N
N

N

HAL

open science

The genetic background of bovine asl- and as2-casein
phosphorylation
Zih-Hua Fang

» To cite this version:

Zih-Hua Fang. The genetic background of bovine asl- and as2-casein phosphorylation.
genetics. Institut agronomique, vétérinaire et forestier de France; Wageningen Universiteit en Re-

searchcentrum (Wageningen, Nederland), 2017. English. NNT: 2017TAVF0020 . tel-02879335

HAL Id: tel-02879335
https://pastel.hal.science/tel-02879335

Submitted on 23 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Animal


https://pastel.hal.science/tel-02879335
https://hal.archives-ouvertes.fr

%) agreenium ggpPapisTech J, voosnneEn

I'institut agronomique,
vétérinaire & forestier
de France

NNT : 2017IAVF0020

THESE DE DOCTORAT

préparée a |’ Institut des sciences et industries du vivant et de I’environnement (AgroParisTech)

pour obtenir le grade de

Docteur de I’Institut agronomique, vétérinaire et forestier de France
Spécialité : Génétique Animale

Ecole doctorale n°581
Agriculture, alimentation, biologie, environnement et santé (ABIES

par

Zih-Hua FANG

The genetic background of bovine

as- and ag-casein phosphorylation

Directeur de thése : Patrice MARTIN
Co-encadrement de la thése : Marleen VISKER

Thése présentée et soutenue a AgroParisTech 16 Rue Claude Bernard, 75005 Paris,
le 15 Decembre 2017:

Composition du jury :

M. Etienne VERRIER, Professor, AgroParisTech - UMR GABI Président
Mme Lotte BACH LARSEN, Professor, Aarhus University Rapporteur
M. Tiny Van BOEKEL, Professor, Wageningen University & Research Rapporteur
M. Fabio PILLA, Professor, Universita degli Studi del Molise Rapporteur/ Examinateur
M. Laurent SCHIBLER, Directeur de Recherche, Allice Examinateur
M. Henk BOVENHUIS, Professor, Wageningen University & Research Co-Directeur de thése
Mme Marleen VISKER, Researcher, Wageningen University & Research Co-Directrice de these
INRA-UMR 1313 GABI Animal Breeding and Genomics

Domaine de Vilvert, F-78352 Jouy en Josas, France Droevendaalsesteeg 1,6708 PB, Wageningen, NL






Contents

Chapter 1 General Introduction

Chapter 2 The relationships among bovine a,-casein phosphorylation isoforms suggest
different phosphorylation pathways

Chapter 3 Genetic and nongenetic factors contributing to differences in o -casein phos-
phorylation isoforms and other major milk proteins

Chapter4 Genetic parameters for o ;- and a,,-casein phosphorylation isoforms in Dutch
Holstein Friesian

Chapter 5 Genome-wide association study for ;- and a,-casein phosphorylation in
Dutch Holstein Friesian

Chapter 6 General Discussion
Summary
Acknowledgments/Remerciements
Curriculum vitae

Abstract

Résumé

19

37

63

83

103

119

123

126

134

135






Chapter 1

General Introduction






1. General Introduction

Protein phosphorylation regulates nearly every aspect of cell life, including disease states,
by altering the structural confirmation of proteins to activate, deactivate or modify their func-
tion. Caseins from cows’ milk are the well-studied group of phosphoproteins and play an im-
portant 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 allows ca-
seins 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 minerals 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 stability 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 a,,- and a,,-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 a;- and a,,-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 [a-lactalbumin (a-LA) and S-lactoglobulin (8-LG)] and the four caseins
(ag1-, agp-, B-, and k-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 ag,-, a,-, B-, and k-CN occur 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. Moreover, 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, a-LA and -LG are soluble at
pH=4.6. The 5-LG is the most abundant whey protein in cows’ milk, accounting for around 10%
of total protein or 50% of whey proteins. The a-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-phase methods (Visser et al., 1991; Bobe et al., 1998; Bordin
et al., 2001; Bonfatti et al., 2008), capillary zone electrophoresis (de Jong et al., 1993; Recio et
al., 1997; Heck et al., 2008), and liquid chromatography coupled with mass spectrometry (LC-
MS; Léonil et al., 1995). In general, gel-based methods are less suitable for quantifying milk
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protein composition on a large scale due to the difficulty in automation, poor dynamic range
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 includ-
ing 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 variation
in the content of different milk proteins, numerous genetic variants, and isoforms with different
degrees of post-translational modifications such as glycosylation of k-CN and phosphorylation
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 encoding ca-
seins are clustered within a 250 kb region on chromosome 6 with the following order: a,-, -,
a,,-, and k-CN (Threadgill and Womack, 1990). The gene encoding a-LA is located on chromo-
some 5 (Hayes et al., 1993), and the one encoding -LG is located on chromosome 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 transcription level, and may result in dif-
ferent levels of expression and different amounts of proteins. When non-synonymous changes
occur in coding regions, this will result in amino acid substitutions. 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, a,,-CN is monomorphic for the A variant, and a-LA
is monomorphic for the B variant. The important functional role of a-LA in lactose biosynthesis
suggests that less genetic variation of this protein is allowed. Furthermore, a;;-CN B, f-CN Al
and A2, k-CN A and B, and -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

as1-CN A,B,C,D,E,FG,H,]I

as,-CN A,B,C,D

[-CN Al1,A2,A3,B,C,D,E,FG,H,IJ

K-CN A B,B2,CDE F1,F2,G1,G2,H,1IJ KL
a-LA A B C D

[-LG A,B,B* C,D,Dr,EFG,H,IIJ W

(Visker et al., 2012; Martin et al., 2013)
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Genetic variants may affect cheese-making properties of milk (Bittante et al., 2012), either
through changed protein structure (e.g. a4,-CN A) or through changed casein content (e.g. -
LG B) or composition (e.g. k-CN B). The a,;-CN A variant is a variant with a deletion of 13 amino
acid residues compared to the a,,-CN B variant. This deletion reduces the hydrophobicity of
this protein and is responsible for the loss of the primary cleavage site (F37-F38, see Figure1.2)
by chymosin. Milk containing a,,-CN A variant exhibits longer clotting time than milk containing
a,1-CN B variant (Coker et al., 1999). The 5-LG B variant is associated with higher casein content
(Bobe et al., 1999; Heck et al., 2009). Milk containing 5-LG B variant results in higher cheese
yield (Van Den Berg et al., 1992; Wedholm et al., 2006; Hallén et al., 2008). The k-CN B variant
is associated with a greater proportion of k-CN including glycosylated x-CN and smaller casein
micelle size (Bijl et al., 2014a; Bonfatti et al., 2014). Milk containing the k-CN B variant exhibits
shorter renneting time compared with milk containing the k-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 gly-
cosylation of k-CN, phosphorylation of all caseins, and disulphide bridging of a.,-CN and k-CN.
These post-translational modifications are crucial for micelle formation and stability as shown
inthe schematic representation of a casein micelle in Figure 1.1A. Although casein micelle struc-
tureis not fully elucidated, it is now well established that most of k-CN is present on the surfaces
of the micelles (Dalgleish et al., 1989). The highly hydrophilic part of k-CN (some are glycosy-
lated), 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 a
matrix of caseins and calcium phosphate nanoclusters (De Kruif and Holt, 2003). Besides glyco-
sylation and phosphorylation, another post-translational modification is the disulphide bond
formed between two cysteine residues in a,,-CN or k-CN. As a result, a,,-CN is present as
monomers or dimers, and k-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 ki-
nases (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 phosphory-
lated 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 a¢,-, @ ,- and S-CN are involved
in stabilizing calcium phosphate nanoclusters and enable micellar growth by crosslinking be-
tween 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 phosphory-
lation. The known phosphorylation sites of the different caseins are shown in Figure 1.2. The
a,1-CN possesses 2 phosphoserine clusters and has 2 common phosphorylation isoforms: ag;,-
CN-8P as the predominant form and a,,-CN-9P as the minor form (Farrell, Jr. et al., 2004). The
extra phosphorylated serine of a ,-CN-9P is present on Ser®® in the Ser-X-Asp motif (Manson
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Calcium phosphate
nanocluster

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 a- and [-caseins linked to
the calcium phosphate nanoclusters. The k-CN (the hairy layer) is on the outermost parts of
the surface. (B) Interaction between calcium phosphate nanoclusters and phosphopeptides of
caseins (Schmidt, 1982).

etal., 1977). The a,,-CN possesses 3 phosphoserine clusters and is present with isoforms from
10P to 13P (Farrell, Jr. et al., 2004), with a,,-CN-11P as the major form. Based on the amino
acid sequence of a,,-CN, 12 Ser and 6 Thr residues can be phosphorylated 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 a,,-CN (Imanishi et al., 2007; Baum et al., 2013).
The $-CN possesses only 1 phosphoserine cluster and is usually present with 5P and occasion-
ally with 4P. The k-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 k-CN are phosphorylated first in Ser'’? followed by Ser'*® (Holland and Boland, 2014). In
k-CN-B-3P, the additional phosphorylated residue is on Thr'®® (Holland et al., 2006).

10
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ds1-casein B

1
41
81

121
161l
201

MKLLILTCLV
APFPEVFGKE
SSSEEIVPNS
VPQLEIVPNS
YPELFRQFYQ
IGSENSEKTT

Osx-casein A

1
41
81

121
161
201

MKFFIFTCLL
MAINPSKENL
TEEVKITVDD
LNPWDQVKRN
VFTKKTKLTE
HQKAMKPWIQ

B-casein A2

1
41
81

121
161
201

MKVLILACLV
INKKIEKFQS
IPNSLPQONIP
HKEMPFPKYP
QPHQPLPPTV
PIQAFLLYQE

K-casein A

1
41
81

121
161

MMKSFFLVVT
DKIAKYIPIQ
YYAKPAAVRS
HPHLSFMAIP
ESTVATLEDS

AVALARPKHP
KVNELSKDIG
VEQKHIQKED
AEERLHSMKE
LDAYPSGAWY
MPLW

AVALAKNTME
CSTFCKEVVR
KHYQKALNET
AVPITPTLNR
EEKNRLNFLK
PKTKVIPYVR

ALALARELEE
EEQQQTEDEL
PLTQTPVVVP
VEPFTESQSL
MFPPQSVLSL
PVLGPVRGPF

ILALTLPFLG
YVLSRYPSYG
PAQILQWQVL
PKKNQDKTEI
PEVIESPPEI

IKHQGLPQEV
SESTEDQAME
VPSERYLGYL
GIHAQQKEPM
YVPLGTQYTD

HVSSSEESII
NANEEEYSIG
NQFYQKFPQY
EQLSTSEENS
KISQRYQKFA
YL

LNVPGEIVES
QDKIHPFAQT
PFLQPEVMGV
TLTDVENLHL
SQSKVLPVPQ
PIIV

AQEQNQEQPI
LNYYQQKPVA
SNTVPAKSCQ
PTINTIASGE
NTVQVTSTAV

LNENLLRFFV
DIKQMEAEST
EQLLRLKKYK
IGVNQELAYF
APSFSDIPNP

SQETYKQEKN
SSSEESAEVA
LQYLYQGPIV
KKTVDMESTE
LPQYLKTVYQ

LSSSEESITR
QSLVYPFPGP
SKVKEAMAPK
PLPLLQSWMH
KAVPYPQRDM

RCEKDERFFS
LINNQFLPYP
AQPTTMARHP
PTSTPTTEAV

Figure 1.2. Amino acid sequences of a4;-CN B, a,,-CN A, f-CN A2 and k-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 a4;-CN-9P, k-CN-2P and k-CN-3P are marked bold
and highlighted in yellow (Manson et al., 1977; Holland et al., 2006). For a,,-CN, not all the
phosphorylation sites are confirmed by experiments. The potential (theoretical) phosphoryla-
tion sites are marked in orange (Mercier, 1981).

1.3 Genomic regions involved in milk protein com-
position

Detailed milk protein composition contributes largely to the nutritional value and technological
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

11
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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 in milk protein composition 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 protein composition; her-
itability 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 pro-
duce milk with the desired composition is one possible way to modify detailed milk protein
composition. While genetic variation for the six major milk proteins has been reported, infor-
mation about genetic variation in phosphorylation of caseins is scarce. To date, only two studies
have reported heritability estimates for relative concentrations of a,,-CN-8P and a;-CN-9P in
Dutch Holstein Friesian (Bijl et al., 2014b), Danish Holstein and Danish Jersey (Buitenhuis et al.,
2016). Heritability estimates for a,,-CN phosphorylation isoforms have not been reported. The
limited number of studies reflects the technical difficulties for their quantification. Given the
substantial genetic variation in bovine milk protein composition, identifying genomic regions
responsible for this variation will increase our understanding of the biological mechanisms in-
volved 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 differ-
ent analytical methods (Schopen et al., 2011; Buitenhuis et al., 2016; Sanchez et al., 2016).
The main identified regions for milk protein composition are on chromosomes 6 where casein
gene cluster is located, 11 where the gene encoding (-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 a;-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; Jensen et al., 2012). Furthermore, finding genomic regions associ-
ated with different phosphorylation isoforms of caseins, in particular a,- and a,,-CN, might
help to understand the mechanism of phosphorylation of caseins. Up to now, only a single
study has reported QTL associated with ag;-CN-8P and a,-CN-9P (Bijl et al., 2014b), and there
is no information regarding QTL associated with individual a,,-CN phosphorylation isoforms.
Interestingly, Bijl et al. (2014b) showed that one QTL on BTA 11 is associated with a,,-CN-8P
concentration, and one QTL on chromosome 14 is associated with a,;-CN-9P concentration.
Consequently, they hypothesize that different sets of genes regulate the phosphorylation of
a41-CN-8P and a4;-CN-9P. Furthermore, Heck et al. (2008) reported strong phenotypic corre-
lations of a;-CN-9P with a,,-CN-10P and -11P, suggesting that phosphorylation of a,;- and
a,-CN might be related. However, the relations between a,,-CN phosphorylation isoforms as
well as the relations between a,;- and a,,-CN isoforms have not been reported.

12
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1.4 Aim and outline of this thesis

This thesis aimed to unravel the genetic background of bovine milk protein composition with
special emphasis on the phosphorylation of caseins. In Chapter 2, we quantified the variation in
a.1-and a,,-CN phosphorylation isoforms among milk of French Montbéliarde cows and quan-
tified 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 ag,- and a,,-CN phosphorylation isoforms and the phosphory-
lation degrees of ag;- and a,,-CN defined as the proportion of isoforms with higher degrees
of phosphorylation in total a,- and total a,,-CN, respectively. We also investigated associa-
tions of genetic variants of milk proteins and casein haplotypes with relative concentrations of
a.1- and a,,-CN phosphorylation isoforms and with the phosphorylation degrees of a.,- and
a,,-CN. In Chapter 4, we estimated genetic parameters for individual a,, - and a,,-CN phospho-
rylation isoforms in Dutch Holstein Friesian and the genetic correlations among these isoforms.
In Chapter 5, we performed a genome-wide association study in Dutch Holstein Friesian for a, -
and a,,-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 phosphorylation 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 casein micelles. Variation in phos-
phorylation degree of a,-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
a,-CN among milk of individual cows and to explore relationships among different phosphory-
lation isoforms of a,-CN. For this purpose, we analyzed morning milk samples from 529 French
Montbéliarde cows using Liquid Chromatography coupled with Electrospray lonization Mass
Spectrometry (LC/ESI-MS). We detected three new phosphorylation isoforms: a,,-CN-9P, -14P,
and -15P in bovine milk, in addition to the known isoforms a,,-CN-8P and -9P, and a,,-CN-
10P, -11P, -12P, and -13P. The relative concentrations of each a.-CN phosphorylation isoform
varied considerably among individual cows. Furthermore, the phenotypic correlations and hi-
erarchical clustering suggest at least two regulatory systems for phosphorylation of a,-CN: one
responsible for isoforms with lower levels of phosphorylation (a,,-CN-8P, a,,-CN-10P and -
11P), and another responsible for isoforms with higher levels of phosphorylation (a,;-CN-9P,
a,,-CN-12P, -13P and -14P). Identifying all phosphorylation sites of a.,-CN and investigating
the genetic background of different a,,-CN phosphorylation isoforms may provide further in-
sight into phosphorylation mechanism of caseins.

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



2. Phosphorylation of a,-Casein

2.1 Introduction

Detailed milk protein composition contributes largely to the nutritional value and technological
properties of milk. Casein accounts for about 80% of total protein in cow milk, and its content
and composition largely influence cheese manufacturing properties of milk (Hallén et al., 2008;
Wedholm, 2008; Caroli et al., 2009). Casein arises from the expression of 4 genes encoding 4
distinct polypeptide chains: a,-CN, a,,-CN, $-CN, and k-CN, of which the relative amounts in
milk are approximately at the ratio 4:1:4:1. Phosphorylation of caseins is an important post-
translational modification 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 phosphorylation (Mercier,
1981). This posttranslational modification allows caseins to interact with calcium phosphate to
form large colloidal structures called casein micelles. Phosphoserine clusters of a,;-CN, a,,-
CN, and S-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 a,;-CN, a,,-CN, $-CN, and k-CN are all phosphoproteins, they vary strikingly in
their degree of phosphorylation. In bovine milk, a;;-CN has 2 common phosphorylation iso-
forms: a,,-CN-8P and a4;-CN-9P; a,,-CN is present with isoforms from 10P to 13P, 5-CN is
usually present with 5P and occasionally with 4P, and x-CN is present with 1P to 2P and occa-
sionally with 3P (Farrell, Jr. et al., 2004; Holland and Boland, 2014). Exploring the variation in
phosphorylation degree of a,.-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). Phosphorylation degree of
a,,-CN was found negatively correlated with phosphorylation degree of a ,-CN (Heck et al.,
2008). Additionally, a,;-CN-8P and a,,-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 a,-CN among
milk of individual cows and to explore the relationships among different phosphorylation iso-
forms of a,-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-Sadne) to obtain a good representation of the variation in milk protein composition
from the current Montbéliarde 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 content in
milk (to increase milk content diversity). During autumn/winter (October-December, 2014)
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and spring/summer (April-July, 2015), fresh morning milk samples (25 mL) were preserved 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 available
and were used without further purification. Trifluoroacetic acid (TFA), urea, Bis-Tris, dithio-
threitol, and acetonitrile were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water
(Milli-Q Plus System, >18.3 MQcm) was produced in the laboratory.

Prior to LC/ESI-MS analysis, milk samples were skimmed by centrifugation at 2,500 X g for
20 min at 4°C. Skim milk samples (20 uL) were then clarified by adding 180 uL of 0.1 M Bis-
Tris buffer pH 8.0, containing 8 M urea, 1.3% trisodium citrate, and 0.3% dithiothreitol (Visser
et al.,, 1991). Next, 15 ulL of clarified milk samples were injected into a Discovery BIOWide
Pore (Supelco) C5 column (150 x 2.10 mm, 300A). 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 column was maintained at 42°C. The column’s mobile
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
t0 37.5% B in 14.9 min, from 37.5to 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 inter-
faced with an ESI-TOF mass spectrometer micrOTOF Il focus (Bruker Daltonics, Wissembourg,
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 (N,) pressure was maintained at 250 kPa and drying gas (N,) 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 Dalton-
ics). 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 determine reproducibility. In total, 58
aliquots of this reference sample were analyzed during the whole series of analyses.

2.2.3 Identification and quantification of milk 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 phospho-

rylation 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 variants
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and isoforms of the 6 major milk proteins (a4,-CN, a,-CN, S-CN, k-CN, a-LA, and -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 pro-
teins, such as y-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 quan-
tification of the relative concentration of each protein fraction. Fractions of individual proteins
and of ay,-CN phosphorylation isoforms were estimated based on dividing the peak area of
an individual protein by the total integrated peak area in the chromatogram of an individual
milk sample. The LC could not completely separate the a,,-CN phosphorylation isoforms in
our study, so quantification based on peak area in the chromatogram would not be possible for
individual a,,-CN phosphorylation isoforms. Coupling mass spectrometry allows identification
of a specific isoform in a mixture based on its molecular mass and further quantification via its
signal intensity (Tuli and Ressom, 2009). Therefore, we used mass signal intensity to estimate
the proportion of each a,,-CN phosphorylation isoform as a fraction of total a,,-CN, and the
following equation was used to estimate the relative concentration of each a,,-CN phosphory-
lation isoform in total milk protein:

isoform mass signal intensity

X total a;, — CN (%wt/wt).
Y. isoform mass signal intensity sz (%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 vi-
sualize phenotypic correlations among a,-CN phosphorylation isoforms. The dissimilarity be-
tween the isoforms was calculated as V1 — r, where r is the correlation coefficient between
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 Clus-
ter (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 variants
and posttranslational isoforms were identified by measured molecular masses (M,.) using ESI-
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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, which were below
5% for the 6 major milk proteins and below 8% for the a4;-CN and a,,-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 6 major
milk proteins and the different phosphorylation isoforms of a¢,-CN and a,,-CN measured on
test-day morning milk samples from 529 Montbéliarde cows

LC-ESI/MS Frequency of

Trait Mean SD v reproducibility!  protein variant?

Milk protein composition (%wt/wt)

as1-CN

total 3292 222 7 1 B(0.935); C(0.065)

8P 25.27 218 8 1

9P 7.65 0.96 13 5

ag,-CN

total 841 072 11 4 A(0.999); D(0.001)

9p3 0.24 0.05 21 NA

10P 0.72 03 42 6

11P 3.03 0.55 18 8

12P 2.68 0.34 13 7

13pP 1.56 0.31 20 8

14P 0.4 0.14 36 8

15p* 0.2 0.1 49 NA

B-CN 28.14 2.69 10 2 B(0.355);A1(0.087); A2(0.405); 1(0.155)
K-CN 903 08 9 2 A(0.537); B(0.459); E(0.004)
a-lA 354 07 20 5 B (1)

B-1G 12.16 1.87 15 4 A(0.444); B(0.554); D(0.002)
Y.casein® 78.5 2.6 3

Ywhey® 1571 1.83 12

Milk production

Milk yield (kg/day) 23.9 73 31

Protein (%) 332 037 11

Fat (%) 3.84 059 16

Lactose (%) 493 031 6

! 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 @4,-CN-9P is 0.0 in 508 out of 529 samples; mean, SD, and CV are calculated based on 9 samples.
* a4,-CN-15P is 0.0 in 525 out of 529 samples; mean, SD, and CV are calculated based on 4 samples.
5 Ycasein = ag;-CN + a5,-CN + S-CN + k-CN.

5 Ywhey = a-LA + -LG.

The 6 major milk proteins eluted in the following order: k-CN, a,,-CN, a4,-CN, B-CN, a-LA,
and [B-LG (Figure 2.1A). k-Casein eluted as 3 separate peaks: the first one contained glyco-
sylated k-CN from different protein variants, whereas the second one with a minor shoulder
contained nonglycosylated k-CN A-1P+2P (M, = 19,037 Da for 1P; M,. = 19,117 Da for 2P) or
K-CN E-1P+2P (M, = 19,007 Da for 1P; M,. = 19,087 Da for 2P), and the last peak with a minor
shoulder contained nonglycosylated k-CN B-1P+2P (M,. = 19,005 Da for 1P; M,. = 19,085 Da for

24



2. Phosphorylation of a,-Casein

2P). Although k-CN A-1P+2P and E-1P+2P had similar retention times, they could be discrimi-
nated based on their molecular masses. The a,,-CN eluted into 2 major peaks as the retention
time increased with its phosphorylation degree: one with a,,-CN-11P (M,. = 25,228 Da) as the
major component, together with a¢,-CN-10P (M,. = 25,148 Da) and occasionally with a,,-CN-9P
(M,. = 25,069 Da; Figure 2.1.B1), and the other with a,,-CN-12P (M,. = 25,308 Da) as the major
component and a,,-CN-13P (M,. = 25,388 Da), a,,-CN-14P (M,. = 25,468 Da), and sometimes
a,,-CN-15P (M, = 25,548 Da; Figure 2.1.C2). To our knowledge, this is the first study to show
the presence of a,,-CN-9P, a,,-CN-14P, and a,,-CN-15P (Figure 2.1.B1 and 2.1.C2). The a,;-CN
separated into a,,-CN-8P (M,. = 23,615 Da for the B variant; M,. = 23,543 Da for the C variant)
and a,,-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 5-CN eluted in the following order: -CN B-5P (M,. = 24,092
Da), -CN A1-5P (M,. = 24,023 Da), B-CN A2-5P (M,. = 23,983 Da), and 5-CN I-5P (M,. = 23,965
Da). Two whey proteins without posttranslational modifications eluted after the caseins in the
following order: a-LA (M,. = 14,186 Da), f-LG D (M,. = 18,280 Da), f-LG B (M,. = 18,281 Da), and
B-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
a,,-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) a,-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 a,,-CN-9P. (C1 and C2) a,,-Casein profile of cow 2 from
deconvolution of multicharged-ion spectra corresponding to chromatographic peak C1 and C2.

The C2 spectra show the presence of a,,-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 cheeses with Protected Designation of Origin
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 composi-
tion, and frequencies of milk protein variants. a-Lactalbumin was the least abundant protein,
and a4;-CN the most abundant protein among milk samples from 529 Montbéliarde 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 concentra-
tions for the 6 major 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 ag;-CN (B and C) and a,,-CN (A and D), 3 for k-CN (A,
B, and E) and B-LG (A, B, and D), and 4 for 5-CN (A1, A2, B, and ). Protein variants x-CN E and
B-CN | 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
etal., 2002). The frequency of k-CN E is lower, whereas the frequency of k-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
etal., 2014; Chessa et al., 2014). k-Casein B has been associated with better coagulation prop-
erties of milk, whereas for k-CN E the opposite has been shown (Hallén et al., 2008). Milk from
the Montbéliarde breed is considered to possess better cheese-making properties than milk
from Holstein and Nordic cattle breeds because of this characteristic (Montbéliarde, 2014).
Regarding 5-CN, the frequency of the B variant was moderate (0.355) and has increased at the
expense of the Al variant since 1976 (Grosclaude, 1988). The 5-CN B variant has been pos-
itively associated with rennet coagulation and cheese-making properties (Caroli et al., 2009),
whereas the 5-CN Al 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 vari-
ants has not been implemented in Montbéliarde breed, the increased frequency of the 5-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 proteins

Table 2.2 presents the phenotypic correlations among the 6 major milk proteins. Strong neg-
ative correlation was found between S-LG and Y.casein (-0.74). This correlation supports pre-
vious 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 a,,-CN and a,,-CN
(-0.50 vs. 0.07 in this study), and Gebreyesus et al. (2016) reported a moderate and positive
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phenotypic correlation between a4;-CN and -CN (0.48 vs. -0.33 in this study). The discrep-
ancies between these studies might be explained by genetic differences between the 3 breeds
(Montbéliarde, Holstein Friesian, and Danish Holstein) and use of different analytical meth-
ods [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, differ-
ences in frequencies of protein variants between breeds could affect the concentrations and,
subsequently, the phenotypic correlations between protein fractions (Heck et al., 2009; Bon-
fatti, 2010). In terms of analytical methods, CZE may have provided ambiguous estimations
of a,,-CN, S-CN, and k-CN because a,-CN-13P was not detected, measurement of 5-CN was
partially disturbed by compounds co-migrating with S-CN such as glycosylated and multi-phos-
phorylated k-CN, and measurement of k-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 different separation conditions.

Table 2.2. Phenotypic correlations® among the 6 major milk proteins (% wt/wt of total protein
in milk) measured on test-day morning milk samples from 529 Montbéliarde cows

Trait as-CN  a,-CN  B-CN  k-CN  Ycasein a-LA f-LG
a.,-CN 0.07

B-CN -0.33 -0.32

K-CN -0.14 0.11 -0.17

Y.casein? 0.41 0.00 0.63 0.07

a-LA 0.15 0.14 -0.16 -0.10 -0.03

B-LG -0.37 0.01 -035 -0.18 -0.74 -0.24

Ywhey? -0.32 0.06 -0.42 -0.22 -0.77 0.14 0.93

1 SE (0.004-0.04).
2 Y'casein = ag;-CN + a5,-CN + B-CN + k-CN.
3 Ywhey = a-LA + B-LG.

2.3.4 Variation in «a-CN and a,,-CN phosphorylation iso-
forms

Among milk samples from 529 Montbéliarde cows, we found 77% of a,;-CN carrying 8P and
23% carrying 9P, on average. Thus, a;;-CN-8P was the abundant isoform whose mean concen-
tration accounted for 25.3% of total protein in milk (Table 2.1). For a,-CN phosphorylation
isoforms, we estimated only the relative concentrations of a,,-CN-10P to a,,-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 a,,-CN-9P and a,,-CN-15P occurred in trace amounts, and they were not
observed in all milk samples. Out of 529 milk samples, a;,-CN-9P was detected in 21 samples,
and a,,-CN-15P was detected in 4 different samples. For the remaining samples, the concen-
trations 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 a,,-CN having 10P, 36.5% having 11P, 32% hav-
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ing 12P, 19% having 13P, and 4.5% having 14P, on average. Thus, a,,-CN-11P and «a,,-CN-12P
were the abundant isoforms, whose mean concentrations accounted for 3.1 and 2.7% of the
total protein in milk, whereas a,,-CN-13P had a mean concentration of 1.6%. The coefficient
of variation values of a,-CN phosphorylation isoforms ranged between 8 and 42%, suggesting
large variation in relative concentrations of different a,-CN phosphorylation isoforms. The esti-
mated mean concentrations of ag;-CN-8P and a,;-CN-9P and of a,,-CN-10P to a,-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 a,-CN-9P, a,,-CN-13P, ar;,-CN-14P,
and a,,-CN-15P because of the technique used (CZE) in that study.

2.3.5 Phenotypic correlations among a,-CN phosphorylation
isoforms and the six major milk proteins

As 3 new a,,-CN phosphorylation isoforms were detected, we further explored the relation-
ships among different a,-CN phosphorylation isoforms and with other major milk proteins (Ta-
ble 2.3). Correlations between the relative concentrations of different a,-CN phosphorylation
isoforms and those of the other 4 major milk proteins were relatively low (from -0.34 to 0.25).
Correlations related to a,;-CN-8P concentration were in line with those reported by Gebreye-
sus et al. (2016) except for the correlation between ag,-CN-8P and -CN (0.42 vs. -0.28 in
this study). The discrepancy between the 2 studies could be explained by differences between
studied breeds and analytic methods used as mentioned above. A strong positive correlation
was found between a,,-CN-13P and a,,-CN-14P (0.92). The a,,-CN-10P correlated positively
with a,,-CN-11P (0.62), but correlated negatively with a,,-CN-13P and a,,-CN-14P (-0.58 and
-0.55, respectively). The a,,-CN-12P correlated weakly with the rest of a,,-CN phosphoryla-
tion isoforms (-0.28 to 0.19). Correlation between a,;-CN-8P and a,;-CN-9P was weak (-0.12),
which agrees with previous findings reported by Bijl et al. (2014).

Table 2.3. Phenotypic correlations® among a,-CN phosphorylation isoforms and the 6 major
milk proteins (% wt/wt of total protein in milk) measured on test-day morning milk samples
from 529 Montbéliarde cows

Trait @g;-CN-8P @ ;-CN-9P  a,-CN-10P  @;,-CN-11P  a,-CN-12P  @;,-CN-13P  a,,-CN-14P
Major milk protein

as1-CN 0.90 0.33 0.11 -0.08 -0.01 -0.19 -0.14
as,-CN 0.22 -0.32 0.49 0.66 0.17 0.14 0.08
B-CN -0.28 -0.16 -0.09 -0.08 -0.24 -0.10 -0.04
K-CN -0.17 0.04 -0.17 0.10 0.01 0.23 0.17
a-LA 0.22 -0.12 0.25 0.19 0.18 -0.30 -0.32
B-LG -0.34 -0.11 -0.09 -0.09 0.06 0.01 -0.04
Phosphorylation isoform

g,-CN-9P -0.12

as,-CN-10P 0.43 -0.68

tg,-CN-11P 0.22 -0.67 0.62

as,-CN-12P -0.10 0.19 -0.07 -0.28

a,,-CN-13P -0.43 0.50 -0.58 -0.28 0.11

as,-CN-14P -0.38 0.49 -0.55 -0.27 -0.11 0.92

1 SE (0.01-0.04).
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The relationships between phosphorylation of a,-CN and phosphorylation of a,,-CN have
rarely been investigated before due to the limitations of analytic methods for quantifying a,,-
CN phosphorylation isoforms. The dendrogram constructed from hierarchical analysis shows
2 main groups: one group of a,;-CN-8P, a,,-CN-10P, and a,,-CN-11P, and another group of
a41-CN-9P, ar5,-CN-12P, a;,-CN-13P, and a,,-CN-14P (Figure 2.2). Both phenotypic correlations
and hierarchical clustering suggest that a,-CN phosphorylation might involve at least 2 differ-
ent regulatory systems. One system might be involved in forming isoforms with a lower degree
of phosphorylation (a,,-CN-8P, a,,-CN-10P, and a,,-CN-11P), whereas another system favors
a higher degree of phosphorylation (ag,-CN-9P, a;,-CN-12P, ar;,-CN-13P, and a,,-CN-14P). This
is in line with Bijl et al. (2014), who showed that 2 different chromosomal regions are associ-
ated with ay,-CN-8P and a,;-CN-9P concentration, respectively. Consequently, they hypoth-
esize that a different set of genes regulates the phosphorylation of a,,-CN-8P and a,,-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 a¢;-CN-9P and the other a,-CN isoforms, the proportion of a,-CN isoforms with a
lower degree of phosphorylation correlated negatively with the proportion of a,-CN isoforms
with a higher degree of phosphorylation. In other words, in the milk of an individual cow, either
a,-CN isoforms with a lower degree of phosphorylation would be more abundant than those
with a higher degree of phosphorylation or vice versa.

05>-CN-12P

05,-CN-14P

05,-CN-13P

a,-CN-9P

0,-CN-11P

,-CN-10P

0,;-CN-8P

r T T T T T 1
12 1.0 08 06 04 02 0.0

Distance

Figure 2.2. Dendrogram based on divisive hierarchical clustering analysis of phenotypic corre-
lations among a,,-CN phosphorylation isoforms (% wt/wt of total protein in milk) measured
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 un-
clear what factors regulate the differences in a,-CN phosphorylation among milk of individual
cows. Two casein kinases with different substrate specificity could explain the hypothesis of
one regulatory system responsible for isoforms with a lower degree of phosphorylation and
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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). Bovine a4;-CN has 10 poten-
tial phosphorylation sites, but only a,,-CN-8P and a,;-CN-9P are the common isoforms. The
a1-CN-9P carries an extra phosphorylated serine at Ser41 in the Ser-X-Asp motif of the ma-
ture peptide chain (Manson et al., 1977). Furthermore, bovine a,,-CN has 18 potential phos-
phorylation sites, but only 12 serine residues are in the consensus motifs. Until now, only 10
phosphorylation sites of a,,-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 a,,-CN have to be phosphorylated for a,-CN carrying more than
12P. Additionally, threonine in Thr-X-Glu motifs would be more likely to be phosphorylated be-
cause phosphorylated threonine in Thr-X-Glu motifs has been identified in caprine, human,
and equine -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 Con-
sortium, 2015). However, Fam20C phosphorylates 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 re-
sponsible only for forming a,-CN isoforms with a lower degree of phosphorylation. To form
a,-CN isoforms with a higher degree of phosphorylation, another mammary G-CK should be
responsible for phosphorylating serine 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 a,-CN-9P. Identifying all phosphorylation sites of a,,-CN and
investigating the genetic background of different a,,-CN phosphorylation isoforms may provide
further insight into the phosphorylation mechanism of caseins.

2.4 Conclusions

We characterized the bovine a,,-CN and a,,-CN phosphorylation profile using the LC/ESI-MS
method. This is the first study to show the presence of a,,-CN-9P, a;,-CN-14P, and a,,-CN-15P,
in addition to a,;-CN-8P and a;-CN-9P and a,,-CN-10P, a,,-CN-11P, a,,-CN-12P, and «a,,-CN-
13P. Relative concentrations of a¢;-CN and a,,-CN phosphorylation isoforms varied consider-
ably among milk of individual cows. Interestingly, our results suggest 2 regulatory systems
for the phosphorylation of a,-CN: one responsible for isoforms with a lower degree of phos-
phorylation and the other responsible for isoforms with a higher degree of phosphorylation.
Investigating the genetic background of a,,-CN phosphorylation would help to elucidate the
phosphorylation mechanism of caseins.
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Abstract

Relative concentrations of ag-casein (ag-CN) phosphorylation isoforms vary considerably among
milk of individual cows. We aimed to explore to what extent genetic and other factors con-
tribute to the variation in relative concentrations of a,-CN phosphorylation isoforms and the
phosphorylation degree of a,-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 a,-CN phosphorylation isoforms and with
the phosphorylation degree of a,-CN in French Montbéliarde cattle from the cheese produc-
tion area of Franche-Comté. Detailed milk protein composition was determined by liquid chro-
matography coupled with electrospray ionization mass spectrometry from 531 test-day morn-
ing milk samples. Parity, lactation stage, and genetic variation of cows contributed to the phe-
notypic variation in relative concentrations of individual a,-CN phosphorylation isoforms and
in the phosphorylation degree of a,-CN. As lactation progressed, we observed a significant in-
crease for relative concentrations of a,-CN isoforms with higher degrees of phosphorylation
(ag1-CN-9P, ar;,-CN-13P, and a,,-CN-14P) as well as for the phosphorylation degree of both
a,1-CN and a,-CN. Furthermore, the f-CN | variant was associated with a greater proportion
of isoforms with lower degrees of phosphorylation (a,-CN-8P, a,,-CN-10P, and a,,-CN-11P);
the B-CN B variant was associated with a greater proportion of isoforms with higher degrees of
phosphorylation (a,,-CN-9P, a;,-CN-12P to a,,-CN-14P). The heritability estimates were low to
moderate for relative concentrations of a,,-CN phosphorylation isoforms (0.07 to 0.32), high
for relative concentrations of ag,-CN-8P (0.84) and a,,-CN-9P (0.56), and moderate for phos-
phorylation degrees of a,-CN (0.37) and a,,-CN (0.23). Future studies investigating relations
between the phosphorylation degree of a;-CN and technological properties of milk will be ben-
eficial for the dairy industry.

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



3. Factors Affecting Detailed Milk Protein Composition

3.1 Introduction

Detailed milk protein composition exhibits high heterogeneity because of quantitative varia-
tion in the content of the different milk proteins, numerous genetic variants, and isoforms with
different degrees of posttranslational modifications such as glycosylation in k-CN and phos-
phorylation in all caseins (Caroli et al., 2009; Holland and Boland, 2014). Phosphorylation of
caseins is one of the key factors responsible for constructing and stabilizing casein micelles (De
Kruif and Holt, 2003). Although all 4 caseins (a,;-CN, a,,-CN, 5-CN, and k-CN) are phospho-
proteins, a,;-CN and a,,-CN are more phosphorylated, and their phosphorylation profiles are
more heterogeneous than those of f-CN and k-CN. In bovine milk, a¢,-CN accounts for about
35% of the total casein and has 2 common phosphorylation isoforms: ag;-CN-8P and a,;-CN-
9P (where P indicates phosphate group attached); a,,-CN accounts for about 10% of the total
casein and is present with isoforms from 10 to 14P and occasionally with 9P or 15P (Holland and
Boland, 2014; Fang et al., 2016). Relative concentrations of a,-CN phosphorylation isoforms
vary considerably among milk of individual cows (Bijl et al., 2014a; Fang et al., 2016).

The phosphorylation degree (PD) of a,-CN is one of the factors affecting technological prop-
erties of milk. Bijl et al. (2014b) demonstrated that high a,-CN-8P concentration in bovine milk
is a great benefit for the production of uncooked curd cheese because a¢,-CN-8P is hydrolyzed
more efficiently by chymosin during ripening. Additionally, 2 studies have shown that poorly or
noncoagulating milk was associated with a greater proportion of a-CN isoforms with higher de-
grees of phosphorylation (e.g., a;-CN-9P, a;,-CN-12P, and a,-CN-13P) when compared with
well-coagulating milk, although the numbers of observations were limited (Frederiksen et al.,
2011; Jensen et al., 2012). Recently, Fang et al. (2016) suggested that a.-CN isoforms with
lower degrees of phosphorylation (e.g., a;;-CN-8P, a,,-CN-10P, and a,,-CN-11P) might be reg-
ulated differently compared with a,-CN isoforms with higher degrees of phosphorylation (e.g.,
a,1-CN-9P, a,,-CN-12P to a,,-CN-14P). Therefore, it is of great interest to explore to what ex-
tent genetic and other factors contribute to the variation in a;-CN phosphorylation profile. Bijl
et al. (2014a) and Buitenhuis et al. (2016) reported the genetic parameters for relative con-
centrations of a,;-CN-8P and a,-CN-9P in Dutch Holstein Friesians and in Danish Holstein and
Jersey, respectively. However, no information is available regarding a,,-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 varia-
tion in the phosphorylation degree of a,-CN, and in relative concentrations of a,-CN phospho-
rylation 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. Factors Affecting Detailed Milk Protein Composition

3.2 Material and Methods

3.2.1 Milk samples

Test-day morning milk samples from 531 Montbéliarde cows were collected from 430 commer-
cial herds across 3 French departments (239 herds in Doubs, 160 herds in Jura, and 31 herds in
Haute-Saone) 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 (PGl)
French Gruyere cheese. The sampling periods were during October-December 2014 and April-
July 2015. The objective of the sampling was to maximize 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 onice 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 proteins were 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 x 2.10 mm, 300 A). Genetic
variants and isoforms of the 6 major milk proteins (a,;-CN, a4,-CN, k-CN, -CN, a-LA, and (-
LG) were identified using an ESI-TOF mass spectrometer micrOTOF Il focus (Bruker Daltonics,
Wissembourg, France). Relative concentrations of individual milk proteins and of a,,-CN phos-
phorylation 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 individ-
ual milk sample. Mass signal intensity obtained from mass spectrometry was used to estimate
the proportion of each a,,-CN phosphorylation isoform as a fraction of total a,,-CN. The rela-
tive concentration of each a,,-CN phosphorylation isoform was estimated using the following
equation:

isoform mass signal intensity

X total a;,—CN (%wt/wt). 3.1
2. isoform mass signal intensity s2 (ewt/wt) (3.1)

The phosphorylation degrees of a4,-CN and a,,-CN were defined as the proportion of isoforms
with higher degrees of phosphorylation, which were calculated as a,,-CN PD = (a,,-CN-9P/total
a41-CN) x 100 and a4,-CN PD = [(a;,-CN-12P + ag,-CN-13P + a,,-CN-14P)/total ag,-CN] x 100.

40



3. Factors Affecting Detailed Milk Protein Composition

3.2.3 Statistical analyses

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

Yijkim = W + region; + parity; + Istage, + season; + animal,, + €;jxim, (3.2)

where y; ki, is the observation of the trait of interest; u 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-
Sadne); parity; is the fixed effect of the jth parity class (3 classes: 1st, 2nd, >3rd parity); Istage,
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 /th 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,Ac?), where A is the additive genetic
relationships matrix consisting of 5,546 animals with pedigree traced back for 5 generations,
and o/ is the additive genetic variance; e; 4, is the random residual effect and is assumed to
be distributed as N (0,l62), where | is the identity matrix, and ¢ is the residual variance. The
heritability was defined as

where the phenotypic variance o} = o7 + ;.

To estimate the effects of genetic variants of milk proteins on detailed milk protein compo-
sition, model 3.2 was extended with a genotype effect where the genotypes of the milk pro-
teins 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

2
Ogenotype

2
a

x 100,

where ngenotype is calculated based on the estimated genotype effects obtained from the ex-
tended mode 3.2 and the observed frequencies of genetic variants, and ¢ is the additive ge-
netic variance estimated from model 3.2.

The a,,-f-k-CN haplotypes were inferred with Beagle 4.1 (Browning and Browning, 2007)
adapted to multiallelic variants from a,,-CN, S-CN, and k-CN genetic variants. A multiallelic
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

a1-B-k-CN haplotypes on detailed milk protein composition, the following model was used:
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Yijkimno =M + region; + parity; + Istage, + season; + animal,,
+ haplol, + haplo2, + €;ximno; (3.3)

model 3.3 was model 3.2 extended with haplo1,, and haplo2,, where haplo1,, is the effect of the
first a,1-B-k-CN haplotype, and haplo2, is the effect of the second a,-f-k-CN haplotype. The
2 haplotypes per animal were randomly assigned to haplo1,, or haplo2,, and the design matrix
for haplol,, was added to the design matrix for haplo2,. The haplol,, or haplo2, were modeled
as fixed effects to estimate the effect of having 1 copy of each haplotype. 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

2
ahaplotype
2 )
0q

where haplotypes were modeled as random effects assumed to be distributed as N(O,Ia,faplo)
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 con-
centrations of the 6 major milk proteins and a-CN phosphorylation isoforms, and for the phos-
phorylation degree of a.-CN (a,-CN PD). Heritability estimates for relative concentrations of the
6 major milk proteins were moderate to high and ranged from 0.22 (a-LA) to 1.00 (a;-CN). The
standard error of the heritability estimate for a;,-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 a;,-CN concentra-
tion ranged from 0.75 to 1.00. For a,-CN phosphorylation isoforms, heritability estimates for
relative concentrations of a,;-CN-8P (0.84) and a,-CN-9P (0.56) were high, and for a,,-CN PD
(0.37) was moderate. The heritability estimates for relative concentrations of a,,-CN phospho-
rylation isoforms and for a,,-CN PD were low to moderate (0.07 to 0.32).

3.3.2 Effects of parity and lactation stage on detailed milk
protein composition

Parity significantly affected relative concentrations of S-CN and a-LA (all P <0.001; Table 3.2).
For a,-CN phosphorylation isoforms, parity significantly affected a,,-CN PD, a,,-CN PD, and
relative concentrations of all a;,-CN phosphorylation isoforms except a,,-CN-11P and a,,-CN-
12P. Lactation stage significantly affected a,,-CN PD, a,,-CN PD, and relative concentrations of
all a,-CN phosphorylation isoforms except a,,-CN-12P (all P <0.001, Figure 3.1). The changes
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Table 3.1. Mean, SD, phenotypic variance® (aj) and h? for the 6 major milk proteins, the indi-
vidual phosphorylation isoforms of ag;-CN and a,,-CN, and the phosphorylation degrees (PD)?
of ay;-CN and a,,-CN measured on test-day morning milk samples from 531 Montbéliarde cows
(SE in parentheses)

Trait Mean  SD op h?
Major milk protein (% wt/wt)

as1-CN 32.92 2.18 451 1.00 (-)
a.,-CN 822 088 074 0.29(0.14)
K-CN 9.03 0.86 0.73 0.62(0.20)
B-CN 28.14 2.69 7.48 0.75(0.19)
a-LA 3.54 0.70 0.32 0.22(0.12)
B-LG 12.16 1.87 3.41 0.73(0.19)
Phosphorylation isoform (% wt/wt)

ay,-CN-8P 25.27 2.08 3.60 0.84(0.18)
@y,-CN-9P 7.65 0.96 0.84 0.56(0.18)
as1-CN PD 23.27 2.80 6.19 0.37(0.15)
ag,-CN-10P 0.72 0.30 0.08 0.11(0.09)
ag,-CN-11P 3.04 0.55 0.28 0.32(0.14)
ag,-CN-12P 2.68 0.34 0.11 0.09(0.12)
a,,-CN-13P 157 031 0.07 0.07(0.11)
a.,-CN-14P 040 014 0.02 0.14(0.13)
as,-CN PD 57.05 8.36 55.94 0.23(0.12)

! Phenotypic variance after adjusting for systematic effects: sampling re-
gion and season, parity, and lactation stage.

2 a41-CN PD= (a4,-CN-9P/total ag;-CN) X 100; a5,-CN PD = [(a4,-CN-12P +
a4,-CN-13P + a,-CN-14P)/total a,-CN] X 100.

in relative concentrations of individual a,-CN phosphorylation isoforms during lactation 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 a,-CN isoforms (as
given in Table 3.1) to facilitate comparison across isoforms. The magnitude of the effects var-
ied 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 (a,;-CN-8P, a,,-CN-10P, and a,-CN-11P) and a significant increase in relative
concentrations for the group of isoforms with higher degrees of phosphorylation (a,;-CN-9P,
a;,-CN-13P, and a,-CN-14P) as well as a significant increase in both a,-CN PD and a,,-CN PD.
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Table 3.2. Effects of parity on the 6 major milk proteins, individual phosphorylation isoforms
of ag;-CN and a,,-CN, and phosphorylation degrees (PD)* of a ;-CN and a,,-CN measured on
test-day morning milk samples from 531 Montbéliarde cows (SE in parentheses)

Trait Parity
1(n=64) 2(n=197) =23(n=269) -Log;y(P)

Major milk protein (% wt/wt)

as1-CN 0 -0.19 (0.15) -0.23(0.15) 0.5
ag,-CN 0 -0.09 (0.14) -0.11(0.14)  0.1%S
K-CN 0 0.14 (0.13) 0.14 (0.14) 0.2M8
B-CN 0 -0.54 (0.42) 1.45(0.44) 3.7
a-LA 0 -0.16 (0.09) -0.13(0.09) 31.9"**
B-LG 0 -0.14 (0.29) 0.16(0.30)  0.6"S
Phosphorylation isoform (% wt/wt)

ag,-CN-8P 0 -0.47 (0.29) -0.72(0.30)  1.3*
ag,-CN-9P 0 0.04 (0.15)  0.26 (0.15) 1.5*
a,,-CN PD 0 0.45(0.40) 1.20(0.41) 3.0""
a,,-CN-10P 0 -0.03 (0.05) -0.11(0.05) 2.4™
@ ,-CN-11P 0 -0.04 (0.08) -0.09 (0.08)  0.4VS
a,,-CN-12P 0 0.08 (0.05) 0.09(0.05) 0.7MS
a@,,-CN-13P 0 0.02(0.04) 0.14(0.04)  5.3**
a,,-CN-14P 0 0.00 (0.02) 0.05(0.02) 3.6™"
a@g,-CN PD 0 1.87(1.22) 4.30(1.22) 3.8

! @s,-CN PD= (a5, -CN-9P/total arg;-CN) X 100; @,-CN PD = [(a,-CN-12P + a;,-CN-13P +
a,,-CN-14P)/total a,,-CN] X 100.
* P<0.05 ** P<0.01 *** P <0.001

= ,-CN-10P™
1 1
& o,-CN-8P*** & au-CN-11P™
05 0.5
ke @ CN.OP™ == q,-CN-12PN
& o ,,-CN-9P' & o -
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—e— ,-CN-PD""
15 1.5
- 0 50 100 150 200 250 300  ~700

0 50 100 150 200 250 300 ~700

Days in milk Days in milk

Figure 3.1. Effects of lactation stage on a,;-CN (A) and «,-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 standard
deviation (op) of the relative concentration of each phosphorylation isoform. ag,-CN PD =
(as;-CN-9P/total ag;-CN) x 100; ay,-CN PD = [(@t5,-CN-12P + a,,-CN-13P + a,,-CN-14P)/total
a,,-CNJ] x 100. ***P <0.001.

44



3. Factors Affecting Detailed Milk Protein Composition

3.3.3 Effects of genetic variants and casein haplotypes on de-
tailed milk protein composition

We investigated the effects of genetic variants of milk proteins and a,,-5-k-CN haplotypes on
relative concentrations of the 6 major milk proteins and a,-CN phosphorylation isoforms, and
a,-CN PD. Two genetic variants were detected for a,;-CN (B and C) and a,,-CN (A and D), 3
for k-CN (A, B, and E) and -LG (A, B, and D), and 4 for $-CN (A1, A2, B, and 1) in the sampled
population (Fang et al., 2016).

Effects of a,,-CN variants. The ag,-CN genotypes affected relative concentrations of ay,-
CN, k-CN, B-CN, and a-LA (all P <0.001; Table 3.3); the a,,-CN genotype explained 22% of
additive genetic variance of a,,-CN concentration. The C variant was positively associated with
a41-CN and a-LA concentrations and negatively associated with k-CN and 5-CN concentrations.
For a,-CN phosphorylation profile, ay,-CN genotypes affected relative concentrations of all
a,-CN phosphorylation isoforms except a,,-CN-12P and a,,-CN-14P (P <0.001 to P = 0.046;
Table 3.3). The C variant was positively associated with a¢,-CN-8P, a;;-CN-9P, and a,-CN-10P
concentrations and negatively associated with a,,-CN-11P and a,,-CN-13P concentrations. The
a.1-CN genotypes did not significantly affect a,-CN PD.

Table 3.3. Effects of ay,-CN genotypes on the 6 major milk proteins, individual phosphoryla-
tion isoforms of a,-CN and a,,-CN, and phosphorylation degrees (PD)* of a,-CN and a,,-CN
measured on test-day morning milk samples from 531 Montbéliarde cows (SE in parentheses)

Trait a¢,1-CN genotype
BB (n=469) BC(n=57) CC(n=5) -Logy(P)

Major milk protein (% wt/wt)

@s;-CN 0 2.75(0.25) 5.80(0.85) 29.0"**
@s,-CN 0 -0.17 (0.12) 0.39(0.40)  0.6"S
Kk-CN 0 -0.87(0.11) -1.35(0.37) 14.0"
B-CN 0 2.26(0.36) -4.01(1.21) 9.7
a-LA 0 0.23(0.08) 0.73(0.26)  3.1"**
B-LG 0 -0.12 (0.25) -1.71(0.86)  0.9VS
Phosphorylation isoform (% wt/wt)

as,-CN-8P 0 2.21(0.23) 5.17(0.79) 23.6™"
g, -CN-9P 0 0.55(0.13) 0.71(0.42) 4.4
ay,-CN PD 0 -0.22(0.36) -1.61(1.17)  0.5MS
@,,-CN-10P 0 0.05 (0.04) 0.29 (0.13) 1.3*
@ ,-CN-11P 0 -0.26 (0.07) -0.05(0.23)  2.8*
@ ,-CN-12P 0 0.00 (0.04) 0.04(0.14)  0.0MS
a,,-CN-13P 0 -0.10 (0.04) -0.12(0.13)  1.6"
,-CN-14P 0 -0.03 (0.02) -0.03(0.06) 0.7VS
as,-CN PD 0 -0.89 (1.07) -4.61(3.50)  0.5MS

1 @ ,-CN PD= (a;-CN-9P/total a,,-CN) X 100; a,-CN PD = [(at;,-CN-12P + a,-CN-13P +

a,,-CN-14P)/total ag,-CN] X 100.
* P<0.05 ** P<0.01 *** P <0.001
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Effects of f-CN variants. The [-CN genotypes affected relative concentrations of all 6 major
milk proteins (P <0.001 to P = 0.003, Supplemental Table S3.1); the 5-CN genotypes explained
81% of additive genetic variance of f-CN concentration. The associations of individual genetic
variants of f-CN with relative concentrations of the 6 major milk proteins are present in Table
3.4 where the number of alleles was modeled as a class variable. The §-CN B variant showed
positive association with $-CN concentration and negative association with ag;-CN, a,-CN, k-
CN, a-LA, and -LG concentrations, whereas the A2 variant showed opposite associations. The
A1l variant was positively associated with S-CN concentration and negatively associated with
a,,-CN, a-LA, and B-LG concentrations. The | variant was positively associated with a,-CN,
k-CN, and 3-LG concentrations and negatively associated with f-CN concentration.

Table 3.4. Associations of 5-CN genotypes with the 6 major milk proteins measured on test-day
morning milk samples from 531 Montbéliarde cows! (SE in parentheses)

B-CN genotype? as,-CN ag,-CN k-CN B-CN a-LA B-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)
-Log,o(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)
-Log,(P) 46.8"" 3.5 3.1 53.8"* 5.3" 0.5V
Al

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)
-Log;,(P) 1.3NS 6.4 0.5V 11.8* 1.5 2.2%

|

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)
-Log,4(P) 0.1V 16.9"** 4.1 8.8"* 0.7V$ 1.4"

1 One cow with A1A1 genotype was excluded from the analysis.
2 The number below the B-CN genotype indicates the number of alleles (0, 1, or 2) that a cow carried.
* P<0.05 ** P <0.01 *** P <0.001

For a,-CN phosphorylation profile, 5-CN genotypes affected relative concentrations of all
a.-CN phosphorylation isoforms (P <0.001 to P = 0.037; Supplemental Table S3.2) and a,-CN
PD (P <0.001; Supplemental Table S3.2). The associations of individual genetic variants of (-
CN with a4-CN phosphorylation profile are present in Table 3.5. The B variant showed positive
associations with both a;-CN PD and a,,-CN PD, whereas the | variant showed opposite asso-
ciations.
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3. Factors Affecting Detailed Milk Protein Composition

Effects of k-CN variants. The k-CN genotypes showed highly significant effects on milk pro-
tein composition, especially on k-CN concentration (Table 3.6); the xk-CN genotype explained
65% of additive genetic variance of k-CN concentration. The B variant was positively associated
with relative concentrations of all major milk proteins except f-CN concentration for which the
association was negative. For a,-CN phosphorylation profile, k-CN genotypes affected a,;-
CN-8P, a,,-CN-11P and a,,-CN-12P concentrations (P <0.001; Table 3.6), and the B variant was
positively associated with relative concentrations of aforementioned isoforms. The k-CN geno-
types significantly affected a,,-CN PD, and the A variant was positively associated with a,,-CN
PD.

Table 3.6. Effects of k-CN genotypes on the 6 major milk proteins, individual phosphorylation
isoforms of a;;-CN and a,,-CN, and phosphorylation degrees (PD)* of a;;-CN and a,,-CN mea-
sured on test-day morning milk samples from 531 Montbéliarde cows? (SE in parentheses)

Trait K-CN genotype
AA (n=144) AB(n=268) BB(n=116) -Log;y(P)

Major milk protein (% wt/wt)

g, -CN -0.15 (0.21) 0 0.82(0.21)  3.9*
@g,-CN -0.40 (0.09) 0 0.44 (0.09)  12.7***
Kk-CN -1.12 (0.07) 0 0.25(0.07)  53.0**
B-CN 1.87 (0.24) 0 -2.10(0.25)  33.3**
a-LA -0.12 (0.06) 0 0.14 (0.06) 2.6
B-LG -0.08 (0.19) 0 0.49 (0.19) 1.6"
Phosphorylation isoform (% wt/wt)

ag,-CN-8P -0.18 (0.19) 0 0.78 (0.19) 4.4
a,-CN-9P 0.06 (0.10) 0 0.05(0.10)  0.1%S
as,-CN PD 0.25 (0.26) 0 -0.42(0.28) 0.9V
a,-CN-10P 0.01 (0.03) 0 0.01 (0.03) 0.0MS
ag,-CN-11P -0.22 (0.05) 0 0.17 (0.05) 8.1
®g,-CN-12P -0.01 (0.03) 0 0.17 (0.03)  5.9*
®g,-CN-13P 0.02 (0.03) 0 0.02 (0.03)  0.4%S
g,-CN-14P 0.00 (0.01) 0 -0.02 (0.01)  0.3VS
a,,-CN PD 2.49 (0.79) 0 -1.01(0.83)  3.2**

1 @,;-CN PD= (as;-CN-9P/total ag;-CN) X 100; ay,-CN PD = [(@s,-CN-12P + @ ,-CN-13P +
a,,-CN-14P)/total a,-CN] X 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 5-LG variants. The -LG genotypes significantly affected relative concentrations
of all major milk proteins except a,,-CN concentration (P <0.001 to P = 0.002; Table 3.7); the
B-LG genotypes explained 95% of additive genetic variance of 3-LG concentration. The differ-
ence in $-LG concentration between AA and BB genotypes was about 4%. The B variant was
positively associated with a,;-CN, k-CN, 5-CN, and a-LA concentrations and negatively asso-
ciated with [-LG concentration. For a,-CN phosphorylation profile, 5-LG genotypes affected
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a,1-CN-8P and a,-CN-9P concentrations (P <0.001; Table 3.7), and the B variant was positively
associated with both isoforms’ concentrations. The -LG genotypes did not significantly affect
a,-CN PD.

Table 3.7. Effects of 5-LG genotypes on the 6 major milk proteins, individual phosphorylation
isoforms of a;;-CN and a,,-CN, and phosphorylation degrees (PD)* of a;;-CN and a,,-CN mea-
sured on test-day morning milk samples from 531 Montbéliarde cows? (SE in parentheses)

Trait B-LG genotype
AA (n=103) AB(n=259) BB(n=167) -Log;,(P)

Major milk protein (% wt/wt)

ag;-CN -0.84 (0.21) 0 1.32(0.18) 3.6
as,-CN 0.01 (0.10) 0 0.17 (0.09) 0.9V$
Kk-CN -0.27 (0.09) 0 0.33(0.08) 7.2%*
B-CN -0.84 (0.30) 0 0.41 (0.26) 3.0
a-LA -0.09 (0.07) 0 0.21 (0.06) 4.3
p-LG 1.88 (0.11) 0 -2.41(0.10)  135.9***
Phosphorylation isoform (% wt/wt)

ag,-CN-8P -0.61 (0.20) 0 0.99(0.17)  11.4*
as,-CN-9P -0.29 (0.10) 0 0.32 (0.09) 6.1
as;-CN PD -0.21(0.29) 0 0.05 (0.25) 0.2Ms
@ts,-CN-10P 0.01 (0.03) 0 0.03 (0.03) 0.3V
@s,-CN-11P 0.02 (0.06) 0 0.08 (0.05) 0.5V
@s,-CN-12P 0.03 (0.04) 0 0.01 (0.03) 0.3V
@s,-CN-13P -0.01 (0.03) 0 0.03 (0.03) 0.4N$
as,-CN-14P 0.01 (0.01) 0 0.01 (0.01) 0.3"S
@s,-CN PD 0.14 (0.87) 0 -0.61 (0.76) 0.20S

1 ag,-CN PD= (ay,-CN-9P/total ay;-CN) X 100; a,-CN PD = [(@s,-CN-12P + a,-CN-13P +
ag,-CN-14P)/total a,,-CN] X 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 a,,-f-k-CN casein haplotypes resulted in 10 hap-
lotypes: CA2A, BA2A, BA1A, BBA, BA1B, BA2B, BIB, BBB, BIA, and BAL1E (frequencies provided
in Supplemental Table S3.3). The a,,-CN C variant occurred only with the f-CN A2 and k-CN
A variants. The k-CN E variant occurred only with the S-CN Al variant. The $-CN | variant
occurred predominately with the k-CN B variant. The a,,-f-k-CN haplotypes significantly af-
fected relative concentrations of the 6 major milk proteins (P <0.001 to P = 0.0025); the pro-
portions of additive genetic variance explained by haplotypes were high (0.46-0.89) for the 4
caseins and low to moderate (0.04-0.22) for the 2 whey proteins (Table 3.8). The haplotype
carrying the a,,-CN C variant was positively associated with a¢,-CN concentration. The haplo-
types carrying the B-CN A2 and | variants were negatively associated with 5-CN concentration
and positively associated with a,-CN and a,,-CN concentrations. The haplotypes carrying the
k-CN B variant were positively associated with k-CN concentration. For the a,-CN phosphory-

49



3. Factors Affecting Detailed Milk Protein Composition

lation profile, the a,;-5-k-CN haplotypes significantly affected both a,,-CN PD and a,,-CN PD,
and relative concentrations of all a;-CN phosphorylation isoforms (P <0.001 to P = 0.03); the
proportion of additive genetic variance explained by haplotypes was as high as 0.72 for a¢,-CN-
8P concentration, and ranged from 0.04 to 0.39 for relative concentrations of the other a,-CN
phosphorylation isoforms and a,-CN PD (Table 3.9). The haplotype carrying the S-CN | vari-
ant showed negative associations with both a,-CN PD and a,,-CN PD, whereas the haplotype
carrying the S-CN B variant showed opposite associations.

Table 3.8. Effects of a,,-B-k-CN haplotypes proportions of additive genetic variance explained
by haplotypes (hyqp1,) for the 6 major milk proteins measured on test-day morning milk sam-
ples from 531 Montbéliarde cows® (SE in parentheses)

@s,-B-k-CN haplotype? as,-CN as,-CN K-CN B-CN a-LA B-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)
-Log0(P) 85.7"" 27.0" 45.8"" 106.7"" 7.1 2.6™
Nhapio® 0.69 (0.15) 0.46(0.20) 0.89(0.21) 0.76(0.14) 0.22(0.15) 0.04 (0.04)

! 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 af-
fecting detailed milk protein composition, especially for a;-CN phosphorylation isoforms and
the phosphorylation degree of a,-CN (a,-CN PD). Accurate quantification of relative concen-
trations of a,,-CN phosphorylation isoforms has been a challenge due to limitations of the
analytical techniques. As a result, limited information was available about factors contributing
to the variation in relative concentrations of a,-CN phosphorylation isoforms and the phos-
phorylation degree of a,-CN.

3.4.1 Heritability estimates

To our knowledge, this is the first study to report heritability estimates for relative concen-
trations of individual a,,-CN phosphorylation isoforms (0.07-0.32) and for a,,-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 relative con-
centrations of the 6 major milk proteins (lkonen et al., 1997; Schopen et al., 2009; Boichard
et al., 2014; Buitenhuis et al., 2016), and only 2 studies have reported heritability estimates
for a,1-CN-8P and a,,-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 differ-
ent herds. Consequently, we could not estimate the proportion of phenotypic 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, a;-CN-8P and a,,-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 sim-
ilar to or higher than those reported by Boichard et al. (2014), who analyzed major protein
fractions predicted by mid-infrared spectra in the Montbéliarde breed. In comparison with
other breeds, the heritability estimates for a,;-CN (1.00) and $-CN (0.75) in our study were
higher than those reported by Schopen et al. (2009, 0.47 for a;;-CN and 0.25 for 5-CN in Dutch
Holstein-Friesian) and by Buitenhuis et al. (2016, 0 for a;,-CN and 0.05 for 5-CN in Danish Hol-
stein; 0.05 for a,,-CN and 0.29 for $-CN in Danish Jersey). The heritability estimate for x-CN
(0.62) in our study is similar to those reported by Schopen et al. (2009, p. 0.64) and Buiten-
huis et al. (2016, 0.77 for Danish Holstein) but higher than the one for Danish Jersey (0.29;
Buitenhuis et al., 2016). The heritability estimate for f-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 a,,-CN, k-CN, 5-CN, and -LG
genotypes contributed a major part of the genetic variation in a,;-CN, k-CN, f-CN, and S-LG
concentration, respectively.

For a,,-CN phosphorylation profile, the heritability estimate for a,-CN-8P concentration
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(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
heritability estimate for a,,-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 studies 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 analytical methods. In terms of analytical
methods, Schopen et al. (2009) and Bijl et al. (2014a) measured protein fractions by capillary
zone electrophoresis, so f-CN was measured together with glycosylated and multi-phospho-
rylated x-CN, and k-CN was only measured as the mono-phosphorylated isoform (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 condi-
tions.

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 analysis done
with the Montbéliarde breed. Our study confirms the effect of the x-CN B variant on k-CN con-
centration and the effect of the 5-LG B variant on [5-LG concentration, which seem to be the
true effects as they are consistent across studies and breeds (Van Eenennaam and Medrano,
1991; Bobe et al., 1999; Graml and Pirchner, 2003; Hallén et al., 2008; Heck et al., 2009; Bonfatti
etal., 2010). Discrepancies for other associations among studies could be due to reasons men-
tioned above (i.e., genetic differences between breeds, limited sample sizes in some studies,
and use of different analytical methods). Regarding genetic differences between breeds, the
casein loci are in close proximity, and linkage disequilibrium between genetic variants has been
reported (lkonen et al., 1999; Heck et al., 2009; Bonfatti et al., 2010). Differences in linkage dis-
equilibrium between breeds will affect the associations 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.

a,,-CN. Effects of ag,-CN genotypes on milk 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 a,;-CN concentration and
lower B-CN concentration, which is in line with the results of Graml and Pirchner (2003). How-
ever, 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.

[B-CN. For the 6 major milk proteins, the associations of the B and A2 variants were in op-
posite directions, which agrees with associations reported by Visker et al. (2011). Positive as-
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sociation of the B variant with f-CN concentration and negative association of the B variant
with a,;-CN and a,,-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 x-CN
concentration, whereas Visker et al. (2011) reported a positive association and Bonfatti et al.
(2010) found no association. Positive association of the | variant with a,,-CN concentration is
in line with association reported by Visker et al. (2011). As for the effect of the | variant on
a,1-CN concentration, we found no association, whereas Bonfatti et al. (2010) and Visker et al.
(2011) reported negative associations.

K-CN. Besides a favorable effect of the k-CN B variant on k-CN concentration, we also report
a favorable effect of the k-CN B variant on a,-CN concentration, which is similar to what Heck
et al. (2009) reported, whereas Bobe et al. (1999) found no effect of k-CN genotypes on a,,-CN
concentration. Contrary to previous studies, we found a positive association of the B variant
with a4;-CN concentration and a negative association of the B variant with §-CN concentration,
whereas other authors reported a negative association of the B variant with a¢,-CN concentra-
tion and no association with 5-CN concentration (Bobe et al., 1999; Hallén et al., 2008; Heck
et al., 2009; Bonfatti et al., 2010).

B-LG. We report that the -LG genotypes accounted for 95% of genetic variation of §-LG
concentration, which agrees with the results reported by Bobe et al. (1999) and Heck et al.
(2009). These authors concluded that §-LG genotypes predominately regulate -LG concen-
tration in total milk protein. We show a favorable effect of the B variant on a,;-CN, k-CN,
B-CN, and a-LA concentrations, and a negative effect on [5-LG concentration. These findings
agree with those from previous studies, as the B variant of 5-LG decreases the proportion of
B-LG which results in increased proportions of the other milk proteins (Bobe et al., 1999; Hal-
|én et al., 2008; Heck et al., 2009; Bonfatti et al., 2010). Note that the effect of the 5-LG BB
genotype on [-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 observed geno-
type effect is the combination of the effect of f-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 5-LG gene, and many of them are in linkage disequilibrium with the
p-LG genotypes (Ganai et al., 2009). The effect of a linked causal mutation might vary across
breeds and populations due to differences in linkage disequilibrium with the 5-LG genotypes.

Casein haplotypes. The frequency and effects of the CA2A haplotype on detailed milk pro-
tein composition are reported for the first time in this study in French Montbéliarde cows due
to the low frequency of the a;,-CN C variant in other breeds. The $-CN B variant occurred pre-
dominantly with the x-CN A variant in French Montbéliarde cows as reported for Simmental
cows (Bonfatti et al., 2010), whereas the 5-CN B variant occurred only with the k-CN B variant
in Dutch Holstein-Friesian cows (Visker et al., 2011).

Haplotype analysis confirmed positive association of the a;;-CN C variant with a,,-CN con-
centration, positive association of the k-CN B variant with k-CN concentration, and positive as-
sociation of the §-CN | variant with a,-CN concentrations. These results are consistent across
studies and breeds, which seem to be direct associations of the genetic variants or causal mu-
tations that are closely linked to the genetic variants (Van Eenennaam and Medrano, 1991;
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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 f-CN | variant with
a,1-CN concentration, whereas Visker et al. (2011) reported a negative association. 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 §-CN | variant or
from the k-CN B variant. Positive associations of the BIB haplotype with k-CN and a-LA con-
centrations most likely resulted from associations of the k-CN B variant because associations of
BA1B, BA2B, and BIB haplotypes with k-CN and a-LA concentrations were in the same direction
and of about similar magnitude.

3.4.3 Factors affecting phosphorylation of ¢ ,-CN and «,-CN

Effects of parity and lactation stage. \We show changes of a,-CN phosphorylation profile
across parity and lactation. Cows in parity 3 or higher produced milk with higher degrees of
phosphorylation of a;-CN as relative concentrations of a,,-CN-9P, a,,-CN-13P, and a,-CN-14P
increased. Furthermore, both a,,;-CN PD and a,,-CN PD increased as lactation progressed,
whereas the total a¢,-CN and a,,-CN concentrations were not affected by lactation stage. Note
that relative concentrations of the group of the isoforms with lower degrees of phosphoryla-
tion (a4;-CN-8P, ar;,-CN-10P, and a,,-CN-11P) changed in the opposite direction compared with
those of the group of isoforms with higher degrees of phosphorylation (a,-CN-9P, a,,-CN-13P,
and a,,-CN-14P) during lactation. This observation supports the hypothesis that different sets
of genes regulate phosphorylation of a,-CN (Bijl et al., 2014a; Fang et al., 2016). Such different
sets of genes involved in phosphorylation of caseins could show different expression through-
out 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 a,,-CN-9P con-
centration, 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. Never-
theless, the effects of other genes involved 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 a;-CN concentrations.
This is supported by the observation that the effects of genetic variants on ag,-CN-8P, a;-CN-
9P, and total a,,-CN concentration were in the same direction and of similar magnitude. The
same explanation applies to the associations of genetic variants with individual a,,-CN phos-
phorylation isoforms. This is confirmed by estimating the effects of genetic variants on the
phosphorylation degree of a,;-CN and a,,-CN. Only the negative effect of the 5-CN | variant
and the positive effects of the x-CN A variant and the $-CN B variant seem to be direct effects
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on a41-CN PD and a,,-CN PD. These effects of the f-CN | and B variant are also confirmed by
haplotype analysis as the BIB haplotype showed positive associations with a,-CN-8P, a,-CN-
10P, and a,,-CN-11P concentrations and a negative association with a,-CN PD, and the BBA
haplotype showed opposite associations. In contrast, Bijl et al. (2014a) reported negative as-
sociations of B-k-CN haplotype IB with both a,-CN-8P and a,-CN-9P concentrations in Dutch
Holstein-Friesian cows. Combining the negative association of 5-k-CN haplotype IB with a ;-
CN concentration reported by Visker et al. (2011), the associations of the IB haplotype with
as1-CN-8P and a,;-CN-9P concentrations could be ascribed to its association with total a;-CN
concentration as discussed above. Moreover, Bijl et al. (2014a) showed that f-LG genotypes
affect only ag;-CN-8P concentration, whereas we showed that 8-LG genotypes affected both
as1-CN-8P and a,;-CN-9P concentrations. Inconsistencies between 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 5-LG genotypes and other causal variants across breeds).

3.5 Conclusions

We report the difference in relative concentrations of a,-CN phosphorylation isoforms and in
the phosphorylation degree of a,-CN between cows due to systematic environmental effects
(parity and lactation stage) and genetic variation. We show that a,-CN phosphorylation profile
changed across parity and lactation, and exploitable genetic variation for the phosphorylation
degrees of a,;-CN and a,,-CN exists in the French Montbéliarde cattle. Furthermore, the 5-CN
| variant is associated with a greater proportion of isoforms with lower degrees of phosphory-
lation (ag;-CN-8P, a;,-CN-10P, and a,,-CN-11P); the 5-CN B variant is associated with a greater
proportion of isoforms with higher degrees of phosphorylation (a¢;-CN-9P, a,,-CN-12P to a,,-
CN-14P). Currently, knowledge regarding the effects of the phosphorylation degree of a.-CN
on technological properties of milk is limited and requires further investigation.
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Supplementary materials

Table S3.1. Effects of 5-CN genotypes on the 6 major milk proteins measured on test-day morn-
ing milk samples from 531 Montbéliarde cows? (SE in brackets)

B-CN genotype as1-CN as,-CN K-CN B-CN a-LA B-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)
All (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)
A2l (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)
Bl (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)
Il (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)
-Logyo(P) 55.47 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

60



3. Factors Affecting Detailed Milk Protein Composition

TO0'0>d %% T0O'0>d %+ SO'0>d «
‘sishjeue ay31 wouy papnjoxe sem adA1ouss TYTY Yim mod suQ ,

‘00T X [ND-¢1 |2103/(dPT-ND-%°0 + dET-ND-%°0 + dZT-ND-*0)] = Ad NO-%°0 ‘00T X (ND-"°» |e301/d6-ND-"*0) =ad NI-"» ;

60T 8T R vl 'L 50T LT snT'T «xS'9 i TEY (d)°t801-
(67°2) 8TV~ (v0°0) €0°0- (60°0) 000 (oT'0) ¥T0 (sT°0) 09°0 (60°0) 6T°0 (6£°0) €T'T- (8Z°0) ¢5'0- (£¥°0) SO0 (oT=u) 1l
(90°1) OF'¥- (zo0) €00 (v0°0) LO0- (¥0°'0) 80°0- (,o0) Te0 (¥0°0) ¥T°0 (£€°0) L9°0- (€T°0) ZS°0- (zz0)8L0- (r9=u) 19
(ST'T) €0V (zoo) 100 (v0°0) T0°0- (s0'0) £0°0- (80°0) ¢T'0- (S0°0) 90°0- (ov0) 90 (vT°0) T¥0- (vz0) 18°'T- (0g=u) ag
(To'T) sL¢e- (zo0) ¥0'0- (v0°0) ¥O'0- (v0'0) ¥1°0 (Lo0)TE0 (¥0°0) 60°0 (s€0) sL0- (zt'0) 0070 (tz0)80°T (zL=u) 12V
(T0°1) S¥°0- (zo0) so'0- (v0°0) 60°0- (v0'0) ST'0 (£0°0) LOO- (¥0°0) ¥0'0 (s€°0) €9°0- (zr0) 0¥ 0 (tzo)6TC (zL=v) Tvey
(6L°T) TL € (€0°0) TO'0- (£0°0) ¥O'0- (80°0) €T°0- (zro)tE0 (o0)oT0 (z90) T0°T- (zz0) 9g°0- (£€0)CE0 (LT =u) 1TV
(9z'1) L¥'€E (zo0) €00 (50°0) 60°0- (s0°0) 10" (80°0) €0°0- (S0°0) €00 (v¥°0) ze0- (sT°0) LTO- (9z°0) zv0- (8€=u) Tvd
(veT) TLT- (zo'0) LOO- (s0°0) 8T°0- (90°0) 100 (60°0) TO0- (50°0) £00 (£v°0) LS50 (£1°0) €00 (8Z°0) 1670 (8€ =u)zvTV
0 0 0 0 0 0 0 0 0 (691=U) zvd

ad dvit d€T det d1T doT ad d6 ds
ND-%n ND-Fn adAjousasd NO-¢

(s1232e4Q Ul 3S) ,SMOI 3pJBIIRGIUOIAl TES WOy sajdwes X|iw Suiuiow Aep-1s33 U0 painseaw NJ-¢°» pue NI-0
J0 ;(ad) se243ap uonejAioydsoyd pue ‘NI-¢*0 pue NI-Hv jo swiojosi uonejAioydsoyd [enpiaipul uo sadAjouss NJ-¢ 40 10943 “Z'€S @lqeL

61



3. Factors Affecting Detailed Milk Protein Composition

Table S3.3. Frequencies of a,;-5-k-CN haplotypes from 531 Montbéliarde cows

a,1-B-k-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 a,, - and a,,-casein (a,,- and a,,-CN) phosphorylation isoforms vary
considerably among milk of individual cows. We estimated heritabilities for a,,-CN phosphory-
lation isoforms, determined by capillary zone electrophoresis from 1857 morning milk samples,
and genetic correlations among «a,,-CN phosphorylation isoforms in Dutch Holstein Friesian.
To investigate if phosphorylation of ag,- and a,,-CN are due to the same genetic mechanism,
we also estimated genetic correlations between a,;- and a,,-CN phosphorylation isoforms as
well as the genetic correlations between the phosphorylation degrees (PD) of a,;- and a,,-
CN defined as the proportion of isoforms with higher degrees of phosphorylation in total a,;-
and a,,-CN, respectively. The intra-herd heritabilities for the relative concentrations of a,-CN
phosphorylation isoforms were high and ranged from 0.54 for a,,-CN-10P to 0.89 for a,-CN-
12P. Furthermore, the high intra-herd heritabilities of a;;-CN PD and a,,-CN PD imply a strong
genetic control of the phosphorylation process, which isindependent of casein production. The
genetic correlations between a,,-CN phosphorylation isoforms are positive and moderate to
high (0.33-0.90). Furthermore, the strong positive genetic correlation (0.94) between a,,-CN
PD and a,,-CN PD suggests that the phosphorylation processes of a,,- and a,,-CN are related.
This study shows the possibility to breed for specific a,;- and a,,-CN phosphorylation isoforms,
and relations between the phosphorylation degrees of ;- and a,,-CN and technological prop-
erties of milk need to be further investigated to identify potential benefits for the dairy industry.

Key words: milk protein composition, genetic correlation, posttranslational modification, cap-
illary zone electrophoresis



4. Genetic Parameters for a,,-Casein Phosphorylation

4.1 Introduction

Phosphorylation of caseins is a crucial post-translational modification that allows caseins to in-
teract with calcium phosphate in the assembly of colloidal structures known as casein micelles.
The formation and stability of micelles depend largely on the presence of k-CN on the micelle
surface and its glycosylation, as well as the interactions between calcium phosphate nanoclus-
ters and phosphoserine residues of a,;-, & ,-, and -CN(De Kruif and Holt, 2003; De Kruif et
al., 2012). Although caseins are all phosphoproteins, ag,- and a,,-CN are more highly phos-
phorylated and possess multiple phosphoserine clusters, whereas -CN possesses only one,
and k-CN does not possess any. This suggests that a,- and a,,-CN might be more relevant for
stabilizing internal micellar structure (Dalgleish and Corredig, 2012; Huppertz et al., 2017).

In bovine milk, a4,-CN accounts for about 35% of the total casein and has 2 common phos-
phorylation isoforms, i.e. a,-CN-8P as the predominant form and a4;-CN-9P (Holland and
Boland, 2014, where P indicates phosphate group attached;); a,,-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 proportion of
a4- and ag,-CN isoforms with lower degrees of phosphorylation (e.g. a¢;-CN-8P, a,,-CN-10P
and a,,-CN -11P) has been suggested to possess better coagulation properties and to be hy-
drolyzed more efficiently by chymosin (Frederiksen et al., 2011; Jensen et al., 2012; Bijl et al.,
2014b). Furthermore, relative concentrations of a,;- and a,,-CN phosphorylation 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 a,- and a,,-CN phospho-
rylation isoforms exists.

To date, only few studies reported heritabilities for relative concentrations of a,,-CN-8P and
a;1-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 Mont-
béliarde reported the hertabilities for relative concentrations of a,,-CN-10P to a,,-CN-14P
(Fang et al., 2017). Additionally, Bijl et al. (2014a) reported a surprisingly low genetic correla-
tion between a,,-CN-8P and a¢;-CN-9P concentration. Heck et al. (2008) and Fang et al. (2016)
reported that the proportion of a,;- and a,,-CN isoforms with lower degrees of phosphoryla-
tion phenotypically correlated negatively with the proportion of a,;- and a,,-CN isoforms with
higher degrees of phosphorylation. However, genetic correlations among a,,-CN phosphoryla-
tion isoforms as well as genetic correlations between o, - and a,,-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 a,,-CN-10P and a,,-CN-12P were based on predicted migration
time without the use of standards of individual isoforms for confirmation, and a,,-CN-13P and
a,,-CN-14P were not identified (Heck et al., 2008). The aim of this study was first to identify
the peaks corresponding to individual a4,-CN phosphorylation isoforms on CZE electrophero-
grams for quantifying isoforms in the Dutch milk genomics initiative population, and second
to estimate heritabilities for a,,-CN phosphorylation isoforms and genetic correlations among
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a,,-CN phosphorylation isoforms. To investigate if phosphorylation of a,,- and a,,-CN are due
to the same genetic mechanism, we also estimated genetic correlations between a,;- and a,,-
CN phosphorylation isoforms as well as the genetic correlations between the phosphorylation
degrees (PD) of a,,- and a,,-CN defined as the proportion of isoforms with higher degrees of
phosphorylation in total ag,- and a,,-CN, respectively. We also investigated the relations of
a,1- and a4,-CN phosphorylation isoforms with milk 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
analyzed milk production traits and milk protein composition from 1,857 milk samples collected
in winter.

4.2.2 Phenotypes

Milk production traits. Protein, fat, and lactose percentages were determined by infrared spec-
troscopy using a MilkoScan FT 6000 (Foss Electric, Hillergd, Denmark) at the milk control sta-
tion laboratory (Qlip, Zutphen, the Netherlands). phosphorus concentration was determined
by inductively coupled plasma-atomic emission spectrometry (Vista Axial, Varian, Australia) of
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, fat, lactose and phosphorus were
calculated by multiplying the respective content traits by the observed milk yield.

Milk protein composition. The relative concentrations (% wt/wt) of individual milk proteins
and their isoforms were determined by CZE by Heck et al. (2008). The k-CN was measured as
only non-glycosylated and mono-phosphorylated form. The a4;-CN phosphorylation isoforms
were identified by using as-CN standards as described by Heck et al. (2008). The relative con-
centration of total a;;-CN was the sum of relative concentrations of a;-CN-8P and a,,-CN -9P
and also the peak that migrates just before the a ,-CN-8P peak and is predicted to be a,;-CN-
7P according to Heck et al. (2008). Standards for the individual isoforms were not available
for a,,-CN isoforms. Therefore, to identify peaks corresponding to individual a,,-CN phospho-
rylation isoforms on electropherograms from CZE analysis, we purified a,,-CN phosphoryla-
tion isoforms from milk samples. For this purpose, 10 fresh milk samples were analyzed by
liquid chromatography/electrospray ionization-mass spectrometry (LC/ESI-MS) for screening
their ag,-CN phosphorylation profiles using the method of Fang et al. (2016). Fractions con-
taining individual a,,-CN phosphorylation isoforms were separated and collected by LC with
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the same method using milk that contained highest concentrations of a,,-CN-10P to a,,-CN-
14P, respectively. Collected fractions were analyzed 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 a,,-CN phosphorylation 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 a;- and a,,-CN phosphorylation isoforms are the result of
two distinct processes: the production of a,;- and a,,-CN, and the posttranslational modifica-
tion of both caseins. To characterize the phosphorylation process that is independent of casein
production, we defined the phosphorylation degrees (PD) of a,- and a,,-CN as the proportion
of isoforms with higher degrees of phosphorylation, which were calculated as

(Zsl—CN-QP x
a1 —CN-8P+a g, —CN-9P

100 (4.1)

a,,—CN-12P
@, —CN-10P+a, —CN-11P+a,, —CN-12P

The a,,-CN-13P and a,-CN-14P were not included in 4.2 due to low reproducibility of their
guantification.

Output of casein phosphorus. To investigate if the phosphorus availability would be a lim-
iting factor for phosphorylation of all caseins when more caseins are produced, we also esti-
mated 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 concentration (C,,,514r)
of each casein (a,;-, a,,-, k- and $-CN) as its concentration in milk [g/L; as protein percentage
x 10 x (% wt/wt)] divided by its respective molecular weight (Da). As k-CN carried 1 phosphate
group, and B-CN carried 5 in our milk samples, C,,,;4- Of phosphate groups attached to x-CN
and B-CN were approximated by multiplying C,,,,:4» Of k-CN and 5-CN by 1 and 5, respectively.
The C,,,014r Of phosphate groups attached to a,-CN was the sum of C,,, ;4 Of @51-CN-8P multi-
plied by 8 and C,,, 4, Of @51-CN-9P multiplied by 9. The C,,,,;4» of phosphate groups attached to
as,-CN was the sum of C,,,,;4r Of a5,-CN-10P multiplied by 10, C,,, 514 Of @s2-CN-11P multiplied
by 11, and C,,,14r Of a5,-CN-12P multiplied by 12. Therefore, the total C,,,;, Of the phosphate
groups attached to the caseins was the sum of C,,,;4 Of the phosphate groups attached to
the individual caseins. Subsequently, Pcas was approximated by multiplying the total C,, ;4. Of
phosphate groups attached to the caseins by milk yield.

x 100 (4.2)

4.2.3 Statistical analyses

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

Vietmn =K + B1dimymn + B, 005 diMamn 4 Bocay -+ B,caZ, ., + season,
+ scode; + animal,, + herd,, + exmn; (4.3)
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where Yy, mn is the observation of the trait of interest; p is the overall mean of the trait; dimy;,»
is a covariate describing the effect of days in lactation, modeled with a Wilmink curve (Wilmink,
1987); cay;mn is @ covariate describing the effect of age at first calving; seasony, is the fixed effect
with 3 classes of calving season (June-August 2004, September-November 2004, and December
2004-February 2005); scode, is the fixed effect accounting for possible differences 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,Ac?), where A is the additive genetic relation-
ships matrix consisting of 26,300 animals, and o2 is the additive genetic variance; herd,, is the
random herd effect assumed to be distributed as N (0,lo7,, ), where | is the identity matrix,
and a7,,4 is the herd variance; ey, is the random residual effect assumed to be distributed
as N(0,l02), where | is the identity matrix, and o is the residual variance. The intra-herd her-

itability was defined as

2
2 Oa

o2 + g’

The proportion of phenotypic variance explained by herd was defined as

2
Oherd
2 2 27
Oherd + Oq + O¢

hherd =

Phenotypic and genetic correlations between traits were estimated by bivariate analyses using
model 4.3. All statistical analyses were performed using ASReml 4.1 (Gilmour et al., 2015).

4.3 Results and Discussion

4.3.1 Characterization of «,,-CN phosphorylation profile by
CZE

In this study, we first characterized the a,,-CN phosphorylation profile in CZE electrophero-
grams. To identify the peaks corresponding to individual a,,-CN phosphorylation isoforms in
a milk sample on the CZE electropherograms, the CZE electropherograms of the purified and
identified fractions of individual a,,-CN phosphorylation isoforms were aligned with the CZE
electropherogram of a milk sample (Figure 4.1). The peaks corresponding to a,,-CN-10P, -
11P and -12P matched the migration times predicted by Heck et al. (2008). Therefore, the re-
producibilities of their measurements, calculated as the coefficient of variation from repeated
measurements of a reference milk sample, were 15.7% for a,,-CN-10P, 5.7% for a,-CN-11P
and 5.8 for a,,-CN-12P (Heck et al., 2008). The peak between the a,,-CN-11P peak and the
a,,-CN-12P peak was suggested to be products of casein hydrolysis by Recio et al. (1997). The
peak corresponding to a,,-CN-13P was difficult to quantify accurately using CZE due to co-mi-
gration with other components in milk, which resulted in poor reproducibility of its quantifica-
tion. The peak corresponding to a,,-CN-14P overlapped with the a,;-CN-8P peak. Therefore,
we only estimated the relative concentrations of a,,-CN-10P, -11P, and -12P based on the ap-
plied CZE method. Furthermore, a,,-CN-14P accounts for about 0.4% of total protein in milk
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according to Fang et al. (2016). Therefore, we do not expect the measurement of a,,-CN-8P to
be strongly affected by the overlap with a,,-CN-14P. Relative concentrations of a,-CN-8P and
-9P had been determined previously based on the same CZE electropherograms (Heck et al.,
2008).
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Figure 4.1. Capillary zone electropherograms of one milk sample and three purified fractions
of a,,-CN phosphorylation isoforms showing a,- and a,,-CN phosphorylation isoforms. (A)
Purified fraction containing a,,-CN-10P (peak 1) and a,-CN-11P (peak 2). (B) Purified frac-
tion containing a,,-CN-11P, a;,-CN-12P (peak 3) and a,,-CN-13P (peak 4). (C) Purified fraction
containing a,,-CN-11P and a,,-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 a,;- and a,,-CN phosphorylation isoforms and for the phosphorylation degrees
of a¢1-CN (a4,-CN PD) and a,,-CN (a,,-CN PD). To disentangle the casein production and the
phosphorylation process, we defined the phosphorylation degree as the proportion of isoforms
with higher degrees of phosphorylation in the sum of a;-CN-8P and a,,-CN-9P and in the sum
of a;,-CN-10P, a;,-CN-11P and a,,-CN-12P, respectively. The most abundant a,,-CN phospho-
rylation isoform was a,-CN-11P. The average a,,-CN PD was around 26%, meaning that 26% of
a,1-CN is phosphorylated at the highest level (i.e. 9P), and the average a,-CN PD was around
34%, meaning that 34% of a,-CN is phosphorylated at the highest level among the detected
a,-CN isoforms (i.e. 12P in the current study). The average relative concentrations of a,;-CN-
8P, -9P, a;,-CN-10P, -11P and -12P, and the average a,,-CN PD are in the range of the values
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reported for French Montbéliarde (Fang et al., 2017). The a,,-CN-13P and -14P were not in-
cluded in the current study, but they account for about 24% of the total a,,-CN concentration
in French Montbéliarde (Fang et al., 2016). Because a,,-CN-13P and -14P were not included,
a,,-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 a,,-CN PD is similar in
both studies when using the definition of the current study to calculate the a,,-CN PD in French
Montbéliarde.

Table 4.1. Mean, standard deviation (SD), phenotypic variance® (aﬁ), intra-herd heritability
estimates (h?), and proportion of phenotypic variance explained by herd (h,,,4) for relative
concentrations of individual a,;- and a,,-CN phosphorylation isoforms and for the phosphory-
lation degrees (PD)? of a,;-CN and a,,-CN measured on test-day morning milk samples from
1,857 Dutch Holstein Friesian cows (SE in parentheses)

Trait (% wt/wt) Mean SD o) h? hherd
g, -CN€ 33.64 1.66 2.80 0.52(0.11) 0.11(0.02)
g, -CN-8P¢ 2126 1.13 132 0.48(0.10) 0.12(0.02)
a;1-CN-9P¢ 7.42 1.07 118 0.76(0.12) 0.08(0.02)
@ ,-CN 6.67 095 0.98 0.94(0.12) 0.08(0.02)
a4,-CN-10P 099 0.39 0.16 0.54(0.11) 0.10(0.02)
a4,-CN-11P 3.44 0.57 0.33 0.89(0.12) 0.08(0.02)
ag,-CN-12P 224 022 0.05 0.71(0.12) 0.07(0.02)
Phosphorylation degree

a¢,-CN PD? 25.79 2.72 7.66 0.78(0.12) 0.08(0.02)
@ ,-CN PD? 34.01 4.24 18.18 0.64(0.11) 0.09 (0.02)

@ Phenotypic variance after adjusting for systematic effects.

b or;-CN PD= a ;-CN-9P/ (as;-CN-8P+ay;-CN-9P) X 100%; a,-CN PD =
[et5,-CN-12P/( ctz,-CN-10P + a,,-CN-11P+a,-CN-12P)] X 100%.

¢ Adopted from Bijl et al. (2014a).

The intra-herd heritabilities were high to very high for relative concentrations of individual
a1- and a,-CN phosphorylation isoforms (0.48 to 0.89), for a4;-CN PD (0.78) and for a,-CN
PD (0.64). Differences between herds contributed approximately 10% to the phenotypic varia-
tion in relative concentrations of individual a,;- and a,,-CN phosphorylation isoforms, a;-CN
PD and a,,-CN PD. Our results suggest that housing, management and nutritional differences
between farms have little effect on a,- and a,,-CN phosphorylation under Dutch farming con-
ditions. The high intra-herd heritabilities of individual ag,- and a,,-CN phosphorylation iso-
forms suggest an important role of genetic factors in Dutch Holstein Friesian. Furthermore, the
high intra-herd heritabilities of a,,-CN (0.52), a,,-CN (0.94), a,,-CN PD, and a,,-CN PD imply
a strong genetic control not only of the a,;- and a,,-CN synthesis but also of the phosphoryla-
tion process. It should be noted that we reported lower a,-CN concentration and higher intra-
herd heritability of a,,-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 a,,-CN
isoforms that we identified on CZE electropherograms as described, whereas Schopen et al.
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(2009) accounted also multiple peaks around the a,-CN-11P peak. Therefore, a,,-CN concen-
tration is defined differently in the current study, which explains the differences between the
two studies.

Few studies reported on the genetic background of individual a,,-CN phosphorylation iso-
forms. Only a single study has reported genetic parameters for the relative concentrations of
individual a¢,-CN phosphorylation isoforms and for a,-CN PD measured by LC-ESI/MS method
in the milk of French Montbéliarde cows (Fang et al., 2017). The data did not allow 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 heritabilities from the
French Montbéliarde (0.07 to 0.37; Fang et al., 2017). Discrepancies between both studies
might be due to genetic differences between the breeds (Dutch Holstein Friesian vs. French
Montbéliarde), limited sample size in the study of Fang et al. (2017) which resulted in high stan-
dard errors of the estimates, and the use of different analytical methods (CZE vs. LC/ESI-MS).
For measurement of a,;-CN isoforms and a,-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 parame-
ters for these traits might be mainly due to breed differences, e.g. allele frequencies might
differ between breeds. The -LG genotypes affect a,,-CN-8P concentration, and the DGAT1
K232A polymorphism affects a,,-CN-9P concentration in Dutch Holstein Friesian (Bijl et al.,
2014a). However, the roles of f-LG and DGAT1 in regulating specific phosphorylation isoforms
remain unclear. Nonetheless, such established associations might vary between breeds due to
differences in allele frequencies. The frequency of §-LG A and B alleles were 0.52 and 0.48 in
Dutch Holstein Friesian, respectively (Bijl et al., 2014a), whereas the frequencies of f-LG A and
B alleles were 0.44 and 0.55 in French Montbéliarde, respectively (Fang et al., 2016). Further-
more, 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 of
a,1-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 of a;-CN-9P concentration in
Dutch Holstein Friesian (0.60) is in range with that in French Montbéliarde (0.56). The genetic
background of a,-CN isoforms is currently unknown, but a similar explanation might apply to
the discrepancy between genetic parameters for individual a,-CN isoforms.

4.3.3 Correlations among phosphorylation isoforms of ¢ ,-CN
and «a,,-CN

Phenotypic correlations among individual a;-CN phosphorylation isoforms were similar to the

genetic ones (Table 4.2). Regarding genetic correlations, a,,-CN-8P correlated weakly with the

other a,-CN phosphorylation isoforms (-0.10 to 0.17), suggesting that production of a,-CN-8P
is rather independent from production of other a,-CN phosphorylation isoforms. The phe-
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notypic correlations (-0.31 to 0.20) of a,-CN-8P with other a,- and a,,-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 correlations of a,-CN-8P with
other isoforms, but the directions of the correlations are opposite. Taken together our results,
results reported by Bijl et al. (2014a) and Fang et al. (2016), a,,-CN-8P seems to be regulated
differently than other a,-CN phosphorylation isoforms. Regarding genetic correlations among
a,,-CNisoforms, a,,-CN-12P correlated weakly with the other a,-CN phosphorylation isoforms
(-0.20 to 0.33) except moderately with a,-CN-11P (0.67); a,,-CN-10P correlated strongly with
a,,-CN-11P (0.90). The phenotypic correlation between a,,-CN-10P and a,,-CN-11P (0.60) is
in line with the one reported for French Montbéliarde (0.62), whereas the phenotypic correla-
tion between a,,-CN-11P and a,,-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 between studied breeds as mentioned above. Regarding genetic cor-
relations among a,,- and a,,-CN isoforms, a¢,-CN-9P correlated strongly negatively with a;,-
CN-10P (-0.90) and a,-CN-11P (-0.80), suggesting an antagonistic regulation between a¢,-CN
phosphorylated at a higher level and a,-CN phosphorylated at a lower level. The phenotypic
correlations of a,;-CN-9P with a,,-CN-10P and a,,-CN-11P in this study agree with those re-
ported by Fang et al. (2016). Both studies show that the proportion of a,,-CN isoforms with
higher levels of phosphorylation (i.e. a,,;-CN-9P) correlate negatively with the proportion of
a,,-CN isoforms with lower levels of phosphorylation (i.e. a,,-CN-10P and -11P). Even though
we could not estimate the correlations regarding a,-CN-13P and -14P in the current study,
our results partially support the hypothesis proposed by Fang et al. (2016) that either a;- and
a,,-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
a1-CN-9P with the other a,-CN isoforms. Furthermore, the strong positive genetic correla-
tion (0.94) between a,,-CN PD and a,,-CN PD suggests that the phosphorylation degrees of
a.1-CN and a,,-CN are related. This is also supported by strong correlations of different a;-CN
phosphorylation isoforms with both a,,-CN PD and a,,-CN PD.

Table 4.2. Phenotypic (above diagonal) and genetic (below diagonal) correlations among indi-
vidual a,;- and a,,-CN phosphorylation isoforms (% wt/wt) and the phosphorylation degrees
(PD)* of ag41-CN and a,,-CN measured on test-day morning milk samples from 1,857 Dutch
Holstein Friesian cows (SE in parentheses)

Trait (%wt/wt)  @g-CN-8P @ ,-CN-OP  @;,-CN-10P  @,-CN-11P  @,-CN-12P  @r;;-CNPD  a,,-CN PD

as1-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)
as1-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)
a,,-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)
a,;,-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)
a,,-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)
ag,-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)

ag,-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)

2 a41-CN PD= ag4;-CN-9P/ (a41-CN-8P+a,;-CN-9P) X 100%; @ ,-CN PD = [a,,-CN-12P/( a,,-CN-10P + ag,-CN-
11P+a,,-CN-12P)] X 100%.
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4.3.4 Correlations of a,-CN and «a,,-CN phosphorylation iso-
forms with major milk proteins

Phenotypic correlations among individual a4,- and a,,-CN phosphorylation isoforms and the
major milk proteins were similar to the genetic ones (Table 4.3). Regarding genetic correlations,
a.1-CN correlated positively with both a,,-CN phosphorylation isoforms, a¢,-CN PD and «,-
CN PD (0.59 to 0.79) but negatively with a,,-CN-10P (-0.57) and a,,-CN-11P (-0.54). The a,,-
CN correlated positively with all a,-CN phosphorylation isoforms (0.74 to 0.99) but negatively
with ag;-CN-9P (-0.75), a;,-CN PD (-0.77) and a,,-CN PD (-0.74). The decrease of a,,-CN PD
while total a,,-CN increases can be explained by an increase in the proportion of isoforms
with lower degrees of phosphorylation (i.e. a,-CN-10P and a,,-CN-11P). This suggests that
forming isoforms with lower degrees of phosphorylation is favored when production of a.,-
CN increases, whereas the opposite is observed when total ag,-CN increases. Furthermore,
Schopen et al. (2009) reported negative genetic correlation between a,;-CN and a,-CN (-0.49).
Here, we show that higher a,;-CN concentration is associated with lower a,,-CN-10P and a,-
CN-11P concentrations, thus results in higher degree of phosphorylation of a,,-CN, whereas
higher a,,-CN concentration is associated with lower a,-CN-9P concentration, thus results in
lower degree of phosphorylation of a,;-CN.

The genetic correlations between the relative concentrations of individual a,;- and a,,-CN
phosphorylation isoforms and those of the other 4 major milk proteins (k-CN, f-CN, a-LA and
B-LG) were moderate to weak (-0.40 to 0.28). It should be noted that the relative concentration
of k-CN reported in the currently study was measured as its non-glycosylated and mono-phos-
phorylated form. Phenotypic correlations were in line with the ones reported by Fang et al.
(2016) for French Montbéliarde, and the genetic correlations of a,-CN-8P concentration 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 a,-CN PD, a,,-CN PD and the other 4 major milk proteins
were weak (-0.33 to 0.26). These moderate to weak correlations of a¢,- and a,,-CN isoforms,
a.1-CN PD and a,,-CN PD with the other 4 major milk proteins suggest that phosphorylation
of a,,- and a,,-CN might be regulated differently from phosphorylation of f-CN and k-CN. This
is supported by the finding that 5-CN might be phosphorylated in a different compartments of
the Golgi apparatus in mice and rabbit than a,-CN (Turner et al., 1993; Boisgard and Chanat,
2000). Phosphorylation of a,-CN occurs in the Golgi cisternae during the transportation of milk
proteins, whereas the phosphorylation of 5-CN seems to occur later in the trans-Golgi network.
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4.3.5 Geneticcorrelations of a,-CN phosphorylation isoforms
with milk Production traits and phosphorus

Generally, genetic correlations between individual a,;- and a,,-CN phosphorylation isoforms
(% wt/wt) and milk production traits were weak to moderate, ranging from -0.59 to 0.53 (Table
4.4). All ag,-and a,,-CN phosphorylation isoforms except a,,-CN-12P were either uncorrelated
or correlated weakly with yields of protein, fat, lactose and milk (-0.30 to 0.36). The a,,-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 and milk
produce milk protein with a higher proportion of a,,-CN-12P. Moreover, cows producing milk
with higher protein and fat percentages tend to have milk protein with a higher proportion of
a5,-CN-10P and a lower proportion of ay;-CN-9P, which results in lower a¢,-CN PD and a;,-CN
PD as shown by the genetic correlations of a,-CN PD and a,,-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 be-
tween milk yield and a,- and a,,-CN phosphorylation isoforms, a,- and a,,-CN phosphoryla-
tion profile might have changed as selection for milk yield is expected to result in an increase of
as1-CN-9P and a,,-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 percentages will
decrease ag,-CN-9P concentration and increase a,,-CN-10P and a,,-CN-11P concentrations,
which leads to lower a¢,-CN PD and a,,-CN PD. This is also observed when comparing the a,-
and a,,-CN phosphorylation profiles between Danish Holstein and Danish Jersey. Milk from
Danish Jersey, which has higher protein and fat percentages compared to Danish Holstein, con-
tains higher proportions of isoforms with lower degrees of phosphorylation (Buitenhuis et al.,
2016, a,,-CN-8P and a,-CN-11P;). Furthermore, this agrees with the effects of DGAT1 K232A
genotypes; the K allele is associated with lower milk yield, higher protein and fat percentages,
and lower a¢,-CN-9P concentration (Grisart et al., 2002; Winter et al., 2002; Bijl et al., 2014a).

The correlations of individual a4;- and a,,-CN phosphorylation isoforms with milk produc-
tion traits also allow us to explore possible impacts of selection on technological properties of
milk. To date, a few studies have investigated the relations between relative concentrations
of individual a,,- and a,,-CN phosphorylation isoforms and milk technological properties. For
dairy products favoring efficient a¢,-CN hydrolysis by chymosin, milk containing higher a,-CN-
8P concentration and lower ag;-CN-9P concentration might be preferred(Bijl et al., 2014b). In
addition, to improve milk coagulation properties, milk containing a greater proportion of a,;-
and a,,-CN isoforms with lower degrees of phosphorylation (e.g. a,-CN-8P, a;,-CN-10P and
a;,-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 a,,-CN-8P concentration. However,
selecting for higher protein and fat percentages would increase a,,-CN-10P concentration and
decrease a;4;-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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Table 4.4. Genetic correlations of individual a,;- and a,,-CN phosphorylation isoforms (%
wt/wt) and the phosphorylation degrees (PD)* of ag;-CN and a,,-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)
a,1-CN-8P -0.15 -0.20 0.02 0.13 -0.04 0.20 0.21
(0.17) (0.17) (0.16) (0.22) (0.19) (0.18) (0.19)
a,1-CN-9P -0.56 -0.59 0.19 -0.01 -0.29 0.36 0.32
(0.112) (0.12) (0.14) (0.21) (0.16) (0.16) (0.16)
a,,-CN-10P 0.47 0.51 0.02 0.01 0.33 -0.30 -0.28
(0.13) (0.14) (0.16) (0.22) (0.15) (0.17) (0.18)
as,-CN-11P 0.37 0.34 -0.03 0.20 0.33 -0.05 -0.05
(0.12) (0.13) (0.14) (0.19) (0.15) (0.16) (0.16)
a,,-CN-12P -0.10 -0.20 0.18 0.53 0.35 0.52 0.48
(0.15) (0.15) (0.14) (0.17) (0.16) (0.14) (0.15)
a,,-CN PD“ -0.52 -0.53 0.17 -0.07 -0.31 0.28 0.25
(0.10) (0.12) (0.14) (0.20) (0.16) (0.16) (0.17)
a,-CN PD“ -0.43 -0.45 0.24 0.16 -0.07 0.41 0.38

(0.14) (0.15) (0.15) (0.21) (0.19) (0.16) (0.17)

? ag1-CN PD= a41-CN-9P/ (a5, -CN-8P+a 41 -CN-9P) X 100; ag,-CN PD = [ax,,-CN-12P/ (r5,-CN-10P
+ a5,-CN-11P+a,-CN-12P)] X 100.

phosphate addition to the polypeptide chains. Therefore, producing individual a,,- and a,,-CN
phosphorylation isoforms is a function of both ;- and a,,-CN synthesis and their subsequent
phosphorylation. To investigate the biological relations between production of ag,- and a;,-
CN isoforms, milk production, and phosphorus in milk, besides correlations with milk protein
composition (Table 4.4), we also estimated the phenotypic and genetic correlations between
yields of individual a,;- and a,,-CN phosphorylation isoforms, milk production traits and phos-
phorus yield (Table 4.5). The phenotypic and genetic correlations between yields of individual
a1- and ag,-CN phosphorylation isoforms and the protein yield were moderate to high (0.39
to 0.96). These correlations are expected as all isoforms undergo common regulation as milk
protein synthesis. Furthermore, the weak phenotypic and genetic correlations (-0.23 to 0.16)
among a,,-CN PD, a,,-CN PD and the yields of protein and phosphorus suggest that the phos-
phorylation is not an important rate limiting step; when more a,- and a,,-CN are produced,
the proportion of isoforms with higher degrees of phosphorylation 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 f-CN and
k-CN in addition to ag,- and a,,-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 and other
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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 a,,- and a,-CN phosphorylation isoforms and for the phos-
phorylation degrees of a,;- and a,,-CN suggest high relevance of genetic factors and the pos-
sibility of altering a,;- and a,,-CN phosphorylation profiles by selective breeding in Dutch Hol-
stein Friesian cows. Furthermore, the strong positive genetic correlation between a¢,-CN PD
and a,,-CN PD suggests that the phosphorylation degrees of a;;-CN and a,,-CN are related. Se-
lecting for higher milk yield is expected to increase a,;-CN-9P and a,,-CN-12P concentrations.
Selecting for higher protein and fat percentages is expected to increase a,,-CN-10P concentra-
tion while decreasing a,,-CN-9P concentration. Currently, knowledge regarding the effects of
the phosphorylation degrees of a,- and a,,-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 caseins
to form colloid particles called casein micelles. The a ;- and a,,-CN, showing varying degrees
of phosphorylation (isoforms) in cows’ milk, might be more relevant for stabilizing internal mi-
cellar structure than - and k-CN. However, little is known about the genetic backgrounds of
individual a,,-CN phosphorylation isoforms and the phosphorylation degrees of ag,- and a,-
CN (as1-CN PD and a,,-CN PD) defined as the proportion of isoforms with higher degrees of
phosphorylation in total ag,- and a,,-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 associated with multiple traits
were found on BTA 1, 6, 11, and 14. We showed two QTL regions on BTA1: one affects a,,-CN
production, and the other one affects a;,-CN PD and a,,-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 a,,-CN phosphorylation isoforms. The QTL on
BTA11 harbors the gene that encodes for -lactoglobulin (5-LG) and affects relative concen-
trations of a,,-CN-10P and a,,-CN-11P, a,;-CN PD and a,,-CN PD. The QTL on BTA14 harbors
the DGAT1 gene and affects relative concentrations of a,-CN-10P and a,,-CN-11P, ag,-CN PD
and a,,-CN PD. Our results suggest that effects of identified genomic regions on a,,-CN PD and
as,-CN PD are probably due to changes in milk synthesis and phosphorus secretion in milk. The
actual roles of SLC37A1, 5-LG and DGAT1 in a,- and a,,-CN phosphorylation in Dutch Holstein
Friesian require further investigation.

Key words: posttranslational modification, milk protein composition, single nucleotide poly-
morphism, quantitative trait loci
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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). Phos-
phorylation 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 a,;-, @s,-, and [f-casein (CN)
(De Kruif and Holt, 2003; De Kruif et al., 2012). As a result, large amounts of calcium and phos-
phorus 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).

Although ag,-, a,,-, B-, and k-CN are all phosphorylated, a;- and a,,-CN, showing various
degrees of phosphorylation (isoforms) in cows’ milk, are more heavily phosphorylated, possess
multiple phosphoserine clusters. This suggests that a,- and a,,-CN might be more relevant for
stabilizing internal micellar structure than - and k-CN (Dalgleish and Corredig, 2012; Huppertz
etal., 2017). a4,-CN has been observed to carry 8 to 9 phosphate groups, and a,,-CN-8P is the
predominant isoform (Holland and Boland, 2014). a,,-CN has been observed to carry 9 to 15
phosphate groups, and a,,-CN-11P is the predominant isoform (Fang et al., 2016).

Relative concentrations of individual a,,- and a,,-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 French Montbéliarde (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 ag;-CN and a,-CN,
defined as the proportion of isoforms with higher degrees of phosphorylation, are heritable in
French Montbéliarde (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 a,,-CN-8P
and a,,-CN-9P are largely regulated by different sets of genes. Our recent work also suggests
that ag,-and a,,-CN phosphorylated at lower degrees is regulated differently from a,,- and
a,,-CN phosphorylated at higher degrees (Fang et al., 2016; Fang et al., 2017). To date, little
is known about the genetic backgrounds of individual a,,-CN phosphorylation isoforms, a,;-
CN PD and a,,-CN PD. Therefore, this study aimed to identify genomic regions associated with
these traits.

5.2 Materials and Methods

5.2.1 Animals

Test-day morning milk samples were collected from in total approximately 2,000 primiparous
Dutch Holstein Friesian cows as part of the Dutch Milk Genomic Initiative. Cows were located
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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 Netherlands).
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 col-
lected in winter (February and March 2005) were available for the current study.

Milk production traits. Protein percentage was determined by infrared spectroscopy using
MilkoScan FT 6000 (Foss Electric, Hillergd, Denmark) at the milk 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 de-
scribed 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 isoforms were
calculated by multiplying relative concentrations (% wt/wt) by protein yield (in grams). Rela-
tive concentrations of a,- and a,,-CN phosphorylation isoforms are the result of two distinct
processes: the production of a,- and a,,-CN and the posttranslational modification of both
caseins. To characterize the phosphorylation process, we defined the phosphorylation degrees
of ay;-CN and a,,-CN as the proportion of isoforms with higher degrees of phosphorylation
(Fang et al., accepted), which were calculated as

asl_CN'gp
a,;—CN-8P+a,;—CN-9P

x 100

a,,—CN-12P
a,,—CN-10P+a,—CN-11P+a,,—CN-12P

Casein phosphorus. The phosphorus distribution in milk was quantified by estimating the
content of phosphate groups attached to caseins in milk (i.e. molar concentration of casein
phosphorus, P_,,) and the total amount of phosphate groups attached to caseins in milk (i.e.
output of casein phosphorus, P_,, yield). To derive P, we first calculated the molar con-
centration (C,,,,,4) Of €ach casein (a,;-, a,,-, k- and $-CN) as its concentration in milk (g/L),
calculated as protein percentage x10 x(% wt/wt), divided by its respective molecular weight
(Da). As k-CN carried 1 phosphate group and S-CN carried 5 in our milk samples, C,,,1qar Of
phosphate groups attached to x-CN and -CN were approximated by multiplying C,,,514r Of K-
CN and B-CN by 1 and 5, respectively. The C,,,,;4 Of phosphate groups attached to a;-CN was
the sum of C,,, ;4 Of as;-CN-8P multiplied by 8 and C,,,,;4» Of @41-CN-9P multiplied by 9. The
Cinotar Of phosphate groups attached to a,,-CN was the sum of C,, ;4 Of &s,-CN-10P multi-
plied by 10, C,,,514r Of @52-CN-11P multiplied by 11, and C,,,,;4r Of a5,-CN-12P multiplied by 12.
Therefore, P, was the sum of C,,,4r Of &s1-, @s5-, K- and B-CN. Subsequently, P, yield was

X 100
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approximated by multiplying P, by test-day milk yield.

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 (lllumina 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 -lactoglobulin (5-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:

Ykimno =H + ﬁldimklmno + ﬁze_o'os*dimklmno + B3caklmno + ﬁ4calzclmno + Seasony
+ scode; + animal,,, + herd,, + SNP, + €x1mno; (5.1)

where Yiimno 1S the observation of the trait of interest; u is the overall mean of the trait;
dimymno is @ covariate describing the effect of days in lactation, modeled with a Wilmink curve
(Wilmink, 1987); cay;mno iS @ covariate describing the effect of age at first calving; seasony is the
fixed effect for calving season (June-August 2004, September-November 2004, and December
2004-February 2005); scode, is the fixed effect accounting for possible differences 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,Ac?), where A is the additive genetic relation-
ships matrix consisting of 26,300 animals, and g2 is the additive genetic variance; herd,, is the
random herd effect assumed to be distributed as N (0,lo7,,,), where | is the identity matrix,
and 7,4 is the herd variance; SNP,, is the fixed effect of the SNP modelled as a class variable;
€ imno IS the random residual effect assumed to be distributed as N(0,l62), where I is the iden-
tity matrix, and a2 is the residual variance. The variance components were fixed to estimates
obtained from 5.1 without the SNP effect. The effects of f-LG protein variants and DGAT1
genotypes were estimated using 5.1 by replacing the SNP effect by protein variant and geno-
type 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 gvalue (Dabney et al.,
2010; R Core Team, 2015). The FDR was calculated for each trait individually. Associations with
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an FDR <0.01 were considered significant. Obtained results were shown as Manhattan plots
constructed by qgman R package (Turner, 2014).

QTL regions. Because of strong linkage disequilibrium between neighboring SNP in cattle
genome, significant SNP located close to each other might be associated with the same causal
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 SNP
were 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 a,-CN phosphorylation iso-
forms (% wt/wt), and the phosphorylation degrees of a,,-CN (a4;-CN PD) and a,,-CN (a,,-CN
PD). Phenotypic means, standard deviations and heritability estimates of all studied traits are
given in Table 5.1. For a,,-CN, the predominant isoform was a,,-CN-11P. The proportion of
isoforms with higher degrees of phosphorylation was 26% for a¢,-CN and 34% for a,,-CN. Her-
itability 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® (a,f), intra-herd heritability
estimates (h?), and proportion of phenotypic variance explained by herd (h;,,4) for relative
concentrations of individual a,;- and a,,-CN phosphorylation isoforms and for the phosphory-
lation degrees (PD)? of a;-CN and a,,-CN measured on test-day morning milk samples from
1,857 Dutch Holstein Friesian cows (SE in parentheses)

Trait (% wt/wt) Mean SD o) h? hherd
as,-CN° 33.64 166 280 0.52(0.11) 0.11(0.02)
a,,-CN-8P° 21.26 1.13 1.32 0.48(0.10) 0.12(0.02)
a.,-CN-9P¢ 7.42 1.07 118 0.76(0.12) 0.08(0.02)
ag,-CN¢ 6.67 095 098 0.94(0.12) 0.08(0.02)
@4,-CN-10P¢ 099 0.39 0.16 0.54(0.11) 0.10(0.02)
@s,-CN-11P¢ 344 057 0.33 0.89(0.12) 0.08(0.02)
@s,-CN-12P¢ 224 022 0.05 0.71(0.12) 0.07(0.02)
Phosphorylation degree

a,-CN PD? 25.79 2.72 7.66 0.78(0.12) 0.08(0.02)
as,-CN PD? 3401 4.24 18.18 0.64(0.11) 0.09(0.02)

? Phenotypic variance after adjusting for systematic effects.
® @e;-CN PD= @ ,-CN-9P/ (az;-CN-8P+a,-CN-9P) X 100%; a,-CN PD =
[@g,-CN-12P/( a4,-CN-10P + a;,-CN-11P+a,-CN-12P)] X 100%.

¢ Adopted from Bijl et al. (2014b).

4 Adopted from Fang et al. (accepted).
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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 a,;-
CN phosphorylation isoforms in the same Holstein Friesian population. They reported signif-
icant associations on BTA6 and BTA11 for a¢,-CN-8P, and on BTA6 and BTA14 for a,,-CN-9P.
Buitenhuis et al. (2016) conducted GWAS using BovineHD SNP for individual a,,- and a,,-CN
phosphorylation isoforms, a¢,-CN PD and a,,-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 a,-CN-11P, 2 significant SNP for a,,-CN-12P, but no significant
associations for a,,-CN-8P and -9P, a,,-CN PD and a,,-CN PD. The majority of significant SNP
were located on BTA6 where the casein gene cluster is. In Danish Jersey, they detected 25 sig-
nificant SNP distributed across BTA2, 6 and 9 for a,,-CN-11P, 9 significant SNP on BTA12 for
a,1-CN PD, but no significant associations for a,,-CN-8P and -9P, a,,-CN-12P and «a,-CN PD.
The reason for not finding significant associations for most of the traits might be their rela-
tively 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 path-
way proteins with S-X-E/pS motifs (X represents any amino acid residue, and p indicates phos-
phorylation) including the caseins found in milk as well as several other proteins implicated
in biomineralization (Tagliabracci et al., 2012). The FAM20C gene is located between 43.86 to
43.90 Mbp (BTAU 4.0) on BTA25. We did not detect a QTL signal for individual a,,-CN phos-
phorylation isoforms, nor for a,;-CN PD and a,,-CN PD at that position. This is in line with re-
sults 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 sub-
sequent phosphorylation. Little is known about genes regulating the phosphorylation process.
This process might be interlinked with different pathways of milk production, including 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 signifi-
cantly associated (lead) SNP in each QTL were estimated for relative concentrations of g, - and
a,,-CN phosphorylation isoforms and for a,-CN PD and a,,-CN PD, but also for yields of indi-
vidual a,;- and a,,-CN phosphorylation isoforms, milk production traits, and content and yield
of phosphorus and phosphate groups attached to caseins (P, and P, yield; Table 5.2).
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Figure 5.1. Significance [-Log,,(P)] of associaitons of 44,669 genome wide SNP located on 29
Bos taurus autosomes and the X chromosome with individual a,,-CN phosphorylation isoforms
and the phosphorylation degrees of a¢,-CN (a¢;-CN PD) and a,,-CN (a,,-CN PD). a,,-CN PD =
;-CN-9P / (a5;-CN-8P + arg;-CN-9P) x 100; a,-CN PD = a5,-CN-12P / (@t5,-CN-10P + a,-CN-
11P + a4,-CN-12P) x 100. The horizontal line represents a false discovery rate of 1%. The y-axes
are cut off at -Log,,(P) =20.
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5.3.1 BTA1

The QTL region between 145.55 and 152.18 Mbp on BTA1 was significantly associated with
relative concentrations of a,,-CN-11P and a,,-CN-12P, and with a,,-CN PD. However, the lead
SNP differed between traits: ARS-BFGL-NGS-8140 at 149.19 Mbp was the lead SNP for a,,-CN-
11P concentration [ -Log;,(P) = 8.01], ARS-BFGL-NGS-91705 (rs43282015) at 149.65 Mbp was
the lead SNP for a,,-CN-12P concentration [ -Log;,(P) = 9.05] and ARS-BFGL-NGS-24811 at
146.63 Mbp was the lead SNP for a,,-CN PD [ -Log,,(P) = 5.50].

To investigate if this region could harbor multiple QTL (see Figure 5.2A for associations of
a,,-CN-12P and a4;-CN PD as examples), associations were reanalyzed after adjusting for the
lead SNP of a,,-CN-12P concentration (ARS-BFGL-NGS-91705) for all studied traits (see Figure
5.2B for a;,-CN-12P and a4,-CN PD as examples). This analysis resulted in no significant asso-
ciations between 145.55 and 152.18 Mbp for a,-CN-11P and a;,-CN-12P except for one iso-
lated SNP for a,,-CN-12P. However, significant associations between 145.58 and 146.67 Mbp
remained for a,,-CN PD. Interestingly, associations just below the significance threshold be-
tween 144.41 and 147.37 Mbp on BTA1 were found for all studied traits at FDR <0.05 except
for a,,-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 a,-CN-9P for all stud-
ied traits, and the same analyses were repeated with the respective lead SNP of a,,-CN-10P,
as1-CN PD and a,,-CN PD (the lead SNP for each studied traits are shown in Figure 5.2C). The
analysis of adjusting for the lead SNP of a,-CN-10P concentration (BTB-00068200) removed
the QTL signal between 144.41 and 147.37 Mbp for all studied traits, but the QTL signal be-
tween 145.55 and 152.18 Mbp remained for a,,-CN-11P and a,-CN-12P (see Figure 5.2D for
a;,-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 con-
centrations of individual ag,- and a,,-CN phosphorylation isoforms, a,;-CN PD and a,,-CN PD
are given in Table 2. For ARS-BFGL-NGS-91705, the G allele was associated with lower a,-CN-
11P and a,-CN-12P concentrations but not with a,,-CN PD or a,,-CN PD. For BTB-00068200,
the G allele was associated with lower a,-CN-9P concentration and higher a,,-CN-10P and
-11P concentrations. This results in lower degrees of phosphorylation of a;;-CN and a,,-CN as
shown by the negative association of the GG genotype with both a¢,-CN PD and a,,-CN PD.
Taken together, our results suggest that QTL1 between 145.55 and 152.18 Mbp on BTA1 affects
a,,-CN production, and QTL2 between 144.41 and 147.37 Mbp on BTA1 affects the phosphory-
lation degrees of ag,- and a,,-CN. Furthermore, combining our results and those reported by
Bijl et al. (2014b) indicates that QTL1 on BTAL1 is involved only in a,,-CN production but not in
a,1-CN production, suggesting @,-CN and a,,-CN are regulated 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 (FBX025) that is located at 149.56-149.59 Mbp on
BTA1L. In cattle, FBXO25 is involved in the pathway of post-translational protein ubiquitination
as protein modification according to UniProt (http://www.uniprot.org/) but has not been as-
sociated with milk characteristics. The QTL2 region (144.41-147.37 Mbp) harbors the SLC37A1
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Figure 5.2. Significance [-Log,,(P)] of associations of SNP between 141 and 152.5 Mbp on BTA1
with (A) a4,-CN-12P and the phosphorylation degree of a;;-CN (a,,-CN PD), (B) after including
SNP ARS-BFGL-NGS-91705 genotypes as a fixed effect, (C) showing only the most signficant SNP
for individual a,-CN and a,,-CN phosphorylation isoforms, and the phosphorylation degrees
of a41-CN (a4,-CN PD) and a,,-CN (a,,-CN PD), and (D) after including SNP BTB-00068200 geno-
types as a fixed effect. . ag;-CN PD = a3,-CN-9P / (4,-CN-8P + a¢,-CN-9P) x 100; a,,-CN PD =
as,-CN-12P / (ats,-CN-10P + a,-CN-11P + a,,-CN-12P) x 100. The shaded region corresponds
to SLC37A1 gene.

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). Fur-
thermore, 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).

We detected significant effects of ARS-BFGL-NGS-91705 (QTL1) on the yields of ag;-CN-8P,
as,-CN-10P, -11P and -12P, protein, phosphorus and P_,, (Table 5.2). These consistent nega-
tive associations of the G allele with the yield traits confirm that QTL1 might affect only the
production of a,,-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 a,;-CN PD and
as,-CN PD in the current study. The effect on protein yield is relatively small, but a,,-CN con-
tributes 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).
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For BTB-00068200 (QTL2), we detected significant effects on yields of a,,-CN-10P and -11P
and phosphorus as well as phosphorus content. The G allele was associated with higher yields
of a;,-CN-10P and a,-CN -11P as well as higher content and yield of phosphorus. Furthermore,
we did not detect significant effects of BTB-00068200 on yields of milk and protein. Therefore,
the highly significant effect of QTL2 on phosphorus content [ -Log,,(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 a,-CN-10P and -11P is prob-
ably mainly due to the change of yields of a,,-CN-10P and a,,-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 phosphorus output in milk. This
is also supported by significant associations of BTB-00068200 with a,;-CN PD and a,-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 rela-
tively small effects of BTB-00068200 on the content of phosphate groups attached to caseins
(P.qs) and no significant effect on the total amount of phosphate groups attached to caseins
(P.qs Yield). We, therefore, hypothesize that QTL2 on BTA1 affects total phosphorus output in
milk, which has an impact on the phosphorylation degrees of a,,- and a,,-CN.

5.3.2 BTAG6

The QTL region between 46.52 and 103.18 Mbp on BTA 6 was significantly associated with
relative concentrations of a,,-CN-10P, a,,-CN-11P, and a,,-CN-12P. This region harbors the
casein gene cluster (around 87 Mb). The SNP ARS-BFGL-NGS-94898 at 87.66 Mbp was the
lead SNP for a,,-CN-10P concentration [-Log,(P) = 5.44]. The SNP ULGR_BTC-053514 at 83.57
Mbp was the lead SNP for both a,,-CN-11P concentration [-Log,,(P) = 35.5] and a,,-CN-12P
concentration [-Log,,(P) = 42.3]. This SNP was also previously reported as the lead SNP for
a,1-CN-9P concentration (Bijl et al., 2014b) and for total a,,-CN concentration (Schopen et al.,
2011). No significant association on BTA6 was found with a,,-CN PD and a.,-CN PD (Figure
5.1), suggesting this region is only involved in casein production but not in the phosphorylation
process. As shown by Fang et al. (accepted), the proportion of isoforms with higher degrees of
phosphorylation is hardly affected when more a,;- and a,,-CN are produced, indicating that
phosphorylation might not be an important rate limiting step.

The estimated effects of the lead SNP for a,-CN-12P concentration on relative concentra-
tions of individual a,,-CN phosphorylation isoforms, a;;-CN PD and a,,-CN PD show that the G
allele was associated with lower concentrations of individual a,,-CN phosphorylation isoforms
(Table 5.2). Highly significant effects on yields of individual a,,-CN phosphorylation isoforms
confirm that this QTL affects a,,-CN production. Note that this SNP did not pass the genome-
wide significance threshold for a4,-CN PD and a,,-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 of a,-CN-10P and a,,-CN-11P, a,,-CN PD and a,,-CN PD. This region
harbors the PAEP gene encoding for 5-LG. The SNP ULGR_SNP_X14710_1740 (rs41255679) at
107.2 Mbp was the lead SNP for a;,-CN-10P concentration [-Log,,(P) = 4.96], a4,-CN-11P con-
centration [-Log,,(P) = 10.42], a4,-CN PD [-Log,,(P) = 6.33] and a,,-CN PD [-Log,,(P) = 10.42].
This SNP was previously reported as the lead SNP on BTA11 for a,-CN-8P concentration (Bijl et
al., 2014a). Itis located in the promoter region of the PAEP gene and is in linkage disequilibrium
with B-LG protein variants A and B (Ganai et al., 2009).

The estimated effects of $-LG genotypes on all studied traits (Table 5.2) show that the BB
genotype was associated with higher a,-CN-8P, a,,-CN-10P and a,,-CN-11P concentrations
(isoforms with lower degrees of phosphorylation). This results in lower degrees of phospho-
rylation of a,;-CN and a,,-CN as shown by the negative association of the BB genotype with
both a,,-CN PD and a,,-CN PD. Buitenhuis et al. (2016) and Fang et al. (2017) did not detect
significant effects of f-LG genotypes on individual a,,-CN phosphorylation isoforms, a¢;-CN
PD and a,,-CN PD in Danish Holstein and Jersey, and in French Montbéliarde, respectively.
Differences between studies might be due to the genetic differences between studied breeds
(Holstein, Montbéliarde and Jersey) such as differences in linkage disequilibrium between $-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 dif-
ferences in linkage disequilibrium between (-LG genotypes and other variants across breeds,
Bijl et al. (2014b) detected a significant effect of 5-LG genotypes only on a,-CN-8P concentra-
tion in Dutch Holstein Friesian, whereas Fang et al. (2017) detected significant effects of 8-LG
genotypes on both a¢,-CN-8P and a,,-CN-9P concentrations in French Montbéliarde. As the
reported effect of f-LG BB genotype on -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 §-LG geno-
types and the effect of one or multiple linked variants that also affect 5-LG concentration. The
additional effect of such a linked variant might explain the differences between the effects of
B-LG genotypes on individual a,- and a,,-CN isoforms, a,,-CN PD and a,,-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
a.1-CN isoforms and a¢;-CN PD according to Fang et al. (accepted). However, protein fractions
measured with the same analytical 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 5-LG genotypes on yields of individual a,- and a,,-CN phosphorylation
isoforms, milk production traits, content and yield of phosphorus, P, and P, yield, we de-
tected significant effects on yields of a,;-CN-9P, a,,-CN-10P and -11P, but the effects on a,;-
CN-9P yield were relatively small. The BB genotype was associated with higher yields of a.,-
CN-10P and -11P. Surprisingly, we did not detect a significant effect on the yield of a,,-CN-8P,
whereas we detected a highly significant effect on a;;-CN-8P concentration. Furthermore, we
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detected highly significant effects of 5-LG genotypes on P_,, [-Log,,(P) = 6.49] but no effect
on P, yield. Several studies have shown that the -LG B variant decreases the proportion of
B-LG, which results in increased proportions of caseins (Bobe et al., 1999; Hallén et al., 2008;
Heck et al., 2009; Bonfatti et al., 2010; Fang et al., 2017). We show that the -LG B variant in-
creases only ag,- and a,,-CN isoforms phosphorylated at a lower degree and decrease a¢,-CN
PD and a,,-CN PD. Given that phosphorylation might not be an important rate limiting step
when more a,;- and a,,-CN are produced as discussed above, it is unlikely that the effects of
B-LG genotypes on a;-CN PD and a,-CN PD are due to increased casein production. Addition-
ally, analyses showed no significant interaction between -LG genotypes and QTL2 on BTA1 for
a,,-CN PD (P =0.26) and a,-CN PD (P = 0.56), suggesting 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, yield) and the total amount of phosphorus in
milk (Fang et al., accepted). Taken together, 5-LG seems to play a role in regulating milk pro-
tein composition, proportion of individual a,,- and a,,-CN phosphorylation isoforms, and the
phosphorylation process. The actual mechanism causing the effects of f-LG genotypes on the
concentrations of the other milk proteins is currently unknown as well as the role of §-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 relative
concentrations of a,-CN-10P and a,,-CN-11P, a,,-CN PD, and a,,-CN PD. This region harbors
the DGAT1 gene. The SNP ULGR_SNP_AJ318490_1c (rs109234250) at 0.44 Mbp was the lead
SNP for a,,-CN-10P concentration [-Log,,(P) = 17.04], a,,-CN-11P concentration [-Log,,(P) =
21.98], a;1-CN PD [-Log;,(P) = 48.79] and a,,-CN PD [-Log,,(P) = 21.55]. This SNP was previ-
ously reported as the lead SNP on BTA14 for a,,-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 as-
sociated with higher a,,-CN-10P and a,,-CN-11P concentrations (isoforms with lower degrees
of phosphorylation) and lower concentration of ag;-CN-9P (isoform with higher degrees of
phosphorylation). This results in lower degrees of phosphorylation of ;- and a,-CN as shown
by the negative association of the K allele with both a,,-CN PD and a,,-CN PD. Furthermore,
DGAT1 does not affect a,,-CN-8P concentration (Bijl et al., 2014b) and a,,-CN-12P concentra-
tion (this study) at genome wide significance threshold. Bovenhuis et al. (2016) showed that
DGAT1 affects a,,-CN concentration in Dutch Holstein Friesian and Danish Holstein Friesian.
The K allele was associated with higher a,-CN concentration. Here, we show that the increase
of a,-CN concentration is due to the increase of a,,-CN-10P and a,,-CN-11P concentrations
in Dutch Holstein Friesian.

For the effects of DGAT1 genotypes on the yields of individual isoforms and milk production
traits, we detected significant effects on yields of all a; - and a,,-CN phosphorylation isoforms,
milk, protein, phosphorus and P, as well as contents of protein, phosphorus and P_,,. The
effects of the DGAT1 genotypes on the yields of ag,-CN-8P and a,,-CN-12P were relatively
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small, and might be due to the change in the protein yield as the genotype effects on the yields
of a,;-CN-8P, a,,-CN-12P and protein were in the same direction and of similar magnitude.
The highly significant effects on the yields of a,,-CN-9P, a,-CN-10P and a,,-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 comprehend 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 unclear. 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 production, 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 a,,- and a,,-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 de-
tected trait-specific QTL on BTA2, 9, 15, 18, 24 and 28. On BTA2, a QTL region located be-
tween 113.63 and 113.67 Mbp was associated uniquely with a;,-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 hu-
man, it is a kinase phosphorylating tyrosine and is involved in cell adhesion and neurogenesis
according to UniProt. Two QTL regions were associated uniquely with a,-CN-11P concentra-
tion. 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 in-
tracellular cholesterol trafficking according to UniProt. The other QTL region located between
18.55 and 19.13 Mbp on BTA28 harbors the receptor accessory protein 3 (REEP3) gene. A total
of four unique QTL regions were associated with a¢,-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 a,,-CN phospho-
rylation isoforms, and the phosphorylation degrees of a,;- and a,,-CN (a,;-CN PD and a,,-CN
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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
as,-CN production, and the other encodes SLC37A1 and affects a,,-CN PD and a,,-CN PD. The
QTL region on BTA6 harbors the casein gene cluster and affects individual a,,-CN phosphory-
lation isoforms. The QTL region on BTA11 harbors the gene encoding -LG and affects relative
concentrations of a,,-CN-10P and a,,-CN-11P, a,,-CN PD and a,,-CN PD The QTL region on
BTA14 harbors DGAT1 and affects relative concentrations of a,,-CN-10P and a,,-CN-11P, a,-
CN PD and a,,-CN PD. Elucidation of the actual roles of SLC37A1, 5-LG and DGAT1 in a,,- and
a,,-CN phosphorylation in Dutch Holstein Friesian requires further investigation.
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6. General Discussion

In this thesis, genetic backgrounds of bovine a,,- and a,,-casein (a,;- and a,,-CN) phos-
phorylation were investigated in French Montbéliarde and Dutch Holstein Friesian. We char-
acterized phosphorylation profiles of a,;- and a,,-CN by liquid chromatography/electrospray
ionization-mass spectrometry (LC/ESI-MS) and propose at least two regulatory systems respon-
sible for phosphorylation of a,;- and a,,-CN in French Montbéliarde based on phenotypic cor-
relations between traits (Chapter 2). Furthermore, the presence of substantial genetic variation
in as;- and a,,-CN phosphorylation isoforms and their phosphorylation degrees (PD), and the
effects of genetic variants of major milk proteins on these traits in French Montbéliarde are
described (Chapter 3). We also characterized phosphorylation profiles of a,,-CN by capillary
zone electrophoresis (CZE) in Dutch Holstein Friesian, and results show substantial genetic vari-
ation in a4,-CN phosphorylation isoforms and the phosphorylation degrees of a,;- and a,,-CN
(ag1-CN PD and ag,-CN PD) also in this breed (Chapter 4). Furthermore, we identified 4 ge-
nomic regions (BTA1, 6, 11, and 14) associated with a,,-CN phosphorylation isoforms and the
phosphorylation degrees of ;- and a,,-CN in Dutch Holstein Friesian (Chapter 5).

In this general discussion, | 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
a1-and ag,-CN phosphorylation isoforms and for their phosphorylation degrees. In Chapter 2
and 3, we used LC-ESI/MS to quantify the six major milk proteins and a;- and a,-CN phospho-
rylation isoforms and estimated their genetic parameters in French Montbéliarde. In Chapter 4
and 5, we used CZE to quantify a,;- and a,,-CN phosphorylation isoforms and estimated their
genetic parameters in Dutch Holstein Friesian. Therefore, we used two analytical methods to
quantify a,,- and a,,-CN phosphorylation isoforms, and two trait definitions for defining the
phosphorylation degrees of a,;- and a,,-CN in the two breeds. These two data sets allow us
to explore how results can vary due to these differences. Differences between analytical meth-
ods, trait definitions and breeds coincide with the differences between the two studies. | will
discuss in more detail how these factors contribute to the differences between our two studies,
such as analytical methods, trait definitions, and breeds on the estimation of genetic parame-
ters and correlations using the two data sets in this thesis. 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 ag,-CN
phosphorylation isoforms, we screened the phosphorylation profiles of a,-CN from 10 fresh
milk samples using the LC/ESI-MS method implemented in Chapter 2 and 3. Besides purifying
individual a,,-CN phosphorylation 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 a;;-CN-8P and -9P, a,,-
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CN-10P, -11P and -12P was comparable (Figure 6.1). The correlations between a;;-CN-8P and
-9P, a,,-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, a,,-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 a,-CN was estimated as the sum of a,,-CN-10P, -11P and -12P and, therefore, was
underestimated in Dutch Holstein Friesian as a;,-CN-13P and -14P account for about 24% of
the total a,,-CN concentration in French Montbéliarde based on the results from Chapter 2.
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Figure 6.1. Relative concentrations of ay;-CN-8P and -9P, a,,-CN-10P, -11P and -12P from ten
milk samples measured by LC-ESI/MS (X axis) and CZE (Y axis), respectively.

Another matter of using CZE is that the relative concentration of total k-CN was estimated
as nonglycosylated mono-phosphorylated form (Heck et al., 2008; Schopen et al., 2009). Gly-
cosylated k-CN and k-CN-2P and -3P account for about 35% of total k-CN based on French
Montbéliarde (data not shown from chapter 2). As a result, the relative concentration of to-
tal k-CN was underestimated in Dutch Holstein Friesian. Furthermore, glycosylated k-CN and
K-CN-2P and -3P partly co-migrate with S-CN variant Al or A2 in CZE. Consequently, the rela-
tive concentration of f-CN was overestimated for Holstein Friesian cows carrying -CN variant
Al or A2. Therefore, reported phenotypic and genetic correlations of total xk-CN and S-CN
with other milk proteins and with a,;- and a,,-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 identify
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 measured by ESI-
MS. This was applied to measure a,,-CN isoforms, i.e. the mass signal intensity was introduced
to calculate the proportions of individual isoforms as a fraction of a,,-CN because LC could not
completely separate these isoforms. This procedure is more time consuming than a standard
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LC or CZE analysis. One possible solution is to optimize the elution conditions to achieve better
separation of individual a,,-CN phosphorylation isoforms by LC. Regarding CZE, we achieved a
better separation of a,,-CN-10P, -11P and -12P and a,,-CN-8P and -9P compared to LC/ESI-MS.
However, we could not accurately measure a,,-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 a,-CN-8P and -9P, a;,-CN-10P, -11P
and -12P, and a,-CN PD between CZE and LC-ESI/MS in our two studies is negligible. There-
fore, 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 a,,-CN PD (definition excludes
Q,-CN-13P and-14P in Dutch Holstein Friesian) and total a,,-, k- and f-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 Hol-
stein Friesian. Comparison of estimated genetic parameters and correlations for milk protein
composition is rather difficult across studies as well due to different 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 (individual casein was expressed as a fraction of total
amount of casein) and whey composition (5-LG was expressed as a fraction of total amount of
whey). Absolute concentration in milk is a result of protein production and relative composi-
tion. 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 measurements of milk protein composition between studies will allow
adequate comparison of reported genetic parameters and correlations.

Trait definitions. The ag,- and a,,-CN phosphorylation isoforms are the result of the pro-
duction of a,- and a,,-CN and the subsequent phosphorylation. To disentangle the casein
production and the phosphorylation process, we defined the phosphorylation degrees of ;-
and a,-CN (as;-CN PD and a,,-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 phospho-
rylated at lower degrees were a,,-CN-8P, a,,-CN-10P, and a,,-CN-11P, and the isoforms phos-
phorylated at higher degrees were a,-CN-9P, a,,-CN-12P, -13P and -14P. For Dutch Holstein
Friesian, a,-CN PD was defined differently because a,-CN-13P and -14P were not included in
these chapters due to the low reproducibility of their quantification by CZE. For Dutch Holstein
Friesian (Chapter 4 and 5), the isoforms phosphorylated at lower degrees were a¢;-CN-8P, a,-
CN-10P, and a,,-CN-11P, and the isoforms phosphorylated at higher degrees were a,-CN-9P
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and a,,-CN-12P. Consequently, results regarding a,,-CN PD, such as descriptive statistics and
its correlations with other isoforms, for French Montbéliarde (Chapter 2 and 3) and Dutch Hol-
stein Friesian (Chapter 4 and 5) cannot be compared directly. To assess the effects of these
different trait definitions on descriptive statistics and correlations, | compared the results using
two definitions of total a,,-CN and a,,-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 a,,-CN, the phenotypic mean and standard deviation were 8.41 and 0.72, respec-
tively, when including a,-CN-13P and -14P, and were 6.43 and 0.75, respectively, when exclud-
ing a,,-CN-13P and -14P. For a,,-CN PD, the phenotypic mean and standard deviation were
57.05 and 8.36, respectively, when including a,,-CN-13P and -14P, and were 42.10 and 6.39,
respectively, when excluding a,,-CN-13P and -14P. The averages for both traits decreased by
about 25% when excluding a,,-CN-13P and -14P. When a,,-CN-13P and -14P were excluded
from calculating total a,,-CN, correlations of total a,,-CN with a,,-CN-9P, a,,-CN-10P, a,-CN-
11P and a,;-CN PD became stronger (Table 6.1). Regarding the correlations with a,,-CN-9P
and a,;-CN PD, in Chapter 2 it was shown that a;-CN-9P correlated negatively with a,,-CN-
10P and -11P (-0.68 and -0.67, respectively) and positively with a,,-CN-13P and -14P (0.50 and
0.49, respectively) in French Montbéliarde. Consequently, when a,,-CN-13P and -14P are not
part of total a,,-CN, this results in the major part of a,,-CN (a,,-CN-10P and -11P) being neg-
atively correlated with a¢,-CN-9P. Thus, it explains the observed stronger negative correlation
between total a,,-CN and a¢,-CN-9P as well as the stronger negative correlation between total
a.,-CN and a4,-CN PD. Regarding the correlations of total a,,-CN with individual a ,-CN iso-
forms, correlations increased for all traits because of stronger part-whole correlations as the
number of components of total a,,-CN decreased. These stronger correlations of total a,,-CN
are very similar to the correlations observed for Holstein Friesian using the same trait defini-
tion. When «a,,-CN-13P and -14P were excluded from calculating a,,-CN PD, correlations of
as,-CN PD with other traits were similar except for the decrease in the correlation between
a.,-CN PD and a,,-CN-8P and the increase in the correlation between a,,-CN PD and «,,-CN-
12P (Table 6.1). The similarity in correlations results in a similar interpretation, namely that
the highly phosphorylated isoforms correlate positively with a,,-CN PD and the less phospho-
rylated isoforms correlate negatively with a,,-CN PD. Thus, both trait definitions successfully
guantify the proportion of isoforms with higher degrees of phosphorylation. The decrease
in the correlation between a,,-CN PD and a,,-CN-8P is mainly due to ignoring the moderate
negative correlations of a,,-CN-8P with a,-CN-13P and -14P according to results reported in
Chapter 2. The increase in the correlation between a,,-CN PD and a,,-CN-12P is mainly due
to stronger part-whole correlation as the number of components of total a,,-CN decreased,
which increases the contribution of the proportion of a,-CN-12P in total a,,-CN. The changed
correlations of a,-CN PD are still not similar to the correlations observed for Holstein Friesian
using the same trait definition. Using two trait definitions in French Montbéliarde allows us to
visualize how correlations change due to difference in measurements resulted from analytical
methods 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 French Montbéliarde became similar or closer to the phenotypic correlations
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in Dutch Holstein Friesian, however, the changed correlations of a,-CN PD with total a4;-CN,
a;1-CN-8P a,,-CN-11P and -12P as well as the changed correlations of total a,-CN with total
as1-CN, a,,-CN-8P and a,,-CN-12P are still not similar to the correlations observed for Hol-
stein Friesian (Table 6.1). Since the measurements of individual ag;-CN and a,,-CN isoforms
are similar between LC-ESI/MS and CZE as shown above, the differences in phenotypic corre-
lations might be mainly due to breed differences.

In this section, | show different trait definitions resulting from different analytical methods
used can complicate the interpretation of phenotypic (and genetic) correlations for inferring
biological relations between traits across studies. The main conclusions for the correlations
are the same for both trait definitions applied in French Montbéliarde, which is that a¢,-CN
PD and a,,-CN PD are positively correlated, the highly phosphorylated isoforms correlate posi-
tively and the less phosphorylated isoforms correlate negatively with a,,-CN PD, and total a,,-
CN correlates negatively with a,,-CN PD. However, the interpretation of some correlations may
change due to different trait definitions, such as the stronger part-whole correlations and corre-
lations between compositional traits (e.g. total a,,-CN) and related components (e.g. individ-
ual isoforms). Furthermore, the observed correlations between a ratio and its components are
difficult to interpret in the same way as correlations among independently determined vari-
ables. Ratio traits with different numerators and denominators (e.g. a,,-CN PD) should not
be compared directly across studies and might affect the interpretation of their correlations.
In French Montbéliarde, a,,-CN PD stands for the proportion of the isoforms phosphorylated
at higher degrees (a,-CN-12P, -13P and -14P) among the isoforms detected (a,,-CN-10P to
as,-CN-14P), whereas in Dutch Holstein Friesian, it stands for the proportion of a ,-CN-12P
among the isoforms detected (a,,-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 de-
grees of phosphorylation, however, the biological interpretations of these two trait definitions
are somehow different. Therefore, biological relations 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 a,, -
CN-8P and -9P, a,,-CN-10P, -11P and -12P, and a,;-CN PD between our two studies are negli-
gible. Therefore, differences in estimated genetic parameters and correlations for these traits
between French Montbéliarde (Chapter 3) and Dutch Holstein Friesian (Chapter 4) might be
mainly due to breed differences. Here, | will illustrate differences in estimated genetic param-
eters and correlations due to breed differences using heritability estimates as an example. To
allow comparison of heritability estimates also for a,-CN PD in the two breeds, | re-estimated
the heritability for a;,-CN PD in French Montbéliarde using the same definition as in Dutch Hol-
stein Friesian. The heritability estimate slightly decreased from 0.23 to 0.19 in French Mont-
béliarde when excluding a,-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 polymorphism
as an example. Our GWAS results for individual a,,-CN isoforms, ay,-CN PD and a,,-CN PD
(Chapter 5) together with the GWAS results from Bijl et al. (2014a) show that DGAT1 K232A
genotypes affect relative concentrations of a¢,-CN-9P, a,,-CN-10P and -11P, a;,-CN PD and
a5,-CN PD in Dutch Holstein Friesian. Since DGAT1 K232A is nearly fixed at the A allele 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 parame-
ters due to this breed difference, | re-estimated the inter-herd heritability after adjusting for
the DGAT1 genotypes for the relative concentrations of a,,-CN-9P, a,-CN-10P and -11P, a,;-
CN PD and a,,-CN PD in Dutch Holstein Friesian. The estimates of inter-herd heritability for
these traits decrease from 0.69 to 0.60 for a,-CN-9P, 0.49 to 0.39 for a,,-CN-10P, 0.82 t0 0.77
for ag,-CN-11P, 0.75 to 0.71 for a4,-CN PD, and 0.41 to 0.39 for a,,-CN PD in Dutch Holstein
Friesian. For ag,-CN-9P and a,,-CN PD, the estimates of inter-herd heritability after account-
ing 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 French Mont-
béliarde and Dutch Holstein Friesian for az;-CN-9P and a,-CN PD can largely be explained by
the difference in DGAT1 allele frequencies between the two breeds. On the contrary, for a,,-
CN-10P and -11P and a,,-CN PD, the estimates of inter-herd heritability after accounting for
DGAT1 genotypes in Dutch Holstein Friesian are still much higher than those in French Mont-
béliarde (0.11, 0.32 and 0.37, respectively). This indicates that the differences between the two
breeds for these traits can only be partly explained by the difference in DGAT1 allele frequen-
cies. 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 -LG genotypes on a,,-CN-8P and a,,-CN-11P concentra-
tions, ay;-CN PD and ag,-CN PD in Dutch Holstein Friesian, whereas our results in Chapter 3
show significant effects of §-LG genotypes on both a,,-CN-8P and a,-CN-9P concentrations
and no significant effects on individual a,,-CN isoforms, a,;-CN PD and a,,-CN PD in French
Montbéliarde. The frequency of 5-LG A and B alleles were 0.52 and 0.48 in Dutch Holstein
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Friesian, respectively (Bijl et al., 2014a) , whereas the frequencies were 0.44 and 0.55 in French
Montbéliarde, respectively (Chapter 3). Since a¢,-CN-8P is affected by 5-LG genotypes in both
breeds, | used a4;-CN-8P as an example to assess if the small difference in the frequencies of
B-LG genotypes between the breeds contributes to the difference in heritability estimates be-
tween the two breeds. After adjusting for the 5-LG genotypes for estimating the inter-herd
heritability in both breeds, the heritability estimate decreased from 0.84 to 0.80 in French
Montbéliarde and from 0.48 to 0.43 in Dutch Holstein Friesian. These heritability estimates
are still different, indicating that the difference between the two breeds for this trait can only
partly be explained by differences in §-LG allele frequencies. As the reported effect of the -LG
BB genotype on -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 5-LG genotypes in both breeds are linked with one or multiple variants that also affect indi-
vidual a,;- and a,,-CN isoforms and their phosphorylation degrees (Ganai et al., 2009; Bedere
and Bovenhuis, 2017). Hence, the differences between the effects of §-LG genotypes on indi-
vidual ay,- and a,,-CN isoforms, a.;-CN PD and a,,-CN PD in the two breeds could be due to
the differences between the two breeds in the frequencies of such linked variants. Obtaining
genotypes of these variants in both breeds can help to provide insight into the differences in
the effects of 5-LG genotypes on ag,- and a,,-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 differences in allele frequencies of one or multiple linked
variants, thus, their effects might vary across breeds and populations due to differences in link-
age disequilibrium. These breed differences contribute to the differences in estimated genetic
parameters and can be extended to the differences in estimated correlations across studies.

6.2 Phosphorylation of «a,- and a ,-CN

In this thesis, we explored the relations between individual a,;- and a,,-CN phosphorylation
isoforms in French Montbéliarde and Dutch Holstein Friesian. In Chapter 2, based on phe-
notypic correlations between individual a,- and a,,-CN phosphorylation isoforms in French
Montbéliarde, we show that at least two different regulatory systems are responsible for phos-
phorylation of a,,- and a,,-CN. One system might be involved in regulating isoforms with a
lower degree of phosphorylation (a4;-CN-8P, a,,-CN-10P, and a,,-CN-11P), whereas another
system favors a higher degree of phosphorylation (a,-CN-9P, a4,-CN-12P, a,-CN-13P, and a,,-
CN-14P). This hypothesis agrees with Bijl et al. (2014a), who showed that two different chro-
mosomal regions are associated with a,-CN-8P and a,,-CN-9P concentration, respectively. In
Dutch Holstein Friesian, the negative phenotypic and genetic correlations of ag;-CN-9P with
a,,-CN-10P and a,,-CN-11P are also observed, suggesting an antagonistic regulation between
as1-CN phosphorylated at a higher degree and a,,-CN phosphorylated at a lower degree.
(Chapter 4). Furthermore, the highly positive phenotypic and genetic correlations between
a,1-CN PD and a,,-CN PD show that the phosphorylation of a,,- and a,,-CN are related (Chap-
ter 4). | will discuss possible mechanisms for regulating the phosphorylation of ;- and a,,-CN
in the following section.
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Regulatory systems of casein phosphorylation. In Chapter 5, we showed three major ge-
nomic regions that influence the phosphorylation degrees of a,,- and a,,-CN on BTA1 harbor-
ing SLC37A1 (a phosphorus antiporter), BTA11 harboring the gene for $-LG, and BTA14 harbor-
ing DGAT1 in Dutch Holstein Friesian. The estimated genotype effects of SNP BTB-00068200
(BTA1), B-LG variants A and B, and DGAT1 K232A support two main regulatory systems of ;-
and a,,-CN phosphorylation (see Table 5.2). The effects of SNP BTB-00068200 and DGAT1 on
a,1-CN-9P are in the opposite direction of their effects on a,,-CN-10P and -11P, suggesting that
the regions on BTA1 and BTA14 contribute to an antagonistic regulation between a,;-CN phos-
phorylated at a higher degree and a,,-CN phosphorylated at a lower degree. Contrastingly, the
effects of 5-LG on a,,-CN-8P are in the same direction as its effects on a,-CN-10P and -11P, but
no effects were detected on a4,-CN-9P and «a,,-CN-12P, suggesting that the region on BTA11l
is only involved in the regulation of ag,;- and a,,-CN isoforms with a lower degree of phospho-
rylation. Taken together, these results support the hypothesis proposed in Chapter 2 that one
regulatory system is more effective than the other depending on the individual cow, meaning
either a,-CN isoforms phosphorylated at lower degrees would be more abundant than those
phosphorylated at higher degrees or vice versa.

The actual roles of SLC37A1, $-LG and DGAT1 in a4, - and a,,-CN phosphorylation in Dutch
Holstein Friesian require further investigation. Our results from Chapter 5 suggest that effects
of identified genomic regions on a,;-CN PD and a,,-CN PD are probably due to changes in milk
synthesis and phosphorus secretion in milk probably because different pathways of milk pro-
duction, 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) affects a,;-
CN PD, a,,-CN PD and mainly 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-deficient cows could
improve our understanding of the effect of changes in phosphorus output on a4;- and a,,-
CN phosphorylation, as phosphorus-deficient cows show decreased phosphorus output in milk
(Valk et al., 2002). Therefore, comparing milk composition of cows before phosphorus defi-
ciency and after, especially the phosphorylation degrees of ag,- and a,,-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 a;- and
as,-CN phosphorylation.

Casein kinases. Fam20C was recently discovered as the kinase that phosphorylates secre-
tory 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 between 43.86 to
43.90 Mbp (BTAU 4.0) on BTA25. However, our GWAS did not detect a QTL signal for individual
a.1-and a,,-CN phosphorylation isoforms, a¢,-CN PD or a;,-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-bind-
ing 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
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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., 2012). Interestingly, for a,,-CN to
be able to carry more than 12 phosphate groups, Fam20C would have to phosphorylate threo-
nine residues located among the 2 Thr-X-Asp and 4 Thr-X-Glu motifs as only 12 serine residues
are available in the a,,-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 equine S-CN when they
are phosphorylated at the highest level (Greenberg 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 mo-
tifs. Additional indication for the existence of another kinase is a;-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. Further-
more, results from previous studies attempting to purify kinases from the Golgi-enriched frac-
tion of the lactating mammary gland suggest the existence of two related, but distinct, kinase
activities (Brooks, 1989; Duncan 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 se-
quences of caseins and do not include Thr-X-Asp/Glu motifs. Identifying phosphorylation sites
of as,-CN using LC-MS/MS can provide more information about substrate specificity of casein-
phosphorylating kinases. Additionally, studying the substrate specificity of Fam20C and its role
in casein phosphorylation can also provide insight into the phosphorylation mechanisms of ca-
seins. To confirm if Fam20C phosphorylates Ser in the Ser-X-Asp motif in a,-CN, one approach
can be the incubation of Fam20C with recombinant (non-phosphorylated) a¢,-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 suitable
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, generat-
ing 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 phosphorylation.

6.3 Canphosphorylation degrees of «,- and a ,-CN
be predicted using genotype information?

Studying the variation in the phosphorylation degrees of a,- and a,,-CN may have an impact
through two avenues. Firstly, it will improve our fundamental knowledge of the biological pro-
cesses in the synthesis of milk proteins. Secondly, the change of the phosphorylation degrees
of a,,- and a,,-CN might have impact on milk technological properties according to previous
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studies (Frederiksen et al., 2011; Jensen et al., 2012; Bijl et al., 2014b). The evidence is currently
limited, and it requires further research to identify potential benefits for the dairy industry. As
a,1- and a,,-CN are more highly phosphorylated and possess multiple phosphoserine clusters
than - and k-CN, they may be more relevant for stabilizing internal micellar structure (Dal-
gleish and Corredig, 2012; Huppertz et al., 2017). Furthermore, when comparing the micelle
structure between African elephant (milk contains only - and k-CN) and cow, the elephant
micelles seem to be less stable and more easily disturbed than the cow micelles, suggesting
phosphoserine clusters of a,;- and a,,-CN are highly relevant for stabilizing calcium phosphate
nanoclusters (Madende, 2017). Thus, investigating relations between phosphorylation degrees
of a,;- and a,,-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 phosphorylation degrees of ag,- and a,,-CN.
Furthermore, comparing transcriptome profiles of cows exhibiting contrasting phosphoryla-
tion degrees of a,,- and a,,-CN could help to identify genes that contribute to the regulation
of ag4,- and a,,-CN phosphorylation. As described above, we detected three major genomic
regions on BTA1, 11 and 14 that influence the phosphorylation degrees of a,;- and a,,-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 com-
position 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. | will show here if it is possible to pre-select Dutch Holstein Friesian cows
based on their genotypes of SNP BTB-00068200, -LG variants A and B, and DGAT1 K232A.

Phosphorylation profiles of a,;- and a,,-CN vary considerably between cows as shown in
Chapter 2 and 4 (illustrated in Figure 6.2). The principal component analysis of phosphoryla-
tion profiles of ag,- and a,,-CN in Dutch Holstein Friesian shows that the first principal compo-
nent explaining about 57% of the variation represents the phosphorylation degrees of a,,- and
a,,-CN, and the second principal component explaining about 18% of the variation represents
a,,-CN production (Figure 6.3A). Here, | used histograms of a,-CN PD of individual cows for il-
lustrating that distinguishing contrasting phosphorylation degrees based on a cow’s genotypes
of SNP BTB-00068200, -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 additive genetic variance
of a.;-CN PD and a,,-CN PD (Chapter 5). Therefore, analyzing milk protein composition is still
required for searching cows exhibiting contrasting phosphorylation degrees of ag,- and a,,-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 varia-
tion (Meuwissen et al., 2001).
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Figure 6.2. Distinct a,;- and a,,-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 a,;- and a,,-CN
in Dutch Holstein Friesian. Histogram of a,,-CN PD of Dutch Holstein-Friesian cows grouped
by their genotypes of SNP BTB-00068200 (B), B-LG variants A and B (C) and DGAT1 K232A (D).
@g,-CN PD= ar;,-CN-12P / ( &tg,-CN-10P+ as,-CN-11P+ ar,,-CN-12P) x 100.
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6.4 Concluding remarks

In this thesis, | characterized the phosphorylation profiles of ;- and a,,-CN and showed that
considerable phenotypic and genetic variation exist in individual a¢,- and a,,-CN phosphory-
lation isoforms and the phosphorylation degrees of a,,- and a,,-CN in two dairy cattle breeds.
The relations between individual a,;- and a,,-CN phosphorylation isoforms and genomic re-
gions detected for individual isoforms and the phosphorylation degrees of ag,- and a,,-CN
suggest two main regulatory systems for phosphorylation of a,,- and a,,-CN, providing insight
in how phosphorylation of ;- and a,,-CN is regulated.
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Phosphorylation of caseins (CN) is a crucial post-translational modification that allows ca-
seins to interact with calcium phosphate to form large colloidal structures called casein mi-
celles. The formation and stability of casein micelles are highly relevant to transportation of
abundant minerals to the neonate and manufacturing of dairy products. Therefore, it is of
great interest to explore variation in degrees of phosphorylation of caseins, in particular a,;-
and a,,-CN which are highly phosphorylated, and study to what extent genetic and other fac-
tors contribute to this variation. This thesis aimed to investigate the genetic background of
bovine milk protein composition with a focus on the phosphorylation of a,- and a,,-CN. For
this purpose, two studies were conducted to quantify phosphorylation levels of ag;- and a,,-
CN: one in French Montbéliarde using liquid chromatography coupled with electrospray ioniza-
tion 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 a,,- and a,,-CN phosphorylation isoforms and their phosphorylation degrees
were identified in Dutch Holstein Friesian (Chapter 5).

The first study in French Montbéliarde consists two parts. Firstly, Chapter 2 describes the
characterization of the bovine a,;-CN and a,,-CN phosphorylation profile using LC-ESI/MS.
Three new phosphorylation isoforms were detected: a,,-CN-9P, a,,-CN-14P, and a,,-CN-15P,
in addition to the known isoforms a,,-CN-8P, a,-CN-9P, a;,-CN-10P, a;,-CN-11P, a,,-CN-12P,
and a,,-CN-13P. Relative concentrations of individual a,;- and a,,-CN phosphorylation iso-
forms varied considerably among cows. Phenotypic correlations show that isoforms phospho-
rylated at higher degrees (i.e. a.;-CN-9P, a,,-CN-12P, and a,,-CN-13P and a,,-CN-14P) cor-
related negatively with isoforms phosphorylated at lower degrees (i.e. ay,-CN-8P, ag,-CN-10P
and a,,-CN-11P). Secondly, Chapter 3 investigates to what extent genetic and other factors
contribute to the variation in relative concentrations of individual ag,- and a,,-CN phospho-
rylation isoforms and the phosphorylation degrees of a,;- and a,,-CN (a,,-CN PD and a,,-CN
PD) defined as the proportion of isoforms phosphorylated at higher degrees in total a,,- and
a.,-CN, respectively. The a,;- and a,,-CN phosphorylation profile showed changes across par-
ity and lactation, and exploitable genetic variation for the phosphorylation degrees of ;- and
a,-CN exists in the French Montbéliarde. Furthermore, the S-CN | variant is associated with
a greater proportion of isoforms phosphorylated at lower degrees (a¢,-CN-8P, a,,-CN-10P and
a,,-CN-11P); the 5-CN B variant is associated with a greater proportion of isoforms phosphory-
lated at higher degrees (a,,-CN-9P, a,,-CN-12P, and a,-CN-13P and a,,-CN-14P). The second
study in Dutch Holstein Friesian also consists of two parts. Firstly, Chapter 4 describes the
characterization of the bovine a,,-CN phosphorylation profile using CZE and estimation of ge-
netic parameters for individual a,,-CN phosphorylation isoforms, a;-CN PD and a,,-CN PD.
Three a,,-CN isoforms, namely a,,-CN-10P, a,,-CN-11P, a,,-CN-12P, and the phosphorylation
degrees of a,;- and a,,-CN were quantified. High intra-herd heritabilites for individual a,,-CN
phosphorylation isoforms (0.54 to 0.89), a,,-CN PD (0.78) and a,,-CN PD (0.64) suggest that
genetic factors contribute substantially to observed differences in ag;- and a,,-CN phosphory-
lation profiles and the phosphorylation process. Furthermore, the strong positive genetic cor-
relation between a,,-CN PD and a,,-CN PD (0.94) suggests that the phosphorylation degrees
of a41-CN and a,,-CN are related. Secondly, in Chapter 5, the genome-wide association study
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reveals a total of 10 chromosomal regions that were associated with relative concentrations
of individual a,,-CN phosphorylation isoforms and the phosphorylation degrees of a,,- and
as,-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 BTAL: one affecting a,-CN production,
and the other affecting a;;-CN PD and a,,-CN PD. The QTL region on BTA6 affected only in-
dividual ag,-CN isoforms. The QTL regions on BTA11 and 14 affected relative concentrations
of a,,-CN-10P and a,,-CN-11P, a,,-CN PD and a,,-CN PD. Results suggested that effects of
identified genomic regions on a,,-CN PD and a,,-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 differences
among studies, such as analytical methods, trait definitions, and breed differences on esti-
mated genetic parameters and correlations using dataset from the two studies described in this
thesis. Analyzing the same milk samples using LC/ESI-MS and CZE show that the measurements
of ay,-CN-8P and -9P, a;,-CN-10P, -11P and -12P, and a,,-CN PD were similar between two an-
alytical methods. For these traits, it was assumed that differences in heritability estimates be-
tween French Montbéliarde and Dutch Holstein Friesian were due to breed differences, which
might be due to differences in allele frequencies. For a,,-CN PD, it was defined as (a,-CN-12P
+ a4,-CN-13P + a,,-CN-14P) / (a,,-CN-10P+ a,,-CN-11P+ a¢,-CN-12P+ a,,-CN-13P+ a,-CN-
14P) in French Montbéliarde and as a,,-CN-12P / (@ ,-CN-10P+ a,,-CN-11P+ a¢,-CN-12P) in
Dutch Holstein Friesian. When comparing phenotypic correlations of a,,-CN PD with other
traits using both definitions in French Montbéliarde, it is shown that both trait definitions suc-
cessfully quantified the proportion of isoforms phosphorylated at lower degrees because of the
observed similarity in estimated correlations. Furthermore, when using the same trait defini-
tion, 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 regulating
the phosphorylation of a,;- and a,,-CN. The effects of SNP BTB-00068200 and DGAT1 on «a,;-
CN-9P are in the opposite direction of their effects on a,,-CN-10P and -11P, suggesting that
the regions on chromosome 1 and 14 contribute to an antagonistic regulation between a,;-CN
phosphorylated at a higher degree and a,,-CN phosphorylated at a lower degree. Contrast-
ingly, the effects of §-LG on a¢,-CN-8P are in the same direction as its effects on a,,-CN-10P and
-11P, but no effects were detected on a4,-CN-9P and a,,-CN-12P, suggesting that the region on
chromosome 11 is only involved in the regulation of a,- and a,,-CN isoforms phosphorylated
at lower degrees. These results indicate that either a,,- and a,,-CN isoforms phosphorylated
at lower degrees would be more abundant than those phosphorylated at higher degrees or vice
versa. One possible hypothesis is a two-casein-kinase system, meaning one kinase is respon-
sible 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 phosphorylation de-
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gree in the formation of casein micelles and identifying the potential impact on milk techno-
logical properties, comparing micelle properties from cows that produce milk with contrasting
phosphorylation degrees of a,,- and a,-CN can provide an insight into relations between phos-
phorylation degrees of a,;- and a,,-CN and micelle structure. To achieve this, it is shown that
analyzing milk protein composition on a large scale is still required for searching cows exhibiting
contrasting phosphorylation degrees of a,,- and a,,-CN because using three genetic markers
identified in this thesis is not sufficient to predict phosphorylation degrees of a,,- and a,,-CN
in Dutch Holstein Friesian.

122



Acknowledgments/Remerciements



Acknowledgments

Doing a PhD was just like hopping on infinity roller coaster. It felt like that it would never
end during the ride, but in this case, you could not just close your eyes until it was over (people
who went to Walibi with me know what | was like on roller coasters :D). As obvious as it is,
| wouldn’t have survived without all the love and support, so | would like to express my very
profound gratitude to all the people who contribute to this PhD and life around it during the
past four years.

I’'m very grateful for EGS-ABG program including all the coordinators and secretaries for
making this PhD happened. A special thanks goes to my supervisors, Patrice, Henk and Marleen
for their guidance and support. Without you, this thesis wouldn’t have existed. Henk, thanks a
lot for all the valuable input, the intellectual challenges and the random chats that sometimes
turned into philosophy lessons :) | really appreciate your take on exploring different aspects
of analyzing data and science, and that your door is always open when | have questions. |
hope I've grown at least 1% like you as a scientist after the last two years we’ve been working
together. Marleen, besides the scientific support, I've learned a lot from you about how to
structure a manuscript. Your modifications improved tremendously my manuscripts, and I’'m
really grateful for that. Thanks a lot for your help for organizing the my last two years.

A big shout out to all my collaborators! Hein, your passion for research is inspiring and
contagious, and | really admire that you always take initiatives for collaborations. Without you,
| wouldn’t have known so many people and participated in interesting projects. Thom, | really
enjoyed our collaborations, brainstorming and conversations. We could’ve done a lot more
together if | have more time, but let’s leave some for the future research :) Guido, thanks for
your assistance for running CZE and LC-MS (for a very short while until the machine broke....)
in NIZO. Sjef, thank you for all the help for running LC/MS-MS analysis. Jared, | enjoyed a lot
our collaboration though we only shared a pretty short ride together. Your honesty and passion
for science inspire me. | really appreciate the time we worked together! | hope there will be
much more collaborations in the future and you’re drinking G& T while reading it:) | would also
like to thank Jeroen Heck and Etske Bijl for helping me to get around with Dutch milk genomic
initiative data regarding phosphorylation isoforms.

I would like to thank my colleagues from INRA Jouy-en-Josas. Un grand merci a vous tous et
toutes, I'équipe LGS, pour tout votre amitié au labo. Je voudrais remercier quelques personnes
en particulier. Guido le magnifico, merci infiniment pour ton soutien pendent ma thése, de
m’avoir supportée au bureau et de m’avoir appris le frangais et LC-MS! Tu étais toujours la pour
m’aider quand j’en avais besoin. Merci encore Guido! Je t’attends toujours pour visiter Taiwan
et golter des yeux de poisson! Agnés, merci beaucoup pour ton soutien surtout pour la partie
du projet FROM’MIR. J'apprécie beaucoup ton efficacité et tes commentaires sur mes papiers.
Je suis vraiment contente d’avoir travaillé avec toi. Zuzana et Léonardo, merci beaucoup pour
votre soutien, votre amitié et les bons moments passé ensemble. Yuli, | would like to thank you
for all the advise, scientific discussions and friendship for the time spent in Jouy.

| wish to thank all the EGS-ABG fellows! For some, we only saw each other in conferences
and courses, but it was always tremendous fun spending time together! A special thanks to
Edin and Bélen, you guys were always there for me when | was panicking and needed moral
support and suggestions. I'm really grateful for that!

124



Acknowledgments

| would also like to thank all the colleagues from ABGC for the discussions during QDG and
TLM, fun activities and drinks. | have learned a lot while having a lot of fun for my two years
here! Listis really long to go through every name, but | would like to mention a couple of special
ones. Thank you Ada and Lisette for helping out all the administration! Amabel, thank you for
all the help for programming and fun together. Mandy, the sweetest girl I've ever met, thank
you for all the help, always being there for me when | needed to vent and for all the tasty beef
jerky you brought whenever you went home. Thank you, Sandrine for always listening to me
and helping me with analysis. Juanito, thanks a lot for being a grown-up. You're always being a
good friend to me, especially being available for a sympathetic ear. Thank you for all the good
(drinking) time together my party people: Pascal, Floor, Claudia, Jérémie, Shuwen, Yvonne,
André, Marcos, Merina, Juanito, Amabel, Grummy, Rodrigo, Tom (I would be more grateful if
you stop videotaping me all the time at parties), Maria from Spain, Gareth, Crystal, Mathijs,
Coralia, Maria from Colombia and Sonia. A big shout out to the best office, Gareth, Maria,
Coralia and Sonia! Thanks a lot for all the laughters, chatters, scientific discussions and sharing
frustrations. The last stretch of PhD would have been tougher without you guys. Gareth, the
hardcore quantitative geneticist, thanks a lot for sharing knowledge and bringing the Thirsty-
Thursday spirit! | hope we can do some more together in the future. Cori, thanks a lot for all the
fun time, especially girls’ nights! | hope we can organize a trip to Mexico soon! Mi amor, thank
you for speaking minion and always being supportive even when you’re far away in Ethiopia!
Sonia, ce fut une période difficile et ton aide fut plus qu’appréciable. C’est si bon de savoir que
tu étais présente a mes cotés. Dans les moments ou j'étais trop fatiguée, tu étais toujours la
pour m’aider a programmer, rédiger mes emails, répondre a mes questions sans queue ni téte,

A special thanks for all my friends | gained along the way outside work, friends from EM-
ABG, from home and from everywhere, you all contributed a lot of happiness to sustain me
during the past four years. | would also like to thank Mu-En for all the scientific discussions.
| hope one day we can combine our expertise to start a lab together :) Mathieu, merci pour
ton soutien dans certains moments difficiles surtout vers la fin de thése. Tu étais la pour me
réconforter, me supporter dans les moments ol j’étais pénible, m’aider a trouver des solutions,
enfin organiser un peu ma vie :D Merci de tout ce que tu m’apportes. Merci d’étre a mes
coOtés. Jai hate de découverir le monde avec toi. Maintenant, tu peux t'amuser a corriger ce
paragraphe :D

Finally, | would like to thank my family, my dog and cats for their endless love and support
even I’'m far away for long.

125






Curriculum vitae



Curriculum vitae

About the author

Zih-Hua Fang was born on 3 March in Tainan, Taiwan. She obtained her B.Sc. in Animal Science
and Technology from National Taiwan University in 2010. Her interest for scientific research led
her to pursue the European Master in Animal Breeding and Genetics (EM-ABG) with full schol-
arship from 2011. During her master, Zih-Hua spent one year in Universitat fiir Bodenkultur
Wien and did a minor thesis about the effect of selection and population structure in genome-
wide association studies. She later spent her second year of master in AgroParisTech and did
her major thesis in INRA Jouy-en-Josas where she worked with both proteomic and genomic ap-
proaches to characterize new alleles encoding novel milk protein variants in cattle and sheep.
In 2013, she started her PhD in the framework of the European Graduate School in Animal
Breeding and Genetics between AgroParisTech-INRA and Wageningen University. In her PhD,
Zih-Hua investigated the genetic background of a;- and a,,-casein phosphorylation in cows’
milk, and the results are presented in this thesis.

128



Curriculum vitae

List of publications

Peer-reviewed publications

Fang, Z.H., Bovenhuis, H., van Valenberg, H.J.F., Martin, P., Huppertz, T. and Visker, M.H.P.W.,
Accepted. Genetic parameters for ag,- and a,,-casein phosphorylation isoforms in Dutch Hol-
stein Friesian. Journal of Dairy Science.

Fang, Z.H., Bovenhuis, H., Delacroix-Buchet, A., Miranda, G., Boichard, D., Visker, M.H.P.W.
and Martin, P., 2017. Genetic and nongenetic factors contributing to differences in a-casein
phosphorylation isoforms and other major milk proteins. Journal of Dairy Science, 100(7),
pp.5564-5577.

Fang, Z.H., Visker, M.H.PW., Miranda, G., Delacroix-Buchet, A., Bovenhuis, H. and Martin, P,,
2016. The relationships among bovine a -casein phosphorylation isoforms suggest different
phosphorylation pathways. Journal of Dairy Science, 99(10), pp.8168-8177.

Manuscript in preparation

Fang, Z.H., Bovenhuis, H., van Valenberg, H.J.F., Martin, P., Duchemin S. I., Huppertz, T. and
Visker, M.H.P.W., Manuscript in preparation. Genome-wide association study for a,- and
a,-casein phosphorylation in Dutch Holstein Friesian.

Conference Proceedings

Fang, Z.H., Bovenhuis, H., Visker, M.H.PW., Delacroix-Buchet, A., Miranda, G., and Martin,
P., 2016. Genetic and nongenetic factors contribute to differences in relative proportion of
as-casein phosphorylation isoforms among Montbéliarde cows. In: Proceedings of 12" Inter-
national Meeting on Mountain Cheese, Padova, Italy, 20-22 June 2017.

Fang, Z.H., Miranda, G. and Martin, P.,, 2014. Characterization of a new allele encoding
a,,-casein in the Lacaune dairy sheep: possible phylogeny relationship among CSN1S52 alleles.
In: Proceedings of 10" World Congress of Genetics Applied to Livestock Production, Vancouver,
Canada, 17-22 August 2014.

129



Curriculum vitae

Individual and Training Supervision Plan

The Basic Package (7.5 credits)

130

Welcome to EGS-ABG , Addis Ababa (Ethiopia) 2013
EGS-ABG research school, Addis Ababa (Ethiopia) 2013
EGS-ABG research school, Uppsala (Sweden) 2016
Research integrity & ethics and animal science, Wageningen (The Netherlands) 2016
Dissemination of Knowledge (12 credits)

International conferences

World Congress on Genetics Applied to Livestock Production, Vancouver (Canada) 2014
International Symposium on Milk Genomics and Human Health, Sydney (Australia) 2015
ADSA-ASAS-CSAS Joint Annual Meeting, Salt lake city (USA) 2016
67th Annual Meeting of the European Federation of Animal Science, Belfast (UK) 2016
Seminars and workshops

Annual meeting of the doctoral candidates of the Animal Genetics Division of INRA, 2014
Jouy-en-Josas (France)

Annual meeting of the doctoral candidates of the Animal Genetics Division of INRA, 2015
La Rochelle (France)

Presentations

Poster; Annual meeting of the doctoral candidates of the Animal Genetics Division of 2014
INRA, Jouy-en-Josas (France)

Poster; World Congress on Genetics Applied to Livestock Production, Vancouver 2014
(Canada)

Oral; Annual meeting of the doctoral candidates of the Animal Genetics Division of 2015
INRA, La Rochelle (France)

Poster; International Symposium on Milk Genomics and Human Health, Sydney (Aus- 2015
tralia)

Oral; ADSA-ASAS-CSAS Joint Annual Meeting, Salt lake city (USA) 2016
Oral; 67th Annual Meeting of the European Federation of Animal Science, Belfast 2016

(UK)



Curriculum vitae

Advanced Scientific Courses (17 credits)

Bioinformatics approaches to identify causative sequence variants in farm ani- 2014

mals, Uppsala (Sweden)

PH525x Data analysis for genomics, Paris (France) 2014
PH525.5x Case Study: RNA-seq data analysis, Paris (France) 2014
Statistical models for genomic prediction in animals and plants, Aarhus (Den- 2015
mark)

Course for ASReml package, Wageningen (The Netherlands) 2016
Statistics for the life sciences, Wageningen (The Netherlands) 2016
Statistical genetics, Faro (Portugal) 2016
Quantitative Genetics Discussion Group (QDG), Wageningen (The Netherlands) 2015-2017
Professional Skills Support Courses (5 credits)

Getting it Across in English, Paris (France) 2015
Scientific writing, Wageningen (The Netherlands) 2016
Techniques for writing and presenting a scientific paper, Wageningen (The 2016
Netherlands)

The final touch: how to write the general introduction and discussion,Wagenin- 2017

gen (The Netherlands)

Research Skills Training (4 credits)

External training period, Wageningen (The Netherlands) 2015-2017

Complied with the educational requirements set by the European Graduate School in
Animal Breeding and Genetics, the Graduate School of Agriculture, Food, Biology, En-
vironment and Health of the Agricultural, Veterinary and Forest Institute of France and
the Graduate School of Animal Science of Wageningen University & Research

131






Colophon

The research described in this thesis was financially supported by a joint grant from the Euro-
pean Commission (within the framework of the Erasmus-Mundus joint doctorate "EGS-ABG”)
and APIS-GENE.

The data used in Chapter 2 and 3 was part of the French “FROM’MIR” project, funded by the
French Ministry of Agriculture, Agro-food and Forest, the French Dairy Interbranch Organization
(CNIEL, Paris, France), the Regional Union of Protected Designation cheeses of Franche-Comté
(URFAC, Poligny, France), and the Regional Council of Bourgogne Franche-Comté (Besan- ¢on,
France), and the data used in Chapter 4 and 5 was part of the Dutch Milk Genomics Initiative,
funded by Wageningen University (Wageningen, the Netherlands), the Dutch Dairy Association
NZO (Zoetermeer, the Netherlands), Cooperative Cattle Improvement Organization CRV (Arn-
hem, the Netherlands), and the Dutch Technology Foundation STW (Utrecht, the Netherlands).

Cover design: Wei-Ping Li
Printed by: Digiforce



%) agreenium

I'institut agrenomique,
vétérinaire & forestier
de France

Title : The genetic background of bovine a- and ag,-casein phosphorylation

Keywords : milk protein composition, posttranslational modification, heritability, quantitative
trait loci

Abstract :

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. Therefore, it is of great interest to explore variation in degrees of phosphorylation of
caseins 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 as;- and as,-CN. Thus,
two studies were conducted to quantify phosphorylation levels of ag;- and a,,-CN: one in French Montbéliarde (FM)
using liquid chromatography coupled with electrospray ionization mass spectrometry and the other in Dutch Holstein
Friesian (DHF) using capillary zone electrophoresis. In FM, in addition to the known isoforms a,;-CN-8P and-9P and a,-
CN-10P to -13P, three new phosphorylation isoforms were detected, namely a,,-CN-9P, a,,-CN-14P, and a,,-CN-15P.
Relative concentrations of the phosphorylation isoforms varied considerably among cows. Phenotypic correlations
showed that isoforms phosphorylated at higher degrees (a,;-CN-9P and a,,-CN-12P to -14P) correlated negatively with
isoforms phosphorylated at lower degrees (a,;-CN-8P, a,,-CN-10P, and -11P). Furthermore, it was shown that aj;- and
as,-CN phosphorylation profiles changed across parity and lactation, and exploitable genetic variation for the
phosphorylation degrees of ag;- and a,,-CN (defined as the proportion of higher-degree isoforms in ag;- and a,-CN,
respectively) exists in FM. In DHF, three as,-CN isoforms, namely a,,-CN-10P to -12P, and the phosphorylation degrees
of ag- and ag,-CN were quantified. High intra-herd heritabilities were estimated for individual as,-CN phosphorylation
isoforms and the phosphorylation degrees of ag;- and a.,-CN (ranging from 0.54 to 0.89). This suggests that genetic
factors contribute substantially to observed differences in ag- and as,-CN phosphorylation profiles. The correlation
between the phosphorylation degrees of ag- and a,-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
0s1- and as,-CN phosphorylation isoforms and their phosphorylation degrees in DHF. Regions on BTAL, 6, 11 and 14
were associated with multiple traits studied. Two quantitative trait loci (QTL) regions were detected on BTA1: one
affecting a,,-CN production, and the other affecting a;-CN PD and a,,-CN PD. The QTL region on BTA6 affected only
individual ag,-CN isoforms. The QTL region on BTA11 and 14 affected relative concentrations of a,,-CN-10P and a,,-CN-
11P, a,;-CN PD and a,,-CN PD. Results suggested that effects of identified genomic regions on a,;-CN PD and a,,-CN PD
are probably due to changes in milk synthesis and phosphorus secretion in milk. Finally, differences among studies
due to factors such as analytical methods, trait definitions, and breed on genetic parameters and correlations are
discussed using the two dataset from this thesis. It is concluded that differences in heritability estimates for a,;-CN-8P
and -9P, a,,-CN-10P, -11P and -12P, and a,,-CN PD between FM and DHF were mainly due to genetic differences
between breeds. As for a,,-CN PD, it was defined differently in FM and DHF due to analytical methods used. It is
shown that both trait definitions successfully quantified the proportion of isoforms with higher degrees of
phosphorylation because of similar estimated correlations using both definitions on the FM dataset. Additionally, it is
hypothesized that a two-casein-kinase system is involved in the phosphorylation of as;- and a,,-CN based on results in
this thesis.
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Résumé :

La phosphorylation des caséines (CN) est une modification post-traductionnelle qui permet I'aggrégation des caséines
sous formes de micelles. La stabilité de ces structures est essentielle pour transporter les minéraux au nouveau-né et
fabriquer des produits laitiers. Il est par conséquent fondamental d'explorer la variation du degré de phosphorylation
(PD) des CN, et d'étudier dans quelle mesure les facteurs génétiques contribuent a cette variation. Cette these visait a
étudier le contexte génétique de la composition des protéines du lait de vache, en mettant l'accent sur la
phosphorylation des CN a; et ag,. Deux études ont été menées pour analyser leur niveau de phosphorylation : la
premiéere en race Montbéliarde frangaise (FM), en utilisant la chromatographie liquide couplée a la spectrométrie de
masse a ionisation par électro-nébulisation et I'autre en race Holstein Friesian néerlandaise (DHF), en utilisant
I’électrophoreése capillaire de zone. En race FM, en plus des isoformes connues : a,;,-CN-8P et -9P, de a,,-CN-10P a -13P,
trois nouvelles isoformes ont été détectées (a,,-CN-9P, a,,-CN-14P et a,,-CN-15P). Les concentrations relatives de ces
isoformes variaient considérablement entre vaches. Les corrélations phénotypiques ont montré que les isoformes
phosphorylées aux degrés les plus élevés (as;-CN-9P, de a,,-CN-12P a -14P) étaient corrélées négativement avec les
isoformes phosphorylées a des degrés inférieurs (a,-CN-8P, a,-CN-10P et -11P). En outre, les profils de
phosphorylation des CN as; et o, changent avec la parité et le stade de lactation, et il est possible d’exploiter en FM la
variation génétique du PD de ces caséines (définie comme la proportion d'isoformes ayant les taux de phosphorylation
les plus élevés). En DHF, nous avons quantifié 3 isoformes d’a,,-CN, a savoir a,,-CN-10P, -11P, et -12P et les PD des CN
041 et ag,. Des héritabilités intra-troupeau élevées ont été estimées pour les isoformes de phosphorylation d'a,,-CN et
les PD des CN a,; et a,, (comprise entre 0,54 et 0,89). Ceci suggére que des facteurs génétiques contribuent
substantiellement aux différences observées dans les profils de phosphorylation de ces CN. La correlation entre les
degrés de phosphorylation de a;-CN et d’a,,-CN était de 0,94. Nous avons montré que 10 régions, réparties sur les
autosomes BTAL, 2, 6, 9, 11, 14, 15, 18, 24 et 28, sont associées aux isoformes de phosphorylation des CN aj; et a,, et
leurs PD en DHF. Les régions sur BTAL, 6, 11 et 14 étaient associées a plusieurs caracteres étudiés. Deux régions
quantitative trait loci (QTL) ont été détectées sur BTAL : |'une affectant la production d'a,,-CN et |'autre le PD des deux
CN. La région QTL localisée sur BTA6 affectait uniquement les isoformes d'a,-CN. Les régions QTL situées sur BTA11 et
BTA14 influencent les concentrations relatives en a.,-CN-10P et -11P, et les PD des CN a,; et a,,. Ces résultats
suggerent que les effets des régions génomiques identifiées impactant les PD sont probablement dus a des
modifications de biosynthése des constituants du lait et a la sécrétion de phosphore dans le lait. Enfin, les différences
observées sur les parameétres génétiques estimés et les corrélations, sont discutées sur la base de I'ensemble des
données issues des deux études décrites dans cette thése. En conclusion, les différences observées sur les estimations
d'héritabilité entre FM et DHF semblent principalement dues a des composantes génétiques. Quant au PD de I'a,,-CN,
il a été défini différemment en FM et en DHF, en raison des méthodes analytiques. Il a été possible de quantifier avec
succes la proportion d'isoformes présentant des degrés de phosphorylation élevés, en raison de la similitude dans les
corrélations estimées avec les deux définitions aux données de FM. Finalement, sur la base des résultats présentés
dans cette these, nous avons émis I'hypothése qu'un systéme comportant deux caséines-kinases puisse étre impliqué
dans la phosphorylation des CN ay; et as,.



