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Abstract

The objective of this thesiswas to gatherinformation on milk-coagulationproperties
to evaluatecurrentmeansandneedsto geneticallyimprove them. This wasdoneby col-
lecting four separatedatasets,which were usedfor estimating1) geneticparametersfor
milk-coagulationproperties,2) milk proteinpolymorphismandits effectonmilk-coagulation
propertiesandmilk-productiontraits, 3) occurrenceof noncoagulatingmilk, 4) the associ-
ationbetweencoagulationpropertiesof herdmilk andcheese-makingcharacteristics,and5)
differencesin milk-coagulationpropertiesbetweenthemainFinnishdairybreeds.

Basedon the resultspresentedin the thesis,geneticimprovementof milk-coagulation
propertieswould bea well-supportedmeansto increasetheefficiency of cheeseproduction.
Suchan improvementwould be possibleby selectionof animalsdirectly for thesetraits or
for propertiesassociatedwith them.

Measurementof milk-coagulationpropertiesis labouriousandslow. Currentpossibilities
to directly breedfor thesepropertiesin theentiredairy populationarethuslimited. Because
geneticimprovementof milk-coagulationpropertiesis mosteffectively achievedby directse-
lectionfor theseproperties,breedingvaluesfor milk-coagulationpropertiescould,however,
beestimatedfor animportantgroupof dairyanimals,e.g.,bull damsandyoungAI-bulls.

Becausenoneof theroutinelyrecordeddairy traitsstronglycorrelatedwith milk-coagul-
ationpropertiesin thepresentmaterial,breedingfor thesetraitsseemsnot to markedlyaffect
milk-coagulationproperties.Breedingfor high caseincontentandfat contentmay, however,
havea favourableeffecton cheese-makingcharacteristics.

The � -caseingenotypeshave a cleareffect on coagulationproperties,proteincomposi-
tion, andcheese-makingpropertiesof milk. Becauseof therarity of thefavourableB allele,
andlinkagedisequilibriumbetweenthe � -caseinB alleleand

�
-caseinA � allele,whichhasan

unfavourableeffectonmilk andproteinyields,selectionfor theB allelein theentireFinnish
dairycattlewould,however, becomplicated.

The � -caseinE allele,which is rathercommonin theFinnishAyrshire,is associatedwith
poormilk-coagulationproperties,low proteincontent,and,dueto thelinkagedisequilibrium
with the

�
-caseinA � allele,alsowith low milk andproteinyields. Selectionagainstthe � -

caseinE allelewould thushave a favourableeffect on bothmilk-coagulationpropertiesand
importantmilk-productiontraits.

Noncoagulatingmilk, whichwasnot affectedby milk proteinpolymorphismor compos-
ition of milk, hadanunfavourableeffect on cheese-makingcharacteristics.Noncoagulating
milk wasobservedin theFinnishAyrshireonly. Theenvironmentalandgeneticfactorscaus-
ing noncoagulationof milk shouldbeestablished.

In conclusion,at present,informationon breedingvaluesfor milk-coagulationproper-
ties and on � -caseinpolymorphismfor young AI-bulls and bull damscould be useful in
geneticallyimproving milk-coagulationpropertiesin Finnishdairy cattle.Althoughsuchin-
formationwouldnotserveasanofficial selectioncriterionof theseanimals,it couldbemade
availablefor farmerswho providemilk for cheeseproduction,eitherat their own farmsor at
acommercialcheeseplant.
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1 ORIGIN AL ARTICLES
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-lactoglobulin genotypeson rennetingpropertiesandcompositionof bovinemilk by

assumingananimalmodel.Agricultural andFoodSciencein Finland6:283-294.

II IKONEN, T., K. AHLFORS, R. KEMPE, M. OJALA , andO. RUOTTINEN. 1999.Genetic
parametersfor the milk coagulationpropertiesandprevalenceof noncoagulatingmilk
in Finnishdairycows. Journalof Dairy Science82:205-214.

III IKONEN, T., O. RUOTTINEN, E-L. SYVÄOJA, K. SAARINEN, E. PAHKALA , andM.
OJALA. 1999. Effect of milk coagulationpropertiesof herdbulk milks on yield and
compositionof Emmentalcheese.AgriculturalandFoodSciencein Finland8:411-422.

IV IKONEN, T., O. RUOTTINEN, G. ERHARDT, andM. OJALA. 1996. Allele frequencies
of themajormilk proteinsin theFinnishAyrshireanddetectionof a new � -caseinvari-
ant.Animal Genetics27:179-181.

V IKONEN, T., M. OJALA , andO. RUOTTINEN. 1999.Associationsbetweenmilk prote-
in polymorphismand first lactationmilk productiontraits in Finnish Ayrshire cows.
Journalof Dairy Science82:1026-1033.

VI IKONEN, T., H. BOVENHUIS, M. OJALA , O. RUOTTINEN, andM. GEORGES. 2000.
Associationsbetweencaseinhaplotypesandfirst lactationmilk productiontraitsin Fin-
nishAyrshirecows. Acceptedfor publicationin Journalof Dairy Science.

The above articleswere reprintedwith the permissionfrom the copyright owners: Agri-
cultural andFoodSciencein Finland,AmericanDairy ScienceAssociation,andBlackwell
ScienceLtd.

Contrib ution of the author to papersI to VI:
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II. Theauthorparticipatedin planningof thestudyandin thestatisticalanalyses,andwasthe
mainauthorof paperII.
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IV-VI. Theauthorparticipatedin the planningof the studyandin milk proteingenotyping,
carriedout thestatisticalanalyses,interpretedtheresults,andwasthemainauthorof papers
IV-VI.
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2 INTRODUCTION

2.1 Cheeseproduction in Finland

In Finland,thedairy industryis thethird mostimportantbranchof thefood industry(Finnish
FoodandDrink Industries’Federation1998).Within thedairyindustry, cheeseis aproductof
majorimportance;about40%of themilk producedin Finlandis usedfor cheeseproduction
(Agrifacts1998).About30%of thenetsalesof theValio Group,whichconsistsof thebiggest
Finnishdairycompany Valio Ltd. (Helsinki,Finland)andits subsidiaries,comesfrom cheese
production(Valio Ltd.1999).Further, duringthe1990s,domesticconsumptionof cheesehas
increasedabout20%(Agrifacts1998).

Finlandjoined the EuropeanUnion (EU) in 1995,which causedremarkablechangesin
the Finnishdairy industry, and in the foreign tradein Finnishdairy products. Becauseof
EU membership,Finnishdairyproductshaveto competewith thoseof theotherEU statesin
theEU internalmarket. Sincetheyear1995,import of cheesefrom theotherEU stateshas
thusmarkedly increasedin Finland(FinnishFoodandDrink Industries’Federation1998).In
addition,becauseof variousstructuralchangesin theFinnishdairy industryduringprevious
years,competitionbetweenlocaldairieshastightened.

Becauseof the present,ratherchallengingsituationof the Finnishcheeseindustry, it is
importantthat the profitability of domesticcheeseproductionis maintainedandimproved.
Thiscouldbeaccomplishedthroughidentificationandimprovementof thefactorsthataffect
efficiency of cheeseproduction:cheeseyield, dry-mattercheeseyield, andcompositionof
cheeseandcheesewhey.

2.2 Milk coagulationprocessand cheese-making

Enzymaticcoagulationof milk is a processof threeoverlappingsteps(BROWN andERN-
STROM 1988),whichcanbedescribedwith adiagramproducedby amilk-coagulationmeter
(Figure1). During the primary, enzymaticphase(R in Figure1), chymosin,which is the
clotting enzymeextractedfrom calf abomasum,splits � -caseinat the Phe����� -Met����� bond
into para-� -caseinanda macropeptide.Becauseof this splitting of � -casein,caseinbegins
to aggregate.This second,non-enzymaticphaseof milk coagulationbeginsbeforeall of the
� -caseinhasbeensplit.

During thethird stepof milk coagulation,aggregatedcaseinmicellesform amoreor less
firm gel structure.Curd-firmingtime, K � � , describesthe time neededuntil the curd is firm
enoughto becut ( � thewidth of thediagram(Figure1) is 20 mm), andcurdfirmness,E� � ,
describesthefirmnessof thecurd30 min afteradditionof theclotting enzyme.Thesemilk-
coagulationproperties(MCP) aremeasuredfor 30 min or more,becausein cheese-making
for mostcheesetypes,thecurd is cut about30 min afteradditionof the clotting enzymeto
themilk.

MCP andcompositionof milk have a rathercleareffect on cheese-makingproperties.
Milk thatbeginsto aggregatesoonafteradditionof theenzyme,andformsafirm curdwithin
areasonabletime is expectedto producehigherdry-mattercheeseyieldsthandoesmilk with
unfavourablecoagulationproperties(RIDDELL-LAWRENCE andHICKS 1989,BYNUM and
OLSON 1982, ALEANDRI et al.1989). This occursbecausemilk that coagulatesquickly
is able to entrapmore caseinand fat into the coagulumbeforeit is cut than doesslowly
coagulatingmilk. Caseinandfat constituteabout90%of thesolidsin cheese,sotheamount
of caseinandfat lost in thecheesewhey hasa substantialeffect on theefficiency of cheese-
making(JOHNSON 1988,POLITIS andNG-KWAI-HANG 1988a,1988b,andLAWRENCE et
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al.1993).Becausethepossibilityto varythecuttingpoint is limited in commerciallargescale
cheeseproduction,it is importantthatthecurdsarefirm enoughto allow cuttingat theusual
cuttingtime.

30 minutes

20
m

m

E
30

R K20

addition of
enzyme

aggregation
begins

usual cutting point of thecurd

Figure1: Diagramproducedby a milk-coagulationmeter, and the threemilk-coagulation
parameterscalculatedfrom thediagram:R, milk coagulationtime; K �� , curd-firmingtime;
E!� , curdfirmness30 min afteradditionof theclotting enzyme.

2.3 Establishedknowledgeof MCP in Finnish dairy cattle

2.3.1 Phenotypicvariation in MCP

BecauseMCP arenot determinedroutinelyfor Finnishdairy cows in milk recording,no of-
ficial statisticsexist asto phenotypicvariationor thetrendin thesecharacteristics.However,
basedon theobservationsmadein Finnishcommercialcheesedairiesover thepast20 to 30
years,MCP mayhavebeendeteriorating.

In the 1980s,variation in MCP in the Finnish dairy breeds,Finnish Ayrshire (FAy),
FinnishFriesian(FFr), andFinncattle(Fc), andfactorscausingthevariationwereexamined
in a few studies(TERVALA et al.1983,L INDSTRÖM et al.1984,TERVALA et al.1985,TER-
VALA andANTILA 1985,andAALTONEN andANTILA 1987).Thedatasetsin thesestudies
wererathersmall; thenumberof milk samplesrangedfrom lessthanhundredto about700.

Basedonthestudiesof TERVALA etal.(1983,1985)andL INDSTRÖM etal.(1984),wide
variationexistsin MCP betweencows. About 13%of thecows producedmilk thatreceived
no value for curd-firming time (TERVALA et al.1983,1985). Further, 2% of the cows in
TERVALA et al.(1983),and4% of the FAy cows in TERVALA et al.(1985)producednon-
coagulatingmilk. Accordingto TERVALA andANTILA (1985),the enzymaticphaseof the
milk coagulationprocess(Figure1) proceedednormally in thenoncoagulatingmilk, but no
curdwasformed.Variationin proteinor mineralcompositionof milk failedto explain non-
coagulationof milk (TERVALA andANTILA 1985). Becauseonly onenoncoagulatingmilk
samplefrom onecow wasstudied,it wasimpossibleto draw generalconclusionsregarding
thefactorscausingit.
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2.3.2 Geneticvariation in MCP

Eventhoughtheheritabilityestimatesof MCPin L INDSTRÖM etal.(1984)andin TERVALA

et al.(1985)werebasedon small samplesandthushadlarge standarderrors,they indicate
thata moderatepartof thevariationin thesepropertiesis geneticin nature.

GeneticcorrelationsbetweenMCP andmilk-productiontraits wereestimatedfor milk
coagulationtimeonly (L INDSTRÖM etal.1984).Shortcoagulationtimewasassociatedwith
low pH, high fat contentandhighproteincontentof milk.

In additionto theabovestudies,geneticparametersfor MCP havebeenestimatedin one
studyonly (OLOFFS et al.1992). The heritability estimatesfor MCP reportedby OLOFFS

et al.(1992)weresomewhat higher than thosein L INDSTRÖM et al.(1984)andTERVALA

et al.(1985). GeneticcorrelationsbetweenMCP and milk-productiontraits could not be
reliablyestimatedin OLOFFS et al.(1992).

In the above studies,the numberof cows rangedfrom a few hundredto lessthan2000,
and the geneticparameterswereestimatedby useof a sire model underthe leastsquares
procedure,which probablyimpededreliableestimationof theaboveparameters.

2.3.3 Geneticfactors affecting MCP

Breed. In the FAy, the proportionof cows producingmilk that received no value for co-
agulationtime or curd-firmingtime or both washigher than in the FFr andFc (TERVALA

et al.1985). Differencesin the MCP betweenthe above breedswere,however, statistically
non-significant(TERVALA etal.1983and1985).

Milk protein polymorphism. " -caseinpolymorphismwasoneclearreasonfor thevariation
in MCP (TERVALA et al.1983,1985,andAALTONEN andANTILA 1987).It is possiblethat
the favourableeffect of the " -caseinB alleleon thesepropertieswaspartly dueto the high
" -caseincontentin milk (AALTONEN andANTILA 1987).

Differencesin coagulationproperties(TERVALA et al.1985and AALTONEN and AN-
TILA 1987)andcompositionof milk (AALTONEN andANTILA 1987)betweenthemilk pro-
tein genotypeswere testedby comparingthe uncorrectedmeansof thesetraits for the in-
dividual genotypes.Simultaneousestimationof the effect of milk protein polymorphism
and, for example,of the effect of " -caseincontentof milk on coagulationpropertieswas
impossiblein AALTONEN andANTILA (1987).In theabovestudies,estimationof theunder-
lying effectof " -caseinpolymorphismonMCPwasthusimpossible.

Several otherstudieshave, however, alsoshown that the " -caseinB allele hasa more
favourableeffect on coagulationor cheese-makingproperties,andon protein, casein,and
" -caseincontentsof milk thantheA allele(e.g.SCHAAR 1984,SCHAAR et al.1985,MAR-
ZIALI andNG-KWAI-HANG 1986,PAGNACCO andCAROLI 1987,DAVOLI etal.1990,RA-
HALI andMÉNARD 1991,VAN DEN BERG et al.1992,WALSH et al.1995,andLODES et
al.1996a,1996b,1997). In thesestudies,theeffect of milk proteinpolymorphismon MCP
wasestimatedwithout takinginto accounttherelationshipsbetweenanimals.It is, however,
possiblethat theanimalssharingthesamemilk proteinalleleswerecloselyrelated.Inform-
ationon relationshipsbetweenanimalsis thusnecessaryfor adjustingtheeffectsof themilk
proteingenotypesfor polygeniceffects.

The " -caseinE allele wasdetectedonly after an improved isoelectricfocusingmethod
wasdevelopedin 1989by ERHARDT (1989). In TERVALA et al.(1983 and1985) and in
AALTONEN andANTILA (1987),estimationof thefrequency of the " -caseinE allele,andof
theeffectof thisalleleon MCPwasthusimpossible.
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No clearresultswereobtainedfor theeffectsof genotypesof the othermajormilk pro-
teins( #%$�& - and ' -caseins,and ' -lactoglobulin) on MCP in TERVALA et al.(1983and1985)
or in AALTONEN and ANTILA (1987). In the literature,the ' -lactoglobulin B allele has,
however, beenshown to have a favourableeffect on caseincontent(MCLEAN et al.1984,
NG-KWAI-HANG etal.1986),caseinnumber(NG-KWAI-HANG etal.1986),andfatcontent
(ALEANDRI et al.1990). It is thuspossiblethat ' -lactoglobulin polymorphismis of indirect
importancefor cheese-makingcharacteristicsthroughits effecton compositionof milk.

2.3.4 Other factors affecting MCP

Environmentalfactors,suchasseason,parity, lactationstage,andfeeding(SCHAAR 1984,
KREUZER et al.1996,DAVOLI et al.1990,OKIGBO et al.1985),andvarioustechnological
factorseffectivebeforeor duringcheese-making(e.g.,time andtemperatureof milk storage,
heattreatment,homogenisationandstandardisationof milk, type andconcentrationof the
clotting enzyme,additionof calcium, andcooking time and temperature)may also affect
MCP (ALEANDRI et al.1989,andRIDDELL-LAWRENCE andHICKS 1989). In this thesis,
environmentalfactorsaffecting MCP arestudiedbriefly, whereastechnologicalfactorsare
not addressed.

2.4 Further information neededfor geneticimpr ovementof MCP

Thevariationin MCP andtherelatively high proportionof cowsproducingpoorly coagulat-
ingor noncoagulatingmilk (TERVALA etal.1983and1985,L INDSTRÖM etal.1984)indicate
that improvementof MCP in the Finnishdairy cattleis both possibleandnecessary. MCP
couldbeimprovedby varyingtheenvironmentalor technologicalfactorsthataffectMCP or
by breedingfor theseproperties.The advantageof breedingover that of changingvarious
environmentalfactorsis thatgeneticimprovementis permanentandcumulative.

In principal,geneticimprovementof MCP is possibleby selectingthebreedinganimals
for thesepropertiesor for dairy traits thatarestronglycorrelatedwith MCP. Differentkinds
of informationarenecessaryto evaluatethe possibilitiesof directandindirectbreedingfor
theseproperties.

2.4.1 Selectionfor MCP

Geneticparameters. Theheritabilityestimatesin L INDSTRÖM etal.(1984)andTERVALA et
al.(1985)indicatethatdirectselectionfor MCPis possible.Reliableheritabilityestimatesfor
MCP arethusneededfor accurategeneticevaluationof animalsandfor accurateestimation
of themilk proteingenotypeeffectson MCP.

Repeatabilityestimatesfor MCPareneededto evaluatethenumberof measurementsfor
MCPneededfor geneticevaluationof theseproperties.Estimatesof thegeneticassociations
betweenMCP and importantdairy traits (milk-production, fertility, and health traits) are
neededto evaluatehow breedingfor MCPwouldaffect thesetraits.

Reliableestimationof theabove geneticparametersfor MCP shouldbepossibleby col-
lectingdatathatarelargeenough,andby utilizing ananimalmodelin thestatisticalanalyses.
Becauseananimalmodelaccountsfor theknown relationshipsbetweenanimals,it provides
moreaccurateestimatesfor the genetic(co)variancesfor MCP thandoesthe leastsquares
procedure.

Noncoagulatingmilk . Noncoagulationof milk, which couldnot beexplainedby proteinor

5



mineralcompositionof milk, wasobservedin two samplescollectedin the1980s(TERVALA

et al.1983and1985). It is importantto establishthecurrentprevalenceof this phenomenon
in Finnishdairycattle,andto identify theenvironmentalandgeneticfactorscausingit.

Variation in MCP betweenherdsand Finnish dairy breeds. MCParelikely to varygreatly
betweenthe Finnish dairy cows, with no information existing on variation in thesetraits
betweendairyherds,andontheeffectof thisvariationoncheese-makingconditionsatcheese
plants.For a cheesedairy, informationon thevariationin MCP betweenherdsmaybemore
importantthanon variationbetweenanimals.In addition,it is importantto reliably estimate
thedifferencein MCP betweenFinnishdairybreeds.

2.4.2 Selectionfor associatedcharacteristics
( -caseinpolymorphism. Thefavourableeffect of the ( -caseinB alleleon MCP reportedin
theliteratureindicatesthatthesepropertiescouldbeimprovedby increasingfrequency of the
B allelein dairycattle.

Beforeinformationon ( -caseinpolymorphismcanbeusedin selection,however, reliable
estimatesareneededfor theoccurrenceof theknown ( -caseinalleles,andfor theireffectson
MCP. Further, estimatesfor theeffectof ( -caseinpolymorphismonmilk-production,fertility,
andhealthtraitsareneededto evaluatehow selectionfor certain ( -caseinallelesto improve
MCPwouldaffect thesetraits.

Becausetheallelesof the )%*�+ -, , -, and ( -caseinsmaybein linkagedisequilibriumdueto
thecloselocationof thecaseinloci onchromosomesix (FERRETTI etal.1990,THREADGILL

and WOMACK 1990), polymorphismof the other caseinshasto be taken into accountin
estimatingthe effect of ( -caseinpolymorphismon the above traits. Further, because, -
lactoglobulin polymorphismcanbeimportantin cheese-making,itseffectonmilk-production,
fertility, andhealthtraitsneedsto beestimated,aswell.

In the literature, resultsconcerningthe effect of milk protein polymorphismon milk-
productiontraitsareinconsistent(GRAML et al.1986,L IN et al.1986,GONYON et al.1987,
HAENLEIN etal.1987,L IN etal.1989,ALEANDRI etal.1990,NG-KWAI-HANG etal.1990,
BOVENHUIS et al.1992,MAO et al.1992,BOVENHUIS andWELLER 1994,FAMULA and
MEDRANO 1994,RON et al.1994,SABOUR et al.1996,andOJALA et al.1997),andthose
on health(ATROSHI et al.1982),andfertility (HARGROVE et al.1980,andL IN et al.1987)
traitsrare.

In thesestudies,sizeandstructureof the datasets(linkagedisequilibriumin the alleles
of the caseinloci), dependentvariables,andstatisticalproceduresuseddiffer, which is one
probableexplanationfor theconflictingresults.For example,ananimalmodel,whichshould
be usedto estimateeffectsof singlegenes(KENNEDY et al.1992),wasutilized in four of
thesestudiesonly.

Associateddairy traits . Estimatesof geneticassociationsbetweenMCPandthedairy traits
routinelymeasuredfor dairy cowsareneededto estimatewhetherMCP canbeimprovedby
selectingfor or againstassociateddairy traits.
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3 THE OBJECTIVE OF THE STUDY

The resultsfrom the studiesperformedduring the 1980sin Finland(TERVALA et al.1983,
1985, L INDSTRÖM et al.1984,and AALTONEN and ANTILA 1987) indicatethat both the
needandpotentialexist for geneticimprovementof MCPin Finnishdairycattle.Theobject-
ive of this thesisis to gain further informationon MCP to evaluatecurrentpossibilitiesand
alternativesfor geneticallyimproving them.

The main subjectsdiscussedin this thesisare: 1) geneticparametersfor MCP, 2) milk
proteinpolymorphismand its effect on MCP andmilk-productiontraits, 3) occurrenceof
noncoagulatingmilk, 4) the associationbetweencoagulationpropertiesof herd milk and
cheese-makingcharacteristics,and5) differencesin MCP betweenthe main Finnishdairy
breeds.

Heritability of MCP, andtheeffectof milk proteinpolymorphismonMCPwereestimated
in two studies(I, II). In I, reasonsfor theeffectof milk proteinpolymorphismon MCPwere
alsostudiedby measurementof milk samplesfor variouscompositioncharacteristics.

GeneticcorrelationsbetweenMCP andmilk-productiontraits, andbreedingvaluesfor
thesetraitswereestimatedin II.

Occurrenceof noncoagulatingmilk, and the differencein MCP betweenFAy andFFr
cowswereevaluatedin I andII.

Becausewide variationexistedin MCPamongtheherdsin II, theeffectof this variation
on cheese-makingcharacteristicswasevaluatedin III.

Milk proteinpolymorphismandits effect on first-lactationmilk-productiontraits were
estimatedin IV to VI. A large datasetwascollectedto estimatethe effect of milk protein
polymorphismon thesetraitsby variousmeans(usingindividualgenotypes,compositegen-
otypes,andcaseinhaplotypes),andby useof appropriatestatisticalmodels.
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4 MATERIALS AND METHODS

4.1 Data setsand characteristicsstudied

For this thesis,four separatedatasetswerecollectedduringtheyears1990to 1997(Table1).
In I to III, milk samplesof bothFAy andFFr cows werecollected,whereasthedatain IV to
VI includedFAy cowsonly.

The type andnumberof milk samples,and the chemicalanalysescarriedout differed
betweenthedatasetsin I to VI. Thecharacteristicsstudiedcan,however, beclassifiedinto
threegroupsaccordingto their natureandutilisation:

1. Coagulation,composition,andcheese-makingpropertiesof milk (I – III)

2. Milk proteinpolymorphism(I – VI)

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

4.1.1 Coagulation,composition,and cheese-makingpropertiesof milk

MCP. MCP (Figure1) weredeterminedwith a Formagraph(FossElectric A/S, Hillerød,
Denmark)at Valio Ltd. (I, III), or at theAgricultural ResearchCentreat Jokioinen,Finland
(II). In I andII, daily milk samplesof individual cows wereusedfor measuringthe coagu-
lation properties. The cows in II weresampledonceduring lactation,and thosein I two
or threetimes. In III, MCP were determinedfor the bulk milk samplesof 30 candidate
herds,andadditionallyfor thebulk milk samplesof theeightherdsthatprovidedmilk for the
cheese-makingexperiment.

Composition of milk. All milk samplesin I to III weremeasuredfor fat contentandprotein
content(Milk o Scan605, FossElectric A/S), somaticcell count (Fossomaticcell counter,
FossElectricA/S), andpH at thelaboratoriesinvolvedin milk recording,or at Valio Ltd.

Detailedproteincompositionof milk (contentsof casein,whey protein, -	.�/ -, -%.10 -, 2 -,
and 3 -caseins,- -lactalbumin,and 2 -lactoglobulin) wasdeterminedfor themilk samplesin I,
andfor thebulk milk samplesin III. In addition,ash,calcium,andphosphoruscontentswere
determinedfor thebulk milks in III. Thesecharacteristicsweremeasuredat Valio Ltd., and
descriptionsof themethodsusedto measurethemarepresentedin I andIII.

Cheese-makingexperiment. Thecheese-makingexperimentwascarriedoutatapilot-scale
cheeseplant (III). Of the eightherdsthatprovidedmilk for theexperiment,four herdspro-
ducedmoderatelycoagulatingmilk (A herds),andfour herdsextremelypoorly coagulating
milk (B herds). The milks of the two herdgroups,which were from two to six milkings,
werestandardisedto thesamefat content.Two cheesesweremadeof the well-coagulating
bulk milk, andtwo cheesesof thepoorly coagulatingmilk. About 750l of milk wasusedto
produceonecheese.

The cheesesweremadeaccordingto a standardprocedureusedin commercialproduc-
tionof Emmentalcheese.Freshandripenedcheeseswereanalysedfor contentsof dry-matter,
fat,protein,ash,calcium,andphosphorusandfor moisturein thenon-fatsubstance(for fresh
cheese),andcheesewhey for contentsof dry-matter, fat, protein, caseinandcaseinomac-
ropeptide. Ripenedcheeseswere assessedfor interior appearance,texture, and taste. A
descriptionof theabovetraitsandof themethodsusedto determinethemappearsin III.

Other information. Informationonparity, lactationstage,season,breed,herd,andpedigree
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of thecows in I to III requiredin thestatisticalanalyseswasobtainedfrom theAgricultural
DataProcessingCentre,Vantaa,Finland.

4.1.2 Milk protein polymorphism

For eachcow in I to VI, genotypesof >%?�@ -, A -, and B -caseins,and A -lactoglobulin (theterm
genotypeis usedinsteadof phenotype)weredeterminedin polyacrylamidegelsasdescribed
by ERHARDT (1989)at theFinnishAnimal BreedingAssociation,Vantaa,Finland.Themilk
samplesusedfor genotypingweretakenfrom eachcow beforemilking.

4.1.3 First-lactation milk-pr oduction traits

Recordsfor thefirst-lactationmilk-productiontraits(milk, fat,andproteinyields,andfatand
proteincontents),andinformationon variousfactorslikely to affect them(herd,monthand
yearof birth, calvingandinsemination,andpedigree)wereobtainedfrom themilk recording
databasefrom theAgricultural DataProcessingCentre.

4.2 Statistical analyses

4.2.1 Geneticparameters

The (co)variancecomponentsfor the randomeffects in the statisticalmodels,which were
usedtoestimate1)heritabilityor repeatability, orboth,of MCP(I, II), andfirst-lactationmilk-
productiontraits(V), 2)geneticcorrelationsbetweentheabovetraits(II) wereestimatedfrom
thedataby useof ananimalmodelandtheREML VCE -package(GROENEVELD 1996).

4.2.2 Cheese-makingexperiment

Statisticalsignificanceof the differencesin composition,coagulation,and cheese-making
characteristicsof milk betweenthetwo herdgroupswastestedby one-wayanalysesof vari-
ance,andtheF test(III).

4.2.3 Milk protein polymorphism

Allele frequenciesof thecaseinsand A -lactoglobulin werecalculatedfrom thecorresponding
genotypesby thegene-countingmethod(I to VI). The A - B -caseinhaplotypeswerededuced
by inheritancefor theFAy cows in V thathadat leastninepaternalhalf-sibs(VI). A descrip-
tion of theprogramusedto deducethehaplotypesis presentedin VI.

Expectedgenotypefrequenciesof thecaseins,compositeA - B -caseinand A -lactoglobulin,
andexpectedfrequenciesof the A - B -caseinhaplotypeswerecalculatedby multiplicationof
theallelefrequenciesof thecorrespondingproteins.

4.2.4 Effect of milk protein polymorphism

Effect of milk proteinpolymorphismon coagulationpropertiesandcompositionof milk (I,
II), andon first-lactationmilk-productiontraits (V, VI) wasestimatedby an animalmodel.
Statisticalsignificanceof themilk proteingenotype(I, II, V) or caseinhaplotype(VI) effects
weretestedwith theF testprovidedby thePESTpackage(GROENEVELD 1990).

Effectsof the A -caseinand B -caseingenotypeswereestimatedby meansof composite
A - B -caseingenotypes(I, II, V) and A - B -caseinhaplotypes(VI). Becausethe cows in these
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studieswerealmostmonomorphicfor the C%D�E -casein,thesecaseinswereexcludedfrom the
statisticalanalyses.Effectsof the F -lactoglobulin genotypeswereestimatedseparatelyfrom
thecaseingenotypeor haplotypeeffects(I, II, V, VI).

Compositecaseingenotypesandcaseinhaplotypeswereusedin thestatisticalanalyses,
becausethecaseinloci, whicharelocatedatchromosomesix within aregionof 200to 250kb
(FERRETTI et al.1990,THREADGILL andWOMACK 1990,andRIJNKELS et al.1997),are
tightly linked. Certaincombinationsof the allelesat the caseinloci may thusappeareither
more often or more rarely than expectedwhen a randomcombinationof caseinallelesis
assumed.Thedatastructuremaythusbeunbalanced,andtheeffectsof thecaseingenotypes
maydependon eachanother.
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5 RESULTS

5.1 Phenotypicvariation in MCP

MCP variedconsiderablyamongthe cows; the coefficient of variationfor theseproperties
rangedfrom 33 to 57%(I, II). In addition,23 and33%of themilk samplesof theFAy cows
(I, II), and8% of thoseof the FFr cows (I) receivedno valuesfor curd-firmingtime (K G�H ),
meaningthe curdsof thesemilk samplesweretoo soft to be cut at the usualcutting point.
Further, 5% and8% of thesamplesof theFAy cows did not coagulatein 30 min (I, II). For
thesesamples,novaluesfor milk coagulationtime (R) andcurd-firmingtimewereproduced
andthevaluefor curdfirmness(EI�H ) was0.0. Curdfirmnesswasthusthemostinformative
andthe mostimportantcharacteristic.In I, thedistribution of valuesfor curdfirmnesswas
skewedtowardsthemostunfavourablevalues(Figure2).
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Figure 2: Distribution of valuesfor curd firmness,data (n K 875) adaptedfrom Paper II.L
Noncoagulatingmilk samples.

5.2 Envir onmental factors affecting MCP

5.2.1 Parity and lactation stage

MCP wereat their bestat thebeginningandat theendof lactation(II). Part of this variation
wascausedby thechangesin milk yield, proteincontent,fat content,andsomaticcell count
duringlactation.Parity hadno statisticallysignificanteffecton MCP(II).
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5.2.2 Herd

MCPvariedconsiderablyamongtheherds(II, III). Fourherdsin III producednoncoagulating
milk. In II, milk proteinpolymorphismexplainedaminorpartof thevariationin MCPamong
the herds. Environmentalfactors,suchas feedingand management,may have beenone
explanationfor thevariation.In III, the M -caseinB allelewasmorefrequentin thefour herds
with themostfavourableMCP(19%)thanin thosewith thepoorest(4%).

5.3 Geneticfactors affecting MCP

5.3.1 Breed

MCPwerebetterfor theFFr thanfor theFAy cows(I, II). Furthermore,theproportionof FFr
cowswashigher(86%)in theherdsproducingwell-coagulatingmilk thanin thoseproducing
poorly coagulatingmilk (18%) (III). Noneof the FFr cows producednoncoagulatingmilk,
whichexplained,however, only partof thedifferencesin MCPbetweenthebreeds.

5.3.2 Milk protein polymorphism

In general,the N - M -caseingenotypesincludingthe M -caseinB allelewereassociatedwith the
most favourableMCP, andthosewith the E allele with the poorest(I, II). In addition, the
breedingvalueestimatesfor curd firmnesswerehighestfor the cows carryingthe M -casein
AB genotype,andlowestfor thosecarryingtheAA, AE or EEgenotype(II). Thefavourable
effectof the M -caseinB alleleon MCPwaspartlydueto high M -caseincontentin milk (I).

The N -caseingenotypeshad no clear effect on MCP (I, II). Further, althoughthe N -
lactoglobulin B allele was associatedwith high caseincontentandcaseinnumber(I), the
effectof N -lactoglobulin polymorphismonMCP wasnegligible.

Milk proteinpolymorphismexplaineda moderateproportion(3 to 16% in I, and20 to
24% in II) of the additive geneticvariationin MCP. Basedon the effectsof the N - M -casein
and N -lactoglobulin genotypeson MCP, a major proportionof this contribution wasdueto
M -caseinpolymorphism.

Thecaseinor N -lactoglobulin alleleswerenot clearlyassociatedwith noncoagulationof
milk (I, II). It is, however, possiblethatothergeneticfactorscausethisphenomenon;someof
thecows producingnoncoagulatingmilk weresiredby sevenbulls, which constitutedthree
familiesbasedon theirmutualsireor grandsireor both.

5.4 Geneticparameters

5.4.1 Heritabilities

MCP arewell-inheritedandrepeatabletraits; theheritability estimatesrangedfrom 0.22to
0.62for milk coagulationtime,andfrom 0.40to 0.57for curdfirmness(I, II). Theheritabil-
itiesestimatedfrom thesmallamountof data(I) weresomewhathigherthanthoseestimated
from thedatain II. Repeatabilityestimatesfor MCPrangedfrom 0.57to 0.71(I).

5.4.2 Geneticcorrelations

MCP werehighly correlatedwith oneanother(II), which waslogical,becausethey describe
thepartiallyoverlappingstepsof themilk-coagulationprocess.
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Except for protein contentand pH, no reliable estimatesfor the geneticcorrelations
betweenMCP andmilk-productiontraitswereachieved(II). Theunfavourablegeneticcor-
relationbetweenhigh proteincontentandmilk coagulationability wasratherunexpected.
High pH of milk alsocorrelatedunfavourablywith MCP.

5.5 AssociationsbetweenMCP and cheese-makingproperties

The eight herdsthat providedmilk for the cheese-makingexperimentdifferedmarkedlyin
coagulationpropertiesandproteincompositionof their milk (III). The four herdsthat pro-
ducedpoorlycoagulatingmilk beforetheexperimentprovidednoncoagulatingmilk (B milk)
for the experiment. The herdsin the othergroupprovided well-coagulatingbulk milk (A
milk). Concentrationsof O -casein,P -lactalbumin,and Q -lactoglobulin werehigherin A milk
thanin B milk.

MCP of theherdbulk milks hada cleareffect on someof thecheese-makingcharacter-
isticsandtherebyon theefficiency of cheeseproduction.Dry-mattercontentandcontentsof
calciumandphosphoruswerehigher(P R 0.10to P R 0.01)for thecheesesmadeof A milk (A
cheeses)thanfor thosemadeof B (B cheeses),becauselessfat(P R 0.05)andcasein(P R 0.10)
werelost in thecheesewhey of A cheeses.In addition,theratio of moistureto non-fat sub-
stance(MNFS) waslower (P R 0.05) for A thanfor B cheeses.A high MNFS in cheeseis
likely to beassociatedwith higherrateof caseinproteolysisin cheeseandthuswith a more
unfavourablequality for thatcheesethanis a low MNFS(PolitisandNg-Kwai-Hang1988a).

5.6 Milk protein polymorphism

For the FAy, frequenciesof milk protein genotypesand alleles could be estimatedfrom
samplesin I (59 cows), II (789), III (47), and IV to VI (16973 to 20990). For the FFr,
thesefrequencieswereestimatedfrom threesmall samplesin I (55 cows), II (86), andIII
(65). Becausemilk proteingenotypefrequenciesfor the FAy that wereestimatedfrom the
samplesin I to III agreedwell with thoseestimatedfrom thelargesample(V), it is possible
that theestimatesof milk proteinpolymorphismin theFFr samples(I to III) representwell
thosein theFFr population.In addition,the O -caseinand Q -lactoglobulin allele frequencies
observed in the FFr samples(I to III) agreedwell with thosepresentedfor 42 FFr bulls in
VELMALA et al.(1993).

5.6.1 Allele fr equencies

In theFAy samples,P	S�T -caseinwasmonomorphic,andthe Q -caseinA T andA U alleleswere
equallyfrequent(Table2). The mostfrequent O -caseinallelewasA, with the E allelealso
rathercommon.Frequency of the O -caseinB allelewaslow, andthe Q -lactoglobulin B allele
clearlymorefrequentthantheA allele.

The FAy andFFr cows differedin allele frequenciesof eachmilk protein. In the FFr,
the P%S�T -caseinC allele, the Q -caseinA V and B alleles, the O -caseinB allele, and the Q -
lactoglobulin A allele were more frequent,and the O -caseinE and the Q -lactoglobulin B
alleleslessfrequentthanin theFAy (Table2).

5.6.2 Q - O -caseingenotypeand haplotype fr equencies

Becauseof the small numbersof samplesfrom FFr cows, frequenciesof compositecasein
genotypesandcaseinhaplotypesarepresentedfor the FAy only. The most frequent Q - O -
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W
ableX 2: Frequencies(%) of the Y	Z�[ -casein,\ -casein,] -casein,and \ -lactoglobulin alleles

in a sampleof FinnishAyrshire(FAy) cows in IV (n ^ 20990),andin threeseparatesamples
of FinnishFriesian(FFr) cows in I (n ^ 55),II (n ^ 86),andIII (n ^ 65).

Milk protein Allele FAy FFr
Y	Z�[ -casein B 100 78 – 87

C 13 – 22

\ -casein A [ 51 31 – 51
A _ 49 47 – 65
A ` 0 – 1
B 0 – 3

] -casein A 61 71 – 81
B 8 14 – 17
E 31 6 – 13

\ -lactoglobulin A 28 42 – 56
B 72 45 – 58

caseingenotypes,A [ A _ AE andA _ A _ AA, constitutedmorethanhalf of thedatain V (Figure
3). Combinationsof \ -caseingenotypesA [ A _ andA _ A _ , and ] -caseingenotypesBB, BE,
andEE wererareor non-existent.

Expectedfrequenciesof the composite\ - ] -caseingenotypesdiffered from thoseob-
served (Figure3). Among the cows carrying \ -caseinA [ A [ genotype,] -caseinBB, BE,
andEE genotypesweremorefrequent,andgenotypeAA lessfrequentthanexpected,if a
randomcombinationof caseinallelesis assumed.Further, practicallyall cows carryingthe
] -caseinEE genotypecarriedthe \ -caseinA [ A [ genotype,aswell.

Within the \ -caseinA [ A _ genotype,the ] -caseinAE genotypewasmorefrequent,and
genotypesAA, BB, BE, andEE lessfrequentthanexpected.Among thecows carryingthe
A _ A _ genotype,nearlyall cows carriedthe ] -caseinAA genotype,even though ] -casein
genotypesAA andAE hadbeenexpectedto beequallyfrequent.

Thesedifferencesin expectedandobservedfrequenciesof the \ - ] -caseingenotypeswere
reflectedalsoin the \ - ] -caseinhaplotypes(VI). HaplotypesA [ B, A [ E, andA _ A weremore
frequent,andhaplotypesA [ A, A _ B, andA _ E lessfrequentthanexpected.Becauseof linkage
disequilibriumin the \ - and ] -caseinloci, the datasetswere unbalancedregardingthese
caseingenotypefrequencies(I to VI).
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Figure3: Expected(white bars)andobserved(blackbars)frequenciesof a -caseinAA, AB,
AE, BB, BE, andEE genotypeswithin b -caseingenotypesA c A c , A c A d , andA d A d . Data
(18742FAy cows)adaptedfrom PaperV, Table1.
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5.7 Effect of milk protein polymorphism on first-lactation milk-produ-
ction traits

5.7.1 e - f -caseingenotypes

The rare e - f -caseingenotypeA g A g AB, and the most frequentgenotypesA g A g AA and
A h A g AE wereassociatedwith the highestmilk andproteinyields, and lowest fat content
of milk (V). The e - f -caseingenotypesincludingthe e -caseinA h allelewereassociatedwith
low milk andproteinyieldsandhighfatcontent.Thesetraitswerethusmorestronglyaffected
by e -caseinpolymorphismthanby f -caseinpolymorphism.

Proteincontentwasmostaffectedby f -caseinpolymorphism;thecompositegenotypes
A h A h BB, A h A h AB, andA h A g AB wereassociatedwith thehighestproteincontentandthose
includingthe f -caseinE allelewith thelowest(V).

Among thosecompositecaseingenotypeswith the most favourableeffect on milk and
proteinyields, milk yield wasabout100 kg higher for genotypeA g A g AB than for geno-
typesA g A g AA andA h A g AE. This indicatedthattherarehaplotypeA g B mayhave a strong
favourableeffecton milk andproteinyields.

5.7.2 e - f -caseinhaplotypes

The effect describedabove of e -caseinpolymorphismon milk and protein yields and fat
content,andthatof f -caseinpolymorphismon proteincontentwereapparentalsowhenthe
overall effectsof the caseinhaplotypeswereestimated(VI). It is thuspossiblethat the e -
caseinlocusor geneslinkedto that locusaffect milk andproteinyieldsandfat content,and
the f -caseinlocusor geneslinkedto it affectproteincontent.Theunderlyingreasonsfor the
effectsof caseinpolymorphismon milk-productiontraitsare,however, unknown.

ThehaplotypeA g B, which hada favourableeffect on milk andproteinyields in VI, was
furtherstudiedwithin the e - f -caseingenotypeA h A g AB. This wasdoneto evaluatewhether
the favourableassociationof haplotypeA g B with milk and protein yields was due to the
effect of this allelecombinationor dueto genesthatarelinkedto thecaseinloci. Effectsof
thedifferenthaplotypeswithin compositegenotypeA h A g AE werealsostudied.

Within the genotypeA h A g AB, thehaplotypecombinationA h A i A g B produced140kg
moremilk (P j 0.045)with 0.03%unitslowerproteincontent(P j 0.055)thanA h B i A g A.
Within the e - f -caseingenotypeA h A g AE, haplotypecombinationA h A i A g E wasassociated
with 0.02%unitshigherproteincontent(P j 0.098)thanthecombinationA h Ei A g A. These
resultsindicatethat geneslinked to the caseinloci contribute to the variationin milk yield
andproteincontent. Although an animalmodelwasusedto estimatethe caseinhaplotype
effects,theeffectsof theseunknown genescouldnotbetotally correctedfor.

5.7.3 e -lactoglobulin genotypes

The e -lactoglobulin genotypeshadacleareffectonfirst-lactationmilk-productiontraits(V).
The e -lactoglobulin A allele wasassociatedwith high milk andproteinyields, and the B
allelewith high fat content.

17



6 DISCUSSION

Theobjective of this thesiswasto studythepossibilitiesof geneticallyimproving theMCP
of dairy cows. For this purpose,four separatedatasetswerecollected,which wereusedfor
estimating1) the geneticparametersfor MCP, 2) milk proteinpolymorphismandits effect
on MCP and milk-productiontraits, 3) occurrenceof noncoagulatingmilk, 4) the associ-
ationbetweencoagulationpropertiesof herdmilk andcheese-makingcharacteristics,and5)
differencesin MCPbetweenthemainFinnishdairybreeds.

Accordingto the resultspresentedin I to VI, geneticimprovementof MCP would be a
well-supportedmeansto increasetheefficiency of cheeseproduction.Improvementin MCP
would be possibleby selectingbreedinganimalsdirectly for thesetraits or for properties
associatedwith them.

6.1 Selectionfor MCP

Table3: Estimates(est.)of heritability for milk coagulationtime(R) andcurdfirmness(Ek�l )
(underlined),andof geneticcorrelationsbetweenthesetraits andvariousmilk-production
characteristics.

R Ek�l pH DMY m F-%n P-%k SCCo C-%p
est. est. est. est. est. est. est. est. Sq

(se)r (se) (se) (se) (se) (se) (se) (se)
R 0.22 -0.96 0.40 0.02 -0.01 0.49 -0.06 PaperII

(0.05) (0.02) (0.12) (0.15) (0.10) (0.08) (0.16)

R 0.27 0.55 -0.91 -0.58 -0.03s L t
(0.12)

R 0.27 0.31 -0.23 0.13 -0.30 O uwv
(0.06) (0.16) (0.18) (0.18) (0.22)

R 0.38 0.31 -0.26 -0.02 -0.50 O u1u
(0.11) (0.23) (0.25) (0.24) (0.37)

Ek�l 0.40 -0.30 -0.06 0.09 -0.24 0.18 PaperII
(0.04) (0.07) (0.12) (0.08) (0.07) (0.13)

Ek�l 0.30 -0.33 0.03 0.13 0.48 O uwv
(0.07) (0.20) (0.18) (0.17) (0.18)

Ek�l 0.39 -0.37 0.18 0.18 0.53 O u1u
(0.12) (0.28) (0.26) (0.23) (0.31)

u Daily milk yield, kg, x Fatcontent,%, y Proteincontent.z
Somaticcell count,cells/ml. In II, SCCwaslogarithmicallytransformed.{
Caseincontent,%.|
Standarderrorof theestimate.}
CorrelationbetweenCT andthevaluefor a viscometricreading.~
Sourceof theinformation.
t Lindströmet al.(1984).
uwv Oloffs et al.(1992),1874Friesiancows, u1u Oloffs etal.(1992),786Anglercows.

Selectionof breedinganimalsfor their geneticability to producewell-coagulatingmilk is
possible;widevariationexistsin MCP betweencows,anda moderateproportion(hn�� 0.33
to 0.62)of this variationis genetic(I, II). Heritability estimatesin I andII agreeratherwell
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with thosepresentedby L INDSTRÖM et al.(1984),TERVALA et al.(1985),andOLOFFS et
al.(1992)(Table3).

Theratherhigh repeatabilityestimates(r � 0.57to 0.71)for MCP (I) indicatethateven
justa few measurementsfor thesepropertieswouldgiveagoodpictureof theaveragecoagu-
lation ability of themilk of a cow. It would, in fact,beunnecessaryto measureMCP more
thanthreetimesduringa lactation,becausebeyondthat, the increasein theaccuracy of the
breedingvalueestimatesfor thesepropertieswouldbenegligible. Therepeatabilityestimates
presentedin I wereof thesamemagnitudeasthosepresentedby SCHAAR (1984),CAROLI

etal.(1990)andTYRISEVÄ (1999a).
Noncoagulationof milk, which was observed as early as in the 1980s(TERVALA et

al.1983,1985),wasrathercommonin the FAy (I, II). Further, of a sampleof about4600
FAy cows collectedin 1999,13% producednoncoagulatingmilk (TYRISEVÄ et al.1999b).
Becausesuchmilk is poorlysuitedfor cheeseproduction(III), it is importantto establishthe
factorscausingit, andto seekmeansto decreaseits occurrence.

6.1.1 Effect on other dairy traits

Thegeneticcorrelationbetweencurdfirmnessandmilk yield waslow (Table3), which was
observed also in OLOFFS et al.(1992),and in a sampleof 4600FAy cows (TYRISEVÄ et
al.2000).As aconsequence,directselectionfor MCPmayhavenosignificanteffectonmilk
yield, or on proteinandfat yields, which stronglycorrelatewith milk yield (TORNIAINEN

1991,ALBUQUERQUE et al.1995).
Even thoughproteincontentandcaseincontenthave beenshown to have a favourable

phenotypiceffect on milk coagulationability (PAGNACCO and CAROLI 1987, VAN DEN

BERG etal.1992,PaperI), theestimatesof thegeneticassociationsbetweenthesecharacter-
isticshave beeninconsistent(Table3). In II, high proteincontentof milk wasunfavourably
correlatedwith curd firmness,whereasno clearassociationexistedbetweenthesetraits in
OLOFFS et al.(1992)or in TYRISEVÄ et al.(2000). In L INDSTRÖM et al.(1984),high pro-
teincontentcorrelatedfavourablywith milk coagulationtime.

Even thoughproteincontentof milk, which correlatesstronglywith caseincontentof
milk (HAYES etal.1984),wasnotassociatedwith MCPin OLOFFS etal.(1992),highcasein
contentof milk correlatedwith favourableMCP in OLOFFS et al.(1992)(Table3). In TYRI-
SEVÄ et al.(2000),no strongcorrelationexistedbetweenMCP andcaseincontent.It is thus
unclearhow breedingfor well-coagulatingmilk would affect theproteincontentandprotein
composition.

No reliableestimatefor the geneticcorrelationbetweencurd firmnessandsomaticcell
count of milk was obtained(Table 3), whereasin TYRISEVÄ et al.(2000), curd firmness
correlatedunfavourably with high somaticcell count. In L INDSTRÖM et al.(1984), milk
coagulationtime did not correlatewith udderhealth.pH of milk, which correlatespositively
with somaticcell count,wasnegatively correlatedwith milk coagulationability (Table3),
a fact observedalsoby L INDSTRÖM et al.(1984),OLOFFS et al.(1992),andTYRISEVÄ et
al.(2000).Consequently, selectionfor MCP shouldhave only a weaklyfavourableeffect on
udderhealth.

In thisthesis,geneticassociationsbetweenMCPandcharacteristicsthatdescribethesize,
conformation,andfertility of dairy cows werenot estimated.In addition,no estimatesfor
theseassociationsseemto exist in theliterature.
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6.1.2 Measurementfor MCP

Geneticimprovementof MCP by selectionrequiresreliablemeasurementof MCP for the
animalsin a breedingpopulation.

In Finland,72% of the 380000dairy cows arein includedmilk recording,and75% of
thesecows areFAy cows (Associationof RuralAdvisory Centres1998). Consequently, the
breedingpopulationof the FAy consistsof about200 000 animals,and that of the FFr of
about70000animals.

Thecapacityof thecurrentmilk coagulationmeters(Formagraph,FossElectricA/S, and
CRM48, Polo Trade,Monselice,Italy) to measureMCP is about200samplesa day. Such
instrumentsarethusunsuitablefor routinemeasurementof MCPin milk recording,in which
variousdairy traits aremeasuredseveral timesduring lactation. Further, productionof the
Formagraphinstrumentendedseveral yearsago. The CRM48 instrumentcould, however,
beusedto measureMCP for a limited numberof animals,e.g.,bull damsanddaughtersof
youngAI-bulls.

Bull dams. About800cowsarechosenasbull damcandidateseveryyear. Measurement
of MCPfor thesecows threetimesduringlactationwould thusmeanseveralthousandmeas-
urementsa year. Becausewide variationexistsin MCP betweenherds,andbecauseof other
systematicenvironmentalfactors(II, III), MCP shouldbe measuredalsofor herdmatesof
thebull dams.

Young AI-b ulls. In Finland, about220 FAy and about70 FFr bull calvesare chosen
asAI-bull candidatesevery year. Becausesome20% of thesecandidatesarediscardedfor
variousreasons(e.g.,growth andthe quality of semen)beforeinseminations,about200of
thesebulls will beprogeny tested.

For a well-inheritedtrait, recordsfrom about50 daughtersshouldbeadequatefor a reli-
ablegeneticevaluationof anAI-bull. To obtainbreedingvalueestimatesfor MCPfor young
AI-bulls, milk samplesof about10000 daughtersand of their herd matesshouldthus be
measuredfor MCPannually.

Consequently, to obtainbreedingvalueestimatesfor MCP for bull damsor youngAI-
bulls, or both,afew CRM48instrumentswouldbesufficientfor all necessarymeasurements.

6.2 Selectionfor associatedcharacteristics

6.2.1 Dairy traits

Basedon theresultsin II, andin L INDSTRÖM et al.(1984),OLOFFS et al.(1992),andTYR-
ISEVÄ et al.(2000),noneof the routinely recordeddairy traits canbe utilised to indirectly
improveMCP.

Even thoughthe geneticassociationbetweencaseincontentandcoagulationability of
milk in the FAy is weak(TYRISEVÄ et al.2000),caseinis importantin cheeseproduction
(POLITIS andNG-KWAI-HANG 1988aand1988b).Consequently, eventhoughbreedingfor
high caseincontentmay have no strongeffect on MCP, it mayyet improve the usabilityof
milk in cheese-making.

Theunfavourableassociationbetweenhigh pH andcoagulationability of milk indicates
thatbreedingfor low pH of milk mayimproveMCP. BothpH andcaseincontentof milk are
ratherwell-inheritedtraits(II), sogeneticimprovementof thesepropertiesmaybepossible.
At themoment,routinemeasurementof thesetraitsin milk recordingis,however, impossible.
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6.2.2 � -caseinpolymorphism

Even thoughthe � -caseinA � allele in the FAy and the rare � -caseinB allele in the FFr
wereassociatedwith somewhatbetterMCPthanweretheotheralleles,theeffectof � -casein
polymorphismon thesepropertieswassmall (Table4). Selectionbasedon � -caseinpoly-
morphismto improve MCP is thusunjustified. Further, selectionfor the � -caseinA � allele
would have an unfavourableeffect on milk andproteinyields. A favourableeffect of the
� -caseinB alleleonMCPwasreportedalsoby PAGNACCO andCAROLI (1987)andLODES

etal.(1996a).

6.2.3 � -lactoglobulin polymorphism

� -lactoglobulin genotypeshadno strongeffect on MCP (Table4), a fact observed alsoby
TERVALA et al.(1983, 1985), PAGNACCO and CAROLI (1987), and VAN DEN BERG et
al.(1992). In LODES et al.(1996a),the � -lactoglobulin B allelewas,on thecontrary, asso-
ciatedwith themostfavourableMCP, andin SCHAAR et al.(1985)with themostfavourable
cheese-makingproperties.

Selectionfor the � -lactoglobulin B allele may, however, have a favourableeffect on
cheese-makingpropertiesthroughits favourableeffect on fat content(V, VI), caseincon-
tent (I), andcaseinnumber(I). Becausethe � -lactoglobulin B allele is very commonin the
FAy (V), favouringthis allelein selectionwould,however, beimpracticalin thisbreed.

The favourableeffect of the � -lactoglobulin B allele on fat contenthasbeenobserved
alsoby NG-KWAI-HANG et al.(1984),ALEANDRI et al.(1990),BOVENHUIS et al.(1992),
and ORTNER et al.(1995), and on caseincontentor caseinnumberor both by MCLEAN

et al.1984,SCHAAR et al.(1985),NG-KWAI-HANG et al.(1986),LODES et al.(1997),and
LUNDÉN et al.(1997).

6.2.4 � -caseinpolymorphism

Effect on MCP. The � -caseinB allelehada favourableeffect on MCP in I andII, in which
ananimalmodelwasusedto estimatetheeffectof milk proteinpolymorphismontheseprop-
erties(Table4). Thefavourableeffect of the � -caseinB alleleon MCP is thusapparentalso
afteradjustmentof theeffectof this allelefor thepolygeniceffects.Breedingfor favourable
MCP shouldthus be possibleby favouring the � -caseinB allele. By currentDNA-based
techniques,genotypingof animalsof bothsexesandof all agesfor milk proteinsis possible.
Milk proteingenotypescouldthusbeeasilydeterminedfor bull damandAI-bull candidates
amongFinnishdairy cattle.

The favourableeffect of the B allele hasalsobeenreportedin several otherstudies,in
which the leastsquaresprocedurewas used(TERVALA et al.1983, SCHAAR 1984, TER-
VALA et al.1985,MARZIALI andNG-KWAI-HANG 1986,AALTONEN andANTILA 1987,
PAGNACCO andCAROLI 1987,DAVOLI et al.1990,VAN DEN BERG et al.1992,WALSH et
al.1995,andLODES et al.1996a).

The � -caseinE allelehadthemostunfavourableeffectonMCP(I, II), afindingobserved
alsoof LODES et al.(1996a).Anothermeansof improving MCP is thusto selectagainstthe
� -caseinE allele.

In theFFr, the � -caseinB allelewasmorefrequentandtheE allelerarerthanin theFAy
(Table2). Onepossiblereasonfor thedifferencein MCP betweenthesebreedsmaythusbe
thedifferencein thefrequency of the � -caseinalleles.
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T
�
able� 4: Main associationsof � -casein,� -casein,and � -lactoglobulin ( � -LG) alleleswith

coagulationandcompositioncharacteristicsof milk andwith milk-productiontraits. � in-
dicatesfavourableeffect on a trait, – unfavourableeffect, and � indirect effect becauseof
linkagedisequilibriumbetween� -caseinand � -caseinalleles. Any associationwithin par-
enthesesindicatesa possibleeffect of theallele,andlack of a sign indicatesno effect of the
allele.

� -casein � -casein � -LG

Trait A � A � A B E A B Paper
Curdfirmness,mm � – I
Curdfirmness,mm ( � ) (–) – � – II
Curdfirmness,mm ( � ) (–) – � – III

Milk yield, kg II
Milk yield, kg – � � � � – V, VI
Proteinyield, kg – � � � � – V, VI

Fat content,% II
Fat content,% � – – � V, VI

Proteincontent,% II
Proteincontent,% � – V, VI

Caseincontent,% – � I
Caseinnumber, % – � I
� -caseincontent,g/l � I

Becausethe � -caseinalleleswerenot associatedwith noncoagulationof milk (I, II), se-
lectionfor thesealleleswould probablynot alter theproportionof thecows producingmilk
with this defect.Basedon therelationshipsobservedbetweenthe individual cows thatpro-
ducenoncoagulatingmilk (II), it is, however, probablethat other loci are involved in this
phenomenon.

Effect on milk-pr oduction traits . That the � -caseinB allele alonehasno significant
effectonmilk, protein,or fatyields(V, VI) wasobservedalsoby MCLEAN etal.(1984),L IN

etal.(1986),ALEANDRI etal.(1990),BECH andKRISTIANSEN (1990),NG-KWAI-HANG et
al.(1990),BOVENHUIS et al.(1992),TAHA andPUHAN (1993),RON et al.(1994),ORTNER

et al.(1995),andSABOUR et al.(1996). Accordingto L IN et al.(1989),VAN EENENNAAM

andMEDRANO (1991),andMAO et al.(1992),the � -caseinB allele is associatedwith high
milk yield, and,accordingto NG-KWAI-HANG et al.(1984),with highproteinyield.

Becausethe � -caseinB allelewasin linkagedisequilibriumwith the � -caseinA � allele,
andthelatterhadaclearlyunfavourableeffectonmilk andproteinyields(V to VI), selection
for the � -caseinB allele to improve MCP would in mostcaseshave an unfavourableeffect
on milk andproteinyields.This factwould discourageselectionfor theB allelein theentire
dairy population. Becausethe � -caseinE allele is also in linkagedisequilibriumwith the
� -caseinA � allele (V), selectionagainsttheE allelewould insteadhave a favourableeffect
bothon MCP, andon milk andproteinyieldsandproteincontentof milk.
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The unfavourableeffect of the � -caseinA � allele on milk and protein yields and the
favourableeffectof thisalleleon fatcontent(V to VI) hasbeenreportedin someof theother
studies(NG-KWAI-HANG et al.1984,L IN et al.1986,BECH andKRISTIANSEN 1990,NG-
KWAI-HANG etal.1990,ORTNER etal.1995,VELMALA etal.1995),but not in ALEANDRI

etal.(1990),andL IN et al.(1989).
Findingsconcerningtheeffectof � -caseinpolymorphismonproteincontentof milk were

inconsistent;the � -caseinB allele wasassociatedwith high proteincontent,and the E al-
lele with low proteincontentin studieswith large data(V to VI), but not with lessdata(I,
II). Favourableeffect of the � -caseinB allele on proteincontenthasbeenobservedalsoin
VAN EENENNAAM andMEDRANO (1991),BOVENHUIS etal.(1992),MAO etal.(1992),and
BOVENHUIS andWELLER (1994),but not in SCHAAR et al.(1985)or LODES et al.(1997).

Thefavourableeffectof the � -caseinB alleleon � -caseincontent(Table4), whichpartly
explainedthefavourableeffectof thisalleleonMCP(I), hasbeenreportedalsoby MCLEAN

et al.(1984), KROEKER et al.(1985), NG-KWAI-HANG et al.(1987), VAN DEN BERG et
al.(1992),LODES et al.(1996b),andBOBE et al.(1999). Otherpossiblecausesfor thedif-
ferencesin MCPbetweenthe � -caseinallelesarecaseinmicellesize,citratecontent,calcium
content,andelectriccharge (SCHAAR 1984,PAGNACCO andCAROLI 1987,POLITIS and
NG-KWAI-HANG 1988c,VAN DEN BERG et al.1992,andLODES et al.1996b).

Effect on other dairy traits . In additionto high proteinandfat production,thecurrent
breedingobjectivesof theFinnishdairycattlearegoodfertility andudderhealth.Milk protein
genotypeshadno significanteffect on suchheifer andfirst-lactationreproductiontraits of
FAy cows (RUOTTINEN et al.1998).Effectsof caseingenotypeson udderhealthof FAy and
FFr cows have not yet beenestimated.Accordingto ATROSHI et al.(1982), � -lactoglobulin
polymorphismin theFAy hadnoeffecton milk somaticcell count.

Frequenciesof the � -caseinB and E alleles. In additionto its linkagedisequilibrium
with the � -caseinA � allele, the rarity of the � -caseinB allele in Finnishdairy cattlewould
restrict selectionfor it. For example,basedon the frequenciesof the � -caseinalleles in
the FAy (V), 30 bulls (14%) of 220 FAy candidateAI-bulls would be heterozygousfor the
� -caseinB allele, and only 2 bulls (1%) homozygousfor it. Among 500 FAy bull dam
candidates,the correspondingnumberswould be 70 and5. Pre-selectionof AI-bull or bull
damcandidatesbasedon the � -caseinB allelewould thusbedifficult.

On theotherhand,if onewereto seek220FAy AI-bull candidatesand500FAy bull dam
candidatesthatcarriedat leastonecopy of the � -caseinB allele,about1600bull calvesand
3500bull damcandidatesshouldbeselectedfor milk proteingenotyping.This would result
in a decreasein the quality standardsandin the selectionintensityof the breedinganimals
for theothertraitsincludedin thebreedinggoal.

Becausethe � -caseinE allele is rathercommonin theFAy (IV), thepotentialexists for
geneticimprovementof MCP in this breedby selectionagainsttheE allele. In theFFr, the
� -caseinE alleleis ratherrare,soselectionagainstit wouldhaveasmalleffectonthesetraits.
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7 CONCLUSIONS AND IMPLICA TIONS

Accordingto thefindingspresentedin I to VI, geneticimprovementof MCPis awell-justified
meansto increasetheefficiency of cheeseproduction.Improvementof MCP is possibleby
selectionof breedinganimalsfor thesetraitsor for propertiesassociatedwith them(Figure
4).

-casein polymorphism,
B and E alleles

Milk-coagulation proper ties
(bull dams, young AI-bulls)

-casein
content

Protein content,
casein content,
fat content

Noncoagulating
milk

Milk yield,
protein yield

CHEESE YIELD,
COMPOSITION OF CHEESE,
COMPOSITION OF CHEESE WHEY

Genetic and
environmental
factors ?

-casein
polymorphism,
A1 and A2 alleles

-lactoglobulin
polymorphism,
A and B alleles

Breed Linkagedisequilibrium

Figure4: Diagramof establishedinterrelationshipsbetweenmilk proteinpolymorphisms,
MCP, milk-productiontraits, compositionof milk, andcheese-makingproperties(I to VI).
Characteristicsusefulin geneticimprovementof milk-coagulationor cheese-makingcharac-
teristicsor bothin boldface.

Becausemeasurementof the threeMCP, R, K ��� andE��� (Figure1), 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
an importantgroupof animalsin the dairy population: bull damsanddaughtersof young
AI-bulls (Figure4).

Becausenoneof theroutinelyrecordeddairy traitsstronglycorrelatewith MCP, breeding
for thesetraitsdoesnot markedlyaffect MCP. Becauseof their importantrole in thecheese-
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making process,breedingfor high caseincontentand fat contentcould, however, have a
favourableeffect.

The � -caseinalleleshave a cleareffect on coagulationproperties,proteincomposition,
andcheese-makingpropertiesof milk (Figure 4). Becauseof the rarity of the favourable
B allele, andlinkagedisequilibriumbetweenthe � -caseinB allele and � -caseinA � allele,
selectionfor theB allelein theentireFinnishdairy cattlewould becomplicated.

The � -caseinE allele,which is rathercommonin theFAy, is associatedwith poorMCP
andlow proteincontent,and,becauseof thelinkagedisequilibriumbetweentheE alleleand
� -caseinA � allele,alsowith low milk andproteinyields. Selectionagainstthis allelewould
thushavea favourableeffectbothonMCPandon importantmilk-productiontraits.Because
it is possiblethat geneslinked to the caseinloci affect milk yield and protein contentof
milk (VI), it would, however, be importantto try to locatethesegenesandto estimatetheir
influenceon selectionbasedon � -caseinpolymorphism.

Noncoagulatingmilk, whichwasnotassociatedwith milk proteinpolymorphismor com-
positionof milk, hadanunfavourableeffectoncheese-makingproperties.Theenvironmental
andgeneticfactorscausingnoncoagulationof milk shouldbeestablished.

In conclusion,at present,informationon breedingvaluesfor MCPandon � -caseinpoly-
morphismfor youngAI-bulls andbull damscouldbeusefulin geneticallyimproving MCP
in Finnishdairy cattle. Although suchinformationwould not serve asan official selection
criterionof theseanimals,it couldbemadeavailableto farmerswhoprovidemilk for cheese
production,eitherat their own farmsor at acommercialcheeseplant.

7.1 Suggestionsfor futur e study

Thefindingspresentedin I to VI give anevaluationof thecurrentpossibilityof genetically
improving MCP. Additional informationaboutMCP, andaboutthefactorsaffectingthemis,
however, necessaryto gaina morecompletepictureof thesepropertiesandof how to breed
for them.

� Thecapacityof thecurrentmilk-coagulationmetersis insufficient for measuringMCP
for all cows in milk recording.Developmentof equipmentfor this purposemaythus
beworth considering.

� Theassociationbetweencoagulationandcheese-makingpropertiesof milk shouldbe
studiedbasedon milks from several herds(e.g., thoseproviding milk for a cheese
plant). It would thusbe possibleto estimatein moredetail the associationbetween
the MCP and efficiency of cheese-making,and the economicadvantageof genetic
improvementof MCP.

� To decreasetheoccurrenceof noncoagulatingmilk in theFAy, thehypotheticalgenetic
factorscausingit mustbediscovered.

� To fully understandtheeffect of milk proteinpolymorphismon MCP andmilk-prod-
uctiontraits,theassociationbetweengeneticproteinpolymorphismandexpressionof
themilk proteingenesneedfurtherstudy.

� Reasonsfor differencesin MCP betweenthetwo mainFinnishdairy breedsshouldbe
established.
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� Effectsof milk proteingenotypesonsize,conformation,health,andmanagementtraits
shouldbestudiedto gainacompletepictureof theeffectof milk proteinpolymorphism
on dairy traits.

� Althoughtheeffect of utilising informationon � -caseinpolymorphismin selectionof
breedinganimalsfor dairy productionhasbeenestimatedin a few studies(GIBSON

et al.1990,PEDERSEN 1991,L IN et al.1992,BOVENHUIS and DE BOER 1994,and
PABST 1997),advantagesanddisadvantagesof usingthis informationandalsoinform-
ationon MCP in theselectionof Finnishdairy animalsneedto beestimated.
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