual 𝛼௦ଶ-CN phosphorylation iso-

forms (% wt/wt), and the phosphorylation degrees of 𝛼௦ଵ-CN (𝛼௦ଵ-CN PD) and 𝛼௦ଶ-CN (𝛼௦ଶ-

CN PD). Phenotypicmeans, standard deviations and heritability estimates of all studied traits

are given in Table 5.1. For 𝛼௦ଶ-CN, the predominant isoformwas 𝛼௦ଶ-CN-11P. The proportion

of isoforms with higher degrees of phosphorylation was 26% for 𝛼௦ଵ-CN and 34% for 𝛼௦ଶ-CN.

Heritability estimates were moderate to high for all traits. Results have been discussed in

detail by Fang et al. (accepted).

Table 5.1. Mean, standard deviation (SD), phenotypic variance௔ (𝜎ଶ
௣ ), intra-herd heritability

estimates (hଶ), and proportion of phenotypic variance explained by herd (h௛௘௥ௗ) for relative

concentrations of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and for the phospho-

rylation degrees (PD)௕ of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN measured on test-day morning milk samples

from 1,857 Dutch Holstein Friesian cows (SE in parentheses)

Trait (% wt/wt) Mean SD 𝜎ଶ
௣ hଶ h௛௘௥ௗ

𝛼௦ଵ-CN
௖ 33.64 1.66 2.80 0.52 (0.11) 0.11 (0.02)

𝛼௦ଵ-CN-8P
௖ 21.26 1.13 1.32 0.48 (0.10) 0.12 (0.02)

𝛼௦ଵ-CN-9P
௖ 7.42 1.07 1.18 0.76 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN
ௗ 6.67 0.95 0.98 0.94 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN-10P
ௗ 0.99 0.39 0.16 0.54 (0.11) 0.10 (0.02)

𝛼௦ଶ-CN-11P
ௗ 3.44 0.57 0.33 0.89 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN-12P
ௗ 2.24 0.22 0.05 0.71 (0.12) 0.07 (0.02)

Phosphorylation degree

𝛼௦ଵ-CN PD௕ 25.79 2.72 7.66 0.78 (0.12) 0.08 (0.02)

𝛼௦ଶ-CN PD௕ 34.01 4.24 18.18 0.64 (0.11) 0.09 (0.02)

a Phenotypic variance after adjusting for systematic effects.
b 𝛼௦ଵ-CN PD= 𝛼௦ଵ-CN-9P/ (𝛼௦ଵ-CN-8P+𝛼௦ଵ-CN-9P) × 100%; 𝛼௦ଶ-CN PD =

[𝛼௦ଶ-CN-12P/( 𝛼௦ଶ-CN-10P + 𝛼௦ଶ-CN-11P+𝛼௦ଶ-CN-12P)] × 100%.
c Adopted from Bijl et al. (2014b).
d Adopted from Fang et al. (accepted).

The genome-wide association study showed significant associations for all studied traits,

and a total of 10 QTL regions were identified (FDR <0.01) on 10 chromosomes (BTA1, 2, 6, 9,

11, 14, 15, 18, 24 and 28). Figure 5.1 shows the Manhattan plots for all traits analyzed with

44,669 SNP. Regions associated with multiple traits were found on BTA1, 6, 11, and 14, and

their effects will be discussed in detail. Previously, Bijl et al. (2014a) conducted GWAS for
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𝛼௦ଵ-CN phosphorylation isoforms in the same Holstein Friesian population. They reported

significant associations on BTA6 and BTA11 for 𝛼௦ଵ-CN-8P, and on BTA6 and BTA14 for 𝛼௦ଵ-

CN-9P. Buitenhuis et al. (2016) conducted GWAS using BovineHD SNP for individual 𝛼௦ଵ- and

𝛼௦ଶ-CN phosphorylation isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD in Danish Holstein and Jersey.

In Danish Holstein, they detected 244 significant SNP distributed across BTA3, BTA5, BTA6,

BTA9, BTA11, BTA12, BTA19, and BTA28 for 𝛼௦ଶ-CN-11P, 2 significant SNP for 𝛼௦ଶ-CN-12P, but

no significant associations for 𝛼௦ଵ-CN-8P and -9P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. The majority

of significant SNP were located on BTA6 where the casein gene cluster is. In Danish Jersey,

they detected 25 significant SNP distributed across BTA2, 6 and 9 for𝛼௦ଶ-CN-11P, 9 significant

SNP on BTA12 for 𝛼௦ଵ-CN PD, but no significant associations for 𝛼௦ଵ-CN-8P and -9P, 𝛼௦ଶ-CN-

12P and 𝛼௦ଶ-CN PD. The reason for not finding significant associations for most of the traits

might be their relatively small sample sizes (371 Danish Holstein and 321 Danish Jersey),

which results in a lower detection power.

Fam20C was recently discovered as the genuine kinase that phosphorylates secretory

pathway proteins with S-X-E/pS motifs (X represents any amino acid residue, and p indicates

phosphorylation) including the caseins found in milk as well as several other proteins impli-

cated in biomineralization (Tagliabracci et al., 2012). The FAM20C gene is located between

43.86 to 43.90Mbp (BTAU4.0) on BTA25. Wedid not detect aQTL signal for individual𝛼௦ଶ-CN

phosphorylation isoforms, nor for 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD at that position. This is in line

with results reported by Bijl et al. (2014a) and Buitenhuis et al. (2016), and suggests that no

FAM20C variants are segregating in the Dutch Holstein population or in the Danish Holstein

and Jersey populations.

Producing casein phosphorylation isoforms is a function of casein synthesis and their

subsequent phosphorylation. Little is known about genes regulating the phosphorylation

process. This process might be interlinked with different pathways of milk production, in-

cluding milk protein synthesis and phosphorus secretion in milk. Therefore, to investigate

if the detected QTL have direct effects on phosphorylation, we extended the analyses for

the QTL associated with multiple traits on BTA1, 6, 11 and 14. Specifically, genotype effects

of the most significantly associated (lead) SNP in each QTL were estimated for relative con-

centrations of 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and for 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD,

but also for yields of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, milk production

traits, and content and yield of phosphorus and phosphate groups attached to caseins (P௖௔௦

and P௖௔௦ yield; Table 5.2).

5.3.1 BTA1

The QTL region between 145.55 and 152.18 Mbp on BTA1 was significantly associated with

relative concentrations of 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-12P, and with 𝛼௦ଵ-CN PD. However, the

lead SNP differed between traits: ARS-BFGL-NGS-8140 at 149.19 Mbp was the lead SNP for

𝛼௦ଶ-CN-11P concentration [ -Logଵ଴(P) = 8.01], ARS-BFGL-NGS-91705 (rs43282015) at 149.65

Mbp was the lead SNP for 𝛼௦ଶ-CN-12P concentration [ -Logଵ଴(P) = 9.05] and ARS-BFGL-NGS-

24811 at 146.63 Mbp was the lead SNP for 𝛼௦ଵ-CN PD [ -Logଵ଴(P) = 5.50].

To investigate if this region could harbor multiple QTL (see Figure 5.2A for associations

of 𝛼௦ଶ-CN-12P and 𝛼௦ଵ-CN PD as examples), associations were reanalyzed after adjusting for
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the lead SNP of 𝛼௦ଶ-CN-12P concentration (ARS-BFGL-NGS-91705) for all studied traits (see

Figure 5.2B for 𝛼௦ଶ-CN-12P and 𝛼௦ଵ-CN PD as examples). This analysis resulted in no signif-

icant associations between 145.55 and 152.18 Mbp for 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-12P except

for one isolated SNP for 𝛼௦ଶ-CN-12P. However, significant associations between 145.58 and

146.67 Mbp remained for 𝛼௦ଵ-CN PD. Interestingly, associations just below the significance

threshold between 144.41 and 147.37 Mbp on BTA1 were found for all studied traits at FDR

<0.05 except for 𝛼௦ଵ-CN-8P concentration. To characterize the region between 144.41 and

147.37 Mbp on BTA1, associations were reanalyzed after adjusting for the lead SNP of 𝛼௦ଵ-

CN-9P for all studied traits, and the same analyses were repeated with the respective lead

SNP of 𝛼௦ଶ-CN-10P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD (the lead SNP for each studied traits are shown

in Figure 5.2C). The analysis of adjusting for the lead SNP of 𝛼௦ଶ-CN-10P concentration (BTB-

00068200) removed theQTL signal between 144.41 and 147.37Mbp for all studied traits, but

the QTL signal between 145.55 and 152.18 Mbp remained for 𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-12P

(see Figure 5.2D for 𝛼௦ଶ-CN-12P as example). These results suggest that BTA1 harbors two

QTL: QTL1 as the region between 145.55 and 152.18 Mbp and QTL2 as the region between

144.41 and 147.37 Mbp.

The effects of SNP ARS-BFGL-NGS-91705 (QTL1) and BTB-00068200 (QTL2) on relative

concentrations of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-

CN PD are given in Table 2. For ARS-BFGL-NGS-91705, the G allele was associated with lower

𝛼௦ଶ-CN-11P and 𝛼௦ଶ-CN-12P concentrations but not with 𝛼௦ଵ-CN PD or 𝛼௦ଶ-CN PD. For BTB-

00068200, the G allele was associated with lower 𝛼௦ଵ-CN-9P concentration and higher 𝛼௦ଶ-

CN-10P and -11P concentrations. This results in lower degrees of phosphorylation of 𝛼௦ଵ-CN

and 𝛼௦ଶ-CN as shown by the negative association of the GG genotype with both 𝛼௦ଵ-CN PD

and 𝛼௦ଶ-CN PD. Taken together, our results suggest that QTL1 between 145.55 and 152.18

Mbp on BTA1 affects𝛼௦ଶ-CN production, and QTL2 between 144.41 and 147.37Mbp on BTA1

affects the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN. Furthermore, combining our re-

sults and those reported by Bijl et al. (2014b) indicates that QTL1 on BTA1 is involved only

in 𝛼௦ଶ-CN production but not in 𝛼௦ଵ-CN production, suggesting 𝛼௦ଵ-CN and 𝛼௦ଶ-CN are reg-

ulated differently. The lead SNP (ARS-BFGL-NGS-91705) of the QTL1 region (145.55-152.18

Mbp) is an intergenic variant. The gene closest to the lead SNP is F-box protein 25 (FBXO25)

that is located at 149.56-149.59 Mbp on BTA1. In cattle, FBXO25 is involved in the path-

way of post-translational protein ubiquitination as protein modification according to UniProt

(http://www.uniprot.org/) but has not been associated with milk characteristics. The QTL2

region (144.41-147.37 Mbp) harbors the SLC37A1 gene (145.72-145.80 Mbp) encoding for

a protein functioning as a phosphorus antiporter that translocates inorganic phosphate in

exchange of glucose-6-phosphate (Pan et al., 2011). Furthermore, a QTL associated with

phosphorus concentration has been identified in this region in Danish Jersey and Australian

Holstein, respectively (Buitenhuis et al., 2016; Kemper et al., 2016).
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Figure 5.1. Significance [-Logଵ଴(P)] of associaitons of 44,669 genome wide SNP located on

29 Bos taurus autosomes and the X chromosome with individual 𝛼௦ଶ-CN phosphorylation

isoforms and the phosphorylation degrees of 𝛼௦ଵ-CN (𝛼௦ଵ-CN PD) and 𝛼௦ଶ-CN (𝛼௦ଶ-CN PD).

𝛼௦ଵ-CN PD = 𝛼௦ଵ-CN-9P / (𝛼௦ଵ-CN-8P + 𝛼௦ଵ-CN-9P) × 100; 𝛼௦ଶ-CN PD = 𝛼௦ଶ-CN-12P / (𝛼௦ଶ-CN-

10P + 𝛼௦ଶ-CN-11P + 𝛼௦ଶ-CN-12P) × 100. The horizontal line represents a false discovery rate

of 1%. The y-axes are cut off at -Logଵ଴(P) =20.
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Figure 5.2. Significance [-Logଵ଴(P)] of associations of SNP between 141 and 152.5 Mbp on

BTA1 with (A) 𝛼௦ଶ-CN-12P and the phosphorylation degree of 𝛼௦ଵ-CN (𝛼௦ଵ-CN PD), (B) after

including SNP ARS-BFGL-NGS-91705 genotypes as a fixed effect, (C) showing only the most

signficant SNP for individual𝛼௦ଵ-CN and𝛼௦ଶ-CN phosphorylation isoforms, and the phospho-

rylation degrees of 𝛼௦ଵ-CN (𝛼௦ଵ-CN PD) and 𝛼௦ଶ-CN (𝛼௦ଶ-CN PD), and (D) after including SNP

BTB-00068200 genotypes as a fixed effect. . 𝛼௦ଵ-CN PD = 𝛼௦ଵ-CN-9P / (𝛼௦ଵ-CN-8P + 𝛼௦ଵ-CN-

9P) × 100; 𝛼௦ଶ-CN PD = 𝛼௦ଶ-CN-12P / (𝛼௦ଶ-CN-10P + 𝛼௦ଶ-CN-11P + 𝛼௦ଶ-CN-12P) × 100. The

shaded region corresponds to SLC37A1 gene.

We detected significant effects of ARS-BFGL-NGS-91705 (QTL1) on the yields of 𝛼௦ଵ-CN-

8P, 𝛼௦ଶ-CN-10P, -11P and -12P, protein, phosphorus and P௖௔௦ (Table 5.2). These consistent

negative associations of the G allele with the yield traits confirm that QTL1 might affect only

the production of𝛼௦ଶ-CN. This is supported by the fact that we detected the significant effect

of QTL1 on test-day morning protein yield but did not detect significant effects on 𝛼௦ଵ-CN PD

and 𝛼௦ଶ-CN PD in the current study. The effect on protein yield is relatively small, but 𝛼௦ଶ-

CN contributes only about 10 % to the total milk protein. Furthermore, this QTL has been

reported to be associated with protein yield in Chinese Holstein (Jiang et al., 2010).

For BTB-00068200 (QTL2), we detected significant effects on yields of 𝛼௦ଶ-CN-10P and -

11P and phosphorus as well as phosphorus content. The G allele was associated with higher

yields of𝛼௦ଶ-CN-10P and𝛼௦ଶ-CN -11P as well as higher content and yield of phosphorus. Fur-

thermore, wedid not detect significant effects of BTB-00068200on yields ofmilk and protein.

Therefore, the highly significant effect of QTL2 on phosphorus content [ -Logଵ଴(P)= 17.40]

might be mainly due to the change of total phosphorus output in milk rather than a change

of milk volume. Similarly, significant effects of QTL2 on relative concentrations of 𝛼௦ଶ-CN-
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10P and -11P is probably mainly due to the change of yields of 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN -11P

rather than a change of protein yield. Taken together, these associations suggest that QTL2

have direct effects on phosphorylation, which might be related to the regulation of phos-

phorus output in milk. This is also supported by significant associations of BTB-00068200

with 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Furthermore, the SLC37A1 gene located in this region plays

a role in translocating inorganic phosphate (Pan et al., 2011), and it has been associated with

the phosphorus content in cows’ milk as mentioned above. Here, we show that this gene

might have a direct effect on total phosphorus output in milk, especially on the inorganic

phosphorus because we detected relatively small effects of BTB-00068200 on the content of

phosphate groups attached to caseins (P௖௔௦) and no significant effect on the total amount of

phosphate groups attached to caseins (P௖௔௦ yield). We, therefore, hypothesize that QTL2 on

BTA1 affects total phosphorus output in milk, which has an impact on the phosphorylation

degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN.

5.3.2 BTA6

TheQTL region between 46.52 and 103.18MbponBTA 6was significantly associatedwith rel-

ative concentrations of 𝛼௦ଶ-CN-10P, 𝛼௦ଶ-CN-11P, and 𝛼௦ଶ-CN-12P. This region harbors the ca-

sein gene cluster (around 87Mb). The SNP ARS-BFGL-NGS-94898 at 87.66Mbp was the lead

SNP for 𝛼௦ଶ-CN-10P concentration [-Logଵ଴(P) = 5.44]. The SNP ULGR_BTC-053514 at 83.57

Mbp was the lead SNP for both 𝛼௦ଶ-CN-11P concentration [-Logଵ଴(P) = 35.5] and 𝛼௦ଶ-CN-

12P concentration [-Logଵ଴(P) = 42.3]. This SNP was also previously reported as the lead SNP

for 𝛼௦ଵ-CN-9P concentration (Bijl et al., 2014b) and for total 𝛼௦ଶ-CN concentration (Schopen

et al., 2011). No significant association on BTA6 was found with 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD

(Figure 5.1), suggesting this region is only involved in casein production but not in the phos-

phorylation process. As shown by Fang et al. (accepted), the proportion of isoforms with

higher degrees of phosphorylation is hardly affected when more 𝛼௦ଵ- and 𝛼௦ଶ-CN are pro-

duced, indicating that phosphorylation might not be an important rate limiting step.

The estimated effects of the lead SNP for 𝛼௦ଶ-CN-12P concentration on relative concen-

trations of individual 𝛼௦ଶ-CN phosphorylation isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD show that

the G allele was associated with lower concentrations of individual 𝛼௦ଶ-CN phosphorylation

isoforms (Table 5.2). Highly significant effects on yields of individual 𝛼௦ଶ-CN phosphorylation

isoforms confirm that this QTL affects 𝛼௦ଶ-CN production. Note that this SNP did not pass

the genome-wide significance threshold for 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD.
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5.3.3 BTA11

The QTL region between 95.06 and 109.41 Mbp on BTA11 was significantly associated with

relative concentrations of𝛼௦ଶ-CN-10P and𝛼௦ଶ-CN-11P,𝛼௦ଵ-CN PD and𝛼௦ଶ-CN PD. This region

harbors the PAEP gene encoding for 𝛽-LG. The SNP ULGR_SNP_X14710_1740 (rs41255679)

at 107.2 Mbp was the lead SNP for 𝛼௦ଶ-CN-10P concentration [-Logଵ଴(P) = 4.96], 𝛼௦ଶ-CN-11P

concentration [-Logଵ଴(P) = 10.42], 𝛼௦ଵ-CN PD [-Logଵ଴(P) = 6.33] and 𝛼௦ଶ-CN PD [-Logଵ଴(P) =

10.42]. This SNPwas previously reported as the lead SNP on BTA11 for 𝛼௦ଵ-CN-8P concentra-

tion (Bijl et al., 2014a). It is located in the promoter region of the PAEP gene and is in linkage

disequilibrium with 𝛽-LG protein variants A and B (Ganai et al., 2009).

The estimated effects of 𝛽-LG genotypes on all studied traits (Table 5.2) show that the BB

genotypewas associatedwith higher𝛼௦ଵ-CN-8P,𝛼௦ଶ-CN-10P and𝛼௦ଶ-CN-11P concentrations

(isoforms with lower degrees of phosphorylation). This results in lower degrees of phospho-

rylation of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN as shown by the negative association of the BB genotype with

both 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Buitenhuis et al. (2016) and Fang et al. (2017) did not detect

significant effects of 𝛽-LG genotypes on individual 𝛼௦ଶ-CN phosphorylation isoforms, 𝛼௦ଵ-CN

PD and 𝛼௦ଶ-CN PD in Danish Holstein and Jersey, and in French Montbéliarde, respectively.

Differences between studiesmight be due to the genetic differences between studied breeds

(Holstein, Montbéliarde and Jersey) such as differences in linkage disequilibrium between

𝛽-LG genotypes and other variants that affect the traits of interest, limited sample size of

Buitenhuis et al. (2016) and Fang et al. (2017), and the use of different analytical methods.

Regarding differences in linkage disequilibrium between 𝛽-LG genotypes and other variants

across breeds, Bijl et al. (2014b) detected a significant effect of 𝛽-LG genotypes only on 𝛼௦ଵ-

CN-8P concentration in Dutch Holstein Friesian, whereas Fang et al. (2017) detected signifi-

cant effects of 𝛽-LG genotypes on both 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentrations in French

Montbéliarde. As the reported effect of 𝛽-LG BB genotype on 𝛽-LG concentration by Fang

et al. (2017) was about 1.5 times larger than the one in Dutch Holstein Friesian reported

by Heck et al. (2009), the observed genotype effect in French Montbéliarde might be the

combination of the effect of 𝛽-LG genotypes and the effect of one or multiple linked variants

that also affect 𝛽-LG concentration. The additional effect of such a linked variant might ex-

plain the differences between the effects of 𝛽-LG genotypes on individual 𝛼௦ଵ- and 𝛼௦ଶ-CN

isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD in different breeds. Regarding differences in analytical

methods, differences between CZE used by Bijl et al. (2014b) and LC-ESI/MS used by Fang

et al. (2017) seem to be negligible for the measurement of 𝛼௦ଵ-CN isoforms and 𝛼௦ଵ-CN PD

according to Fang et al. (accepted). However, protein fractions measured with the same an-

alytical method, such as LC (as used by Buitenhuis et al. (2016) and by Fang et al. (2017)),

may still differ because of differences in separation conditions.

For the effects of 𝛽-LG genotypes on yields of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphoryla-

tion isoforms, milk production traits, content and yield of phosphorus, P௖௔௦ and P௖௔௦ yield,

we detected significant effects on yields of 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-10P and -11P, but the effects

on 𝛼௦ଵ-CN-9P yield were relatively small. The BB genotype was associated with higher yields

of 𝛼௦ଶ-CN-10P and -11P. Surprisingly, we did not detect a significant effect on the yield of

𝛼௦ଵ-CN-8P, whereas we detected a highly significant effect on 𝛼௦ଵ-CN-8P concentration. Fur-

thermore, we detected highly significant effects of 𝛽-LG genotypes on P௖௔௦ [-Logଵ଴(P) = 6.49]
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but no effect on P௖௔௦ yield. Several studies have shown that the 𝛽-LG B variant decreases the

proportion of 𝛽-LG, which results in increased proportions of caseins (Bobe et al., 1999; Hal-

lén et al., 2008; Heck et al., 2009; Bonfatti et al., 2010; Fang et al., 2017). We show that

the 𝛽-LG B variant increases only 𝛼௦ଵ- and 𝛼௦ଶ-CN isoforms phosphorylated at a lower de-

gree and decrease 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Given that phosphorylation might not be an

important rate limiting step when more 𝛼௦ଵ- and 𝛼௦ଶ-CN are produced as discussed above,

it is unlikely that the effects of 𝛽-LG genotypes on 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD are due to in-

creased casein production. Additionally, analyses showed no significant interaction between

𝛽-LG genotypes andQTL2 on BTA1 for𝛼௦ଵ-CN PD (P = 0.26) and𝛼௦ଶ-CN PD (P = 0.56), suggest-

ing the amount of phosphorus available is not rate limiting. This is supported by the positive

correlations between the total amount of phosphate groups attached to the caseins (P௖௔௦

yield) and the total amount of phosphorus in milk (Fang et al., accepted). Taken together,

𝛽-LG seems to play a role in regulating milk protein composition, proportion of individual

𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, and the phosphorylation process. The actual

mechanism causing the effects of 𝛽-LG genotypes on the concentrations of the other milk

proteins is currently unknown as well as the role of 𝛽-LG in the phosphorylation process.

5.3.4 BTA14

The QTL region between 0.2 and 19.36 Mbp on BTA14 was significantly associated with rel-

ative concentrations of 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P, 𝛼௦ଵ-CN PD, and 𝛼௦ଶ-CN PD. This region

harbors the DGAT1 gene. The SNP ULGR_SNP_AJ318490_1c (rs109234250) at 0.44Mbp was

the lead SNP for 𝛼௦ଶ-CN-10P concentration [-Logଵ଴(P) = 17.04], 𝛼௦ଶ-CN-11P concentration

[-Logଵ଴(P) = 21.98], 𝛼௦ଵ-CN PD [-Logଵ଴(P) = 48.79] and 𝛼௦ଶ-CN PD [-Logଵ଴(P) = 21.55]. This

SNP was previously reported as the lead SNP on BTA14 for 𝛼௦ଵ-CN-9P concentration (Bijl et

al., 2014b), and is one of two SNPs responsible for the DGAT1 K232A polymorphism.

The effects of DGAT1 genotypes on all studied traits (Table 5.2) show that the K allele

was associated with higher 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P concentrations (isoforms with lower

degrees of phosphorylation) and lower concentration of 𝛼௦ଵ-CN-9P (isoform with higher de-

grees of phosphorylation). This results in lower degrees of phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-

CN as shown by the negative association of the K allele with both 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD.

Furthermore, DGAT1 does not affect 𝛼௦ଵ-CN-8P concentration (Bijl et al., 2014b) and 𝛼௦ଶ-

CN-12P concentration (this study) at genome wide significance threshold. Bovenhuis et al.

(2016) showed that DGAT1 affects 𝛼௦ଶ-CN concentration in Dutch Holstein Friesian and Dan-

ish Holstein Friesian. The K allele was associated with higher 𝛼௦ଶ-CN concentration. Here,

we show that the increase of 𝛼௦ଶ-CN concentration is due to the increase of 𝛼௦ଶ-CN-10P and

𝛼௦ଶ-CN-11P concentrations in Dutch Holstein Friesian.

For the effects of DGAT1 genotypes on the yields of individual isoforms and milk produc-

tion traits, we detected significant effects on yields of all 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation

isoforms, milk, protein, phosphorus and P௖௔௦ as well as contents of protein, phosphorus and

P௖௔௦. The effects of the DGAT1 genotypes on the yields of 𝛼௦ଵ-CN-8P and 𝛼௦ଶ-CN-12P were

relatively small, and might be due to the change in the protein yield as the genotype effects

on the yields of 𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-12P and protein were in the same direction and of similar

magnitude. The highly significant effects on the yields of 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-
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CN-11P suggest direct effects of DGAT1 on these isoforms as the direction and magnitude of

effects on their relative concentration in milk and yields are similar. The biological relation

between DGAT1, content and yield of fat, and fatty acid composition are easier to compre-

hend as the DAGT1 enzyme is involved in biosynthesis of triacylglycerols (Coleman and Lee,

2004), whereas the biological relation of DGAT1 and phosphorylation of caseins is still un-

clear. It seems that the contribution of DGAT1 to the variation in specific isoforms in Dutch

Holstein Friesian might rather be linked to the correlated response of change in milk pro-

duction, such as milk volume. The DGAT1 K232 polymorphism does not segregate in French

Montebéliarde (Gautier et al., 2007), so other genes rather than DGAT1 contribute to the

variation in specific isoforms and phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN in this breed.

5.3.5 Additional regions

In addition to the four QTL regions shared by multiple traits as described above, we also

detected trait-specific QTL on BTA2, 9, 15, 18, 24 and 28. On BTA2, a QTL region located be-

tween 113.63 and 113.67Mbpwas associated uniquely with 𝛼௦ଶ-CN-12P concentration. The

gene closest to this QTL region is ephrin type-A receptor 4 precursor (EPHA4) that is located

at 114.15-114.20 Mbp on BTA2. In cattle, EPHA4 is an uncharacterized protein, whereas in

human, it is a kinase phosphorylating tyrosine and is involved in cell adhesion and neuro-

genesis according to UniProt. Two QTL regions were associated uniquely with 𝛼௦ଶ-CN-11P

concentration. A QTL region located between 98.45 and 99.32 Mbp on BTA9 was associated

uniquely. The lead SNP ARS-BFGL-NGS-102803 (rs109099768) is an intron variant located in

the serine active site containing 1 (SERAC1) gene. In human, the SERAC1 protein plays an

important role in mediating phospholipid exchange that is essential for both mitochondrial

functioning and intracellular cholesterol trafficking according to UniProt. The other QTL re-

gion located between 18.55 and 19.13Mbp on BTA28 harbors the receptor accessory protein

3 (REEP3) gene. A total of four unique QTL regions were associated with 𝛼௦ଵ-CN PD, which

were located at 54.61 Mbp on BTA15, between 35.68 and 36.09 Mbp on BTA18, between

20.49 and 21.11 Mbp on BTA24, respectively. On BTA15, the gene closest to the QTL region

is microtubule affinity-regulating kinase 1 (MARK1). On BTA18, the QTL region harbors the

proteasome 26S subunit, non-ATPase 7 (PSMD7) gene (36.00-36.02 Mbp). On BTA24, the

QTL region harbors the CUGBP Elav-like family member 4 (CELF4) gene. None of the genes

mentioned above has been associated with milk characteristics. Thus, no clear candidate

genes could be identified for those trait-specific QTL.

5.4 Conclusions

We detected a total of 10 QTL regions for relative concentrations of individual 𝛼௦ଶ-CN phos-

phorylation isoforms, and the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN (𝛼௦ଵ-CN PD and

𝛼௦ଶ-CN PD) on chromosomes 1, 2, 6, 9, 11, 14, 15, 18, 24 and 28. Regions associated with

multiple traits were found on BTA 1, 6, 11, and 14. We showed two QTL regions on BTA1:

one affects 𝛼௦ଶ-CN production, and the other encodes SLC37A1 and affects 𝛼௦ଵ-CN PD and

𝛼௦ଶ-CN PD. The QTL region on BTA6 harbors the casein gene cluster and affects individual

𝛼௦ଶ-CN phosphorylation isoforms. The QTL region on BTA11 harbors the gene encoding 𝛽-LG
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and affects relative concentrations of 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD

The QTL region on BTA14 harbors DGAT1 and affects relative concentrations of 𝛼௦ଶ-CN-10P

and 𝛼௦ଶ-CN-11P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Elucidation of the actual roles of SLC37A1, 𝛽-LG

and DGAT1 in 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation in Dutch Holstein Friesian requires further

investigation.
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6. General Discussion

In this thesis, genetic backgrounds of bovine 𝛼௦ଵ- and 𝛼௦ଶ-casein (𝛼௦ଵ- and 𝛼௦ଶ-CN) phos-

phorylation were investigated in FrenchMontbéliarde and Dutch Holstein Friesian. We char-

acterized phosphorylation profiles of 𝛼௦ଵ- and 𝛼௦ଶ-CN by liquid chromatography/electro-

spray ionization-mass spectrometry (LC/ESI-MS) and propose at least two regulatory systems

responsible for phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN in French Montbéliarde based on phe-

notypic correlations between traits (Chapter 2). Furthermore, the presence of substantial

genetic variation in 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and their phosphorylation

degrees (PD), and the effects of genetic variants of major milk proteins on these traits in

FrenchMontbéliarde are described (Chapter 3). We also characterized phosphorylation pro-

files of 𝛼௦ଶ-CN by capillary zone electrophoresis (CZE) in Dutch Holstein Friesian, and results

show substantial genetic variation in 𝛼௦ଶ-CN phosphorylation isoforms and the phosphory-

lation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN (𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD) also in this breed (Chapter

4). Furthermore, we identified 4 genomic regions (BTA1, 6, 11, and 14) associated with 𝛼௦ଶ-

CN phosphorylation isoforms and the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN in Dutch

Holstein Friesian (Chapter 5).

In this general discussion, I will discuss the possible causes for the differences between

studies dealing with milk protein composition, phosphorylation mechanism and prospects

for future research.

6.1 What are the causes for the discrepancies be-

tween studies of milk protein composition?

In this thesis, we carried out two studies for exploring the genetic backgrounds of individual

𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and for their phosphorylation degrees. In Chap-

ter 2 and 3, we used LC-ESI/MS to quantify the six major milk proteins and 𝛼௦ଵ- and 𝛼௦ଶ-CN

phosphorylation isoforms and estimated their genetic parameters in French Montbéliarde.

In Chapter 4 and 5, we used CZE to quantify 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and

estimated their genetic parameters in Dutch Holstein Friesian. Therefore, we used two ana-

lytical methods to quantify 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, and two trait defini-

tions for defining the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN in the two breeds. These

two data sets allow us to explore how results can vary due to these differences. Differences

between analytical methods, trait definitions and breeds coincide with the differences be-

tween the two studies. I will discuss in more detail how these factors contribute to the dif-

ferences between our two studies, such as analytical methods, trait definitions, and breeds

on the estimation of genetic parameters and correlations using the two data sets in this the-

sis. Such arguments could be extended to the comparison across studies dealing with milk

protein composition.

Analytical methods. In Chapter 4, to identify peaks corresponding to individual 𝛼௦ଶ-CN

phosphorylation isoforms, we screened the phosphorylation profiles of𝛼௦ଶ-CN from10 fresh

milk samples using the LC/ESI-MSmethod implemented in Chapter 2 and 3. Besides purifying

individual𝛼௦ଶ-CNphosphorylation isoforms, we also analyzed the same set of samples by CZE

to check if the results from the two methods were comparable. The correlations between

the results obtained from the two methods show that the quantification of 𝛼௦ଵ-CN-8P and
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-9P, 𝛼௦ଶ-CN-10P, -11P and -12P was comparable (Figure 6.1). The correlations between 𝛼௦ଵ-

CN-8P and -9P, 𝛼௦ଶ-CN-10P, -11P and -12P measured by LC-ESI/MS and CZE were 0.98, 0.76,

0.76, 0.81, and 0.67, respectively. However, 𝛼௦ଶ-CN-13P and -14P could not be quantified

accurately by CZE due to co-migration with other components in milk. Subsequently, the

relative concentration of total 𝛼௦ଶ-CN was estimated as the sum of 𝛼௦ଶ-CN-10P, -11P and -

12P and, therefore, was underestimated in Dutch Holstein Friesian as 𝛼௦ଶ-CN-13P and -14P

account for about 24% of the total 𝛼௦ଶ-CN concentration in French Montbéliarde based on

the results from Chapter 2.
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Figure 6.1. Relative concentrations of 𝛼௦ଵ-CN-8P and -9P, 𝛼௦ଶ-CN-10P, -11P and -12P from

ten milk samples measured by LC-ESI/MS (X axis) and CZE (Y axis), respectively.

Anothermatter of using CZE is that the relative concentration of total𝜅-CNwas estimated

as nonglycosylated mono-phosphorylated form (Heck et al., 2008; Schopen et al., 2009).

Glycosylated 𝜅-CN and 𝜅-CN-2P and -3P account for about 35% of total 𝜅-CN based on French

Montbéliarde (data not shown from chapter 2). As a result, the relative concentration of total

𝜅-CN was underestimated in Dutch Holstein Friesian. Furthermore, glycosylated 𝜅-CN and 𝜅-

CN-2P and -3P partly co-migratewith𝛽-CN variant A1 or A2 in CZE. Consequently, the relative

concentration of𝛽-CNwas overestimated for Holstein Friesian cows carrying𝛽-CN variant A1

or A2. Therefore, reported phenotypic and genetic correlations of total 𝜅-CN and 𝛽-CN with

other milk proteins and with 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms in Dutch Holstein

Friesian (e.g. in Schopen et al. (2009) and results from Chapter 4) should be interpreted with

care, especially for inferring biological relations.

Both methods applied in our studies show advantages and disadvantages. Regarding

LC/ESI-MS, it allows to quantify the six major milk proteins including their isoforms and iden-

tify genetic variants simultaneously. For the genetic variants or isoforms that have similar

retention times on LC, we can still discriminate them based on the molecular masses mea-
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sured by ESI-MS. This was applied to measure 𝛼௦ଶ-CN isoforms, i.e. the mass signal intensity

was introduced to calculate the proportions of individual isoforms as a fraction of 𝛼௦ଶ-CN

because LC could not completely separate these isoforms. This procedure is more time con-

suming than a standard LC or CZE analysis. One possible solution is to optimize the elution

conditions to achieve better separation of individual 𝛼௦ଶ-CN phosphorylation isoforms by LC.

Regarding CZE, we achieved a better separation of 𝛼௦ଶ-CN-10P, -11P and -12P and 𝛼௦ଵ-CN-8P

and -9P compared to LC/ESI-MS. However, we could not accurately measure 𝛼௦ଶ-CN-13P and

-14P by CZE. One possible solution is to prolong the running time in CZE to better separate

overlapping peaks.

As described above, the difference in measurements of 𝛼௦ଵ-CN-8P and -9P, 𝛼௦ଶ-CN-10P, -

11P and -12P, and 𝛼௦ଵ-CN PD between CZE and LC-ESI/MS in our two studies is negligible.

Therefore, the differences in genetic parameters for these traits and correlations among

them might be mainly due to the genetic differences between French Montbéliarde and

Dutch Holstein Friesian. On the contrary, the differences in measurements of 𝛼௦ଶ-CN PD

(definition excludes 𝛼௦ଶ-CN-13P and-14P in Dutch Holstein Friesian) and total 𝛼௦ଶ-, 𝜅- and

𝛽-CN between CZE and LC-ESI/MS in our two studies result in changes of definitions of these

traits. Thus, the difference in analytical methods might explain a part of the differences in

estimated genetic parameters for these traits and correlations among them between French

Montbéliarde and Dutch Holstein Friesian. Comparison of estimated genetic parameters and

correlations for milk protein composition is rather difficult across studies as well due to dif-

ferent analytical methods used. The differences between LC and CZE are discussed above.

Additionally, LC could differ because of differences in separation conditions, especially for

measurements of individual isoforms or individual genetic variants. Another difficulty is that

traits were expressed in different units across studies. Bobe et al. (1999), Schopen et al.

(2009), Gebreyesus et al. (2016), Buitenhuis et al. (2016) and studies in this thesis reported

milk protein composition expressed as relative concentrations (as a fraction of total amount

of milk protein), whereas Bonfatti et al. (2011) reported milk protein composition expressed

as absolute concentrations (as grams per liter of milk) as well as casein composition (indi-

vidual casein was expressed as a fraction of total amount of casein) and whey composition

(𝛽-LG was expressed as a fraction of total amount of whey). Absolute concentration in milk

is a result of protein production and relative composition. Therefore, attention is needed

when inferring biological relations between traits across studies as traits that expressed in

different units result in different biological interpretations. A comparative analysis of mea-

surements of milk protein composition between studies will allow adequate comparison of

reported genetic parameters and correlations.

Trait definitions. The 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms are the result of the

production of 𝛼௦ଵ- and 𝛼௦ଶ-CN and the subsequent phosphorylation. To disentangle the ca-

sein production and the phosphorylation process, we defined the phosphorylation degrees

of 𝛼௦ଵ- and 𝛼௦ଶ-CN (𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD) as the proportion of isoforms with higher

degrees of phosphorylation according to phenotypic correlations and hierarchical analysis

among isoforms (described in Chapter 2). For French Montbéliarde (Chapter 2 and 3), the

isoforms phosphorylated at lower degreeswere𝛼௦ଵ-CN-8P,𝛼௦ଶ-CN-10P, and𝛼௦ଶ-CN-11P, and

the isoforms phosphorylated at higher degrees were 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, -13P and -14P.

For Dutch Holstein Friesian, 𝛼௦ଶ-CN PD was defined differently because 𝛼௦ଶ-CN-13P and -
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14P were not included in these chapters due to the low reproducibility of their quantifi-

cation by CZE. For Dutch Holstein Friesian (Chapter 4 and 5), the isoforms phosphorylated

at lower degrees were 𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P, and the isoforms phospho-

rylated at higher degrees were 𝛼௦ଵ-CN-9P and 𝛼௦ଶ-CN-12P. Consequently, results regarding

𝛼௦ଶ-CN PD, such as descriptive statistics and its correlations with other isoforms, for French

Montbéliarde (Chapter 2 and 3) and Dutch Holstein Friesian (Chapter 4 and 5) cannot be

compared directly. To assess the effects of these different trait definitions on descriptive

statistics and correlations, I compared the results using two definitions of total 𝛼௦ଶ-CN and

𝛼௦ଶ-CN PD, i.e. the definitions as in Chapter 2 and 3 versus the definitions as in Chapter 4

and 5, with the data from French Montbéliarde.

For total 𝛼௦ଶ-CN, the phenotypic mean and standard deviation were 8.41 and 0.72, re-

spectively, when including 𝛼௦ଶ-CN-13P and -14P, and were 6.43 and 0.75, respectively, when

excluding 𝛼௦ଶ-CN-13P and -14P. For 𝛼௦ଶ-CN PD, the phenotypic mean and standard devia-

tion were 57.05 and 8.36, respectively, when including 𝛼௦ଶ-CN-13P and -14P, and were 42.10

and 6.39, respectively, when excluding 𝛼௦ଶ-CN-13P and -14P. The averages for both traits

decreased by about 25% when excluding 𝛼௦ଶ-CN-13P and -14P. When 𝛼௦ଶ-CN-13P and -14P

were excluded from calculating total 𝛼௦ଶ-CN, correlations of total 𝛼௦ଶ-CN with 𝛼௦ଵ-CN-9P,

𝛼௦ଶ-CN-10P, 𝛼௦ଶ-CN-11P and 𝛼௦ଵ-CN PD became stronger (Table 6.1). Regarding the cor-

relations with 𝛼௦ଵ-CN-9P and 𝛼௦ଵ-CN PD, in Chapter 2 it was shown that 𝛼௦ଵ-CN-9P corre-

lated negatively with 𝛼௦ଶ-CN-10P and -11P (-0.68 and -0.67, respectively) and positively with

𝛼௦ଶ-CN-13P and -14P (0.50 and 0.49, respectively) in French Montbéliarde. Consequently,

when 𝛼௦ଶ-CN-13P and -14P are not part of total 𝛼௦ଶ-CN, this results in the major part of

𝛼௦ଶ-CN (𝛼௦ଶ-CN-10P and -11P) being negatively correlated with 𝛼௦ଵ-CN-9P. Thus, it explains

the observed stronger negative correlation between total 𝛼௦ଶ-CN and 𝛼௦ଵ-CN-9P as well as

the stronger negative correlation between total 𝛼௦ଶ-CN and 𝛼௦ଵ-CN PD. Regarding the cor-

relations of total 𝛼௦ଶ-CN with individual 𝛼௦ଶ-CN isoforms, correlations increased for all traits

because of stronger part-whole correlations as the number of components of total 𝛼௦ଶ-CN

decreased. These stronger correlations of total 𝛼௦ଶ-CN are very similar to the correlations

observed for Holstein Friesian using the same trait definition. When 𝛼௦ଶ-CN-13P and -14P

were excluded from calculating 𝛼௦ଶ-CN PD, correlations of 𝛼௦ଶ-CN PD with other traits were

similar except for the decrease in the correlation between 𝛼௦ଶ-CN PD and 𝛼௦ଵ-CN-8P and

the increase in the correlation between 𝛼௦ଶ-CN PD and 𝛼௦ଶ-CN-12P (Table 6.1). The similar-

ity in correlations results in a similar interpretation, namely that the highly phosphorylated

isoforms correlate positively with 𝛼௦ଶ-CN PD and the less phosphorylated isoforms correlate

negativelywith𝛼௦ଶ-CN PD. Thus, both trait definitions successfully quantify the proportion of

isoforms with higher degrees of phosphorylation. The decrease in the correlation between

𝛼௦ଶ-CN PD and 𝛼௦ଵ-CN-8P is mainly due to ignoring the moderate negative correlations of

𝛼௦ଵ-CN-8P with 𝛼௦ଶ-CN-13P and -14P according to results reported in Chapter 2. The in-

crease in the correlation between 𝛼௦ଶ-CN PD and 𝛼௦ଶ-CN-12P is mainly due to stronger part-

whole correlation as the number of components of total 𝛼௦ଶ-CN decreased, which increases

the contribution of the proportion of 𝛼௦ଶ-CN-12P in total 𝛼௦ଶ-CN. The changed correlations

of 𝛼௦ଶ-CN PD are still not similar to the correlations observed for Holstein Friesian using the

same trait definition. Using two trait definitions in FrenchMontbéliarde allows us to visualize

how correlations change due to difference in measurements resulted from analytical meth-
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ods used and to compare adequately the correlations between French Montbéliarde and

Dutch Holstein Friesian. When using the same trait definitions, the phenotypic correlations

among traits in FrenchMontbéliarde became similar or closer to the phenotypic correlations

in Dutch Holstein Friesian, however, the changed correlations of 𝛼௦ଶ-CN PD with total 𝛼௦ଵ-

CN, 𝛼௦ଵ-CN-8P 𝛼௦ଶ-CN-11P and -12P as well as the changed correlations of total 𝛼௦ଶ-CN with

total 𝛼௦ଵ-CN, 𝛼௦ଵ-CN-8P and 𝛼௦ଶ-CN-12P are still not similar to the correlations observed for

Holstein Friesian (Table 6.1). Since the measurements of individual 𝛼௦ଵ-CN and 𝛼௦ଶ-CN iso-

forms are similar between LC-ESI/MS and CZE as shown above, the differences in phenotypic

correlations might be mainly due to breed differences.

In this section, I show different trait definitions resulting from different analytical meth-

ods used can complicate the interpretation of phenotypic (and genetic) correlations for in-

ferring biological relations between traits across studies. Themain conclusions for the corre-

lations are the same for both trait definitions applied in French Montbéliarde, which is that

𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD are positively correlated, the highly phosphorylated isoforms cor-

relate positively and the less phosphorylated isoforms correlate negatively with 𝛼௦ଶ-CN PD,

and total 𝛼௦ଶ-CN correlates negatively with 𝛼௦ଶ-CN PD. However, the interpretation of some

correlations may change due to different trait definitions, such as the stronger part-whole

correlations and correlations between compositional traits (e.g. total 𝛼௦ଶ-CN) and related

components (e.g. individual isoforms). Furthermore, the observed correlations between a

ratio and its components are difficult to interpret in the same way as correlations among in-

dependently determined variables. Ratio traits with different numerators and denominators

(e.g. 𝛼௦ଶ-CN PD) should not be compared directly across studies and might affect the inter-

pretation of their correlations. In FrenchMontbéliarde, 𝛼௦ଶ-CN PD stands for the proportion

of the isoforms phosphorylated at higher degrees (𝛼௦ଶ-CN-12P, -13P and -14P) among the

isoforms detected (𝛼௦ଶ-CN-10P to 𝛼௦ଶ-CN-14P), whereas in Dutch Holstein Friesian, it stands

for the proportion of 𝛼௦ଶ-CN-12P among the isoforms detected (𝛼௦ଶ-CN-10P, -11P and -12P).

It was shown above that both trait definitions in our two studies successfully quantify the

proportion of isoforms with higher degrees of phosphorylation, however, the biological in-

terpretations of these two trait definitions are somehow different. Therefore, biological rela-

tions inferred from this type of correlations should be interpreted with care when comparing

studies that use different analytical methods.
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Breeds. As discussed above, differences in analytical methods and trait definitions for

𝛼௦ଵ-CN-8P and -9P, 𝛼௦ଶ-CN-10P, -11P and -12P, and 𝛼௦ଵ-CN PD between our two studies

are negligible. Therefore, differences in estimated genetic parameters and correlations for

these traits between French Montbéliarde (Chapter 3) and Dutch Holstein Friesian (Chapter

4)might bemainly due to breed differences. Here, I will illustrate differences in estimated ge-

netic parameters and correlations due to breed differences using heritability estimates as an

example. To allow comparison of heritability estimates also for 𝛼௦ଶ-CN PD in the two breeds,

I re-estimated the heritability for 𝛼௦ଶ-CN PD in French Montbéliarde using the same defini-

tion as in Dutch Holstein Friesian. The heritability estimate slightly decreased from 0.23 to

0.19 in French Montbéliarde when excluding 𝛼௦ଶ-CN-13P and -14P.

Breed differences can be the result of differences in allele frequencies of genes affecting

the traits of interest. Take the diacylglycerol o-acyltransferase 1 (DGAT1) K232A polymor-

phism as an example. Our GWAS results for individual 𝛼௦ଶ-CN isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-

CN PD (Chapter 5) together with the GWAS results from Bijl et al. (2014a) show that DGAT1

K232A genotypes affect relative concentrations of 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-10P and -11P, 𝛼௦ଵ-CN

PD and 𝛼௦ଶ-CN PD in Dutch Holstein Friesian. Since DGAT1 K232A is nearly fixed at the A al-

lele in French Montbéliarde (0.96, (Gautier et al., 2007), the DGAT1 polymorphism does not

contribute to the variation in these traits in French Montbéliarde. To assess the differences

in genetic parameters due to this breed difference, I re-estimated the inter-herd heritability

after adjusting for the DGAT1 genotypes for the relative concentrations of 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-

CN-10P and -11P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD in Dutch Holstein Friesian. The estimates of

inter-herd heritability for these traits decrease from 0.69 to 0.60 for 𝛼௦ଵ-CN-9P, 0.49 to 0.39

for 𝛼௦ଶ-CN-10P, 0.82 to 0.77 for 𝛼௦ଶ-CN-11P, 0.75 to 0.71 for 𝛼௦ଵ-CN PD, and 0.41 to 0.39

for 𝛼௦ଶ-CN PD in Dutch Holstein Friesian. For 𝛼௦ଵ-CN-9P and 𝛼௦ଶ-CN PD, the estimates of

inter-herd heritability after accounting for DGAT1 genotypes in Dutch Holstein Friesian are

still in range but closer to the values in French Montbéliarde [0.56 and 0.19 (using the same

definition as in Dutch Holstein Friesian), respectively]. This suggests that the differences in

heritability estimates between FrenchMontbéliarde and Dutch Holstein Friesian for 𝛼௦ଵ-CN-

9P and 𝛼௦ଶ-CN PD can largely be explained by the difference in DGAT1 allele frequencies

between the two breeds. On the contrary, for 𝛼௦ଶ-CN-10P and -11P and 𝛼௦ଵ-CN PD, the

estimates of inter-herd heritability after accounting for DGAT1 genotypes in Dutch Holstein

Friesian are still much higher than those in FrenchMontbéliarde (0.11, 0.32 and 0.37, respec-

tively). This indicates that the differences between the two breeds for these traits can only

be partly explained by the difference in DGAT1 allele frequencies. Consequently, differences

in frequencies of other variants affecting these traits might also exist.

Differences in frequencies of linked variants in other genes involved might also exist be-

tween the two breeds. Our GWAS results in Chapter 5 together with results from Bijl et al.

(2014a) show significant effects of 𝛽-LG genotypes on 𝛼௦ଵ-CN-8P and 𝛼௦ଶ-CN-11P concentra-

tions, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD in Dutch Holstein Friesian, whereas our results in Chapter

3 show significant effects of 𝛽-LG genotypes on both 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentra-

tions and no significant effects on individual 𝛼௦ଶ-CN isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD in

FrenchMontbéliarde. The frequency of𝛽-LG A and B alleles were 0.52 and 0.48 in Dutch Hol-

stein Friesian, respectively (Bijl et al., 2014a) , whereas the frequencies were 0.44 and 0.55

in French Montbéliarde, respectively (Chapter 3). Since 𝛼௦ଵ-CN-8P is affected by 𝛽-LG geno-
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types in both breeds, I used 𝛼௦ଵ-CN-8P as an example to assess if the small difference in the

frequencies of𝛽-LG genotypes between the breeds contributes to the difference in heritabil-

ity estimates between the two breeds. After adjusting for the 𝛽-LG genotypes for estimating

the inter-herd heritability in both breeds, the heritability estimate decreased from 0.84 to

0.80 in FrenchMontbéliarde and from0.48 to 0.43 inDutchHolstein Friesian. These heritabil-

ity estimates are still different, indicating that the difference between the two breeds for this

trait can only partly be explained by differences in 𝛽-LG allele frequencies. As the reported

effect of the 𝛽-LG BB genotype on 𝛽-LG concentration for French Montbéliarde (Chapter 3)

was about 1.5 times larger than the one reported for Dutch Holstein Friesian (Heck et al.,

2009), it might be possible that 𝛽-LG genotypes in both breeds are linked with one or mul-

tiple variants that also affect individual 𝛼௦ଵ- and 𝛼௦ଶ-CN isoforms and their phosphorylation

degrees (Ganai et al., 2009; Bedere and Bovenhuis, 2017). Hence, the differences between

the effects of 𝛽-LG genotypes on individual 𝛼௦ଵ- and 𝛼௦ଶ-CN isoforms, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN

PD in the two breeds could be due to the differences between the two breeds in the frequen-

cies of such linked variants. Obtaining genotypes of these variants in both breeds can help

to provide insight into the differences in the effects of 𝛽-LG genotypes on 𝛼௦ଵ- and 𝛼௦ଶ-CN

phosphorylation between the two breeds. To conclude, breed differences can be the results

of either differences in allele frequencies of genes affecting the traits of interest or differ-

ences in allele frequencies of one or multiple linked variants, thus, their effects might vary

across breeds and populations due to differences in linkage disequilibrium. These breed dif-

ferences contribute to the differences in estimated genetic parameters and can be extended

to the differences in estimated correlations across studies.

6.2 Phosphorylation of 𝛼s1- and 𝛼s2-CN

In this thesis, we explored the relations between individual𝛼௦ଵ- and𝛼௦ଶ-CN phosphorylation

isoforms in FrenchMontbéliarde and Dutch Holstein Friesian. In Chapter 2, based on pheno-

typic correlations between individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms in French

Montbéliarde, we show that at least two different regulatory systems are responsible for

phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN. One system might be involved in regulating isoforms

with a lower degree of phosphorylation (𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P, and 𝛼௦ଶ-CN-11P), whereas

another system favors a higher degree of phosphorylation (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, 𝛼௦ଶ-CN-

13P, and 𝛼௦ଶ-CN-14P). This hypothesis agrees with Bijl et al. (2014a), who showed that two

different chromosomal regions are associated with 𝛼௦ଵ-CN-8P and 𝛼௦ଵ-CN-9P concentration,

respectively. In Dutch Holstein Friesian, the negative phenotypic and genetic correlations of

𝛼௦ଵ-CN-9P with 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P are also observed, suggesting an antagonistic

regulation between 𝛼௦ଵ-CN phosphorylated at a higher degree and 𝛼௦ଶ-CN phosphorylated

at a lower degree. (Chapter 4). Furthermore, the highly positive phenotypic and genetic

correlations between 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD show that the phosphorylation of 𝛼௦ଵ- and

𝛼௦ଶ-CN are related (Chapter 4). I will discuss possible mechanisms for regulating the phos-

phorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN in the following section.

Regulatory systems of casein phosphorylation. In Chapter 5, we showed three major

genomic regions that influence the phosphorylation degrees of𝛼௦ଵ- and𝛼௦ଶ-CN on BTA1 har-
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boring SLC37A1 (a phosphorus antiporter), BTA11 harboring the gene for 𝛽-LG, and BTA14

harboring DGAT1 in Dutch Holstein Friesian. The estimated genotype effects of SNP BTB-

00068200 (BTA1), 𝛽-LG variants A and B, and DGAT1 K232A support twomain regulatory sys-

tems of 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation (see Table 5.2). The effects of SNP BTB-00068200

and DGAT1 on 𝛼௦ଵ-CN-9P are in the opposite direction of their effects on 𝛼௦ଶ-CN-10P and

-11P, suggesting that the regions on BTA1 and BTA14 contribute to an antagonistic regulation

between 𝛼௦ଵ-CN phosphorylated at a higher degree and 𝛼௦ଶ-CN phosphorylated at a lower

degree. Contrastingly, the effects of 𝛽-LG on 𝛼௦ଵ-CN-8P are in the same direction as its ef-

fects on 𝛼௦ଶ-CN-10P and -11P, but no effects were detected on 𝛼௦ଵ-CN-9P and 𝛼௦ଶ-CN-12P,

suggesting that the region on BTA11 is only involved in the regulation of 𝛼௦ଵ- and 𝛼௦ଶ-CN

isoforms with a lower degree of phosphorylation. Taken together, these results support the

hypothesis proposed in Chapter 2 that one regulatory system ismore effective than the other

depending on the individual cow, meaning either 𝛼௦-CN isoforms phosphorylated at lower

degreeswould bemore abundant than those phosphorylated at higher degrees or vice versa.

The actual roles of SLC37A1, 𝛽-LG and DGAT1 in 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation in

Dutch Holstein Friesian require further investigation. Our results from Chapter 5 suggest

that effects of identified genomic regions on 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD are probably due to

changes in milk synthesis and phosphorus secretion in milk probably because different path-

ways of milk production, including milk protein synthesis and phosphorus secretion in milk,

are interrelated. In support of this hypothesis, we show in Chapter 5 that SNP BTB-00068200

(BTA1) affects𝛼௦ଵ-CN PD,𝛼௦ଶ-CN PD andmainly inorganic phosphorus but not the amount of

phosphate groups attached to caseins. Dietary phosphorus in cow’s feed usually exceeds the

requirements of the recommendation in the Netherlands (Valk et al., 2002). phosphorus-de-

ficient cows could improve our understanding of the effect of changes in phosphorus output

on 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation, as phosphorus-deficient cows show decreased phos-

phorus output in milk (Valk et al., 2002). Therefore, comparing milk composition of cows

before phosphorus deficiency and after, especially the phosphorylation degrees of 𝛼௦ଵ- and

𝛼௦ଶ-CN and phosphorus distribution in milk (milk serum, casein micelles, phosphate groups

attached to caseins, etc.), might provide insight into the impact of a change in phosphorus

output in milk on 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation.

Casein kinases. Fam20C was recently discovered as the kinase that phosphorylates se-

cretory pathway proteins with Ser-X-Glu/pSer motifs (X represents any amino acid residue,

and p indicates phosphorylation) including caseins in milk as well as several other proteins

implicated in biomineralization (Tagliabracci et al., 2012). The FAM20C gene is located be-

tween 43.86 to 43.90 Mbp (BTAU 4.0) on BTA25. However, our GWAS did not detect a QTL

signal for individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms, 𝛼௦ଵ-CN PD or 𝛼௦ଶ-CN PD at

that position, suggesting that no FAM20C variants segregate in the Dutch Holstein Friesian

population or their effects are too small to be detected (Chapter 5). All caseins belong to

the secretory calcium-binding phosphoprotein gene family, which includes bone, tooth, milk

and salivary proteins that are involved in many aspects of the control of biomineralisation

(Kawasaki et al., 2011), and Fam20C is ubiquitously expressed at high levels in mineralized

tissues and in mammary gland (Nalbant et al., 2005; Wang et al., 2010; Hao et al., 2007; Lizio

et al., 2015). As such, Fam20C is a good candidate for the kinase that phosphorylates caseins

physiologically as it has been shown to be secreted and present in milk (Tagliabracci et al.,
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2012). Interestingly, for 𝛼௦ଶ-CN to be able to carry more than 12 phosphate groups, Fam20C

would have to phosphorylate threonine residues located among the 2 Thr-X-Asp and 4 Thr-

X-Glu motifs as only 12 serine residues are available in the 𝛼௦ଶ-CN protein sequence (see

Figure 1.2, consensus motif as Ser/Thr-X-Glu/pSer/Asp; (Mercier, 1981; Meggio et al., 1988;

Lasa-Benito et al., 1996). Threonine in Thr-X-Glu motifs has been shown phosphorylated in

caprine, human, and equine𝛽-CNwhen they are phosphorylated at the highest level (Green-

berg et al., 1984; Neveu et al., 2002; Matéos et al., 2010). However, Thr-X-Asp/Glu motifs

have not been proven as substrates of Fam20C. This suggests that another kinase would

be responsible for phosphorylating Thr-X-Asp/Glu motifs. Additional indication for the exis-

tence of another kinase is 𝛼௦ଵ-CN-9P that carries an extra phosphorylated serine at Ser41 in

the Ser-X-Asp motif of the mature peptide chain (Manson et al., 1977). Also this Ser-X-Asp

motif has not been proven as substrate of Fam20C. Furthermore, results from previous stud-

ies attempting to purify kinases from the Golgi-enriched fraction of the lactating mammary

gland suggest the existence of two related, but distinct, kinase activities (Brooks, 1989; Dun-

can et al., 2000). Taken together, the hypothesis of two kinases phosphorylating caseins can

explain the two main regulatory systems proposed in this thesis. It cannot be excluded that

Fam20C has broader substrate specify as shown by Tagliabracci et al. (2015). However, the

new recognition motifs detected in that study exist rarely in protein sequences of caseins

and do not include Thr-X-Asp/Glu motifs. Identifying phosphorylation sites of 𝛼௦ଶ-CN using

LC-MS/MS can provide more information about substrate specificity of casein-phosphorylat-

ing kinases. Additionally, studying the substrate specificity of Fam20C and its role in casein

phosphorylation can also provide insight into the phosphorylation mechanisms of caseins.

To confirm if Fam20C phosphorylates Ser in the Ser-X-Aspmotif in 𝛼௦ଵ-CN, one approach can

be the incubation of Fam20C with recombinant (non-phosphorylated) 𝛼௦ଵ-CN produced by

Escherichia coli and subsequently examine if Ser in the Ser-X-Asp motif is phosphorylated

by Fam20C after incubation. Another approach is to establish an in vitro model system suit-

able for studying the role of Fam20C in casein phosphorylation. An ideal in vitro model is a

cell line that expresses and secretes both Fam20C and phosphorylated caseins. In this way,

generating Fam20C-knock-out cells and analyzing the phosphorylation profiles of the caseins

secreted from the knock-out cells can provide insight into the role of Fam20C in casein phos-

phorylation.

6.3 Canphosphorylationdegreesof𝛼s1- and𝛼s2-CN

be predicted using genotype information?

Studying the variation in the phosphorylationdegrees of𝛼௦ଵ- and𝛼௦ଶ-CNmayhave an impact

through two avenues. Firstly, it will improve our fundamental knowledge of the biological

processes in the synthesis of milk proteins. Secondly, the change of the phosphorylation de-

grees of 𝛼௦ଵ- and 𝛼௦ଶ-CN might have impact on milk technological properties according to

previous studies (Frederiksen et al., 2011; Jensen et al., 2012; Bijl et al., 2014b). The evi-

dence is currently limited, and it requires further research to identify potential benefits for

the dairy industry. As 𝛼௦ଵ- and 𝛼௦ଶ-CN are more highly phosphorylated and possess multiple

phosphoserine clusters than 𝛽- and 𝜅-CN, they may be more relevant for stabilizing internal
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micellar structure (Dalgleish and Corredig, 2012; Huppertz et al., 2017). Furthermore, when

comparing the micelle structure between African elephant (milk contains only 𝛽- and 𝜅-CN)

and cow, the elephant micelles seem to be less stable and more easily disturbed than the

cow micelles, suggesting phosphoserine clusters of 𝛼௦ଵ- and 𝛼௦ଶ-CN are highly relevant for

stabilizing calcium phosphate nanoclusters (Madende, 2017). Thus, investigating relations

between phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN and micelle structure could provide a

better understanding of the role of the phosphorylation degree in the formation of casein

micelles and the potential impact on milk technological properties. To do this, the next step

could be comparing micelle properties from cows that produce milk with contrasting phos-

phorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN. Furthermore, comparing transcriptome profiles of

cows exhibiting contrasting phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN could help to iden-

tify genes that contribute to the regulation of𝛼௦ଵ- and𝛼௦ଶ-CN phosphorylation. As described

above, we detected threemajor genomic regions on BTA1, 11 and 14 that influence the phos-

phorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN in Dutch Holstein Friesian. This information could

be used to pre-select cows based on their genotypes of markers for further studies, so that

it is not needed to analyze milk protein composition in a new large population for selecting

contrasting phenotypes. Furthermore, costs of protein analyses and genotyping are similar,

but genotypic is less time consuming compared to proteomic tools. I will show here if it is

possible to pre-select Dutch Holstein Friesian cows based on their genotypes of SNP BTB-

00068200, 𝛽-LG variants A and B, and DGAT1 K232A.

Phosphorylation profiles of 𝛼௦ଵ- and 𝛼௦ଶ-CN vary considerably between cows as shown

in Chapter 2 and 4 (illustrated in Figure 6.2). The principal component analysis of phospho-

rylation profiles of 𝛼௦ଵ- and 𝛼௦ଶ-CN in Dutch Holstein Friesian shows that the first principal

component explaining about 57% of the variation represents the phosphorylation degrees of

𝛼௦ଵ- and 𝛼௦ଶ-CN, and the second principal component explaining about 18% of the variation

represents 𝛼௦ଶ-CN production (Figure 6.3A). Here, I used histograms of 𝛼௦ଶ-CN PD of individ-

ual cows for illustrating that distinguishing contrasting phosphorylation degrees based on a

cow’s genotypes of SNP BTB-00068200, 𝛽-LG variants A and B, and DGAT1 K232A is difficult

(Figure 6.3B-D). This is expected as these three markers explain together 20-25% of the ad-

ditive genetic variance of 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD (Chapter 5). Therefore, analyzing milk

protein composition is still required for searching cows exhibiting contrasting phosphoryla-

tion degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN in a different Dutch Holstein Friesian population for future

studies. An alternative is to study whether phosphorylation degrees can be predicted with

50K SNP or 777K SNP using genomic prediction methods as they also contain markers that

explain small parts of the genetic variation (Meuwissen et al., 2001).
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(A) 

(B) 

Figure 6.2. Distinct 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation profiles of two Dutch Holstein-Friesian

(A) and two French Montbéliarde (B) cows. Cows correspond to the 5% and 95% quantile of

the mahalanobis distance calculated based on their phosphorylation profiles.
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Figure 6.3. (A) Principal component analysis of phosphorylation profiles of 𝛼௦ଵ- and 𝛼௦ଶ-CN

in Dutch Holstein Friesian. Histogram of 𝛼௦ଶ-CN PD of Dutch Holstein-Friesian cows grouped

by their genotypes of SNP BTB-00068200 (B), β-LG variants A and B (C) and DGAT1 K232A

(D). 𝛼௦ଶ-CN PD= 𝛼௦ଶ-CN-12P / ( 𝛼௦ଶ-CN-10P+ 𝛼௦ଶ-CN-11P+ 𝛼௦ଶ-CN-12P) x 100.
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6.4 Concluding remarks

In this thesis, I characterized the phosphorylation profiles of 𝛼௦ଵ- and 𝛼௦ଶ-CN and showed

that considerable phenotypic and genetic variation exist in individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phos-

phorylation isoforms and the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN in two dairy cattle

breeds. The relations between individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and ge-

nomic regions detected for individual isoforms and the phosphorylation degrees of 𝛼௦ଵ- and

𝛼௦ଶ-CN suggest two main regulatory systems for phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN, pro-

viding insight in how phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN is regulated.
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Phosphorylation of caseins (CN) is a crucial post-translational modification that allows

caseins to interact with calcium phosphate to form large colloidal structures called casein

micelles. The formation and stability of casein micelles are highly relevant to transportation

of abundant minerals to the neonate andmanufacturing of dairy products. Therefore, it is of

great interest to explore variation in degrees of phosphorylation of caseins, in particular 𝛼௦ଵ-

and 𝛼௦ଶ-CN which are highly phosphorylated, and study to what extent genetic and other

factors contribute to this variation. This thesis aimed to investigate the genetic background

of bovine milk protein composition with a focus on the phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN.

For this purpose, two studies were conducted to quantify phosphorylation levels of 𝛼௦ଵ- and

𝛼௦ଶ-CN: one in French Montbéliarde using liquid chromatography coupled with electrospray

ionization mass spectrometry (LC/ESI-MS; Chapter 2 and 3) and the other in Dutch Holstein

Friesian using capillary zone electrophoresis (CZE; Chapter 4). Additionally, genomic regions

associated with individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation isoforms and their phosphory-

lation degrees were identified in Dutch Holstein Friesian (Chapter 5).

The first study in FrenchMontbéliarde consists two parts. Firstly, Chapter 2 describes the

characterization of the bovine 𝛼௦ଵ-CN and 𝛼௦ଶ-CN phosphorylation profile using LC-ESI/MS.

Three new phosphorylation isoforms were detected: 𝛼௦ଶ-CN-9P, 𝛼௦ଶ-CN-14P, and 𝛼௦ଶ-CN-

15P, in addition to the known isoforms 𝛼௦ଵ-CN-8P, 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-10P, 𝛼௦ଶ-CN-11P, 𝛼௦ଶ-

CN-12P, and 𝛼௦ଶ-CN-13P. Relative concentrations of individual 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphoryla-

tion isoforms varied considerably among cows. Phenotypic correlations show that isoforms

phosphorylated at higher degrees (i.e. 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, and 𝛼௦ଶ-CN-13P and 𝛼௦ଶ-CN-

14P) correlated negatively with isoforms phosphorylated at lower degrees (i.e. 𝛼௦ଵ-CN-8P,

𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P). Secondly, Chapter 3 investigates to what extent genetic and

other factors contribute to the variation in relative concentrations of individual 𝛼௦ଵ- and 𝛼௦ଶ-

CN phosphorylation isoforms and the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN (𝛼௦ଵ-CN

PD and 𝛼௦ଶ-CN PD) defined as the proportion of isoforms phosphorylated at higher degrees

in total 𝛼௦ଵ- and 𝛼௦ଶ-CN, respectively. The 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation profile showed

changes across parity and lactation, and exploitable genetic variation for the phosphoryla-

tion degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN exists in the French Montbéliarde. Furthermore, the 𝛽-CN I

variant is associated with a greater proportion of isoforms phosphorylated at lower degrees

(𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P and 𝛼௦ଶ-CN-11P); the 𝛽-CN B variant is associated with a greater

proportion of isoforms phosphorylated at higher degrees (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P, and 𝛼௦ଶ-

CN-13P and 𝛼௦ଶ-CN-14P). The second study in Dutch Holstein Friesian also consists of two

parts. Firstly, Chapter 4 describes the characterization of the bovine 𝛼௦ଶ-CN phosphorylation

profile using CZE and estimation of genetic parameters for individual𝛼௦ଶ-CN phosphorylation

isoforms,𝛼௦ଵ-CN PD and𝛼௦ଶ-CN PD. Three𝛼௦ଶ-CN isoforms, namely𝛼௦ଶ-CN-10P,𝛼௦ଶ-CN-11P,

𝛼௦ଶ-CN-12P, and the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN were quantified. High in-

tra-herd heritabilites for individual 𝛼௦ଶ-CN phosphorylation isoforms (0.54 to 0.89), 𝛼௦ଵ-CN

PD (0.78) and 𝛼௦ଶ-CN PD (0.64) suggest that genetic factors contribute substantially to ob-

served differences in 𝛼௦ଵ- and 𝛼௦ଶ-CN phosphorylation profiles and the phosphorylation pro-

cess. Furthermore, the strong positive genetic correlation between 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN

PD (0.94) suggests that the phosphorylation degrees of 𝛼௦ଵ-CN and 𝛼௦ଶ-CN are related. Sec-

ondly, in Chapter 5, the genome-wide association study reveals a total of 10 chromosomal

regions that were associated with relative concentrations of individual 𝛼௦ଶ-CN phosphory-
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lation isoforms and the phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN. These regions were

distributed across chromosome 1, 2, 6, 9, 11, 14, 15, 18, 24 and 28. Regions associated with

multiple traits were found on chromosome 1, 6, 11, and 14. Two quantitative trait loci (QTL)

regions were detected on BTA1: one affecting 𝛼௦ଶ-CN production, and the other affecting

𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. The QTL region on BTA6 affected only individual 𝛼௦ଶ-CN isoforms.

TheQTL regions on BTA11 and 14 affected relative concentrations of𝛼௦ଶ-CN-10P and𝛼௦ଶ-CN-

11P, 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD. Results suggested that effects of identified genomic regions

on 𝛼௦ଵ-CN PD and 𝛼௦ଶ-CN PD are probably due to changes in milk synthesis and phosphorus

secretion in milk.

Chapter 6 is the general discussion. The first part addresses the effects of the differ-

ences among studies, such as analytical methods, trait definitions, and breed differences

on estimated genetic parameters and correlations using dataset from the two studies de-

scribed in this thesis. Analyzing the same milk samples using LC/ESI-MS and CZE show that

the measurements of 𝛼௦ଵ-CN-8P and -9P, 𝛼௦ଶ-CN-10P, -11P and -12P, and 𝛼௦ଵ-CN PD were

similar between two analytical methods. For these traits, it was assumed that differences in

heritability estimates between French Montbéliarde and Dutch Holstein Friesian were due

to breed differences, which might be due to differences in allele frequencies. For 𝛼௦ଶ-CN

PD, it was defined as (𝛼௦ଶ-CN-12P + 𝛼௦ଶ-CN-13P + 𝛼௦ଶ-CN-14P) / (𝛼௦ଶ-CN-10P+ 𝛼௦ଶ-CN-11P+

𝛼௦ଶ-CN-12P+ 𝛼௦ଶ-CN-13P+ 𝛼௦ଶ-CN-14P) in French Montbéliarde and as 𝛼௦ଶ-CN-12P / (𝛼௦ଶ-

CN-10P+ 𝛼௦ଶ-CN-11P+ 𝛼௦ଶ-CN-12P) in Dutch Holstein Friesian. When comparing phenotypic

correlations of 𝛼௦ଶ-CN PD with other traits using both definitions in French Montbéliarde, it

is shown that both trait definitions successfully quantified the proportion of isoforms phos-

phorylated at lower degrees because of the observed similarity in estimated correlations.

Furthermore, when using the same trait definition, the phenotypic correlations among traits

in French Montbéliarde became similar or closer to the phenotypic correlations in Dutch

Holstein Friesian with some exceptions, which might be due to breed differences.

The second part of the general discussion concentrates on possible mechanisms regulat-

ing the phosphorylation of 𝛼௦ଵ- and 𝛼௦ଶ-CN. The effects of SNP BTB-00068200 and DGAT1 on

𝛼௦ଵ-CN-9P are in the opposite direction of their effects on 𝛼௦ଶ-CN-10P and -11P, suggesting

that the regions on chromosome 1 and 14 contribute to an antagonistic regulation between

𝛼௦ଵ-CN phosphorylated at a higher degree and 𝛼௦ଶ-CN phosphorylated at a lower degree.

Contrastingly, the effects of 𝛽-LG on 𝛼௦ଵ-CN-8P are in the same direction as its effects on

𝛼௦ଶ-CN-10P and -11P, but no effects were detected on 𝛼௦ଵ-CN-9P and 𝛼௦ଶ-CN-12P, suggest-

ing that the region on chromosome 11 is only involved in the regulation of 𝛼௦ଵ- and 𝛼௦ଶ-CN

isoforms phosphorylated at lower degrees. These results indicate that either𝛼௦ଵ- and𝛼௦ଶ-CN

isoforms phosphorylated at lower degrees would be more abundant than those phosphory-

lated at higher degrees or vice versa. One possible hypothesis is a two-casein-kinase system,

meaning one kinase is responsible for forming isoforms phosphorylated at lower degrees,

and the other one is responsible for forming isoforms phosphorylated at higher degrees.

The last part of the general discussion is about the relevance of findings described in

the thesis for further research. For a better understanding of the role of the phosphoryla-

tion degree in the formation of casein micelles and identifying the potential impact on milk

technological properties, comparing micelle properties from cows that produce milk with

contrasting phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN can provide an insight into relations
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between phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN andmicelle structure. To achieve this,

it is shown that analyzingmilk protein composition on a large scale is still required for search-

ing cows exhibiting contrasting phosphorylation degrees of 𝛼௦ଵ- and 𝛼௦ଶ-CN because using

three genetic markers identified in this thesis is not sufficient to predict phosphorylation de-

grees of 𝛼௦ଵ- and 𝛼௦ଶ-CN in Dutch Holstein Friesian.
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La phosphorylation des caséines (CN) est une modification post-traductionnelle qui per-

met à ces protéines d’interagir avec le phosphate de calcium pour former des structures

colloïdales appelées micelles. La stabilité de ces structures est essentielle pour assurer au

nouveau-né un apport de quantités importantes de minéraux et à la fabrication de pro-

duits laitiers. Il est par conséquent fondamental d’explorer la variation du degré de phos-

phorylation (PD) des CN 𝛼௦ଵ et 𝛼௦ଶ dont le niveau de phosphorylation est le plus élevé, et

d’étudier dans quelle mesure les facteurs génétiques, notamment, contribuent à cette varia-

tion. Cette thèse visait à étudier le contexte génétique de la composition des protéines du lait

de vache, en mettant l’accent sur la phosphorylation des CN 𝛼௦ଵ et 𝛼௦ଶ. Deux études ont été

menées pour analyser leur niveau de phosphorylation : la première en race Montbéliarde

française, en utilisant la chromatographie liquide couplée à la spectrométrie de masse à ion-

isation par électro-nébulisation (LC-ESI-MS) et l’autre en race Holstein Friesian néerlandaise,

en utilisant l’électrophorèse capillaire de zone (CZE). En race Montbéliarde française, en

plus des isoformes connues : 𝛼௦ଵ-CN-8P, 𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-10P, 𝛼௦ଶ-CN-11P, 𝛼௦ଶ-CN-12P

et 𝛼௦ଶ-CN-13P, trois nouvelles isoformes de phosphorylation ont été détectées (𝛼௦ଶ-CN-9P,

𝛼௦ଶ-CN-14P et 𝛼௦ଶ-CN-15P). Les concentrations relatives des isoformes de phosphorylation

variaient considérablement entre vaches. Les corrélations phénotypiques ont montré que

les isoformes phosphorylées aux degrés les plus élevés (𝛼௦ଵ-CN-9P, 𝛼௦ଶ-CN-12P et 𝛼௦ଶ-CN-

13P et 𝛼௦ଶ-CN-14P) étaient corrélées négativement avec les isoformes phosphorylées à des

degrés inférieurs (𝛼௦ଵ-CN-8P, 𝛼௦ଶ-CN-10P et -11P). En outre, les profils de phosphorylation

des CN 𝛼௦ଵ et 𝛼௦ଶ changent avec la parité et le stade de lactation, et il est possible d’ex-

ploiter en race française Montbéliarde la variation génétique du PD de ces caséines (définie

comme la proportion d’isoformes ayant les taux de phosphorylation les plus élevés). En race

Holstein Friesian néerlandaise, nous avons quantifié 3 isoformes d’𝛼௦ଶ-CN, à savoir 𝛼௦ଶ-CN-

10P, -11P, et -12P et les PD des CN 𝛼௦ଵ et 𝛼௦ଶ. Des héritabilités intra-troupeau élevées ont

été estimées pour les isoformes de phosphorylation d’𝛼௦ଶ-CN et les PD des CN 𝛼௦ଵ et 𝛼௦ଶ
(comprise entre 0,54 et 0,89). Ceci suggère que des facteurs génétiques contribuent sub-

stantiellement aux différences observées dans les profils de phosphorylation de ces CN. De

plus, le degré de phosphorylation de 𝛼௦ଵ-CN est fortement corrélé à celui de 𝛼௦ଶ-CN (0,94),

et les régions génomiques associées aux isoformes de phosphorylation des CN 𝛼௦ଵ et 𝛼௦ଶ
et leurs PD ont été identifiés en race Holstein Friesian néerlandaise. Nous avons montré

que 10 régions réparties sur les autosomes BTA 1, 2, 6, 9, 11, 14, 15, 18, 24 et 28 étaient

associées à des concentrations relatives d’isoformes de phosphorylation de l’𝛼௦ଶ-CN et au

PD des CN 𝛼௦ଵ et 𝛼௦ଶ. Les régions sur BTA1, 6, 11 et 14 étaient associées à plusieurs carac-

tères étudiés. Deux régions QTL ont été détectées sur BTA1 : l’une affectant la production

d’𝛼௦ଶ-CN et l’autre le PD des deux CN. La région QTL localisée sur BTA6 affectait uniquement

les isoformes d’𝛼௦ଶ-CN. Les régions QTL situées sur BTA11 et BTA14 influencent les concen-

trations relatives en 𝛼௦ଶ-CN-10P et -11P, et les PD des CN 𝛼௦ଵ et 𝛼௦ଶ. Ces résultats suggèrent

que les effets des régions génomiques identifiées impactant les PD sont probablement dus

à des modifications de biosynthèse des constituants du lait et à la sécrétion de phosphore

dans le lait. Enfin, les différences observées sur les paramètres génétiques estimés et les

corrélations, sont discutées sur la base de l’ensemble des données issues des deux études

décrites dans cette thèse. En conclusion, les différences observées sur les estimations d’héri-

tabilité entre les races Montbéliarde française et Holstein Friesian néerlandaise semblent
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principalement dues à des composantes génétiques. Quant au PD de l’𝛼௦ଶ-CN, il a été défini

différemment en race Montbéliarde française et en race Holstein Friesian néerlandaise, en

raison des méthodes analytiques mises en oeuvre. Il a été possible de quantifier avec suc-

cès la proportion d’isoformes présentant des degrés de phosphorylation élevés, en raison de

la similitude observée dans les corrélations estimées avec les deux définitions appliquées à

l’ensemble des données de la race Montbéliarde française. Finalement, sur la base des ré-

sultats présentés dans cette thèse, nous avons émis l’hypothèse qu’un système comportant

deux caséines-kinases puisse être impliqué dans la phosphorylation des CN 𝛼௦ଵ et 𝛼௦ଶ.
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