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SUMMARY

Milk coagulation propertieCP) are a fundamental aspect in cheese productidryrbunfavorable trend
over year on MCP have been observed in severatmwesinThe cheese yield has decreased, accentuhéng
necessity to provide dairies with milk well suitéat dairy products manufacture. During the pastades
the focus of milk production has been kg's of nplotein, but total milk protein content is a poodicator

of MCP, and the lack of an appropriate high-thrqughanalysis for routine determination of milk
coagulation is currently limiting the opportunitp improve MCP by direct selection. Milk protein
composition has long been a subject of interestworldwide dairy researchers. As a consequence,
information on milk protein genotype could be atil to improve milk protein composition and MCP
trough marker assisted selection without havingolenotype large progeny groups. Considering such
options, it would be desirable to gain further kiexlge about effects of milk protein genetic varsaah
milk protein composition and on MCP.

Aims of the study were to investigate the effectsC&N2CSN3 haplotypes [{-k-casein) andBLG (-
Lactoglobulin,p-LG) genotypes on milk production traits, contentpmftein fractions and detailed protein
composition; to investigate the effects@BN2CSN3haplotypesBLG genotypes, contents of milk protein
fractions and protein composition on MCP; to inigege the effect exerted by the relative ratia-@N A to
k-CN B content on MCP and industrial cheese yieldhoge Italian cheese varieties. The final aim tas
estimate genetic parameters of major milk proteastions and estimate genetic and phenotypic ctioel
between milk protein fractions and MCP.

A new reversed-HPLC method for the separation arahtfication of the most common genetic variarits o
bovine milk proteins was developed and validatestirig linearity, repeatability, reproducibility and
accuracy. Contents of major protein fractions wasasured by this new method in individual milk skeap
of 2,167 Simmental cows. Protein composition wassueed as weight percentage of each cagéi) (
fraction to total caseinTCN) and as weight percentage®BEG to total whey proteinWH). Genotypes at
CSN2 CSN3and BLG loci were also assessed by HPLC a@@N2CSN3haplotype probabilities were
estimated for each cow. Rennet coagulation tiRET) and curd firmnessaf;) were measured using a
computerized renneting meter.

Effects of haplotypes anBlLG genotypes on yields were weak or trivial. HapletygarryingCSN2B and
CSNS3B exhibited greater TCN and casein numiggh) (in comparison with all other haplotyp&senotype
BB at BLG was associated with increased protein, TCN anav@én compared to genotype AA. Haplotypes
including CSN3B were associated with greateCN content and percentage. All&ISN2B was associated
with an increase d§-CN content, which occurred at the expense of etrtitos;-CN. Haplotypes including
allele CSN2A, exhibited decreasdtt, asr andy-CN concentrations and increaseg- andx-CN contents,
whereasCSN21| exerted positive effects oprCN concentration, without altering other protemactions
content. Effects exerted by haplotypes on CN coitipaswere similar to those exhibited on CN fraaso
contents. AllelBLG A increase@-LG concentration and altered the-G to a-Lactalbumin ¢-LA) ratio.
When protein fractions contents or protein compasitvere not included in the statistical model, Ibgypes
carryingCSN3B allele exhibited shorter RCT and greatgy Bn comparison with those carryif@SN3A,
and haplotypes carryifQSN2B allele were responsible for a noticeable deer@dfRCT and for an increase
of ap, When compared to haplotype?’A When effects of protein fractions contents or mbtein
composition were added to the model, no differea®ss haplotypes due @SN3and CSN2alleles was
observed for MCP, with the exception of the efldoc€SN2B on RCT, which remained markedly favorable.
Also, the favorable effect exerted IBSN2B on a, was mediated by the increase BCN B in milk.
ConverselyB-CN B is likely to exert a molecular effect on RGiAhich does not depend upon variatiorpof
CN content associated to allele B.

To test if the lack of effect af-CN genetic variant would have been observed afsoheese yield, milks
with differentk-CN A to xk-CN B content ratios were separately manufactusgatéduce Montasio, Asiago
and Caciotta cheese. Milk was characterized bynlgesimilar composition in terms of protein, TCN, CN



composition,-CN composition and pH. Milk with the higher propon of x-CN B (HIGHB) exhibited
similar coagulation properties but a higher chegeld in all the investigated cheese in comparisgth
milk with a lower proportion ok-CN B (LOWB). However, the increment of yield observed for HE
milk in Montasio cheese was ascribed to a greatecdntent of HIGHB milk in comparison with LOWB
milk. The probability of HIGHB milk giving a cheesgeld 5 % greater than that of LOWB milk ranged
from 51 to 67 % for Montasio cheese, but was lothian 21 % for Asiago and Caciotta cheeses. Thas, th
ratio of k-CN A tox-CN B content did not relevantly affect industrialeese yield when milks of similar CN
composition were processed, and an indirect effeetto the highet-CN content ok-CN B milk on cheese
yield is to be suggested.

Values of heritabilityfor asi-CN%, x-CN% and B-CN% were similar and ranging from 0.61 to 0.70,
whereas heritability ofus-CN%, y-CN% and -LG% were 0.28, 0.29 and 0.33, respectively. WESN2-
CSN3haplotype andLG genotype were accounted for by the model, helitalgistimates of all the protein
fractions became similar suggesting that proteymshesis is regulated by specific genes which cbrlre
overall production of milk protein. Genetic cort@das among the contents of the five CN fractiond a
between CN fractions and WH fractions were generalv. Generally, all the CN fractions were also
moderately positively correlated with WH. When datiaere adjusted foESN2-CSNaaplotype andBLG
genotype, genetic correlations among the contdrsotein fractions markedly increased confirmihgttall
the fractions undergone a common regulation. Theetd and the relative proportion ®CN were not
genetically correlated with RCTis;- andas-CN were unfavourately correlated with RCT, butréasing
the content of-CN in milk would result in a shorter RCT. Strongerds were associated with highe€N
and B-CN, and with loweros;-, asy, andy-CN contents and proportions. Results confirm thek | of
favorable associations between TCN and MCP indigatiat other traits, i.e. milk protein fractios$ould
be used for the genetic improvement of cheese-rggkioperties.



RIASSUNTO

Le proprieta di coagulazione del lattd@P) sono un aspetto fondamentale nella produziorferdiaggio,
tuttavia, negli ultimi anni, & stato registrato amdamento sfavorevole della coagulazione del iattéversi
Paesi. La resa in formaggio & diminuita, accentadadhecessita di fornire i caseifici con latte pdatto per
la trasformazione in formaggio. Nel corso degliriitdecenni il miglioramento genetico si & focadittz sui
kg di proteina del latte, ma il contenuto totalgoditeina non sembra essere un buon indicatore M&IP, e
la mancanza di un metodo di analisi che consentieterminazione delle MCP su larga scala attuaknent
limita la possibilita di migliorare le MCP attrageruna selezione diretta. La composizione protétdatte

e stato a lungo oggetto di interesse per i ricercdi tutto il mondo. Di conseguenza, le infornwadi sul
genotipo delle proteine del latte potrebbero esaéliezate per migliorare la composizione dellatpina
oppure nella selezione assistita da marcatori pgiarare le MCP, senza dover fenotipizzare gragrdippi

di progenie. Alla luce di tali possibilita, sarebdngspicabile poter acquisire ulteriori conoscenagi £ffetti
delle varianti genetiche delle proteine sulla cosigone proteica del latte e sulle MCP.

Obiettivi di questa tesi sono stati: studiare ffetti dell’aplotipo CSN2CSN3(B-«x-caseina) e del genotipo al
locus BLG (B-lattoglobulina,p-LG) su caratteri produttivi, contenuto di frazionbf@iche e composizione
proteica; studiare gli effetti dell’aplotipBSN2CSN3e del genotipo al locuBLG, del contenuto di frazioni
proteiche e della composizione proteica sulle M&&iare I'effetto esercitato dal rapporto relatiaoc-CN

A e B sulle MCP e sulla resa industriale in treetardi formaggi italiani. Inoltre, ultimo obiettivdel lavoro

e stato la stima dei parametri genetici delle gomlc frazioni proteiche del latte e delle corrétad
genetiche e fenotipiche tra le frazioni proteicte BICP.

Un nuovo metodo di analisi HPLC a fase inversalpeseparazione e la quantificazione delle piu camun
varianti genetiche delle proteine del latte bovinatato sviluppato e validato attraverso test riidrita,
ripetibilita, riproducibilita e accuratezza. Il denuto delle principali frazioni proteiche € statsurato con
questo nuovo metodo in campioni di latte individudi 2,167 bovine di razza Simmentah composizione
proteica e stata espressa come percentuale indpegmi frazione caseinica rispetto al contenutaléodi
caseina TCN) e come percentuale del peso dgHaG sul totale di proteine del sier@/f). Il genotipo ai
loci CSN2 CSN3eBLG € stato determinato tramite HPLC e le probabdjifotipiche per gli aplotipi CSN2-
CSN3 sono state stimate per ogni animale. Tempmagulazione KCT) e consistenza del coagulad)
sono stati misurati utilizzando un lattodinamografo

Gli effetti dell’aplotipo delle caseine e del geipotal locusBLG sui caratteri produttivi sono stati limitati o
trascurabili. Gli aplotipi contenenti gli alletBSN2B e CSN3B hanno mostrato valori piu elevati di TCN e
un indice caseinicoQl) superiore, rispetto a tutti gli altri aplotipi. genotipo BB al locuBLG e stato
associato ad un aumento del contenuto proteico nadl superiore rispetto al genotipo AA. Gli appot
contenenti I'allelesCSN3B sono stati associati a contenuti e percentuiai@N maggiori.L’allele CSN2B é
risultato associato con un aumento del contenuf@N, che si e verificato a scapito del contenutag
CN. Gli aplotipi che includevano la variar@®SN2A; hanno mostrato una diminuzione del contenut®-di
as> € y-CN e un aumento del contenuto odi- € k-CN, mentre la variant€SN21 ha esercitato effetti
positivi sulla concentrazione @+CN, senza alterare il contenuto delle altre frazgroteiche. L'allele A al
locusBLG é stato associato ad una maggiore concentrazigie@ e ad un piu elevato rapporto fd.G e
a-lattoalbumina ¢-LA).

Quando il contenuto delle frazioni proteiche o denposizione della proteina non erano inclusi netietio
statistico, gli aplotipi contenenti I'allel@SN3B erano associati ad RCT piu brevi gglnaaggiori, rispetto a
quelli che includevano l'allel€SN3A, e gli aplotipi contenenti la varian@SN2B erano responsabili di
una notevole diminuzione dei valori di RCT e peloviadi ago maggiori, rispetto agli aplotipi contenente la
variante A. Quando gli effetti del contenuto delle frazionbfeiche o della composizione proteica sono stati
inclusi nel modello statistico, nessuna differetraaaplotipi riconducibile agli alleli ai lod€CSN3e CSN2é
stata osservata per le MCP, con l'eccezione deltef della CSN2B su RCT, che e rimasto molto
favorevole. L'effetto favorevole esercitato dalbs CSN2B su ag € risultato mediato dall’aumento RHCN



B nel latte. Al contrario, I$-CN B esercita probabilmente un effetto direttdRsTiT, che non dipende dalla
variazione del contenuto fCN associato all’allele B.

Per verificare se la mancanza di effetto diretitedearianti genetiche di-CN sarebbe stato osservato anche
sulla resa in formaggio, latte con differenti ragiptra k-CN A e B sono stati lavorati separatamente per la
produzione di Montasio, Asiago e Caciotta. Il lalsorato aveva composizione simile in termini di
proteina, TCN, CI, composizione caseinica, compose della3-CN e pH simile. Il latte con la percentuale
maggiore dik-CN B (HIGHB ) ha presentato valori di MCP simili, ma una regpesiore in tutti i tipi di
formaggio esaminati, rispetto al latte con una @emcale inferiore dik-CN B (LOWB). Tuttavia,
l'incremento di resa osservato per il formaggio Msio e stato attribuito a un maggior contenutgresso
del latte HIGHB in confronto con il latte LOWB. Liobabilita del latte HIGHB di dare un formaggianco
una resa del 5% superiore a quella del latte LOVEBava dal 51 al 67% per il Montasio, ma é stata
inferiore al 21% per Asiago e Caciotta. Il rappdr le varianti A e B dik-CN non ha quindi influito in
modo rilevante sulla resa casearia industriale,ndoala composizione del latte era bilanciata per la
composizione caseinica, ed é possibile supportamterche vi sia un effetto indiretto delle variatitk-CN
sulla resa casearia, a causa del piu elevato atotdik-CN associato alla variante B.

| valori di ereditabilita peris;-CN%, k-CN% e B-CN% erano simili e variabili da 0.61 al 0.70, ment
I'ereditabilita di as>CN%, y-CN% e B-LG% erano 0.28, 0.29 e 0.33, rispettivamente. Qadreffetto
dell’aplotipo CSN2-CSN& del genotipo al locuBLG sono stati inclusi nel modello, le stime di erablilita

di tutte le frazioni proteiche sono divenute similiggerendo che la sintesi di proteine del latiessitoposta

a un controllo genetico da parte di geni speciftee controllano il livello generale di proteina tite. Le
correlazioni genetiche tra il contenuto delle Srilpai caseiniche e tra le frazioni caseiniche drdeioni
sieriche erano generalmente basse. In generate, lautfrazioni caseiniche erano anche moderatamente
positivamente correlata con WH, suggerendo chéavusa regolazione generale del livello di proteiieh
latte che coinvolge contemporaneamente TCN e WHando I'effetto dell’aplotipopCSN2-CSN3e del
genotipo al locuBLG sono stati inclusi nel modello, le correlazionngtche tra i contenuti delle frazioni
proteiche sono aumentate significativamente, suapdo I'ipotesi che tutte le frazioni siano oggettaina
regolazione generale. Il contenutokedlCN del latte non é risultato essere geneticamemtelato con RCT,
asi- € as-CN hanno mostrato una correlazione sfavorevole RGT, mentre un aumento deftaCN nel
latte sarebbe a favore di RCT piu brevi. Coaguli gansistenti sono stati associati ad un maggintecmto

di k-CN ep-CN e ad un minor contenuto @is-, as-, €y-CN. | risultati ottenuti confermano la mancanza di
un’associazione favorevole tra TCN e MCP, sott@imio 'esigenza di utilizzare altri caratteri, corhe
contenuto delle frazioni proteiche, per il miglioranto genetico delle proprieta casearie del latte.



GENERAL INTRODUCTION

Trendsin Milk and Cheese Production

According to the Food and Agricultural Policy Resgalnstitute (FAPRI, 2008)orld cheese
production is expected to grow 22.3 % over ten gjeaith the US and the EU accounting for over
64 %.The expected trends in milk and cheese producthioBurope from 2010 to 2017 will be
stationary for milk but +10.8 % for cheese prodotiWithin the same period, the consumption of
milk is expected to decrease (-0.3 %) whereas tmsumption of cheese is expected to have a
marked increase (+12 %).

Besides France, Italy is the country with the latggumber of locally-made cheeses, nowadays
approximately counting 400 products. Dairy sectmoants for 13 % of the food industry incomes
and exerts a key role for the Italian food indusiry an international level, involving more than
2,000 dairy implants and transformation facilitidsaly accounts 9 % of the European milk
production (11 million tons, 94 % cow milk), but ¥ of the cheese production (Pieri e Del Bravo,
2005). More than 70 % of the overall milk produntidSTAT, 2006) is used in the manufacture of
cheese and 55 % of total milk is processed for3hePDO (Protected Designation of Origin)

cheeses (Cassandro, 2003).

I mprovement of Milk Coagulation Properties

Milk coagulation propertiesMCP) are a fundamental aspect in cheese productiqgecesdly in
those countries where dairy industry is based aditional products (Cassandro et al., 2008).

A general worsening of MCP has been observed iaraeeountries. Unfavorable trends over years
on MCP, at the phenotypic level, have been evidérnne some authors (Mariani et al., 1992;
Cassandro and Marusi, 1999; Sandri et al., 2001)mdk yielded in dairy herds located in
traditional areas for cheese production in Italyc@mparison of the Swedish dairy milk produced
within the period from 1970 to 1996 (Lindmark-Maosset al., 2003) showed that although there
was no difference in total protein concentratidmg proportion of casein in total protein was
significantly decreased over that period. Althotigére are no published data on variation of MCP
over the past decades in Finland, according toreasens made in Finnish dairies, the average
coagulation ability of milk has been deterioratuhgring the past 20 to 30 years, and the ratio of
cows producing non-coagulatinl€) milk has increased (Ikonen et al., 1999). Staggatheese
yields despite increased total protein concentnattd milk has been reported in France also
(Coulon et al., 2001). Consequently, the cheede Yias decreased, accentuating the necessity to

provide dairies with milk well suited for dairy giocts manufacture.
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During the past decades the focus of milk productias been kg of milk protein, but total milk
protein content is a poor indicator of MCP. In adst conducted by lkonen et al. (2004), neither
protein nor casein content of milk was found toshéable for implementing an indirect selection
aimed to improve MCP. The genetic correlation betwthem was almost one, indicating that the
protein content reflects the casein content wedin&ic correlations between MCP and protein and

casein content of milk were, however, almost zero.

Possihility for the Genetic | mprovement of MCP

Genetic improvement of MCP by direct selection besn suggested (Caroli et al., 1990; lkonen et
al., 1999a; Bittante et al., 2002; Cassandro e2808; Tyriseva, 2008). This would mean that the
coagulation of milk for each cow, based on its egphility, needs to be measured at least three
times during one lactation (Tyriseva, 2008), fopraper genetic evaluation. Although new and
more automated measuring techniques for MCP aregemge(Dal Zotto et al., 2008), this is still a
very laborious task. Therefore, the lack of an appate high-throughput analysis for routine
determination of MCP is currently limiting this ampunity.

Genetic variants of milk proteins have been showbé associated with the protein composition
and thereby with the technological properties olkrfBBuchberger and Day 2000). Milk protein
composition has long been a subject of interestvianfdwide dairy researchers, although examples
of practical implementations are scarce. Lack afpse routine analyses to measure i.e. casein
content in milk, is one major factor limiting pr@&gs in this direction. As a consequence,
information on milk protein genotype could be a&@d to improve milk protein composition and
MCP trough marker assisted selection without havingphenotype large progeny groups.
Moreover, the finding of candidate genes for noagtdation of milk (Tyriseva et al., 2008) may
present new possibilities for genetic selectionardong the improvement of MCP. Considering
such options, it would be desirable to gain furtkeowledge about effects of milk protein genetic

variants on milk protein composition and on MCP.

Milk Protein

Milk protein is a complex group of peptides in whiover 200 different molecules have been
characterized (Ng-Kwai-Hang, 2002). Bovine milk gally contains about 3.5 % protein, of which
approximately 80 % are caseins and 20 % are whatgips, traditionally divided according to their
solubility at pH 4.6.

Milk caseins are fundamental in cheese making p®odecause they form the gel network that
entraps the other constituents of cheese. Caseaisist® ofasi-CN, as>-CN, B-CN, andk-CN in

approximate proportions 4:1:4:3-CNs are different C-terminal segmentspe€CN obtained after



proteolytic cleavage by the enzyme plasmin. Moreopest-translational modifications such as
phosphorylation, glycosylation, disulphide bondirgoteolysis, and the existence of genetic
variants, cause further diversity within the caggioup (Ng-Kwai-Hang, 2002).

Polar and apolar regions on the casein peptidenstaie not uniformly distributed, giving them an
amphiphilic structure. This, in addition to thenmofine and phosphate content, constitutes the basis
for the ability of caseins to form micelles. Thencentrations of calcium generally found in milk
would cause precipitation @fs;-CN, as>CN, andp-CN, which are calcium-sensitive proteins, by
calcium binding to their phosphoserine residues #CN, however, is soluble in calcium and
stabilizes the other caseins in a colloidal st&trell et al., 2006). The-CN is found in several
glycosylated forms where the C-terminal part (theethomacropeptide) contains varying numbers
of O-glucosidic linked residues (Farrell et al.02)

In milk about 95 % of the caseins are aggregatecbliloidal structures (Farrell et al., 2006) and
several theories of the casein micelle structurgehbeen proposed. Although there is no
unanimously accepted model, there are some gepevpkrties that are commonly recognized.
These include the notion of partly hydrophobic aasdeing stabilized bx-CN predominantly
located near the micelle surface. The hydrophitid aegatively charged C-terminal ende€N
protrudes from the micelle, which is open and perdo form a hairy layer that, by steric and
electrostatic repulsion, prevents any further suleite aggregation and also micelle flocculation
(Walstra, 1999). Micelle stability is suggestedmaintained by excess of hydrophobic attraction
over electrostatic repulsion (Farrell et al., 2006pntaining only one phosphoserine residue,
micelle growth is limited bx-CN acting as a dead-end capping unit, which besopagt of the
micelle surface structure (Horne, 1998). The siaht function ofk-CN and its role in micelle
growth makes it a key protein in determining mieedize (Dalgleish et al., 1989; Donnelly et al.,
1984; Risso et al., 2007) and also some functipra@erties.

The three main whey proteins apelG, a-LA and blood serum albuminBGA), representing
approximately 50, 20 and 10 % of total whey pratemespectively. The remaining part comprises
immunoglobulins Ig) and trace amounts of several other proteinsudict enzymes and growth
factors.

Most whey proteins are globular with organized selewy and tertiary structure, which, in contrast
to the caseins, make them sensitive to heat dextmtnrat temperatures above 60 °C. A reactive
thiol group is exposed at heat denaturatiofi-bfs, which forms disulphide-thiol interchanges with
other B-LG molecules as well as witk-CN (Creamer et al., 2004§-LA is important in the
biosynthesis of lactose being a sub-componentenabtose synthetase complex (Ng-Kwai-Hang,
2002). Whereasu-LA and B-LG are synthesized in the mammary gland, BSA agdaie

components of blood serum.



Genetic Polymorphism of Milk Proteins

Polymorphisms have been observed for all milk pnstéFarrell et al., 2004). Howevers,CN
anda-LA have been shown to be essentially monomorphalliwWestern dairy breeds and variation
at theos;-CN locus is rather limited (Farrell et al., 2004).

Single nucleotide substitutions in coding sequerafea gene may give rise to amino acid shifts
affecting the physico-chemical properties of theot@in polymorphism. But amino acidic
substitutions can occur also in promoter regiogegling to variations of protein expression.

Milk protein polymorphisms play an important role ithe technological quality of milk
(Buchberger and Day 2000) as a result of both the qualitative andntjtegive protein variations.
The former depend on molecular composition of thiggeptide, resulting in different chemical and
physical behavior of a variant when compared tattearoand are the consequence of the specific
amino acid variation. The latter are relate to diféerent capacities of expression of alleles that
control the synthesis of that specific protein (lka et al., 1997; Mayer et al., 1997).

Qualitative variations. The most common qualitative variations affect tbeaharge of the protein.
For example, variant B ofis;-CN carries one more negative charge than variantisCthe
substitution of Gly for Glu, the presence of AsppibG A increase the negative charged of this
variant in comparison with that §tLG B, whereas the B variant §fCN has one and two more
net positive charges tharm And A variants, respectively. It has been suggestedtiteatepulsive
forces between casein micelles containing variaoth asosi-CN C, B-CN B andk-CN B, in
which amino acid substitution results in lower meigative charge, are decreased compared to
micelles containing more negatively charged prote@anants (McLean, 1986). This would thus
facilitate aggregation.

In addition, k-CN andp-CN B variants have been associated with lowertreegativity and
alkaline pH, with positive effects on the stabildlymicelles and on their reactivity to rennet, @i
results in shorter clotting times and more compacatls (Mariani and Summer, 1999).

However, there are also mutations affecting noy ¢imé net charge of the protein. For example, the
rare as-CN variant A is characterized, when compared toamés B and C, by the lack of an
hydrophobic region (resulting by a deletion of 18imo acids residues), which makes it less
sensitive to proteolytic degradation of chymosind gmepsin, originating a soft, friable and
unsuitable clot for the production of cheese (Coetal., 1997).

Milk containing different genetic variants has alseen shown to yield gels with an altered
structure, due to different bonding and cross-higkpatterns (Nuyts-Petit et al., 1997; Walsh et al.
1998).

Quantitative variations. Apart from effects of polymorphism in the codingtpaf the gene on the

resulting protein structure, polymorphism in then+omding regions of milk protein genes is
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believed to affect protein transcription (Lum et 4997; Robitaille et al., 2000, 2002). It hasrbee
suggested (Martin et al., 2002) that, if polymogphs in the promoter region of a gene are linked to
polymorphisms located in the coding region, a dpeprotein might be characterized by an allele-
specific expression.

In general, the B allele af-CN has been associated with a highegEN concentration in milk
compared to A (Lodes et al., 1997; lkonen et @971 Bobe et al., 1999; Graml and Pirchner,
2003), and also with higher total protein and aasaimber, which results in different MCP
depending ork-CN genotype. The influence @SN3genotypes on the amount of totalCN in
milk has important consequences on the size ofntieelles also. The more uniform micelle
systems are characterized by increased quantitissall micelles, which form a protein network
more dense and compact. In contrast, I@N\3E allele has been associated with a low&N
content compared to B, possibly also to A (Oloffale 1992; Ikonen et al., 1997).

In several studie-CN B allele has been associated with the mostrédole MCP (Schaar, 1984;
van den Berg et al., 1992; Ikonen et al., 1997)enesk-CN A has been associated with longer
coagulation times and softer curds. Poorest MCPbkeas ascribed to theCN E allele (Oloffs et
al., 1992; lkonen et al., 1999a). These effectthefdifferent variants with MCP of milk are also
found regarding cheese yield (Schaar et al., 1986;den Berg et al., 1992; Walsh et al., 1995;
Walsh et al., 1998).

Cows carrying thg-CN B allele have been reported to produce milkhwiiicreased total protein
andp-CN concentrations (McLean et al., 1984; Ng-Kwargat al., 1986) and it has been shown
that the amount of protein and casein decreadeinrder AA' > A'A% > A?A? (Ng-Kwai-Hang et
al., 1986; Jakob & Puhan, 1994). The B allel§-&N has been linked to an improved coagulation
compared to the A variants. Higher protein recoviergheese has been reported feEN A'A*
compared to AA? (Marziali & Ng-Kwai-Hang, 1986), and foi-CN A’B compared tcB-casein
A’A? (Mayer et al., 1997). Finally, the B variant .G has been shown to be expressed at a
markedly lower level in milk compared to the A \ari, with a concomitant increase in casein
number (Lodes et al., 1997; Lundén et al., 1997).
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AIMS

The general aim of this thesis was to gain furtreywledge about the association of milk protein
polymorphisms with detailed milk protein compositicand about the effect exerted by genetic
variants at milk protein loci and protein compasition milk coagulation and cheese yield. The
main aim was to clarify if effects exerted by mpkotein polymorphisms on renneting ability of

milk and cheese yield are due to specific biochahpcoperties of protein genetic variants or to
variations of the relative ratios between proteactions associated with the presence of specific

polymorphisms.

Specific aims were to:

 Develop a method for the quantification of the mafoilk protein fractions and for the

determination of their most common genetic varid@isapter 1);

» Study the effect of casein haplotypes #dG genotype on detailed protein composition of

individual milk of Simmental cows (Chapter 2);
» Study the effects of casein haplotypes @AdG genotype together with the detailed protein
composition of milk on milk coagulation propertie$ individual milk of Simmental cows

(Chapter 3);

* Assess the effect of different ratios betweae@N A and B protein genetic variants in bulk

milk on the cheese yield obtained in industrialscheese-making experiments (Chapter 4);

» Estimate genetic parameters for milk protein fi@tsi contents, protein composition and milk

coagulation properties (Chapter 5).
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Validation of a new reversed-phase high-performanckquid chromatography method for

separation and quantification of bovine milk proten genetic variants

V. Bonfatti, L. Grigoletto, A. Cecchinato, L. Gallo, and P. Carnier
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Padova, Italy

ABSTRACT

A new RP-HPLC method for the separation and quaatibn of the most common genetic variants
of bovine milk proteins is described. A reversea@sgxh analytical column C8 (Zorbax 300SB-C8
RP, 3.5 um, 300 A, 150%4.6 1.D.) was used. All th@st common casein and whey protein genetic
variants, includin@-CN, were detected and separated simultaneously irtHass40 min, with the
exception ofas-CN B and C variants. Purified protein genetic aats were employed in
calibration and showed different absorbances atr#h4 The procedure was developed using 40
raw individual milk samples of cows belonging tafaifferent breeds and certified skim milk
powder BCR-063R. Method validation consisted irtingslinearity, repeatability, reproducibility
and accuracy. A linear relationshipt®.99) between the concentration of proteins arskparea
was observed over the concentration range, with kstection limits. Repeatability and
reproducibility were satisfactory for both retemtibmes and peak areas. The RSD of peak areas
ranged from 0.92 to 4.32% within analytical day dram 0.85 to 9.52% across analytical days.
The recoveries, calculated using mixtures of sampleviously quantified, ranged from 98.1 to
103.7%.

INTRODUCTION

Bovine milk protein has been widely studied becao$ets relationships with composition,
nutritional and technological properties of milkadtoproteins include caseins (CNs) and whey
proteins which differ in their solubility behaviat pH 4.6. Caseins account for nearly 80% of total
milk protein and includess:-, asz, B- andk-CN fractions, in the relative proportion of 4:114:
Whey proteins includen-lactalbumin ¢-La) and B-lactoglobulin B-Lg), in the approximate
proportion of 1:3, together with bovine serum allmuiBSA) and immunoglobulins (Igs) as minor
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constituents (Farrell et al., 2004). For JN.g anda-La, more than 60 genetic variants have been
identified, albeit in western bovine breeds fewypmbrphisms occur exclusively or are strongly
predominant (Farrell et al., 2004). As genetic arat$ of CNs and whey proteins influence many
properties of milk that are crucial in the cheesskimg process, the development of analytical
methods for the separation and quantification afavds of milk proteins within single protein
fractions is of interest. As an example, k&€Ngg genotype seems to be associated with an
increased protein and CN content, reduced renregjutation time, enhanced cheese curd firmness
and overall cheese yield (Marziali and Ng-Kwai-Hard®86a,b; Buchberger and Cipv2000).
Also, milk protein polymorphisms have been reportedbe associated to variation in protein
composition of milk (Bobe et al., 1999) which isiarportant factor for the profitability of the dgir
industry (Pabst, 1994). Because genes that encokl€iis and whey proteins are autosomal genes
exhibiting Mendelian inheritance, selection of cofws desired proteins variants is feasible and
milk protein polymorphisms might be used in gengisied selection programs for altering
composition and technological properties of millkespite DNA-based genotyping of animals is
available for large scale applications, it can moovide any information on milk protein
composition. Moreover, the quantification of relatiratios for milk protein fractions, or even
variants, is of interest for milk quality paymegstgems.

A variety of methods are employed to analyze milt@n fractions: electrophoretic techniques
(Ng-Kwai-Hang and Kroeker, 1984; Kim and Jimenear€t., 1994) and isoelectric focusing (IEF)
(Kim and Jimenez-Florez., 1994), high-performanapiiti chromatography (HPLC) by ion-
exchange (Hollar et al., 1991), hydrophobic intBoaxs (Bramanti et al., 2002) and reversed-phase
methods (Visser et al., 1991; Bobe et al., 1998dBoet al., 2001; Veloso et al., 2002), and, more
recently, capillary electrophoresis and capillaope electrophoresis (Recio et al., 1997; Fairisk an
Cayot, 1998; Miralles et al., 2001; Ferreira and¢d@e, 2003), mass spectrometry (Miralles et al.,
2003) or combinations of them (Mollé and Léonil 08D In particular, high performance liquid
chromatography allows rapid and automated analytiaracterized by good separations, high
resolutions and accuracy and reproducible results.

Previous investigations on the application of HPi€thods to the analysis of milk protein have
been focused on the quantification of protein foacd using bulk-tank milk and employing protein
commercial standards. Those methods lack the dgperciquantify single milk protein genetic
variants within fraction, with the only exceptioh3Lg. As protein composition might be involved
in future breeding programs for dairy cattle popalas aiming to enhance technological properties
of milk, the development of methods for the quacdtion of single protein fractions or variants in
individual milk samples is of interest and UV alismice of each genetic variant should be
assessed.
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In this study, an RP-HPLC method for simultaneoualitptive and quantitative analysis of most
common genetic variants of bovine caseins and vgheieins was optimized and validated. Our
method was developed improving the results obtame®&ordin et al. (2001) allowing a 20 min

lower analytical time, and with the use of purifigeinetic variants in the calibration phase to asses
the response of each protein genetic variant. Hhielation of the method has been performed by

testing the linearity, the precision (repeatabiityd reproducibility) and the accuracy.

MATERIALS AND METHODS

Reagents, Standards and Samples

Guanidine hydrochloride (GdnHCI) (lot G-4505, py#®9%) and Bis-Tris Buffer (lot B-9754,
>98%) were supplied by Sigma (Sigma Aldrich, Stuisp MO, USA). DL-dithiothreitol (lot 43817,
>98%) was from Fluka (Buchs, Switzerland). Purifredjor proteins from bovine milk were also
purchased from Sigma and their purity checked kBctedphoresis or by polyacrilamide gel
electrophoresisk-CN (lot C-0406, >80%)a-CN (lot C-6780, >70%)pB-CN (lot C-6905, >90%),
a-La (lot L-5385 type I, ~85%)p-Lgs (lot L-8005, >90%) ang-Lga (lot L-7880, >90%). Ultra
pure water (Milli-Q Plus System, >18.3(Mcm) was obtained in the laboratory.

Bovine individual milk and blood samples for 10 Blein Friesian, 10 Brown Swiss, 10 Jersey and
10 Italian Simmental cows were collected direathydairy herds. Preservative (Bronopol, 2-bromo-
2-nitropropan-1,3-diol) was immediately added tw nailk samples at 0.6:100 (v/v) to prevent
microbial growth and aliquots containing 0.8 minoilk were frozen at -20°C. Milk samples were
prepared following the method proposed by Bobelet(1®98). No preliminary separation or

precipitation procedures of the casein fractionenequired.

HPLC Equipment

The HPLC equipment consisted of an Agilent 1100eSechromatograph (Agilent Technologies,
Santa Clara, CA, USA) equipped with a binary purhgilent 1100 Series, G1312A). A variable-
wavelength ultraviolet detector (Agilent 1200 Sgri6&1314B) was also used. The equipment was
controlled by the Agilent ChemStation for LC Sysgesoftware which set solvent gradient, data
acquisition and data processing. Separations wefermed on a reversed-phase analytical column
C8 (Zorbax 300SB-C8 RP, Agilent Technologies) wattsilica-based packing (3.5 um, 300 A,
150x4.6 1.D.). A Security Guard Cartridge Systemo@uct No. AJ0-4330, Phenomenex) was used
as pre-column (widepore C4 4x3.0 mm). The sampé was kept at constant low temperature
(4°C) by a liquid refrigerator (Agilent 1200 serigS1330B) and injected via an auto-sampler
(Agilent 1200 series, G1329 A). An injection loopl®0 pl was used.
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Chromatographic Conditions

Gradient elution was carried out with a mixtureta solvents. Solvent A consisted of 0.1%
trifluoroacetic acid (TFA) in water and solvent Bsv0.1% TFA in acetonitrile.

Separations were performed with the following pewgr linear gradient from 33% to 35% B in 5
min (0.4% B mif), from 35% to 37% B in 4 min (0.5% B mij from 37% to 40% B in 9 min
(0.33% B mirt), from 40% to 41% B in 4 min (0.25% B rii) followed by an isocratic elution at
41% B during 5.5 min, then linear gradient from 4943% B in 0.5 min (4% B mif), from 43%

to 45% B in 8 min (0.25% B mif) and return linearly to the starting conditionlirmin. Before
inject the following sample, the column was re-&ftated under the starting conditions for 8 min.
Therefore, the total analysis time per sample viasii.

The flow rate was 0.5 ml/min, the column tempemtwas kept at 45°C and the detection was

made at a wavelength of 214 nm. The injection vewonsisted of 5 pl.

Purified Proteins

Pure protein genetic variants were extracted fibredion experiments because other caseins and
whey proteins are present as impurities in comrakstandards and commercial standards for each
genetic variant are not available.

Each protein genetic variant was purified by RP-BPktarting from individual milk samples of
DNA-genotyped animals, and then lyophilized andghieed. For this purpose, the same elution
conditions were used in semi-preparative experimbmtcollecting the major peaks-CN variants

A and B, as>CN, asi-CN, B-CN variants A, A% B, and I).a-La, p-Lga and B-Lgg were used
without further purification. A semi-preparative fbax 300SB-C8 (5 um, 300 A, 9.4x250 mm,
Agilent Technologies) column was used. The flove nabs 2 mil/min. After lyophilisation, purified
proteins were stored at -20°C.

Because of the limited amount of protein obtainaioten a semi-preparative method, purified
genetic variants were only used to check theiramse coefficients and to quantifying the content
of each protein genetic variant into a milk sampleis milk sample was stored at -196°C and used
as standard for further analysis. The quantitapwecision was improved by running this milk
sample at the beginning of each analytical daydjsa for column-to-column and day-to-day

variation.

DNA Genotyping

To ensure a higher variability of genotypes, indidal milk and blood samples collected from
Holstein Friesian, Brown Swiss, Jersey and Italsimmental cows were used to check the
correspondence between genotyping results provie®NA-based techniques and RP-HPLC.
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DNA was extracted from leukocytes by standard it and genotyped by direct sequencing.

Primers and sequences are reported by Chessg 20@ir).

Validation

Ten individual milk samples from Italian Simmentaiws were used in the validation tests as this
breed exhibits more balanced allelic frequenciegrwbompared with Holstein Friesian, Brown
Swiss and Jersey. Moreover, Italian Simmental shawather high occurrence @fCN, allele
(Jann et al., 2002, 2004).

Before calibration, linearity was tested by runnthg same sample at 5, 10, 20, 40 and 80 pl in
triplicate. The precision of the method was themaleated by estimating the repeatability and
reproducibility. Areas under all peaks on the chatogram were used to validate the method.

For the validation procedure, 10 samples were aedlylaily, repeating the analysis of the same
sequence over 4 days (sample injection volume 4 .5Tjhe reproducibility was calculated as the
RSD of peaks area and elution times across days.r@peatability was studied by running 10
consecutive replications of the same sample anclileging the RSD for peaks area and elution
times (sample injection volume = 5 pl). All thecalots employed in validation were stored at -196
°C to prevent enzymatic lysis.

The accuracy was determined by quantifying eacletgemariant in two samples and by repeating
the quantification on different mixtures of thenm 7&, 50 and 25%). Each mixture was analyzed in
duplicate. The percentage recovery rate was caéllasing the experimental response values and
values provided by the calibration curves for taens quantity of analyte. Student'gsest was
performed to assess whether the recovery rateelffetatistically from 100% &t < 0.05.

The external standard method was used to calidfeechromatographic system for protein
quantifications. For this purpose, standard sohstioonsisting of purified protein genetic variants
were used. Each solution was analyzed in duplicate.

Calibration curves were computed for each protenegjc variant by estimating parameters of the
linear regression of the peak area on the amojgtted, at increasing injection volume (5, 10, 20,
40 and 80 pl).

Certified Reference Material BCR-063R Skim Milk Powder

BCR-063R skim milk powder was supplied by the but#i of Reference Materials and

Measurements (IRMM, Geel, Belgium). The certifietht Nitrogen content was 62.3+0.8 mg/g. Its
‘true protein’ content was calculated using therage conversion factor of 6.38 (Fox and
McSweeney, 2003). The estimated protein conceatratias therefore 39.75+1.02 g/100g. Three
aliquots of BCR-063R were weighted, suspended aatyzed in duplicate.
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RESULTS AND DISCUSSION

Separation

In this study, HPLC conditions were optimized foolile phase composition, gradient, operating
temperature and flow-rate. Retention times of tlagomeluted peaks coincided with retention times
of standard protein fractions. It was thereforesasined that proteins eluted in the following arde
K-CN, aszCN, as-CN, B-CN, a-La andf-Lg. It is worth to note that commercial standawse
available for the mixturen-CN only, but not foraszCN and as;-CN fractions and that the
chromatographic profiles showed the contaminatiaih® standards due to the presence of traces of
other milk proteins.

The identification of peaks of genetic variantswafk proteins was confirmed by comparison with
commercial standards that consisted of purifiedegenvariants [§-Lg variants A and B) or by
comparison with chromatograms of individual milkrgdes of DNA-genotyped animals (Fig. 1).
For as>CN, assignment was made on the basigsghis-CN ratio, as-CN being 10-12% of total
protein (Walstra and Jenness. 1984).

k-CN eluted as several distinct peaks which corgsisfeglycosylated and unglycosylated forms of
k-CNa and k-CNg (Farrell et al.,, 2001). Chromatograms from animedsrying differentk-CN
genetic variants are reported in Fig. 2. The peadfil the different forms aé-CN was well resolved
and it was very similar to those obtained by Visseal. (1991). The main genetic variants A and B
(glycol-free form A and B), together with their ghysylated forms were detectable. Glycosylated
forms belonging to variant A and variant B werenidfeed as the peaks that were not visiblecin
CNgg andk-CNaa animals, respectively.

Under the conditions use&;CNa and the infrequent variant-CNg coeluted, buk-CNae and
k-CNg were perfectly resolved-CNg is an uncommon variant which has been detectd@lian
Brown Swiss and Holstein Friesian cattle populaiand exhibits a high frequency (~30%) in the
Finnish Ayrshire (Formaggioni et al., 1999).

As previously reported by Bordin et al. (200d3-CN multiple peaks and shoulders were probably
caused by the partial separation of differentlyggtmrylated forms ais-CN (Farrell et al., 2004).
Resolution betweer-CNg andas>CN was higher than 2.4, ensuring a complete s@para
Separation of variants B and C @fi-CN was not feasible with the current method olhy other
published RP-HPLC method (Visser et al., 1991; Bebeal., 1998; Bordin et al., 2001). For
homozygous animals, these two variants gave risedouble peak, which is likely to occur for a
difference in the degree of post-translational phosylation (Farrell et al., 2004). No individuals
carrying asi-CNp or as-CNp were found in the group of sampled animals anessssent of

elution times for these two variants was not fdasib
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Figure 1. Chromatograms relative to individual milk samp({samples 1-7) obtained using the optimized
elution condition: Zorbax 300SB-C8 RP (Agilent Teologies); linear gradient from 33% to 35% B in 5
min (0.4% B mirf!), from 35% to 37% B in 4 min (0.5% B mi)) from 37% to 40% B in 9 min (0.33% B
min™?), from 40% to 41% B in 4 min (0.25% B rifiy followed by an isocratic elution at 41% B duritig
min, then linear gradient from 41% to 43% B in hix (4% B min'), from 43% to 45% B in 8 min (0.25%
B min?) and return linearly to the starting condition Inmin, where solvent A consisted of 0.1%
trifluoroacetic acid (TFA) in ultra pure water asdlvent B was 0.1% TFA in acetonitrile; flow ratés 0
ml/min at 45°C; UV detection at 214 nm.
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For A', A? and B variants of-CN, all peaks were well resolved. The most diffi@eparation, the
one between Aand A variants, was achieved by an isocratic elution I 4f solvent B. The
resolution between these two peaks exceeded 1.1Bchwis considered satisfactory in
chromatographic separations. As reported by Bobal.et1998), the C variant, which is a rare
variant, partially coeluted with Avariant, albeit differences in peak shape allowetkction of
heterozygous individuals CA Peak for variant C was well resolved and recagsiz in
heterozygous individuals in absence of variant. Variant | ofp-CN was detectable albeit it
partially coeluted with A variant. Hence, our method ensured the discrifitinabetween
homozygous | and heterozygous®liadividuals. To our knowledge, this is achieved foe first
time at protein level. Up to date, the detectiomgenetic polymorphisms of milk proteins has been
mainly achieved through various electrophoretichtegues, but these methods are restricted to
separation of proteins differing in net charge eau®y amino acid substitution. Differences
betweenp-CN A? and| variants are caused by a neutral amino acid exghand will not be
detectable by electrophoretic techniques at prdésiel (Jann et al., 2002). Likely, the peak elgtin
at approximately 29.5 min is attributablet&Ng (Visser et al., 1995).

Figure 2. Chromatograms relative to individual milk samptddDNA-genotyped cows: (a)-CNaa, (b) k-
CNpg and (c)x-CNgg; peak 1: glycosylated form-CN variant A and B; peak 2: glycosylated fokraCN
variant A; peak 3: unglycosylated fomrCN variant A; peak 4: glycosylated forcrCN variant B; peak 5:
unglycosylated forng-CN variant B; peak 6ois-CN.
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Under the conditions used and as reported for ddeHPLC methods that analyzed whole milk
(Bobe et al., 1998)-CNs (proteolytic products ¢-CNs) partially coeluted witl3-CN. The same
absorption coefficient foy-CNs and the respectifeCN variants were assumed. Detectionyof
CNs was made after comparison with chromatogramsoaimercial standards incubated with
plasmin at time 0 and after 20, 60 and 120 min t{iBasand Brown, 1996Plasmin action affected
resolution betweerfB-CNa1 and B-CNa2 as it gave rise to a proteolytic peak just betwtesm.
Moreover, plasmin activity caused a decrease @aiugsn between-CN andas-CN by increasing
the background noise (data not shown).

a-LA eluted after B-CNs group and it is monomorphic in variant B il alestern breeds
(Formaggioni et al., 1999). F@rLg, variant B eluted before variant A. As reportgdBordin et al.
(2001),B-Lga exhibited a minor peak followed by a main one Hralrelative proportion between
the size of the peaks can be considered as aratndiof the extent of proteolysis occurred. A third
B-Lg genetic variant, likel3-Lgp (Formaggioni et al., 1999), eluted immediately lbefB variant

in samples belonging to Simmental cows.

On the basis of comparisons with separate injestajrstandards, it was observed that BSA eluted
just beforep-Lgs whereas Igs coeluted wittis-CN. However, both BSA and Igs were not
detectable when analyzing individual milk samples.

There was full agreement between HPLC-inferred tygr@s and genotyping results provided by
DNA-based techniques, with the only exceptions lmbmatographic discriminations between
CN A and E and betweens-CN B and C. In some cases, there were uncertaintieghen
assignment of genotypes by DNA-based analysis \BHEN, was present.

Detection wavelength at 214 nm was preferred o @nd 280 nm because it improved the
baseline (less noise), the peak efficiency andréselution of the protein peaks. Temperature
exerted a significant effect on the resolution et milk proteins. In particular, increasing the
column temperature from 45 to 50 °C improved thsolion between a-CN variants, mostly
the one betweefi-CNa; andpB-CNaz, whereasc-CNg andasyCN coeluted. Whey proteins were
badly resolved and tended to coelute Wit&Ns when temperature was higher than 45 °C. These
results suggest the use of a temperature gradieimgrove the overall separation. In agreement
with results by Bordin et al. (2001), temperatuael Imo effect on the resolutionoiCN variants.
Differently to other investigations using long-ahaolumns (Visser et al., 1991; Groen et al.,
1994), no carryover effect caused by column adswrpivas observed in this study with the
exception of the carryover ascribed to proteinsined in the pre-column. To prevent the
worsening of separation caused by enzymatic lys@ateins, milk samples should be stored at -
20°C immediately after collection and analyzed witfiew days. In addiction to preservative,
enzymatic inhibitors might be used to limit plasractivity.
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Quantification

All former RP-HPLC quantifications of milk proteifgve been based on the use of bulk-tank milk.
In addition, calibration curves have been deriveainf parameters of regressions computed for
whole protein fractions by using commercial staddarhich contain a number of genetic variants
per fraction. When quantification by RP-HPLC isfpeamed for individual milk samples, response
factors for single variants have to be considethbse, for homozygous animals, a whole protein

fraction consists of a single variant.

Linearity

From 5 to 80 pl of injection volume, the relatiogtlween peak area and injected amount of protein
variant was linear (R> 0.99; data not shown). Parameters of calibratiorves are reported in
Table 1. As a consequence of small errors in thiegmtion phase, intercepts of regression
equations were statistically different from zeroRPak 0.05 for most protein variants with the
exception of whey proteinsis-CN andx-CNa. For all peaks, there was a very tight relatiopshi
between the amount of protein and the detectororespas indicated by’Ralues that exceeded
0.99.

Table 1. Parameters of regression equations for calibrationes, response factors, and limit of detection
(LOD) for single protein genetic variants or pratéiactions.

Response + SD LOD Injected  Theoretical

Protein Intercept + SE Slope+SE 2R amount plates

(ug /area) -10  (ug) (19) (N-16)
K-CNa 1.29+18.23 1169.6 £5.01 0.9999 0.86 £ 0.01 0.8.5-56.4 7.83
K-CNg -77.3+16.74  923.8 + 4.670.9999 1.16 + 0.06 06 35-556 10.22
asxCN -35.8 +37.15  788.3 + 7.910.9999 1.37+0.15 07 23-37.2 2.16
asr-CN  -138.3 £ 52.88 766.3 + 7.73).9998 1.44 +0.17 0.7 6.6-106.0 15.57
B-CNg -150.1 + 25.86 693.6 + 3.990.9999 1.62+0.19 09 6.3-1004 22.24
B-CNa; -209.3£32.35 1013.2 +4.88).9999 1.13+0.18 06 6.4-102.8 23.02
B-CNp, -186.2 £52.04 1140.1 + 7.88).9999 0.97£0.11 05 6.4-1024 21.23
B-CN, -263.4 + 46.67 924.6 + 7.170.9998 1.25+0.15 0.7 6.3-100.4 34.12
a-La -122.7 £73.56 1004.2 + 9.67.9974 1.14+£0.10 06 11-17.6 20.62
B-Lgs -11.2 £9.63 755.9 + 3.010.9999 1.34 £0.02 0.7 3.1-49.6 120.69
B-Lga 7.3+37.77 1066.4 + 9.31 0.9999 0.93+0.01 05 3.6-56.8 153.28

! Separated solutions of purified protein genetidards injected at volume of 5, 10, 20, 40 and 8ihduplicate.

LOD = 10%x(3xSD) where SD is the standard deviatibthe background noise.

For computation of the number of theoretical [Hafgeak width at the baseline was obtained by taiadines drawn
at half-height; foris-CN, peak width was calculated including all magod minor peaks.

At a wavelength of 214 nm, response factors werelitéérent magnitude for different protein
variants. Conversely, absorbance coefficients v@rmogeneous at 280 nm (data not shown). At

280 nm the absorbance of proteins is almost ex@lysdue to the aromatic amino acids content,
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which is the same for all variants within a protdmction, whereas at 214 nm absorbance
coefficients also depend upon the secondary steictlithe protein (Rosenheck and Doty, 1961).
Because variation of response across variantgge,l@pecific coefficients have to be used when
working with individual milk samples.

For milk samples used in the validation proced@®, content was nearly 87% of total protein.
Within caseinsgsi-CN was less than 50% afilCN roughly one third of total CN, whikeCN and
as>CN accounted for about 10% of total CN. Theseltesare in agreement with average content
values for bovine milk reported in the literatudlstra and Jenness. 1984; Fox and McSweeney,
2003). Because non-protein nitrogen, proteose-pegt@nd minor constituents of whey protein
were not detectable, the CN content of samples umsedr study was greater than the average CN
content of fresh milk reported in other investigas.

Table 2. Relative standard deviation of retention times peadk areas for milk proteins fractions or genetic
variants obtained in the analysis of repeatabdity reproducibility.

Protein Repeatability Reproducibility
Retention time Area Retention time Area  Samples
R.S.D. (%) R.S.D. (%) R.S.D. (%) R.S.D. (%) (n)

K-CNp 0.51 1.53 2.01 1.17 7
K-CNg 0.32 0.92 141 1.21 6
aszCN 0.15 4.32 0.71 9.52 10
as-CN 0.14 1.68 0.63 0.85 10
B-CNs - - 0.87 2.78 2
B-CNaz 0.28 2.14 0.90 2.59 5
B-CNaz 0.29 1.73 0.91 2.12 9
B-CN, - - 0.87 2.45 1
a-La 0.23 1.82 0.70 6.54 10
B-LOs 0.12 1.30 0.31 5.34 7
B-Lga 0.12 1.08 0.28 4.22 9

! Ten aliquots of the same individual raw milk sampkre injected consecutively.
2 A sequence of 10 individual raw milk samples wasdted over 4 days.

Repeatability and Reproducibility

Values of RSD for retention times and peak aredsimdd in the analysis of repeatability and
reproducibility are presented in Table 2. All RS&lues were similar to those reported in literature
for within- and between-days variation (Bobe et B998; Bordin et al., 2001). Results indicate that
the precision (repeatability and reproducibility)tbe method was acceptable. The RSD values for
retention times were below 0.51% within analytidaly (repeatability) and below 2.01% across
analytical days (reproducibility). Values of RSDr fueak areas were below 4.32% within day and
below 6.54% across days with the exception of R8Da§,-CN. Likely, as>CN response was
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markedly affected by pre-column conditions, as by half of the injected amount was retained
at this level. Pre-column conditions might have affected the reproducibility of quantification of
whey proteins. Thus, a frequent guard-cartridgedwer is advisable. In addition, a blank injection
might be used after each sample run. In our stadytank injection, consisting of 1 part of buffer
and 3 parts of solvent (4.5 M of GdnHCI in TFA:AGNO,1:100:900) improved the precision of
the method (data not shown). The “cleaning run” aassocratic elution at 45% solvent B over 5
min with a flow rate of 0.8 ml/ml. The re-equiliobm was introduced after each cleaning and not at
the end of the analytical run. Thus, including theaning run, the total analysis time per sample

was 46 min.

Accuracy

Recovery studies were carried out to determineatitoairacy of the method (Table 3). Recoveries
ranged from 98.9% foxsCN content to 103.4% fd¥-Lgg content and were close to 100% for all
other proteins. Results of Studentdest indicated that recovery rates were not sicguifily
different from 100% alP < 0.05.

Table 3. Results of the analysis of accutacy

Recovery rate R.S.D. t-test
Protein (%) (%) (to.0s2= * 4.30)
K-CNp 100.27 4.31 0.15
K-CNp 103.13 4.37 1.70
as-CN 98.10 3.88 -1.22
asi-CN 100.93 1.85 1.23
B-CNaz 103.66 4.33 2.00
B-CNaz 100.69 1.78 0.93
a-La 102.54 3.08 1.97
B-Lgs 103.36 3.89 2.05
B-Lga 101.16 1.56 1.80

IMixtures of two raw milk samples were obtained daling relative proportions of 75, 50 and 25%. Mietsi and
whole samples were analysed in duplicate and regokates were calculated using expected areas gedvby
calibration curves and observed areas.

Certified Reference Material BCR-063R Skim Milk Powder

Due to spray drying treatment, milk powders showdatomatograms of poorer quality in

comparison with those obtained from fresh milk. TRie-HPLC method estimated total protein
content of BCR-063R to be 38.07+£0.67 g/100g. Thienased content was in good agreement with
the one reported by the manufacturer which was539.02 g/100g. As expected, the total protein
content was slightly underestimated because theuamof non-proteic-nitrogen was not

measurable by RP-HPLC. Total casein of BCR-068& 93.33+0.13% of the estimated total
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protein, withas-CN and B-CN accounting for roughly 38, and 43% of total protegspectively,
andx-CN and as-CN accounting for 9.5% of total protein. In agresmwith results reported by
Bordin et al. (2001) for powder milk samples, whapteins content of BCR-063R measured by
our method wadower, as a consequence of heat sensitivity ofeth@eteins, than the average

content of whey proteins of raw milk.

CONCLUSIONS

In this study, a new RP-HPLC method for separatod quantification of milk protein genetic
variants was developed. The method allows the a@parof all milk protein fractions and genetic
variants in one run with very high resolutionsallbws a decrease of 20 min of the total run time i
compared to the method proposed by Bordin et @0XP In addition, it ensures a precise
quantification of most common genetic variants dase specific response factors and it might be a
useful tool for studies aiming at measurement dk priotein composition.

In conclusion, this procedure is suitable for metanalysis of raw individual and bulk-tank milk
samples as no complex sample preparation priamjéation is required and the total analysis time
per sample is considerably short if consideringgreat amount of information that the method can

provide.
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ABSTRACT

The aim of this study was to investigate the ef@fCSN2CSN3(B-«k-casein) haplotypes amil.G
(B-Lactoglobulin) genotypes on milk production trait®ntents of protein fractions and detailed
protein composition of individual milk of Simmentabws. Contents of major protein fractions
were measured by reversed-phase HPLC in indivicodgk samples of 2,167 cows. Protein
composition was measured as weight percentage aif easein fraction to total casein and as
weight percentage ¢¥-Lactoglobulin §-LG) to total whey protein. Genotypes@BN2 CSN3and
BLG loci were also assessed by HPLC @&&®N2CSN3haplotype probabilities were estimated for
each cow. Traits were analyzed with a linear madeluding the fixed effects of herd-test day,
parity, days in milk and somatic cell score cldis®ar regressions on haplotype probabilitRsG
genotype and the random effect of the sire of the. &ffects of haplotypes arigl. G genotypes on
yields were weak or trivial. Haplotypes carryi@®@N2B andCSN3B exhibited greater caseiGll)
content and casein number, in comparison with @éwhaplotypes, but no differences in whey
protein contentGenotype BBat BLG was associated to increased protein and CN centerd
casein number when compared to genotype AA. HapéstyincludingCSN3B were associated
with greater-CN content ana-CN to total CN ratio compared with those carrythg A variant.
The increase ok-CN to total CN ratio was coupled with decreasgg andy-CN to total CN
ratios. Allele CSN2B was associated with an increaseBe€N content, which occurred at the
expense of content afs:-CN. Haplotypes including allelESN2A® exhibited decreaset, osr
andy-CN concentrations and increasesl- andk-CN contents, whereaSSN2| exerted positive
effects onp-CN concentration, without altering other protefactions content. Effects exerted by
haplotypes on CN composition were similar to theghibited on CN fractions contents. Allele
BLG A increased3-LG concentration and altered tiffieLG to a-Lactalbumin ratio. The higher
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relative concentration ofi-LG associated with the A variant was compensatgdablower
concentration of all other milk proteins, in paut@r of B-CN and as;-CN. Estimated additive
genetic variance for investigated traits rangedanfrb4 to 39 % of total variance. Increasing the
frequency of specific genotypes or haplotypes mightan effective way for altering milk protein

composition.

INTRODUCTION

Most research concerning milk protein polymorphigowised on the associations@BN3(k-CN)

and BLG (B-LG) polymorphisms with milk production traits, @pdation time, curd firmness and
cheese yield. Results for the association betwalnprmotein genetic variants and production traits
are inconsistent across studies (Braunschweig.e2@00; Ikonen et al., 2001; Boettcher et al.,
2004a), but the B allele @@SN3has been consistently reported to be associatbdmproved milk
clotting properties (Schaar, 1984) and increasexksh yields (Schaar et al., 1985; Caroli et al.,
2000).

Milk coagulation properties have been reported ¢oififluenced also by protein composition
(Wedholm et al., 2006; J6éudo et al., 2008). A faudes investigated the role of milk protein
polymorphisms on protein composition and focusedtiijoon CSN3and BLG loci. Significant
effects of A and B alleles &G andCSN3on the concentration GfLG, k-CN, and total casein in
milk have been reported (Lunden et al., 1997; Magterl., 1997; Robitaille et al., 2002) and
genetically linked polymorphisms in the non-codiegjions of these genes are assumed to affect
transcription of proteins (Martin et al., 2002).r\&ion in casein composition has been reported
also forCSN2(B-CN) variants (Heck et al., 2009), but knowledgetlom effects exerted lYSN2B
allele is scarce because of its limited frequencalli previously investigated cattle populations.

The effects of polymorphisms at milk protein loci all major protein fractions concentrations or
relative ratios have been investigated using lichitambers of animals (Bobe et al., 1999; Hallén et
al., 2008), because of the difficulty of quantifyimll major milk proteins simultaneously, and
genotypes rather than haplotypes effects have taesidered in all those studies. Genes encoding
as1-CN, as>CN, B-CN andk-CN are located on chromosome 6, within a regiomalmut 250 kb
(Ferretti et al., 1990; Threadgill and Womack, 1990aking the estimation of the effects of single
CN genes difficult (Lien et al., 1995). For thisakiation of the effects of casein haplotypes sthoul
be preferred to the estimation of genotypes effd&mnen et al., 2001; Boettcher et al., 2004a).
Recently, for the first time, the effects exertgddasein haplotypes on milk protein composition
have been investigated using a large sample oftCHtdstein Friesian cows (Heck et al., 2009).
With few exceptions (Bobe et al., 1999; Heck et, &009), estimation of milk protein
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polymorphisms effects on detailed protein composithas been performed using ordinary least
squares procedures and effects due to polygenesbleen ignored. As a consequence, estimated
effects of milk protein loci might be biased (Kedgeet al., 1992).

Despite a wide spreading of the breed, only fewdisgihave been carried out on the variation of
milk protein composition in Simmental cattle (PéRadriguez et al, 1998; Amigo et al., 2001;
Graml and Pirchner, 2003). The Simmental breedbéshimore balanced allele frequencies within
each locus if compared with other breeds whereutrgy of some alleles (e. € SN3B or CSN2

B) is very high or very low. This facilitates thatenation of haplotype and genotype effects.
Moreover, this breed exhibits a moderate presenhatiele CSN2I whose effects have never been
reported previously.

The aim of this study was to estimate the effegtsted by casein haplotypes aBdG genotypes

on milk production traits, protein fractions contrations and detailed milk protein composition in

individual milk samples of Italian Simmental cows.

MATERIALS AND METHODS

Animals and Milk Sampling

Individual milk samples of 2,167 Simmental cowsstdbuted across 47 commercial herds in the
north of Italy, were collected from November 20@7Qecember 2008. Milk sampling occurred
once per animal, during the morning or evening mgk concurrently with the monthly milk
recording of the herd. Herd and test-day effecteeve®nfounded because all cows of a herd were
sampled in the same test day.

Milk was added with preservative (Bronopol, 0.6:1@8l/vol) immediately after collection, to
prevent microbial growth, and stored at —40°C ungVersed-phase (RP-) HPLC analysis, to
prevent enzymatic proteolysis. Procedures usedhenniational milk recording program for the
assessment of fat and protein contents are basemidinfrared spectroscopy and a Fourier-
transformed interferogram (MilkoScan FT 6000, F&dscrtic, Hillergd, Denmark). Milk yield
records and pedigree information were suppliechieyitalian Simmental cattle breeders association
(ANAPRI, Udine, Italy).

Milk Protein Composition and Genotyping

Contents ofisi-CN, as-CN, B-CN, y-CN, x-CN, B-LG, anda-LA of individual milk samples were
measured using the RP-HPLC method proposed by Bbefaal. (2008). Genotypes of cows for
CSN2 CSN3 andBLG, were also derived by RP-HPLC. Briefly, the metleodures the separation
of all major casein and whey protein fractions e gun, with very high resolutions, and provides
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the quantification of A A% B and | variants of-CN, A and B variants of-CN, and A, B and D
variants of3-LG. When analyzing individual milk samples of harggous animals, a whole protein
fraction consists of a single genetic variant, ap@ntification performed by RP-HPLC can be
affected by the response factor of the specificginoform. Since purified protein genetic variants
were used to develop specific calibration equatitims method used in this study was suitable for
the quantification of protein fractions contentsndividual milk samples. A detailed description of
the RP-HPLC technique used in this study can bedon Bonfatti et al. (2008).

Table 1. Descriptive statistics for milk production traifgotein fractions contents and protein composition
(n=2,167)

Trait Mean SD Minimum Maximum
Milk yield, kg/d 26.18 7.44 7.00 50.40
Fat yield, kg/d 1.02 0.32 0.22 2.62
Protein yield, kg/d 0.92 0.23 0.27 1.70
Fat, % 3.92 0.72 1.36 6.98
Protein, % 3.56 0.37 2.50 5.12
scs 2.67 1.95 -2.05 10.34
Protein measured by reversed-phase HPLC
Protein, g/L 38.78 4.54 19.58 59.16
Casein, g/L 33.88 3.40 16.92 51.76
Whey protein, g/L 491 0.71 2.58 7.63
Casein number, % 87.35 1.11 84.20 91.26
Protein fractions contehig/L
as-CN 11.38 1.41 5.82 17.38
as-CN 4.23 0.74 1.74 7.24
B-CN 12.99 2.02 5.99 22.83
v-CN 1.62 0.45 0.23 451
K-CN 3.66 0.85 1.29 6.84
a-LA 1.25 0.23 0.53 2.10
B-LG 3.66 0.61 1.76 6.13
Protein compositich %
as-CN% 35.61 2.65 28.00 45.46
as-CN% 12.11 1.60 5.39 18.36
B-CN% 37.14 2.90 27.31 46.02
v-CN% 4.68 1.33 0.77 12.56
K-CN% 10.46 1.95 4.70 17.57
B-LG% 74.49 3.79 61.25 87.38

1SCS = log(SCC x 16) + 3 ;

“Casein =0s;-CN +0g,CN + B-CN +7-CN +k-CN; whey protein $-LG + a-LA ; protein = casein + whey protein;
casein number = (casein/protein) x 100;

3Contents of all protein fractions were measureddversed-phase HPLC on skimmed milk;

05-CN%, 05-CN%, B-CN%, y-CN% andk-CN% are measured as weight percentages of tateircaontentp-LG%
is measured as weight percentage of total whegjrabntent.
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Because of the very low frequency BL.G D, records of cows carrying this allele were not
considered in the statistical analysis. The RP-HRh€hod did not allow the discrimination
betweenCSN1S1(as;-CN) alleles. Because the frequency of the C all€SN1Slhas been
reported to range from 0.08 to 0.11 for Simmenédtle (Pérez-Rodriguez et al, 1998; Jann et al.,
2004), suitability of genotyping based on altewetiechniques was carefully evaluated in terms of
benefits and disadvantages. This involved the ass&a® of genotypes &SN1Slin a random
sample of 200 cows by direct DNA sequencing. Portsd exon 17 ofCSN1S1(allele B and C
discriminating fragment) was amplified by standaPCR using primers Csnl1S1 ex17f 5'-
TGGATGCCTATCCATCTGGT-3" and Csnl1S1 _ex17r 5-CACT&IACATGTTCCTG-3'.
Amplicons (333bp) were directly sequenced usinglSdn ex17f primer on a CEQ8000 sequencer
(BeckmanCoulter, Fullerton, CA, USABecause of the very low frequency (less than 6%thef
CSN1SIC allele, genotyping through direct DNA sequenaias not extended to all milk samples,
and CSN1S1llocus was not considered when computing haplotypebabilities. With such a
limited frequency, haplotypes carrying the C allateCSN1S1would have been included in the
group of “rare” haplotypes or would have obtaineiaal haplotype probability, thus limiting the
reliability of the estimated haplotype effects gedpardizing expected advantages arising from the
gain of additional gene information. Furthermoreyay limited bias is to be expected when
neglectingCSN1SZXontribution to haplotype definition.

Frequency ofCSN3E allele, which cannot be differentiated fr@&®N3A by RP-HPLC, is known

to be quite low for the Simmental breed and rarfgas 4%, for Czech Simmental (Mgiicek et

al., 2008), to 0% for Italian Simmental (Jann et2004), albeit the allele has been detectedharot
cattle breeds (Ikonen et al., 1999a; Heck et &l092. Due to its low frequency, the incidence of
CSN3E was not assessed by direct DNA sequencing. Thegstimated effects f&SN3A might

be slightly biased being the combined effect€ 8N3A and E variants.

Despite the partial co-elution ECN | with A? variant, the double peak of heterozygoud A
samples exhibited a typical shape that was easitpgnizable. Also, heterozygousifand Bl
milks exhibited a characteristic shape of the pealley so that genotyping errors were unlikely.
Shifts of the chromatogram were rare and usualijdgeneous in the whoeCN elution interval.
More likely, genotyping errors occurred fof4 and Il samples.

Fractiony-CN consisted of a number of minor peaks elutirageltop-CN, or partially co-eluting
with it. Although constituted by multiple peaks cheterized by low resolutions, totgtCN
exhibited good repeatability and reproducibilityttwvalues similar to those obtained by Bonfatti et
al. (2008) for the other protein fractions, and barused as an indicator of the extent of protémlys

occurred in the milk sample.
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Traits Definition

For proteins quantified by RP-HPLC, total casdi€il, g/L) was computed as the sumogf-CN,
aszCN, B-CN, y-CN andk-CN contents of milk. Total whey proteilVH, g/L) was calculated as
the sum ofu-LA and B-LG contents. Total proteirPRT, g/L) was expressed as the sum of casein
and whey protein contents. Casein numkx $6) was calculated as the percentage ratio of TCN to
PRT. Protein composition (i.e., relative contentspmtein fractions) was computed as weight
percentage ratio ofis;-CN (as-CN%, %), asxCN (as-CN%, %), B-CN (B-CN%, %), y-CN
(y-CN%, %), and<-CN (k-CN%, %) to TCN and as the percentage rati@-ofG to WH (-LG%,

%). When protein fractions are expressed as pexgentatios of PRT, for a certain haplotype
associated with increased CI, the percentage rafiadl casein fractions are expected to increase
whereas those of whey fractions is expected toedser. Expressing protein composition as
percentage ratios of the TCN or total WH ensuras éistimations of effects will not be affected by

simultaneous variations in ClI.

Computation of Haplotypes Probabilities

Sires families of limited size occur rather comnyoinl the Italian Simmental population. For 60%
of the sires, the family size was between 2 andughtters, for 17.2% was between 6 and 20, and
for 10.4% between 21 and 50 daughters. Only 3% @tires had more than 50 daughters. Because
sire genotypes were unknown, but also to avoidlprob related to the attribution of haplotypes in
families of very small size that would have markeaiduced the size of the dataset, we estimated
haplotypes probabilitiesCows (2,016 animals) originated by sires havingeast 2 genotyped
daughters were used to estim@8N2-CSNhaplotypes probabilities. Two animals had genaype
that were incompatible with observed haplotypestheir families and were discardedhe
probability of haplotypes inherited by each daughitas estimated using the method proposed by
Boettcher et al. (2004b).

Computation of haplotypes probabilities was carred by assuming no recombination events
across CN gene3he expected number of copies of each possibleotyggd carried by an animal
was indirectly derived from the estimated probaiesi. To test the null hypothesis that genotypes at
one locus were independent upon genotypes at anothes (i.e., to test the hypothesis of linkage
equilibrium between loci), GENEPOP Version 4.0 waed. The program creates contingency
tables for all pairs of loci in each sample andhtperforms a probability test for each table usng
Monte Carlo Markov chain method. Hardy Weinbergikdgium was also verified for each locus
by the Monte Carlo Markov chain method. Values dffar the haplotypeCSN3BLG were
computed following the method proposed by Hill &abertson (1968) and Zhao et al. (2005), and
used by Heck et al. (2009).
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Statistical Analysis

Somatic cell scoreSCY was computed as lgBCC x 16) + 3. The effects of casein haplotypes
andBLG genotypes on phenotypic variation of traits ofa@n were estimated using a linear mixed
model with the MIXED procedure of SAS (Version 9GAS Institute Inc., Cary, NC). The mixed

model was:
h -
Yikmno = HTD; +P; +DIM  +SC3 + zllgsPRsijklmno +BLG , +sire, + €jmno
s=

where Yiumno iS @ measure for a trait; HTE the fixed effect of herd-test dayi = 1, ..., 47); Pis
the fixed effect of parity of the cow [ = 1: first parity, ] = 2: second parityj = 3: third parity,j =

4: fourth and later parities); DIMs the fixed effect of DIM clask (12 classes of 30-d intervals,
with the exception of the last class, which incldidamples collected at DIM 330 or greater); SCS
is the fixed effect of SCS clasg6 classes of 1-point intervals, with the excaptod the last class
which included records with SCS 5); h is the total number of haplotypes evaluaied- 8);

Pﬂijmmnc is the probability that the cow carried haplotypexpressed as the expected number of

copies of haplotype s carried by the aningglis the regression coefficient on the probabibfy
haplotype s; BLG is the fixed effect oBLG genotypem (m = 1: AA, m= 2: AB,m= 3: BB); sirg

is the random effect of the sire of the cow= 1, ..., 211)assumed to follow a normal distribution

with siren~N(0,0§), where 07 is the sire variance; anguno is a random residual assumed to

follow a normal distribution Withi@mn0~N(O,0§), wheredy is the residual variance.

A probability (ranging from 0 to 1) was assignedetch possible haplotype carried by an animal.
For example, if the only possible haplotype coupies composed by two copies of the same
haplotype, that haplotype gained a final value diezause the animal was expected to carry 2
copies of that haplotype, each one with a prokigtofi 1.

Hence, the difference between the estimated ragressefficients for two haplotypes of interest
provides a quantification of the expected changthéphenotype of a given trait when a copy of
the second haplotype replaces a copy of the faptdiype. Likewise, in the hypothetical situation
in which 2 animals differ for only one haplotypbetdifference between the estimated coefficients
would correspond to the expected difference inghenotype of the 2 animals for a given trait
(Boettcher et al., 2004a). Only additive effecthaplotypes were estimated and dominance effects
were not considered. Sire effects were includedh#m model to account for variation due to
polygenes underlying the investigated traits. Alalgses and hypothesis testing were carried out
using the MIXED procedure of SAS.
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RESULTS AND DISCUSSION

Descriptive Statistics

Descriptive statisticdor the investigated traits are reported in TableThe difference between
average protein content assessed in the milk remprdrogram and average protein content
measured by RP-HPLC was large. This must be astribethe skimming of milk prior to
chromatographic analysis and to the specific gyavitmilk: protein content assessed by HPLC was
measured in weight per volume whereas protein obrggeantified in the milk recording program
was measured in weight per weight. After adjustioig skimming and specific gravity of milk,
averages of the two traits were comparable. Howesiace protein content provided by mid-
infrared spectroscopy consisted in a predictiothefcontent of crude protein (including the NPN
fraction), higher values for this trait are to bg@ected in comparison with protein content measured
by RP-HPLC (which do not include NPN and minor piotfractions). Nevertheless, protein
content measured by HPLC was constantly greatan that recorded in the milk recording
program. This is attributable to more favorablesprgation conditions guaranteed for sample
aliquots analyzed by HPLC than for samples colkkatethe milk recording program. Differences
between measures of milk protein content providgdRBP-HPLC and those obtained in the milk

recording program increased in summer, when praservof samples is more critical (data not

shown).
Table 2. Genotype and  Locus Genotype frequency Allele frequency
allele frequencies for Genotype Frequency Allele Frequency
CSN2 (B-CN), CSN3 “csnN2 AZA® 0.362 R 0.596
(x-CN), and BLG (B- A'AZ 0.224 A 0.188
LG) loci (n = 2,167) A’B 0.177 B 0.158
A'B 0.065 | 0.058
A? 0.064
A'Al 0.036
BB 0.025
BI 0.022
All 0.019
I 0.006
CSN3 AA 0.438 A 0.652
AB 0.432 B 0.348
BB 0.130
BLG AB 0.466 A 0.543
AA 0.306 B 0.449
BB 0.213 D 0.008
AD 0.008
BD 0.007
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As a consequence of lack of NPN and minor serurtepr®, high values of CI, ranging from 84 to
91%, were observed. This was in agreement withlteeseported by Heck et al. (2009), who used
capillary electrophoresis for the analysis of indidal milk samples of Dutch Holstein Friesian

COws.

Alleles and Haplotype Frequencies

Frequencies of genotypes and alleles, obtainedeoyge gounting, folCSN2 CSN3andBLG are
presented in Table 2. To our knowledge, it is tingt time that these frequencies are computed
investigating a large sample of Simmental cows.rfaieles (A, A% B and I) forCSN2 2 alleles

(A and B) forCSN3and 3 alleles (A, B and D) f®@LG were present in the sampled population.
Conversely to other breeds in which some allelesCHit loci have very high or very low
frequencies, rather balanced allelic frequenciesewletected at all investigated loci and mostly at
CSN2where B allele showed a moderate frequency (0\MGdh the only exception o0€SN21,
allelic frequencies were in good agreement witlséheported by Jann et al. (2004) for a sample of
Simmental cows of limited size. AlImost 30 % of aalscarried at least one copy@EN2B allele
and the frequency d€SN3BB animals (n = 282) was rather high. Within thedsed loci, only
CSNZ2genotype frequencies were in Hardy-Weinberg dopiiim (P > 0.05).

Table 3 Frequency ofCSN2 Similarly to results for other breeds (lkonen et &001;

CSN3haplotypes (n = 2,016) Boettcher et al., 2004a), linkage disequilibriumtwesen

Haplotype Frequency CSN2 and CSN3 loci has been detectedP (< 0.001).

22';‘ ggg; Following haplotype reconstruction, 8CNS2CSN3

AlA 0:128 haplotypes, including all combinations betwe€NS2 and

A'B 0.059 CSNa3alleles, were identified. Haplotypes were assignwét

BA 0.119 - .

BB 0.040 a probability of 1 to 1,493 cows (i.e., 74% of cdws
IA 0.016 Haplotype frequencies (Table 3) were calculated tlaes

IB 0.043

weighted mean of the haplotype probabilities oladjnthus

all the animals have been included in the computifige
most recurrentCNS2CSN3 haplotype was AA which had a frequency of 39%. Haplotypes
carrying alleleCSN2 B had a moderate frequency whereas the raresotgppl exhibiting a
frequency of 1.6%, was IA. Linkage disequilibriunasvdetectedR < 0.001) also betweeGSN3
and BLG, which are located in different chromosomes, andhinlge due to random drifffo
quantify linkage disequilibrium, the correlationetficient () of the CSN3andBLG variants, as
described by Hill and Robertson (1968), was conthut@e overall 7 for the haplotype€€SN3BLG
was below 0.006 and showed that the haplotypes AdB BA had a higher frequency than the
frequency expected by random mating. However, SGf8R3A andBLG B had the opposite effect,
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the bias due to the exclusion BEG from the haplotype is expected to be low. Morepwearth
casein haplotype ar8lLG locus were simultaneously included in all theisti@al analysis.

Effect of Casein Haplotypes and BLG Genotypes on Milk Production Traits

With the only exception of the effect @SN3on protein content, results concerning the eftéct
casein polymorphisms on milk production traits aw@ consistent across studies and breeds
(Braunschweig et al., 2000; Ikonen et al., 2001etBder et al., 2004a). Estimates of the effects
exerted by casein haplotypes a@BldG genotypes on milk production traits are reported able 4
and 5, respectively. All estimates are expressedtandard deviation units of the trait to make
across-traits comparisons of the magnitude of effeeasible. Milk yield, fat and protein contents
and fat and protein yields were affected neithecasein haplotypes nor BBLG genotypes, with
few exceptions. In comparison with haplotyp&\Aa slight increasel( < 0.05) of fat and protein
content and protein yield was observed in presesfchaplotype AA, and a slight increase
(P < 0.05) of protein content was associated withidtgpes AB and IB. These results are not in
agreement with those obtained by Boettcher e2804a) for Italian Holstein Friesian and Brown
Swiss cows. Bovenhuis et al. (1992) suggestedabsiciations between casein alleles and milk
production traits are attributable to effects akéd loci rather than to direct effects of the pnot
loci themselves. Under this assumption, associatimiween milk protein genes and linked QTLs
might be different across breeds and sire famdies might explain inconsistencies across studies.
Similarly to CN loci, results for the effect &LG genotypes on milk production traits are not
consistent across studies. Some authors (Lundah, d1997; Ojala et al., 1997; Heck et al., 2009)
reported no association betweBhG genotype and milk production traits whereas lkoeéral.
(1999a) reported that genotype AA exerted favorafflects on milk and protein yield and genotype
BB increased milk fat content. In our study, gepety8B did not significantly affectP(> 0.05)
milk production and protein yield.

In a study concerning the effect of genetic ment grotein composition, Bobe et al. (2007)
concluded that there were small differences in mitktein composition of cows of different genetic
merit for milk yield and that, as a consequence|qgmged selection for increased vyield is not
expected to affect composition of milk proteinefexction is only for a few generations.

Estimated genetic correlations between proteirdyagld concentrations of the major milk proteins
have been reported to be low or very low, indiaatimat selection for protein yield is expected to
exert negligible effects on protein compositiondfén et al., 2009). However, selection to enhance
protein percentage is expected to result in a sligirease ink-CN% while decreasings;-CN%
anda-LA%, and selection for increased milk yield is egfed to exert the opposite effect (Shopen
et al., 2009).
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Table 4. Estimated effects (+ SE) @SN2CSN3haplotypes compared to haplotyp&/on yield (kg/d) and
content (%) of milk protein and fat (magnitude tieets is expressed in SD units of trdits)

Haplotype Milk yield Protein yield Fat yield Protetontent Fat content
A’A 0 0 0 0 0

A'A -0.022 £ 0.041 -0.003 £ 0.045 0.046 + 0.047  0.89B042 0.110 + 0.051
BA 0.070 £ 0.043 0.069 + 0.047 0.097 + 0.0490.007 + 0.044 0.035 + 0.054
IA -0.143 £ 0.134 -0.124 £ 0.148 0.044 £0.155 98a 0.134 0.185+0.167
A'B -0.090 £+ 0.059 -0.082 £0.065 -0.016 £0.068 0.686.060 0.074 £ 0.074
A’B -0.043 £ 0.035 -0.016 £ 0.039 0.003 £0.041 0.89.037 0.069 + 0.045
BB -0.060 £+ 0.077 -0.051 £0.084  -0.026 £ 0.088 50.6¢ 0.078 0.094 £ 0.095
B 0.029 + 0.068 0.103 £ 0.075 0.001 £0.078 0.2@B069  -0.043 +0.085

TAll measures have been collected in the nationid racording program and measures of protein yéeid milk
protein content are derived from mid infrared pcédns;

Fkk

'P<0.10,'P<0.05,"P<0.01,” P < 0.001.

Table 5. Estimated effects (+ SE) &LG genotypes compared to genotype AA on yield (kgft) content
(%) of milk protein and fat (magnitude of effeigsexpressed in SD units of traits)

Genotypé Milk yield Protein yield Fat yield Protein content  Fat content
AA 0 0 0 0 0

AB 0.007 £0.037 0.011+£0.041 0.009 +0.043 -0.002 +0.038 0.043 +0.046
BB 0.091 +£0.047  0.090 +0.052 0.069 + 0.054 -0.005+0.049 0.008 + 0.060
Additive

deviation 0.046 +0.023  0.045+0.026 0.034 +0.027 -0.003 +0.024 0.004 + 0.030
Dominance

deviation -0.039 £0.032 -0.034+0.036 -0.025+0.037 0.001+0.032 0.038+0.040

TAll measures have been collected in the nationid racording program and measures of protein yéeid milk
protein content are derived from mid infrared peéidns;

’Additive deviation was computed @&5 x (,@BLG BB~ BBLG an) Where ,BBLG g and ﬁBLGAA are model solutions for
BLG BB and AA genotypes, respectively; dominance devia was computed as
Beic rs — 05% (Beices T Beic aa) Where Sg ; A is the model solution fdBLG AB genotype.

'P<0.10,'P < 0.05,"P < 0.01,” P < 0.001.

Effects of Casein Haplotypes on Protein, Casein, Whey Protein and Casein Number

Estimates of CN haplotypes effects on PRT, TCN, #id CI are reported in Table 6. Conversely
to milk production traits, CN haplotypes exertedngicant effects on PRT and TCN content
measured by RP-HPLC. Estimated haplotypes effetBRT are closely related to those obtained
for TCN because these two variables were tightgoeisited (r = 0.999 < 0.001). Differences in
TCN were ascribed to bot@SN2and CSN3alleles. Haplotypes carryinGSN3 B exhibited a
greater TCN and CI and no difference in WH in conguam with haplotypes carryingSN3A, but
the effect ofCSN3B on TCN was not consistent across haplotypesirAsxample, haplotypes®
and A'A exhibited no significant difference in TCN contemn particular, marked differences in
TCN and ClI due toCSN3variants were observed in association WiiBN2 A% and B. Also
haplotypes carrying allel€SN2B showed a greater TCN but similar WH in comparisath
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haplotypes including alternativ€ SN2 alleles. Conversely, Bobe et al. (1999) reported n

significant effect of milk protein genotypes onaigprotein content measured by RP-HPLC.

Table 6. Estimated effects (+ SE) @SN2CSN3haplotypes compared to haplotyp&%on contents (g/L)
of protein, casein, whey protein and casein nunigrmeasured by reversed-phase HPLC (magnitude of

effects is expressed in SD units of trdits)

Haplotype Protein Casein Whey protein Casein number
A’A 0 0 0 0

A’A -0.063 + 0.044 -0.056 + 0.044 -0.086 + 0.043 0.056 + 0.044
BA 0.354 + 0.047 0.401 + 0.047 0.009 + 0.046 0.467 + 0.047
IA 0.183 +0.140 0.223 +0.140 -0.081 + 0.137 0.432 +0.138
A'B 0.009 + 0.063 0.034 + 0.064 -0.130 + 0.063 0.238 + 0.063
A’B 0.219 + 0.03% 0.252 + 0.039 -0.014 + 0.038 0.316 + 0.038
BB 0.645 + 0.0871" 0.747 +0.087 -0.078 + 0.080 0.964 +0.081
IB 0.485 + 0.072 0.528 + 0.073 0.133 +0.071 0.430 + 0.072

Protein =0s;-CN +agzCN +B-CN +y-CN +k-CN +B-LG + o-LA; casein =0s;-CN +agzCN +B-CN +y-CN +«-
CN; whey protein $-LG + a-LA; casein number = (casein/protein) x 100;
'P<0.10,P<0.05,"P < 0.01,” P < 0.001.

Effects of Casein Haplotypes on Contents of Protein Fractions

Estimates of the effects of CN haplotypes on cdastehmilk protein fractions are reported in Table
7. Casein haplotypes exerted a marked effect otentsof all CN fractions. In agreement with
Hallén et al. (2008), alleles @SN2andCSN3affected the expression of the protein fractioricivh
the locus encodes for and had limited effects oreywprotein fractions. Only a few studies
investigated milk protein composition, mainly inateon to effects of CN genotypes (Ng-Kwai-
Hang et al., 1987; Bobe et al., 1999; Hallén et28l08) whereas effects exerted by CN haplotypes
on milk protein composition have been investigaiaty by Heck et al. (2009). In that study, only
the glyco-freex-CN content was assessed because the glycosylated Wfas not detectable.
Because Coolbear et al. (1996) showed thattf@&N B variant is highly glycosylated when
compared with the A variant, the effect GEN3B on total content ok-CN might have been
underestimated in the study by Heck et al. (2009).

In our study, the increased CN contdat< 0.001) due to the presence in the haplotypeé3M3B

in comparison witlCSN3A was exclusively determined by a significant ease inc-CN content,
with no effects on contents of other protein fragt. Despite several authors (Van Eenennaam and
Medrano, 1991; Robitaille and Petitclerc, 2000; Mat et al., 2004) reported an allele-specific
protein expression foESN3locus, others (Ehrmann et al., 1997; Hallén et 2008) found no
significant differences between expressions ofl@lleand B atCSN3 As possible explanation of
these inconsistencies, Robitaille and Petitcle@O(2 suggested that a differential expression might

result from polymorphisms in the non-coding regidnhe gene.
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Table 7. Estimated effects (+ SE) @SN2CSN3haplotypes compared to haplotyp&\on contents (g/L) of milk protein fractions (maigmle of effects is

expressed in SD units of traits)

Haplotype 0s-CN 0s2CN B-CN k-CN o-LA B-LG

A’A 0 0 0 0 0

A’A 0.240 +0.048  -0.173+0.044  -0.106 +0.038  -0.811+0.045  0.173+0.037 -0.219 + 0.045 -0.021 + 0.042
BA -0.323+0.051°  -0.091 + 0.04% 1.009 + 0.040  -0.095 + 0.048 0.154 + 0.034 -0.001 + 0.047 0.010 + 0.045
1A 0.082 +0.153 0.092 +0.138 0.269+0.121 0.188+0.150  0.089 + 0.100 -0.165 + 0.142 -0.037 £0.132
A'B 0.011 + 0.070 -0.325+0.063 -0.106 + 0.055 -1.088 + 0.066  1.242 +0.046 -0.165 + 0.064 -0.090 + 0.061
A’B 0.007 + 0.042 -0.011 + 0.038 0.040 + 0.033 80.8 0.040 1.049 + 0.028 -0.136 + 0.039 0.033 + 0.037
BB -0.325+0.089  -0.147 + 0.081 1.208 +0.070  -0.120 + 0.086 1.372+0.068  -0.109 + 0.082 -0.050 + 0.078
IB -0.066 + 0.079 0.437+0.072  0.512+0.063  -0.235+0.076 1.123 + 0.057° 0.033 +0.073 0.141 + 0.069

'P<0.10,/P < 0.05,"P<0.01,” P<0.001.
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Table 8.Estimated effects (+ SE) @SN2CSN3haplotypes compared to haplotyp&\on composition of casein and of whey protein (niagle of effects
is expressed in SD units of traits)

Haplotype 0s:1CN% s CN% B-CN% v-CN% k-CN% B-LG%
A%A 0 0 0 0 0 0
A’A 0.197 + 0.01T -0.121 + 0.028 -0.054 + 0.018 -0.593 + 0.036 0.119 + 0.01% -0.032 + 0.006
BA -0.438 + 0.012 -0.289 + 0.031 0.499 + 0.01T -0.200 + 0.037" -0.009 + 0.014 0.294 + 0.007
1A -0.087 + 0.035 -0.072 + 0.092 0.077 £ 0.033 0.040 £+ 0.116 0.012 + 0.042 0.045 + 0.020
A'B -0.027 +0.016 -0.300 + 0.042 -0.090 + 0.015 -0.799 + 0.051 0.817 + 0.019 -0.053 + 0.009
A’B -0.149 + 0.010° -0.153 + 0.026" -0.094 + 0.008 -0.026 + 0.031 0.597 + 0.017° -0.056 + 0.005
BB -0.614 + 0.021 -0.508 + 0.054 0.440 + 0.01% -0.311 + 0.067 0.637 + 0.025 0.260 + 0.017
IB -0.346 + 0.018 0.067 +0.048 0.096 + 0.017 -0.332 + 0.059 0.536 + 0.027° 0.056 + 0.010

T0s-CN%, as-CN%, B-CN%, y-CN% andk-CN% are measured as weight percentages of tatalrcaontentB-LG% is measured as weight percentage of total vnetein

content;

'P<0.10,'P < 0.05,"P<0.01,” P < 0.001.



An allele-specific differential expression was rdpd also forCSN2 In agreement with previous
investigations (Ng-Kwai-Hang et al., 1987; Hallénaé, 2008), our study clearly indicates that
allele CSN2B is associated with an increage€N content and effects of alternati@&SN2alleles
are significant but of smaller magnitude than the exerted by allele B. The increased expression
of B-CN observed for haplotypes carryi@$N2B was associated to a decreasefCN and, to a
lesser extent, ais-CN. Effects ofCSN2B were favorable also for contentiofCN whereas those
on WH content were trivial.

In comparison with haplotypes including all€lSN2A? haplotypes containing alleld* showed
lower B- andas>CN contents and greateg;- andk-CN contents, but a major effect exerted by A
allele was a noticeable reductionye€N content. Effects cESN2l have never been studied before
and knowledge about its role for protein compositivtas never been reported. From results
obtained in this studyCSN2I seems to exert positive effects on the expressio3-CN, when
compared with the most frequent alleles, withotéralg contents of other protein fractions.

Casein haplotypes exerted limited effects on wh@yens contents. Bobe et al. (1999) reported
that CSN3B did not affectu-LA concentration whereas Ng-Kwai-Hang et al. (19&dd Heck et al.
(2009) observed a slightly decreasendfA associated with this allele. A moderate positeffect

of haplotype IB or3-LG was observed, which partially agree with reswalbtained by Bobe et al.
(1999), who reported a slightly increase of theorat B-LG to total protein in relation t€SN3B.

Effect of Casein Haplotypes on Protein Composition

Effects of CN haplotypes on protein composition r@eorted in Table 8. Several studies (Lunden
et al., 1997; Mayer et al., 1997; Robitaille et 2002) reported a significant effect ©6N3alleles
on the ratio ok-CN to total casein and a significant associatiballele B with increased-CN%.

As expected, all haplotypes carryi@BEN3B increaseck-CN% (P < 0.001) in comparison with
those carryingcSN3A. This result is consistent across studies (VameBaam and Medrano, 1991,
Bobe et al.,, 1999; Heck et al., 2009). Similarlyrésults obtained for contents of milk protein
fractions, the marked increase 16fCN% associated witl@SN3B occurred at the expense of all
other casein fractions, with the exceptiorBeéEN%. A marked decrease @f;-CN relative content
in CN, associated witRSN3B variant, has been reported also in other stud@ebe et al., 1999;
Hallén et al., 2008; Heck et al., 2009). The ingerslationship betweer-CN% andas;-CN%
supports the hypothesis that specific proteins @egor expression in the mammary gland
(McClenaghan et al., 1995).

With respect toCSN2 alleles, they exhibited different effects on pnoteomposition both in
magnitude and in sign. As an example, haplotypetudng CSN2 B were associated with
increasedB-CN% in comparison with alternative haplotypes. é&sserved for protein fractions
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contents, the increas@dCN% associated with haplotypes carry@§N2B occurred mostly at the
expense ofis;-CN% and, to a lesser extent,ogk-CN%, without altering relative content ©fCN.
Fractionsp-CN andos;-CN seem to undergo a competitive synthesis and tlative contents in
CN were inversely related (r = -0.5P; < 0.001). Consequently, haplotypes which influenced
positivelyB-CN% exerted opposite effects ag-CN%. Likely, milk proteins, in particulats;- and
B-CN, are co-regulated. According to Bobe et al9&)9a limited pool of transcriptional factors or
amino acids or both might explain how a gene secpiaran influence the synthesis of other
abundant milk proteins, primarikys;-CN. In opposition to results obtained for proteamtents,
haplotypes includingCSN2B were also associated with a variation of wheytgin composition,
namely an increased relative contenp4fG.

In agreement with Heck et al. (2009), haplotypesyieg allele CSN2A® were associated with
greateras-CN% andik-CN% and with lowens>-CN% andB-CN% in comparison with haplotypes
carryingCSN2A?Z In addition, a marked decreaseydEN% was observed for haplotypes carrying
CSN2A*allele.

Also the effects exerted BSN2I on both contents and composition of milk prosewere very
similar, with a slightly positive effect on the aéive content op-CN, compared with alleles*4and
AZ. Even in this case, the increas@i@N% was associated with a decreases@iCN%.

Conversely with the findings obtained for whey fraos contents, whey composition was
significantly affected by casein haplotypes, b sitrongest effect was attributableG8N2B, as

reported above.

Effect of BLG Genotypes on Contents of Protein Fractions and on Protein Composition

Effects of BLG genotypes on contents of protein fractions angratein composition are reported
in Table 9.Genotypes aBLG significantly influenced contents of protein friacts and protein
composition. In comparison with genotype AA, gepa&yBB was associated with increased PRT
and TCN and with decreased WH in milk (@lk 0.001). As a consequence, allBleG B was also
responsible for an increase of ® <€ 0.001). These results are in agreement with theserted by
Braunschweig et al. (2000). Hallén et al. (200®préed a negative association betwB&it B and
PRT whereas Bobe et al. (1999) found no effecBo genotypes on PRT. Inconsistencies of
results across studies might be partly attributedifferent breeds and to the limited size of
investigated samples used in some studies.

In comparison withBLG A, allele B at BLG influenced contents of all protein fractions
(all P < 0.05) and increasgiLG% (P < 0.001), by regulating the relative amoungdfG in WH,

but exerted trivial effects on CN composition. Targge effect oBLG genotypes oi3-LG content

of milk has been previously attributed to differeadn the expression of the whey protein caused
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by polymorphisms in the promoter region of the geshéh is physically linked t®8LG (Wagner et
al., 1994; Lum et al., 1997; Folch et al., 1999ffddences in the stability of mMRNA derived from
A and B alleles have been also suggested (Hedk, &089) as a possible explanation for variation
of B-LG content acrosBLG genotypes. Heck et al. (2009) reported ®BlaG genotypes explained

90% of total genetic variation of relative concatittn of-LG in milk protein.

Table 9. Estimated effects (+ SE) &LG genotypes compared to genotype AA on protein,icaaad whey
protein contents (g/L), casein number (%), proteactions contents (g/L) and protein composition) (%

measured by reversed-phase HPLC (magnitude ofté$feapressed in SD units of traits)

Trait Genotype Additive Dominance
AB BB deviation deviation
Proteirf 0.085 + 0.039 0.191 + 0.052 0.095+0.026  -0.010 + 0.034
Caseifi 0.131+0.039  0.314+0.057 0.157 +0.026°  -0.026 + 0.034
Whey proteifi -0.188 +0.039"  -0.540 + 0.0571 -0.270+0.026°  0.082 + 0.033

Casein numbér 0.442 + 0.03Y

Prot. fract. contents

1.183 + 0.052

0.591 + 0.026

-0.149 + 0.034

asi-CN 0.158+0.043  0.361+0.057 0.180 +0.028  -0.023 +0.037
0sCN 0.076 + 0.039 0.140 +0.052 0.070 +0.026 0.006 +0.034
B-CN 0.072+0.034  0.227 +0.044 0.114 +0.022°  -0.041 +0.029
y-CN 0.092 + 0.042 0.075 + 0.052 0.038 + 0.026 0.054 + 0.036
k-CN 0.072 +0.028 0.187 + 0.037 0.094 +0.0185  -0.022 + 0.024
a-LA -0.018 + 0.040 0.345 + 0.052 0.172+0.026  -0.191 + 0.03%4
B-LG -0.216 + 0.037  -0.764 + 0.050' -0.382+0.025  0.166 + 0.032
Protein compositich

asi-CN% 0.037 +0.026 0.072 +0.035 0.036 + 0.017 0.002 + 0.023
0sCN% -0.018 +0.041  -0.095 + 0.055 -0.047 +0.028 0.029 + 0.036
B-CN% -0.054 +0.027  -0.015 +0.035 -0.008 + 0.018 -0.047 +£0.023
y-CN% 0.035 + 0.043 -0.053 + 0.055 -0.027 £ 0.027  06@.+ 0.037
k-CN% 0.022 +0.023 0.046 + 0.031 0.023 +0.015 00.80.020
B-LG% -0.171+0.037  -1.040 + 0.049 -0.520 + 0.024°  0.349 +0.032

'Additive deviation was computed &5 X (,@BLG BB~ BBLG an) Where ,@BLG g and ﬁBLG aa are model solutions for

BLG BB and AA

genotypes,

respectively;

dominance

devia was

computed as

,[?BLG ag — 05% (,BBLG sg T /A?BLG AA) Where,f;’BLG g 1S the model solution fdBLG AB genotype;

Protein =ugi-CN +agzCN +B-CN +7-CN +«-CN +p-LG + a-LA;

Casein =0s;-CN +0g,CN + B-CN +7-CN +k-CN;

“Whey protein $-LG + a-LA ;

®Casein number = (casein/protein) x 100;

®us1-CN%, 0.5-CN%, B-CN%, y-CN% andk-CN% are measured as weight percentages of taalrcaontentf-LG%
is measured as weight percentage of total whejorabntent.;

Fkk

'P<0.10,'P<0.05,"P<0.01,” P < 0.001.

Consistently, Bobe et al. (1999) concluded tBiG genotypes regulate almost solely the

proportion off-LG in total milk protein. Significant dominancefegts were estimated in our study
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in relation to both content and composition of wipegtein whereas these effects were trivial for
CN fractions contents and CN composition.Less itigated is the effect oBLG genotypes on
relative concentrations of individual CN fractioasd use of different breeds might partly explain
inconsistencies of results. In our study, genotygd3l G affected TCN and ClI, with no effect on
CN composition with the exception of a very smatirease oéis:-CN% ([P < 0.05) and decrease of
aszCN% (P < 0.1) associated with genotype BB. Previous ingasons (Ng-Kwai-Hang et al.,
1987; Heck et al., 2009) reported that the incréaetative concentration @-LG associated with

A variant was counterbalanced by a decreasedvelatintent of all other fractions in milk protein,
especiallyB-CN andas;-CN. Likewise, Bobe et al. (1999) concluded that th allele atBLG
increased the proportion B{LG at the expense ok;-CN andp-CN relative concentrations. For all
those studies, these results were partly expeateduse concentrations of casein fractions were
expressed as weight percentages of total milk jroédbeit variation of casein composition due to
BLG alleles remains noticeable. Mechanisms causingffieet ofBLG locus on relative contents of
the other milk proteins are currently unknown.

Based on these results, breeding practices aimedctease the frequency ®&LG B in the
Simmental cattle population are expected to affeetcomposition of whey protein and to increase
CN content with trivial effects on casein compasiti As discussed by Heck et al. (2009), a lack of
change of casein composition ensures that selefrdBLG B allele does not affect cheese quality
and, therefore, is beneficial for increasing chegm#d with no negative effects on cheese

properties.

Contribution of Additive Genetic Varianceto Total Variance of Protein Fractions Contents
Estimates of additive genetic variances (data mesemted in tables) indicate that the polygenic
background of the cow affects variation of protearctions contents, even when effects of casein
haplotypes anBLG genotypes are accounted for by the statistical anostimated additive
genetic variance was 38 and 39 % of total variafaregs-CN andf-LG contents, respectively.
The effect of the sire of the cow on variationye€EN content was trivial and ratios of additive
genetic variance to total variance observed3@N anda-LA contents were low, ranging from 14
to 16 %. For all other protein fractions contemtdditive genetic variance to total variance ranged
from 21 % to 32 %. Results for protein compositisare similar to those obtained for protein
contents. Although genetic variation of proteirctrans contents and protein composition is greatly
attributable to casein haplotypes &IdG genotypes, the effect of the polygenic backgroointhe
animal is noteworthy. Besides milk protein gendbleploci are responsible of variation of protein
fractions contents and protein composition. Estiomaif genetic parameters for milk protein
fractions contents and composition will be the otwe of future investigations.
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CONCLUSIONS

Our results indicate thafSN2CSN3haplotypes andBLG genotypes play an important role for
variation of milk protein fractions contents andlknprotein composition. This suggests that
increasing the frequency of specific genotypesamidtypes might be an effective way for altering
milk protein composition. The marked effects ofaashaplotypes anBLG genotypes on protein

composition, together with the lack of effects onknproduction traits, ensure that altering milk
protein composition does not interfere with yialdits. In addition to milk protein loci, polygenes
affect phenotypic variation of concentrations ofkngirotein fractions and their relative contents in
total milk protein. Genetic variation of protein naposition might be exploited in breeding
programs aiming to enhance milk renneting properéad cheese yield or to obtain milk with
increased contents of specific protein fractionsréntly, knowledge concerning the effects of milk
protein composition, casein haplotypes 8h@ genotype®n the technological properties of milk,

as well as availability of estimated genetic par@mse for protein composition, is scarce and

requires specific investigations.
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ABSTRACT

The aim of this study was to investigate the effarftCSN2CSN3(B-k-casein) haplotypeBLG
(B-Lactoglobulin) genotypes, contents of milk protemactions and protein composition on
coagulation properties of milkMCP). Rennet coagulation timdRCT) and curd firmnessago)
were measured using a computerized renneting raatkcontents of major milk protein fractions
were quantified by reversed-phase HPLC in individomdlk of 2,167 Simmental cows. Cow
genotype alCSN2 CSN3 andBLG loci was assessed by HPLC. Haplotype probalsliiere
estimated for each cow. Phenotypes for MCP wereessgd on these probabilities using linear
models that included the effects of herd-test gayrjty, days in milk, pH, somatic cell score,
renneting meter sensor, sire of the cow, and, octstef major protein fractions or, alternatively,
protein composition. When protein fractions corgent protein composition were not included in
the statistical model, haplotypes carryi@$N3B allele exhibited shorter RCT and greatgy; a
comparison with those carryifgSN3A, and haplotypes carryingSN2B allele were responsible
for a noticeable decrease of RCT and for an ineredsa, when compared to haplotypefA
When effects of protein fractions contents or aftemn composition were added to the model, no
difference across haplotypes due G&N3 and CSN2 alleles was observed for MCP, with the
exception of the effect dSN2B on RCT, which remained markedly favorable. Herbe effect
exerted by-casein k-CN) B on MCP is related to a variation of protein gmsition caused by the
allele-specific expression of this protein fractiosther than to a direct role of the protein varian

the coagulation process. Also, the favorable efésetrted byCSN2B on &y was mediated by the
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increase op-casein B-CN) B in milk. Converselyp-CN B is likely to exert a molecular effect on
RCT, which does not depend upon variatiorB6ZN content associated to allele B. An increased
RCT was observed for milk yielded LG BB cows, even when models accounted for protein
composition. Rennet clotting time was favorablyeaféd byk-CN content and percentage on total
casein, whereasz@increased when contents and percentages of B@N andx-CN increased.
Changes in milk protein composition exert correlagéfects on MCP and changes in frequency of
specific allelic variants at CN and whey proteinilmight be beneficial or detrimental for MCP.

INTRODUCTION

Coagulation ability of milk is influenced by sevefactors including genetic polymorphisms of
milk proteins (Schaar et al., 1985; Mayer et 897; Ikonen et al., 1999b). Rennet clotting time
(RCT) and curd firmnessagg) have been reported to be affected also by mibiteom composition
(Wedholm et al., 2006; J6udu et al., 2008). Previstudies investigated the effects of milk protein
polymorphisms either on coagulation properties (arger and Day 2000) or on protein
composition (Hallén et al., 2008; Heck et al., 20B8nfatti et al., 2009). Because simultaneous
assessment of all major milk proteins contentdffecdlt and time-consuming when the amount of
samples is large, the effect of protein composibarmilk coagulation propertie$ICP) has been
scarcely investigated and existing studies have bagied out on bulk milk samples (Walsh et al.,
1998) or on limited numbers of animals (MarzialidaNg-Kwai-Hang, 1986; Wedholm et al.,
2006).

Significant associations betwe@8N3(k-CN) B allele and improved milk coagulation propest
(Van den Berg et al.,, 1992; Lodes et al., 1996bjsWat al., 1998) have been reported. These
studies did not clarify whether detected assoaiatibetween MCP and genotypes at milk protein
loci were attributable to different structural peopes of protein variants or to variation of piote
fractions contents or protein composition relatedenetic polymorphisms of milk proteins or both.
As an over-expression @SN3B in comparison wittCSN3A has been reported (Hallen et al.,
2008; Heck et al., 2009; Bonfatti et al., 2009)feefs of CSN3on MCP might result from
differences in casein content of milk orkrCN to total CN ratio (i.e., casein compositionyass
genotypes. Other factors, like differences in nigcstructure (van Eenennam and Medrano, 1991;
Lodes et al., 1996a) or differences in the strictur molecular properties of the curd, may also
contribute to the observed variation of MCP asdediao differentk-CN variants. No study
investigated effects oCSN3 genotypes on MCP while accounting for milk protdémactions
contents or protein composition or both using gdasample of animals. Moreover, estimation of
these effects is troublesome for some cattle brdadgo the low frequency of specific genotypes or
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haplotypes. In comparison with other cattle poporet, where frequency of some alleles (e.g.,
CSN3B or CSN2B) is very high or very low, the Simmental breedhibit more balanced allele
frequencies aCSN2 CSN3,andBLG loci and is characterized by a moderate frequeh&/SN2B
(Bonfatti et al., 2009). The aim of this study wasestimate the effects of CN haplotypB$,G
genotypes, protein fractions contents and protemposition on MCP of individual milk of Italian

Simmental cows.

MATERIALS AND METHODS

Animals and Data

Details on milk samples collection and preservatimeasures of protein fractions contents and
protein composition, assessment of genotype€3iN2 CSN3 and BLG and computation of
CSN2CSN3haplotype probabilities can be found in Bonfattakt(2009). Briefly, individual milk
samples were collected from 2,167 Simmental coas 47 commercial herds in Italy. Samples (1
per animal) were collected during the morning @ évening milking of a test day. Herd and test-
day effects were confounded because all cows ard Wwere sampled in the same test day. Milk
yield records and pedigree information for sampdedis were supplied by the Italian Simmental
Cattle Breeders Association (ANAPRI, Udine, Italy).

Contents ofis1-CN, as>-CN, B-CN, y-CN, «-CN, B-LG, anda-LA and genotypes of cows GSN2
CSN3 andBLG were assessed by reversed-phase HPLC using tihedngtoposed by Bonfatti et
al. (2008). More indications about the method umedreported also by Bonfatti et al. (2009).
Because it was not possible to discrimin@®8N1S1(as-CN) alleles by reversed-phase HPLC,
allele frequencies a&ESN1Slwere preliminarily investigated by direct DNA-semqeing (Bonfatti

et al., 2009) using 200 randomly-chosen samplesailBe of the frequency BISN1SXC allele was
lower than 6 %, sequencing was not extended teaafiples an€SN1Swas not considered in the
definition of CN haplotypes.

With such a limited frequency, haplotypes carrythg C allele atCSN1Slwould have been
included in the group of “rare” haplotypes or wolldve obtained a trivial haplotype probability,
thus limiting the reliability of the estimated haplpe effects and jeopardizing expected advantages
arising from the gain of additional gene informatid-urthermore, a very limited bias is to be
expected when neglectirf@SN1SXontribution to haplotype definition.

Due to its low frequency in Simmental cattle (Jaetnal., 2004; Majicek et al., 2008), the
incidence ofCSN3E, which cannot be differentiated fra@8N3A by RP-HPLC, was not assessed.
Thus, the estimated effects f@SN3A might be slightly biased being the combined &feof
CSNB3A and E variants.
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Protein Composition

For proteins quantified by RP-HPLC, total casdi€i, g/L) was computed as the sumogf-CN,
aszCN, B-CN, y-CN andk-CN contents of milk. Total whey proteilVH, g/L) was calculated as
the sum ofu-LA and B-LG contents. Total proteirPRT, g/L) was expressed as the sum of casein
and whey protein contents. Casein numkx $6) was calculated as the percentage ratio of TCN to
PRT. Protein composition (i.e., relative contentspmtein fractions) was computed as weight
percentage ratio ofis;-CN (as-CN%, %), asxCN (as-CN%, %), B-CN (B-CN%, %), y-CN
(y-CN%, %), and<-CN (k-CN%, %) to TCN and as the percentage rati@-ofG to WH (-LG%,

%).

Analysis of Milk Coagulation Properties

Measures of MCP of individual milk samples wereaiteéd by using the Computerized Renneting
Meter (CRM-48, Polo Trade, Monselice, Italy) within 3 fiem sample collection. The principle of
the Computerized Renneting Meter is based on th&aaoof the oscillation, which is driven by an
electromagnetic field, created by a swinging peaduimmerged into the milk container. A survey
system measures differences in the electromagfietic due to milk coagulation: the greater the
extent of coagulation, the smaller the pendulummgwi he analysis produces a diagram as reported
by Dal Zotto et al. (2008).

Milk samples (10 mL) were preheated at 35 °C, ab@l 2 of rennet (Hansen standard 160, 80 %
chymosin, 1:14,900, Pacovis Amrein AG, Bern, Switeed) diluted to 1.6 % (vol/vol) in distilled
water was added to milk. Measurement of MCP ende&tirw31 min after rennet addition to
samples. This analysis provided measurements of R time interval, in minutes, from the
addition of the clotting enzyme to the beginningloé coagulation process) ang &he width, in
millimeters, of the diagram at 31 min after the iidd of rennet which is a measure of curd
firmness). Non-coagulating milk was defined as ntiilat did not begin to coagulate within i3in
after the addition of the clotting enzyme. Thesen@as were not considered in the statistical
analysis because of missing information on coagulatime. Measures of pH (pH-Burette 24,

Crison) were obtained before measurement of MCP.

Statistical Analysis
The effects of casein haplotypes aBdG genotypes on phenotypic variation of MCP were
estimated using 4 linear mixed models with the MIXrocedure of SAS (Version 9.1, SAS
Institute Inc., Cary, NC). The first model (modelMwas:
h
=HTD; +P; +DIM  +SC§ +S;, +pH, + > B,PR
a=1l

+BLG,, +5sire, + €jmnopq

yijklmnopq aijkimnopq
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where YumnopqiS an observation on RCT ofoaHTD; is the fixed effect of herd-test daji = 1, ...,
47); R is the fixed effect of parity of the cow [ = 1: first parity,j = 2: second parity, = 3: third
parity, j = 4: fourth and later parities); DIMs the fixed effect of DIM clask (12 classes of 30-d
intervals, with the exception of the last class,alvhincluded samples collected at DIM 330 or
greater); SCSs the fixed effect of SCS clak$6 classes of 1-point intervals, with the excapid
the last class which included records with SES5); S, is the fixed effect of the renneting meter
sensom (m =1, ..., 10); pH is the fixed effect of pH clags (12 classes of 0.02-point intervals,
except for the first class, which included recondid pH < 6.62, and the last class, which included
records with pH> 6.82); h is the total number of haplotypes evadah = 8);PRujjximnopq IS the
probability that the cow carried haplotype a (a,=.1, 8), expressed as the expected number of
copies of haplotype a carried by the aninfalis the regression coefficient on the probabibfy
haplotype a; BLGis the fixed effect oBLG genotypeo (0 = 1: AA, 0= 2: AB,0 = 3: BB); sirg is

the random effect of the sire of the cw= 1, ..., 210)assumed to follow a normal distribution

with sirqu(0,0f), whereai is the sire variance; angugnopq iS @ random residual assumed to

follow a normal distribution withi@mnopq™ N(0,0g), Whereag is the residual variance.

A probability (ranging from 0 to 1) was assignedetch possible haplotype carried by an animal.
For example, if the only possible haplotype coupies composed by two copies of the same
haplotype, that haplotype gained a final value diezause the animal was expected to carry 2
copies of that haplotype, each one with a prokigtofi 1.

Hence, the difference between the estimated ragressefficients for two haplotypes of interest
provides a quantification of the expected changthéphenotype of a given trait when a copy of
the first haplotype is replaced by a copy of theosd haplotype. Likewise, in the hypothetical
situation in which 2 animals differ for only onephatype, the difference between the estimated
coefficients would correspond to the expected diffiee in the phenotype of the 2 animals for a
given trait (Boettcher et al., 2004a). Only additieffects of haplotypes were estimated and
dominance effects were not considered.

To evaluate the effects of casein haplotypes BIn@ genotypes while accounting for contents of
protein fractions or for protein composition, atigtive models were considered. For the second
model (model M2), the linear effects due to corggiL) of ass-, asx, p-, k-CN, andp-LG were
added to the effects included in M1. In the thirddal (model M3) the linear effects due to total
protein content of milk, were added to those of M2cause effects of protein fractions contents are
evaluated at the same level of total protein cdnt@odel M3 is a model that in fact accounts for
protein composition. The last model (model M4) acted for composition of CN and whey

protein and included regressions @f-, asz, B-, k-CN, expressed as weight percentages of total
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CN, and onB-LG, expressed as weight percentage of total whieteim. In M2, M3 and M4, all
additional effects were included as covariates.

Sire effects were included in the model to accdontvariation due to polygenes underlying the
investigated traits. All analyses and hypothesting were carried out using the MIXED procedure
of SAS.

RESULTS AND DISCUSSION

Descriptive Statistics

Descriptive statistics for contents of protein fraas and protein composition, as well as genotype,
allele, and haplotype frequencies for data usddigistudy, can be found in Bonfatti et al. (2009).
In total, 6.3 % of samples were non-coagulating<milhich was in accordance with the literature,
where the presence of non-coagulating samplesdvarieslation to cattle breeds: 13.2 % (Ikonen et
al., 2004) and 8.6 % (Tyriseva et al., 2004) innish Ayrshire, 1.3 % in the Finnish Holstein
(Tyriseva et al., 2004), 9.7 % in Italian Holst&inesian (Cassandro et al., 2008) and 4 % in halia
Brown Swiss (Cecchinato et al., 2009). These sasnplre excluded from the statistical analysis
because RCT was unknown. Mean + SD of RCT apfbasamples that coagulated was 16.5 + 4.6
min and 29.1 + 7.5 mm, respectively. Measures off R@d g, ranged from 4 to 30.1 min, and
from 5 to 46 mm, respectively. Because standardeuhares for calibration of CRM are lacking,
comparison of average RCT and, abtained in this study with those reported in othe

investigations is not appropriate.

Effects of CN Haplotypes on Milk Coagulation Properties

Estimated effects exerted by CN haplotypes on M@Preported in Tables 1 and 2 for RCT and
ago, respectively. When detailed protein compositiceswot included in the model (model M1),
CSN3exhibited a marked effect on MCP. Haplotypes ¢agyCSN3B allele were associated
(P < 0.001) with lower measures of RCT and greaggimacomparison with those carryi@SN3A
allele. This is in agreement with results obtainmedeveral studies 06SN3genotypes (Van den
Berg et al., 1992; Walsh et al., 1995; Lodes etl&l96a).

When effects of protein fractions contents or aftein composition (models M2, M3 and M4) were
accounted for by the model, no significant diffexemcross haplotypes attributabled8N3alleles
was observed for RCT andpa Likewise, Marziali and Ng-Kwai-Hang (1986) repeut that
estimated effects dESN3genotypes on MCP were trivial when variation do€CtN composition
was accounted for in the statistical analysis, ¢imoreliability of their results was, to some extent
jeopardized by the limited size of the investigasadhple. Our findings indicate that the favorable
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effects exerted bz SN3B on MCP are to be attributed to modificationspodtein composition
caused by the differential expression of this all@hd not to a direct effect of the specific protei
genetic variant on the coagulation process. Likelg, decreased micelle size related4GN B is
also to be attributed to the increased contert©N associated t€SN3B. A greater-CN content
ensures a wider hydrophilic surface area and,c@msequence, a greater area of the micelle surface
(Niki et al., 1994; Walsh et al., 1998). As a cansence, shortened RCT exhibiteddaZN B milk

in comparison withc-CN A milk might be the outcome of a lower critidalel of k-CN hydrolysis
required for the onset of gelation whereas increaggs likely attributable to a smaller micelle size
allowing for more compact arrangements of para-Cidelies and for an increased number of
inter-micellar bonds per unit of surface area (Hoet al.,, 1998). Because structural changes
occurring ink-CN B in comparison witlk-CN A are all located in the C-terminal part of gretein
(lle1ze and Alagg), which is split off during the enzymatic coagidat phase, these changes are
unlike to have effects on the aggregation processacam MCP. When associated @&N2I allele,

the effect ofCSN3B variant on g was more favorable than when the allele was ast®utio other
CSN2 alleles. This marked effect was partly reduced wihige model accounted for protein
composition, but the interaction betwe€8N3B andCSN2I still induced a significant increase in

azo-

Table 1. Estimated effects (min) + SE &@SN2CSN3haplotypes on rennet clotting time obtained using
different statistical models

Statistical model

Haplotype M1 M2 M3 M4

A’A 0 0 0 0

A’A -0.646 + 0.200 -0.372 +0.213 -0.030 + 0.234 -0.225 + 0.232
BA -2.442 +0.209 -2.474 +0.332 -2.610 + 0.334° -2.409 + 0.334°
1A 0.100 + 0.626 0.111 + 0.623 0.081 + 0.623 0.162 + 0.623
A'B -1.339 + 0.289 -0.065 + 0.387 0.415 + 0.412 0.259 + 0.419
A’B -0.822 +0.174 0.108 + 0.265 0.180 + 0.266 0.221 +0.270
BB -3.036 + 0.359° -1.990 + 0.522° -2.023+0.52% -1.888 + 0.509
1B -1.128 + 0.325" -0.402 + 0.392 -0.247 +0.393 -0.242 +0.390

Model M1 included the fixed effect of herd-test dagrity, DIM, SCS and pH class, renneting meterseg, BLG
genotype, the regression GfSN2-CSNZhaplotype probabilities and the random effect i sire of the cow. In
addition, model M2, included regressions @t, asz, -, k-CN, andp-LG contents (g/L), model M3 included the
regressions on contents (g/L) @fi-, asr, B-, k-CN, andp-LG, and total protein content, and model M4 ineéddhe
regressions onsr, osr, B-, k-CN expressed as percentages on total casein,rafiedl@ expressed as percentage on
total whey protein. In M2, M3 and M4, all additidreffects were included as covariates. Estimatesespond to the
expected effects on rennet clotting time exertedhleyreplacement of 1 copy of haplotyp8Awith 1 copy of another
haplotype.

'P<0.10,,P<0.05,"P<0.01,” P < 0.001.
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With model M1,CSN2alleles exhibited significant effects on MCP. Happes carrying the B
variant were responsible for a noticeable decr@ddeCT (ranging from -2.44 to -3.04 min, in
comparison with haplotype ?A) and for an increase of@(ranging from 1.85 to 4.54 mm, in
comparison with haplotype A). The effect of CSN2B on RCT remained markedly favorable
when accounting for contents of protein fractiornrs pootein composition, and an interaction
betweenCSN2B andCSN3A, which decreased RCT, was observed. The redunagphitude of the
effect of haplotype BB observed with models M2, MBd M4, in comparison with that obtained
with model M1, is to be ascribed to the adjustnfentthe effect exerted b€SN3B variant on
k-CN content. Different allelic-specific expressidrmave been reported f3rCN also. AlleleCSN2

B has been associated with an increagg©N content in milk (Bonfatti et al., 2009) andlileely

to exert a specific molecular effect on RCT, whildes not depend upon variationfe€N content
associated with this allele. The increased netgehaf this protein variant, exhibiting one or two
additional net positive charges compared toAA? variants, respectively, for the presence of two
positively charged amino acids residues A¢@and Hig;), is a possible explanation for direct
effects off-CN B on MCP. Repulsive forces between casein eise@ontaining variants likg-CN

B, in which amino acid substitution results in loweegative charge, seem to be weaker in
comparison to micelles containing more negativélgrged protein variants (McLean, 1986). As a

consequence, a greater proportiofi-@N B into casein micelles facilitate aggregation.

Table 2. Estimated effects (mm) + SE G&ISN2CSN3haplotypes on curd firmness obtained using differe
statistical modefs

Statistical model

Haplotype M1 M2 M3 M4

A’A 0 0 0 0

A’A 0.747 + 0.352 0.606 + 0.363 0.013 +0.399 -0.438 + 0.405
BA 1.848 + 0.368 -0.131 + 0.570 -0.082 + 0.572 0.858 + 0.585
1A -1.320 + 1.116 -1.891 + 1.074 -1.797 + 1.071 -1.448 + 1.098
A'B 2.196 + 0.5171 0.272 + 0.661 -0.595 + 0.703 -1.355 + 0.732
A’B 1.832 +0.307 0.101 + 0.453 -0.044 + 0.453 0.049 +0.471
BB 4.540 + 0.638 0.184 + 0.898 0.223 + 0.895 1.471 + 0.894
1B 3.163 +0.575 0.632 + 0.670 0.397 +0.671 0.969 + 0.681

Model M1 included the fixed effect of herd-test dagrity, DIM, SCS and pH class, renneting meterseg, BLG
genotype, the regression GfSN2-CSNZhaplotype probabilities and the random effect g sire of the cow. In
addition, model M2, included regressions @t, asz, B-, k-CN, andp-LG contents (g/L), model M3 included the
regressions on contents (g/L) @fi-, asr, B-, k-CN, andp-LG, and total protein content, and model M4 ineddhe
regressions onsr, osr, B-, k-CN expressed as percentages on total casein,rafiedL@ expressed as percentage on
total whey protein. In M2, M3 and M4, all additidreffects were included as covariates. Estimatesespond to the
expected effects on curd firmness exerted by tpéacement of 1 copy of haplotype’A with 1 copy of another
haplotype.

'P<0.10,,P<0.05,"P < 0.01,” P < 0.001.
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The favorable effect o0€ESN2B on &g observed with model M1 was not confirmed by models
accounting for protein fractions contents or prmoteomposition (models M2, M3 and M4),
indicating that effect oc€SN2B was mediated by the increase3e€N content of milk.

The A' variant, compared to the most commoh éxerted a positive effect on both RCT agg] ia
particular when associated witkCN A. When effects due to associated variationGON
composition were accounted for by the model, tlaigofable interaction effect was somewhat
reduced because estimation was performed at the lsmel of k-CN% (Heck et al., 2009; Bonfatti
et al., 2009). Results obtained in this study lher ¢ffect ofCSN2on MCP partially agree with those
reported by Marziali and Ng-Kwai-Hang (1986), whoncluded that, after adjustments for
concentration of major milk protein fractions, M@®re not different acrog3-CN phenotypes.
That study compared’sand & alleles only because no animal cari@8N2B.

Effects exerted b€ SN2l on MCP have never been investigated in prevaiudies and they might
be of interest because of a moderate frequenchisfallele in some dairy cattle breeds such as
Italian Holstein Friesian and Jersey (Jann et 2002). Although frequency of haplotypes
containing this allele was low, estimated effectdicate thatCSN2I has no influence on RCT,
when compared to A and affects s unfavorably P < 0.001) when associated withCN A.
Likewise, variant | might exert, when associatea40ON A in the haplotype, a negative effect on

variation of gp, but relevant biochemical mechanisms are cugremknown.

Effect of BLG Genotypes on Milk Coagulation Properties

Effects of BLG genotypes on RCT andyaas well as estimates of additive and dominance
deviations, are reported in Table 3 and 4, respalgti As expected, magnitude of these effects was
relatively small when compared to that of effectsGN genes because whey proteins are not
directly involved in the milk coagulation proceds. agreement with Ikonen et al. (1999a), an
increased RCT was observed for milk yieldedBdyG BB cows, even when models accounted for
detailed protein composition. Explanation for thdavorable effect of-LG B variant on RCT is
currently unknown. In the literature, results fdreteffect of BLG genotypes on RCT are
controversial: some authors detected an effeBiLdd genotypes on RCT (lkonen et al., 1999a; Ng-
Kwai-Hang et al., 2002; Kubarsepp et al., 2005)emghs other studies reported no effect (Pagnacco
and Caroli, 1987; lkonen et al., 1997). It has b&asggested (Lunden et al., 1997; Bobe et al., 1999)
that the favorable effect LG B variant on RCT estimated in a number of studreght be
ascribed to increased total casein content andrcasenber associated wiBLG B. Nevertheless,
inconsistent results have been obtained on theiasiem between casein content or casein number
and RCT (lkonen et al., 2004), and this might expleontroversial reports on effects BLG
genotypes and RCT.
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Table 3. Estimated effects (min) + SE 8LG genotypes compared to genotype AA on rennet oiptime
obtained using different statistical models

Genotypé Statistical model

M1 M2 M3 M4
AA 0 0 0 0
AB 0.667 +0.176 0.785+0.183 0.773+0.18% 0.638+0.176
BB 1.033 +0.237 1.411+0.284 1.348+0.284°  0.827 +0.259
Additive deviation 0.517 +0.116 0.706 + 0.142° 0.674+0.142°  0.414+0.129

Dominance deviation -0.151 £0.152 -0.079 £0.154 -0.099 £ 0.154 -0.224 £ 0.156
Model M1 included the fixed effect of herd-test dagrity, DIM, SCS and pH class, renneting meterseg, BLG
genotype, the regression GfSN2-CSNZhaplotype probabilities and the random effect g sire of the cow. In
addition, model M2, included regressions @41, asr, B-, k-CN, andp-LG contents (g/L), model M3 included the
regressions on contents (g/L) @f-, osr, B-, k-CN, andp-LG, and total protein content, and model M4 inelddhe
regressions onsg-, asyr, B-, k-CN expressed as percentages on total casein,rafielG expressed as percentage on
total whey protein. In M2, M3 and M4, all additidreffects were included as covariates. Estimatesespond to the
expected effects on rennet clotting time exertedhleyreplacement of 1 copy of haplotyp8Awith 1 copy of another
haplotype;

’Additive deviation was computed &35 x (,lAi’BLG BB ,[?BLG an) Where ,[?BLG gg and /?BLG aa are model solutions for
BLG BB and AA genotypes, respectively; dominance devia was computed as
,@BLG ag — 05x% (,@BLG s ,@’BLG AA) whereﬁABLG g 1S the model solution fdBLG AB genotype.

'P<0.10,'P < 0.05,"P < 0.01,” P < 0.001.

Table 4. Estimated effects (mm) + SE &LG genotypes compared to genotype AA on curd firmness
obtained using different statistical models

Genotypé Statistical model

M1 M2 M3 M4
AA 0 0 0 0
AB -0.106 + 0.312 -0.585+0.314 -0.551+0.318 0.014 +0.308
BB 0.767 + 0.40% -0.660+0.484 -0.519 +0.484 1.167 + 0.450
Additive deviation 0.384 + 0.203 -0.330+0.242 -0.260 +0.242 0.584 + 0.225
Dominance deviation 0.490 + 0.271 0.255 + 0.265 0.292 +0.264 0.569 + 0.274

Model M1 included the fixed effect of herd-test dagrity, DIM, SCS and pH class, renneting metersee BLG
genotype, the regression GSN2-CSN3haplotype probabilities and the random effect lf sire of the cow. In
addition, model M2, included regressions @41, asr, B-, k-CN, andp-LG contents (g/L), model M3 included the
regressions on contents (g/L) @fi-, asr, B-, k-CN, andp-LG, and total protein content, and model M4 inéddhe
regressions onsr, osr, B-, k-CN expressed as percentages on total casein,rafiedlL@ expressed as percentage on
total whey protein. In M2, M3 and M4, all additidreffects were included as covariates. Estimatesespond to the
expected effects on curd firmness exerted by tpéacement of 1 copy of haplotype’A with 1 copy of another
haplotype;

’Additive deviation was computed @5 x (,@BLG BB~ BBLG an) Where ,@BLG g and ﬁBLGAA are model solutions for
BLG BB and AA genotypes, respectively; dominance devia was computed as
,[?BLG ag — 05% (,[?BLG sg T ,[?BLG AA) Where,[A3B|_G g 1S the model solution fdBLG AB genotype.

'P<0.10,'P < 0.05,"P < 0.01,” P < 0.001.
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Table 5. Estimated effects (miSD™") + SE of major protein fractions content or petege on total casein
(osr-, asz, B-, k-CN) or on total whey proteinB{LG) for rennet clotting time obtained using ditfet
statistical modefs

Protein fraction Statistical model

M2 M3 M4
as-CN 0.129 + 0.188 -1.291 +0.374 -0.474 + 0.320
as>CN 0.341 +0.125 -0.311 + 0.220 0.006 + 0.109
B-CN 0.160 + 0.220 -1.284 + 0.458 -0.319 +0.219
k-CN -0.888 +0.197 -1.636 + 0.286 -1.050 + 0.224°
B-LG 0.311 +0.159 -0.167 + 0.210 -0.262 + 0.109

Model M1 included the fixed effect of herd-test dagrity, DIM, SCS and pH class, renneting metersee, BLG
genotype, the regression GfSN2-CSNZhaplotype probabilities and the random effect g sire of the cow. In
addition, model M2, included regressions @t, asr, -, k-CN, andp-LG contents (g/L), model M3 included the
regressions on contents (g/L) @fi-, asr, B-, k-CN, andp-LG, and total protein content, and model M4 ineddhe
regressions onsr, osr, B-, k-CN expressed as percentages on total casein,rafiedl@ expressed as percentage on
total whey protein. In M2, M3 and M4, all additidreffects were included as covariates. Estimatesespond to the
expected change of rennet clotting time due toratian of 1 SD in the content or percentage opactfic protein
fraction.

'P<0.10,,P<0.05,"P < 0.01,” P < 0.001.

Table 6. Estimated effects (mi8D™) + SE of major protein fractions content or petage on total casein
(os1my asz, B-, k-CN) or on total whey proteir{LG) for curd firmness obtained using differenttistacal
models

Protein fraction Statistical model

M2 M3 M4
0s1-CN 0.245 +0.321 2.210 + 0.6471 2.704 £ 0.563
as-CN -0.120 + 0.214 0.976 + 0.376 0.767 +0.192
B-CN 1.799 + 0.380° 3.980 +0.785 2.724 +0.38%
k-CN 1.644 +0.329 2.933 +0.4971 3.063 + 0.395
B-LG -0.700 + 0.273 0.137 + 0.360 0.495 +0.191

Model M1 included the fixed effect of herd-test dagrity, DIM, SCS and pH class, renneting meterseg, BLG
genotype, the regression GfSN2-CSNZhaplotype probabilities and the random effect lné sire of the cow. In
addition, model M2, included regressions @41, asr, B-, k-CN, andp-LG contents (g/L), model M3 included the
regressions on contents (g/L) @f-, osr, B-, k-CN, andB-LG, and total protein content, and model M4 inelddhe
regressions onss-, asyr, B-, k-CN expressed as percentages on total casein,rafielG expressed as percentage on
total whey protein. In M2, M3 and M4, all additidreffects were included as covariates. Estimatesespond to the
expected change of curd firmness due to a variatidnSD in the content or percentage of a spepifitein fraction.

Fkk

'P<0.10,'P<0.05,"P<0.01,” P < 0.001.
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A slightly positive effect on® was estimated for allele B BLG when the statistical model (model
M1) did not account for protein fractions conteatsvhen effects due to variation of CN and whey
protein composition where accounted for (model Md)agreement with previous studies reporting
positive effects oBLG B on CN content (Lunden et al., 1997) and cheesd {Schaar et al., 1985;
Van den Berg et al., 1992; Wedholm et al., 2008% tesult might be ascribed to the increased CN
content associated with this genetic variant. Refudm models estimating non significant effects
(P > 0.10) ofBLG genotypes onzawhile adjusting for variation of protein fractionencentrations
(model M2) and total protein content (model M3) goip this hypothesis.

These results partially agree with Marziali and Kgai-Hang (1986) who reported shorter mean
RCT for phenotypes AA than for phenotypes AB and BBd enhancedsaat cutting for
phenotypes AA in comparison with phenotypes AB &Rl In that study, the statistical model
accounted for CN content, indicating that effectereed byp-LG genotypes on MCP are not

interpretable as indirect effects due to alterelé priotein content.

Contribution of Additive Genetic Varianceto Total Variance of Milk Coagulation Properties
Although estimation of genetic parameters for MG@GPnot a specific aim of the investigation,
estimates of additive genetic variance obtaineaun study indicate that MCP are moderately
influenced by polygenic effects. Depending on ttegistical model (M1-4), estimates of additive
genetic variance for RCT anghganged from 16.8 to 18.4% and from 9.9 to 11.5%peetively, of
total variance. Estimation of genetic parametersM@€P, protein fraction contents and protein

composition will be the objective of future invegtiions.

Effects of Major Protein Fractions Contents and Protein Composition on MCP

Estimated regression coefficients for the effeétgrotein fractions contents (model M2 and M3) or
protein composition (model M4) on RCT ang are reported in Table 5 and 6, respectively. These
estimates quantify the expected change of RCT sgproecurring when the concentration of a
specific protein fraction or its relative contemt CN for CN fractions or in whey protein f8rLG)
increases of 1 SD. In literature, studies on tHe af major protein fractions contents amdlk
protein composition for variation of MCP are scarbe our study, RCT was favorably affected
(P <0.001) by increased-CN content anc-CN proportion on total CN whereagpancreased
when amounts of botk-CN andp-CN in milk and in CN increased.

Previous studies (Yun et al., 1982; Storry et1#883) reported that RCT was related to proportions
of as- and B-CN in CN and that curd tension increased signifilgawith B-CN fortification,
suggesting an essential role BICN for curd hardening. Recently, Van Hekken andskiger
(2000) and St-Gelais and Haché (2005) observedctiages ins-CN to B-CN contents ratio
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reflect alteration in the gelation properties oflkmiWedholm et al. (2006) reported that the
concentration ok-CN in milk and ratios of this fraction t@s;- andp-CN were significantly lower

in poorly-coagulating or non-coagulating milk thianmilk exhibiting optimal coagulation ability,
but, consistently with Jéudo et al. (2008), theysabwed no effect of-CN content on MCP.
Similarly to previous reports (McLean, 1986; vamdgerg et al., 1992; J6udu et al., 2008), our
results indicate that-CN concentration plays a role as a source of tianaof ao. A possible
explanation is that milk with increas&lCN content exhibits shortened RCT (van den Bergl.et
1992), which leaves more time for curd firming aad,a consequence, and enhanggat utting.

In addition,x-CN content has been also associated with increeasein retention in curd during
chymosin-induced coagulation. The effectko€N concentration on casein losses into whey may
partly be explained by the association betweeneas®dk-CN content and small casein micelle
size (Dalgleish et al., 1989; Donnelly et al., 1984ilk containing small-sized micelles originates
gels with an improved structure, which may increthgeability to entrap milk constituents possibly

reducing casein losses into whey (Niki et al., 1,984lsh et al., 1998).

CONCLUSIONS

This study indicates that previously observed diifices across CN genotypes in coagulating
properties of milk may have been mostly due toedéhces in contents of major protein fractions
and in detailed protein composition, that are kndabe associated with milk protein genotypes.
Factors expected to affect milk composition areeexgd to affect processing properties of milk
also. Although further research is needed to ingatd the effect exerted by milk protein

composition and casein haplotypes on cheese wekllts obtained in this study suggest that
changes in milk protein composition might exertretated effects on milk coagulation properties
and that changes in frequency of specific allebeciants at CN and whey protein loci might be
beneficial or detrimental for coagulation propested milk. Genetic parameters for contents of milk
protein fractions and protein composition, as waslitheir relationships with breeding goal traits of

dairy cattle populations, need to be investigatefiither studies.
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ABSTRACT

The aim of this study was to investigate the efee@rted by the relative ratio fCN A tok-CN B
content on milk coagulation properties and indasttheese yield of three Italian cheese varieties
(Montasio, Asiago, and Caciotta). Twenty-four cleessking experiments were carried out in two
industrial and in one artisanal scale dairy plaDistailed protein composition of bulk milk of 380
herds conferring to these dairies was analyzedebgrsed-phase HPLC (RP-HPLC). In order to
obtain experimental milks with differertCN A to k-CN B content ratios, herds were selected on
the basis of their milk protein composition atCN genetic composition. Milk of selected groups
of herds was separately collected and processade&ah cheese-making trial in each factory,
amounts of milk, ranging from 2,000 to 6,000 kgthndifferenti-CN A to k-CN B content ratios
were separately manufactured. Each vat containgkl coilected from at least 4 dairy herds.
Cheese-yields at different ripening times were réed. A difference of about 20 % for theCN A

to k-CN B content ratio was obtained experimentallgach dairy plant. Milk was characterized by
having similar composition in terms of protein, @as casein number, casein compositipiCN
composition and pH. Milk with the higher proporti@i k-CN B (HIGHB ) exhibited similar
coagulation properties but a higher cheese yieldllithe investigated cheese in comparison with
milk with a lower proportion ok-CN B (LOWB). However, the increment of yield observed for
HIGHB milk in Montasio cheese was ascribed to aatge fat content of HIGHB milk in
comparison with LOWB milk. The probability of HIGHBilk giving a cheese yield 5 % greater
than that of LOWB milk ranged from 51 to 67 % fooMasio cheese, but was lower than 21 % for
Asiago and Caciotta cheeses. The ratiac@@N A to k-CN B content did not relevantly affect
industrial cheese yield when milks of similar casebmposition were processed. Thus, an indirect

effect due to the highaCN content ok-CN B milk on cheese yield is to be suggested.

73



INTRODUCTION

Cheese yieldQY) plays a fundamental role in the profitabilityadiry industry and it is influenced
by many factors, such as case@\) content and milk protein polymorphisms. The effetthe
CSN3(k-CN) B genetic variant has generated consideraiidgdast because, when compared to the
A variant, it has been associated with improvedkrodagulation propertiedMCP) (Van den Berg

et al., 1992; Lodes et al.,, 1996b; Walsh et al98k%b) and increased CY in a range of cheese
varieties such as Cheddar, Mozzarella, Parmigiamggiano, Svecia, Gouda (Buchberger and
Dow¢, 2000). Also, studies investigating Cheddar cheeaking have shown that milk produced by
homozygousCSN3 BB animals exhibited higher fat recoveries inteeete, which was likely
associated with the finer gel structurexe€N BB milk (Walsh et al., 1998bBecause the two
amino acid substitutions differentiatimgCN A and B variants are not close to the siteatioa of
rennet during the initial phase of coagulation,ired effect of this substitution on the enzymatic
process can be excluded (Glosclaude, 1988).

Several causes have been considered to explaientmenced properties @ CN BB milk. They
involved the different net charge of the two proteariants, the content of citric acid in milk, a
difference in the degree of glycosylation, and eatgr homogeneity of the size of the micelles-in
CN BB milks (Grosclaude, 1988). Finally, these mmies have been partly attributed to greater
overall CN content associated withCN B (Jakob and Puhan, 1992; Walsh et al., 1985) i
comparison withc-CN A milk.

To date, most studies have been pilot-scale chee&eig studies or have been using bulk milk of
genotyped cows (Buchberger and B©o2000) in which total CN contenTCN) or contents of
other protein fractions were unknown or unlike asraompared milks. GenotypesG@GSN3have
been associated with differencesc<hk€N content of milk (Heck et al., 2009; Bonfattiadt, 2009b),
which are responsible for a greater number of smadklle ink-CN BB milk, resulting in more
compact curds (Horne et al., 1998). In additiomarked effect of CN composition a@BEN2(p-
CN) genotypes on MCP has been recently reportedfé®o et al., 2009a). All these factors may
contribute to observed variation in CY and MCP adag when milks exhibiting different-CN
variants content are processed. Literature stutkee not clarified whether detected associations
between CY and specific genotypes GBN3 were attributable to effects exerted by different
structural properties ok-CN protein variants or were largely due to modifions of CN
composition of milk.

The aim of this study was to investigate the effeatrted by the ratio of-CN A to k-CN B bulk
milk content on industrial CY of MontasidQ), Asiago AS), and CaciottaQA) cheeses when
CN content and composition and content-@fN variants were alike in bulk milk.
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MATERIALS AND METHODS

Data Collection

A total of 24 cheese-making trials were carried iauhree commercial dairies located in the north
of Italy: one artisanal plant, manufacturing MOdawo industrial plants, one manufacturing AS
and one manufacturing CA. The cheese-making twale carried out from January to June 2009.
An exploratory sampling of bulk milk of all herd$3 herds for MO, 125 for AS and 242 for CA)
supplying the three dairies involved in the studgswnitially performed to assess across-herds
variation of detailed protein composition. Aftletinitial assessment, sampling of herds selected t
supply milk used in experimental cheese makingstmas replicated few days before each cheese
making experiment. This was performed to ensuré ¢haracteristics of experimental milk were
consistent with the desired ones. Two samples weliected in each herd, stored in portable
chilling devices immediately after collection, feor at -20°C, and then transferred to the milk
laboratory of the Department of Animal Science @®ad Italy) to measure protein composition and
MCP and to the Milk quality Laboratory of Veneto vigpltura (Thiene, Italy) to measure fat

content by infrared analysis with a Milko-Scan FOXEoss Electric, Hillerad, Denmark).

Analysis of Protein Composition

Contents ofusi-, osz, By-, k-CN, B-LG anda-LA were measured in herd bulk milk samples, vat-
milk and in cheese-whey samples, by reversed-phddeC (RP-HPLC), following the method
proposed by Bonfatti et al. (2008). The methodvedldhe separation and quantification of major
CN and whey protein fractions and of their most own genetic variants. Contentske€N A and

B, of B-LG A and B, and op-CN A', A% and B were quantified. The content of each genetiant
was quantified through the use of specific calibratequations as estimated by Bonfatti et al.
(2008).y-CN elutes in the interval of elution of the F \aani of B-CN. For this reason, the peak
eluting in this interval{-CN/B-CNg) was considered to be composedyb@N andp-CN and the
total content ofyB-CN was given. Total CNT{CN) content was defined as the sunug#CN, asx>

CN, yB-CN, andk-CN content. Total whey protein conteiVIld) was calculated as the sumof

LA and B-LG contents. Total protein conterRRT) was expressed as the sum of TCN and WH.
Casein numberQl) was calculated as the ratio of TCN to PRT. Casemposition (i.e., relative
contents of CN fractions) was expressed as theeptage ratio obis;-CN (as-CN%), as>CN
(as2CN%), yB-CN (yB-CN% ), andk-CN (k-CN%) contents to TCN. The glycosylated portion of
k-CN (glicok-CN) was also quantified and expressed as a percemgigeof the totalc-CN
content in milk. The ratio of-CN A to k-CN content k-CNx%) was expressed as the percentage
ratio of glyco-freec-CN A content to the total content of glyco-fre€N.
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Milk Coagulation Properties

Measures of MCP of bulk-milk and vat-milk samplesrg obtained by using the Computerized
Renneting Meter(CRM-48, Polo Trade, Monselice, Italy), within fetwours after samples
collection. Samples (10 mL) were preheated at 3@ added with 20QL of rennet (Hansen
standard 160, 80 % chymosin, 1:14900, Pacovis Ami&, Bern, Switzerland) 1.6 % vol/vol in
distilled water. Measures of rennet clotting tinRC({T, min), curd firming time (K, min) and curd
firmness (g, mm) were obtained. Traits definition and detaitsused methods can be found in Dal
Zotto et al. (2008). Non coagulating milks (i.e.lkrthat did not coagulated within 31 min since
rennet addition) obtainawb value for RCT and ¥. Measures of pH were carried out (pH-Burette

24, Crison) prior to rennet coagulation analysis.

Manufacture of Montasio Cheese

Montasio cheese is a Protected Designation of ©BDO) product (Reg. CEE n. 1107/96), a
geographical definition that includes the entirgitery of Friuli-Venezia Giulia region and the
whole province of Belluno and Treviso and a fractod Padova and Venice provinces. It is a semi-
hard pressed cheese, cylindrical, 6-10 cm heigthtvdth an average weight ranging from 5 to 9
kg, with a diameter of 30—40 cm. The crust is sioand elastic. The paste is slightly straw-
coloured and has small uniform holes.

Weekly and over a period of 4 weeks, two experimemilks (HIGHB and LOWB), differing for
the relative ratio ok-CN A to k-CN B content (HIGHBx-CNa% = 40 %; LOWB:x-CNa% = 60

%) were processed consecutively on the same dauysind the same vat. Each experimental milk
derived by the blending of bulk milk of a minimunh 4 herds. The volume of processed milk
ranged from 2,000 to 3,000 L, but was similar fobe two experimental milks within day of
processing. Immediately after pasteurization (PC5or 20 s), milk was loaded into the vat (4,000
L-capacity) and heated at 37 °C. When milk reacBéd’C, a starter (strain ST Mesophilic and
Thermophilic; Lyofast ST 073, 0.5 U for every 10@t.milk) and a natural milk starter (2.5-3.3 L
for every 100 L vat milk) were added. The latterivled from naturally acidified milk collected on
the preceding day of the day of cheese making @naddition aimed to enrich the milk with lactic
acid bacteria. After 35 min since the starter addjtrennet was added to milk (natural calf rennet
powder, 3.6 g for every 100 L milk, 1:125,000, 95cBymosin, 5 % pepsin). During the rest period
after the addition of rennet, the exact volume dknm the vat was measured through the use of a
dip-stick. The coagulation process began within1B5min since the addition of rennet. The curd
was broken up into small granules. The first cuthaf curd was made 6 min after curd formation
and a second cut was made after removing 15 %eofitiey contained in the vat and after a 10-min
healing period. After the second cutting, the ocwe cooked for 22 min at 47 °C. During cooking,
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the curd was agitated continuously and, finallydcwas drained off the vat to form the moulds.
Moulds were pressed for 35-40 minutes and theer aftgradual cooling (1 d) and drying, the
wheels of cheese were placed into brine (20 % &alt24 h. Temperature of the ripening rooms
was kept at a 9-11 °C, and relative humidity aro8@db6. Moulds were turned on the planks of the
ripening rooms every 2 weeks. At d 30 of ripenimgulds were scraped with a steel plate and at d

50 they were oiled with linseed oil.

Manufacture of Asiago Cheese

Asiago cheese is a PDO product (Reg. CEE n. 11D7/8&& officially-recognized production
region for Asiago cheese includes the entire pasrof Vicenza and Trento, and two areas in the
provinces of Treviso and Padova, all located inntbeth-east of Italy. It is a cylindrical soft clseg
with a thin and elastic crust. The mould is 11-flbheight and its weight ranges from 8 to 12 kg.
The paste has small and scattered holes.

Two experimental milks (HIGHB and LOWB), differirfigr the relative ratio ok-CN A tox-CN B
content (HIGHB:k-CNa% = 60 %; LOWB:x-CNx% = 75 %), were processed within a single vat
(11,000 L volume) on three consecutive days, owerweeks, in order to obtain two replicates for
each experimental milk. The volume of processe# mikach trial was 5,500 L. Each experimental
milk derived by the blending of bulk milk of a mmum of five herds. After pasteurization (72 °C
for 18 s), milk was loaded in the vat and startdtuce (like AP 100 thermophilic lactic cultures,
CHR Hansen, 200 U per 110 g of milk diluted in ®flwater) was added when the temperature of
milk reached 37 °C. The addition of liquid calf nen (1:10,000, 80 % chymosin, 20 % pepsin)
occurred 35 min after the starter addition. Durihg rest period after the addition of rennet, the
exact volume of milk in the vat was measured thiotitge use of a dip-stick. Curd formation
occurred after 17-18 min and the curd was cut &@min since rennet addition to milk. The
healing time after cutting was 12 min. After hegliwhey was partially drained off the vat and the
curd was cooked for 20 min at 42 °C. Finally, cwds drained off the vat to form the moulds.
Moulds were pressed for 2 h and, after a dryingopesf 72 h, were transferred into brine. Moulds
were kept into brine for 48 h and then transfeirethe ripening rooms. During the 20-d period of

ripening, moulds were kept at 10 °C and 80 % netatiumidity.

Manufacture of Caciotta Cheese

Caciotta cheese is a soft short-maturing cheedh, small-sized and spherical-cylindrical moulds.
This cheese is produced in northern Italy with dsadized technologies and on a semi-industrial
scale. Ripening lasts few weeks. Paste is slightiynented, compact, uniform or slightly eyes-

scattered.
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Two experimental milks (HIGHB and LOWB), differirfigr the relative ratio ok-CN A tox-CN B
content (HIGHB:x-CNa% = 45 %; LOWB:k-CNx% = 65 %), were processed simultaneously.
Each experimental milk was processed into threeistiahl vats of equal volume (1,900 L). The
experimental cheese making experiment was repesidtiree consecutive days over a week, for
two weeks. Each experimental milk derived by thending of bulk milk of at least 8 herds.
Immediately after pasteurization (72 °C for 16mjlk was loaded in the vats (the volume of milk
was measured automatically at loading) and hedtdd &C. At this temperature, a starter (strain
TB1 Mesophilic yeasts and lactobacilli) was addealt (12.5 kg/vat) was introduced immediately
before the addition of rennet (1:12,000 chymosin,5pepsin 25 %, 50 mL per 100 L of milk),
which was added after 35 min since the startertiatctio milk.

Curd was formed within 14-15 min and cutting of thed occurred after 25 min since rennet
addition. After cutting, the curd was drained dietvat and moulds were formed. After 1 h of
pressing, moulds were kept into brine (17 °BE, fa€ 2 d, then moulds were ripened for 5 d at 3

°C and kept, during the following 5 d, at 5 °C,lw¥entilation to allow crust formation.

Analysis of Vat-milk and Cheese-whey

Analysis of milk composition was carried out twioe milk sampled from the vat before the adding
of the starter and for the cheese-whey collectest afird extraction from the vat.

The following traits were measured: pH with a pHtengtitratable acidity with 0.25 M NaOH
using the Soxhlet-Henkel method (Anon, 1963) artdbfainfrared analysis with a Milko-Scan
FT120 (Foss Electric, Hillerad, Denmarinalysis of protein composition was carried outRiy-
HPLC (Bonfatti et al., 2008). Milk coagulation peies were also measuradduplicate (CRM-
48, Polo Trade, Monselice, Italy) on vat-milk.

Cheese Yield Recording and Analysis of Cheese

For all cheeses, the first measure of ©¥ () was recorded after the brine period at d 2 tor3
MO and CA or AS, respectively. Cheese vyield atehd of the ripening periodC{Y2) was also
measured. At the end of the ripening period, wHagted 60, 20, or 10 d for MO, AS, or CA,
respectively, three moulds per experimental milkach day of processing were randomly sampled.
Cheese samples were analyzed for moisture by vaawem at 100 °C (method 926.08; AOAC,
2003), fat by the Mojonnier method (method 933A8AC, 2003), ash using a muffle furnace at
550 °C (method 935.42; AOAC, 2000), and total protey macro-Kjeldahl (method 2001.14;
AOAC, 2002). Ax-CN variants have been reported (Walsh et al., dpf8exert trivial effects on
primary and secondary proteolysis during ripening am the grading scores awarded for
acceptability, cheese quality was not evaluated.
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Statistical Analysis

Variation of composition of vat-milk and cheese-wh®CP of vat-milk, CY at different ageing
periods, and moisture, protein and fat content ahufiactured cheese attributable to the effects of
experimental milk (i.e., the effects of the ratibieCN A to xk-CN B content) was investigated
through Bayesian analyses. A difficulty when conmpgrCY of different experimental groups is
due to the small sample size achievable in thie pstudies. Moreover, relevance of effects is
often difficult to evaluate. A Bayesian statistiegiproach performing numerical integration through
Monte-Carlo Markov Chain (MCMC) procedures allowag tuse of marginal posterior probability
densities for treatment means comparisons. Thesptbbability for a treatment mean of being
greater or lower than the one of another treatrgesip, or the probability of a relevant difference
across treatments can be obtained. These proceehsase high flexibility for the interpretation of
results.

As differences in the ratio aCN A to totalk-CN content across processed milks were different
for MO, AS, and CA cheese making trials, separatatistical analyses were performed for each
type of manufactured cheese. Models included tleetedf the experimental milk (2 levels: HIGHB
and LOWB) and the effect of the day of cheese ntpkéhlevels for MO, 2 levels for AS, and 6
levels for CA). Prior distributions for both effsctvere assumed to be uniform. A unique Gibbs
chain of 100,000 iterations was run for each amglysith a burn-in of 10,000 iterations. Samples
were saved every 10 iterations. Convergence wasdtder each chain using the Z criterion of
Geweke (Geweke, 1992). Monte Carlo standard ewers also calculated (Sorensen and Gianola,
2002). The posterior median was used as a poimaist of parameters of concern. Features of the
marginal posterior distribution for the differenbetween means of experimental milks were
obtained. Lower and upper bounds of the 95 % piosterobability interval HPD) for the mean of
experimental milks and for the difference betweearans of experimental milks were obtained from
the estimated marginal densities. The probabilitgimilarity between experimental milks was also
calculated for each trait and was expressed aprttmbility of the percentage difference between
means being in the range from -8 to +8 %, for mdknposition and MCP, and from -5 to +5 % for
cheese composition.

The ranges of similarity for milk and cheese conipms were established considering the
variability due to sampling and analytical procedurThe probability of HIGHB having a higher
cheese-yield than LOWB was also calculated, as agthe probability of the increase in cheese-
yield of HIGHB being higher than 5 % in comparisaith LOWB. Without considering milk
composition, a 5 % increase has been the minimuoewaf the difference between BB and AA
milk reported in literature (Buchberger and Bp2000), with few exceptions (Schaar et al., 1985;
Rahali and Menard, 1991).
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RESULTS AND DISCUSSION

Protein Composition and Milk Coagulation Properties of Bulk Milk Samples

Descriptive statisticfor protein composition and coagulation properoé®ulk milk from all 380
dairy herds supplying the three dairies involvedhia study are reported in Table 1. The high value
of average protein content of milk is to be asdib® the skimming of milk prior to
chromatographic analysis.

Exploratory sampling included all herds with notitistion of breed and herd size, thus resulting in
a large variability of protein fractions and protegenetic variants contents in bulk milk.
Composition of bulk milk yielded by a limited numbef animals is essentially determined by
characteristics of these animals and also less @yngenetic variants at the population level may
be prevalent in bulk milk of small herds.

Genetic composition af-CN showed a large variability. Relative contenkeEN A in totalk-CN
(k-CNa%) ranged from 4.1 to 89.0 %. Overall, contenk-@N A was slightly greater than that of
k-CN B. Also thep-CN fraction exhibited a great variability of gelcetomposition (i.e., relative
ratios between genetic variants) with a large demce of variant A(50.2 % on totap-CN). This
was expected as a consequence of the high frequantys allele in many Italian dairy cattle
breeds (Comin et al., 2008; Bonfatti et al., 200$twever, bulk milk of sampled herds exhibited
also a rather high content ®CN A'. Variant B of3-CN was also detected in milk of several herds,
with an average relative content of 16.28 % onl 9#&N. The rather high content of this variant,
not common for the Holstein Friesian breed, magptbdbutable to the presence of Brown Swiss or
Simmental cows in the sampled herds.

Whey protein composition showed a slight predomieaf®2.54 %) ofi-LG B overp-LG A. This
result was expected, due to the slightly highegdemcy of variant B, in respect to A variant, in
Holstein Friesian and Simmental, and its high fesgiy in Brown Swiss cows (Formaggioni et al.,
1999).

Of the investigated bulk milk samples, 7.4 % coated within 15 min since rennet addition and
exhibited a rather short RCT, 43.9 % coagulatedhi interval from 15 to 20 min, which is
considered an optimal RCT range, and 33.9 % cotsgllafter 20, but before 25 min. The
proportion of milk not suitable for processing (RER5 min) was 14.7 %.

Within this category of milk, a great proportionrasn-coagulating milk (6.8 % of all samples) was
observed. The high incidence of non-coagulatinds laild averages values for RCT aggl(@0 min
and 24 mm, respectively) confirm the poor coagatatbility of milk in Italy, which has been

reported in previous studies (Mariani et al., 1992ndri et al., 2001).
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Table 1.Descriptive statistics for protein composition adgulation properties of bulk-milk samples (n =
380)

ltem’ Mean SD Minimum Maximum
Protein, g/L 40.57 2.85 29.97 52.77
Casein, g/L 35.38 2.51 25.72 46.33
Whey protein, g/L 5.19 0.46 4.02 6.75
Casein number,% 87.21 0.67 85.45 91.01
Protein fractions content, g/L
as-CN 13.52 1.01 10.50 18.18
as>xCN 4.35 0.47 2.80 5.99
By-CN 14.08 1.05 9.94 18.25
K-CN 3.43 0.40 2.33 5.36
a-LA 1.17 0.14 0.78 1.53
B-LG 4.02 0.41 3.02 5.85
Casein genetic variants content, g/L
B-CNs 0.82 0.22 0.41 2.66
B-CNaz 3.86 1.27 0.85 8.65
B-CNaz 7.08 1.62 0.98 14.73
v-CN/B-CNg 0.82 0.22 0.41 2.66
K-CNa 1.03 0.27 0.10 1.79
K-CNg 0.82 0.41 0.17 3.15
B-LGa 1.92 0.58 0.13 5.30
B-LGp 2.10 0.49 0.42 4.11
Casein composition, %
as-CN% 38.21 1.24 33.08 42.95
as-CN% 12.30 0.91 9.55 16.58
B-CN% 39.80 1.20 35.15 43.96
K-CN% 9.69 0.81 7.77 15.58
k-CN composition, %
K-CNA% 56.98 16.02 4.11 89.00
Glyco«-CN 45.94 3.69 34.95 60.30
B-CN composition, %
B-CN 1% 27.62 9.45 5.95 71.52
B-CN 2% 50.21 10.58 8.14 83.00
B-CN g% 16.28 8.29 2.77 54.95
v-CN/B-CN% 5.89 1.70 2.31 20.62
Milk coagulation properties
RCT, min 20.00 3.56 7.08 29.57
Kz, min 2.97 2.10 0.00 8.95
3o, MM 24.07 7.31 3.00 41.00

! Protein =agi-CN + aszCN + By-CN + k-CN + B-LG + o-LA; casein =0s;-CN + 0gCN + By-CN + «-CN; casein
number = casein/proteinx10@:CNx% = k-CNa/(k-CNa + k-CNg) % 100; whey protein $-LG + a-LA; Milk
coagulation properties referred only to coagulasagples (n = 354); RCT = rennet clotting timeg ¥ curd firming
time; ao= curd firmness.
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Composition of Experimental Milks

Inferences were made from features of marginalgpimstdistributions of the differences between
experimental milks. MCMC chains converged in abkes and Monte Carlo standard errors were
very small (lower than 0.004, data not reportetabie).

In general, the range of variationiofCNA% across experimental milks was smaller in comparis
with that observed in the exploratory sampling. sTiwas due to the need of keeping other
characteristics similar across experimental milksew bulk milks were blended. Exclusive
blending of milk from most extreme herds for midiCNA% was not feasible because those herds
exhibited also the most extreme totaCN contents and casein number and it would hagede
experimental milks with large differences in terofgrotein composition. Nevertheless, the range
of thekx-CN A to k-CN B content ratio for experimental milks was appmately equal to k-
CNa% SD in the sampled bulk milks and, for nearly lodlsampled herds-CNa% was within the
interval of experimental milke-CNa%.

For fat content and protein composition, featurésthe marginal posterior density for the
experimental milk means and for the difference leetwvmeans are reported in Table 2, 3, and 4, for
MO, AS and CA trials, respectively. The main adeget of using Bayesian techniques when
compared with classical statistics is the use éimeged posterior probability densities, which
permits greater accuracy about the evaluation®@funcertainty in the estimated parameters and
allows the construction of several types of prolighintervals to test hypotheses. For example, in
Table 2, 3, and 4, almost all differences betweeams of HIGHB and LOWB milk for protein
composition had a HPD interval that included z&mm a classical point of view, this will lead to
the conclusion that there are no significant déferes between milks. However, this interval is only
an indication of the accuracy of the measuremerthefdifference across milks. To answer the
question of whether milks are different or not elation to a characteristic of concern, the
probability of difference (or similarity) needslbe investigated.

Montasio cheese milks

For MO cheese, in HIGHB milk the relative contehie€CN A was approximately 40 %, whereas it
was 60 % in LOWB milk. Because of large variabilifyfat content over time, equal contents of fat
across experimental milks were not obtained andHBG@nilk exhibited a greater fat content (+13
%) in comparison with LOWB milk. Moreover, HIGHB lkiwas also characterized by a slightly
higher content ofus;-CN and x-CN, which increased also overall CN and PRT cdant&he
proportions of CN fractions on TCN were comparaieoss experimental milks, but a loWfe€CN

B to totalB-CN content ratio, counterbalanced by a higher grign of B-CN A?, was observed in
HIGHB milk. Allele B of CSN is reported to have positive effects on MCP (Bgcger and Day
2000; Wedholm et al., 2006; Bonfatti et al., 200@ad a different incidence of this variant in milk
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is expected to affect coagulation ability and polgsCY. Although there was a relevant difference
in the proportion off-CNg% on total B-CN, the content of3-CN B was similar for the two
experimental milks. As content @ CN B variant is associated to that@tLG B, B-LG genetic
composition was unbalanced between the two expatahenilk, with HIGHB milk exhibiting a
higher content of-LG B over the A variant. Literature results foetkffect off-LG variants on
MCP and CY are conflicting. No significant diffeics between CY or MCP for milks of different
phenotypes fop-LG have been reported (Marziali and Ng-Kwai-Hahg86a), but in most studies
(Lodes et al., 1996b; Schaar et al., 1985; vanBleyg et al., 19923-LG B, for its increased CN to
PRT content ratio in comparison withLG A, has been associated with increased CY. irstudy,
HIGHB and LOWB milks had very similar Cl and HIGHBIlk (which was expected to give an
increased CY) had the lowest contenp4fG B.

Asiago cheese milks

Two experimental milks were processed to investigla¢ effect ok-CN composition on CY of AS
cheese. No relevant differences of contents andoosition were observed between HIGHB and
LOWB milks. Experimental milks were characterizedhaving similar contents of fat and TCN,
CN composition ¢s;-, osz, B-, andk-CN to TCN content ratios), and WH compositiaL(G and
a-LA to WH content ratios). Contents of all genetiariants for major CN fractions were also
similar, with the only expected exceptionieCN A andk-CN B contents. Like for MO trials, an
increased proportion df-LG B was observed for HIGHB milk. For the manutagctg of AS
cheese, the difference for the relative contenk-@fN A across experimental milks was rather
limited (k-CNa% was 61 and 75 % of totelCN for HIGHB and LOWB milks, respectively). This
was mainly due to the large amount of milk requii@dprocessing (a minimum of 5,500 L) which
reduced variation ok-CNa% and did not permit to obtain experimental milksthwlarger
differences in genetic compositioneCN.

Caciotta cheese milks.

For the composition of vat-milk of CA manufactuee difference between the two experimental
milks of approximately 20 % in the relative propaomt of k-CN A in k-CN content was obtained.
HIGHB milk exhibited a slightly greater amount oRP content, due to increased CN and WH
contents of HIGHB milk when compared to LOWB millyt these differences did not appear to be
relevant. Within CN fractions, HIGHB milk had a gter content ok-CN (+8 % in comparison
with LOWB milk). However, the relative proportiorf @ CN to TCN was very similar in both
milks. HIGHB milk exhibited also a greater contef3-CN B and A, and a smaller amount pf
CN A! in comparison with LOWB milk. The relative proporis of CN fractions were well
balanced, but with a higher content®CN and an increased percentage rati3-&N to TCN
content for HIGHB milk.
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Table 2. Median and 95 % high posterior density intervaP95%) for the difference between means of
experimental milk (low and higk-CN A to B content ratio) in relation to milk andogpein composition for
Montasio cheese production

Experimental milk Difference between milks (%)
Item HIGHB LOWB Median HPD95% P
Fat, % 4.38 3.90 13.05 -5.48 - 35.71 26
Protein, g/L 40.94  38.83 5.69 -3.38 -14.81 79
Casein, g/L 35.82 33.80 6.23 -2.58 - 14.17 75
Whey protein, g/L 5.12 5.04 1.85 -14.21-20.10 75
Casein number, % 87.25 87.49 0.28 -1.03 - 1.66 100
Protein fractions content, g/L
as-CN 13.35 12.37 8.55 -1.31-19.84 42
asrCN 4.63 4.63 -0.13 -9.05 -9.52 92
By-CN 14.09 13.33 5.80 -0.69 — 12.63 83
K-CN 3.76 3.47 9.25 -3.09-22.71 37
a-LA 1.23 1.27 -3.28 -25.94 - 22.85 64
B-LG 3.89 3.78 3.25 -10.34-17.05 77
Casein genetic variants content, g/L
B-CNs 2.54 2.60 -1.79  -21.58 - 18.95 68
B-CNaz 3.39 3.34 1.68 -8.72 - 12.99 85
B-CNaz 7.44 6.64 13.65 -1.47 — 28.79 12
v-CN/B-CNg 0.72 0.76 -5.09 -29.89 -25.12 45
K-CNp 0.80 1.12 -31.40 -56.35--7.88 0
K-CNp 1.24 0.72 78.34  15.00 — 165.50 0
B-LGa 1.50 2.40 -41.37 -73.06 —-10.60 0
B-LGp 2.39 1.38 76.89 -4.106 —175.30 0
Casein composition, %
as-CN% 37.26  36.56 1.98 -1.46 — 5.32 100
as-CN% 12.92 13.72 -550 -12.03-1.30 85
By-CN% 39.32 39.46 -0.36 -3.19-2.34 100
K-CN% 10.49 10.25 2.37 -1.76 — 6.81 100
k-CN composition, %
K-CNA% 39.23 60.51 -36.30 -52.93 --16.68 0
Glycok-CN 4545  47.09 -3.40 -8.13-0.70 98
By-CN composition, %
B-CNa1% 24.12 25.02 -3.62 -14.22-7.65 79
B-CNax% 52.74 49.76 6.61 -3.34 - 16.80 67
B-CNg% 18.05 19.53 -6.07 -27.24-14.73 55
v-CN/B-CN% 5.08 571 -10.50 -34.29 -13.52 33

1 Protein =0g-CN + 0gCN + By-CN + k-CN + B-LG + a-LA; casein =as-CN + 0s-CN + By-CN + «-CN; whey
protein =p-LG + a-LA; k-CNa% = k-CNa/(k-CNa + k-CNg) x 100; HIGHB = milk containing a low-CN A to x-CN

B content ratio; LOWB = milk containing a highCN A to x-CN B content ratio; difference between milk was
computed as (HIGHB - LOWB)/LOWB x 10, = probability of (HIGHB - LOWB)/LOWB x 100 beingithin +8%.
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Table 3. Median and 95 % high posterior density intervaP[95%) for the difference between means of
experimental milk (low and higk-CN A to B content ratio) in relation to milk andgpein composition for
Asiago cheese productibn

Experimental milk Difference between milks (%)
Item HIGHB LOWB Median HPD95% P
Fat, % 3.94 3.87 1.93 -2.07 - 6.57 99
Protein, g/L 39.29 40.08 4.39 -6.77 — 9.63 94
Casein, g/L 34.10 34.64 -1.57 -7.17 - 4.09 98
Whey protein, g/L 5.17 5.43 -4.77 -14.28 — 4.49 81
Casein number, % 86.83 86.45 0.44 -0.29-1.16 100
Protein fractions content, g/L
as-CN 12.95 13.22 3.94 -7.61-3.75 98
as>xCN 4.11 4.26 -3.43 -8.57-1.84 96
By-CN 13.66 13.91 -1.72 -8.56 — 4.97 96
K-CN 3.38 3.26 3.68 -5.46 — 13.36 83
a-LA 1.28 1.41 -8.59 -20.17 - 3.47 43
B-LG 3.89 4.03 -3.36 -13.50 - 7.38 83
Casein genetic variants content, g/L
B-CNs 1.49 1.54 -3.27 -15.60 — 10.38 74
B-CNaz 4.07 3.93 3.59 -4.92 —12.47 85
B-CNaz 7.21 7.66 -5.93 -16.65 -4.71 69
v-CN/B-CNg 0.89 0.77 16.25  -19.74 -56.71 23
K-CNp 1.07 1.24 -13.32 -26.58 — 1.08 16
K-CNp 0.68 0.40 68.77 -14.01-191.20 2
B-LGa 1.76 2.13 -17.44  -30.13 --3.48 5
B-LGp 2.13 1.90 12.18 -4.81 —29.13 25
Casein composition, %
as-CN% 37.98 38.18 -0.52 -1.22 -0.29 100
as-CN% 12.05 12.29 -1.94 -7.50 — 2.88 98
By-CN% 40.07 40.14 -0.17 -1.61-1.22 100
K-CN% 9.90 9.40 5.36 -3.04 - 13.71 77
k-CN composition, %
K-CNA% 61.36 75.38 -18.63 -33.37--1.42 7
Glycok-CN 48.27 49.74 -2.85 -7.19 -2.03 98
By-CN composition, %
B-CNa1% 29.74 28.19 5.49 -2.78 — 13.38 78
B-CNax% 52.70 55.06 -4.29 -11.18 — 3.30 87
B-CNg% 10.95 11.14 -1.71 -14.37 — 11.69 79
v-CN/B-CN% 6.61 5.60 18.09 -19.30 - 59.17 21

1 Protein =0g-CN + 0gCN + By-CN + «-CN + B-LG + a-LA; casein =as-CN + 0s-CN + By-CN + «-CN; whey
protein =p-LG + a-LA; k-CNa% = k-CNa/(k-CNa + k-CNg) x 100; HIGHB = milk containing a low-CN A to x-CN

B content ratio; LOWB = milk containing a highCN A to x-CN B content ratio; difference between milk was
computed as (HIGHB - LOWB)/LOWB x 10, = probability of (HIGHB - LOWB)/LOWB x 100 beingithin +8%.
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Table 4. Median and 95 % high posterior density interval 9B%) for the difference between means of
experimental milk (low and higk-CN A to B content ratio) in relation to milk andgptein composition for
Caciotta cheese production

Experimental milk Difference between milks (%)
lten HIGHB LOWB Median HPD95% P
Fat, % 3.62 3.62 0.20 -4.98 - 5.77 100
Protein, g/L 39.46 37.62 4.93 -0.44 - 11.27 920
Casein, g/L 34.48 32.90 4.89 -0.60 — 10.63 91
Whey protein, g/L 4.97 4.73 5.04 -1.47 - 12.00 86
Casein number, % 87.40 87.44 -0.04 -0.46 — 0.36 100
Protein fractions content, g/L
as-CN 12.69 12.17 4.09 -0.54 - 8.815 95
asrCN 4.58 4.32 6.50 -2.27 - 14.80 69
By-CN 13.66 13.08 4.43 -1.41 - 10.55 92
k-CN 3.58 3.30 8.65 0.79 - 16.99 41
a-LA 1.29 1.20 5.40 -2.70 — 13.90 80
B-LG 3.71 3.53 4.89 -2.11-11.80 86
Casein genetic variants content, g/L
B-CNs 2.24 1.99 14.68 2.20 — 28.45 8
B-CNaz 3.66 4.04 -8.59 -17.63 - 1.87 44
B-CNaz 6.93 6.25 10.97 -1.16 — 23.61 26
v-CN/B-CNg 0.82 0.80 2.71 -7.59 — 13.95 85
K-CNa 0.89 1.10 -17.44 -28.07 — -6.82 3
K-CNp 0.99 0.59 78.74 15.18 — 191.60 0
B-LGa 1.61 1.76 -7.85 -16.53 - 1.22 51
B-LGg 2.09 1.77 18.71 8.28 — 29.61 2
Casein composition, %
as-CN% 36.78 36.70 -0.62 -2.35-1.01 100
as-CN% 13.26 13.16 0.81 -3.40-5.34 99
By-CN% 39.58 39.76 -0.48 -1.18 -0.28 100
k-CN% 10.37 10.05 3.36 -0.11 - 6.89 99
k-CN composition, %
K-CNa% 47.84 65.37 -24.51 -34.33 —-14.82 1
Glycok-CN 47.50 48.94 -2.95 -6.80 — 1.25 99
By-CN composition, %
B-CNa1% 26.92 30.89 -11.90 -22.40 - -1.62 17
B-CNax% 50.68 47.74 6.15 -0.27 - 12.94 75
B-CNg% 16.32 15.20 8.70 0.17 - 17.67 38
v-CN/B-CN% 6.06 6.16 -1.67 -11.89 -8.31 90

1 Protein =0g-CN + 0gCN + By-CN + k-CN + B-LG + a-LA; casein =as-CN + 0s-CN + By-CN + «-CN; whey
protein =p-LG + a-LA; k-CNa% = k-CNa/(k-CNa + k-CNg) x 100; HIGHB = milk containing a low-CN A to x-CN

B content ratio; LOWB = milk containing a highCN A to x-CN B content ratio; difference between milk was
computed as (HIGHB - LOWB)/LOWB x 10, = probability of (HIGHB - LOWB)/LOWB x 100 beingithin +8%.
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Whey Composition

No significant difference for pH and for contentspootein fractions was observed in cheese-whey
from LOWB and HIGHB milks (data not reported in led). Also dry matter, ash, protein and fat
contents did not vary between milks and exhibitegr@bability of similarity of at least 67 %.
Conversely, other authors reported higher leveltabin thex-CN AA cheese whey for Cheddar
(Graham et al., 1986; Walsh et al., 1995, 1998buyda (van der Berg et al., 1992) and Mozzarella
(Walsh et al., 1998a). This finding was attributediner gel networks and to the resulting smaller
porosity of gels derived from of k-CN BB milks caug an improved fat retention. This effect was

likely reduced when milks with similarCN contents were processed.

Milk Coagulation Properties

Posterior medians and HPD for the effect of expental milk on MCP are reported in Table 5.
The probability of similarity between MCP of HIGHBYd LOWB milks is also reported. A slightly
higher titratable acidity was observed in LOWB milk comparison with HIGHB, even if pH was
similar in both types of milk.

In general, differences between HIGHB and LOWB mitébserved for MCP were not relevant.
Although slight variations of MCP can be observitity were not in favour of HIGHB milk. As
MCP are strictly related to pH of milk, a lackingference in pH across experimental milks is
expected to have limited the difference in RCT lestwHIGHB and LOWB milk.

In a previous study (Walsh et al., 1998b) conductgdg milks with similar contents of CN;CN

BB milk had shorter RCT, and highegpavhen compared withkk-CN AA milk. It has been
suggested (Horne et al., 1996) that the shorter BIGFCN BB milk probably results from a lower
critical level ofk-CN hydrolysis required for the onset of gelatibiowever, this property might be
ascribed to the increasedCN content of BB milk. Because, for a given CN teot, the curd
firming rate has been reported to be inversely @rtignal to the cube of the micelle diameter
(Horne et al., 1996) and the micelle size is smaileenx-CN content is greater, the higher curd
firming rate fork-CN BB milk might be attributable to the smallercalie size of this milk, which
allows for more numerous intermicellar bonds anddamore compact arrangement of the curd
(Horne et al., 1996). In agreement with our resuwitsen the statistical analysis of MCP data have
been performed accounting for protein fractionsteots or protein composition, no significant
effect of CSN3alleles was observed for RCT and @Marziali and Ng-Kwai-Hang, 1986b; Bonfatti
et al., 2009a). Our results seem to confirm thatfévorable effects exerted BBN3B on MCP are
to be entirely attributable to modifications of fm composition caused by the differential
expression of this allele and not to a direct éfi@icthe specific protein genetic variant on the

coagulation process.

87



Table 5. Median and 95 % high posterior density intervaP95%) for the difference between means of
experimental milk (low and higk-CN A to B content ratio) in relation to acidity cimilk coagulation
properties for Montasio, Asiago and Caciotta chgeeductiori

Item Experimental milk Difference between milks)(%
HIGHB LOWB Median HPD95% P
Montasio
pH 6.74 6.73 0.18 -1.31-1.68 100
SH° 3.22 3.37 -4.69 -19.64 — 11.36 34
RCT, min 21.80 21.24 2.73 -12.09 — 18.86 41
K20, Min 2.33 2.43 -3.67 -30.96 — 30.88 26
3o, MIN 37.13 36.93 0.50 -14.66 — 15.60 49
Asiago
pH 6.91 6.91 -0.08 -1.59 -1.49 100
SH° 2.79 3.27 -14.08 -42.70 - 17.78 24
RCT, min 24.42 24.60 -0.71 -21.54 — 22.40 57
K20, Min 3.47 2.99 16.26 -54.1 - 128.00 17
3o, MIN 27.92 30.19 -7.36 -48.52 — 44.27 27
Caciotta
pH 6.76 6.78 -0.19 -1.82 -1.29 100
SH° 3.24 3.30 -1.71 -15.70 — 13.47 74
RCT, min 21.93 22.07 -0.59 -31.59 — 33.75 43
K20, Min 2.65 2.44 8.47 -54.74 — 96.30 25
3o, MIN 36.42 35.50 2.79 -26.53 — 32.28 46

'RCT = rennet clotting time; 4= curd firming time; g = curd firmness; HIGHB = milk containing a lowCN A to
k-CN B content ratio; LOWB = milk containing a highCN A to «-CN B content ratio; difference between milk was
computed as (HIGHB - LOWB)/LOWB x 10, = probability of (HIGHB - LOWB)/LOWB x 100 beingithin +8%.

Cheese Yield

Posterior medians and HPD for the effect of expental milk on CY are reported in Table 6. The
probability that HIGHB milk gave a greater CY inngparison with LOWB milk is also reported,
together with the probability that the increaseCivi for HIGHB milk was greater than 5 % of CY
for LOWB milk.

All HPD intervals estimated for CY1 and CY2 and &drtrials included zero. However, mean CY1
and CY2 for HIGHB milk were higher than corresporgimeans for LOWB milk in MO, AS and
CA, with a probability of at least 70 %. Literaturalues reported that BB milk is responsible for a
5 % minimum increase of CY in comparison with AAlknHence, the probability of obtaining a 5
% greater CY when manufacturing HIGHB milk in compan with LOWB milk was calculated.
Considering a 5 % increase in CY as a relevanteidiffce across experimental milks, the
probability of a relevant difference markedly desed. Only in MO cheese trials, HIGHB milk
exhibited CY means greater than 5 % of those peavidy LOWB milk with a rather high
probability (67 and 51 % for CY1 and CY2, respeslyy. However, the increased CY observed for
HIGHB milk in MO trials was ascribed to its greatat content in comparison with LOWB milk.
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Regression analyses reported by Marziali and Ngik¥eang (1986a) indicated that for a 1 %-
increase in milk fat content a 1.07 %-increase Yhi€to be expected. For a similar increase in milk
CN content a 1.59 %-increase in CY is likely to wrcd=or MO cheese, HIGHB milk had a fat
content that was 13 % higher than that of LOWB nailid the probability of the difference being
higher than 8 % was nearly 75 %. When data wenesgelj for fat content, the increase of CY of
HIGHB milk, compared to LOWB milk, was smaller tharf, and the probability of obtaining a
relevant difference of CY across experimental milles trivial (data not reported in table).
Although a slightly higher CY was observed for HIBHhilks in comparison with LOWB milks,
no relevant effects on CY due to the differenttretaratio betweem-CN A and B genetic variants
were found on industrial scale cheese-making, withe range of millk-CNx% considered. When
milk composition was comparable across experimemiids, as for AS and CA cheese-making
trials, the probability that HIGHB milk gave a 5Wigher CY than that obtained with LOWB milk
was lower than 21 %. Likely, the slightly higher @¥sociated with HIGHB milk is to be attributed
to its slightly higher TCN ok-CN content.

Table 6. Median and 95 % high posterior density intervaP95%) for the difference between means of
experimental milk (low and higk-CN A to B content ratio) in relation to cheesddiafter brine (CY1) and
final cheese yield (CY2) for Montasio, Asiago arac{dtta cheese

lten Experimental milk Difference between milks (%)
HIGHB LOWB Median HPD95% P>0 P>5

Montasio

CY1 12.12 11.44 5.89 -0.16 — 11.89 98 67

CY2 10.70 10.15 5.47 -1.13-11.73 85 51
Asiago

CY1 11.59 11.44 1.28 -0.76 — 3.23 92 0

CY2 10.85 10.81 0.42 -1.36 — 2.39 70 0
Caciotta

CY1 12.84 12.54 2.34 -3.06 - 8.10 83 14

CY2 11.71 11.39 2.89 -3.20-9.71 87 21

1 CY1was measured at 2 d for Montasio and Caciotth3d for Asiago cheese; CY2 was measured for Mimta
Asiago and Caciotta at 60, 20 and 10 d, respegtivIGHB = milk containing a lowk-CN A tox-CN B content ratio;

LOWB = milk containing a higlie-CN A tok-CN B content ratio; difference between milk wasnpaited as (HIGHB -
LOWB)/LOWB x 100;P > 0: probability of (HIGHB - LOWB)/LOWB x 100 beingreater than (® > 5 : probability

of (HIGHB - LOWB)/LOWB x 100 being greater than 5%.

In most investigations involving Parmigiano-Reggia€heddar or other cheese varieties, higher
yields of cheese, ranging from 5 to 10 %, were ébimfavour ofk-CN BB compared with-CN
AA milk (Buchberger and Day 2000). For example, the moisture-adjusted Che@dafrom «-
CN BB milk was 8.2 % higher than that frae'CN AA milk, whereas, for Mozzarella cheese, the
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moisture-adjusted CY was 12 % highek#€N BB milk (Walsh et al., 1998a,b).

In contrast to the majority of results, Schaar @)98btained no significant effect dCSN\3
polymorphism on CY of Swedish cheese Svecia andxpdained the inconsistency of results in
comparison with those obtained for Parmigiano-Raggiby Morini et al. (1982) by the fact that
the cooking temperature when manufacturing ParmiagRReggiano is higher (55 °C instead of 41
°C for Svecia), thus supporting the syneresis anctpting the retention of fat in cheese. However,
temperature for Cheddar cheese-making was 31 tkeiexperiment of Walsh et al. (1998b), thus

this inconsistency seems not to be ascribed todesmyre.

Table 7. Median and 95 % high posterior density intervaP[95%) for the difference between means of
experimental milk (low and high-CN A to B content ratio) in relation to cheese pasition of Montasio
and Caciotta cheese at the end of the ripeninggeri

Item Experimental milk Difference between milks)(%
HIGHB LOWB Median HPD95% P
Montasio
DM 63.46 63.72 -0.41 -2.57-1.85 100
Protein, %DM 37.51 38.33 -2.11 -4.95-0.51 93
Fat, %DM 50.05 49.70 0.70 -3.43 - 4.99 93
Ash, %DM 6.25 6.28 -0.53 -5.55-4.97 86
Caciotta
DM 56.70 56.50 0.37 -3.78 -4.70 94
Protein, %DM 37.25 37.13 0.34 -2.00 - 2.67 100
Fat, %DM 49.80 51.48 -3.26 -6.71-0.29 79
Ash, %DM 6.06 6.37 -4.83 -13.74 -5.20 44

I The ripening period was 60 d for Montasio and If@rdCaciotta; DM = dry matter; HIGHB = milk contairy a low
k-CN A tox-CN B content ratio; LOWB = milk containing a highCN A to x-CN B content ratio; difference between
milk was computed as (HIGHB - LOWB)/LOWB x 10B;: probability of (HIGHB - LOWB)/LOWB x 100 being
within £5%.

However, up to date, most studies investigated dffiect of k-CN genetic variants on CY
processing milk of cows grouped on the basis af tG&NB genotypes, without analyzing the CN
composition of milk (Van den Berg et al. 1992, Ngid-Hang and Grousclaude, 1994, Lodes et
al., 1996a). The only exception is the work of Malizand Ng-Kwai-Hang (1986a). In that study, a
significant effect ofCSNB genotype on CY of 283 individual milk samples vedserved, even
when accounting for protein composition, but aetéght CY was detected between AB and BB
genotypes and not between AA and BB genotypesddiitian, the content of the two variants in
milk was not quantified in that study. Several s#sd(Hallén et al., 2008; Heck et al., 2009)
reported that milk produced by heterozygous aninwastains intermediate amounts of both
variants when compared to homozygous animals ameffiect observed in the study by Marziali

and Ng-Kwai-Hang (1986a) seems to be not attridatéd the difference in the relative ratio of
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genetic variants contents.

In the literature, there is little documented ewicke on differences betweerCN AA and BB milks
containing similar CN levels in relation to rengetigulation and cheese-making properties of milk.
Using small milk volumes and a limited number oingées, Walsh et al. (1998b) reported that the
CSNB genotype had a significant effect on Cheddar G¥ioed from milks with similar contents
of total CN. Although overall CN content did noffdr significantly across milks of differel@SN3
genotypes, content afCN was not quantified in the study of Walsh et(4b98b) and possible
effects of different protein compositions assodateth CSN8 genotypes cannot be discarded.
that study, the average micelle sizexe€N B bulk milk was significantly smaller than thait the
k-CN A milk (Lodes et al., 1996b; Walsh et al., 1B9&nd a smaller average micelle size has been
attributed to the great&rCN content associated wikaCN B variant (Lodes et al., 1996a).

The increased raw and moisture-adjusted C¥-GfN BB milk in comparison with AA milk has
been attributed to its higher fat retention, a deatassociated with its finer gel structure and its
higher fat-retaining ability (Walsh et al., 1998t}ich can be ascribed to a greater content of tota
k-CN. When Cheddar CY was adjusted for levels of pro&id fat, no significant difference was
observed across differe@SNB genotype milks (Walsh et al., 1998b), whereas,Mozzarella
cheese, yield fromk-CN BB milk remained significantly higher than thiabm «-CN AA milk
(Walsh et al., 1998b). In both those studies tleeimse in CY associated with processing-afN

BB milk was nearly 5 %. In all previous studies |kngontaining alternativelx-CN A or B was
used, thus ensuring a grater variatiom48N genetic composition. In our case, the limitédat of

the relative ratio betweaertCN A and B variants might be due in part to the that the difference

in k-CN genetic composition of experimental milks was $mall to determine a relevant difference
in CY.

Cheese Composition

Posterior median and HPD for the effect of expentakemilk on MO and CA cheese composition
are reported in Table 7. Cheese composition didvaot across experimental milks in MO trials,
but a variation in the ratio of protein to fat cent in CA cheese has been observed. In particular
there was a decrease in fat content counterbaldmgeth increase of protein content in HIGHB
cheese in comparison with LOWB cheese. In two erparts based on the manufacture of Gouda
cheese, a slightly higher conversion of total & of milk into cheese nitrogen was observed for
k-CN BB milk in comparison withk-CN AA (van den Berg et al., 1992). However, alsbedter
recovery of fat into cheese manufactured ugH@N BB milks has been observed in several studies
(Walsh et al., 1995, 1998b). Thus, the effects-GfN genetic variants on cheese composition still

remains unclear.
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CONCLUSIONS

This study showed that effects of genetic varightand B atCSNB on cheese yield are limited
when milks with similar protein composition and tamts are processed. Hence, it is likely that the
positive universally-recognized effectioCN B is almost exclusively due to the mediate@&fof
the increased-CN content associated withhCN B milk, rather than to a direct effect of this
variant on the efficiency of the coagulation praceBurther evidence might be provided by
experimental trials processing milk with simil@CN A to xk-CN B content ratio, but exhibiting
different levels ofk-CN to total casein content ratio. Finally, simlijato what experimented in this
study, cheese-making trials might be conductedvestigate the effect exerted by a variation in the
content of totaB-CN and of its genetic variants in milk on cheessdy Also this protein fraction
exhibits allele-specific expressions, in particukath the B variant, and its effect on cheese weld
needs to be investigated more accurately. A majocal issue for industrial cheese-making trials
is the volume of milk required, which markedly limihe number of experimental samples.
Methodologies that make feasible the assessmedheadse yield using reduced volumes of milk

should be developed and implemented.
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ABSTRACT

The aim of this study was to estimate genetic patara of major milk protein fractions and
estimate genetic and phenotypic correlations betwedlk protein fractions and coagulation
properties. Contents ads;-, asz, B-, y-, and k-casein CN), p-Lactoglobulin $-LG), and a-
Lactalbumin ¢-LA) were measured by reversed-phase HPLC in idd&i milk samples of 2,167
Simmental cows. Values of estimated heritabilityged from 0.11 to 0.52, for the contentoef A
andk-CN, respectively. The highest values were those ©N andp-CN which synthesis is mainly
controlled byCSN3andCSN2loci. Values of heritabilityor asi-CN%, x-CN% and B-CN% were
similar and ranged from 0.61 to 0.70, whereas digiity of as-CN%, y-CN% and B-LG% were
0.28, 0.29 and 0.33, respectively. WHeBN2-CSNdaplotype andBLG genotype are accounted
for by the model, heritability estimates of all theotein fractions became similar suggesting that
proteins synthesis is regulated by genes whichrgabiihe overall production of milk protein.
Genetic correlations among the contents of the @ fractions and between CN fractions and
whey protein YWH) fractions were generally low. Increasing the eleaf total CN TCN) would
increase the proportion ¢F-CN andk-CN while decreasing the otherGenerally, all the CN
fractions were also moderately positively corredateth WH. When data where adjusted @8N2-
CSN3haplotype andBLG genotype, genetic correlations among the contehiwotein fractions
markedly increased confirming that all the fraciamdergone a common regulation. Toatent
and the relative proportion a+CN were not genetically correlated with rennetgtdation time
(RCT), as1- andas>-CN were unfavourately correlated with RCT, butreasing the content @F
CN in milk would result in a shorter RCT. Strongerds were associated with highe€N andp-
CN, and with lowerass-, asz, andy-CN contents and proportions. Results confirm #ek |of
favorable associations between TCN and MCP indigathat other traits, i.e. milk protein

fractions, should be used for the genetic improvamécheese-making properties.
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INTRODUCTION

Milk protein polymorphisms and protein compositiare known to be responsible for the variation
of milk coagulation propertiesMCP) (Wedholm et al., 2006; Joudo et al., 2008; Bdn#tt al.,
2009a,b) and the relative concentrations of theom@ijotein fractions is the primary cause of the
effect exerted by protein polymorphisms on theatasn of MCP (Bonfatti et al., 2009a). For this
reason, milk protein composition might play an impot role in the profitability of the dairy
industry.

Genetic variation of MCP measures has been repdrjednany authors (lkonen et al., 1999;
Cassandro et al. 2008; Cecchinato et al., 2009) ialovement of MCP based on selective
breeding has been proposed (lkonen et al., 2004ddition, marker-assisted selection through the
use of milk protein genes has been also sugge#ledi{olm et al., 2006; Hallén et al., 2008; Heck
et al., 2009). To evaluate the possibility of attgrmilk protein composition through selective
breeding, but also to evaluate the possible eff@di®mplementing a marker-assisted selection based
on milk protein polymorphisms, genetic parametdranibk protein fractions contents and genetic
correlations between protein fractions contentsM@dP measures need to be investigated.

Only a few studies have estimated the magnitudbeofienetic variation of milk proteins (Kroeker
et al.,, 1985; Ikonen et al.,, 1997; Bobe et al.,9998raml and Pirchner, 2003) because of the
analytical difficulties of quantifying the major bioe milk proteins simultaneously on a large
sample size. Only one study (Schopen et al., 20899rted the estimated genetic correlations
among protein fractions in Dutch Holstein Friesi@enetic correlations between protein fractions
and MCP measures have never been reported before.

The aims of this study were to investigate gene#idation of milk protein fractions contents,
detailed protein composition and MCP, and to igfenetic correlations among protein fractions, in
a population of Simmental cows. The genetic cotimia between milk protein fractions contents

and MCP was estimated as well.

MATERIALS AND METHODS

Animals and Milk Sampling

Individual milk samples of 2,167 Simmental cowsstdbuted across 47 commercial herds in the
north of Italy, were collected from November 20@7DRecember 2008. Individual milk samples
(one per animal) were collected during the morrangevening milking of a test day. Milk was
added with preservative (Bronopol, 0.6:100 vol/voet)mediately after collection, to prevent
microbial growth, and stored at —40°C until revdrpbase (RP-) HPLC analysis, to prevent
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enzymatic proteolysis. Pedigree information waspagd by the Italian Simmental Cattle Breeders

Association (ANAPRI, Udine, Italy) and included kiftown ancestors of sampled cows.

Milk Protein Composition and Genotyping

Contents ofas;-CN, asx>CN, B-CN, y-CN, k-CN, B-LG, anda-LA were measured using the RP-
HPLC method proposed by Bonfatti et al. (2008). @gpes of cows foCSN2 CSN3 andBLG
loci, were also derived by RP-HPLC. The method jates the quantification of A A% B and |
variants of-CN, A and B variants ok-CN, and A, B and D variants ¢i-LG. A detailed
description of the RP-HPLC technique used in thisly can be found in Bonfatti et al. (2008) and
more indications are reported by Bonfatti et abQ@b).

Milk coagulation properties

Rennet coagulation timdkCT) and curd firmnessago) of individual milk samples were obtained
by using the Computerized Renneting Mgl@RM-48, Polo Trade, Monselice, Italy) within 3 h
after sample collection. The description of therumment and the details of the method used have
been reported by Dal Zotto et al. (2008) and Banéttal. (2009a). Samples that did not coagulate
within 31 min were classified as non-coagulatindkmMeasures of pH (pH-Burette 24, Crison)

were obtained before measurement of MCP.

Traits Definition

For proteins quantified by RP-HPLC, total casdi€N, g/L) was computed as the sumogf-CN,
aszCN, B-CN, y-CN andk-CN contents of milk. Total whey proteilVH, g/L) was calculated as
the sum ofu-LA and B-LG contents. Total proteirPRT, g/L) was expressed as the sum of TCN
and WH contents. Protein composition (i.e., remtontents of protein fractions) was computed as
weight percentage ratio 05-CN (as-CN%, %), as>CN (as-CN%, %), B-CN (B-CN%, %), y-

CN (y-CN%, %), andk-CN (k-CN%, %) to TCN and as the percentage rati@-aG to WH -
LG%, %).

Computation of Haplotypes Probabilities

The probability for eaclCSN2-CSN3ossible haplotype inherited by each daughter eséisnated
using the method proposed by Boettcher et al. (RGDdmputation of haplotype probabilities was
carried out by assuming no recombination eventsvdmt CN genes. The expected number of
copies of each haplotype carried by each animal wanndirectly derived by the estimated
probabilities. More details on the haplotype praliéds estimation can be found also in Bonfatti et
al. (2009b).
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Statistical analysis

The model of analysis for all traits included thénitesimal genetic effect of each animal)(as
well as some non genetic sources of variationeffects of herd-test day (47 levels); parity of the
cow (4 levels); DIM (12 classes of 30-d intervalith the exception of the last class, which
included samples collected at DIM 330 or great&n).alternative model included also the genetic
effect of CSN2-CSNdaplotype as regressions on haplotype probaliliaadBLG genotype (AA,
AB, BB). Note that we assumed an additive moddbfaing in part the standard model of Falconer
and Mackay (1996).

Estimation of (Co)variance Components and Genetic Parameters. Estimation of (co)variance
components for the contents of protein fraction®tgdn composition, and MCP was performed
through bivariate Bayesian analyses. The generdemon matrix notation, can be written as:

w0 il el s 2)t)e
Yo 0 X, (B 0 U,][q, 0 Z,] |3, |&
whereyY, and Y, are vectors of phenotypic records for trait 1 andespectively;g ; andp , are
vectors of non genetic effects and of the genetiects of CSN2-CSN3haplotype andBLG

genotype; X, and X, , are known incidence matrices relating effect@jnandp, to y, andy,,

respectively; q, and q, are vectors of herd effects considered to be nibynibstributed as

[q1 q2] ~N(O,QD|) whereQ is the (co)variance matrix between herd effectarfait 1 and 2;

U,, and U,, are known incidence matrices relating herd efféstd, and d, to Y, andY,,

respectively;a; and a, are vectors of additive genetic effects of animedsumed to follow a
multivariate normal distribution Witt{a1 az] ~N(O,GO DA), where G, is the (co)variance
matrix between animal effects, ad is the numerator of Wright's relationship matr;, and Z,

are known incidence matrices relating additive geneffects ina, and a, to Yy, and Y,,

respectively;€; and €, are vectors of residual effects assumed to followultivariate normal

distribution with [e1 e2] ~ N(O, R, U I), where R, is the (co)variance between residual effects
for trait 1 and 2. Prior distributions for effedis g ; and p , were assumed to be uniform whereas

those for herds, and additive genetic effects wererted Wishart distributions. Marginal posterior
distributions of parameters of concern (i.e., c@raze components, heritabilities and correlations)
were estimated by performing numerical integratimough the Gibbs sampler, as implemented in
the program TM by Legarra et al. (2007, availablea cequest from the author at

andres.legarra@toulouse.inra.fr). A unique Gibbairctof 5,000,000 iterations was run for each

bivariate analysis. Samples were saved every Z5@atibns. The effective length of the burn-in
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period was calculated following the methods of Baftand Lewis (1992), respectively. The
posterior median was used as a point estimaterahpers of concern. Lower and upper bounds of
the highest posterior density interval with 95 %ohability (HPD) for the heritability, and
correlations were obtained from the estimated maigiensities.

Estimated heritability was defined as:

2
h2: a

Gg + Gﬁ + cﬁ
2 . - . . 2 . . 2 . . .
where G, is the additive genetic variance,, is the herd variance ardl, is the residual variance.

Genetic correlations were estimated as:

Gal,az
G L6,

r.=

a

where O,3,, is the additive genetic covariance between traéintl 2, ando,; and G,, are the

additive genetic standard deviation of trait 1 @drespectively. Phenotypic correlations were

computed as:

(@)
1p2
e

P Gplmspz
where G, is the phenotypic covariance between trait 1 andrfl 6,; and Op, are the

phenotypic standard deviation of trait 1 and 2peesively.

RESULTS AND DISCUSSION

Descriptive statistics for contents of protein fraes and protein composition, as well as genotype,
allele, and haplotype frequencies for data usddisstudy can be found in Bonfatti et al. (2009b).
Descriptive statistics for MCP can be found in Batifet al. (2009a).

Heritability of Contents of Protein Fractions

Point estimates (median of the marginal posteriensdy of the parameter) of heritability for
contents of protein fractions, protein compositaord MCP are reported in Table 1. The median of
the marginal posterior distribution was used asiatpestimate of all the parameters of concern
because in its loss function errors are considacedrding to their value and not to their square or
other transformations, and because it is invatiarttansformations. However, median, mean and
mode were coincident, as posterior distributions &l the traits investigated were almost

symmetrical.
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Table 1.Features of the marginal posterior densitiesHerhteritability of milk protein fractions and prote
composition.

Complete genonie Polygenic backgrourid
Trait’ h* HPD95% Ga 05 HPD95% Ga
Casein, g/L 0.23 0.14-0.33 1.77 0.18 0.10-0.29 1.49
Whey protein, g/L 0.29 0.22-0.37 0.35 0.20 0.12-0.29 0.28
Protein fractions content, g/L
as-CN 0.23 0.16 - 0.30 0.65 0.17 0.08-0.26 0.53
asrCN 0.22 0.16 — 0.29 0.33 0.19 0.12-0.28 0.30
B-CN 0.46 0.37 -0.55 1.25 0.18 0.09 -0.27 0.61
v-CN 0.25 0.19-0.33 0.22 0.04 0.01-0.09 0.07
k-CN 0.52 0.42 -0.63 0.59 0.26 0.15-0.38 0.51
a-LA 0.11 0.05-0.17 0.08 0.09 0.04-0.15 0.07
B-LG 0.38 0.30-0.46 0.32 0.24 0.16-0.40 0.24
Protein composition, %
as1-CN% 0.66 0.58-0.73 2.01 0.28 0.17-0.38 0.81
as-CN% 0.28 0.22-0.35 0.87 0.24 0.15-0.33 0.78
B-CN% 0.70 0.58 -0.81 2.30 0.18 0.10-0.28 0.64
v-CN% 0.18 0.12-0.25 0.57 0.05 0.02-0.11 0.28
k-CN% 0.61 0.53-0.71 1.54 0.23 0.14-0.33 0.53
B-LG% 0.33 0.24-0.43 2.19 0.19 0.11-0.27 1.49
Milk coagulation properties
RCT, min 0.29 0.19-0.39 2.43 0.23 0.13-0.33 2.06
3go, MM 0.12 0.03-0.21 3.04 0.10 0.03-0.18 2.16
pH 0.18 0.10-0.26 0.03 0.17 0.09-0.25 0.02

'h? = median of the marginal posterior density of hieeitability; HPD95% = 95 % high posterior densityerval; o, =
median of the marginal posterior density of theitadslgenetic standard deviation;

2 Model did not included information dBSN2-CSN¥aplotype an®LG genotype;

¥ Model included regressions @8N2-CSN3aplotype probabilities arBLG genotype;

4 Contents of all protein fractions were measureddversed-phase HPLC on skimmed milk; caseid;=CN + as-CN

+ B-CN + y-CN + x-CN; whey protein =-LG + o-LA; protein = casein + whey protein; casein nemb:
(casein/protein) x 10@s;-CN%, as-CN%, B-CN%, y-CN% andk-CN% are measured as weight percentages of total
casein contenf}-LG% is measured as weight percentage of total vgnetein content; RCT = rennet coagulation time;
a0 = curd firmness.

Heritability estimates for the protein fraction ¢emnts ranged from 0.11 to 0.52, for the content of
a-LA and x-CN, respectively. The highest values of heritipilvere those ok-CN andp-CN
which synthesis is mainly controlled BEN3andCSN2loci. The content of-LG, which is known

to be affected for a large extent BiG locus, exhibited a value of heritability of 0.38.

In most studies (Bobe et al., 1999; Schopen e@0D9) heritability estimates have been reported
only for the relative proportion of protein fragt® on total protein. Graml and Pirchner (2003)
reported heritability estimates for the contentpraitein fractions in Fleckvieh and Braunvieh aattl
for roughly 2,000 cows per breed, combining hefiitgestimates derived from a sire model and a
daughter to dam regression for both breeds.

The heritability estimates were similar to thosé¢aoted by Graml and Pirchner (2003), with the
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exception ofkk-CN andB-CN fractions which values were significantly lovtkan the ones reported
in this study. These differences could be due &gdbmbination of different methods of variance
component estimation and different breeds used.

The content ofi-LA get the lower value of heritability. This cae In part explained by the lower
accuracy of its quantification by RP-HPLC in redpecthat of the other protein fractions, which
likely increased the error variance. Despite soiffecdties of quantification due to the multiple
peaks and their limited resolution, heritabikstimated fototal y-CN content was similar to that
obtained for TCN, WHps-CN, andas>CN. With the only exception af-LA, all the heritability
estimates were higher than 0.10 with a probabijigater than 94 % (data not reported in table).
The high values of heritabilities indicate thatight be possible to increase the contents of Bpeci
protein fractions in milk through breeding strag=yi The only limitation could be due to the
difficult to collect phenotypic records for thesaits. Interestinglyx-CN andp-CN resulted more
heritable than TCN, indicating that selection focreasing these two protein fractions would be

more effective than selection for increasing therail level of CN of milk.

Heritability of Protein Composition

Point estimates (posterior medians) and HPD of hbetability for the proportions of protein
fractions are reported in Table 1. Values of thst@eor median of the heritabilifgr as;-CN%, «-
CN% and B-CN% were similar and ranging from 0.61 to 0.70isTd¢onfirms the results obtained in
previous works (Bobe et al., 1999; Bonfatti et 2009b) on the effect exerted by CN haplotypes on
protein composition. In those studies, a tighttrefabetween the relative proportion of these three
protein fractions on TCN depending on the CN haletwas observed.

Heritability of oasr-CN% was only moderate (0.28). Conversely, Schogteal. (2009) found a
heritability estimat®f as>CN% markedly higher in comparison with our resantd similar to the
values obtained fars;-CN% and k-CN%.

As suggested by Schopen et al. (2009), heritalaitymates might differ across studies depending
on the accuracy of the analytical methods useduamify the contents of milk protein fractions.
For example, Kroeker et al. (1985), using PAGE cioiedh with densitometry on a dataset of over
11,000 test-day records, obtained heritability galdor protein composition not significantly
different from zero. When compared to other metho®&P-HPLC, like capillary zone
electrophoresis, is a tool characterized by higeatability and reproducibility (Bonfatti et al.,
2008), resulting in a marked decrease of the ranelwor variance. In the study by Schopen et al.
(2009), protein fractions contents have been dfiadtby the method proposed by Heck et al.
(2008) and only the glyco-free portion of the tataCN content could be quantified, because the
glycosylated form, roughly a half of the totalCN content, co-eluted with-CN. This might in part
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explain the marked difference between values atdislity of f-CN obtained in that study and our
estimatesp-CN exhibited a markedly higher heritability (0.70) comparison with the value (0.25)
obtained by Schopen et al. (2009). Estimates atdility of k-CN are more similar, but a lower
value has been found by Schopen et al. (2009). Menvalso differences of sample size, breeds or
allele frequencies can contribute to the inconsi@és in heritability estimates observed across
studies.

As WH is composed b§-LG anda-LA, they sum up to 100%. Consequently, they olgdithe
same value of heritability and results fatLA have been omittedp-LG% exhibited only a
moderate heritability (0.33) in comparison withttbatained for as;-CN%, k-CN% and B-CN%,
and had a value markedly lower than that obtaine&dhopen et al. (2009), but in line with the
estimates reported by Bobe et al. (1999). Diffeesnin the extent of the allele-differential
expression of heterozygous animals across popual&iive been reported (Ng-Kwai-Hang et al.,
1998) and inconsistencies in the heritability eat#s forp-LG% across studies might be partially
explained by the possible different extent of thieat of the BLG locus in determining the
expression of thg-LG genetic variants across populations. Heck ef(2008) and Bobe et al.
(1999) reported that the relative contentspdfG in milk dependalmost exclusively orBLG
genotypes, in Dutch and US Holstein Friesian, retspay, but, in a previous study conducted on
Simmental cows (Bonfatti et al., 2009b), a smaditect of the allele-specific expressionBLG
have been observed, in comparison with that regantéhose studies.

Proportion of the Genetic Variation explained by CSN2-CSN3 Haplotype and BLG Genotype

The relevance o€SN2-CSNdaplotype andBLG genotype in explaining the variation of milk
protein fractions was also investigated (TableRigsults showed that milk protein genes account
for a large part of the genetic variation of mililof@in composition. Accounting for milk protein
loci reduced considerably the polygenic additiveade variance ofis;-CN, B-CN, k-CN andB-LG
contents and relative proportions.

In agreement with Bobe et al. (1999), who foundt tG&N3 and BLG genotypes explained a
significant part of the genetic control a§;-CN, the genetic variance ok;-CN% was strongly
reduced when model accounted @8N2-CSNJaplotype andBLG genotype. Like fork-CN%,
milk protein loci explained roughly the 60 % of theritability of as;-CN%. Conversely, Schopen
et al. (2009) reported that genotype£&N3andBLG loci had no effect on the polygenic additive
genetic variance fars;-CN. Casein haplotype explained more than 70 % @fgenetic variation of
B-CN%. In both those studies, the genetic controp-@fG fraction was nearly complete BLG
genotypes. Conversely, our results indicate tihespite a strong effect exerted ByG genotype
on the expression GFLG%, the residual genetic variance remains notdworindicating that other
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genes, besides those considered, are responsible gjenetic variation of this protein fraction.
Good candidates seem to be the polymorphisrB& @tpromoter region (Martin et al., 2002).
Interestingly, whenCSN2-CSN3haplotype andBLG genotype are accounted for in the model,
heritability estimates of all the protein fractiohmit also heritabilities obtained for the contewits
protein fractions and their relative proportionsT@N or WH, became similar. This suggests that
milk proteins synthesis undergone a genetic comityapecific genes (CNs a8l G loci) but also

by genes which control the overall production ofknpirotein and are responsible for one-third to
almost the totality of the genetic variation, degieg on the protein fraction.

While the mutations described above can dramayiediéct the levels of expression of the genes in
which they are located, effects on TCN or WH weasslpronounced. One hypothesis is that when
expression of one CN gene is downregulated, therstitan be upregulated to compensate
(Lerouxet al. 2003).

Inconsistencies across studies on the proportiaieigenetic variation of milk proteins contents
explained by milk protein loci might be due to drént extent of the linkage disequilibrium
between milk protein loci and polymorphisms locatedheir promoter region. Bovenhuis et al.
(1992) suggested that the conflicting results efdffects of mutations in CN genes might be due to
linkage between mutations in different CNs, as wasllthe different statistical models used in the
analyses. They proposed a multigene model as amative to single-gene models. As mutations
with effects on quantitative traits can occur inoes, introns promoters, and other regulatory
sequences (Hoogendoorn et al. 2003), it is pos#ibkethe functional mutation(s) will not be within

the set of mutations (such as single-nucleotidgrmpotphisms, SNPs) genotyped in the data set.

Heritability of Milk Coagulation Properties

Heritability estimates for RCT s@and pH are reported in Table 1. Estimated hefitaior RCT
and pH was similar to previous reports (Ikonenlgtl®99, 2004; Tyriseva et al., 2004; Cassandro
et al., 2008). Heritability estimate fogpameasures obtained in this study were similar tseh
obtained by Tyriseva et al. (2004) from a sampl&iohish Ayrshire and Holstein-Friesian cows,
and Cassandro et al. (2008) in Holstein-FriesiaihJdwer than estimates reported by other authors.
Ikonen et al. (1999) reported estimates of hellitsgldior ago of 0.40, whereas Ikonen et al. (2004)
and Cecchinato et al. (2009) obtained estimatdwofability for ao ranging from 0.22 to 0.39 and
from 0.22 to 0.27, respectively. Differences indate and statistical models might explain some of
these inconsistencies.

The relevance o€SN2-CSN3aplotype an@LG genotype in explaining the variation of MCP and
pH was also investigated showing that milk protgenmes did not affect the genetic variation of pH,
but accounted for 15 % and 30 % of the additiveegiervariance of RCT angg@ respectively.
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Table 2. Median and 95 % highest posterior density inte(iralparenthesis) of the marginal posterior densitydditive genetic (above diagonal) and
phenotypic (below diagonal) correlations betweenteuts (g/L) of milk protein fractiofis

Protein fraction TCN WH os-CN os>CN B-CN v-CN k-CN o-LA B-LG
TCN 0.42 0.41 0.43 0.80 0.51 0.45 0.29 0.38
(0.19,0.61)  (0.13,0.63) (0.18,0.64)  (0.718).8 (0.22,0.75) (0.24,0.64)  (-0.05,0.60) (0.1670
WH 0.67 0.26 0.43 0.26 0.46 0.05 0.33 0.98
(0.63, 0.71) (-0.01,0.48) (0.23,0.61)  (0.084). (0.22, 0.69) (-0.17,0.26)  (0.04,0.55)  (006)9)
as1-CN 0.80 0.61 0.22 -0.07 -0.14 0.12 0.09 0.26
(0.77,0.82)  (0.56, 0.66) (-0.06,0.49) (-0.320)  (-0.42,0.17)  (-0.14,0.36) (-0.28,0.42) §).0.54)
asrCN 0.60 0.56 0.43 0.14 0.50 0.11 0.38 0.35
(0.55,0.66)  (0.49,0.63)  (0.35, 0.50) (-0.086).  (0.24,0.73) (-0.13,0.34)  (0.09,0.64) (0454)
B-CN 0.86 0.52 0.53 0.37 0.39 0.08 0.14 0.25
(0.84,0.87)  (0.47,0.58)  (0.49,0.58)  (0.31, .44 (0.16, 0.61) (-0.13,0.28)  (-0.16, 0.42)  (0.0812)
v-CN 0.12 -0.02 -0.06 0.08 -0.01 0.08 0.50 0.36
(0.05,0.18)  (-0.10,0.05)  (-0.12,0.00) (0.0a6). (-0.07, 0.05) (-0.15,0.33)  (0.21,0.77)  (0.AB9)
k-CN 0.55 0.27 0.30 0.27 0.30 0.04 0.11 0.06
(0.50,0.60)  (0.21,0.34)  (0.24,0.36)  (0.20, .33 (0.24,0.36)  (-0.02, 0.10) (-0.20, 0.41)  (-0.0426)
a-LA 0.37 0.62 0.27 0.38 0.31 -0.08 0.18 0.10
(0.29,0.45)  (0.56,0.69)  (0.17,0.35)  (0.33,9.54 (0.23,0.38)  (-0.16, 0.00) (0.11, 0.26) (-0.087)
B-LG 0.65 0.94 0.62 0.49 0.50 0.01 0.25 0.31
(0.61,0.69)  (0.93,0.95)  (0.58,0.67) (0.42, .56 (0.45,0.55)  (-0.06, 0.08) (0.19,0.32)  (0.220).

TTCN = total casein, computed as the sumiCN, os-CN, p-CN, y-CN andx-CN; WH = total whey protein, computed as the sdrfi-bG ando-LA.
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Table 3. Median and 95 % highest posterior density inte(waparenthesis) of the marginal posterior densftadditive genetic (above diagonal) and
phenotypic (below diagonal) correlations betwegal toasein (TCN) and whey protein (WH) content, praportions (%) of milk protein fractiohs

Protein fraction TCN WH as-CN% 0s-CN% B-CN% v-CN% k-CN% B-LG%
TCN -0.48 -0.23 0.39 0.17 0.15 0.15
(-0.68, -0.28) (-0.49, 0.04) (0.18, 0.59) (-0.081) (-0.10,0.38)  (-0.11, 0.40)
WH -0.10 0.14 0.04 0.36 -0.10 0.70
(-0.28, 0.09) (-0.08,0.37)  (-0.15, 0.22) (0.085) (-0.29, 0.11) (0.53, 0.85)
0s-CN% -0.17 0.00 0.04 -0.68 -0.46 -0.19 0.08
(-0.24, -0.11) (-0.07, 0.07) (-0.14,0.23)  (-0.7®58)  (-0.66, -0.25) (-0.34,-0.03)  (-0.08,0.26
as-CN% -0.03 0.18 -0.21 -0.43 0.37 -0.13 0.05
(-0.11, 0.07) (0.09, 0.28) (-0.28, -0.14) (-0.8B27)  (0.09, 0.63) (-0.32,0.07)  (-0.27,0.17)
B-CN% 0.23 0.06 -0.46 -0.35 0.08 -0.44 -0.00
(0.18, 0.29) (0.00, 0.12) (-0.51, -0.40)  (-0.4D29) (-0.16, 0.31) (-0.57,-0.30)  (-0.18, 0.17)
v-CN% -0.26 -0.27 -0.22 0.03 -0.27 -0.13 -0.03
(-0.33, -0.20) (-0.34, -0.21) (-0.28, -0.16) (€.0.11)  (-0.32,-0.22) (-0.38,0.14)  (-0.30, 0.25
k-CN% 0.09 -0.05 -0.31 -0.10 -0.36 -0.05 -0.01
(0.02, 0.16) (-0.13, 0.02) (-0.36,-0.25)  (-0.48p3)  (-0.41,-0.31)  (-0.11, 0.02) (-0.21, 0.18)
B-LG% 0.12 0.13 0.16 -0.15 -0.03 0.03 -0.05
(0.03, 0.21) (0.02, 0.23) (0.08, 0.23) (-0.2504).  (-0.09,0.03)  (-0.04, 0.12) (-0.13, 0.03)

T as-CN%, 0.5-CN%, B-CN%, y-CN% andc-CN% are expressed as the percentage ratio ofaaselin fraction on TCN-LG% is expressed as the percentage ratio of

B-LG on WH.
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Table 4. Median and 95 % highest posterior density inte(iralparenthesis) of the marginal posterior densitydditive genetic (above diagonal) and
phenotypic (below diagonal) correlations betweemeats (g/L) of milk protein fractions, obtaineditvé model including the regressions G8N2-CSN3
haplotype probabilities and the effectRifG genotypé

Protein fraction TCN WH as-CN 0sCN B-CN v-CN k-CN o-LA B-LG
TCN 0.68 0.91 0.47 0.95 0.23 0.75 0.19 0.70
(0.48,0.83)  (0.84,0.96)  (0.20,0.70)  (0.908).9 (-0.50,0.80) (0.59,0.89) (-0.25,0.56) (0.8B4)
WH 0.75 0.67 0.47 0.53 0.27 0.55 0.54 0.97
(0.71, 0.78) (0.46,0.84)  (0.23,0.69)  (0.273).7 (-0.34,0.80) (0.31,0.75)  (0.27,0.76)  (0.999%)
as-CN 0.92 0.69 0.26 0.82 0.08 0.61 0.25 0.67
(0.91,0.93)  (0.64, 0.73) (-0.07,0.56)  (0.692). (-0.63,0.74) (0.37,0.82) (-0.17,0.61) (0@B3)
asrCN 0.62 0.59 0.45 0.30 0.35 0.31 0.32 0.44
(0.57,0.68)  (0.52,0.66)  (0.37,0.52) (-0.0B8). (-0.24,0.81)  (0.03,0.57) (-0.03,0.62) (0.@®5)
B-CN 0.93 0.67 0.84 0.46 0.21 0.66 0.03 0.58
(0.92,0.94)  (0.63,0.72)  (0.82,0.86)  (0.39, D.53 (-0.47,0.80)  (0.44,0.84) (-0.42,0.43) (0.856)
v-CN 0.06 -0.09 -0.02 0.00 -0.12 0.15 0.24 0.22
(-0.01,0.13) (-0.17,-0.01) (-0.08,0.05) (-0.099) (-0.19, -0.05) (-0.50, 0.75)  (-0.53, 0.90)-0.51, 0.86)
k-CN 0.66 0.52 0.51 0.40 0.51 0.08 0.12 0.58
(0.59,0.71)  (0.45,0.59)  (0.43,0.58)  (0.30, D.48 (0.44, 0.58) (0.00, 0.15) (-0.28,0.46)  (0.368)
a-LA 0.38 0.67 0.29 0.43 0.36 -0.16 0.34 0.32
(0.30,0.47)  (0.61,0.73)  (0.19,0.38)  (0.32,9.53 (0.27,0.44)  (-0.25,-0.07)  (0.24, 0.43) (-0.0(1)
B-LG 0.76 0.94 0.73 0.54 0.67 -0.04 0.49 0.38
(0.73,0.79)  (0.93,0.95)  (0.69,0.76)  (0.47,9.61 (0.63,0.72)  (-0.12,0.03)  (0.42,0.56)  (0.287).

L TCN = total casein, computed as the sura@{CN, as-CN, B-CN, y-CN andk-CN; WH = total whey protein, computed as the sdrf-bG anda-LA.
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Table 5. Median and 95 % highest posterior density inte(waparenthesis) of the marginal posterior densftadditive genetic (above diagonal) and
phenotypic (below diagonal) correlations betwedaltoasein (TCN) and whey protein (WH) content, @anaportions (%) of milk protein fractions,
obtained whit a model including the regression€8iN2-CSN3aplotype probabilities and the effectBifG genotypé

Protein fraction TCN WH 0s-CN% 0s-CN% B-CN% v-CN% k-CN% B-LG%
TCN 0.02 -0.14 0.18 -0.73 0.20 0.58
(-0.31,0.36)  (-0.44,0.18)  (-0.19,0.56)  (-0.9B29)  (-0.14,0.53)  (0.25, 0.86)
WH 0.08 0.05 -0.22 -0.32 0.19 0.56
(-0.21,0.38)  (-0.24,0.33)  (-0.56,0.11)  (-Q.085)  (-0.10,0.48)  (0.31,0.81)
0s-CN% 0.10 0.05 -0.65 -0.09 -0.45 -0.24 0.07
(0.01, 0.18) (-0.05, 0.14) (-0.82,-0.47)  (-0.825)  (-0.81,-0.02)  (-0.49,0.03)  (-0.23,0.36)
0s-CN% 0.02 0.18 -0.57 -0.56 0.38 -0.11 -0.15
(-0.07, 0.11) (0.08,0.28)  (-0.63, -0.50) (-0.7®30)  (-0.09,0.77)  (-0.38,0.17)  (-0.42,0.14)
B-CN% 0.17 0.06 0.03 -0.41 -0.23 -0.33 0.07
(0.10, 0.24) (-0.02,0.13)  (-0.04,0.11)  (-0.4%33) (-0.70,0.32)  (-0.61,0.01)  (-0.27,0.43)
y-CN% -0.35 -0.38 -0.24 -0.04 -0.52 -0.15 -0.46
(-0.41,-0.29)  (-0.45,-0.31) (-0.32,-0.16)  (4€.0.04)  (-0.57,-0.47) (-0.65,0.38)  (-0.97, 0.04
k-CN% -0.06 0.00 -0.39 -0.03 -0.36 0.07 0.28
(-0.16, 0.04) (-0.11,0.11)  (-0.48,-0.30)  (-0.09)  (-0.43,-0.29)  (-0.01,0.17) (-0.02, 0.56)
B-LG% 0.18 0.03 0.25 -0.17 -0.02 0.05 -0.12
(0.08, 0.27) (-0.08,0.15)  (0.16,0.35)  (-0.2805)  (-0.11,0.06)  (-0.04,0.14)  (-0.26,-0.01)

T 05-CN%, as-CN%, B-CN%, y-CN% andc-CN% are expressed as the percentage ratio ofaeeetin fraction on TCN3-LG% is expressed as the percentage ratio of

B-LG on WH.



Phenotypic and Genetic Correlations Among the Contents of Milk Protein Fractions

As PRT and TCN were tightly genetically and phepatglly correlated gand p were greater than
0.98), only results for the correlation of TCN wipinotein fractions and MCP measures will be
discussed. Phenotypic and genetic correlations gntioe contents of milk protein fractions are
reported in Table 2. All the protein fractions weavkenotypically positively correlated. Their
correlation with TCN and WH approximately reflecti@ proportion in which they take part to the
TCN and WH contents. Hence, for examléCN, which is quantitatively the most important CN
fraction, exhibited the higher phenotypic correatiwith TCN. However, in general, phenotypic
correlations among CN fractions were fairly low aaldl positive, with the exception of those
involving y-CN which were slightly negative or close to ze%s.y-CNs are proteolytic products of
the B-CN, a high content of-CN in milk would be expected to be counterbalanbgda lower
content of-CN and, more in general, of TCN. This can expkhi@ lack of positive phenotypic
correlation betweeny-CN and all the other protein fractions. On the tcamy, y-CN exhibited
positive genetic correlations with all protein fiiaas, with the only exception ok;-CN.

With few exceptions, genetic correlations amongdbstents of the five CN fractions were from
very low to moderate, ranging from —0.14 to 0.58e Tnedians of their posterior distributions were
all positive or can be considered not differentrfraero. The strongest genetic correlation (0.50)
was betweens-CN andy-CN. Low to moderate genetic correlation was obsg@lso between the
contents of CN fractions and the contents of WHtgns, ranging from 0.06 to 0.50. These
findings show that the contents of the protein ticaxs are genetically rather independent, in
particular the content aCN in respect to all the other fractions.

It is well known that CN loci are located very ats within a 250-kb region of chromosome 6
(Threadgill and Womack, 1990; Bevilacqua et al.0&0 and homology between the promoter
region ofas-CN, as-CN, andp-CN genes (Groenen and van der Poel, 1994) camiexpbssible
co-regulation mechanisms. However, as suggeste8dbppen et al. (2009), the generally low
genetic correlations among the contents of milktgaro fractions might be due to a different
translation efficiency of the CNs messengers irheaaicthe CN genes, i.e. in a differential post-
transcriptional regulation, as showed by Bevilacgual. (2006).

Casein fractions were correlated to TCN, but wiffecent extents. The higher genetic correlation
(0.80) was between TCN afielCN, whereas all other CN fractions were only matiy positively
correlated with TCN. Generally, all the CN fracsonn particularas-CN andy-CN, were also
moderately positively correlated with total WH, gegting that a general regulation of the protein
level in milk involves simultaneously TCN and WHh& tight genetic correlation (0.98) between
WH andp-LG was in part expected because, in this study, Wéld composed only /LG anda-

LA and the latter represent only a minimal propmrtof the total WH.
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Only a moderate positive correlation (0.42) waseobsd between TCN and WH, indicating that
these two heterogeneous portions of milk protem quite independent. However, these results
support the suggestion that the regulation of T@N WH genes partially involves the same co-
factors, hormones, and transcription factors (Geoeand van der Poel, 1994).

Conversely, Schopen et al. (2009) found a stromggtnee genetic correlation between TCN ad
LG or WH. Those authors reported that genetic ¢tatioss between TCN and WH fractions were
stronger than the genetic correlations between@xdractions. Likely, this can be explained by
the strong effect oBLG locus on CN number found by those authors (wheta tiave been
adjusted forBLG genotypes, the genetic correlation between TCN \&iktl markedly increased).
Other authors (van den Berg et al., 1992; Wedhdlmal.e 2006) reported a negative relationship
betweenB-LG and TCN concentration. However, this could haeen due in part also to the fact
that proteins have been expressed as percentage ohtotal protein content, hence an increase of
all CN fractions is somewhat expected to decr@asé and thus WH.

When data were adjusted f@SN2-CSN3haplotype andBLG genotype (Table 4), genetic
correlations among the contents of protein fractitarkedly increased. This confirms that CN and
BLG loci contribute in creating genetic variability thsuggests also that the synthesis of all the
fractions undergone a common regulation. Howevengetc correlations ranged from moderate to
high, indicating that other genes or other factstgh as a different stability of the mRNA, might
be involved in the variation of the synthesis cdafic protein fractions.

Interestingly, when accounting foESN2-CSN3haplotype andBLG genotype, the genetic
correlations amongs;-CN, B-CN andx-CN changed from very low, or slightly negative,high
and positive values. In particular, the genetic@ation betweelns;-CN andp-CN changed from -
0.07 to 0.82.

In previous studies (Bobe et al., 1999; Hallén let2008; Bonfatti et al., 2009b) a competitive
synthesis between these two protein fractions Hasen suggested. However, their generally
negative correlations, together with the markduih genetic correlation found when adjusting for
CN haplotype, might be explained also by a possihidse linkage of a favorable allele for the
synthesis of3-CN with an allele in the promoter region G6N1S1which is unfavorable for the
synthesis ofis;-CN (Kuss et al., 2005).

Chanat et al. (1999) have studied the transpo@Nsg from the endoplasmic reticulufaR) to the
Golgi apparatus in mammary epithelial cells. Thigta suggest that for animals with a high CN
content,as;-CN must interact with the other CNs for efficidransport to the Golgi. In cells that
completely lackus;-CN the accumulation @i-CN (or maybec—f-mixtures) is observed in the ER.
In the long term this causes ER stress, activae&R-associated degradation system and impedes
secretion. Preformed CN complexes of the size efpiltative CN submicelles must form through
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protein-protein interactions (Farrell et al., 20@2)d emerge from the ER for efficient transit via
secretory vesicles to the Golgi apparat€N must either be SH capped or self associate with
other CNs for the transit through the ER lume§-CN can reduce aggregated species and allow
the associated particles to escape the ER. Thipty of as;-CN can explain its strong correlation

with B-CN andk-CN when not accounting for CN haplotype.

Phenotypic and Genetic Correlations for Protein Composition

Posterior median and HPD intervals for the phenotgpd genetic correlations among the relative
proportion of milk protein fractions are reportedTiable 3. Phenotypic correlations were generally
higher than genetic correlations but similar, iatlieg that environmental correlations are
analogous to the genetic ones. However, in alldiges in whichy-CN was involved, genetic
correlations were higher than the phenotypic onesfirming results obtained for the contents of
the protein fractions.

As WH is composed only b§-LG% anda-LA% and they sum up to 100%, all correlations
between them and all the other fractions had theeszalue, but opposite direction. For this reason
only the correlations di-LG% will be discussed.

The genetic correlations for the relative conteoitsmilk protein fractions ranged from -0.66,
betweenasi-CN% andp-CN%, to 0.04, betweens;-CN% andasrCN%. Results of the genetic
correlation between proportion of CN fractions areontrast with those found by Schopen et al.
(2009), who reported that the strongest geneticetairons were betweens-CN and as>CN
(-0.49), and betweens;-CN andk-CN (—0.56).

Selecting for TCN content of milk might alter CNngposition, increasing the relative proportions
of B-CN, and x-CN in a minor extent, while decreasingi-CN% andoas>-CN%, whereas only a
slightly increase of3-LG% on total WH would be expected. Casein compmsiseems to be
completely independent from WH composition, as tjeneorrelations of TCN proteins witp-
LG% were trivial.

When CSN2-CSN3haplotype andBLG genotype were accounted for by the model, genetic
correlations between the relative proportions oftgin fractions became more similar among each
other and also similar to the correlations obseraeubng the contents on protein fractions. This
confirms the hypothesis of the existence of a gdrmegulation of the protein level, in which milk
protein genes act as regulator of the proportidrspecific protein fractions.

A whole genome scan has been recently carriedy8chopen et al. (2009b) to detect quantitative
trait loci (QTL) for milk protein composition of Holstein Friesiaows. The chromosomal regions
most significantly related to milk protein compamsit were found orBos taurusautosomesBTA)

6, 11 and 14. The QTL on BTAG affectegh-, as>, - andx-CN. The QTL on BTA11 affectef-
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LG, and the QTL on BTA14 affected protein percentabhese results was expected because CN
genes an@-LG gene have been mapped on BTA6 and on BTAlpertively (Hayes et al., 1993)
and locusDGAT], which is known to be associated with milk protamd fat contents (Grisart et
al., 2001), has been mapped on BTA14. However()Xhe found in that study could only partially
be explained by polymorphisms in milk protein geraasd several other significant QTL affecting

milk protein composition were found.

Table 6. Median and 95 % high posterior density interval [H#5%) of the marginal posterior density of
additive genetic (J and phenotypic §J correlations between rennet coagulation time @notein fractions
contents (g/L), proportions (%) of milk protein dtebns on total casein or whey protein contentsd cu
firmness and pH of milk

Trait! Median HPD 95% Median HPD 95%
Casein, g/L 0.20 -0.10-0.49 -0.08 -0.15-0.02
Whey protein, g/L -0.02 -0.28 - 0.23 0.01 -0.06 — 0.08
Protein fractions content, g/L
as1-CN 0.46 0.18-0.73 0.01 -0.05 - 0.07
asrCN 0.37 0.09 - 0.65 0.03 -0.05-10.10
B-CN -0.11 -0.34-0.14 -0.15 -0.22 - -0.09
v-CN 0.19 -0.09 - 0.45 0.10 0.04-0.16
k-CN 0.08 -0.17 -0.33 -0.09 -0.16 — -0.03
o-LA 0.24 -0.11 - 0.56 0.01 -0.07-10.10
B-LG -0.06 -0.28-10.19 0.01 -0.06 — 0.08
Protein composition, %
0s-CN% 0.21 0.01-0.42 0.13 0.06 - 0.18
0s-CN% 0.25 -0.01 -0.53 0.09 0.02 -0.17
B-CN% -0.26 -0.47 — -0.06 -0.17 -0.23--0.12
v-CN% 0.14 -0.17-0.43 0.13 0.06 - 0.19
k-CN% 0.02 -0.21-0.26 -0.06 -0.13--0.00
B-LG% -0.19 -0.44 - 0.05 -0.01 -0.08 — 0.08
30 -0.78 -0.95 - -0.59 -0.70 -0.73 - -0.66
pH 0.61 0.43-0.79 0.47 0.40-0.54

! Contents of all protein fractions were measureddygrsed-phase HPLC on skimmed milk;

Casein =a5-CN + as-CN + -CN +y-CN + «-CN; whey protein $3-LG + o-LA; protein = casein + whey protein;
casein number = (casein/protein) x 10Q=acurd firmness.

as1-CN%, 05-CN%, B-CN%, y-CN% andk-CN% are measured as weight percentages of taalrcaontentp-LG% is
measured as weight percentage of total whey protaitent.

Genetic and Phenotypic Correlations between Milk Proteins and MCP

Median and HPD interval of the marginal posteriensity of additive genetic and phenotypic
correlations between RCT and protein fractions @otst and relative proportions are reported in
Table 6. Phenotypic correlations were generallyyvew and lower than genetic correlations.
Results confirm the lack of a positive associatbetween RCT and TCN of milk that was reported

by lkonen et al. (1999). Although the slightly nBga phenotypic correlation, the genetic
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correlation between RCT and TCN was unfavorabl20)).indicating that increasing the TCN
content of milk would result in a longer RCT. Thesult underlines that other traits should be used
as indirect breeding goals for the genetic improsmetof MCP.Some protein fractions were more
strongly correlated to RCT than TCN. In particulag;- and as-CN were genetically positively
correlated with RCT, resulting in a worsening of M@t increasing levels of these two fractions.
The possible reasons of these unfavourable asgosatire unknown, but a study conducted by
Mariani et al. (2001) on the effect @§;-CN G confirm that milk with a decreased contentigf

CN is characterized by better coagulation propertiecomparison with milk having a graies;-

CN content.

Table 7. Median and 95 % high posterior density intervaP[H95%) of the marginal posterior density of
additive genetic (J and phenotypic g correlations between curd firmness and proteactions contents
(g/L), proportions (%) of milk protein fractions ¢otal casein or whey protein contents, and pH itk m

la o
Trait! Median HPD 95% Median HPD 95%
Casein, g/L 0.27 -0.12 - 0.67 0.19 0.11-0.26
Whey protein, g/L 0.12 -0.23-0.50 0.01 -0.06 - 0.10
Protein fractions content, g/L
as1-CN -0.13 -0.61-0.32 0.12 0.05-0.19
asrCN -0.13 -0.58 - 0.32 -0.01 -0.09 — 0.07
B-CN 0.33 0.01-0.63 0.19 0.12-0.26
v-CN -0.10 -0.23-0.45 0.02 -0.05-0.10
k-CN 0.43 0.13-0.72 0.25 0.19-0.31
a-LA 0.06 -0.42 - 0.57 -0.03 -0.12 - 0.06
B-LG 0.10 -0.23-0.45 0.02 -0.05-0.10
Protein composition, %
0s-CN% -0.31 -0.60 — -0.01 -0.09 -0.15--0.03
0s-CN% -0.32 -0.73-0.10 -0.16 -0.23 --0.08
B-CN% 0.17 -0.12-0.48 0.10 0.04 -0.15
v-CN% -0.22 -0.63 - 0.25 -0.12 -0.20 - -0.05
k-CN% 0.36 0.06 — 0.66 0.19 0.13-0.26
B-LG% 0.03 -0.30-0.42 0.04 -0.05-10.12
pH -0.61 -0.87 - -0.33 -0.27 -0.36 —-0.18

! Contents of all protein fractions were measureddygrsed-phase HPLC on skimmed milk;

Casein =a5-CN + a5-CN + -CN +y-CN + «-CN; whey protein $8-LG + o-LA ; protein = casein + whey protein;
casein number = (casein/protein) x 100;

as1-CN%, 05-CN%, B-CN%, y-CN% andk-CN% are measured as weight percentages of taalrcaontentp-LG% is
measured as weight percentage of total whey protaitent.

An increased RCT was also associated with the aser®fy-CN content and relative propotion in
milk. Kelly and McSweeney (2002) reported that steneells, the principal physiological function
of which is to defend the udder from infectionspt@in lysosomes that release active proteolytic

enzymes (i.e., elastase, collagenase, and catbgpsttasmin plays the main role among the
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proteolytic enzymes in milk and can rapidly cledath p-CN intoy-CN and smaller polypeptides
(Auldist et al., 1996) andis;-CN and asx>CN, in a minor extent (Le Bars and Gripon, 1993;
McSweeney et al., 1993). The increase in plasmiivigcis the main factor responsible for
impaired coagulation features and CN degradatiomiik (Lucey, 1996; Srinivasan and Lucey,
2002) and leads to a reduction in cheese yieldtammthanges in functionality of milk protein with
regard to milk coagulation (Zachos et al., 1992).

The protein fraction more favorably correlated WRET wasp-CN. The content and the relative
proportion of B-CN in milk exhibited a genetic correlation with RCof -0.11 and -0.26,
respectively. Hence, phenotypically, fractions egible for a shortening of RCT of milk wefte
CN andk-CN, butp-CN was the only protein fraction genetically affeg RCT.

Table 8. Median and 95 % high posterior density intervaP[H95%) of the marginal posterior density of
additive genetic @ and phenotypic § correlations between pH of milk and protein fras contents (g/L),
and proportions (%) of milk protein fractions omalccasein or whey protein contents

la o

Trait' Median HPD 95% Median HPD 95%

Casein, g/L 0.22 -0.11 - 0.56 -0.19 -0.27 --0.10

Whey protein, g/L -0.00 -0.30-0.25 -0.16 -0.26 —-0.07

Protein fractions content, g/L
as-CN 0.09 -0.22-0.42 -0.22 -0.30--0.14
as-CN 0.26 -0.07 — 0.56 -0.13 -0.24 - -0.03
B-CN 0.16 -0.09-0.43 -0.17 -0.25--0.09
v-CN 0.15 -0.15-0.46 0.16 0.09 -0.23
K-CN -0.00 -0.27 - 0.26 -0.07 -0.14 - 0.00
a-LA 0.25 -0.08 - 0.61 -0.11 -0.22-0.01
B-LG -0.01 -0.33-0.18 -0.15 -0.24 - -0.06

Protein composition, %
as-CN% -0.12 -0.34-0.11 -0.06 -0.13-0.01
as-CN% 0.11 -0.18 - 0.38 -0.01 -0.12 - 0.09
B-CN% 0.09 -0.15-0.31 -0.07 -0.13-0.01
v-CN% 0.10 -0.24 -0.43 0.23 0.16 — 0.30
K-CN% -0.04 -0.29-0.20 0.03 -0.04 -0.11
B-LG% -0.21 -0.46 — 0.03 -0.02 -0.12 - 0.09

! Contents of all protein fractions were measuredeversed-phase HPLC on skimmed milk;

Casein =as-CN + ag-CN + B-CN + y-CN + k-CN; whey protein $3-LG + a-LA ; protein = casein + whey protein;
casein number = (casein/protein) x 100;

as1-CN%, 05-CN%, B-CN%, y-CN% andk-CN% are measured as weight percentages of taalrcaontentp-LG% is
measured as weight percentage of total whey protaitent.

Studies on the composition of micelles of differsizies have demonstrated that most, if not all, of
the k-CN is located on the surface of the micelle (Ddiynet al., 1984; Dalgleish et al., 1989).
However, from the measured sized of CN micellestarccontent ok-CN in TCN, approximately
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only one-third of the micellar surface can be cedebyx-CN (Dalgleish, 1998). Compositional
studies of micelles suggest that bathCN andp-CN may share the surface withCN, butp-CN
and as-CN have been less studied thas€N and their properties are not well known. Howeve
measurements of the rate of hydrolysis of diffeygoteins in micelles treated with tripsin suggest
that B-CN is the protein nearest to the surface (Dalflel®98). Moreover, it is known thftCN
dissociate from the CN micelles with cooling. Whha cooled micelles are warmed and fhé&N
re-associates with them, it seems unlikely thatpH@&N will be able to penetrate deeply into the
micelle. Thus, during re-association, the disseciitCN may alter the structure of the surface of
the CN micelle (Dalgleish, 1998). This could pariyplain the marked importance BICN on
determining RCT.

Although there was a weak negative phenotypic tarom betweenc-CN and RCT, resulting in
milk with shorter RCT at increasing contentske€N, the genetic correlations between both the
content and the relative proportioneCN and RCT were not different from zero. The |latka
favorable genetic correlation betweet€N and RCT can be explained by the negative carosl
betweenc-CN% andB-CN% and by the similar correlation ©fCN with bothp-CN andas;-CN.
Results for genetic correlations between proteattions and 3 (Table 7) were similar to those
obtained for RCT. Genetically, weaker curds wemoaisted with higher contents and proportions
of ass-, asz, andy-CN and with lower contents and proportiong36EN. But, in this case, alse

CN was positively strongly correlated withpaThe tight relation ofc-CN with &g might be
attributable to the finer gel network of milk wigreaterk-CN content, which allow the formation
of a great number of intermicellar bonds (Hornalgt1998).

During a series of studies on casein—calcium—phaispimteractions Holt and coworkers (Holt et
al., 1998a,b) discovered that the phosphopeptidetibn of B-CN could bind to and stabilize
calcium—phosphate aggregates resulting in the fioomadf nanoclusters of a discrete size and
composition; without the peptides the calcium—phase structures would grow randomly and
precipitate. The formation of nanoclusters wouldvermicelle formation by randomly binding
phosphoproteins causing an inverted micelle, theremproteins could coat this new hydrophobic
surface and in turn, bind more calcium phosphaté arsize limited colloid is formed. Hencp;

CN seems to have a central role in the micelle &ion and, possible, it might be also the
responsible of the organization of the proteincrdtim during curd formation. The unfavorable
genetic correlation betweeuns;-CN and MCP might be in part explained by the fdwt the
proportion ofas-CN in milk is negatively correlated with the relat content ofi-CN.

Correlations between MCP traits and protein fraxdiare not expected to be greatly affected by
related changing of pH of milk as, generally, ctatiens between protein fractions and pH were
from low to very low (Table 8). Phenotypically, amcrease of each CN fraction results in a
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decrease of the pH of milk, with the only exceptioiny-CN which are usually related to the
presence of SCC and hence to milk with high pH esluConversely, genetic correlations are
generally positive, but all very low. Hence, in geal, it is possible to affirm that genetic
correlations between MCP and milk protein fractians only slightly determined by related effects
on pH of milk. Only the unfavourable correlationogi-CN anda-LA with MCP might be scribed
to their positive correlation (0.26 and 0.25, respely) with pH of milk.

CONCLUSIONS

The heritability for protein fractions ranged fromoderate to high and most of the genetic
correlations among the major milk proteins were .lo#or some protein fractions, protein
polymorphisms explained a considerable part ofg#reetic variance. However, there is still genetic
variation in the rest of the genome to permit tieraprotein composition by selective breeding.
Selection for the total casein content of milk wbulot be useful for the genetic improvement of
milk coagulation properties. Selection for increasihep-CN andk-CN contents or decreasing the
content ofas-CN of milk seems to be a more attractive altexsator improving renneting ability,
also because of their high heritability. The ladkrapid and automatic analytical methods which
allow the quantification of milk protein fractiom® a large scale limit the possibility of consideri
protein fractions as possible indirect traits foe timprovement of milk coagulation properties
through selective breeding. Altought the developimeineasy immunoassay is currently under
investigation, marker-assisted selection for theled associated with the higher expression ofethos
proteins could be a more easier strategy. Howegametic parameters between protein fractions
and currently breeding goal traits must be investid. Moreover, the effect of protein fractions in

determining the non-coagulation of milk should hedged.
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GENERAL DISCUSSION AND CONCLUSIONS

Milk protein is probably the most studied food @iat However, most of the biological aspects
involving milk protein fractions and coagulationilalp of milk are currently unknown or are still
unclear.

When studying traits such as protein fractions eotst or protein composition, the investigation is
complicated by a number of critical issues, whielquire additional care in developing research
protocols and in interpreting results. The firstical issue is the lack of analytical methods able
quantify milk protein fractions content and, monegeneral, easily detect protein genetic variants.
This is an important limit, mostly for genetic skesl in which large sample sizes are commonly
needed to obtain reliable estimates of geneticrpaters. No current method allows the detection of
all protein genetic variants. Hence, neglectedlesdlecan bias estimated parameters with a
magnitude that is dependent upon the frequenclgeofliele and the extent of its effect. Moreover,
the close physical linkage of casein genes on leogimomosome 6 can produced biased estimates
if models do not account for all their effects sitaneously. Information on haplotypes is difficult
to obtain and estimates of the effects of raredtgpes are likely to be unreliable.

Several factors, such as linkage with polymorphisms$he non-coding regions of casein genes
(Martin et al., 2002), act on the expression ofknpitotein fractions. This might be responsible of
inconsistent results on the effect of casein polyghsms on protein expression or milk production
traits across populations and families.

Despite the study of the physico-chemical propgeridé a casein variant after purification is
relatively simple, the study of its effect on bigical properties of milk is particularly difficult
because caseins aggregate to each other formingmalex system, the micelle. The lack of
knowledge about the real conformation of the caseicelle and the biological role of protein
fractions, and of their genetic variants, on theagudation process is another critical aspect of
studies dealing with milk coagulation properties.

In order to provide dairies with milk well suitedrfthe manufacture of dairy products and able to
meet requirements for dairy processing, selectwnspecific genetic variants (gene selection) of
milk proteins has been proposed. Results obtainetthis study confirmed the marked effect of
protein polymorphisms on the expression of thdatiee protein fraction. The ready availability of
milk protein genotypes of animals, the tight relathip between genotypes (or haplotypes) and
milk protein fraction, and the marked genetic clatien between protein composition and
renneting ability make the gene-based selectionossiple effective strategy for the genetic

improvement of milk coagulation properties.
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Our results indicate that the effect exerted bykmibtein polymorphisms on coagulation properties
Is mainly attributable to the allele-specific exgg®n of the proteins, which modifies milk protein
composition. This allele-specific protein expressseems to be related to the presence of linkage
disequilibrium between alleles at the milk protkini and polymorphisms in the non-coding region
of these genes (Gustafsson et al., 2003; Kuss,e2@05; Keating et al., 2007). Hence, the effect
exerted by protein polymorphisms is actually to dseribed to other linked loci. In this case,
selection should be based on the polymorphismsamon-coding region, the direct responsible of
the observed effect. Previous work demonstratettiieadifferential allele-specific accumulation of
CSN3mRNA is not directly linked to the protein variarifk-CN (Robitaille and Petitclerc, 2000),
as in the case of other milk proteins lige.G (Wilkins et al., 1995). Cows homozygous for a
protein variant may actually be heterozygous imgeof CSN3expression into mRNA because of a
differential allele-specific accumulation &ISN3MRNA. As a consequence, if the breeding goal
aims to increase the contentieCN in milk, a selection program based G8N3expression into
MRNA (k-CN%) would appear to be more appropriate thanogram relying onCSN3protein
variants (Vachon et al., 2004).

If on one side gene selection can be easily imptéede on the other side it can be affected by
variation in the linkage phase between polymorpkismthe coding region and those in the non-
coding region of genes. In addition, it will notpdeit existing variation in genetic merit of aniraal
of identical genotype. As a consequence, animalls am unfavorable genotype at one locus but
with favorable genetic merit for content of a certprotein fraction, due to the variability of the
protein expression, might be excluded from selactio

This study also highlighted the importance of cdesng p-casein, instead of-casein, as the
principal gene to be used in selection programsngimat the improvement of milk coagulation
properties in Simmental cattle. The greater impm#aof p-casein in comparison witk-casein
reported in this study seems to be inconsisterit Witgrature results. A possible explanation might
be the fact that estimates were obtained for a latipa in which allele frequencies at casein loci
were more balanced (not very high nor very low) Hredpresence &SN2B was rather high when
compared to that observed in previous studies.i&uoh the effect exerted SN2on protein
composition and coagulation properties of milk weften limited at two alleles, Aand A, whose
effects are similar, if compared to the effect ohlele. Alternatively, many studies were conducted
on cattle populations in which the B allele wasluded in the “rare” genotypes or haplotypes
leading to low reliability of estimated effects tar not significant estimates as a consequence of
large standard errors.

Despite the marked effect of protein genes on tianiaof investigated traits, there is polygenic
variation in milk protein composition that might exploited through breeding. However, to
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implement breeding programs using protein compmsi#is indicator traits for the enhancement of
milk coagulation properties, protein compositiomwd be measured on a large scale. Currently, in
spite of a good repeatability of these traits (Aramd Princhner, 2003), which might limit the
number of measurements of protein composition teeberded per animal, analytical assessment is
not feasible at the population level. However, divect measurement of milk coagulation properties
at the population level still remains a criticabus. At the experimental level, RP-HPLC is a
reliable and useful analytical method to performs type of analysis, albeit some alleles cannot be
identified. It represents, together with capill&tgctrophoresis, one of the most precise methods to
quantify proteins, ensuring high repeatability aeg@roducibility of measures. More rapid, high-
throughput, automated methods need to be develémpedn easier quantification of protein
fractions on a large scale and, within availabldioms, Mid Infrared Spectroscopy (MIRS)
represents the most attractive one.

Other questions, such as those related to thedwalbrole of milk proteins during the coagulation
process and the effect exerted by protein compwosdr polymorphisms on the non-coagulation of

milk, remain to be solved.
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