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Abstract

The objective of this thesiswas to gatherinformation on milk-coagulationproperties
to evaluatecurrentmeansand needsto geneticallyimprove them. This was doneby col-
lecting four separatedatasets,which were usedfor estimatingl) geneticparametergor
milk-coagulatiorproperties?) milk proteinpolymorphismandits effecton milk-coagulation
propertiesand milk-productiontraits, 3) occurrenceof noncoagulatingnilk, 4) the associ-
ationbetweencoagulatiorpropertiesof herdmilk andcheese-makingharacteristicsand5)
differencesn milk-coagulationpropertiedbetweerthe main Finnishdairy breeds.

Basedon the resultspresentedn the thesis,geneticimprovementof milk-coagulation
propertiesvould be a well-supportedneango increasehe efficiency of cheesgroduction.
Suchan improvementwould be possibleby selectionof animalsdirectly for thesetraits or
for propertiesassociatedvith them.

Measuremendf milk-coagulationpropertieds labouriousandslow. Currentpossibilities
to directly breedfor thesepropertiesn the entiredairy populationarethuslimited. Because
genetidmprovemenf milk-coagulatiorpropertiess mosteffectively achiezedby directse-
lectionfor thesepropertiespreedingvaluesfor milk-coagulationpropertiescould, however,
be estimatedor animportantgroupof dairy animals,e.g.,bull damsandyoungAl-bulls.

Becausaoneof theroutinelyrecordeddairy traits stronglycorrelatedwvith milk-coagul-
ationpropertiesn the presentnaterial breedingfor thesetraits seemsiotto markedly affect
milk-coagulationproperties Breedingfor high caseincontentandfat contentmay; however,
have afavourableeffect on cheese-makingharacteristics.

The k-caseingenotypesave a cleareffect on coagulationproperties protein composi-
tion, andcheese-makingropertiesof milk. Becauseof therarity of thefavourableB allele,
andlinkagedisequilibriumbetweerthe k-caseirB alleleandS-caseinA; allele,whichhasan
unfavourableeffect on milk andproteinyields,selectionfor the B allelein the entireFinnish
dairy cattlewould, however, be complicated.

The k-caseirkE allele,whichis rathercommonin the FinnishAyrshire,is associatedvith
poormilk-coagulatiorpropertiesjow proteincontentand,dueto thelinkagedisequilibrium
with the g-caseinA; allele,alsowith low milk andproteinyields. Selectionagainstthe k-
caseinE allele would thushave a favourableeffect on both milk-coagulationpropertiesand
importantmilk-productiontraits.

Noncoagulatingnilk, which wasnot affectedby milk proteinpolymorphismor compos-
ition of milk, hadanunfavourableeffect on cheese-makingharacteristicsNoncoagulating
milk wasobsenedin the FinnishAyrshireonly. Theernvironmentalandgeneticfactorscaus-
ing noncoagulatiomf milk shouldbe established.

In conclusion,at present,information on breedingvaluesfor milk-coagulationproper
ties and on k-caseinpolymorphismfor young Al-bulls and bull damscould be usefulin
geneticallyimproving milk-coagulationpropertiesn Finnishdairy cattle. Althoughsuchin-
formationwould notsene asanofficial selectiorcriterionof theseanimals,t couldbemade
availablefor farmerswho provide milk for cheeseroduction eitherat their own farmsor at
acommerciakheeselant.
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2 INTRODUCTION

2.1 Cheeseproductionin Finland

In Finland,thedairyindustryis the third mostimportantbranchof thefood industry(Finnish
FoodandDrink Industries’Federatior1.998). Within thedairyindustry cheesés aproductof
majorimportanceabout40% of the milk producedn Finlandis usedfor cheesgroduction
(Agrifacts1998).About30%of thenetsalesf theValio Group,which consistof thebiggest
Finnishdairy compairy Valio Ltd. (Helsinki, Finland)andits subsidiariescomesfrom cheese
production(Valio Ltd. 1999). Further duringthe 1990s domesticconsumptiorof cheesédas
increasedbout20% (Agrifacts1998).

Finlandjoined the EuropeanJnion (EU) in 1995,which causedemarkablechangesn
the Finnish dairy industry andin the foreign tradein Finnish dairy products. Becauseof
EU membershipFinnishdairy productshave to competewith thoseof the otherEU statesn
the EU internalmarket. Sincethe year1995,import of cheesdrom the otherEU stateshas
thusmarkedlyincreasedn Finland(FinnishFoodandDrink Industries’Federatior1998).In
addition,becausef variousstructuralchangesn the Finnishdairy industryduring previous
years competitionbetweerocal dairieshastightened.

Becauseof the presentratherchallengingsituationof the Finnishcheesandustry it is
importantthat the profitability of domesticcheeseroductionis maintainedandimproved.
This couldbeaccomplishedhroughidentificationandimprovementof thefactorsthataffect
efficiency of cheeseproduction: cheeseyield, dry-mattercheeseyield, and compositionof
cheesandcheeseavhey.

2.2 Milk coagulationprocessand cheese-making

Enzymaticcoagulationof milk is a processof threeoverlappingsteps(BROWN and ERN-
STROM 1988),which canbedescribedvith adiagramproducedy a milk-coagulatiormeter
(Figure 1). During the primary, enzymaticphase(R in Figure 1), chymosin,which is the
clotting enzymeextractedfrom calf abomasumsplits x-caseinat the Phg¢5-Met; ¢ bond
into parax-caseinanda macropeptide Becauseof this splitting of x-casein,caseinbegins
to aggreyate. This secondnon-enzymatigphaseof milk coagulatiorbeginsbeforeall of the
k-caseirhasbeensplit.

During thethird stepof milk coagulationaggrejatedcaseimnmicellesform amoreor less
firm gel structure.Curd-firmingtime, K5q, describeghe time neededuntil the curdis firm
enoughto be cut (= the width of the diagram(Figure 1) is 20 mm), andcurdfirmness Ezq,
describeghe firmnessof the curd 30 min after additionof the clotting enzyme.Thesemilk-
coagulationpropertieS MCP) are measuredor 30 min or more,becausén cheese-making
for mostcheesdaypes,the curdis cut about30 min after additionof the clotting enzymeto
themilk.

MCP and compositionof milk have a ratherclear effect on cheese-makingroperties.
Milk thatbeginsto aggreyatesoonafteradditionof theenzyme andformsafirm curdwithin
areasonabléimeis expectedo producehigherdry-mattercheesgieldsthandoesmilk with
unfavourablecoagulatiorpropertied RIDDELL-LAWRENCE andHicks 1989,ByNum and
OLSON 1982, ALEANDRI et al.1989). This occursbecauseamilk that coagulatesjuickly
is able to entrapmore caseinand fat into the coagulumbeforeit is cut than doesslowly
coagulatingmilk. Caseinandfat constituteabout90% of the solidsin cheesesotheamount
of caseinandfat lostin the cheesavhey hasa substantiakffect on the efficiency of cheese-
making(JOHNSON 1988,PoLITIs andNG-KwaAI-HANG 1988a,1988b,andL AWRENCE et



al.1993).Becausehepossibilityto varythecuttingpointis limited in commercialargescale
cheesroduction,it is importantthatthe curdsarefirm enoughto allow cuttingat the usual
cuttingtime.

30 minutes usual cutting point of the curd
L ]
addition of aggregation

enzyme begins

E30

R Koo

Figure1: Diagramproducedby a milk-coagulationmeter and the three milk-coagulation
parametergalculatedrom the diagram:R, milk coagulatiortime; Kyq, curd-firmingtime;
Eso, curdfirmness30 min afteradditionof the clotting enzyme.

2.3 Establishedknowledgeof MCP in Finnish dairy cattle
2.3.1 Phenotypicvariation in MCP

BecauseMICP arenot determinedoutinelyfor Finnishdairy cows in milk recording,no of-
ficial statisticsexist asto phenotypicvariationor thetrendin thesecharacteristicsHowever,
basedon the obsenationsmadein Finnishcommercialcheesalairiesover the past20to 30
years MCP mayhave beendeteriorating.

In the 1980s, variationin MCP in the Finnish dairy breeds,Finnish Ayrshire (FAy),
FinnishFriesian(FFr), andFinncattle(Fc), andfactorscausingthe variationwereexamined
in afew studies(TERVALA etal.1983,LINDSTROM etal. 1984, TERVALA etal.1985, TER-
VALA andANTILA 1985,andAALTONEN andANTILA 1987).Thedatasetsin thesestudies
wererathersmall; the numberof milk samplegangedrom lessthanhundredto about700.

Basedonthestudiesof TERVALA etal.(1983,1985)andL INDSTROM etal.(1984),wide
variationexistsin MCP betweerncows. About 13% of the cows producednilk thatreceved
no value for curd-firmingtime (TERVALA et al. 1983, 1985). Further 2% of the cows in
TERVALA etal.(1983),and 4% of the FAy cows in TERVALA et al.(1985) producednon-
coagulatingmilk. Accordingto TERVALA and ANTILA (1985),the enzymaticphaseof the
milk coagulationprocesgFigure 1) proceededormallyin the noncoagulatingnilk, but no
curdwasformed. Variationin proteinor mineralcompositionof milk failedto explain non-
coagulatiorof milk (TERVALA andANTILA 1985). Becausanly onenoncoagulatingnilk
samplefrom onecow wasstudied,it wasimpossibleto drav generalconclusiongegarding
thefactorscausingt.



2.3.2 Geneticvariation in MCP

Eventhoughthe heritability estimate®f MCPin LINDSTROM etal.(1984)andin TERVALA
et al. (1985)were basedon small samplesandthushad large standarcderrors, they indicate
thata moderateartof thevariationin thesepropertieds geneticin nature.

GeneticcorrelationsbetweenMCP and milk-productiontraits were estimatedfor milk
coagulatiortime only (LINDSTROM etal.1984). Shortcoagulatiortime wasassociateavith
low pH, highfat contentandhigh proteincontentof milk.

In additionto the above studies geneticparameteror MCP have beenestimatedn one
studyonly (OLOFFs et al.1992). The heritability estimatedor MCP reportedby OLOFFS
et al. (1992) were somevhat higherthanthosein LINDSTROM et al.(1984)and TERVALA
et al.(1985). GeneticcorrelationsbetweenMCP and milk-productiontraits could not be
reliably estimatedn OLOFFs etal.(1992).

In the above studiesthe numberof caws rangedfrom a few hundredto lessthan2000,
andthe geneticparametersvere estimatedby useof a sire modelunderthe leastsquares
procedurewhich probablyimpededreliableestimationof theabove parameters.

2.3.3 Geneticfactors affecting MCP

Breed In the FAy, the proportionof cows producingmilk that receved no value for co-
agulationtime or curd-firmingtime or both was higherthanin the FFr and Fc (TERVALA

etal.1985). Differencedn the MCP betweenthe above breedswere, however, statistically
non-significan{TERVALA etal.1983and1985).

Milk protein polymorphism. k-caseinpolymorphismwasoneclearreasorfor thevariation
in MCP (TERVALA etal.1983,1985,andAALTONEN andANTILA 1987).1t is possiblethat
the favourableeffect of the k-caseinB allele on thesepropertieswas partly dueto the high
k-caseincontentin milk (AALTONEN andANTILA 1987).

Differencesin coagulationproperties(TERVALA et al.1985and AALTONEN and AN-
TILA 1987)andcompositionof milk (AALTONEN andANTILA 1987)betweerthemilk pro-
tein genotypeswvere testedby comparingthe uncorrectedneansof thesetraits for the in-
dividual genotypes. Simultaneousestimationof the effect of milk protein polymorphism
and, for example, of the effect of k-caseincontentof milk on coagulationpropertieswas
impossiblan AALTONEN andANTILA (1987).1n theabove studies gstimationof theunder
lying effectof k-caseinpolymorphismon MCP wasthusimpossible.

Several other studieshave, however, also shavn that the x-caseinB allele hasa more
favourableeffect on coagulationor cheese-makingroperties,and on protein, casein,and
k-caseincontentsof milk thanthe A allele (e.g.SCHAAR 1984,SCHAAR etal.1985,MAR-
zIALI andNG-KwAI-HANG 1986,PAGNACCO andCARoLI 1987,DAvoLl etal. 1990,RA-
HALI and MENARD 1991,VvAN DEN BERG etal.1992, WALSH et al. 1995,and L ODES et
al.1996a,1996b,1997). In thesestudies the effect of milk proteinpolymorphismon MCP
wasestimatedvithout takinginto accountherelationshipdetweeranimals.lt is, however,
possiblethatthe animalssharingthe samemilk proteinalleleswerecloselyrelated.Inform-
ationon relationshipdetweeranimalsis thusnecessaryor adjustingthe effectsof the milk
proteingenotypedor polygeniceffects.

The k-caseinE allele was detectedonly after animproved isoelectricfocusingmethod
was developedin 1989 by ERHARDT (1989). In TERVALA et al.(1983and 1985) andin
AALTONEN andANTILA (1987),estimationof the frequeng of the k-caseirkE allele,andof
theeffect of this allele on MCP wasthusimpossible.



No clearresultswereobtainedfor the effectsof genotypesf the othermajor milk pro-
teins(a,1 - andB-caseinsand -lactoglohulin) on MCP in TERVALA etal.(1983and1985)
or in AALTONEN and ANTILA (1987). In the literature,the g-lactoglolulin B allele has,
however, beenshownn to have a favourableeffect on caseincontent(MCLEAN et al. 1984,
NG-KwAI-HANG etal.1986),caseimumber(NG-KwAl-HANG etal. 1986),andfat content
(ALEANDRI etal.1990).1t is thuspossiblethat 8-lactoglotulin polymorphismis of indirect
importancegor cheese-makingharacteristicshroughits effect on compositionof milk.

2.3.4 Other factors affecting MCP

Environmentalfactors,suchas seasonparity, lactationstage,andfeeding(SCHAAR 1984,
KREUZER etal. 1996, DAvoL! etal.1990,0KIGBO et al. 1985),andvarioustechnological
factorseffective beforeor duringcheese-makin¢e.g.,time andtemperaturef milk storage,
heattreatmenthomogenisatiorand standardisatiof milk, type and concentratiorof the
clotting enzyme,addition of calcium, and cooking time and temperature)nay also affect
MCP (ALEANDRI etal.1989,and RIDDELL-LAWRENCE andHIcks 1989). In this thesis,
environmentalfactorsaffecting MCP are studiedbriefly, whereagechnologicaffactorsare
notaddressed.

2.4 Further information neededfor geneticimpr ovementof MCP

Thevariationin MCP andtherelatively high proportionof cows producingpoorly coagulat-
ing or noncoagulatingnilk (TERVALA etal. 1983and1985,L INDSTROM etal. 1984)indicate
thatimprovementof MCP in the Finnishdairy cattleis both possibleand necessaryMCP

couldbeimprovedby varyingthe ervironmentalor technologicafactorsthataffect MCP or

by breedingfor theseproperties. The advantageof breedingover that of changingvarious
ervironmentalfactorsis thatgeneticimprovements permanenandcumulatve.

In principal, geneticimprovementof MCP is possibleby selectingthe breedinganimals
for thesepropertiesor for dairy traitsthatare stronglycorrelatedwith MCP. Differentkinds
of informationare necessaryo evaluatethe possibilitiesof directandindirectbreedingfor
theseproperties.

2.4.1 Selectionfor MCP

Geneticparameters. Theheritabilityestimate$n LINDSTROM etal.(1984)andTERVALA et
al.(1985)indicatethatdirectselectiorfor MCP is possible.Reliableheritability estimategor
MCP arethusneededor accurategeneticevaluationof animalsandfor accuratesstimation
of themilk proteingenotypeeffectson MCP.

Repeatabilityestimategor MCP areneededo evaluatethe numberof measurement®r
MCP neededor geneticevaluationof theseproperties Estimatef the geneticassociations
betweenMCP and importantdairy traits (milk-production, fertility, and healthtraits) are
neededo evaluatehow breedingfor MCP would affect thesetraits.

Reliableestimationof the above geneticparametersor MCP shouldbe possibleby col-
lectingdatathatarelargeenoughandby utilizing ananimalmodelin thestatisticalanalyses.
Becausenanimalmodelaccountdor theknown relationshipetweeranimals,it provides
more accurateestimatedor the genetic(co)variancedor MCP thandoesthe leastsquares
procedure.

Noncoagulatingmilk . Noncoagulatiorof milk, which could not be explainedby proteinor



mineralcompositionof milk, wasobsenedin two samplesollectedin the 1980s(TERVALA
etal. 1983and1985). It is importantto establisithe currentprevalenceof this phenomenon
in Finnishdairy cattle,andto identify the ervironmentalandgeneticfactorscausingt.

Variation in MCP betweenherdsand Finnish dairy breeds MCP arelikely to vary greatly

betweenthe Finnish dairy cows, with no information existing on variationin thesetraits

betweerdairy herds,andontheeffectof thisvariationon cheese-makingonditionsatcheese
plants.For a cheesalairy, informationon the variationin MCP betweerherdsmaybe more

importantthanon variationbetweeranimals.In addition, it is importantto reliably estimate
thedifferencen MCP betweerinnishdairy breeds.

2.4.2 Selectionfor associateccharacteristics

k-caseinpolymorphism. Thefavourableeffect of the k-caseinB allele on MCP reportedn
theliteratureindicateghatthesepropertiecouldbeimprovedby increasingrequeng of the
B allelein dairy cattle.

Beforeinformationon x-caseirpolymorphismcanbeusedin selectionhowever, reliable
estimatesreneededor the occurrencef theknown x-caseiralleles,andfor their effectson
MCP. Further estimategor theeffectof k-caseirpolymorphisnonmilk-production fertility,
andhealthtraitsareneededo evaluatehow selectionfor certaink-caseinallelesto improve
MCP would affect thesetraits.

Becausgheallelesof theay; -, 8-, andk-caseingnaybein linkagedisequilibriumdueto
thecloselocationof thecaseirloci onchromosomeaix (FERRETTI etal. 1990, THREADGILL
and WomAck 1990), polymorphismof the other caseinshasto be taken into accountin
estimatingthe effect of x-caseinpolymorphismon the above traits. Further becauses-
lactoglohulin polymorphisncanbeimportantin cheese-makingts effecton milk-production,
fertility, andhealthtraits needgo be estimatedaswell.

In the literature, resultsconcerningthe effect of milk protein polymorphismon milk-
productiontraitsareinconsisten{GRAML etal.1986,LIN etal. 1986,GONYON etal.1987,
HAENLEIN etal.1987,LIN etal. 1989,ALEANDRI etal. 1990,NG-KwAI-HANG etal. 1990,
BoVENHUIS etal. 1992, MAO etal. 1992, BovENHUIS and WELLER 1994, FAMULA and
MEDRANO 1994,RoN etal.1994,SABOUR etal.1996,and OJALA etal.1997),andthose
on health(ATROSHI et al.1982),andfertility (HARGROVE etal.1980,andLIN etal.1987)
traitsrare.

In thesestudies size andstructureof the datasets(linkage disequilibriumin the alleles
of the caseinloci), dependenvariables,and statisticalproceduresiseddiffer, which is one
probableaxplanationfor the conflictingresults.For example ananimalmodel,which should
be usedto estimateeffects of single genes(KENNEDY et al.1992), was utilized in four of
thesestudiesonly.

Associateddairy traits. Estimatef geneticassociationbetweerMCP andthedairy traits
routinelymeasuredor dairy cows areneededo estimatewhetherMCP canbeimprovedby
selectingfor or againstassociatedairy traits.



3 THE OBJECTIVE OF THE STUDY

The resultsfrom the studiesperformedduring the 1980sin Finland (TERVALA etal. 1983,
1985, LINDSTROM et al.1984,and AALTONEN and ANTILA 1987)indicatethat both the
needandpotentialexist for geneticimprovementof MCP in Finnishdairy cattle. The object-
ive of this thesisis to gainfurtherinformationon MCP to evaluatecurrentpossibilitiesand
alternatvesfor geneticallyimproving them.

The main subjectsdiscussedn this thesisare: 1) geneticparametergor MCP, 2) milk
protein polymorphismandits effect on MCP and milk-productiontraits, 3) occurrenceof
noncoagulatingmilk, 4) the associatiorbetweencoagulationpropertiesof herd milk and
cheese-makingharacteristicsand5) differencesn MCP betweenthe main Finnish dairy
breeds.

Heritability of MCP, andtheeffectof milk proteinpolymorphismon MCP wereestimated
in two studied(l, 11). In I, reasondor the effect of milk proteinpolymorphismon MCP were
alsostudiedby measuremeraf milk sampledor variouscompositioncharacteristics.

GeneticcorrelationshetweenMCP and milk-productiontraits, and breedingvaluesfor
thesetraitswereestimatedn |l.

Occurrenceof noncoagulatingmilk, andthe differencein MCP betweenFAy and FFr
cowswereevaluatedn | andll.

Becausevide variationexistedin MCP amongthe herdsin I, the effect of this variation
on cheese-makingharacteristicsvasevaluatedn III.

Milk protein polymorphismandits effect on first-lactationmilk-productiontraits were
estimatedn IV to VI. A large datasetwas collectedto estimatethe effect of milk protein
polymorphismon thesetraits by variousmeangusingindividual genotypescompositegen-
otypes,andcaseinhaplotypes)andby useof appropriatestatisticalmodels.



4 MATERIALS AND METHODS

4.1 Data setsand characteristicsstudied

For thisthesis four separat@atasetswerecollectedduringtheyears1990to 1997 (Tablel).
In I to lll, milk samplesof both FAy andFFr cows werecollected whereaghe datain 1V to
VI includedFAy cows only.

The type and numberof milk samplesandthe chemicalanalysesarried out differed
betweerthe datasetsin | to VI. The characteristicstudiedcan,however, be classifiedinto
threegroupsaccordingto their natureandutilisation:

1. Coagulationcompositionandcheese-makingropertiesof milk (I —111)
2. Milk proteinpolymorphism(l —VI)

3. First-lactationmilk-productiontraits (V — VI).

4.1.1 Coagulation,composition,and cheese-makingropertiesof milk

MCP. MCP (Figure 1) were determinedwith a Formagraph(FossElectric A/S, Hillergd,
Denmark)at Valio Ltd. (I, Ill), or atthe Agricultural ResearclCentreat Jokioinen,Finland
(. In 1 andll, daily milk samplesof individual cows wereusedfor measuringhe coagu-
lation properties. The cows in 1l were sampledonceduring lactation,and thosein | two
or threetimes. In 1ll, MCP were determinedfor the bulk milk samplesof 30 candidate
herds,andadditionallyfor the bulk milk sample®f the eightherdsthatprovidedmilk for the
cheese-makingxperiment.

Composition of milk. All milk samplesn | to Il weremeasuredor fat contentandprotein
content(Milk o0 Scan605, FossElectric A/S), somaticcell count (Fossomatiacell counter
FossElectricA/S), andpH atthelaboratoriesnvolvedin milk recordingor at Valio Ltd.

Detailedproteincompositionof milk (contentsof caseinwhey protein, a, -, ags-, 8-,
andk-caseinsg-lactallumin, andg-lactoglohulin) wasdeterminedor themilk samplesn |,
andfor thebulk milk samplesn Ill. In addition,ash,calcium,andphosphorugontentsvere
determinedor the bulk milks in 1ll. Thesecharacteristicsveremeasuredt Valio Ltd., and
description®f the methodausedto measurghemarepresentedh | andlll.

Cheese-makingexperiment. Thecheese-makingxperimentwascarriedout ata pilot-scale
cheeseplant(lll). Of the eightherdsthat provided milk for the experiment,four herdspro-
ducedmoderatelycoagulatingmilk (A herds),andfour herdsextremelypoorly coagulating
milk (B herds). The milks of the two herd groups,which were from two to six milkings,
werestandardisedo the samefat content. Two cheesesvere madeof the well-coagulating
bulk milk, andtwo cheesesf the poorly coagulatingmilk. About 7501 of milk wasusedto
produceonecheese.

The cheesesvere madeaccordingto a standardporocedureusedin commercialproduc-
tion of EmmentatheeseFreshandripenedcheesewereanalysedor contentof dry-matter
fat, protein,ash,calcium,andphosphorusindfor moisturein thenon-fatsubstancéfor fresh
cheese)and cheesewvhey for contentsof dry-matter fat, protein, caseinand caseinomac-
ropeptide. Ripenedcheesesvere assessedbr interior appearancetexture, and taste. A
descriptionof the above traitsandof the methodsusedto determinghemappearsn Ill.

Other information. Informationon parity, lactationstage seasonbreed herd,andpedigree
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of thecawsin | to lll requiredin the statisticalanalysesvasobtainedfrom the Agricultural
DataProcessingCentre VantaaFinland.

4.1.2 Milk protein polymorphism

For eachcow in | to VI, genotype®f a,; -, 5-, andk-caseinsand 3-lactoglohulin (theterm
genotypss usedinsteadof phenotypeeredeterminedn polyacrylamidegelsasdescribed
by ERHARDT (1989)attheFinnishAnimal BreedingAssociationVantaaFinland. Themilk
samplesusedfor genotypingweretakenfrom eachcow beforemilking.

4.1.3 First-lactation milk-pr oduction traits

Recorddor thefirst-lactationmilk-productiontraits(milk, fat,andproteinyields,andfatand
proteincontents) andinformationon variousfactorslik ely to affect them(herd,monthand
yearof birth, calvingandinseminationandpedigree)vereobtainedrom the milk recording
databasefrom the Agricultural DataProcessin@entre.

4.2 Statistical analyses
4.2.1 Geneticparameters

The (co)variancecomponentdor the randomeffectsin the statisticalmodels,which were
usedo estimatel) heritability or repeatabilityor both,of MCP (I, 1), andfirst-lactationmilk-
productiorntraits(V), 2) geneticcorrelationdbetweertheabovetraits(ll) wereestimatedrom
thedataby useof ananimalmodelandthe REML VCE -packagd GROENEVELD 1996).

4.2.2 Cheese-makingexperiment

Statisticalsignificanceof the differencesin composition,coagulation,and cheese-making
characteristicef milk betweerthetwo herdgroupswastestedoy one-way analyse®f vari-
anceandtheF test(lIl).

4.2.3 Milk protein polymorphism

Allele frequencie®f the caseinsandg-lactoglolulin werecalculatedrom thecorresponding
genotypedy the gene-countingnethod(l to VI). The g-k-caseinhaplotypesverededuced
by inheritancefor the FAy cowsin V thathadat leastnine paternahalf-sibs(VI). A descrip-
tion of the programusedto deducethe haplotypess presentedn VI.

Expectedyenotypdrequencie®f thecaseinscomposite3-«-caseirandg-lactoglobulin,
andexpectedfrequencief the 8-k-caseinhaplotypesvere calculatedby multiplication of
theallelefrequencie®f the correspondingproteins.

4.2.4 Effect of milk protein polymorphism

Effect of milk proteinpolymorphismon coagulationpropertiesand compositionof milk (I,
I), andon first-lactationmilk-productiontraits (V, VI) wasestimatedoy ananimalmodel.
Statisticalsignificanceof themilk proteingenotypd(, Il, V) or caseirhaplotype(VI) effects
weretestedwith theF testprovidedby the PESTpackagg GROENEVELD 1990).

Effectsof the §-caseinand k-caseingenotypesvere estimatedby meansof composite
B-k-caseingenotypeq], Il, V) and3-k-caseinhaplotypeqVI). Becausehe cows in these
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studieswerealmostmonomorphidor the a,; -caseinthesecaseinsvereexcludedfrom the
statisticalanalysesEffectsof the 5-lactoglohulin genotypesvereestimatedseparatelyrom
the caseingenotypeor haplotypeeffects(l, Il, V, VI).

Compositecaseingenotypesindcaseinhaplotypesvereusedin the statisticalanalyses,
becausé¢hecaseirloci, which arelocatedat chromosomeix within aregion of 200to 250kb
(FERRETTI etal.1990, THREADGILL andWOMACK 1990,andRIINKELS etal.1997),are
tightly linked. Certaincombinationsof the allelesat the caseinloci may thusappeareither
more often or more rarely than expectedwhen a randomcombinationof caseinallelesis
assumedThedatastructuremaythusbe unbalancedandthe effectsof the caseingenotypes
may dependn eachanother
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5 RESULTS
5.1 Phenotypicvariation in MCP

MCP varied considerablyamongthe cows; the coeficient of variationfor theseproperties
rangedfrom 33to 57%(l, 11). In addition,23 and33% of the milk sampleof the FAy cows
(1, 1), and 8% of thoseof the FFr cows (I) recevedno valuesfor curd-firmingtime (Kyo),
meaningthe curdsof thesemilk sampleswveretoo soft to be cut at the usualcutting point.
Further 5% and8% of the samplesof the FAy cows did not coagulaten 30 min (1, 11). For
thesesamplesno valuesfor milk coagulatiortime (R) andcurd-firmingtime wereproduced
andthevaluefor curdfirmness(Ezg) was0.0. Curdfirmnesswasthusthe mostinformative
andthe mostimportantcharacteristic.In |, the distribution of valuesfor curd firmnesswas
skewedtowardsthe mostunfavourablevalues(Figure?2).

300 X=23,0=13

250

No. of milk samples
g B

50

.
o

Minimum and maximum values for curd firmness (E30) in the seven classes

01-35
36-165
16.6 - 29.5
296 - 425
42.6 - 555
> 555

Figure 2: Distribution of valuesfor curd firmness,data (n=875) adaptedfrom Paperll.
'Noncoagulatingnilk samples.

5.2 Environmentalfactors affecting MCP
5.2.1 Parity and lactation stage

MCP wereat their bestat the beginningandat the endof lactation(ll). Partof this variation
wascausedy the changesn milk yield, proteincontent fat contentandsomaticcell count
duringlactation.Parity hadno statisticallysignificanteffecton MCP (11).
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5.2.2 Herd

MCPvariedconsiderablyamongtheherds(ll, Ill). Fourherdsin Il producechoncoagulating
milk. In Il, milk proteinpolymorphismexplainedaminor partof thevariationin MCP among
the herds. Ervironmentalfactors,such as feedingand managementmay have beenone
explanationfor thevariation.In 1, the k-caseinB allelewasmorefrequentin thefour herds
with the mostfavourableMCP (19%)thanin thosewith the poorest(4%).

5.3 Geneticfactors affecting MCP
5.3.1 Breed

MCP werebetterfor the FFrthanfor the FAy cows (1, 11). Furthermorethe proportionof FFr
cowswashigher(86%)in theherdsproducingwell-coagulatingnilk thanin thoseproducing
poorly coagulatingmilk (18%) (111). None of the FFr cows producednoncoagulatingnilk,
which explained,however, only partof the differencesn MCP betweerthe breeds.

5.3.2 Milk protein polymorphism

In generalthe -x-caseingenotypesncludingthe x-caseirB allelewereassociateavith the
mostfavourableMCP, andthosewith the E allele with the poorest(l, II). In addition, the
breedingvalue estimatedor curd firmnesswere highestfor the cows carryingthe x-casein
AB genotypeandlowestfor thosecarryingthe AA, AE or EE genotyp€(ll). Thefavourable
effectof the k-caseinB alleleon MCP waspartly dueto high «-caseincontentin milk (1).

The g-caseingenotypeshad no clear effect on MCP (1, Il). Further althoughthe s-
lactoglohulin B allele was associatedvith high caseincontentand caseinnumber(l), the
effectof 3-lactoglohulin polymorphismon MCP wasnhggligible.

Milk protein polymorphismexplaineda moderateproportion(3 to 16%in |, and20 to
24%in Il) of the additive geneticvariationin MCP. Basedon the effectsof the 3-«-casein
and g-lactoglolulin genotypeson MCP, a major proportionof this contribution wasdueto
k-caseinpolymorphism.

The caseinor S-lactoglotulin alleleswerenot clearly associatedvith noncoagulatiorof
milk (1, 1). It is, however, possiblethatothergeneticfactorscausethis phenomenornsomeof
the cows producingnoncoagulatingnilk weresiredby sevenbulls, which constitutecthree
familiesbasedon their mutualsire or grandsireor both.

5.4 Geneticparameters
5.4.1 Heritabilities

MCP arewell-inheritedandrepeatablédraits; the heritability estimatesangedfrom 0.22to

0.62for milk coagulatiortime, andfrom 0.40to 0.57for curdfirmnesg(l, 11). The heritabil-

ities estimatedrom the smallamountof data(l) weresomavhathigherthanthoseestimated
from thedatain 1l. Repeatabilityestimategor MCP rangedfrom 0.57to 0.71(1).

5.4.2 Geneticcorrelations

MCP werehighly correlatedwith oneanother(ll), which waslogical, becauséhey describe
the partially overlappingstepsof the milk-coagulationprocess.
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Exceptfor protein contentand pH, no reliable estimatesfor the geneticcorrelations
betweenMCP andmilk-productiontraits wereachieved (11). The unfavourablegeneticcor-
relation betweenhigh protein contentand milk coagulationability was ratherunexpected.
High pH of milk alsocorrelatedunfavourablywith MCP.

5.5 AssociationshetweenMCP and cheese-makingoroperties

The eight herdsthat provided milk for the cheese-makingxperimentdiffered markedlyin
coagulationpropertiesand proteincompositionof their milk (111). The four herdsthat pro-
ducedpoorly coagulatingmilk beforetheexperimentprovidednoncoagulatingnilk (B milk)
for the experiment. The herdsin the other group provided well-coagulatingbulk milk (A
milk). Concentrationsf x-caseing-lactaltumin, andg-lactoglolulin werehigherin A milk
thanin B milk.

MCP of the herdbulk milks hada cleareffect on someof the cheese-makingharacter
isticsandtherebyon the efficiency of cheesgroduction.Dry-mattercontentandcontentsof
calciumandphosphorusverehigher(P<0.10to P<0.01)for thecheesesadeof A milk (A
cheeseshanfor thosemadeof B (B cheeseshecauséessfat(P<0.05)andcaseinP<0.10)
werelostin the cheesavhey of A cheesesln addition,theratio of moistureto non-fat sub-
stance(MNFS) waslower (P<0.05)for A thanfor B cheesesA high MNFS in cheesds
likely to be associateavith higherrate of caseinproteolysisin cheeseandthuswith a more
unfavourablequality for thatcheesghanis alow MNFS (Politis andNg-Kwai-Hang1988a).

5.6 Milk protein polymorphism

For the FAy, frequenciesof milk protein genotypesand alleles could be estimatedfrom
samplesin | (59 cows), Il (789), lll (47), andIV to VI (16973 to 20990). For the FFr,
thesefrequenciesvere estimatedrom threesmall samplesin | (55 cows), Il (86), andlll
(65). Becausamilk proteingenotypefrequenciedor the FAy that were estimatedrom the
samplesn | to Il agreedwell with thoseestimatedrom the large sample(V), it is possible
thatthe estimateof milk proteinpolymorphismin the FFr sampleq( to Ill) representvell
thosein the FFr population.In addition,the x-caseinand 3-lactoglolulin allele frequencies
obsenedin the FFr sampleql to Ill) agreedwell with thosepresentedor 42 FFr bulls in
VELMALA etal.(1993).

5.6.1 Allele frequencies

In the FAy samplesq, -caseirnwmasmonomorphicandthe g-caseinA; andA- alleleswere
equallyfrequent(Table2). The mostfrequentk-caseinallelewasA, with the E allele also
rathercommon.Frequeng of the k-caseinB allelewaslow, andthe S-lactoglotulin B allele
clearlymorefrequentthanthe A allele.

The FAy and FFr cows differedin allele frequencieof eachmilk protein. In the FFr,
the a,;-caseinC allele, the g-caseinAz and B alleles, the x-caseinB allele, and the g-
lactoglohulin A allele were more frequent,and the k-caseinE and the 8-lactoglolulin B
alleleslessfrequentthanin the FAy (Table2).

5.6.2 f-k-caseingenotypeand haplotype frequencies

Becauseof the small numbersof samplesrom FFr cows, frequenciesof compositecasein
genotypesand caseinhaplotypesare presentedor the FAy only. The mostfrequents3-x-
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Table2: Frequencie$%) of the as;-casein,S-casein k-casein,and 3-lactoglohilin alleles
in asampleof Finnish Ayrshire(FAy) cowsin IV (n=20990),andin threeseparatsamples
of FinnishFriesian(FFr) cowsin | (n=55),1l (h=86),andlll (n=65).

Milk protein Allele FAy FFr
ag1-casein B 100 78—-87
C 13-22
B-casein Ay 51 31-51
Az 49 47-65
As 0-1
B 0- 3
K-casein A 61 71-81
B 8 14-17
E 31 6-13
B-lactoglohulin A 28 42-56
B 72 45-58

caseingenotypesA; A; AE andAsA>AA, constitutednorethanhalf of thedatain V (Figure
3). Combinationsof 3-caseingenotypesA;As andA2A,, andk-caseingenotypes8B, BE,
andEE wererareor non-&istent.

Expectedfrequenciesof the composites-k-caseingenotypeddiffered from thoseob-
sened (Figure 3). Among the cows carrying 8-caseinA;A; genotype x-caseinBB, BE,
and EE genotypeswvere more frequent,and genotypeAA lessfrequentthan expected,if a
randomcombinationof caseinallelesis assumedFurther practicallyall cows carryingthe
k-caseinEE genotypecarriedthe 5-caseinA; A; genotypeaswell.

Within the g-caseinA; A, genotypethe k-caseinAE genotypewasmorefrequent,and
genotypesAA, BB, BE, andEE lessfrequentthanexpected.Amongthe cows carryingthe
A>A, genotype,nearlyall cows carriedthe k-caseinAA genotype,even thoughk-casein
genotype®A andAE hadbeenexpectedo beequallyfrequent.

Theseddifferencesn expectedandobsenedfrequencie®f the 5-k-caseirgenotypesvere
reflectedalsoin the 3-x-caseirhaplotypeqVI). HaplotypesA; B, A E, andA,A weremore
frequentandhaplotypes\; A, A2B, andA;E lessfrequenthanexpected Becaus®f linkage
disequilibriumin the 8- and k-caseinloci, the datasetswere unbalancedegardingthese
caseingenotyperequenciegl to VI).
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*| cowswith (-casein A1A; genotype, n=4824

:Jl_D_LJ_l

AA AB AE BB BE EE

Cows with 3-casein A;A, genotype, n=9451

: o [
AA AB AE BB BE EE

Cows with -casein AA, genotype, n=4436

S
5:20
%15
Lt 10
5 H
o | 1

AA AB AE BB BE EE
K-Casein genotypes

Figure3: Expectedwhite bars)andobsened (black bars)frequencie®f k-caseinAA, AB,
AE, BB, BE, and EE genotypeswithin g-caseingenotypesA; A1, AjAq, andA,A,. Data
(18742 FAy cows) adaptedrom PaperV, Tablel.
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5.7 Effect of milk protein polymorphism on first-lactation milk-produ-
ction traits

5.7.1 p-k-caseingenotypes

The rare g-x-caseingenotypeA,A,AB, and the most frequentgenotypesA,A,AA and
A1 A;AE were associatedvith the highestmilk and proteinyields, and lowestfat content
of milk (V). The g-x-caseingenotypesncludingthe 5-caseinA; allelewereassociateavith
low milk andproteinyieldsandhighfatcontent.Theseraitswerethusmorestronglyaffected
by 3-caseinpolymorphisnmthanby x-caseinpolymorphism.

Proteincontentwas mostaffectedby «-caseinpolymorphism;the compositegenotypes
A;A1BB, A1 A;AB, andA; A, AB wereassociateavith the highestproteincontentandthose
includingthe k-caseinE allelewith thelowest(V).

Among thosecompositecaseingenotypeswith the mostfavourableeffect on milk and
proteinyields, milk yield was about100 kg higherfor genotypeAsA,AB thanfor geno-
typesA>AsAA andA; AL AE. Thisindicatedthatthe rarehaplotypeA,B mayhave a strong
favourableeffect on milk andproteinyields.

5.7.2 [-k-caseinhaplotypes

The effect describedabove of 3-caseinpolymorphismon milk and proteinyields and fat
content,andthatof k-caseinpolymorphismon proteincontentwereapparenalsowhenthe
overall effects of the caseinhaplotypeswere estimatedVI). It is thuspossiblethatthe -
caseinlocusor genedinkedto thatlocusaffect milk andproteinyields andfat content,and
the k-caseinocusor genedinkedto it affect proteincontent.Theunderlyingreasondgor the
effectsof caseinpolymorphismon milk-productiontraitsare,however, unknovn.

The haplotypeA, B, which hada favourableeffect on milk andproteinyieldsin VI, was
further studiedwithin the -x-caseingenotypeA; A, AB. This wasdoneto evaluatewhether
the favourableassociatiorof haplotypeA,;B with milk and proteinyields was dueto the
effect of this allele combinationor dueto geneghatarelinkedto the caseinloci. Effectsof
thedifferenthaplotypeswithin compositegenotypeA; A; AE werealsostudied.

Within the genotypeA; A AB, the haplotypecombinationA; A+A,B producedl40kg
moremilk (P = 0.045)with 0.03%unitslower proteincontent(P = 0.055)thanA;B+A-A.
Within the 8-k-caseingenotypeA; A. AE, haplotypecombinationA; A+A-E wasassociated
with 0.02%unitshigherproteincontentP = 0.098)thanthecombinationA; E+A,A. These
resultsindicatethat geneslinked to the caseinloci contribute to the variationin milk yield
and protein content. Although an animal modelwas usedto estimatethe caseinhaplotype
effects,the effectsof theseunknowvn genescouldnotbetotally correctedor.

5.7.3 p-lactoglobulin genotypes

The B-lactoglohulin genotypesiada cleareffect on first-lactationmilk-productiontraits (V).
The S-lactoglolulin A allele was associatedvith high milk and proteinyields, andthe B
allelewith high fat content.
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6 DISCUSSION

The objective of this thesiswasto studythe possibilitiesof geneticallyimproving the MCP
of dairy cows. For this purposefour separatelatasetswerecollected which were usedfor
estimatingl) the geneticparameterdor MCP, 2) milk proteinpolymorphismandits effect
on MCP and milk-productiontraits, 3) occurrenceof noncoagulatingmilk, 4) the associ-
ationbetweercoagulatiorpropertiesof herdmilk andcheese-makingharacteristicsand5)
differencesn MCP betweerthe main Finnishdairy breeds.

Accordingto theresultspresentedn | to VI, geneticimprovementof MCP would be a
well-supportedneango increasehe efficiency of cheesgroduction.Improvementin MCP
would be possibleby selectingbreedinganimalsdirectly for thesetraits or for properties
associateavith them.

6.1 Selectionfor MCP

Table3: Estimategest.)of heritability for milk coagulatiortime (R) andcurdfirmnessEzq)
(underlined),and of geneticcorrelationsbetweenthesetraits and various milk-production
characteristics.

R Es, pH DMY! F9% P-% SCC C%

est. est. est. est. est. est. est. est. S§
(sef (se) (se) (se) (se) (se) (se) (se)
R 0.22 -0.96 0.40 0.02 -0.01 0.49 -0.06 Paperll
(0.05) (0.02) (0.12) (0.15) (0.10) (0.08) (0.16)
R 0.27 0.55 -0.91 -0.58 -0.0F L®
0.12)
R 0.27 0.31 -0.23 0.13 -0.30 ot
(0.06) (0.16) (0.18) (0.18) (0.22)
R 0.38 0.31 -0.26 -0.02 -0.50 o't
(0.12) (0.23) (0.25) (0.24) (0.37)
Eso 0.40 -030 -0.06 0.09 -0.24 0.18 Paperll
(0.04) (0.07) (0.12) (0.08) (0.07) (0.13)
Eso 0.30 -0.33 0.03 0.13 0.48 o
(0.07) (0.20) (0.18) 0.17) (0.18)
Eso 0.39 -0.37 0.18 0.18 0.53 ot
(0.12) (0.28) (0.26) (0.23) (0.31)

' Daily milk yield, kg, 2Fat content%, 3Proteincontent.

4Somaticcell count,cells/ml.In I, SCCwaslogarithmicallytransformed.
5Caseincontent%.

5Standarderrorof theestimate.

"CorrelationbetweerCT andthevaluefor aviscometricreading.

8Sourceof theinformation.

9Lindstrémetal. (1984).

100|offs etal.(1992),1874Friesiancows, ! Oloffs etal. (1992),786 Angler cows.

Selectionof breedinganimalsfor their geneticability to producewell-coagulatingmilk is
possiblewide variationexistsin MCP betweercows, anda moderatgroportion(h? = 0.33
to 0.62)of this variationis genetic(l, Il). Heritability estimatesn | andll agreeratherwell
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with thosepresentedy LINDSTROM et al.(1984), TERVALA et al.(1985),and OLOFFs et
al.(1992)(Table3).

Theratherhigh repeatabilityestimategr = 0.57to 0.71)for MCP (I) indicatethateven
justafew measurement®r thesepropertiesvould give agoodpictureof theaveragecoagu-
lation ability of the milk of a cow. It would, in fact, be unnecessarjo measureMCP more
thanthreetimesduring a lactation,becausdeyondthat, the increasean the accurag of the
breedingvalueestimatesor thesepropertiesvould benegligible. Therepeatabilityestimates
presentedn | wereof the samemagnitudeasthosepresentedy SCHAAR (1984), CAROLI
etal.(1990)and TYRISEVA (1999a).

Noncoagulationof milk, which was obsened as early asin the 1980s(TERVALA et
al.1983,1985), was rathercommonin the FAy (I, II). Further of a sampleof about4600
FAy cows collectedin 1999, 13% producednoncoagulatingnmilk (TYRISEVA et al. 1999b).
Becausesuchmilk is poorly suitedfor cheesgroduction(lll), it isimportantto establishthe
factorscausingt, andto seekmeando decreasés occurrence.

6.1.1 Effect on other dairy traits

Thegeneticcorrelationbetweercurd firmnessandmilk yield waslow (Table3), which was
obsenedalsoin OLOFFs et al.(1992),andin a sampleof 4600 FAy cows (TYRISEVA et
al.2000).As aconsequencalirectselectiorfor MCP mayhave no significanteffect on milk
yield, or on proteinandfat yields, which strongly correlatewith milk yield (TORNIAINEN
1991,ALBUQUERQUE etal.1995).

Even thoughprotein contentand caseincontenthave beenshown to have a favourable
phenotypiceffect on milk coagulationability (PAGNACCO and CAROLI 1987, VAN DEN
BERG etal.1992,Paperl), the estimate®f the geneticassociationbetweerthesecharacter
istics have beeninconsisten{Table3). In I, high proteincontentof milk wasunfavourably
correlatedwith curd firmness,whereaso clear associatiorexisted betweenthesetraits in
OLoFFs etal.(1992)or in TYRISEVA etal.(2000). In LINDSTROM et al.(1984),high pro-
tein contentcorrelatedavourablywith milk coagulatiortime.

Even though protein contentof milk, which correlatesstrongly with caseincontentof
milk (HAYES etal. 1984),wasnotassociateavith MCP in OLOFFs etal.(1992),high casein
contentof milk correlatedwith favourableMCP in OLOFFs etal.(1992)(Table3). In TYRI-
SEVA etal.(2000),no strongcorrelationexistedbetweenMICP andcaseincontent.lt is thus
unclearhow breedingfor well-coagulatingmilk would affectthe proteincontentandprotein
composition.

No reliable estimatefor the geneticcorrelationbetweencurd firmnessand somaticcell
countof milk was obtained(Table 3), whereasin TYRISEVA et al.(2000), curd firmness
correlatedunfavourably with high somaticcell count. In LINDSTROM et al.(1984), milk
coagulatiortime did not correlatewith udderhealth.pH of milk, which correlatesositively
with somaticcell count,was negatively correlatedwith milk coagulationability (Table 3),
afactobsenedalsoby LINDSTROM etal.(1984),OLOFFs etal.(1992),and TYRISEVA et
al.(2000). Consequentlyselectionfor MCP shouldhave only a weakly favourableeffecton
udderhealth.

In thisthesis geneticassociationbetweerMCP andcharacteristicthatdescribehesize,
conformation,andfertility of dairy cows were not estimated.In addition, no estimategor
theseassociationseento exist in theliterature.
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6.1.2 Measurementfor MCP

Geneticimprovementof MCP by selectionrequiresreliable measuremenof MCP for the
animalsin a breedingpopulation.

In Finland, 72% of the 380000 dairy cows arein includedmilk recording,and 75% of
thesecows are FAy cows (Associationof Rural Advisory Centres1998). Consequentlythe
breedingpopulationof the FAy consistsof about200 000 animals,andthat of the FFr of
about70000animals.

Thecapacityof thecurrentmilk coagulatiormeters(FormagraphFossElectricA/S, and
CRM 48, Polo Trade,Monselice,Italy) to measureMCP is about200 samplesa day. Such
instrumentsarethusunsuitablefor routinemeasuremerdgf MCP in milk recording,in which
variousdairy traits are measuredereral timesduring lactation. Further productionof the
Formagraphinstrumentendedseveral yearsago. The CRM 48 instrumentcould, however,
be usedto measureMCP for a limited numberof animals,e.g.,bull damsanddaughtersf
youngAl-bulls.

Bull dams About800cows arechoserasbull damcandidategvery year Measurement
of MCP for thesecows threetimesduringlactationwould thusmeanseveralthousandneas-
urements year Becausavide variationexistsin MCP betweerherds,andbecaus®f other
systematicervironmentalfactors(ll, IlI), MCP shouldbe measurealsofor herd matesof
thebull dams.

Young Al-bulls. In Finland, about220 FAy and about70 FFr bull calvesare chosen
asAl-bull candidate®very year Becausesome20% of thesecandidatesrediscardedor
variousreasonge.g.,gronth andthe quality of semen)oeforeinseminationsabout200 of
thesebulls will beprogery tested.

For awell-inheritedtrait, recordsfrom about50 daughtershouldbe adequatdor areli-
ablegeneticevaluationof anAl-bull. To obtainbreedingvalueestimatesor MCP for young
Al-bulls, milk samplesof about10000 daughtersand of their herd matesshouldthus be
measuredor MCP annually

Consequentlyto obtainbreedingvalue estimatefor MCP for bull damsor youngAl-
bulls, or both,afew CRM 48 instrumentsvould be sufficientfor all necessaryneasurements.

6.2 Selectionfor associateccharacteristics
6.2.1 Dairy traits

Basedontheresultsin I, andin LINDSTROM etal.(1984),0L0FFs etal.(1992),andTYR-
ISEVA et al.(2000), noneof the routinely recordeddairy traits can be utilised to indirectly
improve MCP.

Even thoughthe geneticassociatiorbetweencaseincontentand coagulationability of
milk in the FAy is weak (TYRISEVA et al.2000), caseinis importantin cheeseproduction
(PoLiTisandNG-KwAl-HANG 1988aand1988b).Consequentlyeventhoughbreedingfor
high caseincontentmay have no strongeffect on MCP, it may yet improve the usability of
milk in cheese-making.

The unfavourableassociatiorbetweerhigh pH andcoagulatiorability of milk indicates
thatbreedingfor low pH of milk mayimprove MCP. Both pH andcaseincontentof milk are
ratherwell-inheritedtraits (11), sogeneticimprovementof thesepropertiesmay be possible.
At themomentyoutinemeasuremertf theseraitsin milk recordings, however, impossible.

20



6.2.2 [-caseinpolymorphism

Even thoughthe 8-caseinA; allele in the FAy andthe rare 3-caseinB allele in the FFr
wereassociateavith somevhatbetterMCP thanwerethe otheralleles,the effect of 5-casein
polymorphismon thesepropertieswas small (Table4). Selectionbasedon g-caseinpoly-
morphismto improve MCP is thusunjustified. Further selectionfor the g-caseinA; allele
would have an unfavourableeffect on milk and proteinyields. A favourableeffect of the
B-caseinB alleleon MCP wasreportedalsoby PAGNACCO andCAROLI (1987)andL ODES
etal.(1996a).

6.2.3 p-lactoglobulin polymorphism

SB-lactoglohulin genotypeshad no strongeffect on MCP (Table 4), a fact obsened also by
TERVALA et al.(1983, 1985), PAGNACco and CAROLI (1987), and VAN DEN BERG et
al.(1992). In LoDES et al.(1996a),the s-lactoglotulin B allele was,on the contrary asso-
ciatedwith the mostfavourableMCP, andin SCHAAR etal.(1985)with the mostfavourable
cheese-makingroperties.

Selectionfor the S-lactoglotulin B allele may, however, have a favourableeffect on
cheese-makingropertiesthroughits favourableeffect on fat content(V, VI), caseincon-
tent(l), andcaseinnumber(l). Becausehe 3-lactoglotulin B alleleis very commonin the
FAy (V), favouringthis allelein selectionwould, however, beimpracticalin this breed.

The favourableeffect of the g-lactoglolulin B allele on fat contenthasbeenobsened
alsoby NG-Kwal-HANG etal.(1984), ALEANDRI etal.(1990),BoVvENHUIS et al.(1992),
and ORTNER et al.(1995), and on caseincontentor caseinnumberor both by MCLEAN
etal.1984,SCHAAR etal.(1985),NG-KwAI-HANG etal.(1986),LoDESs etal.(1997),and
LUNDEN etal.(1997).

6.2.4 k-caseinpolymorphism

Effect on MCP. The k-caseinB allele hada favourableeffecton MCP in | andll, in which
ananimalmodelwasusedto estimateheeffectof milk proteinpolymorphismontheseprop-
erties(Table4). Thefavourableeffect of the k-caseinB alleleon MCP is thusapparentlso
afteradjustmenbf the effect of this allele for the polygeniceffects. Breedingfor favourable
MCP shouldthus be possibleby favouring the x-caseinB allele. By currentDNA-based
techniquesgenotypingof animalsof both sexesandof all agesfor milk proteinsis possible.
Milk proteingenotypesouldthusbe easilydeterminedor bull damandAl-bull candidates
amongFinnishdairy cattle.

The favourableeffect of the B allele hasalsobeenreportedin several other studies,in
which the leastsquaregprocedurewas used(TERVALA et al.1983, SCHAAR 1984, TER-
VALA etal.1985,MARzIALI andNG-KwAI-HANG 1986, AALTONEN and ANTILA 1987,
PaGNAcco andCARoOLI 1987,DAavoLl etal.1990,VAN DEN BERG etal.1992, WALSH et
al.1995,andL oDES etal.1996a).

The k-caseirE allele hadthe mostunfavourableeffecton MCP (1, 1), afinding obsened
alsoof LODES etal.(1996a).Anothermeansof improving MCP is thusto selectagainsthe
k-caseirk allele.

In the FFr, the k-caseinB allelewasmorefrequentandthe E allelerarerthanin the FAy
(Table2). Onepossiblereasorfor the differencein MCP betweerthesebreedsmaythusbe
thedifferencein thefrequeng of the x-caseiralleles.
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Table4: Main association®f g-casein,x-casein,and g-lactoglotulin (3-LG) alleleswith
coagulationand compositioncharacteristice®f milk andwith milk-productiontraits. + in-
dicatesfavourableeffect on a trait, — unfavourableeffect, and | indirect effect becauseof
linkage disequilibriumbetweenx-caseinand g-caseinalleles. Any associatiorwithin par
enthesemdicatesa possibleeffect of the allele,andlack of a signindicatesno effect of the
allele.

B-casein k-casein B-LG

Trait Aq A, A B E A B Paper
Curdfirmnessmm
Curdfirmnessmm  (+) (9 .
Curdfirmnessmm  (+) (9 - i

Milk yield, kg I
Milk yield, kg - + - VWV
Proteinyield, kg - V, VI

Fat content% I
Fatcontent% + - - + V, VI

|
+ + +
|

+ +
—
<
+
|

Proteincontent % Il
Proteincontent % + - V, VI

Caseincontent % - + |
Caseimumber % - + |
k-caseincontentg/l + I

Becausedhe k-caseinalleleswerenot associateavith noncoagulatiorof milk (1, 1), se-
lectionfor thesealleleswould probablynot alter the proportionof the cows producingmilk
with this defect. Basedon the relationshipsobsened betweernthe individual cows that pro-
ducenoncoagulatingnilk (Il), it is, however, probablethat otherloci areinvolvedin this
phenomenon.

Effect on milk-pr oduction traits. Thatthe k-caseinB allele alonehasno significant
effectonmilk, protein,orfatyields(V, VI) wasobsenedalsoby McLEAN etal.(1984),LIN
etal.(1986),ALEANDRI etal.(1990),BEcH andKRISTIANSEN (1990),NG-KWAI-HANG et
al.(1990),BovENHUIS etal.(1992), TAHA andPUHAN (1993),RoN etal.(1994),ORTNER
etal.(1995),and SABOUR etal.(1996). Accordingto LIN etal.(1989),VAN EENENNAAM
andMEDRANO (1991),andM A0 etal.(1992),the k-caseinB alleleis associatedvith high
milk yield, and,accordingto NG-KwAI-HANG etal.(1984),with high proteinyield.

Becausedhe k-caseinB allelewasin linkagedisequilibriumwith the 5-caseinA; allele,
andthelatterhada clearlyunfavourableeffecton milk andproteinyields(V to VI), selection
for the k-caseinB allele to improve MCP would in mostcaseshave an unfavourableeffect
onmilk andproteinyields. This factwould discourageselectionfor the B allelein the entire
dairy population. Becausehe k-caseinE allele is alsoin linkage disequilibriumwith the
p-caseinA; allele (V), selectionagainstthe E allele would insteadhave a favourableeffect
bothon MCP, andon milk andproteinyieldsandproteincontentof milk.
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The unfavourableeffect of the 5-caseinA; allele on milk and proteinyields and the
favourableeffect of this alleleonfatcontent(V to VI) hasbeenreportedn someof theother
studies(NG-KwAI-HANG etal.1984,LIN etal. 1986,BECH andKRISTIANSEN 1990,NG-
Kwal-HANG etal. 1990,0RTNER etal. 1995,VELMALA etal.1995),but notin ALEANDRI
etal.(1990),andLIN etal.(1989).

Findingsconcerningheeffectof k-caseirpolymorphisnon proteincontentof milk were
inconsistentthe k-caseinB allele was associatedvith high protein content,andthe E al-
lele with low proteincontentin studieswith large data(V to VI), but not with lessdata(l,
I1). Favourableeffect of the k-caseinB allele on protein contenthasbeenobsened alsoin
VAN EENENNAAM andMEDRANO (1991),BovENHUIS etal.(1992),M A0 etal.(1992),and
BoVvENHUIS andWELLER (1994),but notin SCHAAR etal.(1985)or LODES etal.(1997).

Thefavourableeffect of the k-caseinB alleleon k-caseincontent(Table4), which partly
explainedthefavourableeffect of thisalleleon MCP (1), hasbeenreportedalsoby M CLEAN
et al.(1984), KROEKER et al.(1985), NG-KwAI-HANG et al.(1987), VAN DEN BERG et
al.(1992),LoDEs et al.(1996b),and BogE et al.(1999). Otherpossiblecausedor the dif-
ferencesn MCP betweerthe k-caseirallelesarecaseimmicellesize,citratecontent,calcium
content,and electricchage (SCHAAR 1984, PAGNACCO and CAROLI 1987, PoLITIS and
NG-KwAI-HANG 1988c,VAN DEN BERG etal.1992,andL ODES etal.1996b).

Effect on other dairy traits. In additionto high proteinandfat production,the current
breedingbjectivesof theFinnishdairy cattlearegoodfertility andudderhealth.Milk protein
genotypeshad no significanteffect on suchheifer andfirst-lactationreproductiontraits of
FAy cows (RUOTTINEN etal.1998). Effectsof caseingenotype®n udderhealthof FAy and
FFr cows have not yet beenestimated Accordingto ATROSHI etal. (1982),3-lactogloulin
polymorphismin the FAy hadno effect on milk somaticcell count.

Frequenciesof the k-caseinB and E alleles In additionto its linkage disequilibrium
with the g-caseinA; allele,therarity of the k-caseinB allelein Finnishdairy cattlewould
restrict selectionfor it. For example,basedon the frequenciesof the x-caseinallelesin
the FAy (V), 30 bulls (14%) of 220 FAy candidateAl-bulls would be heterozygougor the
k-caseinB allele, and only 2 bulls (1%) homozygoudor it. Among 500 FAy bull dam
candidatesthe correspondinghumberswould be 70 and5. Pre-selectiorof Al-bull or bull
damcandidate®asedn the x-caseinB allelewould thusbedifficult.

Ontheotherhand,if onewereto seek220FAy Al-bull candidateand500 FAy bull dam
candidateshatcarriedat leastonecopy of the k-caseinB allele,about1600bull calvesand
3500bull damcandidateshouldbe selectedor milk proteingenotyping.This would result
in a decreasén the quality standardsindin the selectionintensity of the breedinganimals
for theothertraitsincludedin thebreedinggoal.

Becausdhe k-caseinE allele is rathercommonin the FAy (1V), the potentialexists for
geneticimprovementof MCP in this breedby selectionagainsthe E allele. In the FFr, the
k-caseirk alleleis ratherrare,soselectioragainsit would have asmalleffectontheseraits.
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7/ CONCLUSIONS AND IMPLICA TIONS

Accordingto thefindingspresentedh | to VI, genetidmprovemenbf MCPis awell-justified
meando increasehe efficiency of cheesegroduction.Improvementof MCP is possibleby
selectionof breedinganimalsfor thesetraits or for propertiesassociatedvith them(Figure
4).

Breed gﬁg glcl)g/gorphlsm, | Linkage disequilibrium
[-casein
K-casein polymorphism,
content Arand A, aleles
Milk-coagulation properties Protein content, Milk yield,
(bull dams, young Al-bulls) ?;Si'gnggme”t- protein yield
Noncoagulating S-lactoglobulin
polymorphism,
A and B alleles
Genetic and
environmental
factors ?

CHEESE YIELD,
COMPOSITION OF CHEESE,
COMPOSITION OF CHEESE WHEY

Figure 4: Diagramof establishednterrelationshipdbetweenmilk protein polymorphisms,
MCP, milk-productiontraits, compositionof milk, and cheese-makingroperties(l to VI).
Characteristicsisefulin geneticimprovementof milk-coagulationor cheese-makingharac-
teristicsor bothin boldface.

Becausemeasurementf the threeMCP, R, Koq andEsg (Figure 1), is labouriousand
slow, the currentpossibilitiesof directly breedingfor thesepropertiesin the entire dairy
populationare limited. Becausegeneticimprovementof MCP is most effective by direct
selectionfor theseproperties,breedingvaluesfor MCP could, however, be estimatedfor
animportantgroup of animalsin the dairy population: bull damsand daughtersof young
Al-bulls (Figure4).

Becausaoneof theroutinelyrecordedairy traitsstronglycorrelatewith MCP, breeding
for thesetraits doesnot markedly affect MCP. Becausef theirimportantrole in the cheese-
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making process breedingfor high caseincontentand fat contentcould, however, have a
favourableeffect.

The k-caseinalleleshave a cleareffect on coagulationproperties proteincomposition,
and cheese-makingropertiesof milk (Figure4). Becauseof the rarity of the favourable
B allele, andlinkage disequilibriumbetweenthe k-caseinB allele and g-caseinA; allele,
selectionfor the B allelein the entireFinnishdairy cattlewould be complicated.

The k-caseinE allele,which is rathercommonin the FAy, is associateavith poor MCP
andlow proteincontentand,becaus®f thelinkagedisequilibriumbetweerthe E alleleand
B-caseinA; allele,alsowith low milk andproteinyields. Selectionagainsthis allelewould
thushave afavourableeffect bothon MCP andon importantmilk-productiontraits. Because
it is possiblethat geneslinked to the caseinloci affect milk yield and protein contentof
milk (V1), it would, however, be importantto try to locatethesegenesandto estimatetheir
influenceon selectionbasedn k-caseinpolymorphism.

Noncoagulatingnilk, whichwasnotassociateavith milk proteinpolymorphismor com-
positionof milk, hadanunfavourableeffecton cheese-makingroperties Theervironmental
andgeneticfactorscausingnoncoagulatiomf milk shouldbe established.

In conclusionat presentjnformationon breedingvaluesfor MCP andon x-caseinpoly-
morphismfor youngAl-bulls andbull damscould be usefulin geneticallyimproving MCP
in Finnishdairy cattle. Although suchinformationwould not sene asan official selection
criterionof theseanimals,it could bemadeavailableto farmerswho provide milk for cheese
production eitherattheir own farmsor atacommerciakcheeselant.

7.1 Suggestiondor futur e study

Thefindingspresentedn | to VI give anevaluationof the currentpossibility of genetically
improving MCP. AdditionalinformationaboutMCP, andaboutthe factorsaffectingthemis,
however, necessaryo gaina morecompletepicture of thesepropertiesandof how to breed
for them.

e Thecapacityof thecurrentmilk-coagulatiormeterss insufficientfor measuringlCP
for all cows in milk recording. Developmentof equipmentfor this purposemay thus
beworth considering.

e Theassociatiorbetweencoagulatiorandcheese-makingropertiesof milk shouldbe
studiedbasedon milks from several herds(e.g., thoseproviding milk for a cheese
plant). It would thusbe possibleto estimatein more detail the associatiorbetween
the MCP and efficiency of cheese-makingand the economicadvantageof genetic
improvementof MCP.

e Todecreas¢heoccurrencef noncoagulatingnilk in the FAy, thehypotheticagenetic
factorscausingit mustbediscovered.

e To fully understandhe effect of milk proteinpolymorphismon MCP andmilk-prod-
uctiontraits, the associatiorbetweergeneticproteinpolymorphismandexpressiorof
themilk proteingenesmeedfurtherstudy

e Reasongor differencesn MCP betweerthe two mainFinnishdairy breedsshouldbe
established.
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e Effectsof milk proteingenotype®nsize,conformationhealth,andmanagemerttaits
shouldbestudiedto gainacompletepictureof theeffectof milk proteinpolymorphism
ondairytraits.

e Althoughthe effect of utilising informationon k-caseinpolymorphismin selectionof
breedinganimalsfor dairy productionhasbeenestimatedn a few studies(GiBSoN
etal.1990, PEDERSEN 1991,LIN etal.1992,BOVENHUIS andDE BOER 1994,and
PaBsT 1997),advantagesnddisadwantage®f usingthisinformationandalsoinform-
ationon MCP in the selectionof Finnishdairy animalsneedto be estimated.
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