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ABSTRACT

Increasedplasminand plasminogenlevelsandelevatedsomaticcell
counts(SCC)andpolymorphonuclearleucocytelevels(PMN) wereevidentin
late lactationmilk. Compositionalchangesin thesemilks wereassociatedwith
increasedSCC. Thequality of late lactationmilks wasrelatedto nutritional
statusof herds,with milks from herdson a high planeof nutrition having
compositionandclottingpropertiessimilarto, orsuperiorto, early-midlactation
milks. Nutritionally-deficient cows had elevated numbers of
polymorphonuclearleucocytes(PMNs) in their milk, elevatedplasminlevels
andincreasedoverall proteolyticactivity. Thedominanteffectof plasminon
proteolysisin milks of low SCCwasestablished.Whenpresentin elevated
numbers,somaticcellsandPMNsin particularhadamoresignificantinfluence
on the proteolysisof both raw and pasteurised milksthan plasmin. PMN
proteaseaction on the caseins showedproteolysisproductsof two specific
enzymes,cathepsin8 andelastase,which werealsoshownin high SCCmilk.
Crudeextractsof somaticcellshada high specificityon asI-casein. Cheeses
madefrom late lactation milks had increasedbreakdownof asI-casein,
suggestiveof the actionof somaticcell proteinases,which may be linked to
textural defectsin cheese. Late lactationcheesesalso showeddecreased
production of small peptidesand amino acids, the reasonfor which is
unknown. Plasmin,which is elevatedin activity in late lactation milk,
acceleratedthe ripening of Gouda-typecheese,but wasnot associatedwitli
defectsof textureor flavour. Theretentionof somaticcell enzymesin cheese
curd was confirmed,and a potential role in productionof bitter peptides
identified. Cheesesmadefrom milks containinghigh levelsof PMNs had
acceleratedasI-caseinbreakdownrelativeto cheesesmadefrom low PMN milk
of the sametotal SCC, consistentwith the demonstratedaction of PMN
proteinases.Thetwo typesof cheeseweredeterminedsignificantlydifferentby
blindtriangletesting.
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INTRODUCTION AND OBJECTIVES

In the FoodTechnologyDepartmentat University CollegeCork, attemptsto
developa semi-softsurfaceriPenedcheeseconsistentlymetwith difficulties in cheese
quality whenmilk from collegecreamerysupplierswasusedafter mid-Septemberof
eachyear. This correspondedto the time whenmostsuppliersmilk consistedof late
lactationmilk. Cheesedefectsencounteredincludeda bitteror sharpflavour andsoft
pastytexture,arisingfrom elevatedcheesemoisturecontentandexcessiveproteolysis
duringriPening. Preliminarywork showedthatplasminlevelsandsomaticcell counts
(SCCs)wereelevatedin themilk atthis timeandsomeexperimentalcheesesweremade
from milks to which both componentshad beenaddedseparately. Elevatedmilk
plasmin levelsdid not producedefectsin the cheesebut additionof somaticcells,
recoveredcentrifugallyfrom mastiticmilk, gaveextremelypoorquality cheese.The
purposeof theprojectdescribedin this thesiswasto exploretherelationshipsbetween
somaticcellsandplasminin milk, Particularlyin latelactationmilk, andto evaluatethe
role of thesetwo sourcesof proteolyticactivity in milk in cheesemanufactureand
riPening.

Seasonalvariationin thequalityof milk andcheeseplacesa majorconstrainton
theIrish dairy industry,andhasarisendueto a traditionof cowsbeingcalvedin spring
to takeadvantageof the summergrassgrowingseasonfor low-costmilk production.
This hasresultedin a Peak-to-troughratio of 15:1 betweensummerandwinter milk
production,with wintermilk goingmainly for liquid consumption. Thissituationhas
led to a nearcompletedePendenceon long shelf-lifecheesevarieties,suchasCheddar,
andtheneedsof theIrish dairy industryto comPetein EuropeanmarketsarehamPered
by thepoorquality of late lactationmilk. This,alongwith EC regulationsconcerning
maximumSCClevelswhicharebeingregularlyrevised,meansthattheissueof quality
of latelactationmilks andtheinfluenceof somaticcellsonquality isof greatinterestto
Irish dairy producersandfarmersalike.

Milk plasminactivity is elevatedin late lactationandhigh somaticcell count
milk (Politis et al., 1989a,b;Benslimaneet al., 1990)andhasbeenassociatedwith
decreasedsynereticproPertiesof milk (Donnelly et al., 1984;Okigbo et al., 1985).

However,it hasmore recentlybeenshownthat elevatedplasminactivity doesnot
impairmilk clottingproPerties(Pearseet al., 1986;Bastianet al., 1991)anddoesnot
lead to quality defects in Cheddarcheese(Farkye and Fox, 1991; Farkye and
Landkammer,1991). This suggeststhatthe sourceof undesirableproteolyticactivity
in latelactationmilk andcheesemaybethelysosomalproteinasesof somaticcells.

The presenceof more thanoneproteinasein normal milk wassuggestedby
Andrews(l983a). The presenceof a numberof proteinasesin mastitic,high SCC
milk, wasshownby Andrews(l983b)andalthoughtheproportionaterolesof plasmin
andnon-plasminproteinasesin thesemilks wasdisputed(Barry andDonnelly, 1981),
it is acceptedthatasSCCincreases,the relativecontributionsof somaticcell enzymes
to proteolysiswill increase.An acidproteinase·similarto cathepsinD hasbeenisolated
from normalmilk (KaminagowaandYamauchi,1972b,Larsenet al., 1993)andtwo
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cysteineproteinaseshavebeenisolatedfrom mastiticmilk (SuzukiandKatoh, 1990).
Theorigin of boththeseenzymesis believedto besomaticcells,whicharealsoknown
to bethesourceof acidphosphatasein milk (Andrews,1f/76).

Leucocytesfrom bovinebloodwereshownto havea limited actionon caseins
by GrieveandKitchen(1985),but furtherwork by Verdi andBarbano(1988, 1991b)
hasshownfirstly thatmilk somaticcellshavehigherproteolyticactivity thantheirblood
counterpartsandsecondlythat milk leucocyteshaveconsiderableactionon caseins
undermilk andcheese-likeconditions.Theseproteinaseswereshownto beresistantto
pasteurisation(Senyket al., 1985; Verdi and Barbano,1988) and DeRhamand
Andrews(1982) statedthat proteinaseswill survivecheesemakingconditionsand
continueto act during cheesematuration,almostcertainly with harmful effectson
cheeseflavour and texture. The lysosomalacid proteinase,cathepsin0, has a
specificityon ast-caseinsimilar to thatof chymosinandmayactsynergisticallywith
chymosin(Kaminagowaet al., 1980; McSweeneyet al., 1995). However, the
interactionsandrolesof somaticcell proteinasesandplasminin milk proteolysishave
notbeenfully elucidatedandtheexactactionsof specificsomaticcell proteinases,other
thancathepsin0,onmilk andcheeseproteolysisareunknown.

Somaticcell countsin bovinemilk areknown to beelevatedin late lactation
(Emanuelsonet al., 1989)and suchmilk is associatedwith increasedrennetclotting
times,decreasedsynereticproPertiesandhighcheesemoisture(O'Keeffeetal., 1979;

O'Keeffe,1984;LuceyandFox, 1992). High seemilks arelikewiseassociatedwith
poor cheesemakingpropertiesof milk (Bros and Jaartsveld,1f/7 1; Grandisonand
Ford, 1986; Politis and Ng-Kwai-Hang, 1988). However it has been recently
hypothesisedthatthecheesemakingfunctionalityof latelactationmilk maybeimproved
by selectingherdson a high planeof nutrition (Lucey andFox, 1992;Kefford et al.,
1992), but the effects of such improved husbandrypracticeson milk seeand
enzymologyhavenotbeendescribed.

Andrews(1983b)suggestedthat the identity of the cellsmakingup the total
somaticcell populationin milk wasimportantin determiningtheproteolyticactivity in
the milk. Normal milk containsapproximately12% polymorphonuclearleucocytes
(PMNs), 28% lymphocytesand60% macrophages(Burvenichet al., 1995) but on
mastiticinfection,thereis aninflux of PMNsandthesecellssoonrepresent95%of the
total population(SaadandOstensson,1990). It is knownthat thedifferentcell tyPes
possessdifferent proteolytic enzymes(Verdi and Barbano,1991b) and thus the
differentialcell countmayplayarolein determiningthenatureof theproteolyticactivity
in milks. O'Sullivanetale (1992)developedanenzyme-linkedimmunosorbentassay
(EUSA) techniquefor measurementof PMN antigenin milk, for usein earlydetection
of subclinicalmastitis,andfounda highcorrelationbetweenmilk seeandPMN level
(0.94). However, when applied to a large study of bulk tanks (Joyce,Personal
communication)a low correlation(0.50) wasfound with bulk tanksof similar total
seesshowingapparentlygreatlydifferent levelsof PMNs. With differentcell tyPes
possessingdifferentproteolyticactivities,it wasthoughtpossiblethatthesemilks may
givecheesesofdifferentriPeningproPerties.
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Theobjectivesof this work, basedon theabovebackground,wereasfollows.

1. To examinethe compositionalandenzymaticproperties(somaticcell count,
PMN levels andplasminactivity) of normal,mastiticandlate lactationmilks andto
determinethe influencesof thesefactorson proteolysisin raw andpasteurisedmilk.
Therearethreepartsto thiswork

(i) Examinationof theeffectsof seasonalandlactationalfactorsonscein
a rangeof milks from individual cows
(ii) Examinationof the influenceof thesetwo factorsplussceon PMNs,
plasminandplasminogenin thesamemilks
(iii) A studyof the relationshipsbetweenseasonality,sec,PMN level and
plasminactivity, andmilk compositionandproteolysis

2. To examinethelevels andProductsof Proteolysisin milks of a rangeof SCCs.
To investigatetheproteolyticspecificityof purifiedandcrodesomaticcell proteinase

preparationsoncaseinsandcomparetheproductsto thosefoundin milk.

3. To studythe effectof planeof nutrition on somaticcells,PMNs,plasminand
proteolysisin milk in a joint studywith Teagasc,Moorepark,andto investigatethe
influenceof dietary restrictionsand poor husbandrypracticeson the quality and
functionalityof latelactationmilk, with referenceto proteolyticactivity.

4. ToexaminethecoagulationandripeningpropertiesofDutchcheesesmadefrom
milks of variousSCCs,from herdsat variousstagesof lactationsThis areawasto be
examinedin threeways

(i) Examinationof thecompositionandcoagulationpropertiesof bulk milk
samplesfrom herdsatdifferenttimesof theyear
(ii) Preparationandanalysisof small-scalecheesebatchesmadefrom milks
of differentsecsandstagesof lactation
(iii) Examinationof the ripeningproperties(chemicalandorganoleptic)of
Goudacheesesmadeonapilot scalefrom early,mid andlatelactationmilks

5. To establishthe effect of elevatedcheesemilkplasmin levels on ripening
propertiesof Goudacheeses.Cheeseswerealsoto be madein which the only active
proteolytic agentswere the indigenousmilk enzymes(somaticcell enzymesand
plasmin).Normal andmastiticmilks wereto be used,and the activitiesof the milk
enzymeson proteolysisin this system,ata rangeof pHs,determined.

6. TheripeningcharacteristicsofGouda-typecheesesmadefrom milksof thesame
total scebutdifferentlevelsof PMNswereto becompared.
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Much of the proteinaseactivity (in mastitic milk) will survive

cheesemakingconditionsandcontinueto actduringcheesematuration,

almostcertainly with harmful effectson cheesequality in termsof

textureandflavour,buttheseasPectsremainto beinvestigatedin detail.

deRhamandAndrews(1982)

Proteasesassociatedwith elevatedsomaticcell countswill damageraw

milk quality uponstorage,pasteurisedfluid milk overshelf-life, and

milk duringcheesemaking.

Senyketale (1985)

Proteaseactivity at low pH by enzymespresentin cells isolatedfrom

milk may causecaseinproteolysisduring cheeseageing if these

proteasesareretainedin cheeseduringcheesemanufacturing.

Verdi andBarbano(1991)

However, unlike small moleculesor enzymesother than protease,

proteaseis anessential,but not additive,indicatorof mastitis,because

proteolytic action on tissuesis fundamentally important in the

pathogenesisof inflammation.

SuzukiandKatoh(1992)
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Chapter1

Seasonalityandcheesemanufacture

1.1. SeasonalityandtheIrish Dairy Industry

1.1.1. Introduction

The history of Irish cheesemakingcan be tracedback as far as the earliest
availabledocumentarysources,with a reportedattempton the life of SaintPatrickwith
poisonedcurd, andQueenMaevereputedlyhavingbeenkilled by a pieceof pressed
curd hurledfrom a sling (Foley, 1993). As well as usesas a weapon,cheesealso
developedasa foodstuff, andwas regardedasa partof theeverydaydiet of the Irish
through the middle ages,with exportationbeginningin the 15th century. In 1902,
training coursesand trials were carried out in the manufactureof Cheddar and
Caerphillycheeses,with two hundredcreameriesbeinginvolved in cheesemanufacture
by 1919,mostlyfor exportto England. The next40 yearswere relativelydormantfor
the industry, with manufacturedominatedby Cheddar,andsmall amountsof Gouda,
Gruyere,Caerphillyandprocessedcheese. In 1960a growth and developmentphase
began, involving amalgamationof small co-operativesinto dairy companiesand
establishmentof largefactories. In 1992Irish cheesemanufacture,primarily Cheddar,
stoodat77,000tonnes(Foley, 1993).

Oneof the main problemsfacing the Irish cheeseindustry is seasonality,with
the vast majority of cows being calvedin the spring and most of the milk is thus
producedduring the summermonths. This is to takeadvantageof the plentiful grass
supply for least cost milk production, resulting in a peak-to-troughratio of milk
productionof 9:1for manufacturingmilk and2:1 for liquid milk (Keane,1986). This
is in contrastwith mostcountrieswherecalvingoccursthroughouttheyear,resultingin
a relatively constantsupply of milk, with the possibleexceptionof New Zealand
(Phelanet al., 1982). The principal disadvantageof the Irish systemwith regardto
dairy productmanufactureis that, while suitablefor the productionof long shelf-life
productssuch as Cheddarcheese,increasingconsumerdemandfor short shelf-life
products, such as yoghurts, flavoured milks and soft cheeses,and a need for
diversification in cheeseproduct mix meansthat seasonalityplacesa considerable
constrainton the developmentof the Irish dairy industry. As a result of the

predominanceof spring-calvingcows,mostIrish wintermilk comprisesof latelactation
milk, which is associatedwith poorquality of dairy products(LuceyandFox, 1992).
Thus, manufacturingmilk is hugely influencedby seasonalitywhile bulk liquid milk
has a compositionintennediatebetweenthat of spring and autumn-calvingherds,
reflectingtheevencalvingpatternof thoseherdssupplyingtheliquid milk trade(Phelan
etaL.I982).

5



1.1.2. Thecompositionoflate lactationmilk

1.1.2.1.CHANGES IN PROTEINCOMPOSITION

Barry andDonnelly(1980)examinedthecompositionalparametersof milk from
spring calving and autumn calving herds of Friesian cattle, and found that overall
protein compositionwas similar for both herds, as were changesin late lactation.
These changeswere characterisedby an increase in y-caseins and unidentified
componentsanda decreasein B- and<ls- casein.Auctuationsin K-caseinproportions
were small, and slightly higherlevelswere recordedin early and late lactation.These
findings were broadly in agreementwith the findings of Daviesand Law (1fT17b) and
thesechangeswere attributedto the actionof plasminand differencesin the relative
ratesof proteinbiosynthesis.Therewas alsoa differencein <ls- caseinlevelsbetween
autumn- and spring-calving herd milks, which was ascribed to environmental
influenceson biosynthesis,such as temperature. Thesetrends were confirmed by
Donnelly and Barry (1983) who examined the composition of Irish milk for
manufacturingthroughouttheyear(seeFig. 1.1).

Phelanetale (1982)found thatlatelactationmilk had highertotal protein,whey
proteinandnon-proteinnitrogen(NPN) thanmid-lactationmilk, andlowerurealevels.
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Fil. 1.1 Variations throughout the year in proponions of individual casein
componentsin Irish milk for manufacturing.Data are for a single 12-monthperiod
exceptfor opensymbolswhich refrr to repeatanalysisin a subsequentyear (from
DonnellyandBarry, /983)
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Thechangeswereof a greatermagnitudein spring-calvedand manufacturingmilk than
in liquid milk or autumn-calvedmilks. Thecasein/totalproteinratioalsodroppedin late
lactation,dueto proteolysisby plasmin.Both seasonalandlactationalfactorsinfluenced
total protein level, with predominanceof the former, while proteosepeptonelevels,
indicativeof plasminaction,showeda clearlylactationaltrend. Increasedtotal protein
contentandlowercaseinnumbersin latelactationmilk werealsoreportedby Lucey and
Fox (1992)andBarbanoetaI. (1991). Donnellyet aI. (1984) isolatedcaseinmicelles

from milk and observedthat thoserecoveredfrom late lactation milk were smaller,
richerin Ca, Mg and P, and morehydratedthanthosefrom mid-lactationmilks. The
former milks werealsohigherin solublecasein,againpossibly due to the increased
actionof plasmin.

1.1.2.2.CHANGESIN NON-NITROGENOUSCOMPONENTS

Increasesin fat and decreasedlactosein late lactationmilk were reportedby
Dawsonand Rook (1974), PhelanetaI. (1982) and Lucey and Fox (1992), while the

former authorsfound clearseasonaltrends in free fatty acid (FFA) levels with the
highestlevelsin January. KeoghetaI. (1982)found markedseasonaltrendsin mineral
levels in Irish manufacturingmilk, with increasedlevels of Na, colloidal P, Ca
(colloidal,caseinateand ionic) and both colloidal and solubleMg and decreasedlevels
of solubleCa, K, soluble P and citrate. Thesechangeswere less pronouncedfor
autumncalvingherds,reflectingthe higherplaneof nutrition (summergrass)available
to thesecows in late lactation,comparedto the poor feeding regimesencounteredby
springcalvingcowsin latelactation,andthusit wassuggestedthattheprocessabilityof
late lactationmilk might be improved by raising the level of nutrition of the relevant
herdsat this time. The increasein sodiumand chloridein late lactationmilk resultsin
the drop in lactoselevelsreportedby Keogh etaI. (1982) and Phelanetal. (1982) as
this systemregulatesthe milk osmoticpressure. Late lactationmilk is also linked to
low titratableacidities and high pH (Phelan et aI., 1982; Lucey and Fox, 1992;
O'KeeffeetaI., 1982). Organoleptically,stageof lactationhasbeenlinked to flavour
scoreand the incidenceof feed, salty and metallic flavours, with thesebeing most:
pronouncedin earlylactation(KratzeretaI., 1967).

1.1.2.3.CHANGESIN PLASMIN LEVEL AND SOMATIC CELL COUNT

As describedabove,manyauthorsascribethe changesin caseincompositionin
latelactationmilk to elevatedactivityof thealkalinemilk proteinase,plasmin(Barry and
Donnelly,198);DonnellyandBarry, 1983).The latterstudy showedthat treatmentof
milk with porcineplasmininducedchangessimilarto thosefound in late-lactationmilk,
and by measuringthe breakdownof radiolabelledB-casein, they estimatedthat the
activity of plasminin late lactationmilk was almostdoublethat in mid-lactationmilk.
Richardson(l983b) useda syntheticsubstrateto measureplasmin levels in milk and
found plasminlevelsof 0.15,0.29and037mg plasminIL milk in early, mid and late
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lactationmilks respectively,and that the level of the inactive precursorof plasmin,
plasminogen,wasalsohighestin late lactationmilk. Increasedplasminactivity in late
lactationhasalsobeenreportedby Scharr(1985), Politis et ale (1989)and Benslimane
et ale (1990). At the otherendof the season,plasminand plasminogenlevels have
beenshownto droprapidlyafterparturition,with plasminogenlevelsquickly startingto

rise in early lactation, while plasmin levels remainedlow (Kaartinenand PyoraUi,
1989).

Theroleof thezymogen,plasminogen,in latelactationmustalsobe considered
as Korycka-Dahlet ale (1983) reportedthat the level of plasminin fresh milk was the
samein mid and late lactationmilk, but the levelsof plasminogenin the latterwere
twice that in the fonner, and thuson storageactivationof plasminogencould lead to
increasedplasminlevels.Politis et ale (1989)found that the plasminogen:plasminratio
halvedin latelactation,supportingthis theory of increasedplasminogenactivationin
latelactationleadingto increasedplasminlevels,asopposedto transferof moreplasmin
acrossthe mammaryepithelium.However, Benslimaneet ale (1990) found a slight
increasein plasminogen:plasminratio in late lactation, and the exact mechanismof
activationandits seasonalvariationremainsunclear.

Somaticcell count(SCC)hasalsobeenshown to rise in late lactationmilk by,
among others, Johnsonand Trudel (1933), Blackburn (1966), Emanuelsonet ale
(1988), WeverandEmanuelson(1989)and Barbanoet ale (1992). Emanuelsonet ale
(1988) alsoshowed that milk antitrypsin, a proteinaseinhibitor, increasedwith
advancinglactation.The influenceof increasedlevelsof somaticcellsand plasminon
dairyproductsarediscussedin chapters2 and3.

1.1.3. Cheesemakingandlate lactationmilk

Late lactationmilk from autumn-calvingherds was reported to yield high
moisturecheeseby Q'Keeffeet ale (1979). In 1982 Q'Keeffeet ale investigatedthe
factorsinfluencing seasonalvariationin milk functionalityfor cheesemakingandfound
that late lactationmilk had increasedrennetclotting time (R.C.T) and decreasedcurd
strengthandsyneresis.Thiswasmostpronouncedin springcalvingherds. This was
also found by Lucey and Fox (1992). Poor syneresisof curd was attributed to
proteolysisby plasminby Donnellyetale (1984), who treatedmilk with trypsin and
saw subsequentlyhigher moisturecontentsin Cheddarcheesemadefrom this milk.
Q'Keeffe(1984) found thatspring-calvingherd milk was more likely to give a high
moisturecheesethan autumn-calvingmilk, and that cheesemoisture was inversely
relatedto the nutritional stateand milk yield of the herd. The factors they associated
with high moisturein cheesewerehigh naturalmilk pH, reducedcaseinproportionand
elevatedsolublecaseincontent,all of which are factors associated withlate lactation
milk. FJevatedmilk pH reducesthe effect of the acid proteasechymosinin clotting
milk, and the low soluble caseinlevels found in late lactationmilk will effect the
second,non-enzymatic,phaseof rennetcoagulation(LuceyandFox, 1992). S-casein,
which is hydrolysedby plasminin latelactationmilk, hasbeenassociatedwith proPer
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syneresisof curd (Ali etal., 1980),possiblythroughhydrophobicinteractions(Lucey
andFox, 1992),and this proteolysismay alsoleadto increasedmoisturelevelsin late
lactationcheeses.Okigboetal. (l985a)found thatlatelactationmilk hadpoorclotting
proPerties,which they ascribedto high pH, plasmin action, increasedpresenceof
monovalentcations(such as sodium)and increasedpresenceof blood constituents.
They alsofound decreased lC-caseincontent,which will affectmicelleaggregationbut
thishasnotalwaysbeenfound in latelactationmilk (Barry andDonnelly,1982).

Improvementof the quality of cheesemadefrom late lactationmilk, and thus
extensionof thecheesemakingseasonin Ireland,is vital for the expansionof thedairy
industry. O'Keeffe(1984) proposedthatthis could be achievedby selectingmilk of
herds with high averageyields and normal pH and composition, with pH being
proposedasaparameterforselectionof suitablecheesemilks.Addition of calciumhad
little effecton rennetclotting time, but if 15% sodiumcaseinate(asproportionof total
casein)was addedandprovidedthereis sufficientavailablecalcium,normal R.C.T.s
maybeachieved(0'Keeffeetal., 1982). Rennetclotting timesmay alsobedecreased
by incofPOrationof denaturedwhey proteinfollowing high heattreatmentof milk, but
inferior quality cheeseresults (O'Keeffeet al., 1982). Late lactationmilk R.C.T.s
havebeenimprovedby calciumchlorideaddition, pH adjustment,increasingrennet
concentrationsandblendingwith mid-lactationmilk (LuceyandFox, 1992),but these
treatmentsdid not improvecurdfirmnessin earlY-sPringcalved herdswhich wereon a
poorqualitynutritionalplanein latelactation.By contrast,theseauthorsfound thatlate
lactationclottingProPertieswerefar sUPeriorin cowsfrom a herdon a higherplaneof
nutrition, which were dried off on a Yield basisand had lactoselevels consistently
above4%. Thepoorgel firmnessin the low nutritional-gradeherdappearedto bedue
to Protein damageby plasmin. Addition of calcium chloride improves clotting
proPertiesby increasingthe soluble calcium and reducing the pH, but excessive
additionwill retardcoagulation. In contrast,O'Keeffeetal. (1982) found that in late
lactationmilk additionof calciumchloridedid not improveR.C.T, unlesscaseinwas
alsosupplemented,whereasin early and mid-lactationmilk the effect of the calcium
was to reduceR.C.T. This may be due to an enzymaticas well as a chemical
componentto caseincoagulation,with plasmin action having renderedthe casein
unsuitablefor goodclotting, evenif supplementedwith calcium. However,PearseeI

al, (1986)found thatextensivehydrolysiswith plasmindid not altergel fonnationand
syneresisandthusthisarearequiresfurtherelucidation. Late lactationcheesesarealso
associatedwith high initial free fatty acid levels (O'Keeffe, 1984), which may be
associatedwith off-flavoursin cheese.

In summary,LuceyandFox (1992)suggestedthatnotall latelactationmilk was
unsuitablefor cheesemaking,as herds on a high nutritional plane, with improved
milking practicescan producemilk which is suitablefor processing. This is in
agreementwith the findings of Kefford et al. (1992) who reportedthat diet quality,
ratherthanstageof lactation,wasthe mainfactor influencingthefunctionalcapacityof
milk in Cheddarcheesemanufacture,with milk from cowson low-qualitydietsyielding
highermoisture cheesethan milk from cows on high-quality diets. Efficiency of
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conversionof milk solids to cheesewas greatestin late lactationcows offered high
qualitydiets.Thusit is possiblethatimprovementin thefunctionalityof cheesemilkcan
beaddressedby improvingthe quality of the cow diet at certaintimesof the year, and
thus seasonalcalving patternsmay not need to be changed. This has significant
consequencesfor theeconomicsof milk production.

1.2. Themanufactureandripeningof Dutch-typecheese

1.2.1.Introduction

Dutch-typecheesesconstituteone of the most important classesof cheese
producedin the world, with a tonnagecomparableto thatof Cheddar(Walstraet al.,
1987). Traditionally, thereare two main types of cheesemadein the Netherlands;

Gouda(which wasfirst referredto by namein 1697(Scott, 1986»andEdam,although
therearea numberof relatedminorvarietiessuchas Meshanger,Tilsiter, Maasdammer

andLimburger. EdamandGoudaarenamedafterthe villagesin which they originated
(Kosikowski, 1982). Dutch type varietiesare generallydefined by the following
characteristics(Walstraetal., 1987):

• Madefrom fresh,partiallyskimmedmilk (leadingto at least40% fat in thedry
matter (FDM) of thecheese,rangingin practicefrom 40-50%)

• Qottedby rennet
• Usestartersconsistingof mesophilicLactococciandLeuconostocswhich

generallyproduceCO2

• Havea watercontentin fat-freecheesebelow63%(typical range53-63%)

• Are pressedto obtaina closedrind
• Generallybrinesalted(to a final levelfrom 2-7%in moisture)andhaveno

essentialsurfaceflora

• Are atleastsomewhatmatured,andthushaveundergonesignificantproteolysis

Thesecheesesthus havea semi-hardto hard consistency,a smooth texture,
usually with small holes, and a flavour intensity which may vary widely (due to
differencesin starters,degreeof acidification,maturationconditionsetc.). Theflavour
is generallydescribedasmild andslightly nutty (Kosikowski, 1982). pH in thecheese
may be anywherefrom 5.0 to 5.6. The differencebetweenEdam and Gouda lies
predominantly in shape and size, with Gouda traditionally coming in large, flat
cylindrical loaves(4-12 kg) while Edamis an oblatesphereof about2 kg. Edamis
generallymaturedfor 6 weeks,and hasa lower fat contentand a shortertexture than
Gouda,which mayberipenedfor 6-60 weeks. TraditionallyEdamis coated with red
wax, while Goudais coveredin a yellow or siennacolouredplasticcoat.

The basicprincipleof manufactureof thesecheesesis cooking and frequently
washing rennetcurds, allowing little acid development,with curds being generally
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mattedunderwannwhey. Followingdrainage,the curdsarepouredinto characteristic
moulds, pressed,brine saltedand riPenedundera range of conditions, which are
describedin section1.2.2.2. Typicalcompositionof Goudacheeseis >48 % fat in dry
matter, 25-28% protein, 1.5-2.2 % saltand42-45% moisture. However,moisture
contentmayvary from 41.5%for blockGoudato 47%for smallloavesand53.0 % for
Gouda20+ (Lolkema,1993).

1.2.2. ManufactureofDutch-typecheeses

1.2.2.1. MILK SELECfION

Milk qualitymustbeexcellentfor themanufactureof Dutch-typecheeses,as the
high pH of riPeningis outsidethe optimum growth restriction action of lactic acid
againstspoilagebacteria(Kosikowski, 1982; Scott, 1986). Seasonaland lactational
variationsin clotting proPertiesand suitability of milk for cheesemakingaredealtwith
elsewherein this review. Geneticvariantsof milk proteinwill influencecheesemaking
proPertiesof milk, with the wc-caseinvariantAA giving a Goudacurd which is more
susceptibleto mechanicaldamageand increasedfat losses in the whey than that
preparedfrom milk containingvariantAB or BB (van der Berg et al., 1992). These
authorsalsoreportedthat8-lactoglobulinvariantB correlatedwith increasedconversion
of milk protein to cheese,and thus thesefactors may be consideredwhen selecting
cheesemilks.Milks to be storedfor long Periodsbeforecheesemakingare frequently
given a mild heat treatment(thermisation,around 10-15 sec at 63-6SOC) to kill
psychrotrophicorganismswithoutgreatlyalteringthe milk. Prior to cheesemakingthe
milk is thenHTST pasteurised(72.5°Cfor 15sec). A third treatmentsometimesfound
in Dutch cheesefactoriesis bactofugation,where high speedcentrifugationremoves
bacteria(including spores)from the milk in a sedimentwhich is UHT treatedand
returnedto the milk, which enhancesthe microbiological quality of the milk even
further. The milk is frequentlystandardisedto yield the desiredFDM in the cheese,
with 1.6% milkfat yielding a FDM of 30% and 3.0% milkfat giving a FDM of 45%
(Scott, 1986). Standardisationon a casein/fatbasisto a final ratio of 0.65-0.75has
alsobeenreported(Kanawjiaetal., 1991).

Permittedadditives to the milk may include calcium chloride (to speed up
syneresisandreducevariability in milk rennetingcharacteristics),colouringagentsand
sodium nitrate (to prevent blowing by coliforms and growth of Clostridium
tyrobacterium). Nitrate may sometimesbe added to the curd-whey mixture after
removalof abouthalfof the whey, for reasonsof economy andreducingnitrate levels
in whey (Kanawjiaetal., 1991). It has beenshown that nitrateaddition to Gouda
cheesedoesnot result in nitrosamineformation during riPening (Goodheadet al.,
1976). Wheyproteinconcentrate(WPC)hasbeenaddedto Goudacheesemilkin order
to reducefat contentin experimentaltrials, but has beenreportedto lead to textural
problems(Abrahamsen,1979). Buttermilkhasalsobeenaddedto Edamcheesemilk
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and hasbeenreportedto acceleraterennetcoagulationand lacticacidproduction,with
reducedcheeseyield (Kanawjiaetal., 1991).

1.2.2.2. CHEESEMAKING PROCESS

A typicalprocessflow sheetfor the manufactureof Goudacheeseis shown in
Fig. 1.2. Themainpointsto beconsideredin relationto final cheesecompositionare
final moisturecontent,cheesepH andthe retentionof calciumphosphateandrennetin
thecurd.Thesyneresisrateis vital in regulationof the processandsubsequentcheese
composition.

Starterculturesare adventitiousmicro-organismswhich are utilised to bring
aboutdesirablechangesin thecurd during PreparationandriPening.Theseareusually
addedbeforerenneting,to produceacidand hastenthe coagulationof milk. In Gouda
cheesemaking,starteris generallyaddedat 30°C, and allowed riPen for 20-30 mins.
The level and activity of starterwill effect curd pH and the retention of calcium
phosphate,which, if low, leadsto low yields, low bufferingcapacityandsubsequent
soft cheesetexture. Low curd pH leadsto increasedrennetretention in the curd.
Typical startersconsist of strainsof 1A.ctococcuslactis subsp. cremoris and/or
1A.ctococcuslactis subsp.lactis asacidproducersandLeuconostoclactis and/orLeuc.
cremoris ascitric acidfennenters(B-tyPestarters).Alternativelyboth the leuconostocs
plusL. Iactis biovar. diacery/actis maybeused,in whichcasethereis morerapidcitric
acidfennentationandCO2 production(knownasBD starters).Directvatstarters(DVS,
or directvat inocculum,DVI) which aresuppliedIyophilisedor deepfrozenoffer great

practical, hygienicandeconomicaladvantagesoverolderculturepreparationmethods.
Gouda cheesemade with DVS starters, when comparedto cheesemade with
conventional starter propagation procedures, gave comparable yields, acid
development,improvedeye formation and Preferableorganolepticscores(Delbeke,
1985). "Practice(P)" starters,which are usedin Netherlandscheesefactories,have
beenselectedfor their tasteandflavour attributes,rate of acidification,eye formation
andphageresistancecharacteristics(Kanawjiaetal., 1991).

In thenextstep,rennetis added(2Omlsll00L)andthecurdcutafter30minutes,
a timejudgedto give a curd which canbe cut easily,doesreducesfines in whey and
syneresesrapidly. Thecurdcubesareof 8-15mmsizeandarestirredgentlyat first to
minimisecreationof fines, andthen,as the curd firms, more vigorously. Microbial
rennets(producedby a geneticallyengineeredstrain of Kluyveromycesjragi/is, van
denBerganddeKoning,1990)andimmobilisedchymosin(immobilisedusingparaffin
wax, Shindoetal., 1980)havebeenusedeXPerimentallyto coagulatemilk for Gouda
cheesemanufacture,andbothwereconcludedto allow a goodqualityGouda,similar to
thatobtainedwith calf rennet,to be produced. Microbial rennels,althoughcheapand
easilyproduced,havebeenreportedto differ from calfrennetin termsof proteolysisof
casein,Particularly8-casein(Kanawjiaetal., 1991).

Mtersometime(15-30min.), thecurdsareallowedsettleandpartof the whey
(generallyabouta third) is removedto makestirringmoreeffectiveby increasingforces
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on curd particlesand thus syneresis.Wann water (50-60°C) is addedto the mix
gradually (over 10-20 min, to avoid plasticising the curd), by spraying, until the
original volumeis reachedagain.The final temPeraturereachedmay be 33°C (Edam,
Walstraet d., 1987), 35°C (Gouda, Walstra et al., 1987) or 36-37°C (Edam and
Gouda, with reportedrange of 32-40°C, Scott, 1986). Cooking has theeffect of
SPeedingup syneresis,removing lactoseand buffering substancesand resultingin a
highercheesepH. This occursbecauselactosediffusesfrom the grainsof curd to the
dilutedwhey to equalisethe lactoseconcentrations,leavinglesslactosefor lactic acid
production. However,excesswateradditionresultsin yield losses. The pH of the
cheeseis bestcontrolledby adjustmentof thewashingstep,while final cheesemoisture
contentis very muchdependanton curdcuttingandstirring.

Mteracertaintime(pH, for Goudacheese,downto 6.5, typically a further20­
30min.) stirringis stoppedandthegrainsallowedto sediment Curd expulsionat this
stageis enhancedby placingPerforatedmetalplateson top of the curd and applying
pressure(pre-pressing). This promotescurd fusion and removesany trappedair to
Yield aflexible homogeneoustexture.Thecurdsarethencut to size, fitted into shaPed
moulds and pressedfor severalhours, for example, at 5-10 psi for 8-12 hours
(Kanawjia et al., 1991). The cheesesare then removedfrom the press, and if
sufficient lactoseto lactic acid conversionhas takenplace,they are placedin brine
(around18% salt is usual)to cool the cheesesandensurea final salt contentof 1.5­
2.2% saltin cheeseafterasuitablebriningtime. Following removalfrom the brine, the
cheesesarewaxed(in thecaseof traditionalEdamcheese)or morerecently,coveredin
a diSPersionof polYmer molecules,which when dry forms a semi-Permeableplastic
coaton the cheesesurface. Linseedoil or paraffinmay alsobe usedto packagethese
cheeses(Kanawjiaetal., 1991). RiPeningconditionsvary andmay comPrise12-16°C
and 85-90% relative humidity (RH) (Walstra et d., 1987), 3-4 weeks at 12-14°C
(Edam,Scott, 1986), 3 monthsat 15°C (Kosikowski, 1982) or 2-6 weeks at lSOC
(Gouda,Scott, 1986).The reactionsinvolved in the maturationof this type of cheese
will bediscussedseparately.

A numberof recentadvanceshavebeenmadein theautomationof manufacture
of thesecheeses.In particulartheCasomaticsystemallows continuousprepressingof
cheesecurds(Alfa-Laval, TebelMkt, Holland). Theseare towers which are initially
filled with whey, beforecurdsandwhey arepumPedin, andthecurdson descending
thetowerarepressedundertheirown weight,underwhey. On arrival at the bottomof
thetower,a guillotinesystemcutsblocksof predetenninedsizeandshape. Horizontal
presseswherethecurdsareprepressedunderwhey betweenPerforatedsteelplateson a
continuouslymovingconveyorarealsoused,with the residencetime on the belt being
chosento givetherequireddegreeof pressing. APV Anhydro Ltd. havedevelopeda
systemwherebymilk is ultra-anddia-filtratedto thedesiredsolids level (55-60%)and
filled directly into moulds, whereuponrennetand starterare addedand the cheeses
formedin themould. Thecheesesarethensalted,packagedandripened.
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1.2.3. TheripeningofDutch-typecheese

Developmentof thepropertiesof Dutch-typecheesevarietiesis due particularly
to the conversionof lactose, protein, fat and citric acid during the ripening, or
maturationperiod, leadingto changesin the structure,compositionand organoleptic
propertiesof the cheese(Walstraet al., 1987). Biochemical, chemical,physical and
microbiologicalaspectsareinvolved.

1.2.3.1. FERMENTATION OF LACTOSEAND CITRIC ACID

The starterbacteriafermentlactosequickly andalmostcompletelyto L-Iactate,
preservingthe cheeseby reducingpH and availablecarbohydrate. This is generally
completewithin 24-48 hoursof manufacture.The lactatemay befurther brokendown
to acetate(Fox etal., 1993).L. lactisbiovar. diacetylactisand LeuconostocSPeCiesin
Dutch-typecheesestartersmetabolisemilk citraterapidly to CO2 anda numberof by­
productssuchas pyruvate,diacetyl, acetoin,2,3-butyleneglycoland possibly lactate.
Productionof CO2 is one of the main factors responsiblefor eye formation in these
cheeses.Startershigh in leuconostocsplus ). L. lactis biovar. diacetylactis (known as
BD starters)maybeselectedfor morerapidCO2 production,and hencemoreextensive
eyeformation(Walstraetal., 1987).

1.2.3.2. LIPOLYSIS

In Dutch type cheesevarietieslipolysis occursduring ripening, but only to a
limited extent(Walstraetal., 1987), and evena moderatelevel of free fatty acids in
these cheesescan lead to their being rejected as rancid. Pasteurisationlargely
inactivatesnativemilk lipase,and thermisationpreventsproductionof psychrotrophic

Iipaseson cold storageof cheesemilk. Thus, any lipolysis which occurs during
ripening is due to the action of residual milk lipase, heat-resistantpsychrotrophic
Iipasesor Iipasesof starterbacteria. Theselatterenzymescannotdegradetriglycerides
easily,but canproducefree fatty acidsfrom mono-or di-g1ycerideswhich have been
producedby theactionof otherlipases(StadhoudersandVeringa,1g']3). Thesemaybe
suppliedby Gram-negativebacteria(Driessenand Stadhouders,1975). Milk lipase
activity is reducedby theNaOcontentof cheese,but increasesat highertemperatures,
andso hasalwaysbeenestimatedto havea limited role in cheeseripening.The role of
pH is unclear,asin substratesotherthan cheese,lipaseactivity decreaseswith pH, but
in cheesetheacidityof fat hasbeenreportedto increasein cheesesof low pH, possibly
dueto altereddistributionof short-chainfatty acidsin the fat phase. Lipoproteinlipase
(LPL), thepredominantmilk lipase,hasbeenshownto increasefree fatty acid levelsin
cheeseif addedto the cheesemilk,with high levels of short-chainfatty acids being

produced(Vlaemynck, 1992).

15



1.2.3.3. PROTEOLYSIS- METHODSFORDETERMINATION

The threemainproteolyticagentsactivein Dutch-typecheesesduring ripening
arerennet,starterand milk proteinase.Eachof thesecomponentswill be discussedin
detaillater,but first it is worth consideringthe techniqueswhich havebeendeveloPed
for theexaminationof theseParaterolesof theseagents,andquantitativeand qualitative
examinationof proteolysisin cheese.

(a) Productionofcheesesin whichtheactionsofvariousproteinasesareseJX1Tated
Kleter (1g]5) describedan apparatusfor making Goudacheeseunderstrictly

asepticconditions,in sterilisedenclosedvats, which when combinedwith an aseptic
milking technique(KIeteranddeVries, 1g]4), providedan early systemfor attempting
thesetype of experiments.To examinethe actionof rennetandmilk proteinases,but
not bacterialenzymes,glucono-delta-Iactone(GDL) was usedto lower pH. GDL has
theadvantageof gradualhydrolysisto gluconicacid,with·anaccompanYingdecreasein
curd pH to the desiredlevels,without acid-shock. This methodwas usedin 1977 to
examinestarteractionin Goudacheese(Kleter, 1977).Thesetechniqueswerealsoused
by Visser(l977a-d)in a similarbutextendedstudy. Asepticrennet-free(ARF) cheese
was made by a processof inactivation of the enzyme (by pasteurisation)after
completingits primaryactionin chilledmilk from which the calciumhadbeenremoved
by ion-exchange,prior to coagulation(Visser, 1g]6). Starterandcalciumchlorideare
thenaddedand the mix warmedto 30°C, whereupona rennetfree coagulumforms.
This methodinvolves a longer maketime due to the slower syneresisof the curd.
Asepticstarterfree(ASF) cheesewasacidulatedby GDL andlacticacidaddition,anda
combinationof thesetechniqueswasusedto manufactureasepticstarterand rennetfree
cheese(ASRF).

The abovemethodof preparationof rennet-free curd was used by Noomen
(1978),who alsoincludedthimerosal-«carboxyphenyl)thio)ethylmercurysodiumsalt
- asanantibacterialpreservative.Curdwasfrozen,homogenisedandmixedwith water
to makesimulatedNoordhollandaiseMeshangercheese(asoft Dutchvariety). Noomen
(1978) also prepareda calciumparacaseinate-calciumphosphatecomplex for model
cheeseripeningexperiments.

(b) Analysisofcheeseproteolysis
Thesubjectof assessmentof proteolysisin milk is dealtwith in detail in chapter

3. In this section,however, I will briefly introduce the methodsused to examine
proteolysis in Gouda-typecheeses. For a comprehensivereview of methodsof
assessingproteolysisin cheeseseeMacSweeneyandFox (1993).

1. Quantitativemethods Guptaet ale (1g]4) extractedbrine-solubleprotein (BSP)
from Goudacheeseandquantifiedthe total and noncaseinnitrogen(N) therein,as an
index of proteolysisduring ripening. Visser(l977c) fractionatedthe soluble N (SN)
fractions in Goudacheese for quantificationby Kjeldahl as follows. Cheesewas
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dissolvedin a hydrochloricacid solutionfor determinationof total N (TN), while SN
was estimatedin an extractof cheesemadewith a calciumchloride/sodiumchloride
solution,andaminoacidN (AN) was preparedby filtration of a phosphotungsticacid
(PI'A) extractof theSN extract. Individual freeaminoacids weredeterminedafteracid
hydrolysis.Similar methodswere used by Exterkateet aI. (1987) and Bartelset aI.
(l987aandb). A methodfor determiningtheripeningtime of EdamandGoudacheese
by monitoringthe water-solubleNffN ratio and 12% TCA soluble NffN ratio was
reportedby Venemaetal. (1987).

2. Qualitativemethods Urea polyacrylamidegel electrophoresis(urea-PAGE)was
usedby Creamer(I975),Guptaetal. (1974),Visser(lcrT7c) andVisserand DeGrout­
Mostert(1977) amongothersto follow the breakdownof (J,st- and8-caseinin Gouda
cheeseduringripening.Conventionalcolumnchromatographytechniqueswere usedto
examinethe rangeof proteolysisproductsin Goudacheeseby Creamer(1975, ion
exchangechromatographyon DFAE cellulose), Visser (1977b, gel filtration on
SephadexG50) and Visser (1977, molecularsieving of hydrophobic peptideson
SephadexLH20). High performanceliquid chromatography(HPLC) on reversedphase
supports(RP-HPLC)wasusedby KaminagowaetaI. (1986)to identify low molecular
weight peptidesin Goudacheese. Haasnootet aI. (1989) comparedRP-HPLC to
anion-exchange-cation-exchange-and gel filtration-HPLC columnsfor determination
of the extentof proteolysisin Goudacheeseand concludedthat the ratio of y-casein
peaksto 8-caseinpeakscan servean indicator of cheesematurity. RP-HPLC was
concludedto be the mostsuitablemethodfor separationof water-solublebreakdown
products,buthadthedisadvantagethatclassificationof cheesesis basedon unidentified
peaks. The methodof Harwalkerand Elliott (1971) for extractionof bitter peptides
from cheesewas used by Visser (1gnd) and Bartels et aI. (1987), followed by
chromatographyon SephadexLH-20 andSephadexG-25 respectivelyto examinebitter
peptideproductionin Goudacheese. Igoshi et aI. (1986) usedextractionin various
buffers followed by ion-exchangechromatographyto extract and characterise
proteinasesfrom ripeningGouda-typecheeseand isolatedtwo serine-and two acid­
proteinases.

1.2.3.4. THE CONTRIBUTION OF VARIOUS RIPENINGAGENTSTO PROfEOLYSISIN

GOUDA CHEESE

Visser (1gn a-d) manufacturedGoudacheesein which the contributionsof
eachof the enzymaticcomponentsof cheeseto protein breakdownwere isolatedand
measured, usingthemethodsdescribedabove. A summaryof the resultsof this study
is presentedin Table 1.1, and a graph of the relative contributionsof the different
componentsis shownin Fig. 1.3. Thecontributionsof theindividual ripeningagentsas
determinedin this andotherstudiesaredescribedbelow.
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Table 1.1 QuantityofsolubleN compoundsasproducedin asepticallymadeGouda
cheeseby the combinedand separateactions of rennet, starter bacteria and milk
proteinase(Visser,1977c,Walstraetal.,1987)

RipeningTune Proteolytic SolubleN as% of total N

(mo.) System Total As peptidesof MW Amino
acids

>14,000 14,000-1400 <1400

1 Rennet 6.7 2.7 2.7 1.2 0.1
Starter 2.5 0.2 0.6 0.4 1.3
Milk proteinase 2.0 0.2 0.4 1.3 0.1
All (cheese) 12.2 1.8 2.3 6.1 2.0

3 Rennet 12.7 3.6 5.2 3.7 0.2
Starter 4.7 0.3 0.7 1.4 2.3
Milk proteinase 3.3 0.4 0.7 1.9 0.3
All (cheese) 19.5 23 3.3 9.1 4.8

6 Rennet 17.3 4.4 4.1 8.4 0.3
Starter 7.6 0.9 0.3 2.4 4.0

Milk proteinase 4.7 0.5 1.0 2.7 0.5

All (cheese) 26.0 5.5 2.3 10.8 7.4

1. Rennet The singlemost importantenzymaticreactionin cheesebiochemistry,the
hydrolysisof thesensitivePhe(105) - Met(106)bondof K-casein,is dueto theaction
of chymosinon calf rennet. This reactionleadsto the destabilisationof the casein
micelle,leadingto aggregationundertheinfluenceof calciumionswhich givesthe curd
at the startof cheesemaking(Visser, 1981; Fox, 1989). Any rennetsubstitutemust
fulfil this function. Therateof this reactionis reducedatelevatedmilk pHs and in high
heattreatedmilk (Fox, 1989).

Theactionof rennetdependsgreatlyon thequantityretainedin the curd, which
is determinedby thequantityof rennetaddedto, and heattreatmentof the cheesemilk,
thecheesecookingtemperature,moistureandpH (Walstraetal., 1987). Typically 6%
of addedrennetis retainedin the curd (Fox, 1989). Increasedheattreatmentof the
milk, greaterpH dropsduringcheesemakingandlowercookingtemperatures,all result
in increasedrennetretention. Rennetis responsiblefor thefonnationof the largestpart

of thesolublenitrogenby directhydrolysisof paracasein,andtheliberationof high and
low molecularweight peptides,but not amino acids (Table 1.1). Microbial rennets
from Mucor miehei, Mucor pusillis and Endothia parasitica were found by
Vanderpoortenand Weckx (1972) to liberatemore non-proteinnitrogen(NPN) than
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calf rennetin Goudacheese,with elevatedproteolysisof bothasi-caseinand a-casein.
This wasalsoreportedby Fox etale (1993).

Studieson isolatedasl and a-caseinshow that the mostsensitivebondsof asl­
caseinto chymosinactionare the Phe(23) - Phe(24) and Phe(24) - Val (25) bonds.
cleavageof which leadsto theformationof asl-I casein(Visser, 1981). Hydrolysis of
a-caseintowardstheC-terminalend at the Leu (192) - Tyr (193) and Ala (189) - Phe
(190) bondsleadsto the formation of a-I, f3-II and f3-III caseins.Stadhouderset ale
(1983) found that purified chymosin produced bitter peptides from all caseins
irrespectiveof saltconcentration.

Visserandde Groot-Mostert(1977) found that in normalasepticcheesesasl­
caseinis attackedmore rapidly than f3-caseinduring ripening, with the former being
nearlydegradedafterone month of ripening and 50% of the latter remainingafter 6
monthsripening. Thedegradationof asl-casein,andsomehydrolysisof a-caseinwas
dueprimarily to rennetactionin starterfree cheeses.The conditionsof young Gouda
cheese(pH near5, 4% salt in moisture)providenearoptimalconditionsfor the action
of chymosin,but hydrophobicintramolecularinteractionsprotectB-caseinto a great
degreefrom attackby chymosin. Rennethasalsobeenimplicatedin the formationof
bitter peptidesin Gouda cheese(Visser, 1977b), and this author concludedthat
increasingthe quantity of rennetcausesthis defectto appearearlierand to be more
intensive.
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Fig. 1.3 (A) SurveyoftheaveragesolubleN valuesdevelopedduring theripeningof
normalasepticcheeses(1), Asepticstarterfreecheesesconlainingthenormalamountof
rennet(2), asepticrennetfree cheeses(3) andAsepticstarterandrennetfree cheeses
(4). (B) Net contributionofrennet(2'), starter(3') andmilk protease(4') to soluble-N
productionascomparedto normalasepticcheese(1'* ) (Visser. 1977b).
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2. Starter Thelacticacidbacteriausedascheesestartersareonly weakly proteolytic,
but containa wide rangeof proteinasesandPePtidasescapableof hydrolysing casein
(Fox, 1989).It is thoughtthatstarterbacteriaattainmaximumnumbersin Cheddarand
Dutchcheesestowardsthe endof manufacture,and thendeclinequickly, lysing after
death and releasingtheir intracellularenzymesinto the cheesebut this has to be
confirmed(Fox, 1989).

When acting alone, starter bacterial enzymeshydrolyse intact caseins, but
relativelyslowly (Walstraetal., 1987; Visser, 1977b; Visser and deGroot-Mostert,

1977). FromTable1.1 it canbe seenthat the enzymesof starterbacteriaare the only
onescapableof producingamino acids, due to the action of intracellularpeptidases
releasedduring cheeseripening. In normal asepticcheesesVisser (1CfT7b) found a
higherlevelof freeaminoacidsthanin asepticrennetfreecheeses,indicatingthatrennet
producessuitablesubstratepolypeptidesfor the action of starterbacteriain liberating

aminoacids. Gel filtration fractionationof proteolysisproductsin this study showed
thattheproteolyticsystemsof starterbacteriaprogressivelyconverthigh- andmedium­
MW solubleproductsof renninactionto low-MW peptidesandaminoacids.

Starterstrainsmay be divided into bitter and non-bitterstrainsbasedon their
tendencyto producebitteroff-flavours(dueto hydrophobicpeptides)in Goudacheese.
KIeter(1977)found a remarkabledifferencebetweenL. lactissubsp.cremoris strains
in their ability to producefree amino acids in asepticGoudacheese,with bitterness
beingassociatedwith lowerdegreesof productionof thesecomponents.Visser(1gna­
d) andVisseranddeGroot-Mostert(1977) usedbitterandnon-bitterstrainsof L. lactis
subsp.cremoris in their examinationof the contributionof the various enzymesto
proteolysisin Goudacheese.Distinct bitternesswas observedin cheesesmadefrom
bitterstrainsfrom onemonthof ripeningonwards.It was shown that non-bitterstrains
accumulatefar higherlevelsof freeaminoacidsin normalasepticandasepticrennetfree
cheesesthanbitterstrains,althoughthestrainsdid not differ appreciablyin their ability
to liberatecertainamino acids, and showedsimilar electrophoreticpatternsof casein
breakdown. It was concludedthat non-bitterstrainsmay possessa more powerful
peptidasesystemand degradebitter peptidesin cheesemore intensively than bitter

starters. Hydrophobicextractsof bitterpeptidesfrom thesecheesesshowedthatnon­
bitter strainsof starterdo producebitterpeptides,but that theseare broken down by

peptidasesbeforereachinga thresholdorganolepticlevel (Visser,1977d).
Stadhoudersetal. (1983)confirmedthatnon-bitterstartersaremorecapableof

degradingbitterpeptidesthanbitter starters,possiblydue to a different, lessrestricted
locationof intracellularenzymes. Membraneproteinaseswere particularly associated
with bitterpeptidebreakdown.Thiswasfurtherinvestigatedandsupportedby work in
model caseinsystemsby Visser et al. (l983a), who found cell wall proteinasesto
produce bitter peptides and membrane associatedproteinasesplus cytoplasmic
proteinasesto degradethese. It was found in this study that salt decreasesthe
permeabilityof the cell envelopeandcauseshydrophobicassociationof bitterpeptides
(which are mainly producedfrom the C-terminal region of 8-casein(Visser et al.,
1983b»,which in combinationresult in preventing thesepeptidesfrom reachingthe
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debitteringpeptidasesystem.This wasproposedto beparticularlytruefor bitterstrains
of starter,althoughboth typesof startersproducebitter peptidesin cheese,and it is
only theefficiencyof degradationof thesewhichdetermineswhethera bitteroff-flavour
will occuror not.

In solution, the cell-wall proteinaseof L. lactis subsp.lactis NCD0763 has
beenshown to hydrolyse5 bondsin thevery hydrophobicregionof B-casein,but its
actionin cheeseis unknown(Fox, 1989). Kaminagowaetal. (1986) identifiedseveral
low molecularweightpeptidesfrom a BI -caseinhydrolysedby cellularproteasesof L.
lactis subsp.cremoris H61 and concludedthat this representedone of the principal
meansof aBI -caseindegradationduringGouda-typecheeseripening. All peptideswere
producedby hydrolysisof Glu-Gln bonds,of which therearemanyin caseins,so this
enzymemay makea major contributionto caseinbreakdownduring theripening of
cheese.BalaiahandJoshi(198Oa,b) showedthatGoudacheesemadefrom a 50/50L.
lactissubsp.lactisl subsp.cremorisstarterhad a higher flavour scoreand degreeof
proteolysisthan cheesesmadewith either organismalone. When S. lactis subsp.
cremoris wasalsoincluded(at40%of total starter)the cheesehada bitterflavour and
receiveda low score.

3. Milk proteinase Visser (l977c) showed that in asepticstalterand rennetfree
cheeses(ASRF) milk proteinase,on it's own, contributedto a minor, but measurable
degree,to soluble-Nproduction(seeTable1). Theactionof plasminwasevidentin the
accumulationof lysine over ripening,at which residuesplasminpreferentiallyattacks.
In thesecheesesB-caseindegradationwas visible by urea-PAGE,as was a slight
decreasein aBI -casein(VisseranddeGroot-Mostert,1977). Milk proteaseactionon B­
caseinhasbeenidentifiedasa sourceof bitternessin milk, but neverin Goudacheese
(Visser, 1982). Evidenceof milk acid proteaseaction during Meshangercheese
ripening was reportedby Noomen (1978). The role of plasmin and other milk
proteinasesin cheeseripeningis describedin detailin Chapter2.

1.2.3.5. NON-STARTERBACfERIA IN GOUDA CHEESE

Non-starter,or adventitious,bacteriain Goudacheesemustalsobe considered.
Sourcesof micro-organismsin the manufactureof cheesearesummarisedin Fig. 1.4.
Thecontaminatingbacteriamaybeclassifiedas(WalstraetaI., 1987);
• coliforms,whichwill grow duringtheearlystagesof cheesemakingat high pH

andtemperatures,andmayleadto off-flavoursand'blowing' of cheese;
• butyricacidbacteria(suchasClostridiumtyrobutyricum),which degradelactic

acidto butyricacid,CO2 andH2, andwhich leadalsoto 'blowing' duringlater
stagesof ripening(lateblowing);

• thermoresistantstreptococci;

• proPionicacidbacteria;
• lactobacilli;

21



The use of nitrate in cheesemanufactureprevents blowing by colifonns.
propionicacid bacteriaand butyric acid bacteria. Butyric acid bacteriaare anaerobic
sporeformers.andthuswill be removedby bactofugationof the cheesemilk.allowing
nitrateutilisation to be reduced. Also, milk and plant hygienemust be consideredas
contaminationby increasednumbers of coliforms in cheesewill cause nitrate to

disappeartoo quickly from the cheese.increasingthe possibility of butyric acid
fennentation.Kleteretal. (1984) suggestedthat butyric acid bacteriagrowth could be
controlled by increasingthe lactic acid (adding calcium lactateto milk) content in
combinationwith useof a certaininitial salt content,without inhibiting the lactic acid
bacteriaunacceptably.Propionicacid bacteriakeepdown cheesepH by productionof
propionicacidandaceticacidfrom lactates(whichcanleadto a sweettaste),andcause
a very opentexturedueto CO2 production.Thegrowthof thesebacteriais inhibitedby
nitrateandhigh saltconcentrations.

Mesophilic normal or salt-tolerantlactobacilli growing in cheesemay cause
flavourand texturedefects,andenterthe cheesegenerallythroughcontaminationafter
pasteurisationof themilk (Kleter, (977). Growth maybecontrolledby useof acidified
brines(pH s 4.6) keptat low temperatures(13°e) (Walstraet al., 1987). The role and
activity of thesebacteriaduring cheeseripeninghasbeenthe sourceof muchinterest.
KIeter (1fTTl) statedthat they have negligibleeffect on proteolysisand may lead to

undesirableoff-flavours and Nieuwenhofet al. (1969) consideredthat their growth
stimulatedthe growth of propionic acid bacteria,and thus excessivelyopen cheese
texture. Laleyeetal. (1987)showedthatheterofermentativelactobacilliweremore
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Fil. 1.4 Potenlialsourcesofmicro-organismsin the manufactureofcheese(Martley
andCrow, 1993).
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numerousin a rangeof defectivecheeses(includingGouda)than high quality products,
and, if present, increasedin numbersin agedcheeseto becomea major part of the
dominantmicroflora of the cheese. They concludedthat thesebacteriawere more
importantin gasblowing thancoliforms, yeasts,mouldsand spore-formers.Narvhus
etal., (1993)investigatedthepresenceof lactobacilli in Gouda-typecheesemadefrom
commercialDI starters(not containinglactobacilli), and found theseorganismsto be
presentin cheesesfrom tenoutof elevenNorwegiandairiestested. Predominantwere
Lactobacilluscaseisubsp.caseiandpseudoplantarum,with numerousothertypesalso
detected. Non-starterleuconostocswere also detectedin 35% of cheesesand were
associatedwith abnormaleye formation. Neither speciesnor numberof lactobacilli
isolatedwerecorrelatedwith sensoryscore,degreeof proteolysisor volatilesin cheese.

Martley and Crow (1993) studiedthe role of non-startermicro-organismsin
cheesemanufactureandripening,andsuggestedthatpasteurisationefficiencyshouldbe
measuredby comparisonof bacterial counts rather than reliance on the alkaline
phosphatasetest. They also concludedthat sinceadventitiousnon-starterlactic acid
bacteria(NSLAB) arealwayslikely to gainaccessto cheesein commercialfactories,
deliberateaddition of selectedadjunctculturesalong with the normal lactic culture,
which will inhibit undesirableNSLAB growth, may becomea practical meansof
controlling cheeseflavour development. This inhibition may be direct or indirect,
wherecompetitionfor substratecontrolsbacterialgrowth. In thecaseof Goudacheese,
leuconostocsfulfil this role to anextent,aswell ascontributingto eyeformation.

1.2.3.6. ACCELERATED RIPENING OF GOUDA CHEESE

Therehas beenan increasedinterest in speedingup the processof flavour
generationin, andtexturemodificationof, cheesesin thepastfew years,principallydue
to the costsof storageandripeningfor long periods. The four main methodswhich
have been used are; control of temperature,use of added enzymes,addition of
attenuatedor mutantstartersand the use of cheeseslurries (Exterkateet al., 1987).
Extremecaremust be takento avoid unbalancedflavour developmentsand textural
defects. For example, when adding increasedstarter numbers, the problem of
acceleratedacid production during cheesemakingmust be considered.This was
addressedby Exterkateetale (1987a)who addedheat-treatedmixedstrainstartercells
to thecheesemilk,whichcouldbeaddedin increasednumbers(two to four timesmore
than controls) without risk of uncontrolledacidification due to partial or complete
inactivationof lactosedegradingenzymes.This effectcanalso be obtainedby treating
cellswith butanol,in which casepeptidaseactivityandproductionmayactuallyincrease
(Stadhouderset al., 1983). The cheesesproducedby the acceleratedprocessof
Exterkateetale (1987)hada bettertaste,moderatelyincreasedGoudaflavour, but only
a moderateincreasein the extentof proteolysis,particularlyin the caseof amino acid
nitrogen, which was concludedto be produced independentlyof primary casein
conversionby starter.Overall,ripeningtimewasreducedby at least25%.
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Exterkate(1987)reviewedtheareaof acceleratedripeningof Goudacheeseand
suggestedtwo pathwaysfor acceleratingGouda cheeseripening. Thesedependon
whetheror not startercellsenzymesplayamajorrole in primary proteolysisof caseins.
Firstly, if starterenzymesareinvolved in primary proteolysisof caseins,amino acid
nitrogen(AN) productioncouldbeincreasedby using,for example,Lac- Prot+ cultures
(which canproduceproteinasesbutcannotmetaboliselactose)in increasednumbers,to
maximisethelevelanddistributionof proteolyticactivity in cheese,without theneedfor
heat-shocking,which may inactivatesome enzymes. However, this may lead to
adverseeffectsoncheeseconsistency,andthusfurtherknowledgeis requiredto assess
if proteinaseor peptidaseactivity detenninesthe rateof AN production. Alternatively,
if primaryproteolysisof caseinsis dominatedby chymosin,andeffectof treatedstarter
cellswill only affectaminoacidproduction,this fact shouldbe exploitedin designing
methods to accelerateamino acid production in cheesewithout excessivegross
hydrolysisof casein. For example,a blend of ProrlProt+ (which will haveoverall
increasedpeptidaseactivity but still possessa degreeof proteinaseactivity) cultures
maywork bestfor thebreakdownof chymosinproteolysisproductsatacontrolledrate,
followed by maximalutilisationof theseproductsfor aminoacidproduction. Addition
of increasedlevelsof chymosinitself is unsuitable,as it generallyleadsto bitterness
(Visser, 1977b).

Bartels et al. (l987a) used sub-lethally heat shocked Lactobacilli and
Streptococcito accelerateripeningof Goudacheeseandfound that somelActobacillus
strainssubstantiallyincreasedproteolysisandreleaseof amino acids(particularlyLb.
helveticus). They also reducedbitterness(and the productionof bitter peptides,as
monitoredby chromatography)but increasedin somecasesacetaldehydeand peppery
flavours. Overall,acceleratedcheeseswerepreferredto control cheeses,however,and
it was recommendedthat control of addition levels could control bitterness and
accelerateflavour development. The use of freeze-shockedLb. helveticus was
investigated(Bartelsetal., 1987b)andit wasfound thatlargenumbersof cellscouldbe
addedto the milk without detrimentaleffect to cheesemakingproceduresand cheese
quality, and that increasedwatersolublenitrogenandaminoacidproductionresulted,
with increasedflavour intensitiesand reducedbitterness,while avoiding development
of anyoff-flavours. Theuseof fungal proteasesandfreeze-shockedLb. helveticus to
acceleratethe ripeningof Goudacheesemadefrom normaland UF-concenttatedmilk
wasinvestigatedby Kim etal. (1994),but this study merelyexaminedeffectsof these
treatmentson cheesecomposition"which was found to be unaffectedby the enzYmes
or cells.

Addition of enzYmessuch as crodeproteasepreparations(from Micrococcus
caseolyticus,Aspergillusoryzae or Mucor pucillus), purified proteases,lipasesand
catalaseto acceleratetheripeningof Goudacheesehavealsobeendescribed(Kanawjia
etal., 1991). Additionof enzYmesis reportedto shortenripeningtimesconsiderably,
but the levels and combinationsused must be carefully controlled to retain the
characteristicflavourof thecheese.
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1.2.3.7. THE FLAVOUR OF GOUDA CHEESE

Aavour is defined as the complex sensationcomprising aroma, taste and
texture. The parametersof taste, saltinessand texture are strongly related to the
maturityof GoudaandEdamcheese,andmaturity is oftenjudgedon theseparameters
(Venemaet al., 1987). In Dutch-tyPecheesesflavour componentsare principally the
breakdownproductsof lactoseand citric acid (lactic acid, diacetyl, CO2 etc.), lipids
(free fatty acids) and paracasein(Peptidesand amino acids). Little is known about
aromacomponentsin thesecheeses(Walstraet al., 1987). A correctbalancemust be

maintainedbetweenall flavourcomponentsfor suitableorganolepticproPerties. Lactic
acidcausesthe refreshingacid taste,anda shortageof this componentrenderscheese
insipid, while anexcessleadsto sourness.Largechangesin flavourandaromadevelop
duringmaturationdueto fermentationof lactoseand transformationof the by-products
of this pathway(suchasaldehydes,ketones,esters,alcohols,organicacids).

Proteolysisalsoaffectsflavourdirectly, as tastelessparacaseinis degradedto a
rangeof Peptidesandaminoacidswhich maycontributebitter,sweet,nutty or brothlike
notesto the tasteof the cheese. Higher temperatures,higher pH, higher moisture
contentand lower salt levels all favour proteolysisand particularly the formation of
aminoacids. Thesubjectof watersolubleflavour componentsin Cheddarcheesewas
extensivelystudiedby Aston andCreamer (1986), who found that free aminoacids
make a significant contribution to the flavour but that other materials, probably
peptides,arenecessaryfor full flavour. Bartelset ale (1987), studyingGoudacheese,
statedthatproline and amino acidsassociatedwith calciumand magnesiumions are
associatedwith sweetflavour. Amino acidsmay also be further degradedto volatile
componentssuchas ammonia,aminesand hydrogensulphide.Visser(1'.177b)studied
thecontributionsof variousripeningagentsto developmentof cheeseflavour in Gouda
cheeseandfound thatnon-bitterstarters,in rennet-freecheeses,led to the formationof
characteristic cheese flavour during ripening, while bitter strains developed
considerablyless flavour. Very little flavour was detectedin cheesesmadewithout
starter,and it was concludedthat rennetplayedonly a minor role in cheeseflavour
development

Bitternessis oneof theprincipalflavour defectsaffectingGoudacheese,and is
attributableto the formationandaccumulationof bitter tastingPeptidesliberatedfrom
caseincomponentsby proteolyticaction. The contributionsof rennet,starterandmilk
enzymesto bitternesswasstudiedby Visser(1'.177b)who found that rennetandstarter,
but not milk enzymes, were capableof producing bitter flavour in cheese. The
findings of this study with regardto proteolysishavebeendiscussedearlierin this
review,andmaybesummarisedin Fig. 1.5. Bitter startersliberateimportantamounts
of bitter peptides directly from paracaseinwhile non-bitter starters, while also
producingbitter peptides,havethe capacityto degradethem to non-bitter products.
Rennet produces bitter peptides non-SPecifically via non-bitter intermediate
polypeptides,andthesearealsobrokendown by thepeptidasesof non-bitterstarters.
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Fil_ 1.5 Mechanismfor thedevelopmentof bitternessin Gouda-typecheese. Thin
lines: pathsofgeneralproteolysisin cheese:thick lines:palhsimportantfor binerness
development(Visser, J977b).

Saltaccentuatescheeseflavour andCO2 alsoappearsto influenceretentionof
flavour. Venemaet al., (1987) found that texture and saltinessstrongly influenced
perceptionof maturityof GoudaandEdamcheese,asdrierandsaltiersamplesfrom the
rind of a cheesewill alwaysbe perceivedasolder thansamplesfrom the centreof the

samecheese.Saltalsoinhibitsformationof bitterpeptides,ratherthansimply masking
the taste, by affecting aggregationof peptides and permeability of starter ceU
membranes(Stadhoudersetal., 1983). Freefatty acidsrendermaturecheesespiquant,
but in excesswill leadto rancidity.

1.2.3.7. THE TEXTURE OF GOUDA CHEESE

The main factors affecting consistencyin Dutch-type cheesesare moisture
content, extent of proteolysis, pH, NaO and fat contents, inhomogeneity in
compositionand temperature(Walstra et al., 1987). During ripening the cheese
structurebecomesmoreunifonndueto fusionof curdgrains,thecheeselosesmoisture
due to evaporationand syneresisdue to proteolysis, the paracaseinatenetwork is
brokendown, pH increasesand gasis formed. Thus overall, during maturationthe

elasticmodulusof the cheeseincreases,the fracturability increasesand the fracture
stressdecreasesat first and then increases. Kalab (1ern) comparedthe structureof
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Goudacheeseto thatof Cheddarandfound no orientationof curd granulesor protein
and finer junctionsbetweenparticles than those found in Cheddarcheese.This is
presumablydueat leastin part to the prepressingstageof Dutch-typecheeses,which
pressescurd gently into a homogeneousmassbeforefull pressing,comparedto the
pressingtogetherof milled curd particleswhich occurs during the manufactureof
Cheddarcheese.Also, thelackof acheddaringstepleadsto lessstructured,orientated
cheese.This resultsin a moreelastic,lessfracturablegreencurd.

Luytenetal. (1991a)describedGoudacheeseasa viscoelasticmaterial,which
behavedin a viscous-likemannerin young cheeseswith low acid, whereasmature
cheeses,or young cheeseswith a low pH, showedmore brittleness. The viscous
propertieswere due to the propertiesof the protein matrix and friction with other
components(suchasfat particles)and interactionsbetweenthe aqueoussolution and
the proteinmatrix. Shortconsistencyof old Goudacheeseleadsto fracture problems
whenattemptingto sliceandwhenbiting this cheese,only small pressureis requiredto
breaka pieceof cheeseinto smallerpieces,comparedto youngercheesewhich requires
far moreeffort to split completely. Shortnessof cheesecan be measured byjudging
how far a long cylinderof cheesemustbebentbeforeit fractures.

The number, size and shapeof holes in the curd is consideredan important
texturecharacteristicin Dutch type cheeses.Holesareformed by CO2 productionby
starterbacteriaandmaybeexcessivein caseof spoilageby undesirablebacteria.Nuclei
for hole formation are tiny air bubblestrappedin the curd, and holes form if gas
pressureis sufficiently high (sufficiently fast gas production without loss from the
curd). If therateof gasproductionis sufficientand the cheesetextureallows for slow
viscousflow of thecheesematerialeyes(sphericalholes)develop. If theconsistencyis
short, due to low pH or calciumphosphatecontent,or therehas been considerable
proteolysis,or gasproductionis toofast, slits may developin the vicinity of the holes
(Walstraetal., 1987;LuytenetaI.,1991a).



Chapter 2

Plasmin and somatic cells in bovine milk

2.1. Plasmin,its natureandsignificance

2.1.1. OCCURRENCE,ISOLATION AND MEASUREMENT

Normal bovine milk is known to containa numberof different proteolytic
enzymes,of which the best studied and characterisedis the alkaline proteinase,
plasmin. Theexistenceof this enzymehasbeenknown sincethelate19th century,and
the presenceof its inactiveprecursor,plasminogen,was confirmedin 1CJ79 (Eigel et
al., 1CJ79). Plasminis a serineproteinasewhoseprimary physiologicalfunction is the
solubilisationof fibrin clots in blood. It has a high specificity for peptide bonds
containinglysineandit is optimally activeat pH 7.5 and37°C. Themolecularweight
of bovineplasminogenis approximately90,000, andcleavageby urokinase,the best­
characterisedplasminogenactivator,givesplasmin,a two chainmoleculewith a heavy
(A) chain(mol. wt. 60,000)and a light (8) chain(mol. wt. 25,(00) connectedby a

disulphidebond(for review, seeGrufferty and Fox, 1988c). Milk plasminhas been
shownto beidenticalto bloodplasmin(KaminagowaandYamauchi,1972).

Plasminin milk is associatedwith caseinin milk, asalso is plasminogen,and it
may be dissociatedfrom the micellesby long exposureto ethanol(Warnerand Polis,
1945), stirringat low pH «4.6,Grufferty andFox, 1988c)or additionof lysine or an
analogueof lysine, 6-aminohexanoicacid (Richardson, 1983a), suggesting that
plasminis associatedwith caseinmicellesvia lysine residues.Thefirst approachesto
purificationof plasminfrom bovinemilk were by ammoniumsulphateprecipitationat

low pH, (Warner and Polis, 1945; Zittle, 1965) and later approachesused
chromatographictechniquesto furtherpurify thesefractions(Kaminagowaet al, 1CJ71;
Reimerdesand Klostermeyer,1974), includingaffinity chromatographyto exploit the
role of lysine in associatingplasmin to casein(Halpaapet al, 1977, Rollemaet al.,
1981).

SnoerenandVan Riel (1CJ79) purified plasminfrom crudea.z-caseinby ion­
exchangechromatographywith a NaG elution gradient,a techniquewhich was also
usedby Reimerdes(1981) to isolateplasminanda thrombin-likeenzymefrom milk.
Recently, Humbert et al (1990) used lysine-sepharosechromatography and

immunoaffinity chromatographyto purify milk plasmin and confirm that it is
immunologicallyidenticalto blood plasminogen(or plasmin). Politis etal, in 1992,
examinedtherelativeamountsof immunoreactiveplasminand plasminogenin different
fractionsof bovinemilk, andshowedplasminogento exist in severalforms, with 82%
of thetotalamountassociatedwith the caseinfraction, but lower concentrationsfound
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in serum,creamand milk fat globule membrane(MFGM) fractions. Active plasmin
was presentin casein,serumandcream,andthe low concentrationsof both enzyme
and zymogenfound in serumand creamwere associatedwith low caseincontents
found in thesefractions.

Noomen(1975) describeda methodusing rennet, calcium chloride and pH
adjustmentto coagulateprotein,and usedthe increasein soluble protein, under these
conditions,on incubationof preservedmilk as a measureof total milk proteinase
activity, which at the time he assumedto compriseexclusively of plasmin. More
recently,however,two Principal,morerapid,sensitiveandconvenientmethodsfor the
measurementof plasminin milk or purifiedpreparationsof milk havebeenused. Both
methodsexploitthefact thatplasminhasa high affinity for lysine residuesandcleaves
Lys-x bonds by utilising synthetic substratesmade by linking lysine residuesto
chromogenicor fluorigenic labels.Thefirst, chromogenic,methodusesreleaseof p­
nitroaniline,which can be measuredat a wavelengthof 405 nm, from the synthetic
peptideH-D-valyl-leucyl-lysyl-p-nitroanilide(S2251, Snoerenand Van Riel, 1979).
Increasein absorbanceat 405 nm is linear for up to 3 hours and is proportional to
plasminactivity. Politis et al (1993) proposeda modification to this method,due to
inhibition of plasminplus plasminogenactivity by 8-lactoglobulinand bovine serum
albumin(BSA), which theysuggestedleadsto underestimationof real plasminactivity
in milk under current assay protocols. Their modified method used high speed
(100,OOOg)centrifugationto removecaseinmicellesfrom milk (and inhibiting factors).
Themicelleswere thenresuspendedin Tris buffer containing50mM amino hexanoic
acid,incubatedto dissociatethe plasminand plasminogen,and recentrifugedto give a

caseinfreesupernatantwhich wasthenassayedasbefore.
Thesecondmethod,describedby Richardson(1981), usesmeasurementof the

fluorescentproduct7-amin04-methylcoumarin(AMC), which is cleavedby plasmin
from the non-fluorescentsynthetic tripeptide, N-succinyl-L-alynyl-L-phenylalanyl-L­
lysyl-7-amid04-methyl-coumarin('coumarin peptide'). The rate of increase in
fluorescenceat excitation and emission wavelengthsof 380 nm and 460 om
respectivelyis proportionalto plasminactivity, with oneAMC unit of plasminactivity
definedasreleasing1 nanomolAMC per minuteunderstandardassayconditions(Tris
buffer, 0.2mMcoumarinpeptide,assayvolume0.80ml, pH 7.5, 25°C). This method
was usedby Richardson(1981) to measureplasminand plasminogenin Swiss-type
and Cheddarcheese,sodiumcaseinate,acidcaseinraw and pasteurisedmilks. Both
methodsutiliseanincubationstepin the presenceof urokinase(tyPically 60 minutesat

3'rC)to activateplasminogento plasmin,allowingdeterminationof total plasminplus
plasminogenactivity, andby subtractionof themeasuredplasminactivity, plasminogen

-derivedactivity.
In thecaseof thecoumarinpeptideassay,samplesarepreparedby dispersionin

O.IM Trisodiumcitrateandcentrifugationat 27,OOOgto recoversupernatant,which is
assayed. In the caseof the first assay,samplesareeithercentrifugedat lOO,OOOg to
recovera serumfraction,which will containtheplasminif amino-hexanoicacidis
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Table 2.1 Useofchromogenicsubstrate(CS)and coumarinpeptide(CP) methodsto
determineplasmin(PL) andplasminogenin milk (PG)

Authors Samples Method Units

Snoerenetale (1crl9) Milk fractions c.s. AAbs 405nm
RichardsonandPearce(1981)Milk, cheese, c.p. AMCunitslml,

andRichardson(1983a,b) casein Jlglml, Jlglg PL,
KoryckaDahl etal (1983) Milk c.s. unitslml PL,PG
Rollemaetal(l983b) Milk c.s. AAbs405nm
Scharr(1985) Milk c.p. AMC unitslml
Ollikainenand Swisscheese c.s. nmol p-Naunitslg

Nyberg(1988)
Politis etal (1989a) Milk c.s. absunitslml PL
Politis etal (l989b) Milk c.s. mglLPL, PO
Benslimaneetal (1990) Milk c.p. AMC unitslml,

Jlglml
Politisetal (1992) Milk fractions c.s. mglLPL,

abs.unitslmlPO
FarkyeandFox (1992) Cheddarcheese c.p. AMCunitslg
Politis etal (1993) Milk c.s. absunitslml PI,PG

added,anda caseinfraction wherethe plasminwill be found otherwise(Politis et ai,
1993),or dispersedwith trisodium citrateas describedabove(Politis and NgKwai­
Hang, 1989b)andthenassayed. Both assaysmay be carriedout on microtitreplates,
and so choice of method may be a question of sample preparationrequired and
equipmentavailable,asno informationon relativesensitivityhasbeenpublished.

Thewidespreaduseof two differentmethodsleadsto difficulties in comparing
plasmin levels reportedby different groups, dependingon the method used, with
resultsbeingvariously expressedas AMC unitslml, units basedon increasein abs
405om (for thefirst method)andconcentrationof enzyme(seeTable2.1). Thusthere
is a needfor standardisation,if not of methodology,thenof units, of measurementof
plasminactivity. Therehavealsobeenoccasionallyreportedsomeothermethodsof
measurementof plasminactivity suchasELISA assays(Collin etal, 1988).

2.1.2. ACfIV AnON,INHIBITION AND INHIBITION OFACfIV ATION OFPLASMIN

The relative levelsof plasminogenand plasmin in milk are controlled by a
complexsystemof inhibitorsandactivators,the full natureand interactionsof which
arenot fully understoodasyet. Plasminogenactivators,which convertplasminogento
plasmin,arefound in bovinemilk and havebeenshown to be associatedwith somatic
cells(Verdi andBarbano,1991;Zachosetal, 1992)andcaseinmicelles(Korycka-Dah1
etai, 1983;Richardson,1983b).Milk plasminogenactivatorsareheatandacidstable
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(Richardson,1983a).Storageof milk leadsto increasedplasminlevelsanddecreased
plasminogenlevels (deRhamand Andrews, 1982a; Richardson, 1983a), due to

plasminogenactivation.
Plasminogenactivators(PAs), whichareserineproteinasesandareassumedto

havepassedinto milk from blood, occurin at leasttwo main types, tissuetype (t-PA)
andurokinasetype (uPA). Lu andNielsen(1993) isolatedfive plasminogenactivators
from skim milk, with molecularweightsof 93, 57, 42, 35 and27 kDa, all of which
were urokinasetypeactivators.Mastitis,or inflammationof the udder, resultsin 8 ­
fold increasein milk somaticcell plasminogenactivatoractivity Per cell, and this
activitywasshownto be tissuetype (Zachoset al ,1992). Verdi andBarbano(1991)
also showedthat somaticcells could convertplasminogento plasmin, while blood
leucocytes,coagulantsandextracellularbacterialenzYmescouldnol This maycause
theelevatedplasminlevelsassociatedwith mastiticmilk. Politisetc/" (1989)however,
proposedthatsomaticcell plasminogenactivationoccursmainly in late lactation,and
that in mastitis,damageto the mammaryePitheliumresultsin the increasedplasmin
levelsfound.

With regardto inhibitors, Honkanen-Buzalskiand Sandholm(1981) showed
elevatedlevelsof a I-antitrypsinanda2-macroglobulinin mastiticmilk. Theformer is a
trypsin inhibitor of molecularweight 60,000,also known asal-antiproteinase,which is
associatedwith defenceof tissue,suchasthe lung, from PrOteolyticattack(Travisand
Salvesen,1983), while the latter is a massivemolecule(mol. wt. 725,000) which
physicallyentrapsa broadsPectrumof proteinases,but still allowing their activity
againstsmall substrates.a I-antitrypsin was also isolatedmore recently from good
quality raw bovinemilk, andshown to be activeagainsttrypsin and elastasebut not
plasmin(WeberandNeilsen,1991). Thereis alsoevidence(Grufferty andFox, 1988)
of a2-antiplasminactivity in milk, which is believedto control oneor moreforms of
plasminogenactivator. 8-lactoglobulinand BSA in milk are also known to inhibit
plasminaction (Politis et al, 1993), with both native and denatured8-lactoglobulin
beingactivein this regard.

Grufferty and Fox (1986) showed that this reactionoccurs in the caseof
denatured8-lg via thiol-disulphideinterchange,which is inhibitedin the presenceof
potassiumiodate,which thus stimulatesproteolysisin milk. Potassiumiodatewas
concludedto oxidise the SH group of 8-lg, preventinginteractionwith the plasmin
enzyme. Increasedproteolysisin skim milk in the presenceof oxidising agentswas
alsoshownby Igarashi(1990), usingascorbicacidandhydrogenPeroxide,but they
raisedthepossibilitythat, aswell asa sulphydryl interaction,therecouldbeoxidative
inactivation of inhibitors in the plasmin system. Bovine plasminogenactivator
inhibitor, at-antitrypsin and human plasmaa2-antiplasminare all inactivatedby
oxidation(TravisandSalvesen,1983).

Plasminogenactivatorsin milk canbe assayedby a numberof means. Verdi
andBarbano(t991)usedatwo stepassayin which firstly, at pH 6.6, plasminogenis
convertedto plasminin theabsenceof 8-casein,and then a secondstep is usedto
detectconversionof plasminogento plasmin,basedon plasmin'sability to breakdown
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8-caseinatpH 8.45(measuredby SDS-PAGEanddensitometry).Zachosetal (1992)

used an incubationin the presenceof plasminogen,fibrin and H-D-valyl-Ieucyl-Iysyl­
p-nitroanilideto measurePA activity of isolatedmilk somaticcells. Finally, Lu and
Neilsen (1993) usedthe samesubstratein a microtitre plate assayto measurePA
activity in non-micellarcaseinpreparedfrom skim milk. The bovine milk proteinase
inhibitorsisolatedby Lu and Neilsen(1993) were inhibited by a2-antiplasminbut not
by a.I-antitrypsin.

Thus, in summary,the systemof activationand inhibition, and inhibition of
activationof plasminogen andplasminis a complexone, and one which varies with
externalfactorssuchasmastiticinfectionandstorageandheattreatmentof themilk.

2.1.3. HEAT STABILITY OFTHE PLASMIN SYSTEMIN MILK

Isolated plasmin was completelyinactivatedin 10 min at moe at pH 7.0
(Kaminagowaetal., 1972). Noomen(1975)reportedthatmilk proteolyticactivity was
increasedby 3<>-40% when milk was pasteurisedfor 15 sec at 72°e (HfST
pasteurisation),andby 8-24%whenheatedto 63°e for 30 min (LTLT pasteurisation).
Richardson(l983a) found that pasteurisationof milk (72°e for 15 see) decreased
plasminactivity in milk by 17% (a figure alsoobtainedby Korycka-Dahlet al, 1983)
but thatplasminactivity in incubatedpasteurisedmilks increasedthreefold comparedto
raw milks on incubationat 37°Cfor 3 days, with concomitantdecreasein plasminogen
levels. This suggestedincreasedplasminogenactivatoractivity in pasteurisedmilks,
due to the inactivationof an inhibitor of a plasminogenactivator, as opposedto the
denaturationof a plasmininhibitor, astheseinhibitorswereshown to havesimilar heat
stabilitiesto plasminand plasminogen. Richardsoncalculatedthe heatstabilitiesof
plasmin,plasminogenandtrypsininhibitor in milk to beequal. Plasminis alsowidely
acceptedas at least partially surviving ultra-high temPeraturetreatment (UHT)
conditions(Driessenand van der Waals, 1978), and being responsiblefor problems
suchasgelation.Theselastauthorscalculatedthatit is necessaryto heatmilk to 142°e
for 18seesto completelyinactivateplasmin.

Grofferty and Fox (1988a)found that the heatstability of the plasminsystem
waslowerin milk than in serumfreemicellarcaseindiSPersions,and that the presence
of B-Iactoglobulin,when heatdenatured,inhibited plasmin/plasminogenactivity, as
describedearlier. They alsosuggestedthat the micellestructureof caseinprotects the
enzymesfrom denaturationand that this effect is reducedat higher pHs, and that
additionof lysine (0.1M) increasesthe heatstability of isolatedplasminby Permitting
bindingontocaseinmicelles.

Tissue type plasminogenactivator from somatic cells was found to be
inactivatedby heatingto 63°e for 30 min by Verdi and Barbano(1991), and they
concludedthatthemilk which Richardson(l983a)examinedmayhavehada moreheat

stablePA present(oneof theuPasPerhaps)or thatLTLT treatmentis moreefficient it
inactivatingthePAsthenHfST treatment.It is likely thattheuPAsandtPAsmeasured
by the separategroups accountedfor the discrepancy,also the complexity of the
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activator-inhibitorsystemmakesit quitepossiblethatsuchdifferenceswill occur. This
systemmaybein partsummarisedin Fig. 2.1.

2.1.4.SPECIFICITYOFPLASMIN ON MILK PROTEINS

Plasminis a serineproteinase,with a pH optimumof 7.5 anda high specificity
for bondsof the type Lys-X, followed by Arg-X bonds. It readily degrades8-casein

to y-caseins and certain proteose peptones in milk and cheese(Andrews and

Alichanidis, 1983;Fox, 1989). Thev-caseinsin milk, yl, Y2 and Y3 correspondto
residues29-209,105-209and107-209of 8-caseinrespectively.Theproteosepeptones
ascribedto plasminactionarePP5(8-caseinfl-105 andfl-107), PP8-slow(8-casein
f29-105andf29-107)and PP8-fast(8-caseinfl-28) (Eigeletal., 1984).

Plasminwas shown by McSweeneyet al (1993) to hydrolysea.. -caseinat

least18 bonds, 13 of the type Lys-X and 5 of the type Arg-X. Aimutis and Eigel
(1982)ascribedthefonnationof A.-caseinto theproteolysisof a..-caseinby plasmin.

a..:z -caseinwas shown by LeBars and Gripon (1989) to be hydrolysed in
solution at pH 8.4 by plasmin to 14 peptides(7 Lys-X sites and one Arg-X site
identified),threeof which were from the hydrophobicC-tenninalof the protein,and,
dueto theirhigh averagehydrophobicities,wereprobablybitter.

Inhibitor ofactivator

Alpha-2-macroglobulin
Alpha-2-antiplasmin

PlasminogenActivatorInhibitor

Plasminogen__......__...�~

PlasminogenActivator

Urokinasetype in skim milk

Tissuetype from somaticcells

Plasmin

t
ProteinaseInhibiton

Alpha-l-antitrypsin

Al pha-2-macroglobulin

Alpha-2-antiplasmin

Amino-hexanoicacid

Fig. 2.1. Plasminogenactivation cascadein bovine milk, with oxidatively
inactivatedcomponentsin italics, and hear labile componentsunderlined. (After
Richardson,1983a;Christmanetal,1979)
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Theactivityon K-caseinof plasminis very low, with AndrewsandAlichanidis
(1983)reportingthat4% of Peptidesproducedby the actionof plasminin Pasteurised
milk for 7 daysat37°Coriginatedfrom this source,but no hydrolysissiteshavebeen
asyetconfirmed.

2.1.5. FAcrORSAFFECTINGPLASMIN AcrIVITY IN MILK

Increasingstageof lactationhasbeenassociatedwith reducedlevelsof 1kasein
and increasedlevels of y-caseins,thought to be due to elevatedplasmin activity
(Donnelly and Barry, 1983). Increasedlevels of plasmin and plasminogenin late
lactationmilk were confirmedby Richardson(l983b), Scharr(1985), Politis et al.,
(l989a) and Benslimaneet al., (1990). Politis et al., (l989b) ascribeda drop in
plasminogen:plasminratio from 6.55 in early lactation to 3.29 in late lactation to
increasedactivityof plasminogenactivators.

Age of cow (and increasinglactationnumber) hasbeenshownby Daviesand
Law (1crl7b), Scharr(1985) and Politis et al., (1989) to be positively correlatedto
plasminactivity. Richardson(l983b) found higherplasminactivity in Friesianmilks
thanJerseymilks, but Scharr(1985)found thatstatistically,this effectwasremovedby
makingadjustmentsfor thedifferencein caseincontentsof milks from differentbreeds.
Plasminlevelsreportedin milks in variousstudiesarecomparedin Table2.2, andfrom
this canbe seenagainthe problemin comparingresultsdue to different methodsof
reportingactivities.

Mastitic infectionis known to increaseplasminactivity (Barry and Donnelly,
1981;deRhamandAndrews,1982b;Andrews,1983b),andwhile Barry and Donnelly
ascribedmost of the proteolytic activity in such milks to plasmin, deRhamand
Andrewsshowedthat two-thirds of the activity was non-plasminderived. Somatic
cells, which are present in greatly elevated numbers in mastitic milk, possess
plasminogenactivators(Verdi andBarbano,1991)andPolitiset ale (l989a)found that
somaticcell counts(SCC) in milk were significantly positively correlatedto plasmin
activity (r=O.62). In anotherstudy, Politis et al., (l989b) concludedthat increased
plasmin activity in mastitis was due to influx of the enzyme, with other blood
components,acrossthe damagedmammaryePithelium,rather than by somaticcell
activation,as therewas no significantdrop in plasminogen:plasminratio. However,
Zachoset al, (1992) foundan 8-fold increasein plasminogenactivatoractivity per
somaticcell in cellsfrom mastiticmilk comparedto cells isolatedfrom good quality
milk. Theyconcludedthat cautionmust be takenin relating the findings of cell PA
activity to the milk enzymesystem,becauseof theobvious interplayof a numberof
disparatefactorsin theplasminogen-plasminsystemin mastitis.
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Table 2.2. Plasminand plasminogen-derivedactivities reportedin various milk
studies.

Authors Milk Plasmin Plasminogen
mg/Lor (AMC unitslml)

Richardson(l983b) EarlyLactationJersey

Mid LactationJersey
LateLactationJersey
EarlyLactationFriesian
LateLactationFriesian

Scharr(1985) SwedishFriesians

SwedishJersey
SwedishredandWhite
1st lactationcows
2nd lactationcows
5th lactationcows
<100din lactation
>200din lactation

Politisetale (l989b) Milk seel00,OOO/mi

Milk seel,300,OOO/ml
Early lactationmilk

Latelactationmilk
Politisetale (1989a) Milk see250,OOO/mi

Milk SCC750,OOO/mi
Milk sce> 1,OOO,OOO/mi
Early lactation
LateLactation

Benslimaneetale (1990)Earlylactation
LateLactation
Overallrange

0.15(0.042)
0.29(0.078)
0.37(0.098)
0.27(0.073)
0.53 (0.141)
(0.112)
(0.084)
(0.091)
(0.079)
(0.086)
(0.134)
(0.055)
(0.146)

100units
230units
85 units
170units
0.18
0.28
0.37
0.15
0.38
0.25(0.25)
0.38(0.38)

0.15-0.42
(0.15-0.42)

1.43(0.38)
2.15(0.57)
3.00(0.80)

0.85

1.48
0.94
1.25 .

1.07(1.07)
2.01(2.01)

0.83-2.01
(0.83-2.01)

2.1.6. SIGNIFICANCEOF PLASMIN IN DAIRY PRODUCTS

Proteolysisby plasminis associatedwith a numberof physicochemicalchanges
in dairy products,suchasdecreasedviscosityof high pH caseinatesandUHT products
suchascustards,increasein pH 4.6 solubleproductsin milk andcaseinsolutionsand
gelationon storageof UHT milk products(this will be dealtwith in greaterdetail in
ehapter3).

With regard to the cheesemakingcharacteristicsof milk, Grufferty (1986)

showedthatvery extensivehydrolysisof micellarcaseinwas requiredto increasethe
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rennetclotting time (Ref), and Pearseet ale (1986) foundthat up to 50% of total
micellarcaseinin a milk systemcanbe degradedby plasminwithout increasingRCT,
with RCf decreasingin fact with limited hydrolysis. Grufferty and Fox (1988)
concludedthatthecheesemakingproblemsassociatedwith latelactationmilk werenot
directlyattributableto theelevatedplasmintherein.

2.1.7. THE ROLEOF PLASMIN IN CHEESERIPENING

Visser(l977a-d)andVisseranddeGroot-Mostert(1977),in anextensivestudy
of the contribution of individual proteolYtic agents to proteolysis and flavour
developmentin Goudacheese,found thatcheesesin which milk protease(assumedat

the time to be plasmin) was the only proteolytic agentpresent,showed a gradual
increasein solublenitrogenfractionsover ripening, with 8-caseinbreakdownand y­

casein production. There was also some slight degradationof a.. -casein and
productionof a..-I casein,andatno stagewasbitternessdetectedin thecheeses.These
findings indicatedthat the milk enzYmesystemhadbeeninCOrPOratedinto cheeseand
was stablein suchconditions. The cheesesshoweda low level of amino acidsand
low-MW peptidesproducedduring ripening,and it was concluded thatthe low pH of
the cheesewas unsuitablefor plasminaction. Noomen(1978) madesimulatedsoft
cheesesof theMeshangertypewith milk enzYmesas the sole ripeningagentat a range
of pHs, andfound high 8-caseinbreakdownat pH 6.2, but morerapid breakdownof
a..-caseinatpH 5.2. Breakdownwas optimalat 2% salt in cheesemoisture. In this
andtheabovestudy,thepresenceand activityof otherproteinasesof lower pH optima
thanplasminwasindicated.

Richardson(1981) measuredthe plasminactivity in a range of cheesesand
found higheractivity in Swiss type cheese(1.5-3.4AMC unitslg cheese)comparedto
Cheddar(I.1AMC unitslg cheese),correspondingto a higherbreakdownof 6-casein
and a.z -caseinand slower breakdownof a.. -caseinin Swiss type cheese.These
differenceshe attributedto the relative pH, moisture and salt contentsof the two
cheeses. Ollikainen and KiveUi (1989) showedthat in Swiss type cheese,because
rennetis inactivatedby the high cookingtemperatures,plasmin is the principal agent
responsiblefor breakdownof 8-caseinandprovisionof substratepolypeptidesfor the
starterbacteria. Farkye and Fox (1990) comparedplasmin activities in various
experimentalandcommercialcheeses,andtheirresultsaresummarisedin Table2.3.

Farkyeand Fox (1990) found that increasedcooking temPeraturesincrease
plasminactivity in cheese,rennetcurdandmicellarcaseindispersions,possiblydueto
conversionof plasminogenor inactivationof inhibitors.Theroleof saltingis unclearas
Fox (1989) suggestedthatsinceplasmincan be dissociatedfrom caseinmicellesby
NaCI, salting before pressingwould result in loss of plasmin in the press whey
comparedto brine saltedcheeses,but Farkye and Fox (1990) found no effect of
methodof saltingon plasminactivity.
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Table 2.3. Plasminactivitiesin variouscommercialandexperimentalcheeses(from
FarkyeandFox, 1990)

CheeseType

Emmental
Cheddar
Cheshire
Gouda
Blarney
Leicester
Wensleydale
Romano-Type

Plasminactivity (AMC units!g)
Commercial Experimental

2.68 1.71
1.07 1.26
0.76 0.86
1.85

2.59
1.40

1.35

2.91

Additionof a plasmininhibitor, 6-aminohexanoicacid,to Cheddarcheesecurd,
led to a reducedproductionof V-caseinsandwatersolublenitrogen(FarkyeandFox,
1991)while additionof porcineplasminto milk had exactly the reverseeffects,and
addedplasmin cheeseshad acceleratedriPening and were judged organolePtically
superior.Addition of plasmindid not affect phosphotungsticacid-solublenitrogen.
This was alsoverified using bovine,asopposedto porcine,plasmin, by Farkye and
Lankdammer(I992)who concludedthatthree fold increasein cheeseplasminresulted
in sUPeriorCheddarcheesesensoryquality.

Overall it would appearthatplasminis involved in the primary proteolysisof
caseinsand large polypeptides,rather than production of small amino acids and
Peptides,anddoesnot result in bitternessor unsuitableorganolepticqualitiesduring
cheeseriPening.

2.1.8. NON-PLASMIN PROTEINASESIN MILK

Andrews (l983a), in a study of proteinasesin normal bovine milk, found
differences in milk enzyme inhibition patterns and slight differences between
electrophoreticpatternsof proteolysisinducedby storageand by addedplasminwhich
ledhim to concludethat,althoughtheprincipalproteinasein milk was plasmin,at least
oneotherenzymewasalsopresent.

As describedin the sectionon plasminactivity in cheeseriPening, Noomen
(1978)andVisser(l977a-d)describedthe actionof a secondmilk proteinasewith an
acidpH optimumin aseptic,starterand rennetfreecheeses.This ismost likely the acid
proteinaseisolatedby Kaminagowaand Yamauchi(1972b),which hasa mol. wt. of
36,000 and a pH optimumof 4.0, and which was concludedfrom examinationof
inhibitionpatternsto beidenticalto CathepsinD. Kaminagowaetale (1980)examined
theproteolyticspecificityof this enzyme,purified from milk, and found it to havea
specificitysimilarto chymosin,producing<X.J -I caseinfrom a..-caseinand8-1 and8-11
caseinfrom 8-casein.IC-caseinwas found to be hydrolysedto a para-Ie-caseinlike
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protein,butmuchmoreslowly thanby chymosin,as was the rateof hydrolysisof 8­
casein,while a..-caseinwashydrolysedmorerapidly thanfor chymosin. McSweeney
ataI (1995)comparedtheproteolysisPatternsof caseinshydrolysedby CathepsinD to
thoseproducedby chymosin,andfound thatwhile the hydrolysis of a.. -caseinwas
similar, thespecificitieson a..2-caseindifferedsomewhat.CathepsinD wasmoreactive
on a.. -caseinthan 8-casein,which it hydrolysedprimarily in a mannersimilar to
chymosin. CathepsinD hydrolysedIe-caseinin solution,giving HPLC profiles similar
to chymosin,butwasunableto coagulatemilk. Thus, CathepsinD, which apPearsto
beincorporatedintocheesecurd,probablyhas an actionwhich in mostnonna1cheese
systemsis maskedby thatof chymosin,butactssYnergisticallywith this enzyme.

Reimerdes(1983) isolatedtwo serineproteinasesfrom milk andalthoughone
wasidentifiedasidenticalto bloodplasmin,theothershowedinhibition and specificity
patternswhich led him to tentativelyidentify it as thrombin (also Reimerdes,1981).
This enzymeshowsa high specificityfor Arg-X bonds,but has neverbeenreported
elsewherein milk or milk products. In thesamestudy, the author,throughthe useof
free amino acid-p-nitroanilide substrates, reported the presence in milk of
aminoPeptidases,which wereallegedby comparisonwith blood serafrom the same
animal,to haveoriginatedin blood. Thesameauthoralsosuggestedin an earlierpaPer
the identification of a leucine-aminOPeptidaseactivity with a pH optimum of 7.0
associatedwith caseinmicelles.

In 1990, Suzuki and Katoh found at leasttwo typesof cysteineproteasein
bovine milk, with molecular weightsof 45,000 and 150,000 resPeCtively,and pH
optimumfor activity on caseinof 6.0. Theactivity was elevatedin mastiticmilk and
was correlatedwell with California Mastitis Test, SCC and protein concentration,
suggestingthattheenzymeis involvedin thepathogenesisof mastitis. Milk proteolytic
activityassociatedwith elevatedsomaticcell countsin milk will be discussedin detail
in Chapter3.

2.2. Somaticcells in bovinemilk­
functionandsignificance

2.2.1. INfRODUCfION: CAUSESOF VARIATION IN MILK SCC

Somaticcells in milk are a combinationof ePithelialcells from the secretory
tissueof theudderandleucocytes(white bloodcells)from thebloodstream.A valueof
500,000cellslml milk from cows at normal milking times in normal lactationwas
generallyacceptedasanindexof non-specificmastitis,andsomaticcell count (SCC)is
generallyregardedasa sensitiveindicatorof mastitisand milk quality. However, these
levels have beenconstantlyrevised and ED directive 92/46 reducesthe maximwn
acceptableSCCfrom 500,000cellslmlto 400,000cellslml.

In 1932,JohnsonandTrudelstudiedherdsof cowswith and without mastitis,
andconcludedthattheSCCin milk risesduring the latterstagesof the lactationcycle,
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and in mastitis, with the changeprecedingthe appearanceof Streptococci or
Staphylococci in the milk. Blackburn(1966)alsorecordedrising seewith stageof
lactation,andfound thattheaveragetotal cell countincreasedfrom onelactationto the
next, aswas alsoreportedby EmanuelsonandPersson(1984). Thefraction of milk
takenwas shown to effectseeby PaaPeandTucker(1966), who showedthat if 20
mI fractionswere removedfrom the udder,theseedid not differ significantly from
milk takensubsequentlyfrom all quartersby a milking machine,but that final hand­
stripPedmilk and milk exudedon oxytocin injection, had significantly highersec.
JainandJasPer(1967)foundmoreviablecellsin milk containingbacteria,andthatcell
viability decreasedwhen milk was refrigeratedfor severaldays. Mean seesof
1,12O,OOO/mlfor infectedand414,OOO/m1for non-infectedquarterswerereportedby
WardandSchultz(1c.Tl2), who alsofounda lossin milk yield in infectedquarters.

Newbould(1c.Tl8) sampledapproximatelymilks from 1000bulk tanks over 1
yearandreportedmeanseesof 283,000and 1,118,000cellsimi for uninfectedand
infectedcows respectively.Thesecountsfor uninfectedcows are in closeagreement
with the265,OOO/m1reportedby Hoganet ale (1988). Brolund(1985), in an extensive
study,concludedthatmilk seewasaffectedprimarily by bacteriological statusof the
udder(accountingfor 40% of variation), with the next most significant sourceof
variationbeinglactation number,with seeincreasingwith lactationnumber.Other
significant effects were those of milk yield, morning/eveningsampling, stage of
lactationandsamplingPeriod,butheconcludedthatstageof lactationeffectmaybedue
to reductionof daily yield in latelactation.Thiswas, however,disputedby Weverand
Emanuelson(1989), who found thatseewas clearly affectedby stageof lactation,
with a probablemajoreffectof variationin infectionratesthroughoutlactation,asalso
found by Kennedy et ale (1982). Environmental-heat-stressand injections of
corticotroPinhavealsobeenshownto increasesecin milk (Wegneret al., 1c.Tl6).

Mastitisis definedasan inflammatoryreactionof the mammarygland, and is
classifiedaccordingto the causeor principal causeof the inflammation. Pathogens
principallyentervia theteatductcanal,which providesthefirst line of defenceagainst
infection,andthenmeetthe secondline of defence,the residentcell populationof the
healthygland.Thesecellsinitiatethe inflammatoryresponsenecessaryto eliminatethe
invasive bacteria. This is characterisedprimarily by a massive influx of
polymorphonuclearleucocytes (PMN cells). PMN cells comprise eosinophils,
basophilsand neutrophils,the latterbeing the only tyPe found in milk. Thesecells
phagocytosethe bacteriaand provide the most effective defenceagainst bacterial
colonisationof themammarygland(See(WeverandEmanuelson,1989;Burvenichet

al., 1995). Subsequentchangesin themammaryglandand increasedPenneabilityof
the inflamed tissue results in changesin the levels of enzymes,salts and serum
proteins. In subclinicalmastitis, thesechangescan only be detectedby laboratory
tests,suchasmeasuringsomaticcell count,whereaswith clinical mastitis,changesin
the udderand milk are visible. In acutemastitis, onset is sudden,while chronic
mastitisis characterisedby it's longduration. Mastitisoccursmostcommonlyin older
cowsandin theearlypartof lactation(BramleyandDodd, 1984).
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Over100differentmicro-organismshavebeenreportedasa causeof mastitisin
cows. The primary bacteriaassociatedwith mastitisare Staphylococcusaureus (the
mostcommoncause)Streptococcispp. (principally S. agaJactiae,S. dysgaJactiae,S.
uberis)and leastcommonly,E. coli. Mastitic infectionsmay also be associatedwith
Pseudomonasaeruginosa,Mycoplasmabovis and corynaebacteria(Bramley and
Hood, 1984). Threemajorpathogenclassificationshavebeenidentified, contagious
pathogens,environmentalpathogensand coagulase-negativestaphylococci(CNS),
occasionallyreferredto as skin flora opportunists. The contagious pathogenswere
traditionallyresponsiblefor themajorityof infections,but arebeingcontrolled,at least
partially, by post-milking teat disinfection (teat-dipping) and dry cow therapy.
However, thesemeasurescontrol CNS pathogensonly slightly and environmental
pathogensnotat all (Smith and Hogan, 1995). Contagiouspathogens(Staph.aureus,
Strep.agaJactiae,Strep.dysgaJactiae,Mycoplasmabovis andCorynaebacteriabovis)
grow on the teatskin and within the teatduct and spreadprimarily at milking time
throughpoor hygienicpractices.Contagiouspathogeninfectionsresult in subclinical
mastitiswith 40% eventuallyleadingto clinical symptoms,with infectionsbeing of
long duration in the absenceof antibiotic intelVention. Environmentalpathogens
(Streptococci,Strep. uberis, Enterococci,E. coli, Bacilli and yeasts,moulds and
algae)arepresentin theenvironmentof cows(manure,�~�r�t�, poolsof standingwater,
feedsandbeddingmaterials)andcandirectlyinfectcowsor contaminateproductssuch
as teat dips or multiple-useantibiotic containers. Infections due to these �m�i�~

organismsaregenerallyof shortduration,aremorelikely to result in clinical mastitis,
andthusare lesslikely to result in problemssuchas elevatedbulk tank SCC because
milk from mastiticanimalscanbewithheld. CNS organismsareconsideredto be part

of thenormalflora of animalsandhavelow pathogenicity,resultingin SCCsgenerally
below500,000in infectedquarters,thuscontributingto bulk milk SCCs. It is felt that
theimportanceof CNS Pathogensis increasingas the legal upperthresholdfor SCCs
continuesto bereduced.

2.2.2. BIOLOGY AND FUNCTION OFMILK SOMATIC CElLS

2.2.2.1.The differenttypesofsomaticcellpresentin milk

Milk contains three main types of somatic cell, lYmphocytes,
polYmorphonucleargranulocytes(PMN cells or neutrophils)and macrophages(or
monocytes)(0'Sullivanetal. , 1992). Milk mayalsocontainepithelialcellsshedfrom
the udder. Mastitic inflammationof the udder results in an influx of PMN cells.
Burvenichet al. (1995), in a review of defencesystemsof the mammarygland,
reportedthatcell countsfrom non-infectedmammary glandsconsistedof ±12% PMN,
±60% macrophagesand±28% lymphocytes. Thesefigures representa consensusof
variousstudiesandthefindingsof variousotherstudiesinto the differentialcell counts
of non-mastiticmilk aresummarisedin Table2.4. The higherproportionsof PMNs
reported by Dulin et al. (1982) were attributed to the cows being fitted with
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Table 2.4 DifferentialSCCsin non-mastiticmilk asreportedin theliterature



polyethyleneintramammarydevices(IMD), which causerelative increasein PMNs
relative to monocytesor macrophages.Otherwise,the relativeproportionsof the 3
main cell types are in broad agreement,but there is still a rangeof 18-71% in the
proportionof PMNs, asa percentageof totalcell count,reportedin healthymilk.

Blackburnet aI. (1955) and Blackburn(1966) concludedthat in late lactation
boththenumbersof PMNs andnon-PMN cell typesrose, andthatas numberof cow
lactationsincreased,thenumbersof PMNs increasedandthe countsof cellsotherthan
PMNs remainedrelatively constant.It is now known that during late lactation, the
percentageof PMNs tendsto increasewhile the percentageof lymphocytesdecreases
and PMNs arethe Predominantcell type for 4 weeksafter cessationof milking but
towards parturition lymphocytes Predominatein milk (Burvenichet al., 1995).
Lymphocytesrespondto foreign antigensand function in humoral and cell-mediated
immunityandconstitute47%T-cellsand 20-28%B-cells, with increasedB-cellieveis
in dry-glandsecretions(Conchaetal., 1978;Conchaet al., 1980). Macrophages,

like PMNs, arephagocyticcellswhich ingestand kill mastitispathogensand secrete

inflammatorymediators.

2.2.2.2. Methodsfor determiningdifferentialcell countsin milk

Total somatic cell counts in milk may be detennined by use of a
haemacytometer,microscopeand methyleneblue staining, coulter counter (which
countsparticlesof a certainsize),or by electroniccountingof ethidiumbromidestained
nuclei of cells using a Fossomatic,which is the most common routine test to
detennineSCC (lDF bulletin 132, 1981). Fossomaticinstromentsare generally
calibratedby direct microscoPiccounts. Cell viability is routinely estimatedusing
trypan blue staining(Mishell and Shiigi, �1�~�; Conchaet al., �1�~�; Lohuis et al.,
1990).

Many studiesof differential cell countsin milk usedSPeCificdifferential cell
stainsandmicroscopecountingto detenninethetotalcell counts, andrelative countsof
eachcell type. Stainssuchas Sudanblack-Leishmansstain(Blackburnet al., 1955),
Wrightsstain(Dulin etal., 1982;JensenandEberhart,1981;Miller etal., 1990;Miller
et al., 1991)or pyronin-Y-methylgreen(Guidry et ale , 1975) are commonlyused.
Morphologicalstudieswerealsocarriedout using electronmicroscopy(Paapeet al.,
I CTr7; Harmon and Heald, 1982). A �~�y�t�o�s�p�i�n centrifuge has been developedfor
concentrationof cellsfrom milk ontomicroscopeslides,to improvedifferentialstaining
techniques(Dulin etal, 1982).Esterasestainingis alsousedto estimatedifferential cell
counts(Zecconiet al., 1994). Stainingusing a monoclonalantibody to cytokeratin,
coupledwith a chromogenicreaction,was usedby Miller et al., (1991) to perfonn

differentialcountson milk smears.
An earlyelectroniccell countingprotocolwas describedby Meeket ale (1980)

who used a Coulter counterwhich sized the countedparticles into 16 groups or

channels,and it was found that milk from infected quarters showed the greatest
differencein oneSPeCificchannel,andit wasproposedthatthecellsin this channel
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Fig. 2.2 Schematicofa typicalflow cytometer(Shapiro,1988)

were PMNs, andthis countwas shownto havepotentialin detectinginfectedherds,
cows and quarters. The most significant advanceof recentyears in the area of
differential somatic cell counting, however, has been the developmentof flow
cytometry.

Row cytometryis definedasaprocessin which measurementsaremadewhile
thecellsor particlespass,preferablyin singlefile, throughthe measuringapparatusin
afluid stream(Shapiro,1988).Cellscanbecountedandclassifiedon thebasisof size,
shape,granularity, pigmentation,fluorescence(natural or due to added markers),
nucleicacidcontentor antigens. A schematicof a typical flow cytometeris shownin
Fig. 2.2. This instrumentis setup to measurefluorescenceemissionfrom, and light
�s�c�a�t�t�e�~ at largeandsmall anglesby, eachcell which passesthroughit. The cellsare
passedthroughtheinjector,which is coaxialwith a largertubethroughcell-freesheath
fluid is passing,andscatteredlight and fluorescencearemeasuredby suitably placed
detectors.Regionsof cells of interestcan be selectedand thesecells collectedby
charginganddeflectionof dropletsof interest(cell sorting).

HageltornandSaad(1986)publishedthefirst useof flow cytometryof bovine
bloodandmilk leucocytes,which were prestainedwith the nucleicacidstain,acridine
orange,sorted,and identified by stainingand microscopy. Acridine orangestains
RNA red and DNA green,and thus eachtype of cell will havea distinct redIgreen
fluorescencepattern,and can be distinguishedon this basis. They showed that
monocytes,macrophages,lymphocytesandPMNs could be easilydistinguishedand
countedin bloodandmilk. A typical cytotluorogramof cellsin a mastiticmilk sample
is shown in Fig. 2.3. Cells in eachgroupareselectedandcountedby computerand
expressedasa % of total cellscounted. This methodwas subsequentlyusedby Saad
(1987),Ostenssonelal. (1988),WeverandEmanuelson(1989),SaadandOstensson
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Fig. 2.3. Cytojluorogramof cells in a mastiticmilk sample, with each Leucocyte
representedasa point, with its co-ordi11Qles(red and greenjluorescenceon horizontal

and venical axes). L=l.vmphocytes,N=PMNs, Mo=mo1lfXYtes, Ma=Macrophages
(HageltornandSaad, 1986).

(1990)andOstensson(1993) to detenninedifferential milk somaticcell counts. Milk
sampleswere typically preparedby dilution 1:200 with phosphatebuffered saline
(PBS) containing4mglL acridine orangeand filtered through a 50Jlm nylon filter
beforemeasurement(Ostenssonetal. (1988». Sordilloetal.,(1991)usedmonoclonal
antibodiesspecific for bovine leucocytesurfaceantigensto enumeratebactericidal
activity of isolatedlymphocytesusing flow cytometry. Similar monoclonalantibody
labellingtechniqueswere usedby Leitneret ale (1995) and Conchaet ale (1995) to
estimatedifferentialmilk cell counts.

The labelling by chemicalconjugationof an enzymeto either antibody or
antigenallows detectionof immunecomplexesfonned on a solid phaseas the fixed
enzyme,once washed free of interfering substances,can be used to catalysea
colorimetric reactionwhich can be used to quantify the antigen measured. These
assays are referred to as enzyme-linked immunosorbent assays (Catty and
Raykundalia,1989). O'Sullivanet ale (1992) describeda captureEUSA assayfor
diagnosisof bovinemastitisusinga monoclonalantibodyspecificto bovine PMNs, as
an alternativeto cumbersomeand expensiveflow cytofluorimetric methods. The
potentialuse for this test was as a cow side test for infected quartersor cows, to
preventmilk from cows with subclinicalmastitisfrom enteringthe bulk tank, keeping
milk quality high. Theassaywashighly correlatedto totalSCC(r=O.94) and had high
sensitivityand specificityand it was concludedthat the testhadexcellentpotentialfor

detenninationof bovinemastitis.
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With regardto separationof somaticcellsfrom blood, the methodof earlson
andKaneko(1974)is widely usedto recoverpoly (PMN) andmono(non-PMN cells)

fractionsfrom blood. Milk cells are routinely recoveredfrom milk by centrifugation
and resuspensionin phosphatebufferedsaline(PBS) (Paapeet al., 1977; Verdi and
Barbano,1988;Verdi andBarbano,1991). Methodsusing the differentialdensitiesof
differentcell typesto seParatemilk cellson Ficoll (Conchaetal., 1978;Zecconietal.,
1994), Perroll (Grommersetal., 1989;Sordillo etal., 1991;Lohuis et al., 1990) or
discontinuousmetrazamide gradients(Hallen-Sandgrenand Bjork, 1988; Hallen­
Sandgrenetal., 1991)havebeendescribed. Lymphocyteshavebeenrecoveredfrom
milk usingfiltration throughlooselyPackedcottonwool (Conchaetal., 1980). Paape
et al. (1977) stated that isolation of PMNs from residual milk 11 hours after
intramammaryinfusionof salinecontaining0.1% glycogenwill provide large numbers
of PMNsfor in vitro studiesof thecellulardefenceof themammarygland.

2.2.23.Effectsofmastitisondifferentialsomaticcell countofmilk

It haslong beenrecognisedthathigh seeis an indicatorof mastitis,and that
theproportionof polymorphonuclearleucocytes(PMNs) riseson bacterialinvasionof
the udder (Blackburnet ai., 1955; Meek et ai. , �1�~�; Jensenand Eberhart, 1981;
AZlJ1ra and Dimick, 1985b; Grommerset al. , 1989; Saad and Ostensson,1990).
Paapeetai. (1977) showedthatchemotaxisor recruitmentof PMNs to the mammary
glandcauseda four-fold increasein PMNs 11 hoursafter infusion of salineor saline
containingglycogen(both chemotacticagents). ThesePMNs had a high phagocytic
activity againstStaphylococcusaureus (98% of bacteriakilled within 1 hr at �3�~�e�)�.

PMNs werealsofound to phagocytosefat globulesin milk. HarmonandHeald(1982)
found that in experimentallyinducedStaphylococcusaureus mastitis, infectedtissue
showed progressive tissue degenerationand PMNs were seen under electron
microscopyto adhereto the capillarywalls andmigrateacrossthe blood-milk barrier
throughgapsin the epitheliallayer left by lysis of epithelial cells. Grommerset ai.
(1989)showedthatcowsthatrespondedto a low infusionof E. coli endotoxinwith a
rise in sechad enhancedPMN chemotacticactivity, while in cows which did not
developa high seethis activitywasdiminished. This suggestedthat somecows may
be betterableto mobilisePMNs andquickly eliminatean infection (responders)than
others(non-responders).

Weverand Emanuelson(1989)found thatdifferentialseewas affectedby the
presenceor absenceof pathogensin infectedquartersof the udder,but not in adjacent
quarters, with 1.8 fold higher total sec, increasedPMNs, slightly increased
lymphocytesanddecreasedmacrophages.Increasingseefrom <100,000cellslml to
>800,000cellslmlledto an increasein %PMNs as proportionof total cellsfrom 32%
to 49%. However, Fmmanuelsonand Wever (1989), investigatingthe POtential of
differentialcell countsasanindicatorof mastitisin milk samplesfound that log (See)

wasa bettermeansfor differentiatinginfectedandpathogen-free quartersthan
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Fil. 2.4. Total and Differential milk leucocyte counts after infusion of S.
typhimuriumendotoxin(arrow) into mammaryglands. Valuesaremean± SEMof5
quartersfrom 3 cows(Saad andOstensson,/990)

differential cell counts, but suggestedthat functionality, ratherthan quantity of cells
suchasPMNs shouldbeconsideredin establishingtheirrole in mastiticinfection.

In themostdetailedstudyfound on the influenceof mastitison differentialcell
counts,SaadandOstensson(1990)usedSalmonellatyphimurium endotoxinto induce
mastitisin cowsandexaminedsubsequentdifferential cell countsin blood, lymph and
milk. Thiswasdifferentto theapproachesusedabovewhich correlatedbacteriological
statusof largenumbersof milk sampleswith total anddifferential SCCs,andwas the

first study of the sequentialchangesin proportionsand changesin cell populations
duringthecourseof experimentallyinducedmastitis.Therewasa hugeincreasein total
milk SCC, accompaniedby a blood cell population decrease,due to massive
mobilisationof cellsto uddercompartmentsandmilk. PMNs wereseento appearat the
beginningof the infection,andto be the predominantcell type in milk (up to 95% of
totalcells)for up to:l) hoursafterendotoxininfusion. Both monocytes-macrophages
andlymphocytesincreasedalso, but when total SCC increasewas takeninto account,
theproportionsof thosecellshad dropped. Threedayspost-infusiontotal SCCsbegan
to drop, reaching preinfection levels during the fourth day, while at this time
lymphocytelevels remainedhigh, and lymphocyteswere the predominantcell type

betweenpostinfusiondays4 and8, dueto a drop in PMN and monocyte-macrophage
numbers to preinfection levels. The role of lymphocyteswas suggestedto be
immunological,as thesecellsdo not phagocytica11ydestroybacteria. A graphof the
totalanddifferentialleucocytecountsduringthe courseof this experimentis shown in
Fig. 2.4. Zecconi etale (1995),however,found that in mastiticanimalsfound in herd
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situations,asopposedto casesof experimentallyinducedmastitis, PMN percentage
wasneverhigherthan65%.

2.2.2.4. ThejunctionofthePMNcell in theudder

PMN cell function may be estimatedby examining a number of factors.
Phagocytosisof an opsonisedstimulus(zymosan),quantifiedby chemiluminescence,
wasusedfor this purPOseby Zecconiet ale (1994) andLohuis et ale (1990). Binding
and ingestionassaysusing E. coli as a target organismand migration assaysto
investigatechemotaxiswerealsousedby Lohuisetale (1990). Listeriamonocytogenes
wassimilarly usedby Kelly Bunningetale (1988). Phagocyticandbactericidalassays
for PMNsweredescribedby Paapeetal. (1977). A methodfor measuringchemotaxis
andspontaneousmigrationof humanPMNswasdescribedby Nelsonetale (1CT7S)and

usedby Grommerset ale (1989). An assayfor superoxideanion generationwas
describedby Grommerset ale (1989). Assaysfor hydrogenperoxidereleaseand
intracellularkilling wereusedto study PMN function in normalandmastiticmilks by
Zecconiet ale (I99S). Testsfor intracellularsurvival of Staph.aureus and Listeria
monocytogenesin PMNsweredescribedby Williamsetd. (1985) and Kelly Bunning
etd . (1988).

The role of the PMN cell in non-infected,healthy udders was studied by
Hallen-Sandgren(1991). Macrophagesand PMNs had high phagocyticactivity but
macrophagesshoweda low chemiluminescentactivity, which is a measureof oxygen­
dependantkilling capacity,asPMNs, when activated,emit light as a consequenceof
productionof reactiveoxygenmetabolites,which havea bacteriostaticfunction. PMN
chemiluminescentactivity was depressed,with selectively decreasedextracellular
releaseof oxygenradicals,andhenceprotectivecapacity,in Friesiancows and in early
lactationmilk. This waslinkedto thehigherincidenceof mastitisin earlylactation,and
suggestedthatlaterin lactationPMNs haveanenhancedprotectivefunction.

Functionaldepressionof milk PMNsin cowswith subclinicalmastitiswas also
observedand higher SCCs were associatedwith higher PMN activity. This latter
finding suggeststhatselectionfor cowswith low SCCs may diminish the protective
functionof PMNsin the udder,which may be connectedto the fact that low SCCsin
bulk milk are associatedwith higher ratesof clinical mastitis, and indicating the
protectiverole of PMNs. It was alsofound that the presenceof bacteriain the udder
wasassociatedwith depressedPMN function, suggestingthat the presenceof bacteria
is dueto thedepressionin function of the milk PMNs, or perhapsthat the bacteriaare
depressingPMN function. Saad (1987) reported a lower proportion of active,
phagocyticPMNs in non-mastiticmilk comparedto cells isolatedfrom blood from the
samecows,but in late lactationand high SCC milk similaror higheractivity of milk
PMNs was shown by Hallen-Sandgren(1991). It is possible that phagocytosisof
caseinand fat in milk exhauststhe neutrophil, resulting in decreasedmicrobicidal
function. Milking removescompromisedPMNs, whicharereplacedby healthyPMNs,
thusenhancingdefenceagainstbacterialinfection. Thismayexplainwhy cowsmilked
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four timesa day havea reducedincidenceof clinical mastitisas comparedto cows
milked twice a day (Burvenich et al., 1995). The possibility that
immunocompromisationof mammarygland defences,through low phagocyticand
chemiluminescentactivity of PMNs, could predisposeto clinical mastitis, was
supportedby Zecconietale (1994).

During intramammarychallenge PMNs are recruited by chemoattractant
moleculesreleasedduring the initial steps of the inflammatory reaction, such as
complementcomponents,liPOPOlysaccharidesor endotoxins.PMNs thus recroitedby
endotoxin to the udder produceoxygen radicals, such as sUPeroxideanions and
hydrogen Peroxide, on binding of complementand immunoglobulins. During
phagocytosis,PMN cytosolicgranulesfuse with the invasivemicro-organismsplasma
membraneto form the phagolysosome,which is a highly toxic microenvironment
Releaseof the oxygen-dePendantkilling agentsto this cavity is very effective at
eliminatingGram-negativebacteriasuchasE. coli. S. aureus,however,hascunningly
adaptedto survivetheseconditionsby producingcatalasewhich disannsthe hydrogen
peroxidemechanism.Williams et ale (1985) showedthat PMNs from cows with a
high rateof phagocytosisgenerallykilled internalisedS. aureus moreefficiently, and
that intracellularsurvival of this organismwas linked to reducedchemiluminescent
activity, or oxidativepathways.

TheoxygenindePendentkilling mechanismsof PMNsconsistof thereleaseof
bactericidalenzymessuchastheproteolyticenzymesFlastaseandCathepsinG, which
mayalsobeinjuriousto hosttissue (Travis,1988;Travis; 1990;HensonandJohnston,
1987). It is theorisedthat the decreasedactivity of the milk PMNs describedabove
meansthatdisproportionatelevelsof PMNs arerequiredto preventinfection,and that
meansshouldbe exploredto increasethe phagocyticactivity of PMNs (BurvenicheI

al., 1995). In this area,the work of Sordillo (1995) showedthat specificcytokines
(naturally producedproteinswhich function in immunoregulation,inflammationand
immunity) can enhance PMN chemotactic, bactericidal and antibody-dependant
cytotoxicactivity, and can reducerate, severityand durationof infectionsin certain
mastitismodelsystems.

Thus it is possible that the recroited PMNs while serving to destroy the
invadingbacteria,actuallycausea largepartof the inflammatoryreactionin the udder,
andthatif tissuedamageresultsin lossof feedbackcontrol of oxygen-radicaltension,
progressivetissue damagewill continue, possibly leading to the developmentof
chronicmastitis. WhenconsideringpossiblePMN proteinaseactivity in milks of high
PMN levels, it is worth noting that a I-antitrypsin (al-antiproteinase)and a2­

macroglobulin, two inhibitors associatedwith mastitic milk, are involved in the
biologicalcontrolof FlastaseandCathepsinG (Travis, 1988)andsotheirpresenceand
activitiesmaybelinked, implYing presenceof theseenzymesalsoin mastiticmilk.

In summarytheprimaryroleof thePMN cell in the udderis in mastitis,where
productionof oxygenradicalsandproteinases destroyinvasivebacteria,but possibly
injuring the udder tissuein the process.Functional depressionof milk PMNs, as
hapPensin early lactation,can predisposeto mastitis,which can also be causedby
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selectionfor cowsof low SCC. The primary role of the PMN cell in healthymilk is
protective, and phagocytosisof milk componentsmay lead to depressedPMN
function,which mayalsoincreasepossibilityof successfulbacterialcolonisationof the
udder.

2.2.3. INFLUENCEOF MILK SCCON DAIRY PRODUcrQUAUTY

2.2.3.1. Milk compositionand quality

Mastitis and high SCCs are associatedwith a number of changesin the
compositionaland enzYmaticproPertiesof milk and this area has been extensively
reviewed(seeMitchell et al., 1986;Munro et al., 1984; Politis and Ng-Kwai-Hang,
1988a-c;Kitchen, 1981). A summaryof the principal effects of SCC on milk
compositionis presentedin Table 2.5. The relationshipbetweenelevatedSCCs and
proteolysisin milk is discussedin Chapter3, but also of interestis the relationship
betweenmastitis and lipoprotein lipase activity and lipolysis in milk (Azzara and
Dimick, 1985a,b;Murphy et ale , 1989), which may have implicationsfor high-fat
dairy productssuch as soft cheeses,which rely on controlled lipolysis for flavour
developmentThis lipolytic activity was shown to be due to macrophagesproducing
lipolytic enzYmesby AuMa and Dimick (1985a), and leadsto higher free fatty acid
(FFA) concentrationsin raw milk at milking and theseincreaseon subsequentstorage

of mastiticmilk (Murphy etal., 1989).
Janzen(1'n2) noteda significantcorrelationbetweenSCCandflavour scoreof

pasteurisedmilk, andwhenRogersandMitchell (1989)studiedthecorrelationbetween
log (SCC)andorganolepticgradeof pasteurisedmilk samplesfrom two farms, stored
over 14 days at 4°C, the samesignificant relationshipwas found (P<O.05) for one
farm, but not for the other. WhentheSCC dataweredivided into bandsof 250,000
celUml, therewas further indicationof decreasinggradewith increasingSCC. The
latterauthorsalsostudiedthe effectof log (SCC) on skim milk powder manufacture
andconcludedthatpowdersmade fromhigh SCC milk had lower titratableacidity and
ferrocyanidereducingvalue, but that solubility and heatstability were not affected.
Munro et ale (1984) reportedthat the alteredheatstability of mastitic milk could be
importantin determiningthequalityof recombinedandsweetenedcondensedmilk, and
thatmastiticmilk waslessresistantto high temPeraturesthan normalmilk. Needset ale
(1988)showedthatincreasingSCCdecreasedthe whipping time and stiffnessof 38%

fat creams.
2.2.3.2. Effectson cheesemaking

CoagulationproPertiesof milk samples,measuredas rennetclotting time, rate

of curd fonnation and final curd firmness, as detenninedby formagraph, were
correlatedto milk secby Politis and Ng-Kwai-Hang (1988c). FJevatedSCCs were
associatedwith significantincreasein rennetclottingtimeanddecreasedcurd firmness.
TheseclottingproPertiesarealsocorrelatedadverselywith milk pH, which is increased
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Table 2.5 Influenceofbovinemastitisonmilk properties(from (1) Munro et ale (1984), (2)
Grandisonand Ford (1986), (3) Kitchen (1983), (4) Haenleinet al. (1972), (5) Barry and
Donnelly,1981,(6)Mitchelletal(1986a-e)andMurphyetal(1989».

Constituent Influenceof
increasingSCC

References

Totalsolids Decreases
Fat Decreasesatvery high SCC
Lactose Decreases
Titratableacidity Decreases
pH Increases
Calciwn Decreases
Potassium Decreases
Sodium/Chloride Increase

Totalcasein Decreases

all casein Decreases
8-casein Decreases
lC-casein Increases(1)

para-lC-casein Increases
y-caseins Increase

Wheyproteins Increase
a-lactalbumin Decreases
8-lactoglobulin Decreases
Immunoglobulins Increase
SerumAlbumin Increase

Proteosepeptones Increase
ShortChainfatty acids Increase
Long chainfatty acids Decrease
Enzymes Increasein general

N-acetyl-B-DglucosominadaseIncrease
Cata1ase Increase
Xanthineoxidase Increase
Lipase Increase
Proteolyticenzymes Increase
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(1), (6)

(1)

(1),(2), (6)

(2)

(1),(3), (4)

(1),(2), (3)

(6)

(1),(2),(3), (6)

(1),(2), (3), (4)

( 1),(3),(5),(6)
(1 ),(2),(3),(5), (6)

(1),(3), (5), (6)

(3)

(1), (5)
(1), (3), (4)

(1), (3), (6)

(1), (3), (6)

(1), (3), (6)

(1), (3)

(3)

(1)

(1)

(1)

(1)

(1)

(1)

(1), (7)

(7)



in mastiticmilk (Munroetal., 1984).Decreasedcoagulumstrengthandpoor coagulum
forming propertieswith increasingSCC were also reportedby Grandisonand Ford
(1986),Mitchelletal., (l989b), Ali et ti (1980) and Munro et ale (1984). Mastitis is
alsoassociatedwith anincreasein caseinin the solublephase,as opposedto micelles,
mostof which is contributedby 8-casein(Ali etal., 1980) as well as lossesin total
caseindueto proteolysis.Thuslesscaseinis availablefor incorporationinto the casein
networkof the cheesecurd. Calciumandphosphatein the solublephaseof milk also
increaseon short tenn refrigeratedstorageof high SCC milk and both this and the
changein proteinwill obviouslyaffectthemilk clottingProperties.

BrosandJaartsveld(1CJ71)comparedbatchesof Goudacheesemade frombulk
milks with low and high SCC and found that in general,preferencewas given to

cheesemadefrom milk of a low SCC, with regard to consistency,flavour and
appearance,and testerscould pick out the high SCC milk cheesein triangle tests
(P<O.05). Grandisonand Ford (1986) madeCheddarcheesefrom low SCC milks,

mixedwith high SCCmilk to create a rangeof SCCsfrom 39,000-2,587,000cellslml
andfound thatmoisturecontentincreasedwith increasingmilk SCCandcheesefat and
protein levels decreasedwhile protein lossesin whey increased. Lactosein whey
decreased,andcheeselactic acid increased.The compressionstrengthof the cheese
was decreased,as was cheesespringinessandfirmness,with increasingSCC, while
stickinessandtotaloff-flavourswereincreased.Theauthorsconcludedfrom statistical
interrelationsof cheeseandmilk parameters,that goodquality milk with a high casein
content,unlikehigh SCC milk, will producea firm coagulumandrequirelesstime to
producea firm, elasticcheesewith low moisturecontent,andlessproteinwill belost in
thewhey in theprocess.Similarly, PolitisandNg-Kwai-Hang(1988a)and Mitchell eI

al., (l986b) found thatmilk SCCswerenegativelyrelatedto fat, protein, total solids
and fat-in-dry-matterin Cheddarcheese,and positively relatedto protein losses in
whey, cheesemoisture, and cheeseprotein-in-dry-matter.High SCC milk was
characterisedby it's inability to incorporate proteininto thecurd. PolitisandNg-Kwai­
Hang (1988a,b)recommendedthat to improve cheesequality, milk SCC should be

maintainedbelow 500,000/00 andpossiblybelow 3OO,000/ml. Munro et ale (1984)
reported that high SCCs were also related to poor cheesemakingproperties in
Parmesan,Grana,Kostroma,Emmental,Tilsit, GoudaandCamembertcheese.

Cheeseyield appeared to be unaffectedby sec, accordingto Grandisonand
Ford(1986)but this is in conflictwith thework of mostauthors,who found up to 5%
decreasein Cheddarcheeseyield from mastiticmilk (Lawrence,1991).Politis and Ng­
Kwai-Hang(l988b)found thatmilkSCCswere inverselyrelatedto moisture-adjusted
cheeseyietdandefficiencyof cheeseyield and that increasesin SCC from l00,OOO/ml
to 500,000100 andfurther to I,OOO,OOOIml reducedadjustedyield by 5% and 8.7%
respectivelyandyield efficiencyby 11%and 13% respectively. The influenceof milk
SCC andmilk ageon cheeseyield was investigatedby Barbanoet ale (1991), who
found thatstorageof high SCCmilk for 5 daysat4°Creducedcaseinasa percentageof
troeproteinandcheeseyield efficiency,and increasedmilk SCC and ageincreasedfat
andproteinlossesin whey. Cheesemoistureincreasedwith milk SCC anddecreased
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with milk age,due to negativeeffectof milk ageon starteractivity leading to longer
maketimes(alsoreportedby Randolph,1969),and it was concludedthatany increase
in SCCabovel00,OOO/m1could havea negativeimpacton cheeseyield efficiencyfor
milks from groupsof cowsof similarSCC,but that this effectwould be diluteddown
in commingledmilks.

2.2.3.3. Propertieso/proteasesfromisolatedsomaticcells

Sincethe acid phosphataseof bovine milk was shown to be of somaticcell
origin in healthyandmastiticmilk (AndrewsandAlichanidis, 1975;Andrews, 1976),
it hasbeenconsideredlikely that the largecomplementsof proteinasesassociatedwith
thesecellsmightalsobepresentin milk, andthusbesignificantin caseinbreakdownin
dairy products.

Theprocedureof CarlsonandKaneko(1m) wasusedby Grieveand Kitchen
(1985) to recovertwo fractions, rich in PMN cells and non-PMN cells respectively,
andthesecellswereincubatedinto caseinsolutionsat pH 6.8 to detenninecaseinolytic
activity. Refrigeratedstoragedid not result in protein breakdown,even after cell
disruptionby homogenisation,andpasteurisationresultedin lossof cell vitality.

a) _-"- _

b) _

0)_.."..... _

Fig. 2.S Densitometricscans0/ milk samples. (a) unincubaJedfresh milk, (b)
preservedhighqualitymilk with addedurokinase(to activateplasminogento plasmin)
incubated/or12hl'at37°c,(c) preservedhigh quality milk plus 6-aminohexanoicacid
plusurokinaseplussomaticcell isolate(equivalentto 2,300,000cells/mJ)incubated/or
12 hi' at37°C.(Verdiand Barbano,1988)
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Table 2.6. Proteinasesin milk somaticcells (from Verdi and Barbano(1991b) and
Barrett(1979))

Cell type

PMNs

Macrophages

Proteinase Type pH optimum

Elastase Serine- 7-8
CathepsinG Serine- 5-7
Proteinase3 ?
Collagenase Metallo- NeutralpH
CathepsinB Cysteine- 6.0-6.3
CathepsinD Aspartic- 3.5-4.0

CathepsinD Aspartic 3.5-4.0
Elastase Serine 7-8
Neutralcathepsin ?
Pepsin Aspartic 2-4
Chymotrypsin Serine 7.5-8.5

Caseinproteolysisby PMN and non-PMN leucocyteextractsat �3�~�C were shown to
producesimilar polypeptidemaps, but thesewere different to those produced by
bacterialproteinasesandplasmin. The rateof proteolysisof caseinappearedto be in
the order<lsI> B » Ie -casein,andoverall activity of cellsat 1,000,000cellslml was
lessthanthelevelsof naturalmilk proteinaseactivity found in milk from healthycows.
A different approachwas takenby Verdi and Barbano(1988), who recoveredcells
from mastiticmilk, asopposedto blood,andfound thatproteolysisproductsof casein,
liberatedby thesecells,weredifferentto thoseproducedby plasminandthatup to 67%
of somaticcell proteolyticactivity from mastiticmilks survivedpasteurisationat 63°C
for 30minutes.Non-plasminproteolysiswas examinedusing the plasmininhibitor 6­

aminohexanoicacid. Densitometerscans of SDS-PAGE separationof proteolysis
productsin milks incubatedwith plasminand somaticcell isolatesare shown in Fig.
2.5.

Thedifferencesbetweenproteolyticactivityof milk andbloodsomaticcellswas
investigatedby Verdi and Barbano(1991) in a systemof 8-caseinin pH 6.6 and 5.2
buffers.Bovinemilk somaticcellsfrom cows with mastitisdegraded27.5 and 13.6%
of B-caseinafter24 hoursat 37°Cat pH 6.6 and5.2 respectively,but theseactivities
were 16.0and8.4%for blood cells respectively. No reasonfor the higheractivity of
milk cells comparedto blood cells was offered, but this may explain the low
importanceof such proteasesconcludedby Grieve and Kitchen (1985). PMNs and
macrophagescontain a number of very active proteases(Table 2.6). Verdi and
Barbano(l991)suggestedon thebasisof studiesof inflammationin humantissuesthat
macrophagesmaybethepredominantcell tyPe in chronicinfections,and that the levels
of theirproteaseswould thusbehigherin mastiticmilk thanblood.
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However, this macrophage-dominatedsomaticcell complementin mastitis is
thoughtunlikely due to studiessuch as that of Saadand Ostensson(1990) on the
somaticcell ecologydYnamicsof a mastiticinfection. Verdi andBarbano(1991b)also
suggestedthat macrophagescontainmore intracellularproteasesat certain stagesof
developmentandactivity than PMNs (seealso Guyton, 1986), but this is basedon
studiesof rabbitandmouse,andis known to vary from SPeCiesto sPeciesso therole in
bovine cells is relatively unknown (Cohn, 1975). It is likely that macrophagesdo
howevercontainhigher quantitiesof cathepsinD than PMNs (Cohn, 1975), which
mayexplainwhy this, of all leucocyteproteinases,hasbeenthe only one isolatedfrom
normal milk. From Table 2.6 it can be seenthat both cell tyPes contain similar
enzymesand thatpH may alsoplayarole in the activity of cell-derivedproteinases.
Theroleof proteasesfrom PMNsandmacrophagesin milk andthecontributionsof the
proteasesfrom different cell tyPes in mastitic and normal milk requires further
elucidation. It is recognisedthatthe acid proteaseof milk is of lysosomal,leucocyte,
origin (McSweeneyetal., 1995)andthecysteineproteasesdiscoveredin mastiticmilk
by Suzuki and Katoh (1990) andshown to be of somaticcell origin, are probably at
leastpartially due to cathepsinB action. It can only be hypothesisedthat the greatly
elevatednon-plasminproteaseactivityassociatedwith mastiticmilk, which is known to
containgreatlyelevatednumbersof PMNs, suggeststhat it is the enzymesof this cell
type which are of most interestto dairy science. In macrophage-dominatednonnal
milk, plasminactivity far overshadowsany contributionof proteasesfrom thesecells,
including the contributionof cathepsinD, unlessthe pH is lowered,as in the caseof
cheesemaking,andtheconditionsaremoreoptimalfor cathepsinD andlessoptimalfor
plasminaction.Thelevelsandactionof cathepsinD in.mastiticmilk areunknown.
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Chapter 3

Indigenousproteinasesand proteolysisin bovinemilk

3.1. Introduction

Proteolysisin milk is asubjectwhich hasbeenintensivelystudied,ascontrol of
theextentandnatureof milk proteolysisis the basisof productionof a wide rangeof
dairy products, such as cheeses,yoghurts and cultured foods, while undesirable
proteolysiscanleadto lossof functionality andspoilage. Proteinasesof interestto the

dairy industrycan beclassifiedinto threegroups,basedon their origin (Fox, 1981).
Thefirst groupareindigenous,or nativeto the milk, and the primary andmostwidely
studiedenzymein this classis plasmin. Endogenousenzymesaresecretedby micro­
organismsin cheeseandpsychrotrophsin milk. Thethird group consistsof exogenous
enzymes,which are addedto milk or dairy products in semi-purifiedstatesduring
processing,andthemostwidely familiar exampleis rennet.Other exogenousenzymes
areusedin accelerationof cheeseripeningandproductionof proteinhydrolysateswith
modifiedfunctionalor organolepticproperties. For the purposesof this review, I will
dealwith the first group exclusively, thoseproteinasesassociatedwith the milk and
specificallytheirrole in Proteolyticdegradationof raw, heat-treatedandmastiticmilk.

3.2. Methodsofassessingproteolysisin milk

3.2.1.METHODSBASEDON NITROGENESTIMATION BY KJELDAHL

Bengtssonet al (1m) examinedthe influenceof heatresistantproteaseson
gelationof UHT milk and determinedtotal nitrogen(N), decreasein caseinN and
increasein non-PfOteinN over long tenn storage, by Kjeldahl. Noomen (1975),
examiningPrOteolyticactivityof milk proteasein raw andpasteurisedcow'smilk, used
theKjeldahl methodto determineproteolysisby estimatingtotal N in milk samplesand
the N in the soluble fraction extractedfrom incubated,rennet-clottedmilk using a
calciumchloridesolution. Soluble N (SN) was then expressedas a % of total N
(%SNrrN), andits changeon incubationobserved. '

Aschaffenberg and Drewry (1959) described a method of determining
proteolysisin milk, which was latermodified asdescribedbelow by Kang and Frank
(1988), who examinedProteolysisin raw milk during storage. Milk was acidified to
pH 4.65 with aceticacid-sodiumacetatebuffer at woe, then centrifugedand filtered.
Thecaseinpelletwaswashedandwashingsandfiltrate madeup to standardvolumein
which N was determined induplicateby Kjeldahl. The methodof Aschaffenbergand
Drewry wasalsousedto assessproteolysisof UHT milk by Guthyetale (1983).
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Andrews (l9&3c) and Scharr(1985) measuredproteosepeptonesin milk by
heating milk at 95°C for 20 minutes, cooling to 20°C, acidifying as above and
centrifugingout the whey protein-caseincoprecipitate. The filtered supernatantwas
mixed with an equal volume of 24% TCA, recentrifugedand the N contentof the
proteosepeptonepelletdeterminedby Kjeldahl.

3.2.2.SPECfROPHOfOMETRICAND FLUORIMETRIC METHODS

3.2.2.1.Introduction

The relationshipbetweenproteolysisof milk by native-milk or psychrotrophic
proteinasesand spoilageand loss of functionality has led to the developmentof
numerousassaysto monitorproteolysisin milk, which areeasierand faster for large
numbersof samplesthan Kjeldahl or electrophoreticmethods.The main problemwith
suchmethodsis thebackgroundinterferencedueto the turbid natureof milk, and most
methodsrequirean initial stepto removethis factor, yielding in the processa clarified
extractin which the nitrogenousproductsproducedby proteolysismay be quantified.
The most common procedurefor this is precipitation of undigestedlarge protein
molecules by addition of trichloroacetic acid (TCA) followed by filtration, or
centrifugation, andestimationof proteolysisproductsin the solublephase. The final
concentrationin theTCA determinesthe rangeof productsremainingsoluble, with 2
and2.5%TCA solubleextractscontainingsmalland mediumsizedpeptidesand amino
acidsand 12% TCA solubleextractscontainingsmall peptidesand amino acidsonly.
Levelsof 0.8% (Haemoglobinmethodof Nakai et al., 1964), 2% (Hide powderassay
method,McKellar, 1984), 7.8% (TNBS methodof McKellar, 1981), 10% (Lowry
method,luffs, 1973; OPAmethod,Churchet al., 19&3 ), 12% (A28o' Lowry, TNBS
andAourescaminemethods,Kwan etal., 1983)and25% (fluorescamineassay,Chism
etal., 1979)havebeenused.Thus,it is difficult to comparethe resultsandfindings of
methodsusingdifferent concentrationsof TCA. Somemethodsdo not requirethe use
ofTCA (e.g., original HPA method),andsomemethodsuseclearingagentsor solution
of detergentsto removebackgroundturbidity of samples(modified TNBS methodof
Humbert et al. 1990; Stead, 1987; Owen and Andrews, 1984), and thus avoid
inconsistenciesin reportingwhatbreakdownproductsareactuallybeingmeasured.

The secondfactor to be consideredin comparingmethodsis what exactly is
being quantified. In the caseof most assays,free amino groups, which obviously
increaseon proteolytichydrolysisof peptidebonds,aremeasuredby labelling with a
colorimetricor fluorimetric group, while in the Lowry assay,only thoseTCA-soluble
peptidescontainingtryptophan or tyrosine are subsequentlymeasured, andsome
methodsmeasurebreakdownof an addedsubstrate,such as hide powder azureor
haemoglobin,ratherthan themilk proteinitself.
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3.2.2.2.Absorbanceat 280nm

This is thesimplestmethodof estimatingproteolysisin TCA solubleextractsof
proteinasehydrolysedmilk, basedon absorbanceof aromaticamino acid residues.
Samplesaregenerallydiluted 1 in 5 beforereading(Kwan et al., 1983). Richardson
and TeWhaiti (1978) used absorbanceat 280 nm (A28o) to assay psychrotrophic
proteasesin milk.

3.2.2.3.Haemoglobinsubstratemethod

This methodwasusedby Nakai et ale in 1964 to examineproteolysisin sterile
milks. Milk was mixed with a solution of sterile haemoglobinin boratebuffer and
incubatedat37'Cfor varioustimesandthereactionstoppedby Precipitationof protein
with TCA. Hemin-containingsplit productswere thendeterminedby absorbanceat
4OOnm.

3.2.2.4. The 'tyrosinevalue'

Theoldest,andpossibly mostcommonlyused,methodof assessingproteolysis
in milk is theassayof Lowry etaLe (1951), asmodifiedby Juffs (1m), also known as
the 'tyrosinevalue' method. In this method,amino acidsand peptides,liberatedby
proteolysis,are extractedfrom milk by precipitationof larger proteins and fat with
trichloroaceticacid(TCA), andthenquantifiedby useof a Lowry-Folin phenolreagent
(also known as Folin-Ciocalteu reagent), which reactswith aromatic amino acid
residuessuchastyrosineandtryptophan. Resultsareexpressedin termsof a standard
curveof knowntyrosineconcentrations,hence'tyrosinevalue'.Juffs (1m) found no
relationshipbetweentYrosinevalueandbacterialcounts,but in a laterpaper(1975) he

showed the procedure to have application as an index of organoleptic and
bacteriologicalqualityof raw milk, and to haveapplicationsfor monitoringproteolysis
in pasteurisedmilk and cream. Skudder(1981) used the Lowry assayto monitor
proteolysisin UHf milk, asdid Richteret al. (1979) for UHf cream. Senyket aLe
(1985) found the tyrosine value, usedas an index of milk proteolysis, to correlate
significantlywith somaticcell count,bothbeforeandafterincubationat 37'C. Murphy
etaLe (1989)usedthetestto follow Proteolyticactivity in milk on mastiticinfection.

3.2.2.5. Colorimetricmeasurementofammonia

Koops et al., (1975) digestedsmall samplesof milk with sulphuricacid and
hydrogenperoxide,usinga potassiumsulphate/mercuricoxidecatalyst. The ammonia
liberatedwas thendeterminedcolorimetricallyby reactionwith an alkaline mixture of
sodiumsalicytateandsodiumdichloro-isocyanurate.Comparisonto Kjeldahl analyses
for samplesof milk, milk powders,whey, cheese,milk nitrogenfractionsand dairy
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effluentwasfavourable,with high repeatability.Snoerenetal. (1cr79, 1981)examined
proteolysisin UHT milks during storageby fractionationof total milk N into non­
caseinN, non-proteinNand 2% TCA soluble N and determinedN by the above
methodas did deKoeninget al. (1985), who examinedthe role of plasmin in age­
thinningandgelationin UHT sterilisedskim milk.

3.2.2.6. The TNBSmethod

Fields(1cr7t) developeda techniquefor the measurementof amino groups in
proteins and peptidesusing 2,4,6-trinitrobenzenesulponic acid (TNBS) to form
sulphitecomplexeswith trinitrophenylatedamino groups, with measurementof the

resultingabsorbanceat420nm. McKellar (1981)appliedthis methodto TCA filtrates
of milk, addinga boratebuffer(pH 9.2 to counteracttheacid)andan aqueoussolution
of TNBS, allowingcolourdevelopmentto proceedfor 30 min in the dark at 25°Cand
stoppingthe reactionby additionof sodiumphosphate/sodiumsulphite buffer, before
readingabsorbancesat420nm againsta standardcurveof glycine.He claimedthat this
methodcouldbeusedto detectproteolysisbeforespoilageor significantelectrophoretic
changehadtakenplace. deRhamandAndrews(1982b)alsousedthis reagentto assay
levelsof proteolyticactivity in raw andpasteurisedmilks.

Humbertetal., (1990)usedTNBS in combinationwith a new dissolvingagent
to measureproteolysisin milk. Theirmethodinvolved takinga dilutedsampleof milk
(1/25 or 1/40) and addingcarbonatebuffer and an aqueoussolution of solution of
TNBS, shakingfor 1 hr at 37°Cand adding 1.8M aceticacidanda patentedalkaline
dissolvingagent,comprisedof an alkalinemixtureof organicsolventsand detergents
(hencetheadditionof acidatthe sametime, to preventalkalinehydrolysisof TNBS at

very high pHs). This reducedbackgroundinterferenceand allowed estimationof
proteolysisin wholemilk., asopposedto TCA filtrates, andthe methodcorrelatedvery
strongly(r=O.995)with theninhydrinprocedure(ReimerdesandKlostermeyer,1975).

The TNBS methodof McKellar (1981) was alsousedby Harwalker et al.,
(1993) to monitorproteolysisof milk by psychrotrophicproteinasesand plasmin, in
relationto astringencyandoff-flavours,andManjaietal., (1986)to monitorproteolysis
of storedUHT milk.. Churchet aI., (1981) useda variationof the methodto monitor
hydrolysisof milk proteinsby immobilisedPronasein a glassbeadcolumn

3.2.2.7 The OPA method

An o-phthaldialdehyde(OPA) reagent,in a buffer containingB-mercaptoethanol
andSDS, was usedto determineproteolysisin milk and isolatedmilk proteins,based
on theformationof anadductwhich absorbsstronglyat 340 om betweenthe OPA and
B-mercaptoethanolanda-aminogroupsreleasedby proteolysis(Churchet al., 1983).
The useof SOSreducesbackgrounddueto contaminatingprotein,stopsthe reaction,
andensuresexposureof all aminogroups. Comparedto theLowry reactionthemethod
is more sensitive,due to detectionof all hydrolytic products. The assaywas also
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reportedto be more rapid and convenientthan ninhydrin, TNBS or fluorescamine
methods. Again, 10% TCA solubleextractsof milk were used to isolate proteolysis
productsfor measurement.

3.2.2.8. TheHide PowderAzuremethod

Hide powder azureis a generalproteinasesubstratepreparedfrom collagen
(RinderkechtetaI., (968), by denaturationwith acovalentlybounddye which makesit
moresusceptibleto proteolyticattack. Cliffe and Law (1982) developeda methodto
use this substrateto determineproteolysisby bacterialproteinasesin milk, with the
solid substratekept in suspensionin the milk or enzYmesolution to be testedby
constantinversion for various incubationperiods at 37°C. The mixture was then
skimmedand mixed with diethyl ether, recentrifugedand caseinremovedfrom the
lower layer by centrifugationat 150,OOOg. Releaseof dye labelled peptidesinto the
mid-natantafterthis stepwasthenmeasuredat 595 nm. They concludedthis assayto
bequicker,morepreciseand3.2 timesmoresensitivethanassaysof solubleN released
from casein,althoughHPA is expensive.Kalogridou-Vassiliadouand Law (1982),
compared sensitivity of this method to direct observation of proteolysis by
electrophoresis,and found it able to detectthe presenceof proteinasesbefore their
effectsbecamevisible usingelectrophoretictechniques.McKellar (1984) modified and
simplifiedthemethod,usingTCA preciPitationinsteadof ultracentrifugation.Owenand
Andrews(1984),developeda methodto clarify milk basedon additionof Triton-X 100
andEDTA, andStead(1987)usedthis approachto clearmilks afterdigestionof added
HPA, allowingdirectmeasurementof light absorbance,aftera short incubationperiod,
removingtheneedfor TCA precipitationor centrifugation.

3.2.2.9. Azocollmethod

Rollemaetale (1989)reportedthe useof collagenlabelledwith azodye groups
(azocoll)to detectproteolysisby bacterialculturesin milk. Caseinwas removedfrom
the milks by centrifugationat pH 3.8, pH readjustedto 6.7, azocoll addedand the
mixturesincubatedat�3�~�C for varioustimesin a shakingwaterbath. TCA was added
to a final concentrationof 1.8% and the absorbanceof the resulting supernatant
measuredat 520 DID relative to a blank (milk without addedenzymeincubatedwith
azocoll). This increasein absorbancewastakenasa measureof proteolyticactivity.

3.2.2.10. Fluorescentassaysfor proteolysis

Chism et al., (1979) reporteda sensitiveassayfor proteasesin sterile milk,
basedon the reactionof primary amino groupsof TCA-solublepeptidesand amino
acidswith fluorescamine,which possessesno fluorescenceitself, but fluoresces•
excitationandemissionwavelengthsof 390 and475 DID respectivelywhen taggedto
thesegroupsat pH 9.0 (Schwabe,1973). Chism et ale (1979) used the methodto
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monitorproteolysisin caseindigestedwith papainandTCA filtratesof UHf-sterilised
milk. Slightmodificationsof this methodwerereportedby Rollemaetat. (1989).

3.2.2.11.Comparativestudiesofmethods

Kwan et al., (1983) comparedthe �~�8�0�' fluorescamine,Lowry and TNBS
methodsfor detectionof proteolysisin the 12%-TCAsolublefraction of milk protein
which hadbeendigestedwith trypsin, comparingassaymethodsby a dimensionless
detectabilityfactor. Theyfound that, of the four methods,the fluorescaminemethod
was the most reliableand sensitive,and that the TNBS methodwas the next most
reliable,followed �b�y�~�. andtheLowry method. Thepoorperformanceof the Lowry
assaymay be due to the fact that it alone measures specific proteolysisproducts
(aromaticaminoacids)as opposedto total products,and significantproteolysismay
occur without production of TCA-soluble peptidescontaining these amino acids.
McKellar (1984) comparedthe hide powderazure(HPA) and TNBS methods,and
concludedthatthemethodsdid not differ significantly in reliability. The HPA method
is simplerandrequireslessreagentsthantheTNBS method,makingit moreattractive
for routineuse.However,HPA is relativelyexpensive.

Sampleset al. (1984)comparedthe Lowry andTNBS methodsfor measuring
proteolysisin Cheddarcheeseslurries,andfound thatagain,theTNBS assaywasmore
suitable,detectinga linear increasein TCA solublenitrogenover 4 days incubation,
while theLowry methodonly detectedasignificantincreaseon thethird day.

Rollemaet al. (1989)carriedout an inter-laboratorystudy of 2 fluorescamine
assays,a TNBS assay,an azocollassay,a HPA assay,a thin layer caseindiffusion
assayand an ELISA methodwith regard to detectionof proteolytic enzymesfrom
psychrotrophicbacteria.Theyfound thefluorescamine,TNBS andazocollmethodsto
becomparablewith respectto sensitivity. TheHPA assayshowedpoorsensitivityand
no linearrelationshipbetweenproteolyticactivity and proteinaseconcentration. Also
the Lowry assayandthin-layercaseinatediffusion assayswerejudgedtoo insensitive
for usein qualitycontrolof dairyproducts,butwere thoughtto be useful asa measure
of therateof caseindegradation.With regardto quality control of dairy productsand
assessingkeepingquality of products,the fluorescamine,TNBS and azo-coll assays
wereall judgedto bereasonablysatisfactory.

3.2.3. ELECTROPHORETICMETHODSOF EXAMINING MILK PROTEOLYSIS

3.2.3.1.Urea basedelectrophoresismethods

In 1969 Morr usedvertical zonal electrophoresisin 8% acrylamidegels (pH
8.6) to examineproteinaggregationin normal and UHf skim milk, and in 1971 he
comparedstarch gel and polyacrylamidegel electrophoresis(SGE and PAGE) for
examiningcaseindegradationproductsin cheese(Morr, 1969;Morr, 1971).ThePAGE
methodinvolved7% acrylamidegels, pH 9.2, 4.5 M urea,with mercaptoethanoland
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ureausedto dissociatesamples.In thelaterstudyhefound thatwhile both gavesimilar
numbersand locationsof proteinzones,SGE gave more symmetrical,betterdefined
zonesandbetterresolution,andallowedsimultaneousresolutionof cationicandanionic
proteins.

With regard to starch gel electrophoresis(SGE), heating a relatively large
concentrationof starchgranulesin an aqueousbuffer, followed by cooling, leadsto a
gel forming, which underelectrophoreticconditions,providesa excellentmediumfor
proteinseparations.However, the compositionof naturalstarchcanvary with regard
to proportionsof polymerforming subunits,andso reproducibilityis hard to achieve,
andSGEgelsarehardto analyseby densitometry(Andrews,1986). Thus, despitethe
favourablecomparisonsreportedby Morr (1g] 1) polyacrylamidegel electrophoresis
hasbecomethepreferredmedium.

Peterson (1963) and Thomson et al. (1964) described a system using
continuous,5% gelswith a tris-chlordide-EDTAbuffersystemwithout ureawhich was
supplied by some manufacturersof electrophoresisequipment,and thus became
standardprotocolsin many laboratories(Creamer,1991). This methodwas used by
Harwalker(1g]2a,b) to examineastringentflavour fractions extractedfrom milk and
cheese.Randolphetal.(1g]4) usedthe continuousPAGE methodof Morr (1969) to
examineproteindistribution in milk proteinsfrom mastiticcows. A later continuous
systemusing4.5% acrylamide,4.5Mureacontaininggels(tris-EDTA-barbitonebuffer
system,pH 7.9) was describedby Daviesand Law (1977a)and usedby Barry and
Donnelly(1980)to examinecaseincompositionin Friesianherdmilks.

Thesewere all continuoussystems,where the samebuffer ions are present
throughoutthesample,gel andelectrodevesselreservoirs,at constantpH. The protein
sampleis loadeddirectly onto the gel in which separationis to take place,which has
poressufficiently small to allow a sizefractionationof the samplecomponentsduring
electrophoresis(Hames, 1990). In 19]2, Kiddy and Rollins describedthe use of
discontinuousPAGEfor immunoglobulintyping of cow'smilk, with 7% Cyanogum
acrylamide,pH 8.9 gels, with no urea or mercaptoethanolpresent. Discontinuous
systemsuse a two stage gel, with the proteins entering a stacking gel, of 4%
acrylamide,pH 6.7 beforeenteringthe larger, main separatinggel describedabove.
The reservoirbuffer surroundingthe gel was also of different composition,being a
Tris-Glycinebuffer, pH 83 asopposedto Tris-HCI buffers usedin the gel solutions.
Theadvantageof discontinuoussystemsovercontinuoussystemsis that largevolumes
of dilutesamplescanbeappliedto thegel andgood resolutionobtained,becauseof the
concentrationof proteins into narrow zones or stacks in the large-pore (small
acrylamideconcentration)stackinggel prior to resolutionin the small-poreseparating
(or resolving) gel. A changein the mobility and behaviourof the buffer ions on
enteringthe separatinggel, combinedwith the sieving effect of the small-poregel,
causestheproteinsto beunstackedandresolve.

In 1975, Andrews useda variantof the discontinuoussystemof Kiddy and
Rollins (1g]2) discussedabove to examineprotein polymerisationin UHT milk,
incorporatingurea into the buffers, and applying samplesin buffer with urea and
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mercaptoethanol.Theyusedcylindricalgelsrun in quartztubes(5 nun x 75 mm), with
one sampleapplied per tube, as opposed to the slab gels previously used, and
quantifiedthe separatedproteinsby densitometryat 280 nm (Andrews, 1975). They
usedslab-gelSGEto qualitativelycomparetheproteinsin differentsamples. Anderson
andAndrews(1ern) usedthe methodof Kiddy and Rollins (1972), omitting spacer
(stacking)gels and including internal standardsto correctfor gel-to-gel variation, to
quantify separationof whey proteinsandcaseinsin high somaticcell countmilk, and
this method was also used to observecaseinproteolysisby bacterialenzymesby
Kalogridou-VassiliadouandLaw ( 1982).

deRhamandAndrewsusedthemethodof Kiddy andRollins (1972) to examine
proteolysisin normalandmastiticmilks (deRhamandAndrews, 1982a,b), but a year
later,Andrewspublisheda new methodfor examinationof proteolysisproductsin milk
(Andrews,1983a). Thisuseddiscontinuous12.5%acrylamidegels(stackinggel4.2%
acrylamide),with no urea,bufferedwith Tris-HCl to pH 8.9 and7.6 respectively,to
perform qualitativeelectrophoresisin slab gels. In the caseof quantitativecasein
measurementin tube gels, urea was incorporated into the gel buffers, and
mercaptoethanolwas includedin the stackinggel buffer, both of which measureswill
ensurethat no proteinsare aggregated,which would causeanomalouscomigration.
While ureais alwaysincludedin cheesegel buffers to breakup the proteinstructure,it
is frequently omittedfrom milk gel recipes, where often better resolutionof whey
proteinsis obtainedin this case.Thereasonfor this is thatdenaturedwhey proteins(as
would be presentin urea-containinggels) behavequite like caseinsin their solubility
behaviourandthuswill not resolveeffectively. This principleis evidentin the methods
of Andersonand Andrews (1977), who isoelectricallyremovedwhey proteins and
caseinfrom milk andseparatedthemon gels,omittingandcontainingurearespectively.
Comparisonof electrophoretogramsobtained using the two methods (Kiddy and
Rollins (1972) andAndrews�(�l�~�a�» showsthat the 12.5% gels gaveclearer,better
resolvedgels,as moreacrylamideleadsto acloser-texturedgel, with a higherdegreeof
separationof closelyrelatedproteinsor polypeptides.

Andrews also used his new method to examine the role of somatic ceO
proteinasesin caseinbreakdownin mastiticmilks (Andrews, 1�~�b�) againusing both
tube and slab gels, and in a study of proteosePeptonesin milk (Andrews and
Alichanidis,1�~�) this samestrategywas used. In 1990, Igarashiuseda variationof
the 19705methodof Kiddy, with tris-Hcl-ureabuffersto examiney-caseinsin milk.

Themostrecentdevelopmentsof urea-basedelectrophoresissystemshavebeen
theuseof theintegratedPbarmaciaPhast-Systemelectrophoresisunit, with tris-EDTA­
urea- mercaptoethanolbuffer systemsand gradientpolyacrylamidegels to separate
astringentoff-flavourcomponentsfrom milk (Harwaikeretal., 1989, 1993).
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3.2.3.2.SDS-PAGEtechniques

During electrophoresisof proteins in a polyacrylamidegel, separationtakes
placeaccordingto bothsizeandchargedifferencesof the molecules,due to the electric
field appliedacrossthe gel causingmore negativelychargedproteinsto move faster
towardsthepositiveelectrodeat theoppositeendof the gel, while the pore structureof
the gel impedes the progress of larger molecules. The proteins are either not
dissociated,or if ureais included,they aredenaturedby disruptionof hydrogenbonds
withoutaffectingtheir intrinsiccharge.

If theproteinsareheatedto 100°Cin the presenceof the ionic detergentsodium
dodecyl sulphate (SDS) and a thiol reagentsuch as mercaptoethanol(to cleave
disulphidebonds),however,the intrinsic chargesof the polypeptideare insignificant
comparedto the negativechargesprovided by the bound detergent Thus the SDS­
polypeptidecomplexesmigratein polyacrylamidegelsof appropriateporositiesstrictly
on thebasisof size, allowing the determinationof the molecularmassof polypeptides
by comparisonto the migrationdistancesof standardproteins of known molecular
weightrun on thesamegel.

The classicSDS-PAGEmethod,on which most proceduresare based,was
developedby Laemmli(1970)to comparebacteriophageheadproteins. This involved8
or 10%acrylamidegels,containingtris-Hel buffers(pH 6.8) and0.1% SDS, with 3%
acrylamidestacking gels, run in glass tubes. Sampleswere preparedin buffer
containingmercaptoethanoland2% SDS,andimmersedin boiling waterfor 1.5 min to
ensurecompletedissociation.A similarmethodwasdescribedby Swankand Munkres
(1971)for separationand molecularweight estimationof peptides,using 10 or 12.5%
acrylamidegelsandincorporating0.1 to 1% SDSand8 M ureainto all buffers.

Churchet ale (1981) usedthis latter method to examinehydrolysis of milk
proteinsby pronase,andMcPhersonandKitchen, in the sameyear, separatedproteins
from theaqueousphaseof butteron Laemmligelsof 7.5% or 15% acrylamide. Grieve
and Kitchen (1985) usedthe methodof Laemmli (1970) (15% acrylamidegels) to
separateproteolysisproductsof naturalmilk andbacterialproteinaseson caseins.

Verdi etale (1987)usedSDS-PAGEto separateproteolysisproductsin low and
high SCC milk, but prepared separating gels with a gradient of acrylamide
concentrationfrom 10% to 20%, with 6% stackinggels. Milk sampleswere mixed
1:10 with buffer and boiled, and it was found that the presenceor absenceof
dithiothreitol (a cysteinereducingagent)would affect separation,with someproteose
peptonecomponentsmigratingto the samepositionas8-lactoglobulinin its presence,
but resolvingwell if it is omitted. Theadvantagesof gradientgelsoverconventional,
singleconcentration,gelsis thata wider rangeof molecularweightcomponentsmay be
fractionated,and much sharperprotein bands are produced(Hames, 1990). This
methodwas alsousedin analysisof proteolyticactivity in mastiticmilk by SaemaneI

ale (1988), and to examinethe effect of the milk proteinasesystemon UHT milk

(Kohlmannetal., 1988).
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3.2.3.3.Detectionand quantificationofproteinsin gels

Randolphetal.(1974) useda 1% solutionof amidoblack in a methanol:acetic
acid:watermix to stain gels after electrophoresis,with electrolytic destaining. This
basicprocedurewas usedby most authorsfor ureabasedand SDS gels, (Kiddy and
Rollins, 1972;Barry andDonnelly, 1980)with minorvariationssuchas first fixing the
proteinswith a TCA containingsolution or includingTCA in the stain(Churchet ale
,1981; deRhamand Andrews, 1982b;Andrews, 1983a; Laemmli, 1970; McKellar,
1981),substitutingcoomassiebluefor amidoblack(Churcheta/. ,1981; Andersonand
Andrews, 1977; McPhersonand Kitchen, 1981), and destainingin a methanol:acetic
acid:watersolution(Churchetale ,1981;McPhersonandKitchen, 1981). Harwalkeret
aI., (1989, 1993) used the far more sensitivesilver stain to detect proteins after
electrophoresis.

The second major approach to analysing the breakdown of caseins is
quantificationby densitometryof tubeor slabgels,eitherby scanningunstainedgels at

280(Andrews,1cr7S) or by stainingandthenscanningat a wavelengthsuitablefor the
colourof thestainedproteins(AndersonandAndrews, 1977;Verdi etal. , 1987).

3.2.4.ALTERNATIVE METHODSFORASSESSINGPROTEOLYSISIN MILK

An enzymelinked immunosorbentassay(ELISA) techniquewas describedby
Rollema et ale (1989) using antibodiesspecific for a proteinaseof Pseudomonas
fluorescensPI, which washighly sensitiveandrapid, but still in adevelopmentalstage
with regardto quality control applications.Picardet aLe (1994) developedan EUSA
methodfor determinationof caseinomacropeptidein orderto estimatethe proteolysisof
Ie-caseinby psychrotrophicbacteriain bulk raw milk.

Rollemaetale (1989)alsodescribeda thin layercaseinatediffusion assay,using
petri dishesfull of casein-agarwith wells, into which the sampleto be testedis placed,
andwidth of hydrolysiszones measuredafter24 hr at 300C,but this was found to be
too insensitivefor usein quality control of dairy products.Igarashi(1990)describeda
method for determinationof v-caseinsin milk due to plasmin action, involving
extractingthemfrom milk with an ethanol-sodiumthiocyanate-calciurnchloride buffer
andseparatingandmeasuringthemon a DEAE-cellulosecolumn.

Reversedphasehigh petformanceliquid chromatography(RP-HPLC) is a
powerful methodfor the separationandquantificationof proteolysisproductsin cheese
(Ardo and Gripon, 1991), but very few authorshaveappliedit to the study of milk
proteolysis. Lopez-Fandinoet ale (1993) usedthis techniqueto investigateprotein
breakdownduringstorageof UHf milk, andcomparedchromatogramsof the pH 4.6
soluble portion of milk to those obtained by digesting casein with plasmin and
psychrotrophicbacterialenzymes,andconcludedthatit wasa reliablemethodwith high

resolvingpower.
HarwalkeretaL., (1989,1993)usedfast proteinliquid chromatography(FPLC)

with Mono-Q anion-exchangecolumns and a stepwise NaO gradient to separate
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astringenttlavourcomponentsfrom milk, andGirardetet ale (1991) usedhydrophobic
interactionFPLC to purify hydrophobiccomponentsof milk proteosepeptone,which
theythencharacterisedby two-dimensionalelectrophoresis.

3.3. Proteolysisin goodquality, raw milk

In 1975, Noomeninvestigatedthe proteolyticactivity of milk proteasein raw
and pasteurisedcow'smilk andfound thatas-caseinand B-caseinwere both attacked
by milk protease(at the time, it was only becomingwidely recognisedthat milk
containsevenoneproteolyticenzymeof non-bacterialorigin). His approachwasto take
raw milks of high bacteriologicalquality (colony counts<30/ml), adda preservativeto
preventbacterialgrowth(thimerosal),and incubatethem at37°C,anaerobically,for up

to 3 days. B-caseinwas attackedtwo to three times faster than as -casein, and he
concludedthatthecontributionof this enzymeto cheesecouldbeof greaterinterestthan
generally expected(Noomen, 1975). Reimerdesand Herlitz (1g'79) showed that
proteolysisof B-caseintoy-caseinsin raw milk was greaterat 4°C than26°C, due to a
reversibledissociationof 8-caseinand 'trypsin-likeenzymes'(plasmin, like trypsin, is

a serine proteinase) from the micelles and subsequentirreversible proteolytic
degradationof theprotein. Theyconcludedthatcoldstorageof milk for up to 48 hours
would not affect the flavour developmentor processingproperties,but longer storage
maycauseproblemswith thecheesemakingpropertiesof milk.

Theproteosepeptonefractionof milk canbepreParedby heatingbulk raw milk
at 95°Cfor 30 min, cooling, adjustingthe pH to 4.6, removing the denaturedwhey
proteins and caseinsby centrifugation,and preciPitatingthe proteosepeptonesby
adding TCA to 12%. This fraction containsat least 38 componentsand is very
heterogeneous(Andrews and Alichanidis, 1983). Andrews (1979), investigating
proteolysisof 8-caseinduring storageof raw milk, showed that proteosepeptone
componentsPP5and PP8-fastrepresentresidues1-105, 1-107 and 1-28 of B-casein
producedby the proteolyticcleavageswhich form the yI, y2 and y3 caseins(residues
29-209, 106-209,and �1�~�2�0�9 respectively,all commencingat lysine residues),which
areascribedto theactionof plasminon the C-terminalendof 8-casein(for a review of
early work in this areaseeHumbert and Alais, 1979). Eigel et al. (1979) studied
autoproteolysisof preservedmilk at �3�~�C�, and found that aminohexanoicacid and
diisopropyl tluorophosphate,inhibitorsof serineproteinases,inhibitedthe breakdown
of casein,while urokinaseacceleratedthe process,and they concludedthat bovine
plasminoccursin milk and is identicalto alkalinemilk protease. Barry and Donnelly
(1980), investigatingcaseincompositionin FriesianHerd Milks, found increasedlevels
of y-caseinsanddecreasedlevelsof as-caseinand8-caseinin late lactationmilk, which

theyascribedat leastpartly to actionof milk proteinase.
deRhamandAndrews(1982a)examinedthe role of plasminand plasminogen

duringproteolysisin normalbovinemilk over24 hoursat �3�~�C�, andfound significant
urokinase-activatedplasmin activity, most of which was micelle-associatedand
inhibited by soya beantrypsin inhibitor (SBTI, a serine proteinaseinhibitor). The
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remainingactivity was in the serum, was not inhibited by SBTI, not activatedwith
urokinaseand gave a poorly defined proteolytic pattern, with few clearly defined
products.Longerincubationsdemonstratedspontaneousactivationof plasminogenin
milk, andthemainproteolysisproductsof the breakdownof B-casein,which occurred
preferentially,werey-caseins,PP5 and PP8-fast.Unidentified as -caseinbreakdown
productswerealsovisible. This studyalsoconcludedthatfar morerealisticinformation
on therolesof milk proteinase(s)couldbe obtainedfrom the studyof milk asopposed
to systemsof caseinsin buffer, as previouslywidely used. AndrewsandAlichanidis
(1983) however,usedexactlysuchexperimentswith highly purified caseinsto probe
theoriginsof the38or moreproteosepeptonecomponentsin milk, and identified90%

of thesein this way, includinga fragmentcorrespondingto 8-caseinresidues29-105.
Theyconcludedthat the compositionof the proteosepeptonemixture variedover time
andtemperatureof themilk, andcouldnot thusbedefinedunlessthehistoryof themilk
was also defined. The findings of the last two studies mentionedwere essentially
reconfirmedby Andrews(l983a), who reportedthat PP5was an intermediateproduct
in the proteolyticpathway,but thatmost proteosepeptonesincreasedduring storage,
due to the actionof proteolYtic enzymes. Inhibition studiesrevealedthat the major
proteinasewas plasmin,but differencesin the proteolYtic patterninducedby storage
andby addedplasmin,anduseof SBTI, showedclearlyat leastoneotherenzymeto be
presentin normalmilk.

Verdi etale (1987), showedthat, in low SCC milk, incubationat �3�~�C for 24 h
led to a decreaseby 21% of total casein,and that whey proteinswere unaffectedby
milk proteolyticactivity. TheB-casein,a.-caseinand1C -caseinwereall attacked,in that
order, but the breakdownof 1C -casein,not elsewherereported,was thought to be an
anomaly. Kang andFrank(1988) usedthe sameincubationconditionsas the above
researchersand found proteosepeptoneN to be a good index of relative plasmin
activity, whichaccountedfor mostof theproteolYticactivity in raw milk, but that there
was only low proteolytic activity in milk at 4°C, in contrast with the results of
ReimerdesandHerlitz (1979). Theformerauthorsalsofound that plasminactivity still
only accountedfor 33% of cold-storagechange in proteosepeptonenitrogen, in
contrast with Scharr (1985) who found highly significant (P<O.OOI) correlation
betweenplasminactivityandproteosepeptones,andconcludedthateithertheremay be
some non-proteolytic releaseof proteose peptonesfrom casein, or non-plasmin
proteinaseswereresponsiblefor therestof theactivity seen.

Igarashi(1990), investigatingy-caseinfonnationin raw milk, showedthat this
reactionincreaseswith incubationtime and temperature,and is accompaniedby a time
lag, the lengthof which increaseswith decreasingtemperature(againby contrastwith
ReimerdesandHerlitz (1979»,being Ihr at �3�~�C�, 6 hr at 11°Candmuchlongerat 4°C.
This, heproposed,wasdueto activationof plasminogen,which, it hasbeenreported,
is thefonn in which mostor all plasminin freshlysecretedmilk is found (deRhamand
Andrews, 19818), and possibly the interactionof inhibitors. Igarashi (1990) also
suggestedthattwo separateproteolyticactivitieswith pH optimaat7.2-7.5and8.0
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Fig. 3.1 Cleavagesiteson bovinejJ-caseinknownto beactedon by plasminin milk,
andtheproductsarisingfromthis action. TheidentityofPP8slowhasbeencalledinto
questionby AndrewsandAlichanidis (J 983), but is still frequently representedas
shown.

wereresponsiblefor productionof y-caseins.Theproteosepeptoneswere separatedon
hydrophobic interaction-FPLC by Girardet et al. (1991), who found that the

hydrophobicproteosepeptonefractionshadmolecularmassesof �2�8�-�3�0�,�á�á�O�O�, 19,000
and 11,000, consistingof 13, 4 and 2 glycoproteinfragmentsrespectively.The y­
caseinswere shown by Harwalker et ale (1993) to be responsiblefor a strongly
astringentoff-flavour in milk, if over-producedby plasmin.

The principal plasmin-derivedbreakdownproductsof B-casein in milk are
shown in Fig. 3.1. In summary,work on good quality, raw milk showedthat the
principalproteinasein thiscasewasplasmin,andtheactionof this enzymeon B-casein
hasbeenwell studied,but therearedefiniteindicationsthatat leastoneotherenzymeis
present.

3.4. Proteolysisin high somaticcell countmilk

Mastitis,or inflammationof the udder,due to bacterialinfection, is associated
with elevationof somaticcell count(SCC) and influx of blood components,including
plasminandplasminogen,to the milk, resultingin alterationsto the proteolyticactivity
therein.The distributionof milk proteinsin cows testingpositive with the Wisconsin
Mastitis Test (WMf) was examinedby Randolph et ale (1974), who found that
proteosepeptone,serumalbumin,immunoglobulins,Q. -casein,Ie-caseinanda number
of unidentifiedelectrophoreticallymobile productswereall presentin higherquantities
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than in WMf negativemilks, indicatingoverall alteredprotein synthesisand higher
proteolyticactivity in thesemilks. 8-lactoglobulinand 8-caseinwere presentin higher
quantitiesin mastiticmilks anda-lactalbuminlevelswere unaffected. They concluded
that changesin the protein distribution could greatly influencefunctional properties,
suchasheatstabilityandmicellefonnation.

Andersonand Andrews (1f¥T7) inducedmastitis in cows by infusion of Str.
agaJactiaeor Escherichia coli endotoxin,and followed the subsequentchangesin
concentrationsof milk protein components,with both treatmentsgiving similar
increasesin SCCandchangesin milk proteins,butwith theendotoxininfusion causing
shorter-tenneffects.Thetreatmentshad little effecton a-lactalbuminor 8-1actogJobulin
levels, but serumalbumin and immunoglobulinslevels rose significantly. The 0.51 ­

caseinandB-caseinlevelswere reducedand inverselyrelatedto SCC, with appearance
of para-K-casein, not nonnally present in milk (Figs. 3.2 and 3.3). Casein
concentrationsreturnedto pre-infectionlevels2d and5d after endotoxinand bacterial
infusionsrespectively.Thereductionin aSI -caseinandB-caseinlevelswas alsofound
by Andrews(1983b), Barry andDonnelly( 1981)andVerdi etale (1987).
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Fil. 3.2 Progressive changesin the skim-milkconcentrationsof a.rl -casein(open
circles)andjJ-casein(closedcircles), following the inlramammaryinfusionof 1 1'8 oj
E. coli endotoxin(full line)oracuJtuTeofStr. agaJactiae(dashedline) (from Anderson
andAndrews,1977)
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Fig. 3.3 The effectof intramammaryinfusionsof E. coli endotoxin (opencircles)
or Sir. agaJactiae(closedcircles)on detectionofpara-K-caseinin the skim-milk (from
AndersonandAndrews,1977).

Theseresults were in conflict with those of Randolphet al. (1974), who
suggestedthatsomeindividual caseinlevels may rise, but this was thought to be in
termsof the reportingof levelsin termsof total outputof milk components,absolute
concentrations(mglml) or relative levels. Andersonand Andrews(1CTr7) concluded
thatelevatedproteolyticactivity, possiblyof somaticcell origin, is presentin mastitic
milk. Barry and Donnelly(1981) found thatwhen milks from infectedquarterswere
incubatedwith SBTI (soyabean trypsin inhibitor), mostof the proteolytic activity was
inhibited, leadingthem to conclude thatelevatedplasmin activity was sufficient to
accountfor mostof the changesseen.However, it must be consideredthat the milk
studiedby BarryandDonnelly(198l) hadup to ten-foldlower SCCsthenthosemilks
studiedin manyreportsof somaticcell proteinaseactivity in milk, presumablydue to
theseverityof theinfection(Grufferty andFox, 1988c).

A 5-10fold increasein proteolytic activityin mastiticmilk comparedto nonna!
milk was reported by deRhamand Andrews (l982b), with plasmin estimatedas
accountingfor merely33% of this activity (table 3.1). Another third was micelle
associated,not-inhibitedby SBTI and gave threecharacteristicprotein fragmentson
PAGE, while theremainderwasin theserum,andgaveno well definedelectrophoretic
bands.Bectrophoreticanalysisshowedthatall -caseinand lkaseinweredegradedat
approximatelythesamerate,andalthoughtypicalplasminproductswerevisible,
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Table 3.1: Contributionsofpla5minandsomaticcell enzymesto proteolysisin milk
(adaptedfrom deRhamandAndrews, 1982b). Proteolysisis expressedin arbitrary
units.

Samples A B C 0 E
see(,OOOsIml) 34 23 26,000 20,000 30,000

Control 2.0 1.0 17.5 18.0 15.0
+SBTI 0.0 0.0 10.5 13.0 10.0
+ urokinase 8.0 8.5 23.0 30.0

Plasminactivity 100% 100% 40% 28% 33%
as% of total

Micellarproteinase1.0 l.0 14.0 15.0 10.5
activity

+ SBTI 0.0 0.0 5.0 8.0 4.0
Serumproteinase 0.0 0.0 7.0 7.0 6.5

activity
Freezethawed 19.0 20.0

skim

(they estimatedthat therewas a doubling of plasmin activity) and a higher rate of
plasminogenactivationin mastitic milk, therewere atypical changesin the y-casein
region. Theproteolyticactivity wasconcentratedby centrifugationinto thecreamphase
and was enhancedby freezing and thawing. They concludedthat there was very
efficienthydrolysisof thecaseinsin highscemilk to a largerangeof peptides,many
quite small, and that this proteolytic activity could well play a role during cheese
maturation,as well as affecting cheesemakingpropertiesof the milk, and harmfully
affectcheesetextureandflavour.

The role of somaticcell proteinasesin mastiticmilk was again investigatedby
Andrews (l983b) who found that some of the proteinaseactivity originated in the
somaticcells,andsuggestedthattheidentityof the cellsmakingup the total population
wasimportant,due to differencesin relativeproteinaseactivity and lengthof elevation
of this activity dependingon whetherendotoxinor bacterialinductionof mastitiswas
examined.The proteolyticactivity hada very broadtemperatureand pH optimacurve
(Figs. 3.4 and 3.5), and this and inhibition studiessuggestedthat severaldifferent
enzymeswerepresent,of which onewasclearlyplasmin.

A morequalitativeapproachto relatingmilk proteolysisto secwas takenby
Senyketale (1985),who found high correlationsbetweensecandinitial milk tyrosine
value(r =0.60) andtyrosinevalueafterincubation(r=O.79), for samplesrangingfrom
<50,000 to >2,000,000 somatic cells/m1). Refrigeration of milks of high sec
(>1,000,000cells/ml) led to 1.5 timeshigherproteolysisthanin milks with <60,000
cells/mI,which couldhaveimplicationsfor cheeseyieldsandquality. Verdi etale
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(1987) found similar increasesin proteolysisfor high seecomparedto low see
milk, andshowedthatcaseinasapercentageof totalnitrogenwasreducedin high see
milks. Fresh high seemilk appearedto have already undergonevery significant
proteolysis,equivalentto thatobtainedby low seemilk only after24 hoursincubation
at 37°e,and a numberof non-plasminderived but unidentifiedproteolysisproducts
were seenin high seemilk, which could be due to actionof somaticcell proteases.
This was also concludedby Saemanet ale (1988) who experimentallyinducedStr.
agalactiaemastitisinto cows andfollowed proteolyticactivity during the courseof an
infection. They found that see, total milk proteolytic activity and nonplasmin
proteolyticactivity (using the inhibitor 6-aminohexanoicacid)was elevatedin infected
quartersrelativeto preinfectionlevels.Post-infection,seeand non-plasminproteinase
levels dropped to preinfectionlevels, but total proteolytic activity remainedhigh,
probablydueto plasminwhich had beenconvertedfrom plasminogen.This was also
shown by Murphy et ale (1989). Thus the detrimentaleffects of mastitis on milk
quality, includingpossiblepredispositionto bitternessin dairy products,may continue
evenafterinfectionhasbeeneliminated.Barbanoetal. (1991)found increasedlevelsof
proteolysisin fresh milk and increasedrelativemilk proteaseactivity with increasing
see,butascribedmostof thisactionto increasedplasminactivity.

The role of plasminogenactivators(PAs), associatedwith somaticcells, in
proteolysisin mastitic milks was addressedby Verdi and Barbano (l991a), who
showedthatmilk somaticcell enzymes,unlike thosefrom coagulantsandbacteria,can
convertplasminogento plasminandZachoset ale (1992) who found 8-fold higherPA
activity percell in somaticcells recoveredfrom mastiticmilk, as comparedto control
milk. Mastiticmilk hasalsobeenshown to containelevatedlevelsof the proteinase
inhibitors a2-macroglobulin (Rantamaki and Moller, 1992) and ai-antitrypsin
(Honkanen-BuzalskiandSandholm,1981; Sandholm et ale , 1984), which may be

due to increasedpermeabilitybetweenblood andmilk, andwhich may also affect the

proteolyticpathwaysin milk.
Suzuki and Katoh (1990) isolatedat leasttwo cysteineproteaseswhich could

hydrolysecaseinfrom mastiticmilk, and found cysteineproteaseactivity to be well
correlated with stage of mastitis (ealifornia mastitis test), see and protein
concentration.They alsosuggestedthat the cysteineprotease(s)were of somaticceO
origin, andwereinvolvedin thepathogenesisof inflammation.

SUMMARY

In summary,whereasin good quality raw milk the dominanceof plasminto
almosta complete extentover proteolysisin milk was apParent,on increasingsee
eitherlinearlyovera largenumberof samplesor by mastiticinfusion, the rolesof other
proteinasesbecomesapParent,and may evenovershadowthe actionof plasmin. A
numberof classificationsand preliminary investigationsof the specificitiesof these
enzymeshavebeencarriedout, but the only proteinasesto have beenconclusively
identifiedhavebeencysteineproteinases.Thedetectionof para-K-caseinby Anderson
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andAndrews(1'177)mayprovideanotherclue,as the acid proteaseof milk, Cathepsin
D, which maybeof somaticcell origin, producesthis peptidein solution(Kaminagowa
et aI., �l�~�; McSweeneyetal., 1995). The cysteineproteasesof Suzuki and Katoh
(1990),with pH optimaaround6.0, may also be responsiblefor the bump in the pH­
proteolyticcurveof �A�n�d�r�~�w�s (l983b, seeFig. 3.5), seenatthis pH. Finally, the roles
of elevatedplasminogenactivatorand proteinaseinhibitor levels in mastitic milk may
provide further factors affecting the actionsand interactionsof plasmin and other
enzymes,of somaticcell or otherorigin, in mastiticmilk.

3.4. The effectofheattreatmenton nativemilk proteinasesand their

actionsin pasteurisedandUfl[' treatedmilks

3.4.1. INFLUENCE OF PASTEURISATIONON MILK PROfEOLYSIS

Proteolysisin milk dueto plasminis known to be increasedafterPasteurisation
(for reviewseeChapter2). Noomen(1g]5) found 30-40%increasein milk proteolytic
activity after heating to 72°C for 15 s, due, according to Richardson(l983a) to
increasedactivationof plasminogento plasmin,following inactivationof an inhibitor of
this action. Andrews and Alichanidis (1983) confirmed higher proteolysis in
pasteurisedmilks, with electrophoreticpatternsof proteosepeptone produced in
pasteurisedmilk over2-3 daysincubationat37°Cbeingsimilarto thoseproducedunder
thesameconditionsin 6 daysin raw milk. Heatdenaturationof whey proteinmay also
influencetheaccessibilityof caseinsto Proteolyticattack(Lauetal., 1991). Harwalker
etat. (1993)isolatedplasmin-derivedastringentfractionsfrom pasteurisedmilk.

With regardto survivalof proteolyticactivity in high seemilk, when milks of
varyingSCCwerepasteurised,cooledandrefrigerated,proteolysiswas higherin high
SCC milks, aswas the casewhen subsequentincubationsto simulatecheesemaking
operationswerecarriedout (Senyketal., 1985). Kosikowski (1988) proposedthatthe
useof bactofugationto removeandbiologicallydestroysomaticcellsfrom high sec
milk without impairingthe milk for cheesemakingmay be preferableto pasteurisation,
as it has been suggestedthat somaticcells may harbour micro-organismssuch as
Listeriamonocytogenesandprotectthemduringmilk pasteurisation.

3.4.2. NATIVE PROTEASESIN UHT MILK

3.4.2.1. Introduction

Milk intendedfor long shelf-lifemarketsis frequentlytreatedto temperaturesof
�1�3�~ lSOOC, for a coupleof secondsin Ultra-High Temperaturesterilisation(UHT).
Themainbacteriologicaleffectof this treatmentis the thermaldeathof bacterialspores,
andchemically,theMaillardbrowningreaction,whey proteindenaturation,destruction
of many vitamins and inactivationof most of the enzymaticactivity of milk result
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(Burton, 1984). However, it has long beenacceptedthat the very heat-stablemilk
proteinase,plasmin, may survive UHT treatments,and contribute to problems on
subsequentstorageof themilk, which shallbethesubjectof this sectionof thereview.

3.4.2.2. GelationofUlfF milk

The problem most frequently associatedwith UHf milks is gelation, which
Sameletal. (1en1) andKocakandZadow(1985) showedto occurwithin 13 monthsof
storageof treatedmilks at 4, 20 and 30°C, but not at 37°C or higher. Protein
breakdown,however,accordingto both thesestudies,was negligible at 4 and 20°C,
but substantialat the higher temperatures,and was not relatedto time of onset of
gelation.This was also reportedby Nakai et al. (1964). It was concludedthat the
interplayof a numberof independentfactorsincluding proteolysisand aggregationof
casein micelles led to gelation. pH does not affect gelation, but severe preheat
treatmentsof raw milk can delaygelation(ZadowandChituta, lenS).Gelationof UHT
milk, studiedby electronmicroscopy,showsthatat4°C,caseinmicellesarebridgedby
tendrilsof protein into a network, while at 30°Cthis phenomenonwas absentand the
caseinmicellesizewas considerablygreater(Andrewset al., 1rm; deKoning et al.,

° 1985). Kocak andZadow(1985) proposeda two stagemechanismfor age-gelation,
whereinitially limitedproteolysisof proteinsis followed by aggregationof destabilised
micellesdueto storageinducedphysicochemicalchangesin themilk.

Snoerenet al. (1en9) and Snoerenand Both (1981) showed that in good
bacteriologicalquality milk (Pseudomonasfluorescence proteinasebeing very heat
resistant)indirect UHT treatment(l42°C for 4 s) led to negligible proteaseactivity.
Direct UHT treatment,at thesametemperatureandfor thesametime, however, led to
considerableattackof as2 -casein and 8-casein,and slowerattackof asl -caseinover
storageat 2frC, a classicalplasmin pattern,and the milk coagulatedafter 90 days,
withoutformationof a typicalgel structure. The differencebetweenthe processeswas
ascribedto the intensityof indirect heatingcausingmore denaturationof the enzyme
(Guthy et al., 1983),or moredenaturationof B-Iactoglobulin,which then inhibits the
action of the plasmin (Grufferty and Fox, 1986). This second hypothesiswas
supportedby Skudder(1981), who showedthatpotassiumiodateinducesproteolysis
in UHf milk, which Grufferty and Fox (1986) showedto be due to iodate inhibiting
inhibitory linkage of plasmin and denaturedB-Iactoglobulin. Moller et al. (1977)

showedthatcaseinsfrom storedUHf milks were more resistantto proteolysisthan
thosefrom unheatedmilks, but suggestedthat this was due to the Maillard reaction
betweenlactoseandproteins,perhapsstearicallyhinderingProteolyticattack.

IndirectanddirectUHf systemswere againcomparedby Manji et al. (1986),
who found indirectlyheatedmilks to haveno residualplasminactivity, but 19% of the
original plasminogenactivity, afterprocessing,while directly heatedmilks had 9 and
19% residual plasmin and plasminogenrespectively. Plasminogenactivation was
observedin both milks on storage,and gelationwas only observedin directly heated
milks storedat 22-25°C,andwas inhibitedby low and high temperatures.Again, no
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relationshipwasfound betweentheextentof proteolysisand gelationtime. It hasbeen
suggestedthatasl -caseinis more involved in POlymerisationreactionsthan B-casein
(Andrews, 1975), and this providesa possibleexplanationof why plasminaction on
storageis not directly relatedto gelation.Thesefindings arein agreementwith thoseof
Snoerenetale (1g]9) andSnoerenandBoth (1981),but show thatlong term storageof
indirectlyheatedmilks will increaseproteolyticactivity due to the actionof heat-stable
plasminogenactivators.

deKoningetale (1985)examinedage-thinningandgelationin UHf milks using
plasmin inhibitors and showed that plasmin activity correlated well with casein
breakdownand gelation,but thaton additionof inhibitors, thesephenomenavirtually
ceased.No plasminactivityor proteolysiswereobservedin UHT milk, preconcentrated
to 23%w/v total solids,but gelationdid occur. Age-thinning,or decreasein viscosity,
wasseento becausedexclusivelyby heattreatment,andto beapurelyphysicochemical
effect.Theroleof the plasmin-plasminogensystemwas examinedby Kohlmannet ale
(1988), who found that their control milks (mixture of directly and indirectly heated
samples)did not gel, nordid milks with addedplasminor trypsin, but milks with added
plasminogendid gel after 5 months at 25°C, suggestingthat plasminogenderived
activity promotes gelation of UHT milk, and again the existenceof heat-stable
plasminogenactivators.The lack of gelationin proteinase-addedmilks suggeststhat
rapidproteolysisof caseinsdoesnotallow for associationof enzyme-modifiedproteins
into a gel network,anda clearyellow serumforms uponprolongedstorage.

3.4.2.3. Off-flavoursin UJ{]' milk

Bitterness in UHf creamswas examinedby Richter et ale ( Ig]9), and
suggestedto bedueto a rangeof enzymesof varying pH and temperatureoptima,and
Mottar (1981) showedthat tasteloss in UHf milk was more of a proteolytic than a
lipolYtic effect. McKellar(1981)demonstratedtheeffectof psychrotrophicenzymeson
UHf milk off-flavours, but Harwalker et ale (1989) isolatedastringentoff-flavour
componentsfrom directly heatedUHf milk and showed them to be y-casein-like
breakdownproductsof casein,probablyarisingfrom plasminaction.
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General Materials and Methods
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4.1. CHEESEMAKING

4.1.1 ManufactureofmodelDutchcheesesin viscubator

Small experimentalbatchesof Dutch-typecheesewere made,in duplicate,using
approximately12.5kg of milk perbatch,in a Viscubator(Type4/4, Laboratorium,Wiesby).
Themilk waspasteurisedat72.5°Cfor 15s, cooledto 32°Candcalciumchloride(0.02%in
milk), sodiumnitrate(0.016%)andRoraDanicaDVI starter(Chr. HansensLaboratory),at an
inoculumlevel of 0.2gper 12 kg milk, wereadded.Themilk wasstirredfor 10minutesand
allowed to ripen for 30 minutes,at the endof which time 3.4 ml of standardstrengthcalf
rennet(Chr. Hansen'sLaboratory)(diluted in approximately100 mls distilled water) was
addedper vat. The milk and rennetmixture was stirredfor 3 min and allowed setfor 60
minutes. At theendof set,thecoagulumwascut with vertical andhorizontalwire knivesto
cubesof Icm size,alloweda 5 minutehealtime andstirredfor 30 minutes. Onethird of the
milk weight in whey wasthen removedandthis amountaddedas60°C hot water, in three
incrementsover20 minutes,to cookthecurdsto 37°C,with continuousgentlestirringduring
cooking. After a further5 min stirring,theamountof wateraddedwasremovedaswhey,and
the curdsstirredfor a further30 min. The curdswere then pre-pressedunderwhey for 60
min, andpressedat 2.5Barovernight. Thecheeseswerethenbrinesaltedfor 7.5h in an 18%
NaQbrine,allowedto dry, plasticcoatedandripenedfor 15weeksat 11°C. While aGouda­
typecheeserecipewasfollowed, thehigh moisturein thecheesesmadein theViscubator,and
thelossof moisturethroughtheplasticcoatduringripeningmadethesecheesesquitesimilar to
a crossbetweena Meshangeranda Goudatype (NoomenandMulder, 19]6; Noomen1977a,
b). Meshangercheese,which hasa moisturecontentof 57-60%,was recommendedas an
idealmodelsystemto investigatethecontributionof milk enzymesto cheeseripening(dejong,
IfJ76). Themanufactureprocessof this cheesediffers from thatof Goudaprincipally in that it
is not cookedduring manufacture,andthe stirring time is greatlyreduced(Noomen,1977b).
The ripeningconditionsaretypically 13°Cfor 3-5weekswhereasherea moretypical Gouda
ripeningprofile wasutilised.

4.2.2 lArgeScalemanufactureofGouda cheese

Goudacheesewasmadein largestainlesssteelvatsfrom lOO-gallonbatchesof milk,
which was pasteurisedin the V.C.C. creameryat 72.5°Cfor 15 s, and standardisedto a
fat/proteinratio of 1.0. The milk wasthencooledto 30°C,andfilled into a 1200Lcircular
stainlesssteelvat (MKT Tehtart19]5) with a steamheatingjacket. Calciumchlorideand
sodiumnitrate were addedat the levels given above. Frozenstarter811 (Chr. Hansens
Laboratory,Little Island,Cork) wasaddedto themilk ata level of 45g1100 gallons,stirredin
andallowedripenfor 25 minutes. Hansensnormalstrengthrennetwasaddedat Iml/gallon
(diluted in distilled water)andstirred in for 2 minutes,and the mixture allowed setfor 45
minutes,or until judgedsufficientlyfirm tocut.

Thecoagulumwasthencut usingthe vat knives,allowing two rotationsof theknives,
a heal time of 2 minutes,repeatingthis andthenstartingto stir slowly for 10minutesfurther.
Then40% of the milk volume(40 gallons)of whey wasremovedby siphonand35 gallons
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addedbackashotwater(45-50°C),sprinklinggently to avoidheatshockingthecurds,over7­
8 minutes. The curdsand whey were then stirredfor 45-60 minutes,or until the pH was
below6.35. Themix waspitchedinto a horizontalprepressvat wherethecurdswerepressed
hydraulicallyat 1.5 Bar underwhey for 20 minutes,whereuponthe whey wasremovedand
thecurdsfilled into circularmouldsandpressedat3 Barovernight.

Thecheesesweretransferredto an 18%NaCI brinebathfor a time calculatedto give a
final 1.5-2.0%saltlevel in cheese(2-3 dayswith regularturning),thenremovedto a5°C room
for 2 daysto dry andcool beforevacuumpacking. A two stageripeningwasusedfor these
Goudacheeseswith thecheesesbeingfirst heldat 13°Cfor 6 weeksbeforebeingtransferredto
a 5°C roomfor a further9 weeksmaturation.Thesecheesesweresampledat 12 daysand5,
10and15weeksfor analysisandorganolepticevaluation.

4.1. COMPOSITIONAL ANALYSES AND CHEESE EXTRACTIONS

4.2.1 Milk analysis

Milk samplesfor cheesemakingor enzymaticanalysis,were testedfor fat, protein,
lactoseandtotal solidsusinga Milkoscan(FossElectric,Hillerod, Denmark). Milk pH was
determinedat roomtemperatureusinga RadiometertypeM82 pH meter. Somaticcell counts
were determinedusing a Fossomatic90 cell counter(FossElectric, Hillerod, Denmark),
calibratedusingdirectmicroscopiccell counts.Chloridein milk wasdeterminedby theBritish
Standardmethod(1963). PMN antigenin milk wasassayedusingthemethodof O'Sullivanet
at.(1992),atUniversityCollegeDublin, onmilk samplesstoredoncollectionat -20°C.

4.2.2 Cheeseanalysis

Wedgesof cheeseweretaken at 12d of age,strippedof plasticcoatif necessaryand
grated.Cheesemoisture(duplicate)wasdeterminedgravimetricallyby dryinga2-gsamplefor
24h in anovenat 105°C. Cheesefat wasdeterminedby theGerbermethodandproteinby the
standardmacro-Kjeldahlmethod(AOAC, 1984),both in duplicate.CheesepH wasmeasured
at roomtemperatureandcheesesaltwasdeterminedin duplicateby thepotentiometricmethod
of Fox (1963).

4.2.3 Fractionationofcheeseproteolysisproducts
Samplesfor analysisof cheeseproteolysisduring ripeningweretakenat 12dand5, 8,

11 and15wk ageandanalysedasfollows.
Water-solublenitrogen (WSN) was extractedby the methodof Kuchroo and Fox

(1982). 50gof gratedcheesewashomogenisedwith lOOml distilledwaterfor 5 minutesusing
a ColworthStomacher500andthe homogenateheld in a waterbathat40°Cfor 1 hour. The
mixturewasthencentrifugedat3000gfor 30minutesat4°C to removeinsolublematerialand
fat. The supernatant,or WSN wasfiltered throughglasswool andWhatmanNo. 113 filter
paper,andportionstakenfor analysis,further fractionationor lyophilisation. The water­
insolublenitrogen(WISN) precipitatewaswashedin wanndistilled waterto removeresidual
fat, gratedandlyophilisedfor furtheranalysis.
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Portions of fresh WSN were ultrafiltered using Centricon-IOOultracentrifugal
microconcentrators(Amicon Ltd., Beverly, Ma., USA ), with a molecularweight cutoff of
10,000daltons,in a Funke-Gerbercentrifugeat 3000-5000g until Iml of UF permeatehad
beenpassed(3045 minutes),of which500JlI waslyophilisedfor examinationby RP-HPLC.

FromfreshWSN, pH 4.6solubleextractswerepreparedby additionof 1.50JlI of 30%
Acetic acid to 5ml of WSN extract,holdingat roomtemperaturefor 10minutes,andaddingof
150JlI of 3.33N SodiumAcetate.Themixturewascentrifugedat 14,OOOgfor 30minutesand
thesupernatantrecovered,recentrifugedandlyophilised.

The 12%TCA solubleN was extractedfrom cheeseby the methodof Bynum and
Barbano(1985)anddeterminedby Kjeldahl. The 12%TCA-solubleN wasexpressedasa
percentageof total proteinin thecheeseto obtaina measureof the increasein solubleproteins.
duringaging.

4.3. BIOCHEMICAL ANALYSES

PolyacrylamideGel Electrophoresis

43.1 UreaPolyacrylamideGelElectrophoresis(Urea-PAGE)

Electrophoresisin polyacrylamidegels(12.5%C, 4%T, pH 8.9) waspreformedusing
a ProteanII xi vertical slab-gel unit (Bio-Rad LaboratoriesLtd., Watford, Herts, UK),
accordingto a modificationof themethodof Andrews(1983). Thefollowing stocksolutions
werepreparedandstoredat4°C.

1. AcrylamideSolution 40%w/vAcrylamidein distilledwater.
2. StackingGel Buffer 8.3gtris (hydroxymethyl)methylamine+ 300gUrea + 2 g N,
N, N,', N', methylaminebisacrylamide,dissolvedin andmadeup to I L with distilledwater,
with pH beingadjustedto 7.6with HCI.
3. SeparatingGel Buffer 64.3gtris (hydroxymethyl)methylamine+ 385.7g Urea + 5g
N, N, N,', N', methylaminebisacrylamide,dissolvedin andmadeup to IL with, distilled
water,with pH beingadjustedto 8.4with HCI.
4. ElectrodeBuffer 6g tris (hydroxymethyl)methylamine+ 29.2gglycine dissolved
in andmadeup to 2L with, distilledwater.
5. SampleBuffer 0.75gtris (hydroxymethyl)methylamine+ 49gUrea+ 0.4 ml conc.
HCI + 0.7ml 2-mercaptoethanol+ 0.15gBromophenolBlue,dissolvedin andmadeup to 100
ml with, distilledwater.
6. Double StrengthSampleBuffer (McSweeneyet. aI., 1994) 1.5g Tris + 49g

Urea+ 1.4m1 2-mercaptoethanol+ 0.15gBromophenolBlue,dissolvedin and made
up to 100ml with distilledwater,with pH beingadjustedto 7.6with HCI.
7. Ammonium persulphate10% w/v in distilled water, frozen in I ml aliquots in
eppendorfsat-20°Cuntil needed.
8. StainingSolution (Blakesley& Boezi, I fTrT) IL of 0.2%w/v CoomassieBrilliant
BlueG2.50in distilledwaterwasaddedto IL 1M H2S04andheld overnight. The solution
wasthenfiltered throughWhatmanNo. I filter paperandthe filtrate mixed9: I with 10M
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KOH. Trichloroaceticacid wasthenaddedto a final concentrationof 12%w/v TeA in the
stain. Thestainwasstoredin adarkbottle.

Thefollowing gel recipeswerethenpreparedimmediatelybeforepouringthe respectivegels
(sufficientfor 2 gels).

AcrylamideSolution
SeparatingGel Buffer
Stackinggel Buffer

TEMED*
AmmoniumPersulphate

SeparatingGel
18ml
4500

StackingGel
2.500

22.5ml

12.5 JlI
ISOJlI

10

12
15
12

HI applied

2.5 2

Cheese

WaterSolubleNitrogen1

Milk (1:4with samplebuffer)
CaseinHydrolysate

* N, N, N', N', tetramethylenebisacrylamine.
Samplesfor electrophoresiswerePreparedasfollows, beingheatedto sooCfor a few minutes
if necessaryto helpdissolvethesamples.

Sample Concentration
(mglml)

15

15

1 Lyophilised.

2 5mglml hydrolysatemixed 1:1with doublestrengthsamplebuffer.

Theelectrophoresisunit wasassembledaccordingto the manufacturer'sinstructions,
TheseParatinggel waspouredto within 2 cmof thetopof theglassplates,andoverlaidwith a
layerof water. On polymerisation(about60 min) thewaterwaspouredoff andthe stacking
gel preparedand poured,a slot-fonnerplacedin position and POlymerisationallowed 60
minutesto complete.Theslot-fonnerwasthenremovedandthe gel unit assembledandfilled
with electrodebuffer.

The gels were pre-runat 280V for 30-45 minutesand the samplesapplied. The
sampleswerethenrun at280V throughthestackinggel andat300V throughtheseparatinggel
until the tracking dye is within 1 cm of the bottomof the gel (4-5 hours). The gelswere
stainedovernightin stainingsolutionanddestainedin severalchangesof distilled water,until
thebackgroundbecomesclear.

4.3.2 SDS-PAGE electrophoresis

SDS-PAGEwascarriedout in 10-20%precastgradientgels(Bio-RadLaboratories
Ltd., Watford, Hetts,UK) following the manufacturer'sinstructions,usinga Bia-RadMini­
ProteanII cell. Electrodebuffer usedcontained25 mM Tris-glycine pH 8.3, 0.1% SDS.
Samplebuffer containedIOmM Tris-HCI pH 6.8, 1.0% SDS, 20% glycerol and 0.02%
bromophenolblue. Milk samplesfor analysisweredilutedaccurately1:10(vol/vol) in sample
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bufferandimmersedin boiling waterfor 2 min. Sampleloadingwas 10Jll perwell, andgels
wererun at 200V constantvoltageuntil the trackingdyeapproachedtheendof thegel (30-45
min). Gels were stainedwith 0.1% CoomassieBrilliant Blue R250 in a methanol:acetic
acid:watersolution(40:10:50)for 1 hour anddestainedin 40% methanol/10%aceticacid.
Gelswerepreservedby washingin 7% aceticacidandplacingin air-tightbags.

High PerformanceLiquid Chromatography

4.3.3 ReversedPhaseHigh PerformanceLiquidChromatography(RP-HPLC)

Reversed-phaseHPLC wasperfonnedusingaBeckmanHPLC system�(�B�e�c�k�m�a�n�~ San
Ramon,Ca., USA) ,consistingof a model 506 autosampler,a model 126 programmable
solventmoduleand a programmabledetector(interfacedwith a personalcomputerusing
BeckmanSystemGold software). A nucleosilCscolumn(250x 1.5mm, 250Jlm poresize,
JonesChromatography)wasusedfor all separations.

Samples (i) Cheesewater-solublenitrogen(WSN)
(ii) Ultrafiltration penneateof cheeseWSN(UFP)
(iii) pH 4.6solubleextractsof caseinhydrolysatesandmilk

Lyophilisedsampleswere reconstitutedasfollows. All sampleswerefiltered through
0.45 Jlm filters (Millipore Ud, ) beforeinjection.

WSN andUFP
WISN

5 mglml in SolventA (20JlI injected)
5 mg/ml in 50mM Tris-HCI, pH
Acetonitrile, 540 mg/ml Urea
mercaptoethanol(10JlI injected)

7.2 with 20%
and 7% 2-

The pH 4.6 solublefraction from milk and caseinhydrolysateswas isolatedby
additionof 30JlI of 33.3%w/v aceticacidto Iml of sample,which wasvortexedandheldat
room temperaturefor 10 minutes.30 JlI of 333M sodiumacetatewas then addedand the
mixture centrifugedat 16,OOOgfor 10 minutes. Thesupernatantwasthenfiltered and.50JlI
injectedonto thecolumn. Theinjectedsampleswereelutedat0.75ml min-1 usinga75minute
water/acetonitrile/trifluoroaceticacid(TFA) gradient. SolventA consistedof 0.1% TFA in
waterand solventB of 0.1% TFA in acetonitrile.The elution profile consistedof initially
runningat 100%A for 5 min, increasingto 50% B over55 min, holdingat 50% B for 5 min,
increasingto 60% B over5 min, andfinally holdingat this level for 5 min. Thecolumnwas
thenwashedby increasingto 95% B for 5 min andreturningto 100%A andallowing re­
equilibratefor 15min, beforeinjectionof thenextsample.
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DeterminationofNitrogen Fractions

4.3.4 Kjeldahl Method

The macro-Kjeldahlmethod(AOAC, 1990)wasusedto determinetotal N in samples
of cheese(0.5g),WSN (5 ml) or 12%TCA-solubleN extracts(asperBynum and Barbano,
1985).

4.3.5 Lowry Method

A modification of the Lowry assayfor protein (Lowry et aI., 1951) was used to
quantify N in TCA-solubleextractsof milk andcaseinhydrolysedby somaticcell extracts.
Themethodusedwasasfollows.

Lowry ReagentA: 1%Coppersulphate
Lowry ReagentB: 1%w/v sodiumPOtassiumtartarate
Lowry ReagentC: 2% w/v sodiumcarbonatein 0.1M NaOH
Copperalkali solution (reagentD): (preparedfreshdaily)

1 ml of A and1mI B weremixed,and98 m1sC added.
BSA Standard: 0.25%bovineserumalbuminin water

To 200 JlI samplewas added2.1 ml Lowry Reagent0, mixed, and the mixture
equilibratedat room temperaturefor 10 min. 250JlI of diluted Folin-Ciocalteaureagent(1: 1
with distilled water)wasaddedandcolourdevelopmentallowedproceedfor 30min at room
temperature,whereupontheabsorbanceat 750nm wasmeasuredandresultsexpressedasmg
BSAlml from a standardcurve.

4.3.6FluorescamineMethod

The fluorescaminemethodof Chismet al. (1979),asreportedby Kwan et at. (1983)
wasusedasa generalmethodto determineproteolysisin milk andcaseinsolutionsby reaction
of thefluorescaminereagentwith freeaminogroupsliberatedduringproteolysis.Commonly,
the solution to be assayedwas mixed with an equal volume of 24% TrichloroaceticAcid
(TeA), vortexedand centrifuged(10,OOOg,5 min). To 100JlI of filtrate wasadded300Jl13M
dipotassiumhydrogenorthophosphate,followed by 150JlI of 0.03%(w/v) tluorescaminein
acetone.Theassaymixture wasthenimmediatelyvortexed,dueto the shortstability of the
fluorescaminereagentunderthe assayconditions. Distilled water(3ml) wasaddedto dilute
andbring thesampleto cuvettevolume. Auorescence(A.excitation=395nm, A.emmission= 480

nm) was determinedusing a Corning-EELspectrofluorimeter.Resultswere expressedas
nrnolsLeu-Leuvia a standardcurve.
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4.3.7CadmiumNinhydrinMethod/orDeterminingFreeAminoAcids

Freeaminoacidsin cheeseWSN wereestimatedusingthemethodof Folkertsmaand
Fox (1992). CadmiumNinhydrin reagentwaspreparedby dissolving0.8g Ninhydrin in a
mixtureof ethanol(8Oml) andaceticacid(IOmI), andaddingIg CadmiumChloridedissolved
in 1ml distilledwater,andtheassayperformedasfollows.

An aliquotof freshcheeseWSN (10-100}l1 dependingon concentrationof free amino
acids,which increaseswith cheeseage)wasdiluted with distilled waterto 1 mt and2 ml of
reagentadded.The mixturewasheatedto 84°Cfor 5 min, cooledandtheabsorbanceat 9J7
nm determinedagainsta blank containingno WSN. Resultsmay be expressedas mg
Leucine/gcheesewhenreadoff asuitablestandardcurve.

Determinationofplasminandplasminogenin milk andcheese

Themethodof Richardson(1981)wasusedto determineplasminactivity in milk and
cheese,andplasminogenlevelsin milk. This assayemploysthenon-fluorescentsubstrateN­
succinyl-L-alanyl-L-phenylalanyl-L-Iysyl-7-amid0-4-methylcoumarin('coumarinpeptide',
SigmaChemicalCo.)which is hydrolysedby plasminto give a fluorescentproduct. The rate
of increasein fluorescenceintensityis proportionalto thequantityof plasminpresent

Milk samples(30ml) were diluted with IOmI 0.4M trisodium citrate solution and
centrifuged(27,OOOg,4°C, 10 min), and plasmincontentof the supernatantdetermined.
Cheeseplasminwasextractedby dispersing10g of finely gratedcheesein 90m1 of 2% (w/v)
trisodiumcitrate,followed by equilibrationat37°Cfor 15min, homogenisationin aColworth
stomacherfor 10 minutesandcentrifugationasbefore. Sampleswerefrozenat -20°C until
assayed. Plasminogenin citrate-treatedmilk sampleswas determinedas the increasein
plasmincontentinducedby theadditionof theplasminogenactivator,urokinase.In this case,
0.25ml citrate-treatedmilk wasmixedwith 0.05m1 urokinasesolution(1000Plougunits/ml)
and0.2 ml 50mM Tris-HCI buffer pH8.5containing20 mM lysine,0.14M NaCI and50%
(w/v) glycerolandincubatedat37°Cfor 1hr beforeassayingfor total plasminactivity.

Fortheassay,70}l1 of thesolutionto beassayedwasequilibratedfor 5 min in acuvette
with 826}ll 9JmM Tris-HCI buffer, pH 7.5, and224}ll coumarinpeptidesolution(25 mg
coumarinpeptidedissolvedin 6.67m1 dimethyl sulphoxide,and26.59m150mMTris-HC1,
pH 7.5 addedto give a final peptideconcentrationof ImM) addedto start the reaction.
Fluorescencereadingsweretakenusinga ShimadzuRF-551fluorescencedetectorat regular
intervalsover a 10-30minute period,and the rate of increasein fluorescenceper minute
calculated(the slopeof a fluorescenceunits againsttime plot). A standardcurveof 0 - 1.0
nmol 7-amin0-4-methylcoumarin(AMC) in assaybuffer is included witheachbatchof assays
(a0.1 mM AMC solutioncontains1nmoUl00}lI, with standardsthuscomprisingof 0-100}ll
of this solution,madeup to 1m1 with assaybuffer beforereadingfluorescence.The inverse
slopeof thestandardcurve(nmolAMCIfluorescenceunit) canbeusedto calculatetheplasmin
contentof the samplein AMC units/ml (for milk) or AMC units/g (for cheese),oncethe
dilution of theinitial cheeseor milk is takeninto account.OneAMC unit of plasminreleases1
nrnolAMC perminuteundertheassayconditionsspecified.
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ChapterS

Variability in individualcows'milk somaticcell count,
polymorphonuclearleucocytelevel,plasminactivity,gross

compositionandproteolysisasaffectedby seasonandstage
of lactation

SUMMARY

A total of 103 milk samplesfrom Holstein Friesiancows, calvedat different
timesof the year, were takenat various stagesof the lactationcycle. Somaticcell
counts(SCC)were foundto vary with calvingseason,cowageandstageof lactation,
andwere influencedby interactionsbetweenthesefactors. Milk polymorphonuclear
leucocyte(PMN) levels,asa proportionof totalSCC,variedwith calvingseason,with
therebeingmorePMN cellson increasingSCC in springcalvingthanautumncalving
milks. Therewas an overall linear conelationcoefficientof 0.88 betweenSCC and
PMN level. Plasminandplasminogenlevelsweresignificantly higherin late lactation
thanearly/midlactationmilks, andthereappearedto be increasedplasminogenactivator
activity in milks from oldercows. Milk SCCsweresignificantlypositivelycorrelated
with milk fat, protein,pH and total solids level, andsignificantlynegativelycorrelated
with lactoselevel in milk. Plasminactivity was positively conelatedto milk protein,
SCCandplasminogenlevel. Late lactationmilks examinedhad meanSCCstwice that
of early-mid lactationmilks and had compositionalchangesreflecting this. Relative
proteolyticactivitywasmorehighly conelatedwith plasminactivity thanSCC or PMN
level, butinitial proteolysislevelsin freshmilks weremosthighly conelatedwith SCC.
This may havebeendue to theoverall low SCC of the herd studied. Electrophoretic
proteolysispatternsof incubatedmilks verified high plasminactivity in late lactation
samples,but therewas clearevidenceof non-plasminproteolyticaction in high SCC
milks.
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5.1 INTRODUCTION

The imminent introduction of EU directive 92/46 concerningreduction of
maximumpermissiblemilk somaticcell count(SeC)from 500,000cellslml to 400,000
cellslmlhasledto increasedinterestin thecausesof variationin milk somaticcell count
and its relationshipwith milk quality, particularly in countrieswith very seasonal
calving patterns.Bovine mastitis,or inflammationof the mammarygland, the most
importantcauseof elevatedsecin milk, causesan alteredproteindistribution in milk
anda decreasein caseinand lactoselevel (Munro et d., 1984; Mitchell et d., 1986a)
andin cheesemaking,high secmilk is associatedwith increasedrennetclotting time,
lossesin whey andcheesemoistureand reducedcurd rigidity and yield (Verdi et d. ,
1987).

Milk somaticcells consist of polymorphonuclearleucocytes(PMN cells or
neutrophils),macrophagesandlymphocytes.Healthymilk hasbeenreportedto contain
approximately12%PMNs,60% macrophagesand28% lymphocytes(Burvenichet al.,
1995). Onexposureto bacterialendotoxin,however,within 6 hoursPMNs comprise
greaterthan90% of totalleucocytes,and remainso for up to 59 hours after infusion
(SaadandOstensson,1990).As analternativeto cumbersomeflow cytofluorimetricor
differentialcell stainingtechniques,0'Sullivanetd. (1992)developedacaptureEI.1SA
assayfor PMN antigenin milk from individualcows,which wasvery highly correlated
with totalsee(r=O.94). However,preliminaryinvestigationof bulk tank correlations
showeda wide variationin PMN levelsfor milks of the sametotal sec,particularlyat
the 400,000-500,000cellslml level (Joyce, personal communication). PMNs are
known to possessadifferentproteolyticenzymecomplementto othercell types(Verdi
andBarbano,1991b) and Preliminaryinvestigationsrevealedprobabledifferencesin
ripeningcharacteristicsof cheesesmadefrom milks with similartotal secbut different
PMN level(seechapter10).

Levelsof the alkalineproteinaseplasmin, the principal proteinasein healthy
milk, andof its inactiveprecursor,plasminogen, are known to be increasedin late
lactationandhigh secmilks (Richardson,1983b;Benslimaneetd., 1990; Politis el

d., 1989a),dueto damagedmammaryepitheliumor increasedplasminogenactivation
by somaticcells. Plasminis extremelyheatresistant(Richardson,1983a).Proteolysis
in milk hasalsobeenshown to correlatewith sec(Senyket al., 1985), andelevated
non-plasminproteolyticactivity hasbeenreportedin mastiticmilks (Andrews, 1983 a­
c, Saemanet d., 1988), but in all thesestudies,either plasmin action or effect of
elevatedsecwereconsideredseparatelyandthetwo havenot beencorrelatedin milks.

Theobjectivesof thestudywere
(1) to examinetheeffectsof seasonalandlactationalfactorsonsecin a rangeof

milks from individualcows
(2) to examinetheinfluenceof thesetwo factorsplussecon PMNs, plasminand

plasminogenin thesamemilks
(3) to studytherelationshipsbetweenseasonality,sec,PMN levelandplasmin

activityandmilk compositionandproteolysis
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5.2MATERIALS AND METHODS

5.2.1. Milk Samplecollectionandanalysis

A totalof 103 milk sampleswerecollectedfrom the individual milk recordingjars
of HolsteinFriesiancowsata localfannduring theafternoonmilking session. Batchesof
approximately35samplesweretakenat 3-monthly intervalsso as to get a combinationof
springand autumncalvingcows, at variousstagesof lactation.The samecows were not
necessarilysampledeachtime. Dataconcerninglactationdateand numberwere supplied
by the farm. Milks were returnedto the laboratoryand % fat, protein, lactoseand total
solids(by Milkoscan)andpH determined,asdescribedin section4.2.1. Somaticcell count
(SCC) was determinedby Fossomaticand portions (1.5 ml) of milk frozen at -20°C.
When all batchesof sampleshad been collected, thesewere dispatchedto University
College Dublin for determinationof PMN antigenby the methodof O'Sullivan et aI.
( 1992). On the day of collection, trisodium citrate dissociation of plasmin and
plasminogen,andmeasurementof theseparametersby thecoumarinpeptideassaymethod,
asdescribedin section4.3.7,wasalsocarriedout. Chloridein milk wasdeterminedby the
British Standardmethod( 1963).

Furtherportionsof themilks were incubatedat 37'C for 24 hours in the presence
of 0.05% Sodium Azide, and proteolysisexaminedin two ways. Firstly, 12% TCA­
soluble proteolysisproductswere quantifiedin the initial milk and the same milk after
incubationusingthefluorescaminereagent,with resultsbeingexpressedas initial level of
free aminogroupsand increasein free aminogroupsunderthe conditionsspecified,and
secondlycaseinsand polypeptidespresentin the milks before and after incubationwere
comparedby urea-PAGE. Both thesetechniqueswereas describedin sections4.3.1 and
4.3.6 respectively.

5.2.2. StatisticalAnalysis

Thefrequencydistributionsfor SCC, PMN level, plasminactivity, plasminogen
concentrationand plasminogen/plasminratio were skewedand thus log transformations
wereappliedto thesevariablesprior to analysis. Threegroupingvariablesor factorswere
consideredin this analysis;calving season,stageof lactationand numberof lactations.
Seasonhadtwo categories(springand autumncalved),stageof lactationwas categosised

into two subclasses(early and late «200 and >200 days in lactation»,and numberof
lactationswere divided into three categories(1-2,3-4 and 5 or more lactations).Group
meanswerecomparedby t and F testson log transformeddataand resultspresentedas
original, untransformeddata.Pearsom.correlationcoefficientsand linearregressionwere
usedto investigaterelationshipsbetweenvariables. �A�~�s�o�, for someanalyses,to examine
thebehaviourof milk from cowsfreeof niastiticinfectionsamplesof greaterthan.500,000

somaticcellslmlmilk wereremoved.
Effect of seasonand lactationstageand numberon SCC, PMN level and milk

plasmin and plasminogenactivitiesand ratios were analysedusing the General.Linear
Models(GLM) procedure,availablein theMinitabstatisticalanalysispackage.In this type
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of modellinga hierarchicalmodelfor multi-parameteranalysisof varianceis constructed,
taking into accountall possible interactionsbetweenfactors which will influence the
variable of interest. Least significant interactionsare then removed one by one in
decreasingorder,until thesimplestmodelis obtained,in which all termsaresignificant,or
non-significanttermscannotbe removedbecausethey are involved in significant higher­
order interactions.Models were also checkedto verify the assumptionsof nonnal
distributionof residualsand randomdistributionsin plots of residualsagainstpredicted
values. The modelswere used to calculatemeans(adjustedfor all other terms in the
model)for eachlevelof thecategorieswhich werefound to besignificant. Log.oseewas
treatedasacovariate,or continuousvariable,whereappropriate.

5.3. RESULTS

5.3.1. SCCandPMNlevelsin trial milks

ThemeansecandPMN levelsin theindividualmilks sampledwerecalculatedon
thebasisof season,numberof lactationsandstageof lactation(Table5.1). Spring

Table S.1 Influenceofseason,stageof lactationand numberof lactationson meanSCC
and PMN levelsin milk (A I-testsandF-Iestswereperformedon log transformeddata)..
All valuesfor individualmilksweremeansoftriplicatedeterminations.

Group SCC(,()()()s ± SD) PMN(A507 ± SD)
n Mean SD n Mean SO

Calvingcategory
SpringCalving 53 249 315 53 0.411 .335

AutumnCalving 49 201 286 49 0.342 .240
t-valueA: 1.60 1.08
p: 0.110 0.280

Stageoflactation
EarlylMid Lactation 63 177 234 63 0.339 .291

LateLactation 38 �3�~ 378 38 0.442 .292
t-valueA: 2.85 2.65

p: 0.006 0.010

Numberoflactations
1-2 47 132 147 47 0.305 .242
3-4 23 302 396 23 0.430 .327
�~�5 32 309 356 32 0.448 .232
F-valueA: 6.16 4.25
p: 0.003 0.017



calvingcows were found to havehigherSCCsand PMN levelson averagethan autumn
calvingcows, althoughthesedifferenceswerenot significant. Therewasa substantialrise
(p<O.OI) in both secand PMN levels at the end of lactation. Cows of 3 or more
lactationshadhighermeanSCCsthancows of 1 or 2 lactations(p<O.O1) and meanPMN
levelsrosein cowsof increasinglactations(p<0.05).

5.3.2. GLM modellingofsecin trial milks

TheGLM procedurewas employedto carry out an estimationof the simultaneous
effectsof the threefactors (calving season,stageof lactationand lactationnumber) on
log(osecvalues. Thefollowing modelwasfitted to thedata.

Log(oSCC= Calvingseason+ Stageof Lactation+ No of Lactations ( 1)
+ two andthreeway interactionsthereof

After deletingnon-significanttennsfrom themodelasoutlinedin section5.2.2, the

final modelconsistedof five tenns(Table5.2). Thetwo way interactiontenns,seasonby
lactationnumberandlactationnumberby stageof lactationwere significant. The tennsin

themodelexplained30%of thevariationin log(oSCCseenin thesamplestaken.

Table 5.2 GLM analysisoffactorsaffectingLogJrPeein milk

Factor d.l. Adjusted F-value P
meanssquares

Calvingseason 1 1.748 12.73 0.001
Lactationnumber 2 0.786 5.72 0.005

Stageof lactation 1 2.209 16.08 0.000
Season* Lactationnumber 2 0.681 4.96 0.009

Lactationnumber* Stage 2 0.595 4.33 0.01

of lactation
Error 93 0.137

Multiple R2 value 30.0%

The patternof variationin SCC due to lactationnumberwas found to differ with
seasonandstageof lactation. In Table5.3 SCCis summarisedfor the seasonby lactation
numberandlactationnumberby stageof lactationcombinations.It can be seenfrom these
datawhy the interactiontennswere presentin the model. In spring calving milk, the

highestcell counts(mean385,(00)werefound in cowsof 3-4 lactations,while in autumn
calvingmilk thereversewas the case(mean78,(00). In the secondhalf of the tablethe
highestSCCs(mean400,(00) in late lactationmilk were seen in cows of 3-4 lactations,
while cows of this numberof lactationshad the lowest mean early lactation SCCs
(74,000).
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Table S.3 Influenceofseason,stageof lactation and numberof lactationson milk see (in ,000s, means± SD calculatedfrom GLM model,
adjustedfor all othertermsin themodeland transformedto originalscale)

Lactationnumber 1-2 3-4 �~�5 All
n Mean SO n Mean SO n Mean SO n Mean SO

Season
Springcalving 26 103 'TI 9 385 15 18 241 47 18 53 212 61

Autumncalving 21 96 77 14 78 30 14 158 26 14 49 106 56

StaKe of lactation
Early lactation 35 fr7 156 11 74 17 18 160 47 64 101 72

�~ Latelactation 12 114 20 12 400 30 14 244 26 38 223 44

All 47 99 54 23 173 28 32 195 37



5.3.3. GLMmodellingofPMNlevelsin trial milks

The effectof seasonaland lactationalfactorson the variation in 10g.oPMN levels
wasalsoexaminedusingGLM analysis. In this analysis,the model includedLog.oSee
asacovariatealongwith theotherfactors(calvingseason,stageof lactationandnumberof
lactations).

Log1oPMN= LogI osee+ ealvingseason+ No of Lactations
+ Stageof lactation

+ all possible2-way interactionsof theabove(4 terms)
+ all possible3-wayinteractionsof theabove(4 terms)
+ theone4-way interactionof thefactors

(2)

Mter deletingnon-significanttermsasdescribedin section5.2.2, the final model
consistedof threeterms,10gloSee,calvingseasonandthe interactionbetweenlog.osee
andcalvingseason(Table5.4). Approximately80% of the variation in 10gloPMN was
explainedby this model. This modelsuggestedthatstageof lactationand lactationnumber
arenot requiredwhenlog,oseeandcalvingseasonarepresentin the model. A graphical
illustrationof thefinal modelis shownin Fig. 5.1, whereit is seenthat the slopesof plots
of 10gioSeeversusPMN level for autumncalving milk samplesare significantly lower
thanthoseof plotsfor springcalvingmilks. Thus the rateof increaseof PMN cellswith
increasingseewashigherin springcalvingmilk thanautumncalvingmilk. It canalso be

seenfrom Fig. 5.1 that at low sees(below approximately160,000cells/mt) thereare

higherlevelsof PMNs percell in the autumncalvingmilk, but abovethis level the milk
with thehigherproportionof PMNs persomaticcell is from springcalvingcows.

Table5.4 GLM analysisoffactorsaffectinglog loPMN levelin milk

Factor

Log.osee
ealvingseason
LogI osee* calvingseason
Error
MuitipleR2

d.l.

1

1
1
99
78.77%

Adjusted
meanssquares

6.533
0.448
0.451
0.020

90

F-value

321.11
22.02
22.16

p

0.000
0.000
0.000



Fig. 5.1. Effectofcalvingseasonon relationshipbetween10gltl'MN antigenand �I�o�g�l�~�C�C in individualmilks as injlueru.:edby season(Autumn
andSpringcalvingcows)(comparisonofregressionlines).
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5.3.4. Correlation coefficientsrelatingSCCand PMNlevels

O'Sullivanetale (1992)examinedtherelationshipbetweenSCC and PMN level in
milks from individual cows and found a correlation coefficient of 0.94 betweenthese
parameters.A plot of SCC versusPMN level for the milks in this trial is shown in Fig.
5.2. TherewasanoverallPearsonscorrelationcoefficientof 0.88 betweenPMN level and
SCC, which comparedwell with the correlationcoefficientof O'Sullivan et al . (1992)
When this datawas divided on the basis of stageof lactationand seasonof calving,
comparablecorrelationswere found in the subgroups(Table 5.5). When samplesof
SCC>500,OOOImlwere removed,winter milks (spring-calvinglate lactationand autumn­
calvingearlylactationmilks) hadthelowestcorrelationcoefficients(0.69and0.63).

y == 0.00'X + O., 87 r - 0.878
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•

•
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•
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•

�o�-�+�-�-�-�-�-�-�-�-�~�-�-�-�-�-�-�-�~�-�-�-�-�-�-�_�_�_�.o

Fig. 5.1 RegressionplotofPMN levelin milk versusmilk SCC.

2

SCC(,OOOcelis/mI)

CorrelationCoefficient,r
All samples Samples<500,000

cellslml
0.925(34)

0.691 (14) **
0.625(25)
0.791 (20)

0.964(38)
0.900(17)

0.873(26)
0.856 (23)

Early/Mid
Late
EarlylMid
Late

Spring
Spring
Autumn
Autumn

Table 5.S. Pearsonscorrelationcoefficientsfor SCCand PMN antigenlevel, dividedon
the basis01calving seasonand stage01 lactationand lor SCC levelsaboveand below
500,000cells/ml (number01 samplesin brackets). All correlationswere significant
(p<O.OO}), except** (P<O.05J..
Season Stageof

Lactation
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5.3.3. Plasminandplasminogenlevelsandplasminogen/plasminratios in milks.

A tableof meanplasmin,plasminogenand plasminogen/plasminratiosfor the trial
samplesis presentedin Table5.6. Elevatedplasmin(p<O.OO1) and plasminogen(p<O.O1)
levelswere associatedwith late lactationmilk but therewas no evidenceto suggestthat
overall thesequantitieswereaffectedby eithercalvingseasonor numberof lactations.

TableS.6 Influenceofseasonaland lactationalfactorson meanplasminand plasminogen
levelsand plasminogen/plasminratio in milk (standarddeviation in brackets) B t-tests
performedon log transformeddata.

Group Plasmin Plasminogen Plasminogen/Plasmin

(AMC units/ml) (AMC units/ml) mtio

n Mean n Mean n Mean

Calving category

SpringCalving 50 0.148 (.158) 39 0.965 (.691) 39 10.43 (9.86)
Autumn Calving 37 0.141 (.067) 31 0.790 (.704) 31 5.92 (5.78)

t-valueB: 1.61 1.62 2.85
p: 0.110 0.110 0.006

Stageoflactation .

Early/Mid Lactation 55 0.098 (.058) 45 0.735 (.687) 45 9.38 (9.00)
Late Lactation 32 0.225 (.169) 25 1.162 (.640) 25 6.71 (7.55)

t-valueB: 5.70 3.31 1.49
p: 0.000 0.002 0.140

Numberoflactations

1-2 40 0.128 (. 103) 33 0.919 (.712) 33 10.78 (10.86)
3-4 21 0.158 (.161) 18 0.895 (.558) 18 7.35 (5.70)
�~�5 26 0.159 (.133) 19 0.826 (.814) 19 5.38 (4.35)
F-valueB: 1.16 0.42 1.94
p: 0.319 0.659 0.151

Plasminogen/plasminratios were decreasedin·autumncalving milk comparedto
springcalvingmilk (p<O.O1). Therewas a tendancyfor lower ratios in late lactationmilk
comparedto early lactationmilk and milk from cowsof increasingnumbersof lactations,
but thesechangeswerenot significant. The decreasedratio in autumncalvingasopposed
to springcalving,without a concomitantincreasein plasmin level is linked to the lower
level of plasminogenin the former milk, and suggeststhat plasminogentransportto this
milk is impaired. The decreasein late lactationratio may be dueto increasedtransportof
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bothcomponentsor increasedactivationof plasminogen,or a combinationof thesefactors.
There is evidenceof increasedplasminogenactivatoractivity in milks from cows of
advancingnumberof lactationsbecausethe plasmin level increaseswhile the level of
plasminogendecreasesin suchmilks.

5.3.4. GLManalysisoffactorsinfluencingplasminactivity in milk

ThesameGLM modelasusedto determinethe variablesaffectingthe PMN levels
(model(2» in themilks wasappliedto the plasminand plasminogendata. However,due
to the non-normallydistributed(skewed)natureof thesedata,a log,0 transfonnationwas
appliedto both setsof databeforeanalysis. Approximately42% of the variationin log,o
(plasminactivity) was explainedby the model. The model for log,o(plasminactivity),
treatinglog,oSCCasa covariate,is as shown in table5.7. It can be seenthat the only
tenns significantly affecting milk plasmin activity were log,oSCC and the interaction
betweenseasonandstageof lactation.

TableS.7 GLM analysisoffactorsaffectingloguplasminactivityin milk

Factor

Log,oSCC
Calvingseason
Stageof lactation
Calvingseason

* stageof lactation
Error
Multiple R2 value

d.f.

1

1

1
1

99

42.2%

Adjusted
meanssquares

0.581
0.040
1.529
0.718

0.065

F-value

8.98
0.62
23.63
11.09

p

0.004
0.435
0.000
0.001

Themeanplasminactivities by seasonand stageof lactationaregivenin table5.8.

Table S.8 Influenceof seasonand stageof lactationon plasminactivity in milk (AMC
units/ml± SD) calcu/atedjromGLM model,adjustedfor all othertermsin themodeland
transformedto originalscale.

n

PlasminActivity (AMC unitslml)
Spring Autumn
calving calving
Mean SD n Mean SD n

All seasons

Mean SD·
Stageof lactation

EarlylMid
Late
All stages

35
15
50

0.069 .03
0.207 .09
0.119 .01

94

20 0.119 .07 55
17. 0.148 .09 32
37 0.133 .03

0.090 .01
0.175 .03



It canbeseenthatspringcalvinglatelactationmilk hasnearly threetimesthe plasminlevel
of early/mid lactation spring calving milk (0.207 comparedto 0.069 AMC units/ml
milk).This finding wasnot reproducedin autumncalving milks. The weak but positive
relationshipbetweenlog,o(plasminactivity) and loglo(SCC), found by the model to be
significant(P<O.Ol) is shownin Fig. 5.3.

Fig. 5.3 Regressionplot of the relationship between log](jplasmin activity) and
logI rf.see) (correlationcoefficientsignificance<0.01)
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5.3.5. GIM analysisoffactorsinfluencingplasminogenlevel in milk

TheplasminogenmodelderivedusingGLM model(2) showedthat the only factor
affectingplasminogenlevel in milks was stageof lactation,with early/midlactationmilks
havinghigherplasminogenlevelsthanlatelactationmilks, as seenfrom Table 5.6. Thus
thereis a substantialrise in plasminogenlevelsin milk from late lactationcows, and when
this is taken into account,variationsdue to season,secor stageof lactation did not

contributesignificantlyto themodel.

5.3.6. GIM analysisoffactorsinfluencingplasminogen/plasminratio in milk

Finally log,o(plasminogen/plasminratio) was also analysedusing GLM model 2
andthemodelcollapsedto a two termequationasshownin Table5.9. Approximately19%
of variationin log,o(plasminogenlplasminratio) was explainedby this model. From this
modelit wascalculatedthattheplasminogen/plasminratiois higherin milk from spring
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Table 5.9 GLM analysisoffactorsaffectinglog/(/plasminogen/plasminratio) in milk

Factor

Calvingseason
Numberof lactations
Error
Multiple R2 18.5%

d.f.

1

2
99

Adjusted
meanssquares

1.244
0.750
0.118

F-value

10.53
3.17

p

0.002
0.048

calving(7.33) thanautumncalvingcows (3.89). The ratio decreasesin older cows
(6.44, 6.36 and 3.73 for cows of 1-2, 3-4 or 5 or more lactationsrespectively),
suggestingthat increasingplasminogenactivatoractivity occursin milks from older
cows.

The fact that autumn calving cows show a lower ratio overall than spring
calvingcowsis difficult to explain. However,from Table5.6 it appearsthat the mean
plasmin activity in spring and autumn calving milks are equivalent,but the latter
contains less plasminogenfor some reason, which would cause a decreased
plasminogen/plasminratio, without increasedplasminogen activator activity (no
increasein plasminlevel). In summary,the levelsof plasminand plasminogenarefar
morestablein autumncalving milk, and lesssubjectto lactationalvariability, but the
ratio is significantlydifferent, and thereis definiteevidenceof increasedplasminogen
activatoractivity in milks from oldercows.

5.3.7Statisticalanalysisofgrosscompositiono/trial milks

Latelactationmilk is associatedwith a changein thelevelsof manycomponents
in milk, with accompanyingchangesin milk processability(Phelanet aI., 1982; Keogh
etaI., 1982;LuceyandFox, 1992). Themeancompositionalanalysesfor a numberof
themilks sampledin this trial, asdividedby stageof lactation,weredetermined.These
are summarisedin Table5.10. Higher levelsof somaticcells, total solids, fat and
chloride and lower levels of lactosewere found in late lactation milks (p<O.O1).

Protein levels were also elevatedin late lactation milk, although not significantly.
Levelsof constituentproteins(caseinsand whey proteins)were not measured. Milk
pH was elevatedin late lactation,and parametersrelatingto milk proteolysis,such as
plasmin,plasminogenandtotal relativeproteaseactivity werealsoelevatedin this milk
(p<0.05). The level of initial proteolytic damageto milk protein, representativeof
proteolysisin theudderprior to milking, wasunaffectedby stageof lactation.

Correlationcoefficientsbetweenlog,osec,PMN level as measuredby EUSA
andmilk plasminactivity andmilk compositionarepresentedin table5.11. Log,osce
correlatedsignificantly with all the compositional parametersmeasured,with the
exceptionof milk fat and pH, while PMN levelsin generalshoweda lower degreeof

correlationwith all parameters.Plasminactivity was morestronglycorrelatedwith the
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Table 5.10. Levelsofmilk constituentsandproteolysisparametersin ear(vandmid la£'tation milks (*, P<O.05; **, P<O.Ol; ***,
p<O.()(J}; n.s., notsignificant)

Constituent Units EarlyLactationMilks LateLactationMilks

n Range Mean±SE n Range Mean±SE Significance

SCC cellslml 68 11-1117 175±28 39 48-1503 329±43 *

Totalsolids % 21 11.33-15.53 12.8O±.24 II 11.6-14.5 13.49±.32 n.s.

Fat % 21 3.25-5.25 4.12±.15 10 3.39-5.62 4.64±.23 *

Protein % 21 2.52-4.88 3.33±.13 11 2.72-4.16 3.73±.14 n.s.

Lactose % 21 4.42-5.01 4.76±.04 12 3.59-4.88 4.47±.11 **

pH - 55 6.35-6.73 6.60±.01 31 6.54-6.85 6.65±.01 **

�~ IPlasmin AMC unitslml 55 0.01-0.29 0.10±.01 32 0.05-0.80 0.23±.03 ***

Plasminogen AMC unitslml 42 0.12-3.07 0.78±.11 25 0.22-2.64 1.23±.13 **

Chloride % 12 0.03-0.11 O.07±O.OI 6 0.09-0.15 0.11±.01 **

Lactose/Chloride - 10 0.63-2.49 1.57±.19 6 1.99-4.21 2.69±.33 **

ratiox 100

ProteolyticActivity Arbitrary units 23 0-32.75 11.7±1.71 12 4-56 20.17±4.0 *

Initial proteolytic

damage Arbitrary units 24 4.5-23 10.02±.82 12 4.5-19.75 10.25±1.28 n.s.



Table S.ll. Co"elaJioncoefficientsbetweenlog (SCC), PMN level, plasmin activity and various milk constituentsand proteo(ysis
parameters/ormilksfrom individualcows(*, P<O.05, **,o P<O.OJ, ***,o P<O.OOJ,on.s., notsignificant).

Constituent LOR (SCC) PMN Plasmin
0 Correlati00 Levelof Correlation Levelof 0 Correlation

Levelof
Coefficient Significance Coefficient Significance Coefficient

Significance

Total Solids 31 0.426 * 0.343 n.s n.d. o.d. n.d
Fat 31 0.327 n.s. 0.310 o.s. D.d. o.d. n.d.
Protein 31 0.646 *** 0.395 * 27 0.502 **
Lactose 31 -0.475 ** -0.252 o.s. 27 -0.741 ***

I
�~

0.581 * 0.465 15 0.648 **Chloride 18 n.s.

Lactose! 18 0.544 * 0.398 n.s. 15 0.770 ***
chlorideratio

pH 93 0.191 n.s. 0.146 D.S. 93 0.306 n.s.

Plasmin 93 0.332 ** 0.173 D.S.

Plasminogen 72 0.262 * 0.162 n.s. 72 0.516 ***
Total 36 0.225 D.S. 0.189 D.S. 30 0.587 ***

Proteolytic Activity
Initial 36 0.477 * 0.119 n.s. 30 0.275 n.s.

Proteolysis



lactose/chloridesystem parameters,which are associatedwith regulation of milk
osmoticpressure,thanSCCor PMN level.

Milk protein was correlatedstrongly with SCC, PMN and plasmin, most
significantly with 10gloSCC,while proteolytic activity in milk was correlatedmore
stronglywith plasminactivity thanwith eithercell measurement.However, the initial
degreeof proteinbreakdownof milk appearsto bemorerelatedto totalSCC thaneither
of the otherfactors mentioned. Proteinlevel in milk was correlatedto initial protein
breakdown level (r=O.523, P<O.05), as might be expected,but not subsequent
proteolysison incubation. Apartfrom therelationshipof plasmin,totalSCCandPMN
level with lactoseand lactose/chlorideratio, all significantcorrelationswere positive.
Due to small samplesizes,subdivisionon the basisof season,or any of the other
classificationsusedhereforeto,was not implemented.However, the influenceof these
factorson thecorrelationsrequiresfurther investigation,to determinefor exampleif the
samerelationshold in springandautumncalvedcows.

5.3.4. Examinationofproteolysisproductsin milk

A preliminary electrophoreticexaminationof proteolysisproducts in milk is
shownin Fig. 5.4 (seealsoTable5.12). Althoughthe milks examinedwere limited to
springcalving-latelactationandautumncalving-earlylactationmilks, it canbe seenthat
earlylactationlow SCC milk had the lowest level of proteolyticdamageon incubation
for 24 hoursat37°C,with aslight increasein y -caseinsbeingthe only visible change.
By comparison,in early lactation,high SCC milk, a far higherincreasein proteolysis
productsis seenafter incubation,with both 0...- and Jl -caseinbeing apparently
attacked,with higherdegradationof the latterin 24 hours. Late lactation,high SCC
milk is seento containelevatedlevelsof y -caseinsanda numberof the fastestmoving
proteolysisproductsevenbeforeincubation,andto havethe highestdegreeof 0...- and
Jl -caseinbreakdownafterincubation. The remainderof the late lactationsamples,of
lower SCCs, havelessapparentproteolyticactivity, but still a greaterlevel than that
seenin earlylactation,low SCCsamples. Particularlymarkedis the higherlevel of y­

caseinspresent,in sampleG the extensivebreakdownof fl-caseincorrelatingto the
extremelyhigh level of plasminmeasuredin this milk. a.. caseinis also extensively
attackedon incubationof this milk.

It should also be notedthat the highestrecordedlevelsof plasminand 12%
TCA-solubleproductsliberatedon incubationin this study were found in sampleG.
Also theearlylactationsampleshadthelower proteolysisquantifiedin low SCC milks
asopposedto high SCCmilks, while this wasnot thecasefor late lactationmilks. The
reasonfor this is unknown.
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5.4 DISCUSSION

5.4.1. Individual milk seeandPMN levels

The aim of this sectionof the work was to elucidatesomefactors influencing
somaticcell count(SCC) and level of polymorphonuclearleucocytes(PMNs) in milk
from individual cows, and also to examine the relationship between these two
parameters,asPMNs, in elevatednumbers,mayberegardedasanindicatorof mastitis.
WhenSCCwasexamined,it wasfound to befar morevariablethan PMN level, being
significantlyaffectedby season,lactationnumberand stageof lactation,as well as the

interactionsbetweenlactationnumberandboth seasonandstageof lactation(P<0.05).
Springcalvingcows werefound to havehigher SCCs than autumncalving, and late
lactationmilk wasfound to havenearlytwicetheSCCof earlylactationmilk. This rise
in late lactationSCC was in accordancewith the findings of Blackburn(1966) and
Emanuelsonet ale (1988). Brolund (1985), in a largestudy of causesof variation in
milk somaticcell counts,found thatbacteriologicalstatuswasthesinglemost important
source, followed by lactation number and minor significant effects due to

morning/eveningsampling, stage of lactation and sampling period. Total SCC
increasedwith lactationnumberand effect of daily milk yield could be explainedby
proportional dilution, with total number of cells remaining constant. While
bacteriologicalanalyseswerenot performedon milks in the presenttrial, the influence
of lactationnumberon SCCwasapparent,with generallyhigherscesin cowsof 3 or
morecalvingscomparedto cowsof 1 or 2 calvings.The increaseswere considerably
more dramaticin spring calving than autumncalving cows, whose SCCs remained
relativelylow atall ages. Emanuelsonet ale (1988) found thatseeroseat the endof
lactationin cows determinedfree of mastitis, but suggestedthat this may be due to

decreasedmilk yield.
With regardto differential,asopposedto total, secs,goodquality, low sce

milk is expectedto containup to 90% macrophages,but on infusion of endotoxinthis
level dropsrapidly and is replacedwithin 1 hour by PMNs as the dominantcell tyPe

(SaadandOstensson,1990). However, proportionsof PMNs in healthy milk have
alsobeenreportedas70% (Dulin etal (1982) in milks<70,000cellslml), 33-44% (mid
andlate lactationmilks respectively,< 100,000/00,Blackburn et al (1954», 8-30%

(depending on milking fraction, Ostenssonetd., 1988, milks < l00,OOO/ml),and
36% (milks with no infective pathogenspresent,WeverandEmanuelson,1989).
Ostensson(1993) found thatPMNs accountedfor 34% and55% of cells in foremilk
and residualmilk respectively,that the proportionof macrophagesdecreasesafter 6
monthsof lactationandthatthecorrelationbetweenproportionof PMNs andsecwas
0.25 in residualmilk, andnegligiblein foremilk, for all cows tested. In the present
study PMN levelswere found to be highestoverall in milks from spring calving as
opposedto autumncalvingcows, and to increasein late lactationmilk andmilks from
cowsof threeor morelactations,asopposedto youngeranimals.Themajoreffectwas
thatof calvingseason,as opposedto stageof lactationsor numberof lactations,as
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shownby GLM analysis,where,alongwith logloSee,seasonwas the only factor to

influencePMN level.
Plots of PMN level againstlogloSee(fig. 5.1) showedthat the increasein

PMN levelsfor an equivalentincreasein seewas lessin autumncalving thanspring
calvingmilk. With regardto linearregressioncoefficientsfor seeversusPMN plots
as determinedby O'Sullivanet at. (1992), it was found that, while a high overall
correlationcoefficientwasseen,thereweredifferencesin coefficientsbetweensummer
and winter milks. This phenomenon,seenclearly when the influence of mastitic
samples (>500,000 cells/ml) were removed, suggestedthat environmental and
nutritional factorsmay alsoinfluencethis relationship.The dominanteffect of season
shown here suggeststhat feeding and husbandrypracticesmay be the determining
factors influencing PMN level. In winter, lactating(autumn-calved)cows are fed
concentratesdue to lack of availablegrassand this promoteshealthand keepsPMN
levelslow, while non-lactatingspringcalvingcows havepoor dietsand healthduring
the winter, andareperhapsmoresusceptibleto mastitisin early lactation,when taken
outdoors,as reportedby Ostensson(1993). The practiceof feedingconcentratesafter
Parturitiondoesnot appearto immediately rectifythis problem, and meanseeand
PMN levelswill beconsequentlyhigh in spring-calvingcows. It couldbeproposedthat
in autumncalving milks are found generallylower levelsof PMNs per cell, due to

nutritionalinfluences(asindicatedby theslopesof thelog plots), but thata separateset
of influences,perhapsenvironmental,causea lesspredictablerelationshipbetweentotal
seeand PMN level at this time (as indicatedby the linear regressioncorrelation
coefficients).The questionof whethera low level of PMN cells in milk is actually
beneficialis contentious,with the possibility existing that selectionfor cows of low
sees,andhencelow PMN levels,may diminish the Protectivefunction of the PMN
cell in the udder,predisposingto infection (Saad, 1987), while amongthe problems
associatedwith high PMN levels is tissue damagedue to PMN proteases(Travis,
1988).

O'Sullivan et ale (1992) used a capture ELISA immunoassayto measure
polymorphonuclearleucocyte(PMN) antigenin milk from individual cows, andfound
a correlationof 0.94 betweenthe assayand total somaticcell count, higher than that
previously reportedfor a numberof physiologicaland enzymaticParametersused to

characterisemastiticmilk. The reasonfor the poor correlationsfound, by comparison,
by Ostensson(1993) is unknown, but thedifferentialcell counting in that study was
carriedoutby flow cytometer,asopposedto ELISA assaywhich maybeassumedto be
a morespecificmeansof countingPMN cells. The former authorsconcludedthat the
test, once adaptedto a single-stepdip-stick format, could be used as a cow-side
diagnostictestfor mastitis,enablingrapid identificationand isolationof infectedcows
andquarters. This would allow eliminationof mastiticmilk from the bulk tank, thus
keePingfarm seedown and milk quality high. Preliminarysurveysof bulk tanks
indicatedlowercorrelations(aslow as0.40) betweenseeand PMN level, which may
be partially attributableto comminglingof mastiticmilks with non-mastiticmilks of
various lower sees(seeehapter10). Regressionequationsfor seeagainstPMN
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levelsweredetenninedin this study, and the only correlationcoefficientapproaching
thatfound by O'Sullivanetal. (1992) wasfound in spring calving,early lactationmilk.
This was alsoseenwhen sampleslikely to possessmastiticcharacter(i.e. high SCC)
were deletedand correlationsrecalculated. It can be postulatedthat any samplesof
individualcowsmilks obtainedby theseauthors,from the majority of Irish farms, for
mostof theyear,would consistof this type of milk. However, the lower correlations
in theothergroupssuggestthattheuseof PMN level to predictSCC, for examplein a
cow-sideEUSA test, is dubiouswhen all possiblemilk types are considered,and
furthermorethat thereareunknownfactorsgoverningthe proportionof PMNs out of
thetotalcell countin thesemilks, probablyconcerningseason,andhencedietand plane
of nutrition. The wide rangeof publishedvaluesfor PMNs as a percentageof total
SCC in non-mastiticmilk may be attributableto the variability in correlations,and
hencepredictiverelationshipbetweenthesetwo quantities.

With regardto variationin totalSCC, if latelactationincreasesin totalmilk SCC
can be explainedby referenceto milk yield, it must be consideredthat the PMN
proportion,andits changebetweenspringandautumncalvingcows, is independentof
milk yield, asfig. 5.1 showsthe increasein PMN level percell, which is independent
on total cell concentration,and hence milk volume. A study is currently being
undertakenby the authorsto comparePMN, lymphocyteand macrophagelevels in a
rangeof milks, asaffectedby anumberof environmentalandseasonalfactors.

5.4.2 Plasminactivity in milk

A rangeof plasminactivitiesof 0.012to0.80AMC unitslml wasfoundfor milk
in this study, with a rangeof plasminogenconcentrationsfrom 0.094-3.073 AMC
unitslml, as compared to published ranges of 0.023-0.127 and 0.383-0.802
(Richardson,19&3b) and0.15-032and0.83-1.82(Benslimaneetal., 1990).Thus the
valuesfound in our study are generallyin a typical range,althoughthreecows had
plasmin activities of 0.55, 0.64 and 0.80 respectively,among the highest values
reportedin anystudypublished.All threecows were springcalving, late lactationand
hadSCCsin the range258-383,000cellslmI. Benslimaneet al. (1990) reportedthat
individual cows hadhigherplasminactivitiesthanherdmilks, which were still higher
than bulk milks, so this mustbetakeninto accountwhenconsideringlevelsreported.

Plasminandplasminogenactivity in milks in this studywerefound to doublein
latelactationascomparedto early/midlactationmilk (Table5.8). Richardson(l9&3b)
found meanlevelsof 0.073AMC unitslmI milk and0.141 AMC unitslml milk in early
andlatelactationFriesianmilks respectively,with correspondingplasminogenlevelsof
0.457 (early lactationFriesian milk) and 0.802 (late lactation Jersey milk) AMC
unitslml milk. Thesemilks were all takenfrom autumn(August-September)calving
bulk supplies,andwereall pasteurised.Theselevelsareonly slightly lower than the
meanplasminlevelsfound in this study (0.090and0.175AMC unitslml for early and
late lactation). Korycka-Dahlet d. (19&3) found only a slight increasein plasmin
activity betweenearly and late lactationmilks from individual cows, but that the

103



concentrationof plasminogenwasdoubledbetweenthesetimes. However,Daviesand
Law (l977b), Barry andDonnelly(1983),Politis et ale (1989a)and Benslimaneet ale
(1990)found thatfrom earlyto latelactationplasminandplasminogenbothincreasedas
shown in this study, and the latter authorsconcludedthat stageof lactationwas the
principalfactorinfluencingplasminactivity.

The interactionof calving seasonwith stageof lactation and their effect on
plasminactivity showsa highermeanplasminactivity in autumncalvingmilk, but that
this type of milk is far less subjectto seasonal variation. Benslimaneet ale (1990)
examinedplasmin levels in herd milks throughoutthe year, but sinceeach monthly
resultcontainsa mix of the two typesof milk, comparisonsaredifficult. However,a
mix of the levelsas found herewould suggestconsiderablyincreasedplasminactivity
in bulk milks in August-November(mix of spring calving late lactationand autumn
calving early lactation)comparedto February - June (mix of spring calving early
lactationandautumncalvinglatelactation). Thiswould agreebroadlywith the findings
of Phelanet at. (1982) andDonnellyand Barry (1983) on milk caseinpatterns. The
slight (non-significant) increasein late lactation milk plasmin levels from cows of
increasingagewasalsoreportedby Bastianetale (1991).

Richardson(l983b)founda plasminogen/plasminratioof 9, which did not vary
appreciablyoverlactation,butunliketheotherstudiesreferredto, this authorexamined
pasteurisedbulk skim milks, as opposedto raw milks from individual cows. This
probablyaccountsfor thelowerplasminlevelsreported(Richardson(l983a)calculated
a 17%decreasein plasminactivityon pasteurisation)andin bulk milks variationsin the
relativelevelsof theenzymeandzymogenmay be evenedout. In the presentstudy it
was found that plasminogen/plasminratio was higher in milk from spring calving
comparedto autumncalvingcows and in early/mid lactationmilks than late lactation
milks. Thedecreasein ratio in latelactation(althoughnon-significant)was alsofound
by Politis et ale (1989a) and Bastianet ale (1991). Plasminogenactivation is one
mechanismfor increasedplasmin activity, which can also be causedby increased
plasminand plasminogentransportfrom blood, evidencedby the significant rise in
levelsof both thesecomponents inlate lactationobservedin our study and that of
Politis et ale (l989b). However, if no increasedactivationwas involved, and both
componentswere transportedat the samerates, the ratio would remain constant.
Benslimaneetale (1990)found that the ratio actuallyincreasedslightly with increasing
stageof lactationin Montbeliardcows'milk, which werePredominatelyautumncalved,
andsoseasonmaybeconsideredto playarole in this mechanism.Theratiosfound for
spring calving herdshereare far higher than thosefound for autumncalving herds
(7.33 comparedto 3.89), becausealthoughthe plasmin levels were similar in both
groups(O.119±.OI comparedto O.133±.03)the plasminogenlevelsin autumncalving
milks were lower than in spring calving milk (O.79O±.70 for autumncalving milk
comparedto O.965±.69for springcalving milk). Also, the plasmin level in autumn
calvingmilk was considerablyless affectedby stageof lactationthan that of spring
calving milk (table 5.8). This implies, in summary,an environmentalinfluence on
plasminandplasminogenlevelsandpossiblyplasminogenactivatoractivity, and hence
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penneabilityof theblood-milkbarrier,with far morevariability in springcalvingcows,
keptoutdoorsandfed grass,thanautumncalvedcows.

The role of somaticcell plasminogenactivators(PAs), shown by Verdi and
Barbano(1991),is questionable,asin boththis study and thatof Politis et al. (l989b)
elevatedSCCsdid not affectthe ratio significantly. Zachoset al. (1992) found that
somaticcell PA activity was not relatedto stageof lactation,but was associatedwith
somaticcells in mastitis,but the meanSCC of the milks studiedhereinwas probably
too low to allow sucha mechanismto bedetected.However,thesemastiticcellswould
comprisePredominantlyPMNs, which are presentin reducednumbersin autumn
calving milk, irrespectiveof stage of lactation, and this would suggest that the
plasminogen/plasminratio should be lower in spring calving cows' milk, due to

increasedplasminogenactivation. Thefact that this is not seenheremay be accounted
for by thepossibilitythatthedecreasedplasminogenconcentrationin the former milk is
maskingthis effect.The decreasein ratio observedin oldercows is in agreementwith
theresultsof Bastianetal. (1991).

Politis et d. (1989b) derivedcorrelationcoefficientsbetweenplasminactivity
and somemilk componentsand found a correlationof 0.62 (leastsquaresanalysis)
againstsec and a correlationof 0.19 againstpH, which compareto correlation
coefficientsderived in this study of 0.33 againstlog SCC (seeFig. 5.3) and 0.31
againstpH (table5.10). Thecorrelationof SCC againstpH was not significant. The

relationshipbetweenplasminand SCC is eXPeCteddue to the role of plasminogen
activatorsdescribedabove,and the correlationwith pH is explainedby the high pH
optima(7.5-8.0) of both plasminandmilk plasminogenactivators. Plasminwas also
found to be significantly correlatedto plasminogen(r = 0.52), exactly equal to the

correlationfound by Benslimane(1990),and total milk protein(r =0.50), as eXPeCted
dueto its associationwith thecaseinmicellein milk (Grufferty andFox, 1988c).

5.4.3. Milk composition

The correlationsof log (SeC)with othermilk compositionalparametersarein
good agreementwith thosereportedby Mitchell et aL. (1986a)for farm bulk milks,
usingsimilarnumbersof samples,but in generalthe correlationcoefficientshereinare
higher(protein,total solids, lactose,chloride)with someslightly lower (fat, pH) (table
5.10). Thecorrelationsmight be higherbecausein individual milks morecow-to-cow
variationwill be detected,while someof this variability may be diluted out in bulk
milks. Milk fat is theleastaffectedby sce,andthe small degreeof correlationfound
maybedueto reducedtotalmilk yield with increasingSCC, and a rise in fat contentin
latelactationmilk independentof rising sec. Munro etd. (1984) in a review of the

influenceof mastitison milk composition,reportedthatwhile evidenceis mixed, milk
fat probablyincreaseswith increasingSCCuntil very high SCCsarereached,when the

fat contentis reduced.Thelow proportionof milks in this studyof SCC>1,OOO,OOO/ml
(7%) probably maskedthis trend. The correlation between SCC and pH is in
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accordancewith the trendsreportedby Haenleinet ale (1m) and Barry and Donnelly
(1981).

Proteinwas found here to be significantly positively correlatedto 10g.oSCC.
Haenleinet ale (1m) andVerdi et al (1987) found no significantdifferencein total
proteinbetweenhigh andlow SCCfarms, but significantchangesin individual protein
components.Mitchell etd. (1986a)andNg-Kwai-Hangetd. (1982)found an increase
in total nitrogen with increasingSCC, mainly from changesin the serum protein
fraction. Munro et d. (1984) concludedthat since caseinsare reducedand whey
proteinselevatedin mastitic milk the overall effect on total protein dependson the
degreeof infection,andthis, combinedwith seasonaland lactationalvariationsleadsto
the wide rangeof valuesand trendsreported. While the levels of the individual
proteinswere not determinedin this study, onewould thus expectan increasein
secretedproteinsat theexpenseof casein.

Lactose:chlorideratio was significantly related(correlationof -0.54) to log
(SCC). This correlationaccordswith the findings of Mitchell (1986<1). Lactose
synthesisdecreaseswith mastitic damageof mammary gland secretorycells, and
accompanyingincreasedpermeabilityof blood capillariesleadsto an influx of sodium
andchlorideions from extracellularfluid to maintainosmoticpressure,and thus the
ratioof lactose:chloridedecreaseswith increasingSCC(Kitchen, 1981).

Mitchell et d. (1986a)attemptedto use a thresholdvalue of SCC>500,OOO
cellslml as an indicatorof abnormal(mastitic) milk but found that the two groups
(aboveandbelowthreshold)overlappedconsiderably,andthustheeffectof mastitison
grossmilk compositionwas unclear,which might accountfor the poorercorrelations
with grosscompositionfoundfor PMN antigenthantotal SCC. This suggeststhat the
factors relating to total SCC, which have beenshown herein to be in many cases
unrelatedto PMN level in milk, are more deterministicof milk composition. The
chemicaland physiological factors resulting in influx of PMNs to the udder must
thereforebedifferent However,againit mustbe stressedthat thesecorrelationswere
derivedfor a milk samplesetof low meanSCC andPMN levels,and that in a more
typicalsetof milks, of awiderrangeof SCCs,a morePredominantrole for PMNs may
beapparent.

The meancompositionaldatafor latelactationmilks in Table5.9 show higher
SCC, fat, total solids, protein, chloride and pH and lower lactose content and
lactose/chlorideratio in late lactationmilk than early/midlactationmilks. Phelanet ale
(1982),in astudyof seasonalchangesin compositionof Irish milk, found thatfor milk
from creameryand liquid milk suppliersand spring- and autumn-calvingherdsthere
was amaximumproteinlevel reachedbetweenAugustandNovember,andthat at this
time the springmilk protein(late lactation)was considerablyhigher than that in early
lactationautumnmilk (4.16% as comparedto 3.78%), with a meancreameryand
liquid milk levelsat this time of 4.27 and 3.45% respectively. Thesetrends agree
closelywith tire rangeof valuesfound in this study, althoughmeanvalueswere lower.
Phelanetd. (1982)concludedthat latelactationmilk haselevatedfat, protein,pH and
reducedlactosecomparedto mid-lactationmilks, as found herein. This was also
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reportedby LuceyandFox (1992).Verdi etd. (1987) found highertotal protein levels
in farm milks betweenOctoberand November, and both this and the Irish study
probablyreflectthepredominanceof latelactationmilk at this time of the year. Keogh
et d. (1982) studyingthe seasonalvariation in mineral levels of Irish milk, found a
50% rise in sodium levels in late lactationmilk, and sincesodium and chloride are
transportedinto milk concomitantly,the57%rise in chloridelevel reportedhereappears
in goodagreementwith this trend.

With regardto cheesemakingpropertiesof late lactation milk, the elevatedfat
andincreasedproteolysisin latelactationmilk will leadto poor synereticpropertiesand
elevatedcheesemoisturelevels,asreportedby O'Keeffe(1984). It is also interestingto
notethatplasminis morehighly relatedto chloride(0.65) and lactose(-0.74) thanlog
(SeC), and both theseparametershave been suggestedas indices of abnormalor
mastiticmilk (Mitchell, 1984a),and so this begs the questionof whetherplasmin is
more directly and significantly affectedby mastitic infection than SCC, presumably
throughthe6O-fold increasedplasminogenactivatoractivity reportedfor somaticcells
in mastiticmilk (Zachoset d., 1992). A secondpossibleexplanationfor this is that
while fat, protein and most other milk componentsare synthesisedin the udder,
chloride levels in milk are regulatedby entry from blood, from which plasmin and
plasminogenalso derive. Thus, mechanismswhich control the permeabilityof the
blood-milk barrier, in response,say, to a drop in lactoseconcentrationdue to tissue
damage,would causemigrationof boththesecomponents,resultingin the high degree
of correlationseen. However, it is not known if thesemechanismsare the sameas
thosewhich allow somaticcellsto crossinto themilk, which remainsto beaddressed.

5.3.4. Proteolysisin milk

Relativeproteolyticactivity in latelactationmilk wasapproximatelytwice that in
early/mid lactationmilks, but initial level of proteolytic damageto caseinswas not
affectedby season. Relative proteolytic activity was more strongly correlatedwith
plasminactivity in milk (r =0.59) than log (SCC) (r=O.23), PMN level (r =0.19) or
daysin lactation(r=O.38). Theinitial levelof proteolysismeasured(beforeincubation),
however,wasmorestronglycorrelatedwith log (SCC)(r =0.48) thanPMN level (r =
0.12), daysin lactation(r=0.01)or plasminactivity (r =0.28). It was moststrongly
correlatedwith totalprotein(r =0.52) asmaybeexpected,ashigherproteinlevelshave
beenassociatedwith high scemilks and late lactationmilks, which will alsocontain
relatively high levelsof protein breakdownproductsand non-proteinnitrogen, and
hencefreeaminogroupsto reactwith thefluorigenic reagentused. Relativeproteolytic
activity wasnot significantlycorrelatedto % totalprotein.

High SCC milks areknown to containlower levelsof casein,presumablydue
to proteolyticdamage(Haenleinetd., 1972;Ng-Kwai-Hanget d., 1982). Senyk et

t.i.( 1985)found very goodcorrelationsbetweenSCCandinitial milk tyrosinevalueand
tyrosinevalueafterincubationundersimilarconditionsto thoseusedin our study (0.60
and0.79respectively).Flevatedproteolyticactionin mastiticmilk was also reportedby
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Murphyeta. (1989)andVerdi eta. (1987).However, in neitherof thesestudieswas
plasmin activity in the milks measured,and the proteolysisin any milk must be

consideredas plasmin plus non-plasminproteolysis, including that contributed by
proteasesassociatedwith somaticcells. TheseproteasesincludecathepsinD, which is
known to hydrolysea..-caseinin a mannersimilar to chymosin(McSweeneyet a. ,
1995),cathepsinB andneutrophilelastase,both of which hydrolyseboth a..a- and �~�­

caseinreadilyundermilk conditions(seeChapter6).
Andrews(1982, 1983a-c)showedthat the principal proteinasein nonnal milk

wasplasmin,but that inhibition patternssuggestedthe presenceof anotherenzyme(s),
and thathigh secmilk Proteolyticactivity hada broadtemperatureand pH optimum
curve, suggestingthe presenceof several different enzymes,of which plasmin
representedonethird of total proteinaseactivity. Saemanet a. (1988) estimatednon­
plasminproteolyticactivity to be17%in normalmilk and46% in mastiticmilk, with a
significantcorrelationwith sec. GrieveandKitchen(1985)estimatedthatcaseinolYtic
activity of somaticcell preparationsat 1,000,000cellslml in caseinsolutionswas less
that that presentin normal milk, but their cells were recoveredfrom bovine blood,
which havebeenshown to be far less proteolytically active that milk somaticcells
(Verdi and Barbano, 1991). Thus it is difficult to say which factor influences
proteolysisin isolation from the contribution of the other, as for example in late
lactationmilk, while relative proteolytic activity is doubled comparedto early/mid
lactationmilk, so also are both total secand plasminactivity. It appearsfrom this
study, however,thatdamageto proteindueto elevatedsectakesplacein the udder,
prior to milking, asthe initial proteolysislevel is very closelycorrelatedto log (SeC).
This may be due to the factors which increasenon-caseinnitrogenin milk, such as
infection,which increasesecandthuspresenceof somaticcell proteinasesandbothof
thesefactorsleadto increasedproteindamagein milk, which will indirectly influence
cheesequalityandyield.

Furtherinfonnationon theproteolysistaking placein the milks was obtained
from the electrophoretogramof incubatedearly and late lactationmilks (Fig. 5.4).
Early lactationmilks are seento haveslight proteolysisof B-caseinto y -caseinson
incubation,but in high secearly lactationmilk, a higher level of initial proteolysis
products,including y -caseins,is seen. Subsequentincubationof the latter milks
causessignificantproteolysisof both a..a- and �~ -caseins,giving a rangeof products
including very slow moving peptides,visible as three bandsabove the y -caseins,
which havebeenassociatedby this groupwith somaticcell proteaseactionin milk and
aseptic,starterandrennetfree cheeses.High seclate lactationmilk, by comparison,
yields a similar pattern before and after incubation, with perhapsslightly faster
degradationof a..-casein.Lowerseclatelactationmilks showmuchhigher y -casein
levels,beforeandafterincubationthan early lactationsamples,correlatingwith a high
plasminlevel in thesemilks, althoughplasminlevel did not correlatewell with initial
proteolysislevel, suggestingan accompanying,greaterlevel of proteolysisby somatic
cell proteinases,which havenot beenshown to produce y -caseins.The final milk
samplecontainedthe highestlevel of plasminyet reportedfor a milk sample,and the
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degradationof f\ -caseinis almostcompleteafter24 hours incubation. However, there
werea numberof proteolysisproducts,suchasthethreetopmostbands,which arenot
producedatall, or only at low levels,in this milk, which hasa low see,comparedto
higherseemilks. Thesemay eitherhavebeenproducedor degradedwithin the 24
hoursor aremorelikely dueto theactionof somaticcell proteases.

By comparison,Andrews(1983 a,b) found degradationof both <lsI- and f\­
caseinson incubationat 37°eof normal raw milk, with proteosepeptonesand y ­

caseinsthe Predominantproductsand on similar incubationof high see,mastitic
milks, found low yields of typical plasmin inducedbreakdownproducts, which he
believedto havebeenbrokendown by otherproteinases.He also refersto changesin
patternin the y -caseinregion which may be the sameas notedabove. Verdi et d.
(1987)comparedhighsecmilk proteolysispatternslow thosefrom low secmilk by
SDS-PAGE and found that the former milk had higher initial levels of casein
proteolysisproducts,as we found, and that the low seemilk after24 hoursat 3"?e
was at the samelevel of proteolysisas the initial high seemilk, and that high see
milk showedsubstantialbreakdownof both <lsI- and f\ -caseinson incubation,again
exactlyaswe found.

In conclusion,theproteolysisin ourmilks appearsto beplasmindominated,but
theinfluenceof somaticcell proteinasesis apParentboth in the initial level of damage,
andin theelectrophoreticpatternsof proteolysisproductsin high seemilks. Further
work is necessaryto elucidatethe relativerolesof the two types of enzymesin milk
proteolysis.However,it must alsobestatedthattheherdexaminedwasa pedigreeherd
of excellentquality, with a meanyear-roundsecof approximately200,000cellslml,
which is excePtionallylow. Thusit maybeexpectedthatplasminactivity will dominate
theproteolyticactivity found, moresothanin mosttyPicalIrish herds,and thus a wider
studyof farm milk proteolysislevelsis required.
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Chapter6

Theroleof somaticcellsandplasminin proteolysisof raw
andpasteurisedmilks of varioussomaticcell countsandthe
proteolyticspecificityofsomaticcell proteinasesoncasein.

SUMMARY

Levelsof initial proteolysis,andproteolysison incubationat3'rCfor 24 hours,
in raw and pasteurisedmilks over a rangeof SCCs were significantly correlatedto
10g,oSCCandmilk polymorphonuclearleucocyte(PMN) level (P<O.OOl). Significant
correlationswerealsofound for incubatedraw andpasteurisedsamplescontainingthe
plasmininhibitor 6-aminohexanoicacid, and plasminwas overall less well correlated
with proteolysisparametersthan SCCor PMN level. Thissuggesteda moresignificant
contributionof somaticcell proteasesto milk proteolysisthanwas previouslybelieved.
Urea-PAGEgel electrophoresisshowedincreasingbreakdownof 8- and a,.-casein
with increasing SCC, and significant somatic-cell derived proteolysis after
pasteurisation. Crude somaticcell extractsfrom milk and blood were shown to
hydrolyseall-caseinstronglyatpH 5.2 to a,.-I casein,which mayplayarole in cheese
ripeningby affectingtexture.This hydrolysiswasacceleratedfor extractsfrom mastitic
milk, which containedlarge numbers of PMNs. Milk somatic cells were more
proteolyticallyactivethan blood leucocytes. Both 8- and a,.-caseinwere hydrolysed
by milk somaticcell proteinasesat pH 6.5, andthisactivity wasonly slightly decreased
by pasteurisation. PMN elastasewas found to havea broad specificity on micellar
caseinandlC-casein,andPMN cathepsinB was found to hydrolysea..-caseinto a,,-I
casein. The importanceof somaticcell proteinasesin milk and cheesequality is
apParent,andtheimplicationsof this work arediscussed.

110



6.1 INTRODUCTION

Indigenousproteolyticactivity in good quality milk is generallydominatedby
the actionof the alkalinemilk proteinaseplasmin, which preferentiallyhydrolysesB­
casein,with a slower action on all-casein (Noomen, 1975; Eigel et ai., 1979).

Principal breakdownproductsof B-caseindue to plasminaction in milk include the

proteosePeptones andthe y-caseins(Humbertand Alais, 1979). Plasminaction is
known to be elevatedin late lactationmilk (Barry and Donnelly, 19t1>; Politis et aI.,
1989a;BenslimaneetaI., 1990). Mastitis, or inflammationof the udder, is associated
with elevatedsomaticcell counts (SCC) in milk with a concomitantincreasein
proteolyticactivity. Increasedplasminactivity in such milks may be due to elevated
plasminogenactivatoractivityof somaticcells isolatedfrom suchmilks (Zachoset aI.,
1992;Verdi andBarbano,1991). A 5-10fold increasein proteolyticactivity in mastitic
milk comparedto normal milk was reported by deRhamand Andrews (1982b).
However,only 33% of this activity was attributableto plasminand the origin of the

increasedactivity wasshownto bethesomaticcells(Andrews,1983b).Theseenzymes
degradedalt-caseinandB-caseinatapproximatelythesamerateto Yield a largerangeof
Peptides,many of which were quite small, and the authors concludedthat these
enzymescould well playa role during cheeseriPening, possibly affecting cheese
textureandflavour. Para-Ie-caseinhasalso beenidentifiedin high somaticcell count
milk (Andersonand Andrews, 1977). High correlationsbetweenboth initial milk
tyrosinevalueandmilk tyrosinevalueafterincubationwith SCC werefound by Senyk
etai. (1985).

The first non-plasminproteinasein milk to be identifiedwas the acid protease

isolated byKaminagowaand Yamauchi(1972b), which was later shown to have a
specificitysimilarto chymosin,producingall-I caseinfrom alt-caseinand B-1 and8-11
caseinfrom B-casein(KaminagowaetaI., 1980). Ie-caseinwas hydrolysedto para-le­
casein,but moreslowly than by chymosin,as was the rateof breakdownof 8-casein,
while alt-caseinwashydrolysedmore rapidly �t�h�a�~ by chymosin. The acid proteinase
was lateracceptedto be cathepsinD, a somaticcell lysosomalproteinaseassociated
with macrophages,and it's specificityon the caseinswas determined(McSweeneyet
aI., 1995). It was suggestedby the latter authors that this enzyme could be

incorporatedinto cheesecurd and act synergisticallywith chymosinduring riPening.
Two cysteineproteaseshavebeenisolatedfrom mastiticmilk, and beenshown to be

highly correlatedwith somaticcell count(SuzukiandKatoh, 1992).
The action of somatic cells, isolated from bovine blood, on caseinswas

examinedby Grieveand Kitchen (1985) andfound to be very low, with the caseins
beingattackedin the order a.I>8»1C-casein. Verdi and Barbano(1991), however,
found that cells isolatedfrom blood had much lower proteolytic activity than cells
isolatedfrom milk andthatmilk cellswere highly activeon 8-casein. Somaticcells in
milk may be divided into macrophages,epithelial cells and polymorphonuclear
leucocytes(PMN cells) (O'SullivanetaI., 1992). MacrophagescontaincathepsinD,
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pepsinandchymotrypsin,while the principal PMN proteasesarethe cathepsinsB, 0
andG andelastaseandcollagenase(Verdi andBarbano,1991).

To beableto considerfully theconsequencesof proteinasesfrom somaticcells,
and polymorphonuclearleucocytes(PMN cells), the action of theseproteinaseson
caseinsin milk and blood systemsmust be known. Hydrolysis of caseinforms the
basisfor themanufactureof manydairyproducts,particularlycheese,andexcessiveor
uncontrolledhydrolysis can lead to functional and organolepticproblemsin many
products,such as UHT milks, cheeseand yoghurt. If the action of somaticcell
proteinasesin milk leadsto extensivedegradationof caseins,then the role of these
enzymesin productqualitymustnot beunderestimated.This is particularlyrelevantfor
milks of elevatedSCCs,suchasmastiticandlatelactationmilks.

The aim of this seriesof experimentswas twofold. Firstly, the connection
betweenmilk SCC and plasminactivity and individual cows' milk compositionand
proteolysis,shownto an extentin Chapter5, was to be further examined,particularly
with regardto milk proteolysisproducts.Theobjectiveof the secondpartof this study
was to isolatecrudesomaticcell proteinasepreparationsfrom blood and milk, from
both healthyand mastiticanimals,and examineelectrophoreticallythe breakdownof
caseinsinducedby incubationof theseenzYmeswith caseinin a suitablebuffer for
various periodsof time. Two of the principal PMN proteinases,cathepsinB and
elastase,werealsopurchasedin a purefonn andtheiractionon thecaseinsexamined.

6.2 MATERIALS AND METHODS

6.2.1 Milk samplecollectionandanalysis

For themilk proteolysistrial, 40sampleswereobtainedfrom themilk recording
jars of individual Holstein Friesiancows, which were 2-4 monthsin lactation. No
recordof parity was takenas it was desiredto examinethe milks in termsof random
samples,as would be receivedby dairy plants such as cheesefactories. Milk gross
composition,SCC, plasminand plasminogenlevelsand PMN levelsweredetermined
asdescribedin sections5.2.1 and4.2.1. In measurementof PMN levels, the samples
above1,500,000cellslml gaveoff-scaleopticaldensity(OO) valuesin the EUSA test
andtheir00valueswereinterpolated,for purposesof correlations,from theregression
equationfor theremainingsamples.For assessmentof proteolyticactivity, proteolysis
productsas shown by Urea-PAGEanalysisand 12% TCA-soluble products were
examinedin all 40 samples,treatedin the following ways (0.05 % sodium azide
(NaN3 wasincludedin all incubations).

1.
2.
3.

I
R
R+A

Initial milk, with TCA addedto sampleon dayof collection
Milk, incubatedfor 24 hoursat37°C (raw)

Milk incubatedasfor R, with 120mM �6�-�A�m�i�~�h�e�x�a�n�o�i�c acid(6-AHA)
added(15.7mglml) to inhibit plasminaction
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4. P Milk heatedto 72.5°Cfor 15secsin thin walledglasstesttubein a
waterbath«10seccome-up)andthenincubatedasfor R (pasteurised).

5. P+A Milk with 120mM 6-AHA added,heatedto 72.5°Cfor 15secsin thin
walledglasstesttubein a waterbathandincubatedasbefore

0.75ml Sampleswere takenfrom R, R+A, P and P+A after24 hoursat 37'C
and0.75ml 24% TCA added. Sampleswere thenmixed, centrifugedand proteolysis
productsin the supernatantquantifiedusing the Lowry methoddescribedin section
4.3.5. The Lowry methodwas usedasopposedto the more sensitivefluorescamine
methoddue to the unacceptablyhigh backgroundlevels given by the fluorescamine
reagentin the presenceof 6-AHA. Proteolysislevels were expressedas mg bovine
serumalbumin(BSA)/L milk by referenceto a standardcurve. Initially and after 1, 3,
6 and9 daysincubationl00JlI sampleswere taken,mixedwith 400JlI electrophoresis
buffer (single strength)and frozen for electrophoreticanalysis by the method of
Andrews(l983a)asdescribedin section4.3.1.

6.2.2Preparationofenzymeextractsand caseindigests

Bovineblood(1 L), obtainedata local slaughterhouse,was takeninto 100 m1s
of 1.5% EDTA in 0.0132M phosphatebuffered 0.7% NaO (pH 6.8) (equimolar
mixtureof �N�~�H�P�0�4 and �K�~�P�0�4�)�. Blood polYmorphonuclearleucocyte(PMN) and
lymphocyte/macrophage-monocyte(non-PMN) fractionswere isolatedfrom the blood
by themethodof CarlsonandKaneko(1m). Cell countsin buffer werecountedby
theFossomatic90 andhaemacytometercountsandviability estimatedusing the trypan
blue stainingmethod(Mishell and Shiigi, 1980). A high degreeof agreementwas
found betweenhaemacytometerandFossomaticcell counts,onceviability was taken
into account.Washedcell fractionswerefrozenat-20°Cuntil needed.

Dueto difficulties in obtainingpurefractionsof differentcell typesfrom milk, it
was decidedto comparethe proteolyticactivitiesof somaticcells isolatedfrom milks
from healthyandmastiticanimals,on theassumptionthat the former milk cellswould
be enrichedin macrophagesand lymphocytes,while the latter milks should comprise
greaterthan 90% PMNs (Saadand Ostensson,1990). These assumptionswere
supportedby thelow andhigh EUSA resultsobtainedfor the control andmastiticceD
preparationsrespectivelyusing the PMN immunoassayof O'Sullivanet al. (1992).

Cellswere isolatedfrom milk by centrifugationat l000g and4°Cfor 20 minutesand
resuspendingand washing the pellets in PBS (see Verdi and Barbano, 1988).
Sufficientmilk volumesweretakento obtainaconcentratedcell suspensionof 10-20x
1<r cells/mI.Cellsweredividedinto aliquotsandfrozenat -20°Cuntil used.

The proteolysispatterns arising from the digestionof caseinby somatic ceD
preparationswere examinedusing micellar caseinand sodium caseinatesubstrates.
Micellar caseinsubstratewas preparedby diluting pasteurisedskim milk 1:6 with
distilledwaterandthis substratewasusedbothatthenaturalpH andafteradjustmentto
pH 5.2 with 1M HCI to simulatethe pH of ripening cheese.For examinationof the
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activity of thecell preparationson caseinsin milk and cheeselike substratesystems,
sodiumcaseinate wasdissolvedin 100mM phosphatebuffer (pH 6.6) and 100 mM
phosphatebuffer (containing5% NaCI, pH 5.2). Digestswerecarriedout by adding
thecell suspensionsto the substrateat a level calculatedto give a setconcentrationof
somaticcellslml of substrate(tYPically SOO,OOOcellslml), and incubatingat 3?OCfor
variousperiodsof time. At certaintime intervals, l00JlI of samplewere taken,added
to l00JlI of double-strengthelectrophoresissamplebuffer (see section4.3.1) and
boiled. Whenall samplesweretaken,they wereexaminedby alkalineurea-PAGEgel
electrophoresis(section4.3.1). For determinationof survival of pasteurisationof
enzymaticactivity, cells+ substratemixtureswere heatedto 73°Cin thin-walledglass
testtubesin awaterbath,heldatthis temperaturefor 15sec.andthencooledrapidly by
immersionin iced-water.

PurifiedbovinecathepsinB (EC3.4.22.1)andporcineelastase(EC 3.4.21.36)
wereobtainedfrom the SigmaChemicalCo., St. Louis, MO). Theseenzymeswere
selectedastwo majorPMN proteases(Verdi andBarbano,1991). Micellarcaseinand
sodiumcaseinatewere preparedas describedabove and CathepsinB and Elastase
addedat 1.4 unitslml (where 1 unit hydrolyses 1 llmole of Na-CBZ-Iysine-p­
nitrophenylesterper min at pH 5.0 at 25°C) and 0.88 unitslml (whereone unit will
solubilise 1 mg of elastin in 20 min at pH 8.8 at 3?OC) substraterespectively.
CathepsinB digestscontained2.7 mM cysteineasa thiol activator.

6.2.3 Statisticalanalysisofdata

Frequencydistributionsfor SCC and plasmin data were skewedand a log
transfonnationwas carried out on thesedata before analysis. Pearsonscorrelation
coefficientsand linear regressionwere used to examinethe relationshipsbetween
Variables. Multiple regressionwas alsoused to examinethe effectsof treatmentson
milk proteolysis,whereproteolysiswas correlatedsimultaneouslyagainstlog,oSCC,
log,o(plasminactivity) and PMN level, and least significant tenns removed in a
stepwisemanner.Theinfluenceof milk treatmenton proteolysislevelswas examined
usingGLM analysis(usingthe Minitab statisticalanalysispackage),wheretherewere
40 setsof valuesfor samplesfrom individualcowsandfive treatmentsubclasses(initial
milk, raw milk after incubation,raw milk + 6-aminohexanoicacid after incubation,
pasteurisedmilk after incubationand pasteurisedmilk + 6-aminohexanoicacid after
incubation). This model was also used to calculatemeanproteolysislevels(in mg
BSAIL milk) in eachtreatmentgroup.
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6.3 RESULTS

6.3.1. Milk composition.

The 40 milk sampleswere divided into 4 groups on the basis of SCC (I:
<100,000SCC/mI;II: 100,000-400,000SCC/mI; III: 400,000-800,000SCC/mland
IV: >800,000SCC/mI)andmeancompositionalparameterscalculated(Table6.1). It
canbeseenthatincreasingSCCis associatedwith steadyincreasesin fat anddecreases
in lactoselevels,thatproteinis relativelyunaffectedby SCCandthatchangesin solids­
non-fat, total solids and pH are slight and only really apParentat high SCCs.
Investigationof correlationcoefficientsshowedthat the only significant correlations
werebetweenlog,oSCCandfat (0.32, P<O.05)andlactose(-0.63, p<o.oo1).

Thecorrelationbetweenlog,o(SCC)andPMN level,asmeasuredby the EUSA
methodof O'Sullivanet a. (1992) is shown in Fig. 6.1. Log plotting was usedto
avoid biasingthe curvesby the small numberof samplesof very high scc. The
correlation coefficient estimated from a non-log plot was 0.95, and so this
transformationdid not alterthe behaviourof the data. From this graphit canbe seen
that thereappearsto be a tailing off effectat the startof the graph, where increasing
log,oSCCsup to 4.5 did not appearto influencePMN contentof the milk, andthus the
cellsin themilk mustnot bePMNs. This log valuecorrespondsto a linearsomaticcell
countof 31,000cells/mi.

Table 6.1 Compositionaldatajortrialmilks (mean% ± SE)

Group I II III IV
see <IOO,OOO/ml 100,000- 400,000- >800,000/ml

400,000/ml 800,000/ml

n 10 12 10 8
Fat 3.54± .33 4.04±.37 4.22± .24 4.49± .37
Protein 3.07±.06 3.22± .07 3.15± .08 3.21 ± .08
Lactose 4.89±.03 4.78±.03 4.66±.04 4.54±.07
Solids-DoD-fat 8.56± .08 8.60± .07 8.41 ±.09 8.35± .11
Total solids 12.10± .28 12.65± .43 12.46± .28 12.80± .42
pH 6.54±.02 6.56± .01 6.55± .01 6.60± .02
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Fig 6.1. Regressionplotof �I�o�g�l�~�C�C versusPMN levelasmeasuredby ELISA.
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The plasminandplasminogenlevelsandthe plasminogen/plasminratio in the

milks, dividedon the basisof seeas before, are given in Table6.2. To provide
further infonnationconcerningthe interactionsof thesefactors, Pearsonscorrelation
coefficientsrelatingmilk plasminactivity, plasminogenlevel andplasminogen/plasmin
ratioweredetermined.Plasminwas seento increasewith increasingsec(correlation
coefficient between 10g,oSeC and plasmin activity was 0.530, P>O.OOI) but
plasminogenlevel remained relatively unaffected by SCC, with no significant
differencebetweenlevels in groups I and IV and a slight (non-significant)negative
correlationcoefficientrelatingthetwo factors.Theplasminogen/plasminratiodecreased
with increasingsee(correlationcoefficientbetween10glOSCCandratio was -0.375,
P>O.05), but aPPearedto be unaffectedby further increasingSCC above400,000
cells/mi. Plasminogenandplasminlevelsin milk werehighly correlated(r =0.736,
P<O.OOI). Therewas no correlationbetweenlog,oSCC and total plasminogenplus
plasminlevel. This implies thatplasminogenactivationis increasedat elevatedSCCs,
without increasedtransportof enzymeor zymogenfrom blood. Alternatively, it is
possible that there is some transport at low secs, as evidencedby the higher
plasminogenlevel in group II comparedto group I, but that at higher SCCs this·
transportis overshadowedby activationof theplasminogento plasmin.

One-wayANOVA showedthatonly plasminactivity was significantlyaffected
by SCC group (F =4.65, P<O.O1). Plasmin activity in milk was significantly
correlatedto PMN level(r = 0.501,P<O.OOI),% lactose(r =-0.532,P<O.OOI)and
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Table6.2 Plasminactivities,plasminogenlevelsand plasminogen/plasminratios in
trial milks (enzymelevelsin AMCunits/mlmilk, mean±SE)

Group I II III IV
see <IOO,OOO/ml 100,000. 400,000. >SOO,OOO/ml

400,000/ml SOO,OOO/ml

D 10 12 10 8
PlasmiD 0.17± .02 0.26± .03 033 ±.04 0.42±.09
PlasmiDogeD 0.586±.09 0.672± .13 0.557± .13 0.572± .13
PlasmiDogen! 3.84± .83 3.40± .79 1.79± .58 2.23 ± .58

plasmin ratio

pH (r = 0.439, P<O.Ol) and plasminogenlevel was significantly correlatedto %
protein(r =0.372,P<0.05).

6.3.2. Quantitativeassessmentofproteolysisin trial milks

The mean levels of initial TCA-soluble proteolysisproductsand the levels
attainedover24hoursincubationat3'rCfor raw andpasteurisedmilk samples,with or
without 6-aminohexanoicacid, were measuredas an estimateof milk proteolytic
activity. GLM analysisof the variationin TCA-solubleproteolysisproductlevels in
milk as affectedby cow-cow variationand treatment(initial and raw and pasteurised
samples,with andwithout6-aminohexanoicacid)is shownin Table6.3. It can be

Table 6.3. GLM analysis of proteolysis levels in 40 milks measwedafter 5
treatments(initial level as 1 treatmentplus incubationsof raw and pasteurisedmilk
portions,± 6-aminohexanoicacid)

Source d.f. Adjusted meansquares F-value p

Individualcow 39 8466 13.94 0.000
Treatment 4 59133 97.35 0.000
Error 150 fJ17

Treatmentmeans(mgBSAIL milk), SEin brackets
Initial
Raw
Raw+ 6-aminohexanoicacid
Pasteurised
Pasteurised+ 6-aminohexanoicacid
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seenthatall incubations increasedproteolysislevelssignificantly relative to the initial
samples,with the exceptionof the raw samplesincubatedwith 6-aminohexanoicacid.
Treatmentmeansdiffering by ±2SE were consideredto be different The initial
proteolysislevelshad, asexpected,the lowestmeans,and the treatmentsincreasedin
the order; raw + 6-AHA, pasteurised+ 6-AHA, pasteurisedand, with the highest
levels,raw.

Thelevelsof TCA solubleproteolysisproductsbeforeandaftertreatments,as
divided on the basis of SCC group as before, are shown in Table 6.4. Initial
proteolysislevelsincreasedwith increasingSCCgroup,as did the levelsof proteolysis
reachedon incubationof raw andpasteurisedsamples.Estimationof the percentageof
total proteolyticactivity remainingafterpasteurisationgives74.1%, 52.7%,59.3% and
62.4%survivalof activityfor milks from groupsI, II, III and IV respectively. In the
caseof additionof 6-aminohexanoicacidit canbe seen thatthe non-plasminactivity is
highestafterpasteurisation.It canbeestimatedthatthe % of proteolyticactivity due to
non-plasminproteasesis 12-15%in raw milk and60-80%in the pasteurisedsamples
(lowest in the higher SCC samples). The decreasein TCA-solubleproductsin the
groupII samplesincubatedraw with 6-AHA is thoughtto beananomaly,as the results
arenot significantlydifferentfrom theinitial resultsfor thatgroup(P>O.I).

However, it mustbe consideredthat in the milks of increasingSCC, plasmin
activity and PMN level were also increasing. Therefore, to estimatethe relative
contribution of somatic cells, PMNs and plasmin to proteolysis, the Pearsons
correlationcoefficientsrelating proteolysisparametersand SCC, PMN levels and
plasminconcentrationsweredetennined(Table6.5). It canbeseenthat,apartfrom the
initial level, Proteolysisparametersweremorehighly correlatedwith PMN level than
10gloSCCor loglo (plasminactivity). Thesedatasetswere log transfonnedprior to
derivingcorrelationsdueto the skewednatureof the data.LoglOSCC andPMN level
are morehighly correlatedwith proteolysislevelsthan is loglo(plasminactivity).

Table 6.5. Correlation coefficientsbetween Iog],}CC, PMN level and plasmin
activity and proteolysis before and after incubalion of raw and pastewisedmilk
samples,with and withoutaminohexanoicacid. n=40for all correlaJions.** P<O.OJ,
*** P<O.OOl.

TCA-soluble
products

Initial
Incubated

Raw
Raw+6-AHA
Past
Past+ 6-AHA

0.697***

0.802***
0.645***
0.739***
0.703***

118

PMN
(Abs 495 Dm)

0.661 ***

0.813***
0.706***
0.778***
0.712***

LOl1o(PlasmiD
Activity)

(AMC uDits/ml)
0.610***

0.634***
0.497**
0.635***
0.560**



Table ,.4. Proteolysisin initial and incubatedmilk samples(mg BSAI L milk ± SE) Figures in bracketsareA proteolysis(incubatedvalue-
initial value).

Group SCC/ml D mg BSA initial mg BSA after incubationat 37°C for 24 hours

Raw Raw +6-AHA Past Past+ AHA

I <100,000 10 123.03± 8.78 191.02± 12.10 131.32± 10.53 169.70± 10.32 159.53± 10.97
(68.0) (8.3) (46.7) (36.5)

II 100,000- 12 150.75± 6.48 232.66± 8.62 124.3± 9.07 193.95± 8.30 179.56± 5.07
�~

400,000 (81.9) (-26.5) (43.2) (28.8)�~

\0

III 400,000- 10 169.27± 11.22 ' 273.45± 8.57 182.55± 9.21 231.06± 8.41 212.09± 9.73
800,000 (104.2) (13.3) (61.8) (42.8)

IV >800,000 8 194.15± 10.91 318.14± 13.63 212.3± 14.56 271.49± 21.44 241.10± 15.91
(124.0) (18.15) (77.34) (46.95)



As would be expected,proteolysis levels in the milk sampleswhere the plasmin
inhibitorwaspresentaretheleastcorrelatedwith plasminactivity. Thefact that thereis
still a significant correlationis attributableto the correlation between10gioSeeand
plasminactivity (0.530).

Examinationof the plot of final proteolysislevelsin the raw + aminohexanoic
acidgroupshowsthat,barringoutriders,thereappearsto be a trendtowardsa sudden
increasein non-plasminproteolytic activity above 300,000 cellslml, which in most
casesshouldbe causedby an influx of PMNs due to mastitic infections(Fig. 6.2).
Thus, this may constitutefurther evidencethatPMNs are specifically responsiblefor
increasedPrOteolyticactivity in raw milk. The shapeof this graph may also explain
why therewas overall no increasein proteolysisin the raw samplescontaining6­
aminohexanoicacidaccordingto theGLM analysis(Table6.3).

FiR. 6.2 Plotof Iog/oSCCversusmg BSAIL raw milk after incubationat 37°Cfor
24hoursin thepresenceof6-aminohexanoicacid.
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Therelativecontributionsof plasmin,PMN levelsandseeto milk proteolysis
were further broken down by multiple regressionanalysisof the factors affecting
proteolysisin milk beforeandafter incubation,for eachof the treatmentsexamined.

For the initial proteolysislevel, the following regressionequationwas used to model
thebehaviourof thedata:

mg BSA initial = 80 + 81(LogI oSee)+ 82(Log1oPlasmin) + 1\ (PMN level)

where 80 = constant
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81 = regressioncoefficientfor 10glO(SCC)
82 = regressioncoefficientfor log)o(plasminactivity)
83 =regressioncoefficientforPMN level

PlasminactivitiesandPMN levelswereasmeasured inAMC unitslml milk and
Abs. 495 nm, respectively.Equationsfor proteolysislevelsafter incubationincludeda
term to take into accountthe initial levels of proteolysisin the milks. In all cases,

modelswere simplified by stepwiseremoval of leastsignificant terms until all tenns
remainingweresignificant(p<O.05). Thesemodelsare summarisedin Table6.6.

Initial proteolysislevel was affectedby a combinationof plasminactivity and
somaticcell count. Proteolysislevelsattainedin all milk sampleson incubationwere

significantlycorrelatedto PMN level, while log)oSCCdid not appearin any of these
regression equations. The significant influence of PMN level on non-plasmin
proteolysisin raw milk is as predictedfrom Fig. 6.2. Log)o(plasmin)influencedthe
level of proteolysisafterincubationof the raw samples,but was not involved in any
other regressionequation. The initial level of proteolysisin milk was a significant

factorin determiningthefinal level of proteolysisattainedin pasteurisedmilk samples.

Table 6.6. Multiple regression analysis of the influence of milk �I�o�g�l�~�C�C�,

logujplasminactivity)andPMN levelon levelsofproteolysisin fresh milks andmilks
after24 hours incubationat 37°C, raw andpasteurised,with or without the plasmin
inhibitor6-aminohexanoicacid.SD, standarddeviation.

Factor Coefficient SD t-value p Multiple
R1

(i) Initial proteolysislevel
Constant 111.49 30.94 3.60 0.001 0.524
Log1O(SCC) 32.07 8.44 2.80 0.001
Loglo(plasmin) 53.52 23.03 2.32 0.026

(ii) Proteolysislevel in incubatedraw milk
Constant 217.51 25.28 8.60 0.000 0.484
Log1o(plasmin) 63.89 27.38 2.33 0.025
PMN level 50.85 8.23 6.18 0.000

(iii) Proteolysislevel in incubatedraw milk containing6-aminohexanoicacid
Constant 97.83 11.68 8.37 0.000 0.484
PMN level 44.68 7.57 5.90 0.000

(iv) Proteolysislevel in incubatedpasteurisedmilk
Constant 91.95 22.72
Initial proteolysis 0.434 0.189
PMN level 37.72 9.64

4.05
2.29
4.91

0.000
0.028
0.000

0..638

(v) Proteolysislevel in incubatedpasteurisedmilk, containing6-aminohexanoicacid

Constant
Initial proteolysis
PMN level

65.09
0.646
20.44

18.16
0.144
7.398
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3.58
4.48
2.76

0.001
0.000
0.009

0.666
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6.3.7. Comparisonof electrophoreticpatternsof incubaledmilk sampleswith
proteolysisprofilesarisingjromdigestionofcaseinby crudeandpurifiedsomaticcell
enzymes.

A final urea-PAGEgelwas run to compareproteolysisproductsvisible in gels
shown in Figs. 6.3, 6.6, 6.8 and 6.9. (Fig. 6.11). It can be seenthat proteolysis
products arising from the incubation of milks in section 6.3.3 have similar
electrophoreticmobilities to productsarising from digestionof sodium caseinateby
crude preparationsof milk somaticcells. Also, many of these products can be
identifiedas productsof the actionof elastase,particularlyin the very slow and very
fastmovingregions. Farmorepeptidesin milk arevisible in the crudeenzymedigest,
suggestingthattherearea numberof otherenzymesin thecrudeextractsthan cathepsin
B andelastasewhichareactivein highseemilk.

6.4 DISCUSSION

6.4.1. Milk composition

Bovine mastitis, and concomitantincreasesin somaticcell count (SCC), are
associatedwith a numberof changesin milk composition. Mitchell et ale (1986a)
found that 10g.oSeccorrelatedsignificantly with milk total solids, fat (positive
correlations)and lactose(negativecorrelation). Milk protein has been reportedto

remainrelativelyunchangedby increasingSCC,asdecreasedcaseincontentis balanced
by increasinglevelsof blood-derivedwhey Proteinssuchas the immunoglobulinsand
bovineserumalbumin(BSA) (Kitchen, 1981). The compositionof the milks in the
presentstudy, when examinedby seegroup, are in agreementwith thesetrends.
Milk pH, while quitelow, wasfound to beincreasedin thosemilks of sec>800,000
cells/ml,whichwould beexpectedfor mastiticmilk samples.

Polymorphonuclearleucocyte(PMN) levels in milk were highly correlatedto

log.osee,but showeda slight tail in the graph,with very little changein milk PMN
level until a secof 31,000is exceeded.The graphof O'Sullivanet ale (1992)does
not show this trendbut in thatcasea log plot was not used,which was employedin
this studyto eliminatetheinfluenceof smallnumbersof samplesof very high SCCson
correlations. This 'tailing-off' effect may representa steady state in very healthy
udders, where PMNs are the minor cell type by comparisonto lymphocytesand
macrophages(Burvenichetal., 1995),but impliesthat eventiny increasesin SCC may
bedueto aninflux of PMNs. This, alongwith thesteadychangesof milk composition
found evenat low sees,suggeststhat thereis no clear'cut-off' secbeyondwhich
milk compositionandquality may beginto change,but thatchangesareoccurringfar
belowthecurrentEU maximumseeof 400,000cells/ml.
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Theplasminandplasminogenlevelsmeasuredin the milk sampleswere higher
thanthosereportedfor healthymilk samplesby Richardson(1983) but were in the

rangereportedby Benslimaneet al. (1990) in a larger study of plasmin levels in
Montbeliardcows'milk, which theyfound to haveonly a slightly higherplasminlevel
thanthe Friesiancows in this study. The rise in plasminlevel with seefound here
was in agreementwith that found by Politis et al. (l989b), who found an 2.3-fold
increasein plasminactivity on increasingseefrom 100,000to 1,3oo,OOO/ml. The
increasein plasminlevelbetweengroupsI «loo,OOO/ml)andIV (>800,OOO/ml)in this
study was 2.5 fold. The relativestability of plasminogenlevelsover theseerange,
with only a slight increasebetweengroupsI andII, however,is in contrastwith the

largeincreasein plasminogenon increasingseefound by Politisetal. (1989a).These
authorsfound a similar decreasein plasminogen/plasminratios as was seen in this
study,from 4.7 at250,000SeClmlto 4.0 at I,OOO,OOO/ml. This was attributedto the
increasedplasminogenactivator(PA) activity of somatic cells from mastitic milk
(Zachosetal., 1992). The resultsof the presentstudy suggestthat, since10g,oSee
was not correlatedto plasminplus plasminogenlevels and the former was slightly
negativelycorrelatedwith plasminogenlevel, therewas little or no increasedtransport
of the enzymeor its zymogenfrom the blood to the milk, and the increasedplasmin
activity is due to increasedPA activity associatedwith increasedsee. Bevatedmilk
pH mayalsoleadto increasedactivity of plasminogenactivatorsin milk (Politis et al.,
1989b). Thus, overall, it apPearsthat in high seemilk, the secretionof PAs by
somaticcells is responsiblefor most of the increasedplasminactivity, in agreement
with theconclusionsof Grufferty andFox (1988)in this regard.

6.4.2 Milk proteolysis

deRhamandAndrews(l982b) found that proteolyticactivity in mastiticskim­
milk waselevatedcomparedto nonnalmilk from healthycows, its levelbeingrelatedto
seebutnot preciselycorrelatedwith it Senyketal. (1985)studiedmilks of a rangeof
seesand found correlationcoefficientsof 0.60 betweenseeand initial tyrosine
valueand0.79 betweenseeand tyrosinevalueafter incubationat �3�~�e for 24 hours
(P<o.ooi for both correlations). Similar influencesof seeon milk proteolysiswere
reported by Murphy et al. (1989) and Verdi et al. (1987). In the presentstudy
significantcorrelationswerefound betweenlog,oseeand initial milk proteolysislevel,
and between10g,oSeeand proteolysison incubationat �3�~�e for 24 hours, for both
raw andpasteurisedmilk samples.

KangandFrank(1988)showedthat plasminactivity was responsiblefor much
of the observed proteolYtic activity in high quality raw milk (See less than
5OO,OOOIml) during storage. Barry and Donnelly (1981) arguedthat most of the
proteolYticactivity in mastiticmilk was due to elevatedplasminlevelsin this milk, but
studiesof milks of highersees,such as the studiesmentionedabove and that of
Andrews (l983b) have consistentlypointed to a role for somatic cell-associated
proteinases.Thus, thereis a needto elucidatethe relativecontributionsof the two
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enzyme sources at various SCC levels. Verdi and Barbano (1988) used 6­
aminohexanoicacid, at the levelsusedhere(120 mM) to inhibit plasminand showed
that it did not inhibit somaticcell proteases. This moleculecausesa confonnational
changein plasminogenwhich preventsits activationto plasminand interactswith the
activesite of plasmin(Christmanet al., 1979). In this study, use of this inhibitor
reducedthe proteolytic activity considerablyin both raw and pasteurisedmilks, but
therewas still significantactivity. This was confirmedas non-plasminin origin by
urea-PAGE,which showedno increasein y-caseinsin thesesamples,which would be
characteristicof plasminactivity. The% non-plasminactivity was 12-15%in raw milk
samples,increasingwith SCC, and 78, 67 and 69% in pasteurisedsamplesfrom
groupsI, II and III. The activity droPPedto 60% in group IV, presumablydue to
elevatedplasminactivationin thesesamples,which were mostprobablymastitic.The
raw milk estimatesarelowerthanthoseof Saemanetale (1988)who found that23% of
total proteolYticactivity in milks of lessthan2,000,000cellslml was of nonplasmin
origin, ranging from 17% in healthy quartersto 46% in mastitic quarters during
infection. However,theseauthorsstudiedmilks of far higherSCCsthan thosestudied
here.

Multiple regressionanalysisshowedthat the level of PMNs aPPearsto greatly
influenceproteolysisin milks, to a greaterextentthan plasminactivity or SCC. In
particular, non-plasminproteolysis in raw milk can be describedby an equation
dePendanton PMN level alone. The fact that plasminactivity is not presentin the

modelsfor pasteurisedmilk samplesis aspredictedby the high level of non-plasmin
activity in thesemilks, but remainsin contrastwith publishedwork on plasminogen
activationin pasteurisedmilks. The relationshipbetweenincreasingPMN level and
SCC andnon-plasminproteolysisis clearfrom the milk sampleelectrophoretograms,
whereraw andpasteurisedsampleproteolysisis increasedat both normalandelevated
SCCs.

deRhamand Andrews(l982b) statedthat PAGE Patternsof high SCC milk
reflectedthreetypesof change,i.e. thosedue to the influenceof the disease(such as
increasedmembranepermeabilityleadingto increasedlevelsof blood constituentsin
milk), thoseresulting from proteolysisin the udder itself before milking and those
resultingfrom proteolysisduringstorageor incubation. From the electropboretograms
shown hereit canbe seenthat the first two typesof changes(seenin the initial milk
samples)are clearly affectedby SCC with a numberof minor proteolysisproducts
presentin the fresh high SCC milk which werenot presentin the good quality milk.
Thedecrease in 8-caseinin samplesof increasingSCC without AHA (plasminacting)
on incubationwasasreportedby Politisetale (1989b)andKroekeretale (1985),andis
mostlikely dueto the increasedplasminactivity in thesemilks. However,8-caseinis
alsobrokendownin thepresenceof thepleninhibitor. Politis et ale (l989b) found
a slightnegativecorrelationbetweenSCCand levelsof a.l - caseinin milk, while in this
trial thisassociationapPearedquite strong. deRhamand Andrews(l982b) found that
in mastiticmilks a - and8-caseinweredegradedat aboutthe sameoverall rate,which

II

is in agreementwith the electrophoreticpatternsof protein breakdownin very high
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seesamples,exceptin raw milk whereB-caseinwashydrolysedmarginallymoreafter
3 days incubation. This was also reportedby Andrews (1983), who showed that
breakdownof both proteinswas increasedwhen freezing and thawing was usedto
rupture cell membranes,and decreasedwhen cells were centrifugally removed,
showingthatsomaticcellsarea majorsourceof proteolyticactivity in high seemilks.
In contrast,Verdi etal. (1987)found thatwhile Q.t- caseinwas substantiallydegraded
beforemilking in milk from high seeherdscomparedto low seemilk, subsequent
incubationdid not leadto any further breakdown,but the low andhigh seeherdsin
thisstudyonly differed by 138,000cellslml overa year, andthus theremay not have
beena largeinfluenceof mastitis.

Verdi andBarbano(1988) found that in two cows of sees11,000,000and
7,000,000cellslml therewere 67% and 32% respectivelyof somaticcell proteolytic
activity remainingafterPasteurisation.In the presentstudy, while theselevels were
typical of total milk Proteolyticactivity surviving after pasteurisation,there was an
increasein non-plasminactivity afterpasteurisationrelativeto raw milk, andPMN level
wasshownto Predict80% of proteolysisof pasteurisedmilks. deRhamandAndrews
(1982a),Noomen(1975)andRichardson(l983a)all found thatmilk plasminactivity

increasedon storageafterpasteurisation,whichwasthoughtto bedueto inactivationof
an inhibitor of a plasminogenactivator. This was seenin this study wherey-caseins
wereproducedmorein pasteurisedthanraw samplesandwereevenfurther degraded
on long incubationof high seemilk. However, the multiple regressionanalysis
implies that this increasedplasminactivity is overshadowedby the action of PMN
proteases,which mustbeincreasedto a greaterextent. In thecaseof plasmin-inhibited
samples,electrophoretic examinationof milk samplesin the presentstudy showed
considerableproteolysiswith elevatedsee,but very little differencebetweenraw and
pasteurisedsamples.Thefact thattherewasapproximatelythreefold higherproteolytic
activity in pasteurisedmilks with 6-aminohexanoicacid than raw milks with the same
inhibitoraddedbut thattherewaslittle differencein PAGEbandpatternsbetweenthese
two setsof samplesmay be explainedby the presenceof serom-phaseexo- or endo­
peptidaseshypothesisedby deRhamand Andrews (l982b). The activity of these

enzymescould be elevatedin milk without significantchangesin gel Patterns. These
mayincludethe leucine-aminOPeptidasewith a pH optimumof 7.0 whosepresencein
milk was suggestedby Reimerdeset aLe (1975). . However, this implies that these
enzymesare very heat stable, and may even be more active in pasteurisedmilk,

possibly due to the inactivationof an inhibitor of their activity. This arearequires

furtherinvestigation.
Janzen( 1972)and RogersandMitchell (1989) found thatseewas negatively

correlatedwith flavour scorein pasteurisedmilk, and thatflavour scoresdecreasedon
storageof high seemilks and Harwalkeret aLe (1993) showedthat proteolysisof
pasteurisedmilk could leadto astringentoff-flavours. Senyket ale (1985) statedthat
proteasesassociatedwith elevatedseeswill damageraw milk quality upon storage,

pagteurisedfluid milk over shelf-life, and milk during cheesemanufactureand
recommendedan seelimit for milk suppliesof under 2OO,OOO/ml. Barbanoet aLe
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(1991) found thatan increasein seeabove100,000cellslml would havea negative
impacton cheeseyield efficiency. Thus, the high correlationsbetweenlog10Seeand
total andnon-plasminproteolysisin milks in this study show that the impactof even
quitelow seeson liquid milk quality mustnot be underestimatedand requirefurther
examination.

6.43. Caseindigestionby somaticcellproteinases.

Grieve and Kitchen (1985) statedthat the caseinolyticactivity of PMN and
macrophage-lymphocytefractionsextractedfrom bovine blood and addedto casein
substrateat 1,000,000cellslmlwaslessthan thelevelsof milk proteinaseactivity found
in milk from healthycows. However, Verdi and Barbano(1991) found that blood
leucocyteshada lower proteolyticactivity than milk somaticcells, aswas found here.
However, they suggestedthat this differencemay be due to a higher proportion of
macrophagesin milk isolatedfrom mastiticcows than in the blood which they isolated
from healthycows. This ideaof increasedlevels of macrophages,as opposedto
PMNs, in mastiticmilk, was derivedfrom studiesof humaninflammatory reactions.
In the bovine, however, it is known that in mastitic infections PMNs are the

Predominantcell type, for at least 58 hours after infusion of endotoxin in model
systems(SaadandOstensson,1990). Zecconietal.(1995) found that at least60% of
cellsin mastiticcowsmilks werePMNs, and that the PfOPOrtionof macrophageswas
actually decreased relative to uninfectedcontrols. Thus the macrophage-dominated
proteolysisproposedby Verdi and Barbano(1992) is unlikely, which leads to the

oppositeconclusion,that the increasedproteolysisin milk is actuallydue to PMNs,
which arepresentin elevatednumbersin mastiticmilk asopposedto healthycirculating
blood. This is supportedby thecell ratiosof 12% PMNs, 60% macrophagesand28%

lymphocytesreportedby Burvenichet ale (1995) for healthymilk. Thus, the elevated
proteolyticactivity found in cell preparationsrecoveredfrom mastiticas comparedto
healthycowsmilk is probablydueto theactionof PMN proteases.

The overall fasterdegradationof «.1- caseinthan 8-caseinby both milk and
blood cells is in agreementwith the findings of Grieve and Kitchen (1985). It was
found thatboth milk andbloodcell proteolYticactivity on 8-caseinwere higherat pH
6.6 than 5.2, which is agreementwith the findings of Verdi and Barbano(1991).
However, the accumulationof «.1- I caseinwas considerablyhigher at pH 5.2, and
was considerablyfaster for the ceOsfrom the mastitic milk, which had a higher
proportionof PMNs. It is not known whetherthis is dueto an alternativepathwayat
pH 6.5 which does not producelarge quantitiesof this polypeptide, or that this
polypeptideis broken down as it is producedand doesnot accumulate. The wider
diversityof proteolysisproductsatpH 6.5 showsthateitherof thesepossibilitiesmay
be the case. Similar incubation experimentsby Andrews (1983) showed that
breakdownof caseinsby proteinasesfrom high seemilk was due to a numberof
proteinases,with different pH and temperatureoptima and reactionto a range of
proteinaseinhibitors,whichmakesinterpretationof erodeproteolysispatternsdifficult
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It has long been recognisedthat there is an acid proteasein bovine milk
(Kaminagowaet al., 1971; KaminagowaandYamauchi, 1g]2) which hydrolysedall

caseinsat a pH optimum of 4.0, with a specificity somewhatsimilar to that of
chymosin (Kaminagowaet al., 1980). This gradually becameacceptedas being
identical to cathepsinD, and inactive procathepsinD has been isolatedfrom milk
(Larsenetal., 1993). This precursorcould not autolyticallybe activatedto cathepsin
D, butcouldform atpseudocathepsinD atacidicpHs, which is most likely the enzyme
previously isolatedand shown to hydrolyse caseins. CathepsinD is an aspartic
proteinaseassociatedwith thelysosomesof somaticcells, andis moreassociatedwith
macrophagesthanPMN cells(Cohn, 1975). Proteolysisof 0.11- caseinby cathepsinD
hasbeenshownto produce0.11- I caseinasanintermediate,which doesnot accumulate
(McSweeneyetal., 1995). In thatstudy,digestionof micellarcaseinby this enzYmeat

pH 5.5 was shown to producea numberof bandsclosely stackedaroundthe 0.11- I
caseinregion, which appearto be presentin the pH 6.5 digestsof sodium caseinate
with addedsomaticcells, both raw andpasteurised(Figs. 6.6 and6.7). Thesewere
mostlikely 8-caseindegradationproductsby comparisonwith the electrophoretograms
of McSweeneyetale (1995),andthusare not producedatpH 5.2. Theymayalso been
haveproducedby elastase.

Reimerdes(1981; 19ln) has consistently hypothesisedthe presenceof a
thrombin-like enZYffie in milk with a high specificity for arginyl bonds and a pH
optimumof 7.0. Thrombinis a blood serumserineproteinasewith a pH optimumof
9.0 anda molecularweightof 40,000, which would be expectedto be in milk by the

samereasoningasexplainsthepresenceof the otherserumserineproteinase,plasmin.
The low molecularweight substratesReimerdesusedto assayfor this activity were
benzoyl-arginyl-p-nitroanilides.Assaysfor the thiol (cysteine)proteinasecathepsinB
frequentlyusethesesubstrates(Barrett,1979a). CathepsinB is a somaticcell protease

associatedwith PMNs (Verdi and Barbano,1991) which has a pH optimumof 6.0
(closerto Reimerdesenzymethan thatof thrombin),a high specificityfor arginyl and
lysyl residuesanda molecularweightof 27,000-52,000(Boyer, 1971; Barrett, 1979).
It maybepossible thatthe thrombin-likeenzymeisolatedby Remierdes(1981) may in
factbecathepsinB, or a mixtureof thrombinandcathepsinB, as the.authorcomments
that contaminationof his preparationmade further purification impossible. It is
unlikely that the preparationcontainedcathepsinD as this enzymewould not havean
affinity for thesubstrateused andfurthermoreKaminagowaetale (1972b)reportedthat
in their first purificationstepthe acidproteaseactivity was unadsorbedon the DEAE­
cellulosecolumn while Reimerdes(1981) had to elute his enzymefrom a similar
columnwith a NaCl gradient However, insufficientexperimentaldatawith regardto

inhibition patternsor any otherdetailsaboutthe activity of the thrombin-like enzyme
makepreciseconclusionsimpossible. Thrombinis a highly selectiveproteinase,with
practicallyanexclusiveactionon fibrinogen,andthus would probablynot be of major
importancein caseinproteolysis,evenif present

Suzukiand Katoh (1990) isolatedat leasttwo typesof cysteineproteasefrom
mastiticmilk andshowedthat theiractivitywasweU correlatedwith SCC and localised
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within milk somatic cells. These enzymeswere definitely not thrombin as the
mercaptoethanolused in the assaybuffer would have inactivatedthis enzyme by
reductionof its disulphidebonds. The proteaseactivitieshad pH optimaof 6.0 and
molecularweights estimatedas 45,000 and 150,000daltons,and were inhibited by
monoiodoaceticacid and PMSF. Cathepsin B2, which is a lysosomal thiol
carboxypeptidase(Barrett, 1979a),hasa molecularweight of 50,000and is possibly
the smallerenzyme,but the identity of the largerenzymeis unknown. Thus it is
possiblethatcathepsinB is a secondmilk acid proteinasederivedfrom somaticcells,
and PMNs specifically, which may have beenpreviously mistakenly identified as
thrombin. Barrett(1979) refersto PMN thiol proteinaseswhich releasefrom bovine
IgM a factorchemotacticfor lymphocytes,which are recroitedin the laterstagesof a
mastitic infection, thus suggestinga valid physiological reasonfor the presenceof
cathepsinB in milk.

Cathepsin B was seen in this study to produce a number of defined
polypeptidesfrom sodium caseinateat pH 6.5 and 5.2 (with 5% NaQ) including a
peptidewith anelectrophoreticmobility similarto thatof <1,,- I casein,andpossibly8-1
caseinatthe lower pH, as seento be producedby blood cell proteinaseactionin Fig.
6.5. 8-caseinwas attackedfaster than <1..- caseinat pH 6.5, but this order was
reversedatpH 5.2.

Elastaseis a serineproteinasewith amolecularweight in the region 22-36,000,
apH optimumof 8.0-9.0andavery broadspecificityagainstproteinsubstrates,with a
preferredspecificity for bondsinvolving uncharged,non-aromaticamino acids(e.g.
Ala, Val, Leu,He, Gly, Ser) (Starkey,1979;Bond, 1989). Plasmin,by comparison,
has a high specificity for bonds involving lysine and arginineresidues. Barry and
Donnelly (1981) stated that elastasewould not have the required specificity to
contributesignificantly to proteolysispatternsof caseinsseenin milk from clinically
infectedquarters,but this was in regardto milks of SCCs less than I,SOO,OOO/ml,
which were very muchdominatedby plasminactivity, which they thereforefelt was
sufficient to accountfor the extra proteolysisseen. Bovine caseinscontain a high
proportionof the bondshydrolysedby elastase,and so its role, as the major PMN

alkalineproteinase,in proteolysisof caseinswasexamined.
It was found, asexpected,thatelastasehad a broadspecificityon thecaseins.

8-caseinwasattackedmarginallyfasterthan <111- caseinat both pH 6.5 and5.2 (in the
presenceof 5% NaCl). Therewere5 peptideswith electrophoreticmobilities slower
than that of 8-caseinand a biplet of bandsmigrating in approximatelythe expected
positionof <1,,- I casein,whichdid not appearto be producedin significantquantities.
The action of elastasein milk is probably controlled by inhibitors such as <11­
antitrypsin, which doesnot inhibit plasmin(Travis and Salvesen,1982; Weberand

Neilsen,1991).
The comparisonof electrophoretograms(Fig. 6.10) shows that many of the

proteolysisproductsseen in high SCCmilks probablyarisefrom the specificactionof
somaticcell proteinases.Threebands,migratingjustbelowthepositionof <1,,- I casein
seemto apPe8l'inboth elastasedigestsand milk incubations,and a numberof the
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elastasederivedproductsof fastermobility may be similar to thoseproducedby milk
leucocyteson incubationwith sodiumcaseinate.The furthestmoving peptide,which
accumulates,appearsto bethepeptideof very fastmobility in very high seemilk and
in the proteolytic degradationpatternsof micellarcaseinby blood PMNs at pH 6.5
(Fig. 6.5). The slow-moving proteolysisproducts in incubatedmilk samples,as
suggestedearlier,appearto be productsof elastaseaction, and thus the role of this
enzymein milk proteolysisrequiresfurther evaluation. It is difficult to seeany of the
maincathepsinB productsin milk, but theroleof this enzymein degradingo.SI- casein

to o.sl- I caseinremainsclear, and thus the role of this enzymemay be principally
duringcheeseripening.

A majorquestionarisingfrom thesedigestsis why 8-caseinin micellarcasein
and sodium caseinatesolutions at pH 5.2 is hardly attackedby the somatic cell
prepamtionsfrom eitherblood or milk, despitethefact that cathepsinB, cathepsin0
andelastasecanall hydrolysethis proteinundertheseconditions. This is anareawhich
requiresfurtherinvestigation.

Politisetale (l989b)found thatplasminactivity was not significantlycorrelated
with lC-caseinin milk, which wasdueto thefact thatplasmindid not attackthis protein
(Eigeletal., 1977). However,BarryandDonnelly(1981)andAndersonandAndrews
(1977) associatedpara-lC-caseinformation with somaticcell proteinasesin mastitic
milk, andthis hasbeensupportedby thefindings presentedhere,and by Kaminogawa
et ale (1980)and McSweeneyet al. (1995) thatsomaticcell proteinasescan cleavelC­
casein. The role of cathepsinB andelastasein milk clotting pathwayshas yet to be
elucidated.

With regard to the possible role of these proteinasesin cheeseripening,

Noomen(1978)found thato.sl- caseinbreakdownto o.sl- I caseinwasincreasedat low
pHs in asepticstarterand rennetfree cheesesmadefrom good quality milk, but there
appearedto bea maximumproductionof o.sl- I caseinat pH 5.4, which is inconsistent
with the only acid proteinasebeing cathepsin0 with a pH optimum of 4.0
(Kaminagow8and Yamauchi,1972) but would be explainedby the presenceof a
proteasesuch as cathepsinB with a high SPeCificity for o.sl- caseinat this pH.
Breakdownof 0..1- caseinto 0.11- I caseinis an importantstepin softeningof cheese

(FarkyeandLandkammer,1992).
Theproteolyticactivity versuspH curveof Andrews(1983) for high seemilk

is likewise consistentwith cathepsinB beingthe predominantacid proteinasein such
milk, as thereis an activity maximumat pH 6.0. The alkalineactivity has 8 broad
plateauof activity to beyondpH 9.0 and this may be a mix of alkalinecathepsins,

elastaseand,of course,plasmin. Thesharptail off of thegraphbelow pH 6.0 leadsto
thequestionof wherethecathepsin0 activity is (optimum4.0), but this is explicableif
cathepsin0 is assumedto be primarily a macrophageproteinase. In this case,on
mastitic infection, the macrophagesare swampedby PMNs, carrying, among other

enzymes,cathepsinB which becomesthe dominantProteinaseactiveat cheesepHs.
This explainswhy, exceptfor the proteinasesidentified by Reimerdes(1981; 1983),
theonly otherproteinaseto beisolatedfrom normalmilk was cathepsin0 and why the
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first attemptto isolatea nonplasminenzymefrom mastiticmilk yieldeda cathepsinB­
like thiol proteinase.
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Chapter7

Influenceofplaneof nutritiononsomaticcells,theplasmin
systemandproteolysisin milk

SUMMARY

Milk plasmin, plasminogen,somaticcell counts (SCC), polymorphonuclear
leucocytes(PMNs) and proteolysisproductsin milks from threegroupsof cows, on
restricted(A), standard(8) andsupplemented(C) dietswere measuredover the course
of a lactation.HerdsA andC both hadelevatedSCCsas comparedto group 8, but
groupA showeda greaterincreasein latelactationSCC thancontrol or supplemented
diets. PMN levelswere elevatedin the groupA milk and this was linked to increased
conversionof plasminogento plasminin themilk. Control of the defencemechanisms
of theudder,asmanifestastotalanddifferentialsomaticcell countsandPMN activity,
appearedto bedifferentin herdsA andC. Total �p�r�o�t�e�o�~�Y�t�i�c activitywasgreatestin milk
A and increasedsteadilyover the lactation,and qualitativeexaminationof proteolysis
productsshowedthat severalunidentifiednon-plasminproductswerepresent.Bevated

degradationof both 8- anda••-caseinwasseenin milks from group A. Diet appearsto
bea majorfactor influencingthe proteolyticsystemin milk, and this may be linked to
processingandproductqualityproblemsencounteredwhenusinglatelactationmilk.
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7.1 INTRODUCTION

One of the principal difficulties facing Irish dairy product manufacturersis
maintaininga consistentlyhigh levelof productquality throughoutthe year. The main
causeof variationin productquality is the large seasonaland lactationalvariation in
milk compositionandfunctionality due to the predominantlysPring-calvingnatureof
the Irish dairy herd. In particular, late lactationmilk is associatedwith changesin
proteincomposition,suchasincreasedy-caseinsanddecreased8- andasl-caseinlevels
(DonnellyandBarry, 1983)andhigherlevelsof whey proteinandnon-proteinnitrogen
(Phelanet al., 1982). Decreasedcaseinnumbersare linked to increasedlevels of
plasmin in the milk at this time (Barry and Donnelly, 19t1>; Politis et al., 1989a,b;
Benslimaneet al., 1990). Late lactationmilk also has increasedfat and decreased
lactoselevels (Dawsonand Rook, 1974; Lucey and Fox, 1992) and alteredmineral
composition(Keoghetal., 1982). Phelanet ale (1982) found that milk fat, protein,
non-Proteinnitrogen,urea,andlactoselevelsweremostseasonallyvariablein creamery
milk andspringcalvingherdsupplies,andleastvariablein autumncalvingherdmilks.
Freefatty acidlevelswerefound to behighestin wintercreamerymilk and late lactation

herdmilks.
Thesechangesresult in a markeddecreasein the quality of Cheddarcheese

made from Irish winter milk. Functional defects include high cheesemoisture
(O'Keeffe et al., 1979), increasedmilk rennetclotting time (R.C.T.) and decreased
curdsyneresis(O'Keeffeetal., 1982). High moisturein cheeseandpoor milk clotting
propertieshave beenlinked to high milk pH, plasminaction, increasedpresenceof
monovalentcations, reducedcaseinproportionand increasedsoluble caseincontent

(O'Keeffeetal., 1982;Okigboetal., 1985b).
Strategiesfor improving the cheesemakingpropertiesof late lactation milk,

without particularreferenceto cheesequality, include selectionof milks with high
naturalpH, addition of sodium caseinate,high milk heattreatment,calciumchloride
additionand blendingwith mid-lactationmilk (O'Keeffeetal., 1982; LuceyandFox,
1992). However, Lucey and Fox (1992) found that late lactation milk clotting
propertieswerefar superiorin milk from cows on a higher planeof nutrition at this
time, which weredriedoff on a yield basisandhad lactoselevelsconsistently above
4%. Theyconcludedthatnot all milk was unsuitablefor cheesemaking,as herdson a
high nutritional plane,with improvedmilking practices,can producemilk which is
suitable for processing. Low-grade diets of cows were also linked to poor
cheesemakingcharacteristicsby O'Keeffe (1984). Similarly, Kefford et al., (1992)
reportedthatdietquality, ratherthanstageof lactation,was the mainfactor influencing
thefunctionalcapacityof milk for Cheddarmanufacture.Theyfound that low-nutrition
herd milk yielded higher moisture cheese,decreasedyield, altered milk protein
interactionsandlowermilk solidsconversionto cheesethanmilk from cows on a high­
quality diet. Latelactationspring-calvingcowsaregenerallygrazingduring a time of
declininggrassgrowthandquality,andcolder,wetterweather,and it was thoughtthat
thesefactors led to nutritional deficienciesand poor milk quality. By contrast, late
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lactationautumncalvingcowsarefed on high quality spring grass,andweresimilarly
on a higher plane of nutrition during the dried-off period, which may lead to the
increasedfunctionalityof this milk anddecreasedseasonalvariability in composition.

Emery(1978) reportedthatalthoughthe influenceof diet compositionon milk
protein is small compared to environmentaland genetic influences, changesin
nutritional strategywill provide quicker response. The relationshipsbetweenfeed
constituentsand milk compositionarecomplex,with the greatestobservablechanges
being brought about in milk fat concentration(Sutton, 1989). Milk protein has
historically not beenascloselymonitoredasmilk fat, becausefirstly, pricing systems
tendedto bebasedon milk fat andsecondly,the magnitudeof changesin milk protein
were less than thoseobservedfor milk fat, but it has been generally found that
increasinglevelsof concentratesin the feed, andhenceenergyintake, increasedmilk
proteinlevels(dePetersandCant, 1992).

As well as increasedlevelsof plasmin,late lactationmilks are associatedwith
high somaticcell counts(SCCs)(Blackburn, 1966; Emanuelsonetal., 1988; Barbano
et al., 1991), which arealso relatedto decreasedmilk functionality for cheesemaking
(Poilitis and Ng-Kwai-Hang, 1988a,b,c;Grandisonand Ford, 1986; Munro et al.,
1984). Theresultsof thetrials describedin Chapter5 of this thesissuggestthat plane
of nutrition influencesSCC andthat the SCC is highly correlatedto milk composition
andinitial proteolyticdamageto milk protein. This, andotherstudies,haveshown that
seasonalityandstageof lactationboth influenceplasminlevel in milk, which hasbeen
linked to decreasedcaseincontentand cheesemakingproblemsin late lactationmilk.
This latter areaalso requiresfurther investigationhowever,as Pearseet al., (1986)
found thatextensivehydrolysisby plasmindid not impair subsequentcurd formation

andsyneresis.
Thework presentedin thischapteraroseoutof a study atTeagasc,Moorepark,

into theeffectof planeof nutritionon theprocessabilityof milk, with SPecificregardto
milk composition,Cheddarcheesequality and lipid oxidation in milk powdersmade
from suchmilks. Three dietswereto beused:a controlgrasslandmanagementsystem,
a restricted diet (reflecting situationsof high stocking rates, poor grass growth
conditions or periods of drought) and a grassland system with concentrate
supplementation,which would representa higherplaneof nutrition. As an additional
aspectof this work, it was decidedthat the SCCs, polYmorphonuclearleucocyte
(PMNsor neutrophils)andplasminand plasminogenlevelswould be monitoredin the
milks of the threegroupsof cows for the duration of the trial and compared,and
proteolysis products therein comparedquantitatively and qualitatively. Thus the
objectivewas to seehow the enzymaticcomponentsof milk processabilitycould be
influencedby planeof nutrition, and to determinewhetherimprovednutrition could
affecttheplasminactivityandelevatedsomaticcell countsassociatedwith late lactation

milk.
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7.2. MATERIALS AND METHODS

7.2.1. ExperimentalDesign

Threeherdsof springcalving Friesiancows,with n=16 cowsin eachherd,
wereeachallocateda nutritional regimeasshownin Table7.1. Samplesfrom the
bulkedmilks of the 16cowsin eachherdweretakenat regularintervalsovera28week
trial from 20April to 27October,1994,somaticcell countmeasuredatMoorepark,and
a portion(20000) frozenandsentto V.C.C. for enzymaticanalysis.

Table 7.1 HerdManagementandnutritionscheme.

!k!:!! ..! !!. £
Treatment RestrictedHerd StandardGrassland Standard

ManagementSystem Management+
Supplementation

StockingRates(acres/cow)
Apr I-June20 0.40 0.45 0.45
June21-Aug20 0.50 0.55 0.55
Aug 21-Oct31 0.80 0.90 0.90

LandAllocation(acres)
Apr I-June20 6.4 7.2 7.2
June21-Aug20 8.0 8.8 8.8
Aug 21-Oct31 12.8 .14.4 14.4

ConcentrateSupplementation(kg/day)
Apr I-Apr 30 0 2 4
May I-Sept14 0 0 3
SeptIS-Oct31 0 2 4

trargetpost-grazingswardheight(em)
Allyear <5.0 6.0 6.0-8.0

7.2.2. Milk Analysis

Milk plasminandplasminogenactivitiesweredetenninedasin section43.7.
PMN antigen in milk was assayedby the methodof O'Sullivan et ale (1992).
Proteolysison incubationat 37°C in the presenceof 0.05% sodium azide was
quantifiedusingthefluorescaminereagentandproteolysisproductsexaminedusing
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urea-PAGEandRP-HPLC,all asdescribedin Chapter4.
A standardplasmindigestof skim milk was preparedby incubationof skim

milk (9% w/v reconstitutedskim milk powder)with 0.0025Units/ml SigmaPorcine
Plasminat 37°C for 24 hours,andpH4.6-solubleproductsthereinexaminedby RP­
HPLC.

7.2.3. StatisticalAnalysis

Meansof analyseswithin feedinggroupswerecomparedby t-test. For two­
way ANOVA (analysisof variance) therewerethreefeedingsubclasses(cow groups
A, B andC) andthreetime (stageof lactation)subclasses(weeks1-10, 11-22and23­
28).

7.3 RESULTS

7.3.1 Plasmin,plasminogen,somaticeellieveisand proteolysislevelsin
trial milks

Theplasminandplasminogenlevelsin milk from eachof theherds during the
trial areshownin Fig. 7.1. It canbeseenthat in herdA the level of plasminis higher
throughoutthetrial, andthelevel of plasminogenthereinis concomitantlylowered,due
presumablyto activationof plasminogento plasmin without an increasein total
(inactive+ active)plasminlevel. It canalsobeseenthat theplasminlevel decreased
slightly overthecourseof the lactation,with possiblya slight increaseat the very end
of thetrial, while theplasminogenlevel is relativelyconstant

The polymorphonuclearleucocyte(PMN or neutrophil)level, asmeasuredby

theELISA testof O'Sullivanetale (1992)for PMN cell surfaceantigen,wasgenerally
highestin herdA, andlowestin herdC (Fig. 7.2). PMN numbersincreasedgradually
overthecourseof the lactation,with a pronouncedpeak betweenweeks10and15.The
level of total proteolysis,measuredasthe increasein 12%TCA-solubleproductson
incubation,also follows this trend, over the limited numberof weekswhen this
analysiswas carried out (Fig. 7.3), and there is a marked gradual increasein
proteolysisin themilk from herdA asthelactationproceeds.

Whensomaticcell counts,carriedoutatTeagasc,Moorepark,wereplottedfor
comparison(Fig. 7.4), it wasseenthatherdA hadthe consistentlyhighestSCCsbut
that,for muchof theseason,thedifferencesbetweenherdsA andC weregenerallyless
than thosebetweeneitherof thesemilks and that from herd B. At the endof the
lactation,however,thehighestSCCswerepredominantlyfoundin herdA. Therewas,
asfor PMNs,anunexplainedrise in SCCsin all herdsbetweenweeks10and15.

Whenmeansof plasmin,plasminogen,PMN antigenlevelsand proteolysis
levelsarecomparedby t-test(Table7.2) it canbe seenthat,overthe trial, herdA has
significantlyhigherlevelsof 12%TCA-solubleproteolysisproductsandplasmin,and

thehighestPMN levelswhile SCCis notsignificantlydifferentin herdsA andC.
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Fig.7.3. Tota proteolysisleves in experimentamil om er A, B over
the durationofthetrial (nmolLeu-Leuliberatedonincubationat 37°Cfor 24 hours).
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Table 7.2. Comparisonofmeanswithin feedinggroups using Students't-test.
Withina row, meansfollowedbya differentletteraresignificantly different(P<O.05).

A B C
Proteolysis products

66.6± 15.4a 54.8±8.8b 48.4± 13.9b

Plasmin 0.192± 0.048 0.163± O.04b 0.151± O.04b

Plasminogen 1.28± 0.18 1.41 ± 0.18a 1.50± 0.20b

sec (,OOOs) 311 ± 1108 202 ± 113b 332± 406a

ELISA 0.29 ± 0.088 0.22 ± 0.07b 0.20 ± 0.05b

ANOVA (Table7.3) showsthat the only factor to be significantly affectedby the
interaction betweenfeed and seasonis plasmin, and that while SCC was not
significantlyaffectedby stageof lactation,PMN levels,plasminactivity andproteolysis
levelswere(P<O.OO5).All parametersweresignificantlyaffectedby feedingregime.

7.3.2 Qualitativeassessmentofproteolysisproducts

Urea-PAGEelectrophoretogramsof proteolysisproductsin milks from herds
A, B andC areshown inFig. 7.5. It canbeclearlyseenthatmilks from herdA, in late
lactation,whenthe proteolysislevelsare known to be highest,havea considerably
advancedbreakdownof 8-casein,anda greaterdiversityof fast movingproteolysis

products,as comparedto milks from herdsBandC incubatedunder the same

conditions(37°Cfor 24 hours). Thereis at leastoneproteolysisproduct(visiblejust

aheadof the asl-caseinband)which is presentin higherconcentrationsin milks from

herdC. It canbeseenthatthemilks from herdA alsohaveinitially reduced8-casein

levelsandconcomitantlygreaterlevelsof y-caseins,indicativeof plasminproteolysisin

themilk prior to incubation. Prolongedincubationof thesemilks over8 daysat37°C
showedclearlyhigherlevelsofTCA-solubleproteolysisproductsin milks from herdA
(Fig. 7.6), and electrophoretograms(Fig. 7.7) show both asl- and fkasein

breakdownto beof theorderA>B>C, andthat long termincubationproducesa large
variety of unidentified polypeptidesand peptides,which vary in a principally
quantitativemannerbetweenherds.
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asabove in order after 5 daysincubationat 37° . Lane 11 12, 1 asabove in
order,after8 da s in ubationat37°C
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7.3.3 Effectof refrigeration on proteolysisin milk

Milk Ohr 72, hr 72,hr 3°e Post 6°e Post
at 3°e at 6°e Incubation Incubation

A 47.6 49.3 52.3 229.9 219.8
B 37.1 40.2 44.0 192.3 184.1
e 34.8 37.5 40.8 131.9 131.9

Latelactationmilks from eachherdwereheldat3°Cand6°Cfor 72hoursand
subsequentlyincubatedat 37°Cfor 24 hoursin the presenceof 0.05%sodiumazide.
12%TCA solubleproducts,PAGEproductsandRP-HPLCchromatogramsof pH 4.6­
solubleproductscompared,bothaftertherefrigerationandincubationperiods.Levels
of 12%TCA-solubleproteolysisproductsattainedareshownin Table7.4. It canbe

seenthat only slight proteolysisoccurredon refrigeratedstorage,but that when the
milks weresubsequentlyincubated,considerableproteolysistook place,to a higher
extentthanthatfound on direct incubationof milks (seeFig. 73). Theorderwas,as
before,A>B>C. Thereappearedto be no difference betweenthe two refrigeration
temperaturesasregardsproteolysisin milk. Plasminlevelsin thetrial milks areshown
in Table7.5.

It appearsthatrefrigerationhas no effecton plasminogenactivation,but thata
small amountof activationoccurson subsequentincubation. Proteolysisproductsin
the refrigeratedmilks werecomparedby PAGE(resultsnot shown)andasbefore,it
wasfound thatoverall levelsof proteolysisproductsandbreakdownof both asl- and

�~�c�a�s�e�i�n is greatestin milk A, followed by B thenC. Negligible changesin protein
levelswereseenbetweeninitial andpost-refrigerationsamples.ThepH 4.6-soluble
peptidesin post-incubationsampleswereexaminedby RP-HPLC(Fig. 7.8),and,

Milk Ohr 72 hr 72hr 3°CPost 6°C Post
at3°C at6°C Incubation Incubation

A 0.141 0.146 0.143 n.d. 0.152
B 0.101 0.104 0.101 0.129 0.114
C 0.107 0.107 0.111 0.115 n.d.
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predictably,milk A showsthe greatestdiversity of proteolysisproducts,with higher
quantitiesof unidentifiedcomponents1,2,3and4 while milks B andC show higher
quantitiesof whatappearsto bea groupof peptides(area5).

Comparisonto thechromatogramof a sampleof skim milk digestedwith added
porcineplasmin(Fig. 7.9)showsthatat leasttwo componentsappearnot to beplasmin­
derivedproducts(peaks1 and2) while oneis only producedvery slowly by plasmin
(peak3). Whetheror not this is relatedto otherparameters,shownto be elevatedin

milk A, specificallyPMN levels,requiresfurther investigation. Milks BandC show
moreclearlyplasmin-dominatedProteolysispatterns.
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Fig. 7.9 RP-HPLCchromatogramsofmiIkfromherdA (incubatedasdescribedin

the text (whole line) and skim milk digestedwith porcineplasmin(dotted line).
Dashedline isacetonitrilegradient.
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7.4 DISCUSSION

7.4.1. Plasminandplasminogenactivity in milks

Theplasminandplasminogenlevelsfoundarein generalagreementwith those
reportedby Scharr(1985)and Benslimaneet al. (1990). Therewere found to be
significantdifferencesin plasminandplasminogenlevelsbetweenthethreeherds,with
significantly higherplasminlevelsfound in the nutritionally restrictedherd(herdA)
comparedto thecontrolandsupplementedherds(herdsBandC respectively),which
hadsimilar meanplasminlevels(Table7.2). Politis etale (l989b)found that winter
milks,whichmaybesimilarly environmentallychallenged,hadelevatedplasminlevels,
but this wasbelievedto be insignificantwhenadjustedfor milk yield, SCC,lactation
stageandparity. However,althoughtheseauthorsdid not studyplasminogenlevels,
thefact thatin this trial theplasminandplasminogenfollowed oppositetrendssuggests
thattheinfluenceof yield is notsufficientto explainthedifferences,while paritieswere
matchedfor all herdsandthetrendwasapparentat all stagesof lactation. MeanSCCs
takenover the lactationwere also, similar in herdsA andC, althoughtherewere
differencesatmanypointsof the lactation. Benslimaneetale (1990)considered,asa
partof a largerstudy,theeffectof feedingonplasminactivity by consideringherdsfed
silage,hayandhaywith fodderbeetsduring thewinter, andfound thatalthoughthere
wasno cleareffecton plasminandplasminogencontents,the lastregimehada slight
negativeeffect. This may suggestthat diet supplementationmay decreaseplasmin
level,but this is theonly comparablepublishedstudy.

The plasminlevelsshoweda slight downwardtrendthroughoutthe trial, with
an increaseat thevery end,mostmarkedlyin herdA, correspondingto theendof the
lactation.Theplasminogenlevelswererelativelyunchangedthroughoutthetrial. The
decreaseduringmid lactationis in contrastto thepublisheddataconcerninglactational
trends,suchasthosepublishedby Richardson(l983b)andPolitisetale (l989b),and
thistrendremainsunexplained.Refrigeratedstorageof milks at 3°Cor6°Cwasseento
havelittle effect on plasminogenactivationto plasminor formation of y -caseins.
Although milks from herdA had poorercurd forming andfirmnessproPerties(B.
O'Brien,Teagasc,Moorepark,Personalcommunication),Bastianetal. (1991) found
that plasminactivity was unconnectedto milk clotting proPertiesand Pearseetale
(1986) found that extensivedegradationof caseinby plasmin did not imPede
subsequentcurdformationandsyneresis,sothesefactorsareunlikely to berelatedto

theincreasedplasminactivity in milk A.
Theplasminogenlevels werefound to beconcomitantlylower in herdA over

thePeriodof the trial, suggestinganincreasein conversionof plasminogento plasmin
asopposedto an increasedtransportof oneor bothcomponentsoverthe blood-milk
barrier. Thiswasconfirmedby examinationof thep1asminogen:plasminratiosfor the
herdsover the lactation,which were7.28±.64,9.19±.76and 1035:t.95for herdsA,
B andC respectively(A wassignificantly lowerthanC, P<O.05). Therangeof figures
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found is in broadagreementwith the plasminogenratios reportedby Richardson
(l983b) andBenslimaneet ale (1990),but higherthanthoseof Politis et ale (1989a)
andthosefound in a studyof Irish individual cowsmilks (seeChapter5). However,
the first two studiesmentioned,as in the currentstudy, examinedbulk milks as
opposedto milk from individual cows. This may bedueto thefact thatanysecretory
disturbancesleadingto elevatedsomaticcell counts(SCC) are linked to decreased
plasminogenlevels and increasedplasmin levels, due to increasedsomaticcell
plasminogenactivatoractivity, and thus decreasedratio (Chapter6; Zachoset ale
1992),but thesemilks alsohavedecreasedmilk yield andsoaredilutedout in thebulk
tank, where there is thus an overall higher ratio. Bastianet ale (1991a)statedthat
plasminogenactivationwashighestin fall andwintermilks, andthismaybeinterpreted
as showinga link with diet and environmentalstress. In summary,the increased
plasminactivity appearsto be dueto increasedplasminogenactivatoractivity in the
milks from cowson restricteddiets,asopposedto increasedtransportof plasmininto
themilk duetoalteredpermeabilityof themammaryePithelium.

7.4.2. Somaticcellsand PMNsin trial milks

Somaticcell counts(SCCs)werefound to beelevatedin bothherdsA andC

relative to the control herd, herd B, and to increaseover lactation,with a general
increasein SCCsin all herdsaroundweeks10-15(Fig. 7.4). Brolund(1985)found
thatbacteriologicalstatusof the udderwasthesinglemostimportantfactordetermining
SCC,followed by lactationnumber. In this studycows showingsignsof infection
were removedfrom the study, and thus the effect of bacteriologicalstatuswas
minimised. Also, cowswereselectedon the basisof level parity andthusboth these
factorsshouldbe controlled. The next most importantfactor examinedby Brolund
(1985) was daily milk yield, but in this case,while milk yield in herd A was
significantly lower than that in herdC (B. O'Brien,Teagasc,Moorepark,personal
communication),the SCCs were relatively similar, indicating that there was
considerablylowertotal numbersof somaticcellsin milks from herdA. However,it is
unclearwhetherthe total level of somaticcellsor theconcentration(takingyield into
account)is morerepresentativeof theudderstatus.Forexample,mastitiswill resultin
a decreasein milk yield butalsoaninflux of somaticcells(PMNs)andtherisein SCC
isobviouslyfar morerelatedto thelatterthantheformereffect.

The increasein late lactationsomaticcell count is asreportedby Blackburn
(1966) and Emanuelsonet ale (1988), amongothers. Blackburnet ale (1955)and
Ostensson(1993) observedthat PMN levels as a proportionof total somaticcells
remainedrelativelyunchangedoverthecourseof a lactation, andheretheincreasesin
SCCandPMN level over the lactationseemto showsucha relationship. In herdA,
however, the rise in SCC is more dramatic than in herd C, suggestingthat
supplementationof diet in latelactationmayhelpto reducetheSCCof milk atthistime
andthusincreaseacceptabilityof late lactationmilk. It is interestingto notethat the
PMN levelsrise relatively constantlyoverthe lactationandthat the largeincrease.in
SCCobservedbetweenweeks10and15is lessmanifestfrom thePMN results.
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The levelsof polymorphonuclearneutrophils(PMNs) in the trial milks were

elevatedin milks from herdA comparedto thosein herdsB andC, which hadsimilar
levels. ThePMN levelsalsorosemoresignificantly in late lactationin herdA thanin
thecontrol or supplementedherds. Comparisonwith theSCCmeansshowsthat there
weremorePMNspersomaticcell in herdA, irrespectiveof milk yield. PMNsarethe
cell typepredominantlyassociatedwith mastitisandthedefencesystemsof theudderin
general,beingrecruitedin largenumbersuponbacterialinvasion. Thesomaticcells,
particularlyPMNs, in milk providethesecondline of defenceagainstinfection after
the teatcanal itself anddepletionof PMNs can result in increasedsusceptibilityto
mastiticinfection(Burvenichetal., 1995). Two mechanismscontrolPMN influx into
milk. Firstly, milking stimulatesPMN influx to the udderandreplacesPMNswhich
haveingestedfat andcaseinwith freshcells. Secondly,componentsof the immune
system,suchascytokines,actaschemoattractants,triggeringPMN recruitmentto sites
of infection. Theresultspresentedin Chapter5, however,showedthatPMN numbers
areelevatedin milks from individual spring-calvingcowscomparedto milks from
autumn-calvingcows,irrespectiveof stageof lactation. Springcalvingcowsarefed in
early-mid lactationon spring-summergrassandasthe grassgrowing seasonends,
enterlate lactation. They are kept indoorsduring the infection-pronedry period,
feedinggenerallyonsilage. Autumn-calvingcows,however,arekeptindoorsandfed
goodquality feedsduringthemilk producingperiod,andarefeedingon summergrass
during the late lactationanddry periods,andthuscould be saidto be on an overall
higherplaneof nutrition. Thus,both thesesetsof resultssuggestthatPMN levels,as
well asbeinginfluencedby infectionstatusof theudder,arealsovery muchlinked to
thenutritionalstatusof thecow.

With regard to interactionof the somaticcell systemwith plasmin and
plasminogenactivation,theplasminogen/plasminratiowasnegativelycorrelatedagainst
bothPMN level,asmeasuredby ELISA, andSCCin herdA andpositivelycorrelated
with boththeseparametersin herdsB andC. Thus,it appearsthat in herdsBandC,
plasminogenand plasminbehaveas componentswhich are transportedacrossthe
mammaryepitheliumdueto increasedpermeability,asPolitisetal. (1989a)described
theeffectof elevatedSCConplasminlevel. Thiscouldbeinterpretedasimplying that
an unchangedor elevatedratio with elevatedSCC or influx of PMNs acrossthe
compromisedepithelium. In herdA, however,theratio decreaseswith elevatedPMN
levels,suggestingthat the PMNsin this caseareactivelyconvertingplasminogento
plasmin,andthushavea differentphysiologicalandenzymaticactivity to thecells in
milks BandC. Politis etale (1989a)found thatsomaticcellshadhigh plasminogen
activator(PA) activity, butonly whenfreeze-thawed,but it is not statedwhetherthese
cellscamefrom normalor mastiticmilk. Zachosetal. (1992)found thatsomaticcells
from mastiticmilk hadgreatlyincreasedplasminogenactivator(PA) activity percell,
andthat this may be dueto increasedsomaticcell PA activity, secretionof PAs by
epithelialcellsor transportof PAsfrom blood. Verdi andBarbano(1991a)found that
milk somaticcellshadPA activity butbloodleucocytesdid not,andsuggestedthatPAs
areproducedonly whenthecellsareimmunologicallystimulated. Both thesestudies
maysuggestthatconditionswhichresultin increasedPMN presencein milk arelinked
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to increasedcell PA activity, asappearsto bethecasein thepresentstudy.

7.4.3.Proteolysisin trial milks

Levelsof proteolysisin milks from herdA werehigherthanin groupsB or C
androsetowardstheendof lactation.Theelevatedplasminlevelsin milks from herdA
wereconfirmedby the electrophoretogramof milk proteolysisproducts(Fig. 7.5),
which evidencesdecreasedB-caseinandincreasedy -caseinsin initial andincubated
milks. Increasedast-caseinbreakdownin herdA milks wasalsovisible. If Fig. 7.6

is considered,showingproteolysisonprolongedincubationof latelactationmilks from
eachof the three herds,thesetrendsare clearly seenand the orderof increasing
proteolysisis obviouslyin thedirectionof poorernutritional status.This corresponds
to elevatedPMN levelsandplasminlevelsin milk A at this time. Proteolysisover72
hours refrigeration was seento be minimal in all milks, but on incubation of
refrigeratedmilks, hugeincreasesin proteolysiswereseen,whichwould not appearto
be dueto plasminactivation,asthe increasein plasminlevelswasseento beminor.
Theexplanationfor this is unknown. Kang andFrank(1988)similarly found that4
daysstorageof raw milk at4°C resultedin only slight proteolysiscomparedto milks
held at 11°C, 21°C and 37°C. Senyket al. (1985) showedthat milk SCC was
positively correlatedto initial andincubatedmilk tyrosinevaluesandtheincreasein
tyrosinevalueon refrigeratedstorage.While this wasovera far wider rangeof SCCs
thanexaminedin the currentstudy,it may be hypothesisedthat,sincethereis a high
correlationbetweenSCCandPMN level in milks from individual cows(O'Sullivanet
al., 1992),theseeffectsaredue to PMNs andmilks with higherlevelsof PMNs per
cell shouldshowhigherproteolysisthanmilks of similar total SCCbut lowerlevelsof
PMNs. Comparisonof the resultsof the presentstudy with publishedstudiesis
difficult becausethis is thefirst casewheredifferential,asopposedto total, SCCmust
be consideredwith regardto proteolysis. Nonetheless,Verdi etale (1987)found that
milk from farms with consistentlyhigh sec, on the basisof the WisconsinMastitis
Test,hadsignificantly higherproteolysislevelsandbreakdownof asl- and8-casein,

thanmilks from low SCCfarms,whichwouldseemto bein agreementwith thecurrent
results.

Therelationshipbetweenproteolysisandmilk clottingpropertiesremainsto be
conclusively elucidated,but Okigbo et ale (1985b) found that poor chymosin
coagulatingmilk hada highercontentof y -caseinsanddegradedcaseinsthangood­
coagulatingmilk. Although asl-caseinlevelswerenot found to bevery variable,low

levelsof thisproteinwerelinkedto poorclottingproperties.
Verdi and Barbano(1988) showedthat plasminand somaticcell proteases

producedistinctly different proteolysisproductsandsuggestedthat the presenceof
sPeCificcaseinproteolysisproductsin milk couldprovideinformationon thesourceof
majorproteasespresentin milk. RP-HPLCanalysisof the milks in thepresentstudy
showedthat the milks from herdA hada wider diversity of proteolysisproducts,but
lessaccumulationof productsin a regionwhich we havetentativelyidentified with
largeproteolysisproductssuchas asl-I casein(O'Connor,1995),but I believethat
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this is dueto further breakdownof theseproductspreventingaccumulation,as as1-1
caseinhasbeenshownto be producedby PMNs and purified PMN enzymes(see
Chapter6). Andrews(198:lb) alsofound that somatic-cellderivedenzymesin milk
from acowwith clinical mastitishydrolysedasI-casein.Theearly-elutinghydrophillic
peptidesin incubatedmilks from herdA remainto be identified,but comparisonwith
skimmilk digestedby plasminshowsthemnot to beplasminproducts.Theirpossible
productionby somaticcell, or PMN, proteasescanonly besuggestedat this point,and
requiresfurtherinvestigation.

7.4.4. Conclusionsandsuggestionsfor further work

Kefford et ale (1992) statedthat diet quality, not stageof lactation, is the
dominant factor influencing the functional capacityof milk in Cheddarcheese
manufacture,with highermoisturecheesebeingassociatedwith milk from cowson
low-quality diets. In this study, it was found that diet had significant effectson
proteolysisin milk, with particularregardto the levelsandactivitiesof plasminand
PMN cellsin themilk. In particular,factorswhichhavebeenassociatedwith problems
in milk and milk productquality suchassomaticcell countandplasminlevelsare
reducedin levelsby diet control andsupplementation.This is in agreementwith the
findings of Kefford etal. (1992)andLuceyandFox (1992),who bothstated thatlate
lactationmilk, if chosenfrom herdson sufficiently goodplanesof nutrition, may not
showtheprocessingdifficulties associatedwith suchmilks. Furtherwork is necessary
to link thesechangesto cheesequality, or indeedquality of any heattreatedmilk
products. Also, this studyhasraisedinterestingpointsconcerningthe physiological
roleof somaticcellsandthemechanismscontrollingtheirlevelsin milk, with particular
implicationsfor mastitisresearch.It would be importantto determinethe defensive
capacitiesof themilks from cowsonrestrictedandsupplementeddiets.

The link betweennutritional statusand immunosuppressionor activationof
mammaryglanddefencesystemsremainsto beelucidated.In this regard,it mustalso
beconsideredthatthemeanSCCsin herdC overthe lactationwerehigherthan those
from herd B, but herdC milks had marginally lower PMN levels, suggestingthat
supplementation,aswell asstarvation,influencestheimmunesystemof thecows,with
apparentlylessPMNspercell in milk C thanthecontrolmilk.

Thequestionof theexactfunctionof somaticcellsin thenon-infectedudderor
quartermustbe addressedat this point. If it is assumedthat the function of somatic
cellsis to actasadefensivesystemto initiateanimmunereactiononbacterialinvasion,
andthecellsremovedby milking areautomaticallyreplacedduringtheperiodbetween
milkings, arethe cells replacedat a constantrate,irreSPeCtiveof yield? This would
appearto bethecaseif it is believedthat elevatedSCCsin latelactationmilk area result
of decreasedmilk yield alone,leadingto aconcentrationeffect. In thiscasethecowsin
herdC would appearto haveanelevatedtransportof somaticcells into the udderby
comparisonto herdsA and B, while the cowsin herdA havea different response,
leadingto increasedlevelsof PMNsmigratingto the udder,while total cell transport
remainslowerthan in herdC. This mayimply thatadifferentphysiologicalapproach
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to udderdefenceis beingseenin thesetwo herds,with anelevatedlevel of non-PMN
cells in milk from. herdC, whethermacrophagesor lymphocytes,while in herdA there
is a PMN-Iedimmunoprotectivesystem.Thismayberelatedto nutritionaldeficiencies
in herdA causingan alterationof thechemotacticregulationwhichcontrolsthenumber
of PMNs in milk. This is confounded,however,by the fact that herdA milks had
lower levelsof wheyproteins,which would beexpectedto beelevatedwith increased
permeabilityof themammaryepithelium,dueto increasedtransportof serumalbumin
and immunoglobulins(Kitchen, 1981). Levelsof lactosein trial milks, in contrast,
were decreasedin herd A comparedto herdsBandC, suggestingphysiological
changesin the uddertissue,which may be relatedto the influx of PMNs. In normal
milk thePMNsaretheminorcell fractioncomparedto macrophagesandlymphocytes,
and are recruitedonly as needed, throughthe epithelium which is thus altered.
However,in herdA it maybe thatdueto alteredimmunoregulatorymechanisms,and
possiblyalsophysiologicalchangesin the udder,the cell proportionsarealtered,but
differentialcell countsareneededto verify thisresult.

Also, the majorquestion,I believe,is which cows,starvedor supplemented,
aremoreimmunologicallyfavouredandableto resistabacterialorendotoxinchallenge.
Wegneretal. (1976)showedthatcowswith evidenceof currentmammaryinfection
couldnot mobiliseblood leucocytesto thesameextentascowswith healthyudders,
suggestingthatstressedcowsweremakingconstantdemandsontheemopoieticcentres
andthusmaynothavehadthecapacityto mobiliseleucocyteson stress-demand.This
implies that stressedcowswith high PMN levelsmay be I,essable to resistbacterial
challengesand this may be linked to seasonalpatternsin mastitis incidence,with
increasedcasesof infectionandelevatedSCCsassociatedwith earlylactationandcows
going to pasture(Kennedyet al., 1982). This is an areawhich requiresfurther
investigation.
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Chapter8

Compositionandclottingpropertiesof bulk milk and
ripeningcharacteristicsof Gouda-typecheesesasaffectedby

somaticcell countandstageof lactation

SUMMARY

Theclotting propertiesof late lactationmilks from spring-calvingherds were
found to besuperiorto thoseof early lactationspringcalving milks, which was linked
to increasedfat and protein levels and decreasedlactoselevels in the former milks.
Autumn calvingearly-lactationmilk had clotting propertiessuperiorto spring calving
early lactationmilk. Milk fat significantly influencedrennetclotting time while curd
fonnationandcurdfirmnesswereaffectedby milk pH. Milk clotting propertieswere
found to be significantlycorrelated.Small-scalemodelcheesesmade from high sec
milks had increasedlossesof fat and protein in whey leadingto decreasedlevels of
thesecomponentsand increasedmoisture in cheese. Proteolysis, in particular the
breakdownof all-casein,wasacceleratedin thesecheeses.Goudacheesesmadeon a
pilot scalefrom late lactationmilks had increasedmoisturecomparedto thosemade
from early and mid lactationcheeses. The former cheeses,while having accelerated
breakdownof a,,-caseinshowedlower ratesof small peptideand free amino acid
developmentduring ripening, which may have beenrelatedto poorerflavour scores
attributedto thesecheeses. Biochemicalexplanationsfor the textural and flavour
problemsfrequentlyencounteredin cheesemadefrom latelactationmilk arepresented.
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8.1 INTRODUCTION

Cheesemakingpatternsin Ireland are greatly influencedby seasonality,with
cowsbeingtraditionallycalvedduring the spring monthsto takeadvantageof summer
grassfor feeding. This hasresultedin a peak-to-troughratio of 9:1 betweensummer
andwintermilk production(Keane,1986). Thus, Irish dairycompanieshavetendedto
producelong-ripeningcheeses,exemplifiedby Cheddar,which could be made from
Februaryto Octoberandstored toallow continuedsupplyoverthewintermonths.

At the beginning of the winter however, much Irish manufacturing milk
compriseslate lactationmilk, which is associatedwith poor quality of dairy products
(LuceyandFox, 1992). Changesin late lactationmilk includereducedlevelsof n sl ­

and6-caseinandincreasedtotal proteindue to increasedwhey proteinand non-Protein
nitrogen (Barry and Donnelly, �1�~�: Barbano et al., 1991; Phelan et al. 1982),
decreasedlactoseandelevatedpH (Luceyand Fox, 1992) and increasedsodium and
chloride levels (Keogh et al., 1982). Late lactation milks are also associatedwith
increasedlevelsof the alkaline milk proteinase,plasmin(Donnelly and Barry, 1983;
Politis et al., 1989a,b)and increasedsomaticcell counts(Emanuelsonet al., 1988;
Barbanoetal., 1991). With regardto cheesemakingproperties,late lactationmilk has
beenshown to have increasedrennetclotting time (R.C.T.) and decreasedsyneretic
propertiesand to yield high moisturecheese(O'Keeffe et al., 1g]9; O'Keeffe et al.,
1982; Lucey and Fox, 1992). The poor clotting propertiesof this milk have been
associatedwith 8-caseinhydrolysisby plasmin,high pH, increasedpresenceof sodium
andothermonovalentionsandincreasedpresenceof blood constituents(Okigboet al.,
1985a; Lucey and Fox, 1992). Proposedmeansto improve the cheesemaking
propertiesof late lactationmilk, andthus extendthe Irish cheesemakingseason,have
included calcium chloride addition, milk pH adjustment,use of increasedrennet
concentrationsandselectionof herdson high nutritional planeswith improvedmilking

practices(LuceyandFox, 1992;Kefford etal., 1992).
The elevatedsomaticcell counts (SCC) associatedwith late lactation milk

(Emanuelsonet al., 1988) havealsobeenassociatedwith impaired milk functionality
for cheesemaking.Principally, high SCC milk has been associatedwith increased
rennetclottingtimeanddecreasedcurdfirmnessleadingto decreasedcoagulumstrength
andsynereticpropertiesandincreasedlossesof fat andproteinin whey(PolitisandNg­
Kwai-Hang, 1988a,b,c;Grandisonand Ford, 1986; Mitchellet al., 1986b). High
SCCsare also associatedwith increasedcheesemoistureand decreasedcheeseyield
(Lawrence, 1993; Barbanoet al., 1991) and decreasedorganolepticpropertiesof

Goudacheesemadefrom suchmilks (BrosandJaartsveld,1971).
Theseriesof trialsdescribedhereinarosefrom the decreasein semi-softcheese

quality, consistently observed at U.C.C. when milk supplies contained high
proportionsof latelactationmilk. Specificproblemsencounteredincludebitteror sour
off-flavours andshort, pastytexture. In the first part of the trial, bulk winter milks
from both autumnandspring calving herds, and spring calving early lactationmilks
were to be studiedwith regardto composition,SCC, polymorphonuclearleucocyte
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(PMN) level andplasminlevelsandthesecorrelatedto the compositionaland clotting
propertiesof the milks, as measuredby Fonnagraph. This was requiredto provide
infonnation concerningpossiblemilk-related causesfor poor late lactation cheese
quality. The secondpart of the trial comprisedcheesemakingtrials to examinethe
separateandconfoundedeffectsof late lactationand high SCC milk on cheesequality,
andconsistedof

(1) SmallscalemodelGouda-Meshangertypecheesesto examinetheeffects
of stageof lactationandSCCon cheesecomposition,yield andproteolysis
duringripening.

(2) Pilot-scaleGoudacheesemanufactureto examinethefunctionalityof
mid andlatelactationmilks with referenceto cheese composition,ripeningand
organolepticproperties.

8.2 MATERIALS AND METHODS

8.2.1 Bulk tankmilk collectionandanalysis

94 bulk tank sampleswerecollectedover the monthsSeptember-April. In the
first partof the trial 70 samplesfrom a total of 14 farm bulk tankswere takenover a
numberof weeks from Septemberto November,consistingof 35 spring calving
samplesand35 autumncalvingsamples. Preliminarystatisticalanalysisshowedthat
therewas no significant trends associatedwith changesin compositionor clotting
propertiesin individual bulk tanks over the samplingperiod and so all resultswere
pooledon the basisof seasonand stageof lactation. In the secondpart 24 spring
calving(early lactation)tanksweresampledon oneday in April and examinedin the
sameway. 300 ml sampleswere takenfrom the tanks in eachcaseandcomposition,
SCC,plasminandplasminogenconcentrationsandPMN levelsmeasuredasdescribed
previously(section5.2.1). A portion (80 mls) was sent to Teagasc,MoorePal'k.for
Formagraphanalysisandafurthersample,adjustedto pH 6.55, alsosentfor analysis.

8.2.2 Cheesemilkselectionandcheesemanufacture

Bulk milks were obtainedfrom a local co-operative.Some samplesof high
somaticcell count(SCC)wereselectedby examiningSCCsfor a numberof farmsfor a
numberof weeksleadingup to cheesemaking.Thesetsof trials aredivided into two
batches,with mostof thecheesesbeingmadeoverafifteenmonthperiod. Thecheeses
madein trial A weresimilarto high moistureGouda-typecheeses,andmay be regarded
as similar in many respectsof the Noordhollandaise-Meshangercheese whose
manufacturewas describedby Noomen(1rm), which was describedas a model for
researchon Dutch-typecheeseripening. Eachbatchwas madein the viscubatorfrom
12Lof pasteurisedmilk. Thesewerehigh moisturecheeses,which wereplasticcoated
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duringripeningandwhich lost moistureata rateof 0.5-1% per weekduring this time,
to givea final moisturecontentat 15 weeksof 32-36%. The manufacturingprocedures
usedfor both large and small batchesof cheeseare describedin the Materials and
Methodssection(4.1.1 and4.1.2.). Trial A cheesemilkswereunstandardised.Trial B
cheesemilkswere standardisedto a 1:1 or 1:0.97 fat:protein ratio and 454L (100
gallons) pasteurisedmilk taken for cheesemaking. Trial B cheeseswere vacuum
packedduringripening.

8.2.3. Cheeseanalysis

Milks taken for cheesemakingwere analysed for composItIon using a
Milkoscan, somaticcell count (SCC) using a Fossomatic90 and PMN antigen(if

measured)at University CollegeDublin using the methodof O'Sullivanetal. (1992).

At 12daysof ageall cheeseswere sampledandanalysedfor compositionasdescribed
in section4.. Sampleswere takenat various intervalsover a 15 week ripening for
examinationof proteolysisby measurementof solublenitrogenfractions,measurement
of free aminoacidsand HPLC and gel electrophoreticanalysis,also as describedin
Section4. Tastepanelswerealsocarriedoutasdescribedtherein.

8.2.4.Statisticalanalysisofdata

Relationshipsbetween pairs of variables were examined using Pearsons
correlationcoefficients. Multivariateanalysisof varianceusing the GLM function of
theMINIT AB statisticspackagewasusedto estimateeffectsof calvingseason,stageof
lactation,milk SCC, milk pH and milkcompositionon milk clotting parameters.The
only factorsincludedascategorisedvariableswere season,which had two categories
(spring calving and autumn calving), and stageof lactation, which also had two
categories(early and late, dependingon the time of collection). All other variables
(milk pH, lactose,fat, proteinandlog10SCC)wereincludedin the model ascovariates.
The SCC was linearisedby using the logarithmto the base10. Differencesin cheese
ripeningparametersin differentbatchesof cheesewerecomparedby studentst-test.

8.3 RESULTS

8.3.1.Clottingproperties,SCC,enzymologyandcompositionofbulkmilks

The Fonnagraphis an instrumentdevelopedto measureclotting propertiesby
assessingthree parameters,taken from the movementof pendulumsimmersedin
linearly oscillatingsamplesof rennetedmilk, as measuredoptically and recordedon
photographicpaper(Aleandrietal., 1989). Fig. 8.1 showsa typicalFormagraphtrace.
The rennetclotting time (RCf) is measuredwhen the arms begin to separate. The
measureof curdfirming rate(K20) is thetimetakenfor thearmsof thegraphto achieve
aseparationof 20mm. Curdfirmness,AOO, is thefinal separation(in mm) of thearms
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Fig. 8.1. Typicaltracingby Formagraphofmilkcoagulation.

at the endof theevaluation. Dotting propertieswere measuredfor the original milk
sample,andfor a portionof eachsample,the pH of which hadbeenadjustedto 6.55,
to removetheeffectof pH variabilityon chymosinactivityduringthemeasurement

Dottingparametersin 94bulk milk samplesoveran8-monthperiodwere taken
andtheir compositionalandclotting propertiesmeasured.Plotsof the threevariables
againstone another(Fig. 8.2) shows that significant (P<O.OOl) relationshipsexist
betweenall three. Sampleswith low ReTwill havefast curd formationrate,with less
time beingrequiredto give a firm curd, and a high final curd firmness. Rateof curd
formation and final curd firmnessare highly correlated. When valuesfor all three
parameters,measuredon the samemilks after pH adjustmentto pH 6.55, were
correlated,all correlationsremainedsignificant(P<O.OOI).

Milk clotting propertieswere correlatedwith measuredcompositional and
enzymaticparameters(Table8.1). It canbeseenthatwhile milk fat andproteindid not
affect RCf, they were both significantly correlatedwith faster curd formation after
initial rennetclottingandsubsequentcurdfirmness. Lactose,while giving a firmer clot
at higherlevels,wascorrelatedwith poor curd formation rates. Log.oSCCwas not

significantlycorrelatedwith RCf, buthigh SCCswereconnectedto fastcurdformation
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and increasedcurd firmness. This is unexpectedbut may be explainedby the highly
positivecorrelationsof logloseewith milk fat and proteinand the negativecorrelation
with lactose,all of which will alsoaffectcurd fonnationandfirmness. PMN, plasmin
activity and plasminogenlevels in milk appearunrelatedto milk clotting properties.
Proteolysisin milk was morehighly correlatedwith milk plasminlevel thanlog!osee
or PMN level (correlationsof PMN level with initial andfinal proteolysislevels were
0.352and0.207resPeCtively,neithercorrelationsignificant)and hadno effecton milk
clotting. Milk plasminogenlevel was significantly correlatedto milk plasminactivity
(0.601,P<O.OOI), but not10glOSee(0.156,n =51). It canbeseenthat similar trends
are generallyfollowed by Af:IJ and K20, as would be expecteddue to the high
correlationbetweenthetwo parameters.

Qotting and compositionalParameterswere divided on the basis of the
Predominantcalving Patternand stageof lactationof the bulk tanks sampled(fable
8.2). It canbeseenthatspringcalving,early-midlactation(SE)milk haslower fat and
proteinandhigh lactoselevelsthan milk from springcalving latelactation(SL) milk or
autumncalving early lactation(AE) milk. As all theseparametersare correlatedto
decreasedK20s, it is asexpectedthat the K20 in the SL andAE milks are lower than
thosein the SE milk. The RCfs were lowest in the AE milk and highestin the SE
milks, but asno measuredfactorswerefound to significantly influencethis parameter,
it is difficult to explainthis result. Meancurdfirmness,Af:IJ, washighestin theSL and

Table8.2 Clottingandcompositionparametersofbulkmilks dividedon the basisoj
calvingseasonandstageoflactation.

Season SpringCalving SpringCalving AutumnCalving

Stageoflactation Early-midlactation Latelactation Early-midlactation

n Mean SO n Mean SO n Mean SO

Parameter

Protein 24 3.01 .02 31 3.48 .03 32 3.42 .04
Fat 24 3.82 .13 31 4.37 .10 32 4.28 .05
Lactose 24 4.84 .01 31 4.61 .02 32 4.63 .02
pH 24 6.60 .00 30 6.68 .01 34 6.68 .01
Ref 23 26.12 .54 21 24.4 .89 21 21.8 1.3
K20 23 15.29 .52 21 10.6 .43 21 9.85 .69
Af:IJ 23 �3�4�.�~ 1.00 21 41.1 .87 21 41.4 1.2

RefpH6.,s 23 20.50 .41 21 17.4 .97 21 17.4 1.4

K20pH6.55 23 11.78 .39 21 7.43 .52 21 7.12 .77

Af:IJ pH 6.55 23 40.83 .74 21 �4�8�.�~ .85 21 47.1 1.7

sec 23 126 13 31 438 53 31 366 28
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Table 8.3 Analysisof variancefor coagulationparameters(RCT, rennet clotting
time; K20, curdformationrate;A60, curdfirmness;55, sumofsquares;F, F-value)
(*, P<O.05; **, P<O.Ol,. ***, P<OlXJ1).

Source d.f. Ref K20 AfIJ
SS F SS F SS F

Season 1 143.6 1535*** 53.65 20.18*** 49.n 15.85***
Stageof 1 175.6 9.78** 97.23 14.19*** 327.7 14.47***

lactation
Log1OSCC 1 3.68 0.93 0.32 0.000 18.39 0.44
Protein 1 11.75 2.15 IOS.1 0.51 313.1 2.6
Fat 1 19.26 5.40* 35.88 0.88 165.7 0.09
Lactose 1 39.63 2.29 3.69 0.57 5.27 0.23
pH 1 35.37 1.26 120.7 4.29* 117.5 8.73 **
Error 57 9frI.6 368.3 1320.1

AE milks andthis may be relatedto the increasedfat and proteinlevelsin thesemilks
relativeto theSEmilk. TheSL milks had the highestSCC and the lowestSCCswere
seenin theSEmilks. Oottingparametersmeasuredfor pH adjustedmilks showedthe
sametrendsasfor the unadjustedmilks (datanot shown), implying that the seasonal
variationin pH wasnotamajorfactorin influencingmilk coagulation.

Analysis of variance of compositional factors influencing milk clotting
parameterswas performed(Table83). It was therebyconfirmedthatRef, K20 and
AfIJ were significantly affectedby both calving seasonand stageof lactation. pH
significantly affectedK20 and AfIJ and fat significantly influencedRef. No other
influencesof compositionon milk clotting in this model were significant. Milk
enzymologicaldatawerenot includedin this analysisbecauseof the smallernwnberof
datapointsfor theseparameters.

8.3.2. Trial A - SmallscaleGouda-Meshangertypecheesebatches

8.3.2.1.Cheesecompositionalanalysis

A numberof batchesof smallscalecheesesweremadefrom milks from herdsat
differentstagesof laetationandmeanSCCs. It canbeseenfrom thecompositionaldata
presentedin Table8.4 thatcheesefat, protein and moisturelevelswere only slightly
affectedby stageof lactation,but were greatlyaffectedby SCC. Fat andproteinlevels
weredecreasedin high SCC batchesandcheesemoisturewas increased. Meanmilk
fat levels for the low SCC-mid lactation,low SCC-Iatelactationand high SCC-Iate
lactationmilks were 3.75, 438 and 3.68% respectively,with concomitantprotein
levelsof3.08,3.72and3.58%andlactoselevelsof 4.55,4.37and4.13%
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Table 8.4 Compositional,yield and proteolysis data for small-scaleGouda-
Meshangertypecheesesmadein the Viscubatorfrom mid- and late-lactationmilk oj
10wandhighSCC.

Stageoflactation Mid Late Late
SCC <150,OOO/ml <200,OOO/mI >300,OOO/ml

n 10 6 4
Mean SO Mean SO Mean SO

Cheese
Protein 20.6 2.0 19.6 .75 16.7 .83

Fat 25.3 2.5 26.4 1.3 20.4 1.4

Moisture 49.1 2.5 49.5 1.2 55.0 2.9

Salt 1.50 .21 1.81 .25 1.90 .39

pHI2d 5.10 .04 5.10 .07 5.08 .05

Secondwhey
Protein 0.66 .16 0.68 .03 0.76 .12

Fat 0.41 .12 0.42 .07 0.55 .46
Totalsolids 3.52 .36 4.23 .45 4.55 .44

Yield
Y IldUaI 12.45 .41 12.78 1.49 13.6 .88

Y lIIOiure adjaltcCl 10.28 .43 10.60 1.18 10.06 .67

Proteolysis(%WSN/TN)
12d 7.36 .31 9.36 .80 9.96 1.2

35d 11.29 .72 12.26 .34 13.01 1.6

70d 16.59 1.2 16.36 2.0 21.66 .75

105d 19.91 2.2 19.82 2.2 25.65 .72

respectively.ThepH of thecheesesafter12daysmaturationwas unaffectedby season
or sec. The lower fat andproteinlevelsin cheesemadefrom high secmilk were
relatedto increasedlossesof both thesecomponentsin the whey. The actualyield of
cheese(kg cheese/tOOkg milk) was increasedin late lactationand high secmilks.
However,whentheeffectof increasingmoisturewas removedby adjustingall yields
on the basisof a 40% moisturecheese,it was seenthat while there was increased
cheeseyield (in termsof milk solidsconvertedto cheese)in the late lactationcheese,
there wasa lowersolidsyield in cheesemadefrom highsecmilk.

. Fromtheproteolysisdatapresented,it canbe seenthatcheesemadefrom high
secmilk appeared to give greatly increasedlevels of water soluble nitrogen over
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8.3.3 Trial B - LargescaleGoudacheesebatches

8.3.3.1.Cheesecompositionalanalysis

Threesetsof cheesesweremade,dividedon the basisof the seasonandstage
of lactationof themilk used. BatchB1wasmadein June-July1994from non-seasonal
creamerymilk and comprisedPrimarily early-mid lactationmilk (3 vats of cheese).
Batch B2 was made in August-Septemberfrom mid-lactationmilk from one fann
whosecowsweresolely spring-calving(2 vatsof cheese). BatchB3 was madefrom
late lactationmilk from the samefann which supplied the milk for batch B2, and
comprisedof 3 vats of cheesemade over the period October-November. The
standardisedmilk compositionsfor thesemilks were all similar (3.35% fat, 3.22%
protein,4.60% lactose,with lactosedropping to 4.40% in Batch B3) and the mean
SCCswere120,000cellslml(B1) 177,000(B2) and 190,000cellslml (B3). The mean
compositionalanalysesfor thesecheeseswereasshown in Table8.5. It canbe seen
thatthelatelactationbatch(B3) hadahighermoisturecontent,asmay be expected,and
that the bulk milk gavea slightly higher protein contentin cheese,but otherwisethe
compositionaldataweresimilar for all batches.The moisturecontentsfor all batches
were quite high but fell into the range of Gouda moisturesin Netherlandscheese
factoriesreportedby Lolkema(1992),with theexceptionof thelatelactationcheeses.

Table 8.5 CompositionalanalysisofTrial B cheesesat twelvedaysofage(mean±

SDofduplicateanalysisontwo (B2) or three(B1 andB3) cheeses)

Batch Moisture,% Fat,% Protein,% Salt,% pH

BI 44.5± 2.3 25.6±.6 24.0± 1.1 1.93±.2 5.35± .05

B2 46.3± 1.6 25.1 ±.9 22.2±.5 2.15± .1 5.40± .11

B3 48.3 ±2.0 24.7± 1.1 22.7±.99 2.20±.1 5.33 ± .14

8.3.3.2.Quantitativemeasurementofproteolysisduringcheeseripening

Levels of water soluble nitrogen (WSN), as expressedas % of total N
(%WSNffN) were measured,aswere levelsof free amino acidsas measuredby the
CadmiumNinhydrinmethod(expressedasAbs507nm, convertedto takeaccountof the
dilution requiredto getextractsfrom oldercheeseson an equivalentscaleto thosefrom
youngcheeses).Theseresultsare tabulatedin Table8.6, alongwith the cheesepHs
dUring ripening. It canbeseenthatwhile therewas very little differencein the ratesof
water-solubleN productionbetweenthe batches,thereappearedto be a considerably
lowerlevelof freeaminoacidsproducedin thelatelactationcheesesthanin eitherbatch
82 or B3, exceptperhaps,anomolously,at 70 daysof ripeningwhen batchB3 hasa
higherlevelof freeaminoacidsthan batchB2. Overall,the bulk milk cheeseshavethe

highestlevelsof freeaminoacidsthroughoutripening.
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Table8.6 Productionofwater-solubleN (% WSNITN)andfreeaminoacids(A507)
andchangein cheesepH in trial B cheesesduring ripening(means±SDfor duplicate
(%WSNITNandpH) or triplicate (abs507) analyseson two (B2) or three (Bl. B3)
cheeses).n.d. notdetermined.

Ageof cheese(days) 12 35 70 105

BatchlParameter
Bl %WSNffN 8.97± .95 14.09± .57 19.81 ± 1.3 20.64± .93

�A�b�s�~ n.d. 4.21 ± .20 6.26± 1.4 8.36± 1.79
pH 535± .05 5.42± .03 5.53 ± .03 5.62± .08

B2 %WSNffN 10.70± .26 15.19±.66 20.23± 2.8 20.65± 1.2
�A�b�s�~ 1.49±.06 3.14± .33 4.70± 1.37 6.82± 1.08
pH 5.40± .11 5.49± .11 5.56± .18 5.70± .02

B3 %WSNffN 9.75±.99 13.22± .53 18.98± 1.9 20.48±.66
�A�b�s�~ 1.32± .16 2.34± .28 5.00± .37 4.81 ± .57
pH 5.33 ± .14 5.49±.14 5.57± .14 5.50± .16

8.3.3.3. Organolepticassessmentofcheesesduring ripening

Table 8.7 Tastepanelscoresfor trialB cheesesduring ripening(means±SDfor 6-10
scoresfor two (B2) or three(B1, B3) cheeses).A scoreof 1 is leastdesirable,5 is
mostdesirable.

Ageofcheese (days) 35 70 lOS

Batela Chtuat:teristic

81 Colour 4.30* .67 4.12* .38 3.cn *.09

Aavour 3.75*.78 3.62* .76 3.62* .67

TeXtlD"e 3.60*.44 3.59* .45 3.81 * .46

Overallscore 3.78*.58 3.48* ..59 3.67* .61

B2 Colour 3.88*.25 3.88*.23 3.75*.56

Aavour 3.50* .41 3.44* .49 3.60* .42

TextlD"e 3.31 * .24 3.40*.43 3.32* .51

Overallscore 3.7S* .25 3.56* .33 3.19*.96

B3 Colour 3.90* .21 3.65*.58 3.38*.83

Aavour 3.06* .53 3.04* 1.03 3.42* .67

TextlD"e 3.20*.86 3.36*.80 3.31 * .93

Overall SCXJre 3.25*.68 3.35*.69 3.10*:71
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8.3.3.5. HPLCanalysiso/proteolysisproductsin cheeses

ReversedphaseHPLC (RP-HPLC)analysesof UF-penneablefractionsof the
watersolubleextractsof all cheeseswere prepared. This was in orderto examinethe
production of small proteolysisproducts(small peptidesand amino acids), which
would not be visible on electrophoretogramsor HPLCs of WSN. RP-HPLC
chromatogramsof batchesBlandB3 cheeseUF-penneablenitrogenfractionsat 10and
15 weeksof ripeningarepresentedin fig. 8.5. It canbe seenthat at both 10 or 15
weekstherewasanoverall lower level and lessdiversity of small proteolysisproducts
in the latelactationcheesescomparedto the early-midlactationcheeses.In the early­
mid lactationcheesesthere is an increasein complexity between10 and 15 weeks,
indicatingcontinuedproductionandaccumulationof theseproducts,while lesschange
is apparentin thelatelactationchromatograms.This would be in closeagreementwith
the measurementsof free aminoacid productionin the cheesesat this time, assessed
usingthecadmiumninhydrinreagent(seeTable8.6).

8.4 DISCUSSION

8.4.1. Relationshipsbetweenmilkcompositionand clottingproperties

The fonnagraphresultsfor milk clotting propertiesshowedhigh correlations
betweenthethreeclottingpropertiesmeasured,rennetclotting time (RCT), rateof curd
fonnation(1<20) andcurd firmness(A60), suggestingthat milks of poor coagulation
propertiesshouldshowclottingdifficultiesvisiblefrom anyof the threemeasurements.
TherelationshipbetweenRCT andK20 is asexpectedasK20 dependson clottingtime,
with samplestaking longertimesto clot requiringlongertimesto reachthe prescribed
curdfirmness(Bastianetal., 1991a). The stronglynegativecorrelationbetweenRCT
andA60 wasasreportedby Okigboetale (1985a). The relationshipbetweenAfIJ and
K20 was visible from thecorrelationsdeterminedfor milk composition, butthe RCT
was not influencedto the samedegreeas the other two parametersby any measured
milk constituentor property,which is unexpectedgiven the high degreesof correlation
betweenRCT andbothK20 andAfIJ. Thus, in practice,whethera milk hasa high or
low rennetclottingtimemaynotnecessarilybepredictiveof subsequentcurdformation
andfinnness.

Thepositiveinfluenceof milk fat oncurdfonnationrateandcurdfirmnesswere
in contrastwith the findings of Politis and Ng-Kwai-Hang (1988c) and Marziali and
Ng-Kwai-Hang(1986)but in agreementwith thoseof Bastianet ale (1991a). Aleandri
et ale (1989) found thatfat level in milk was closelyrelatedto curd firmnessandwas
importantin detenniningcheeseyielding capacityof milk. Increasedlactoselevels in
milk werefound to increaseRCT slightly, decreaseK20 (improvedcurdfonnation)and
increasefinal curdfirmness. PolitisandNgKwai-Hang(1988c)found that lactosewas
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slightly inversely relatedto RCT, and found non-significantrelationshipsbetween
lactoseandK20 andA60.

Total protein was found to havea slight negativeeffect on RCf and to be
significantly correlatedto K20 (negativecorrelation)and A60 (positive correlation).
Bastianet ale (1991a)found that increasingmilk proteindecreasedRCf and K20 and
increasedA60, exactlyasfound here. Theproteinmostlikely to affectRCf was found

by Marziali and Ng-Kwai-Hang(1986) to be a-al casein,while all the caseinsand a­

lactalbuminsignificantlyaffectedK20 andA60. Negativecorrelationsof total casein
with K20 and positivecorrelationswith AfIJ were reportedby Okigbo et ale (1985a)
and Politis and Ng-Kwai-Hang (1988c). RCf was found to be less significantly
affectedby any measuredparameterthanK20 or A60. Factorspreviously found to
affectRCfwerepH (inverserelationship,Bastianet al., 1991a;Okigbo et al., 1985c;
Grandisonet al., 1985), lactose(inverse relationship,Politis and Ng-Kwai-Hang,
1988c) and stageof lactation(direct relationship,Okigbo et al., 1985a). The non­

significantnegativecorrelationbetweenpH andRCf is thus asexpected,but the effect
of lactoseon RCf may have beenconfoundedby lactationalvariability within the
samplestested.

Increasingsomaticcell count (SCC) was found to lower Ref and K20 and
increaseA60. RCf hasbeenfound to be positivelycorrelatedwith SCC in high SCC
milks (Mitchell etal., 1986b)but to havelittle effectin surveysof milks under500,000
cellslml (Politis and Ng-Kwai-Hang, 1988c;Ali et ale ,1980; Marziali and Ng-Kwai­
Hang, 1986;Okigboet al., 1985a). Thus, the slight decreasein Ref with increasing

SCC is of no significance.K20 was lowered in samplesof increasingSCC and the
effectof SCConAfIJ wasnotsignificant. Thisconcurswith thefindingsof Politisand
Ng-Kwai-Hang (1988c),Bastianet ale (1991a) and Marziali and Ng-Kwai-Hang
(1986) who found SCC to haveno significanteffecton K20 or AfIJ at SCCs below

SOO,OOOcells/mi. Overall, it appearsthatat the meanSCC of the samplesexamined
(321 ± 25 (SE» the increasedSCCs were associatedwith increasedfat and protein
levelswhich would improvethe clotting properties,and therewas little indicationof
negativeinfluenceson clotting associatedwith very high SCCs. Thesewould include
decreasedcaseincontent,increasedblood componentsand accumulationof plasmin

degradationproducts(Politis andNg-Kwai-Hang, 1988c). It is possiblethat at high

SCCrangestherewould havebeena greatereffectof SCCon milk clotting. Thesteady
decreasein lactosewith increasingSCCs appearsto actually help curd formation, as
measuredby K.2O. It appearsthat the increasesin milk pH were not sufficient to

adverselyaffectmilk coagulationproperties. It apPearedthatPMN levelsin milk were

notsignificantlyassociatedwith anyof themilk clottingpropertiesmeasured.
An influenceof plasminactivityon rennetcoagulationwassuggestedby Okigbo

etale (l985b),who founddecreased levelsof 8-caseinandincreasedlevelsof y-caseins

in poorcoagulatingmilk samples,suggestiveof increasedplasminactivity. a-II casein
levelswerealsofound to be relatedto milk clotting properties. The effectof plasmin
activityon milk coagulationwasalsothoughtto bedetrimentalby PolitisandNg-Kwai­
Hang(1988c),dueto accumulationof proteolysisproductsand hydrolysisof B-casein,
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which is essentialfor curd finning. In the presentstudy, increasingmilk plasmin
activity was not significantly correlatedwith any milk clotting parameters,which is
morein agreementwith the findings of Bastianetale (1991a)and Pearseetale (1986)
who found that extensivedegradationof caseinby plasmin did not impede curd
formation. Theformerauthorspostulatedthathigherplasminactivitiesthanthoseseen
may haveinfluencedclotting properties. The significantpositive correlationbetween
10gloSeeand plasminactivity was asfound by Politis et ale (1989a). Initial protein
breakdownwas'found to have no significanteffect on clotting properties,but milk
proteolyticactivity, as measuredby the free aminogroup level attainedon subsequent
incubation,was seento haveapparently(non-significant)beneficial effects on milk
clotting. This proteolysiswasfound to bemorehighly correlatedwith plasminactivity
than10gloSee,as hasbeenfound previouslyfor samplesof meanseeslower than
500,000cellslml (Chapter5). However, the relationshipbetweenproteolysisand
clottingwasonly detenninedfor a smallnumberof samplesof relativelylow seeand
plasminactivity and thus this requiresfurther investigation,to resolve the role of
plasminin affectingmilk suitabilityfor cheesemaking.

8.4.2 Theinfluenceofseasonalityoncompositionalandcloningpropertiesofbulk
milks

Whenthe datawerecollatedon the basisof herd calving seasonand stageof
lactation,it wasseenthatwinter milks, whetherfrom springor autumncalvingherds,
had higherfat and proteinand lower lactoselevels than spring calving early lactation
milks. Lucey and Fox (1992) found that the differencesin compositionbetweenmid
andlatelactationmilks werenot as pronouncedfor latelactationmilks on a high plane
of nutrition. Phelanetale (1982) foundthatfat andlactoselevelswereaffectedby stage
of lactationmorethan season,while total proteinwas affectedmoreby season,being
consistentlyhigherin autumncalvingherdsthan in springcalvingherds. The results
Presentedhereshow the eXPeCtedseasonaltrendsfor springcalving herds, but show
autumncalvingearly lactationmilk to havea compositioncloserto springcalving late
lactationmilk. The late lactationfat and protein levels reportedhereare lower than
thosereportedby Lucey and Fox (1992) for two spring calving late lactationherds
(4.81% and3.98%respectively)andcloserto thosereportedfor thoseauthorsfor late
lactationherdson a high planeof nutrition, implying that thenutritional statusandmilk
quality of the herd bulk tanks sampledwas high, probablyaccountingfor the small
differencesfound betweenthesemilks and the autumncalving early-lactationmilks.
Thesemilks weretakenat the sametime as the autumncalvingearly lactationmilk, so
therewas parity in environmentaland seasonalfactors,so relativeplanesof nutrition
mustaccountfor thesimilarity in results. Thespringcalvingearly lactationmilks were
takenin April andhadcompositionssimilarto thosereportedby Luceyand Fox (1992)
for mid-lactationmilk, and were sampledcloseto the monthsfor minimum fat and
proteincontentasreportedfor Irish milks by Phelanetale (1982), and thus, wereas ,
expectedThepHs werein therangeeXPeCtedfor goodquality milks and the generally
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higherpH levelsin wintermilk were similar to thosereportedby Phelanet ale (1982).
In summary,it must be concludedthat the late lactationherdswere on a high planeof
nutrition, anddid not show exaggeratedlate lactationcharacteristicsas regardsgross
composition.Theideathathigh planesof nutrition canfavourablyimprovethe quality
of latelactationmilk wasproposedby Kefford etal. (1992)andLuceyandFox (1992).

Wintermilks werefound to haveshorterRCTs, lower K20s and higher curd
firmnessthanspring milks andshortestRCTs were in autumncalving early lactation
milks. Okigboet at. (l985a) found that late lactationRCTs were increasedand the
sameheld for winter milks in general,which is in contrastwith the findings here.
Bastianet ale (1991a)found that winter milks had increasedRCTs, K20s and A60s
relativeto spring milks, which, exceptfor the valuesfor A60, is also in contrastwith
theresultsfound here. The sameauthorsalsofound that in late lactationmilks, while
RCT wasdecreasedrelativeto mid lactationmilks, K20 andAfIJ wereunaffected.This
was found to be true hererelativeto autumncalvingmilks but not the casefor spring
calvingearly-midlactationmilks. Thefindings herethatwinter milks had higher fat
and protein levels, which would decreaseK20 and increaseA(IJ were obviously
confoundingfactorsin thesefigures, and it is difficult to say what the true effect of
seasonand stageof lactationis from this data. However, the analysisof variance
modelemployed(Table83) showedthatwhile seasonandstageof lactationinfluenced
clotting proPertiessignificantly, only fat affected Ref significantly, and thus the
meaning of these results remains unclear. It can only be surmised that, as the
compositionsof the milks werenot asexpectedfor late lactationmilk, and the herds
were concludedto have a good nutritional status and husbandry practices, the
alterationsin clotting proPertieswere also not as seen in previous studiesof late
lactationmilk.

The late lactationSCCs were considerablyelevatedrelative to spring calving
earlylactation�m�i�l�~ butwerecloseto thoseof the autumncalvingearly lactationmilk.
Therewas no comparablestudy which showed the effects of nutritional statuson
SCCs,andthesignificanceof this with regardto clottingproPertiesis unknown, except
thatfor thetotal groupof cowssampledhere,SCCapPearedto be favourablyrelatedto
clottingproPerties.Thus, it would appearthattherangeof total SCCswas not enough
to causedetectableclottingdefects.

However,it mustbe stated thattherewerea numberof factorsassociatedwith
late lactationmilk which may influencethe clotting PrOPertiesof such milks, which
were not measuredin this study. Theseinclude the levelsof soluble and colloidal
calciumandthe levelsof whey proteinsandcaseinsin the milk. In summary,there
maybea balancein effectsof increasingSCCs,with increasingSCCsto a certainpoint
being sufficiently relatedto fat and protein in the milk to actually improve clotting
characteristics.Abovethis point, however,decreasedcaseincontent,increasedpH and
otherfactorsoutweighthe compositionalchangesand the cheesemakingquality of the
milk drops. Furtherwork is requiredto establishthiscut-off level.

179



8.4.3. Seasonality,seeand smallscalecheesemanufactureand quality

Noordhollandaise-Meshangercheeseis a varietywhich, while similarto Gouda,
is characterisedby changing physical and chemical conditions during ripening,
principally causedby lossof moisturefrom the cheese. Thus local conditionsin the
cheesemay be more favourableto milk proteaseactivity than thosefound in typical
Goudaor Cheddarcheese. Cheesesmade using this recipe show high proteolytic
degradationduring ripening, and were thus proposedas a model for studying milk
proteaseactivity in Dutch-typecheeses(Noomen,1978). The cheesespreparedin the
Viscubator,while madefollowing a Goudarecipe,hada high moisture,anddried out
somewhatduringripening,andthusweresimilarto a crossbetweena Gouda-typeand
Meshanger-typecheese. The batchespreParedand describedin Table 8.4 were a
preliminaryexaminationof the effectsof secand seasonalityon cheesequality and
proteolysis.

It canbeseenthatcheesespreParedfrom high secmilks hadhighermoisture
levelsand lower fat andproteincontentsconcomitantwith increasedlossesof both of
thesecomponentsin the whey. This is in agreementwith the findings of Ali et aJ..
(1980), Grandisonand Ford (1986), Politis and Ng-Kwai-Hang (1988 a,b) and
BarbanoetaJ.. (1991), regardingthe influenceof secon the compositionof Cheddar
cheese.Politis and Ng-Kwai-Hang (1988a) found that an increasein sec from
100,000to above1,000,000cellslmlresultedin acheesecontaining6.8 and3.6% less
fat and protein respectivelyand 4.9% more moisture,while thosedifferencesfound
herebetweenthe latelactationlow and high seccheesebatcheswere22.7, 14.8 and
11.1% respectively. Thesearealsohigherthanthe figures quotedby Barbanoet aJ..
(1991) for milks of increasingsecbut this may be dueto the confoundingeffectof
stageof lactation, in that the cheesemakingfunctionality of the milk was already
impaired by the late lactation nature of the milk (O'Keeffe, 1984). The milk
compositionwasalsoalteredaswould be expectedin latelactationmilk, with elevated
levelsof proteinanddecreasedlevelsof lactose,which will obviouslyfurther influence
thecompositionof thecheese.Theincreasedsaltcontentof thehighseccheesesis as

foundby GrandisonandFord(1986).
Theactualcheeseyield was increasedin high seccheesemilks,as found by

GrandisonandFord (1986) andAleandriet aJ.. (1989), which is due to increasedfat
and protein in high secmilks. However, the moisturecontentis also very much
increased,and when this was correctedfor by adjustmentof yields to constant
moisture,it is found thatthehighsecmilks gavea lower conversionof fat andcasein
to cheesethanthelow secmilks, asshownby increasedlossesof bothin whey. This
wasalsofound by BarbanoetaJ.. (1991). It is recognisedthat the relationshipbetween
seeandcheeseyield is complex,asdifferencesbetweenindividual cows and herds
andtheinfluencesof stressandmastitisonsecmakepredictionof cheeseyield based
on this parameteralonedifficult (Lawrence,1993). However,thereis definiteevidence
thatcheeseyield may be increasedby improving herdhealthandreducingsec. The
decreased cheeseyielding capacity of late lactation milk is associatedwith poor
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syneresisdue to proteolysisof B-casein by plasmin (Barbano et al., 1991), but
contestedthefindingsof Pearseetal. (1986)andothers. Thusthecombinationof SCC
and plasminactivity in the different milks may have affectedconversionof solids to
cheesebut this requiresfurther investigation.Aleandri et ale (1989) statedthat the
formagraphmeasureof curd firmnesswas relatedto cheeseyield as an indicatorof
caseinaggregationpropertiesof the milk, and the increasedA«J in the spring calving
latelactationmilk maybereflectiveof this.

The rateof formationof water-solublenitrogen(WSN) in the cheeseappeared
to be independentof stage of lactation in the low SCC samples, but appeared
considerablyfasterin thehigh SCClatelactationsample.This is assumedto be due to
the increasedplasmincontentof the milk and the increasedmoisturecontentof the
cheese. However, electophoreticanalysissuggestedthat the action of proteolytic
enzymesin thehigh SCCcheeses,while greaterthanin the low SCC cheeses,was not
necessarilydue to plasminaction,with evidenceof somatic-cellassociatedproteolysis
products.Theorderof proteolysisduringripeningin all cheeses,Qat-caseinfasterthan
B-casein,with formationof Qat-I casein,is in agreementwith the findings of deJong
(1976) for this type of cheese. The results concerningdegreeof proteolysis are
generallyin agreementwith thoseof RogersandMitchell (1994), who found thatsce
was positively correlatedto TCA- and PfA-soluble nitrogen in Cheddarcheeseat 3
monthsof age. Theseauthorsalsofound negativecorrelationbetween10gloSCeand
textural propertiesof cheese,such as texturegrade,fracturability, cohesivenessand
springiness. If cheesetexture is highly dependanton Qat -casein integrity, as
postulatedby CreamerandOlson (1982), breakdownof this protein in cheesemade
from high SCCmilk would adverselyaffectcheesetextureandquality.

Noomen(1fTn) suggestedthat in this type of cheese,the degreeandnatureof
Proteinbreakdownin thecheesecouldallow the softeningof cheesetextureof cheese,
but that this softeningwould only occur if suitablechemicaland physicalconditions
existed(suchas pH andmoisture).The sameauthoralso statedthat cheesemoisture
wascritical in detenniningtheretentionof rennetin the cheese,and this mustbe taken
into accountwhencomparingthe proteolyticbreakdownof thesecheeses,madefrom
low andhighsecs.However,thepresenceof at leastonenon-rennetderivedproduct
(abovethey-caseins),which is associatedwith somaticcellproteinasesandthe possible
synergisticeffectof manysomaticcell proteinaseswith chymosinin breakdownof Qat­

casein(e.g., cathepsinD, McSweeneyet al., 1995) leadsoneto concludethat the role
of somaticcellproteinasesin theripeningof this typeof cheesecannotbe neglectedand
requiresfurtherinvestigation.
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8.4.4. A comparisonoftheripeningpropertiesofGoudacheesesmade from early­
mid,midand late lactationbulkcheesemilks.

Dueto thesmallscalenatureof thecheesesmadein Trial A, andthefact that the
effectsof seeandstageof lactationwere not separated,a further trial on large scale
batchesof normalGoudacheesewascarriedout, to assessthe role of stageof lactation
on cheesemaking,proteolysisduringripeningandorganolepticproperties. All batches
of cheesemilkswerefrom springcalvingherds.

Thebatchesof cheese,madeeachfrom 100gallonsof milk, hadslightly higher
moisturethannormalGoudacheeses,andthemoisturewasseento rise in late lactation
cheeses.The latterobservationis in agreementwith the findings of O'Keeffe (1984)
who comparedcheesesmadefrom late lactation milk from spring calving herds to
cheesesmadefrom autumncalvinglatelactationmilk, retail and manufacturingmilks at

thesametime. Thechangesin milk compositionwhich thisauthorassociatedwith high
cheesemoisturewere high natural milk pH, reducedcaseinas a percentageof total
casein(due to proteolysisand/orincreasedwhey protein content)and elevatedserum

caseincontent. Milk secwas shown to influenceboth milk proteolytic activity and
Cheddarcheesemoistureby Barbanoetale (1991), with increasedmoisturefor cheese
madefrom milk of >127,000 cells/mI, so the influenceof the minor increasesin sce
seenin this study,on cheesemoisturecannotberuledout.

Donnellyet ale (1984) found thatCheddarcheesemade frommilk which had

beentreatedwith trypsinhad highermoisturecontentthancheesemade fromuntreated
milk and concludedthatproteolysisof caseinby nativemilk proteinase(plasmin)was
an importantfactor determiningmoisturelevels and quality of late lactationcheese.
Theypostulated,however,thatthis differencemay only be of significancewherethere

was a very pronouncedstage-of-Iactationeffect on milk composition. Although
plasminlevelswerenot measuredin the milks from which thesecheeseswere made,

late lactationspring calving milks of relatively low SCCs have been found to have
greatlyincreasedlevelsof plasmin(Chapter5). However, the degradationof B-casein
was not significantly faster in the late lactationcheesesmadein this study, and any

effectsof plasminon cheesequalityandmoisturewerenotapparentfrom this trial.
Overall, the changesin compositionin cheesemadefrom late lactation milk

were as expectedfrom the work of Politis and Ng-Kwai-Hang (1988a) on cheese

compositionasaffectedby SCC. ThepHsat 12 dayswere marginallyhigh, according
to thefigure of 5.15-5.20quotedby Lolkema(l993),androsesteadilyoverripening.

Watersolublenitrogenlevelsin thethreebatchesof cheeseall increasedoverthe
ripening period but therewas very little differencesbetweenbatches. This was as

foundfor thelow secmid andlatelactationcheesesdescribedearlier. Theactivity of

milk proteinases,which are elevatedin late lactationmilk and cheese,in producing

solublenitrogen(SN), �~�a�s shown by Visser(l977c) to be minor comparedto thatof
starterandrennet. Thus,it may be expectedthat the overall rateof proteinbreakdown

would be relativelyunaffectedby changingplasmin levels and moderateincreasesin
SCCin latelactationmilk. Thelevelsof free aminoacids,however,wereconsistently
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lower in the batch 83 cheesesthan those in 81, with batch 82 being somewhat
intermediateatmoststagesof ripening. This reducedproductionof small lateproducts
of proteolysiswas confirmed by HPLC. In normal Gouda cheese,rennet action
stimulatesstarterbacterialenzymesto accumulateamino acidsand low MW peptides
(Visser, 1977c). Thestarterbacterialenzymesarethe only agentscapableof liberating
importantamountsof aminoacids,with 'bitter' strainsbeinglesscapableof degrading
bitterpeptidesto non-bitterpeptidesandfreeaminoacids.

Thusit appearsthatthisdegradationpathwayis beingin someway impairedin
late lactationcheeses,and this may be linked to the defect of bitternessfrequently
associatedwith suchcheeses. One possibleexplanationfor this would be increased
presenceof proteinaseinhibitorssuchasai-antitrypsinin late lactationmilk (Sandholm
etal., 1984,Emanuelsonetal., 1988) which althoughgenerallylost in the whey, may
be trappedin high moisturecheesesto a sufficientextentto inhibit the breakdownof
polypeptidesby starterenzymes. Proteinbreakdownin Cheddarcheese,for example,
was imPairedwhen the plasmin inhibitor �~�a�m�i�n�o�h�e�x�a�n�o�i�c acid was addedto curds
(Farkyeand Fox, 1991). Alternatively, it may be that enzymes,such as thosefrom
somaticcellsor SPeCifictypesof somaticcells, whicharepresentin greaterquantitiesin
latelactationmilk, mayproducepolypeptidesor peptideswhich cannotbe degradedby
starterenzymesandaccumulatein the cheeseduring ripening(Chapters6 and9). The
finding of Rogersand Mitchell (1994) that SCC was positively correlatedto cheese
PI'A-solubleN contentsuggeststhat this may be a seasonalratherthan directly cell­
associatedeffect.

Urea-PAGEexaminationof protein breakdown in cheesesduring ripening
shows higher quantitiesof a numberof polypeptidesbeing producedin batch 81
relativeto batch83, while overall all-caseinbreakdownis acceleratedin late lactation
cheeses.This maysuggestthatalternativepathwaysarebeingfollowed in latelactation
cheese,and as all-caseinis regardedas the sourceof SN proteolysisprecursorsin
Goudacheese(Exterkate,1987), this may havea significanteffecton laterproteolysis
andfree aminoacidproduction. The overall faster breakdownof all-caseinthan 8­
caseinis asdescribedfor Goudacheeseby VisseranddeGroot-Mostert(1977). The
acceleratedbreakdownof all-caseinwas seenin the previously describedcheesetrial

andpossiblereasonsfor thebreakdownarediscussed inSection8.4.3. The WSN gel
alsosuggeststhat certainpeptidesare accumulatingin the late lactationcheeses,but
differencesarerelativelyminor. Detailedexaminationof thebreakdownproductsof late
lactationmilk is requiredto resolvethis issue.

With regardto organolepticPropertiesof cheeses,acceleratedbreakdownof asl­
caseinmay be linked to the decreasedtexturescoresaccordedto latelactationcheeses
dUring ripening(CreamerandOlson, 1982), and may be linked to the texturaldefects

associatedwith latelactationmilk, such as short or pasty texture. While significant
bitternesswasnotdetectedin anyof thecheesesduringripening,it maybepossiblethat
impairedbreakdownof peptidesby starterenzymesmay leadto accumulationof bitter

peptides,and leadto the bitternessoften linked to late lactationcheeses. Despitethe
lack of bitterness,flavour scoresdecreased slightly as the lactationproceeded,which
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may be linked to the contributionof certainfree amino acids to the taste of cheese
(AstonandCreamer,1986),andtheimportanceof certainwatersolublepeptidesin this
respectThe quantitativedifferencesin WSN electrophoreticalpatternsmay thus be
linked to differencesin flavour scores. Overall, late lactation cheeseswere less
desirablethanthosein eitherof batches81 or 82.

Finally, GrandisonandFord(1986)madecheesefrom milks to which different
proportionsof high SCC milk had beenaddedto give modestlyelevatedSCC. They
found that both flavour intensity and total off-flavours were positively correlatedto
SCC, and suggested thatthe quality of cheesecould be impairedby the inclusion of
even small quantitiesof high SCC milk in bulk milk for cheesemaking. In this
experiment,althoughthelatelactationcheesemilkSCCwasnot significantlyelevated,it
is probablethattherewasadefinitecontributionof high SCC milk, which occursmost
frequentlyin latelactation,which may havethus influencedquality and ripeningof the
cheeses,and giving differencesgreaterthanthosewhich would be expectedfor milks
of apparentlyrelativelysmalldifferencesin SCC.
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CHAPTER9

Effectof plasminandsomaticcell enzymesonthe
ripeningof Donnalandasepticstarterandrennetfree

cheeses

SUMMARY

Gouda-typecheesesweremadefrom milk to which porcineplasminhadbeen
addedto give 2.6and4.7 timesthenonnalplasminlevel in thecheese.Cheeseswith
addedplasminhad acceleratedproductionof watersolubleN (WSN), with faster
degradationof B-caseinandproductionof y -caseins.Amino acid productionwasnot
affectedoverall by plasminaddition. Therewerealsoquantitativedifferencesin urea­
PAGEelectrophoretogramsof cheeseandWSN during ripeningandit appearedthat
manyproductswhich wereproducedat the2.6fold level werefurtherbrokendownat
the4.7fold level. Therefore,theremay beanoptimumlevel of plasminadditionfor
improvementof flavourcharacteristicsandaccelerationof ripening. Organoleptically,
theplasminaddedcheeseswerejudgedto haveasuperiorflavour, textureandoverall
desirabilityduring ripening. In a separateexperimentaseptic,rennetandstarterfree
(ASRF)cheeseswerepreparedfrom mastiticandgoodquality milks. Mastitic curds
had higherproteolysisthan controlsover a rangeof pHs from 6.4 to 4.8 and had
acceleratedbreakdownof B- andasI-caseins,with theappearanceof certainproteolysis
productsassociatedwith somaticcell proteinases.The mastitic curdsalso had an
accumulationof hydrophobicbitter materialover 10weeksripeningat 11°C,which,
togetherwith theacceleratedbreakdownof asI-caseinmayindicatea role for somatic

cell proteinasesin influencingcheeseripening. Therewasevidenceof morethanone
acidproteinaseactivein thecurds,andit is ProposedthatCathepsinB is aproteinasein
mastiticmilks.
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9.1 INTRODUCTION

The role of nativemilk proteinasesin cheeseripeningis ill-defined. Plasmin,
the principal indigenousmilk proteinase,is associatedwith the caseinmicelle andis
thus incorporatedinto the rennetcheesecurd (Grufferty andFox, 1988c). Plasmin
hydrolysesall the major caseinsin milk, with the exceptionof Ie-casein,producing
hydrophobic peptidessuchas the y -caseins,and plasminhasbeenhypothesisedto
contributeto productionof hydrophobicbitterpeptidesin cheese(Le BarsandGripon,
1989). OllikainenandKivela (1989),showedthat in thecaseof Swiss-typecheese,
wheretherennetis inactivatedby thehighcookingtemperature,plasminis theprincipal
agentresponsiblefor breakdownof B-casein,andprovisionfor substratepolypeptides
for starterpeptidases.Increasedcooking temperaturesincreaseplasminactivity in
cheese,rennetcurd and micellar caseindispersions,possiblydue to conversionof
plasminogen(FarkyeandFox, 1990). Sinceplasminis dissociatedfrom the casein
micellesby NaCI, saltingbeforepressing,asin thecaseof Cheddarcheese,may lead
to lossof plasminin presswhey,accountingfor the lower plasminlevel found in this
variety ascomparedto brine-saltedvarietiessuchasSwissandDutch cheeses(Fox,
1989).

Addition of plasminto milk for Cheddarcheesemanufacturehasbeenshown
to increaseB-caseinbreakdown,with aconcomitantincreasein y -caseinfonnation,and
to increasewatersoluble-Nbutnot phosphotungsticacid-solubleN (FarkyeandFox,
1992). These authorsalso found that plasmin-enrichedcheeseswere judged
organolepticallysuperiorto control cheeses,and that ripening was considerably
accelerated.Addition of a plasmininhibitor, 6-amino-hexanoicacid to Cheddarcurd
led to slowerproductionof y -caseinsanda slowerrateof increasein water-solubleN

f

(FarkyeandFox, 1991).
In Goudacheese,Visseret ale (1977a-d) concludedthat milk proteasesare

responsiblefor the productionof 'minor caseins',but that their contributionto the
breakdownof as1- anda-caseinwassmall comparedto thoseof rennetandstarter
bacteria,andthat,on their own, they liberateonly small amountsof aminoacidsand
low-MW peptides. Noomen(1978),examinedtherole of milk proteasesin simulated
NoordhollandseMeshangertypesoftcheese,by productionof rennet freecheesecurd,
acidifiedusinggluconicacid-cl-Iactoneto a rangeof pHs. He found thatat a high pH
(e.g.6.2),B-caseinwasmuchmorequickly degradedthan asI-casein,but thatat low

pH (e.g.5.4) asl-easeinwasmorequickly degraded,whichheconcludedto bedueto

theactionof anacidmilk proteinase.Alkaline milk proteinaseactivity wasfound to
increasewith increasingripening temperature,but was concludedto be of little
importanceto ripeningof �~�o�r�m�a�l cheese,with the exceptionof soft cheeseswith a
surfaceflora, which wouldhave ripeningconditionswhich wouldfavourtheactivity of
alkalinemilk protease.

The acid proteinasein milk is now recognisedas CathepsinD, and its
specificity on asl-caseinhas been shown to be similar to that of chymosin

(McSweeneyetal., 1995). It's role in cheeseripening hasyet to be established.
Proteolyticactivity in milk is known to increasewith increasingsomaticcell count
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(SCC)(Senyket al, 1985:Verdi etat., 1987),but therole of proteinasesfrom somatic
cellsin cheeseriPeningalsohasyetto beelucidated.

Theobjectof thisstudywasto examinetheroleof addedplasminin riPeningof
Gouda-tyPecheese,andalsoto comparethe riPeningpatternsof Goudatype cheeses
madefrom milks with low and high SCC, where the milk contributedthe only
proteolyticagentspresentduringriPening.Thiswasachievedby makingasepticstarter
andrennetfree cheeseswherethe coagulant,Pepsin,was inactivatedaspartof the
manufacturingprocessandacidulationwasachievedby additionof glucono-o-Iactone.

9.2. MATERIALS AND METHODS

9.2.1 Milk sourceand cheesemaking

9.2.1.1.Manufactureofplasmin-addedcheeses

Porcineplasmin(Fibrinolysin EC 3.4.21.7)wasobtainedfrom the Sigma
ChemicalCo. (Poole,U.K.) and 12.5mg(50 units)dissolvedin 90ml distilled water.
Threebatchesof Gouda-tyPecheeseweremanufacturedin a Viscubatorasoutlinedin
section4.1.1 with thefollowing plasminadditions. All milks usedweregoodquality
mid-lactationmilksfrom thecollegecreamery.

BatchA
BatchB
BatchC

Five controlvats
Two vatswith 15ml Plasminsolutionaddedto 12.5Lmilk
Two vatswith 30ml Plasminsolutionaddedto 12.5Lmilk

I

i

Plasminactivity in milk andcheeseandcheesecompositionweremeasuredas
outlinedin Section43.7. Thecheeseswereallowedto riPenfor 15weeksat 11°Cand
proteolysismeasuredasdescribedin section4.23. Organolepticevaluationwasby a
panelof6-10experiencedtastersateachstageof ripening.

9.2.1.2.Manufactureofaseptic,starterandrennet-free(ASRF)cheeses

Two batchesof milk wereobtainedfor this eXPeriment,the first beinggood
quality creamerymilk andthe secondbeingmilk from a cow with clinical mastitis,
identified by a local fanner. The somaticcell countsof the milks, determinedby
Fossomaticat U.C.C., were 210,OOO/ml and 2,042,OOO/ml respectively.ASRF
cheesesweremadeby thefollowing modificationof the methodof Noomen(1978).
The methodof Visser(1976)wasattemptedin preliminary trials, but it wasfound
impossibleto producea suitablecoagulumwith mastiticmilk, andthusthefollowing
protocolwasdeveloped.

To 12.5L Pasteurisedmilk (72.5°Cfor 15 secs),cooledto 33°C,wasadded
2.4gcalciumchloride and l.25g thimerosal(sodiumethylmercurithiosalicylate,an
antimicrobialagent).A 10%solutionof porcinepepsinin water(11.4mls) was added,
stirredin andaclot allowedform for 45minutes,whereuponthecurdwascut,andthe
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pH adjustedto 6.44usingconc.lactic acid. After 15minutesstirring, onethird of the
wheywasdrainedandthecurdsandwheycookedto 40°Cin 20min by theadditionof
60°C water(an amountequalto that removedaswhey). At this point, the pH was
raisedto 6.70by additionof ION sodiumhydroxideandmaintainedat this level and
temperatureby titrationfor 10min. Thewheywasthenremoved,pH loweredto 631
with lactic acid,andthemix stirredfor 30min. Thecurdswerethenprepressedunder
wheyfor 1hour,pressedovernightat2.5Barandfrozenat -20°Cuntil use.

On defrosting the curds were ground and their moisture determined
(45.1±.27%for control and46.6±.25%for mastitic milk). Small batches(45g) of
curd were then mixed with 0.675gNaCI and variousamountsof gluconic acid-d­
lactone(GDL), andpressedtogetherin 50ml plasticbeakers.The amountof GDL
addedwascalculatedto obtaina rangeof final curdpHsandhadbeendeterminedfrom
preliminarytrials,wheretheregressionequationrelatingGDL andpH wasdetermined
(pH =6.12- 0.499(gGDUgcurd». A total of 28smallcurdswereprepared,vacuum
packedandripenedat 11°Cfor 10weeks(seetable9.1).

Table 9.1 Recipesfor ASRFcheesesmade from goodqualityand mastiticmilk a

Cheese Milk Salt <I) GDL (I) pH
1 Control 0.0 0.0 6.43

2 Control 0.675 0.0 6.24

3 Control 0.675 0.45 5.63
4 Control 0.675 0.9 5.28

5 Control 0.675 1.5 4.98
6 Control 0.675 1.8 4.75

7 Control 0.675 2.25 4.72

8 Mastitic 0.0 0.0 6.45
9 Mastitic 0.675 0.0 6.32

10 Mastitic 0.675 0.45 5.77

11 Mastitic 0.675 0.9 5.54

12 Mastitic 0.675 1.5 5.09

13 Mastitic 0.675 1.8 5.00

14 Mastitic 0.675 2.25 4.86

a Eachcheeserepresentsa duplicatepair,andpHsaremeansof duplicateanalyseson
thesecurds. Curdquantityusedin eachrecipewas45g.

9.2.2 AnalysisofASRFcheeses

At 12d,5 weeksand 10 weeks,samplesof the small ASRFcurdsweretaken
andassessedfor proteolysis.Small-scalewatersolublenitrogen(WSN) extractions
WereperformedandcheesesamplesandcorrespondingWSNscomparedusingUrea­
PAGE as describedin section43.1. RP-HPLC was usedto examine peptide

profilesof cheeseWSN (433).
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Owingto thesmall scaleof sampling,proteolysiswasquantifiedin freezedried
WSN usinga modificationof theo-phthaldialdehydeassayfor proteolysisasdescribed
by Church etal. (1983). To 5O}l1 of a 50mglml solution of lyophilised WSN was
added2 ml of O-phthaldialdehyde(OPA) reagent(prepareddaily by mixing 400mg0­

phthaldialdehydein 8 ml methanol,250ml 0.1 M sodiumtetraborate,25ml 20%SOS
and 100}II mercaptoethanol,with total volumemadeto 500ml with distilled water).
Absorbanceat 340nm wasmeasuredafter2 min incubationat roomtemPeratureand
comparedto a standardcurveof glycine(Q-12OmM).

In thecaseof cheeses2, 5, 9 and 13 (mastiticandcontrol at pH 63 and5.0) a
portionof oneof eachpairof duplicateswasextractedby themethodof Harwalkerand
Elliott (1971)to quantifyhydrophobic,bittermaterialproduced,in orderto examinethe
role of milk enzymesin causingbitternessin cheese.109 grated,freeze-dried
(lyophilised)cheesewasblendedwith 50ml chloroform:methanol(2:1) in ahighSPeed
mixer, and the resultingmixture filtered. The residuewas re-extractedwith 30 ml
solventand the filtrates were combinedand madebiphasicby additionof 0.2 vols
distilled water. After overnightseparation,the upPermethanoliclayerwasrecovered,
methanolremovedby evaporationunderreducedpressure,andfreezedriedin weighed
containers.Therecoveryof bitterPePtides(gig of original cheese)wascalculated.

9.3 RESULTS

9.3.1 Ripeningojplasminaddedcheeses

9.3.1.1. CheeseComposition

Thetrial cheeseshadcompositionsasshownin Table9.2. Themoistureswere
highfor GoudatyPecheese,beingmorelike thatof a Meshangercheese,but this wasa
consequenceof the small scalemanufactureprocedurefollowed. The milks were
unstandardised,andthisaccountedfor therelativelyminordifferencesin fat andprotein
levels betweenbatches.Averageplasminactivities in milk and cheesefollowing
plasminadditionareshownin table9.3. The cheesemilksin groupBand Chad2.3
and3.4timesmoreplasminthantheinitial milk aftertheadditionsdescribedleadingto

2.6and4.7fold increasesin cheeseplasmin,resPectively.
able 9.2 ompositional ysis0 contro p min-

Cheese Fat,% Protein,% Moisture,% Salt,% pH

t 25.6O±1.75 21.67±2.14 .5O.24±I.57 1.5O±.21 5.10±.06

B* 19.0±.65 22.80±.47 52.73±.51 1.51±.05 5.23±.03

C* 19.5±.5 23.24±.76 51.97±.48 1.98±.11 5.20±.02

t Means± SOof duplicatedetenninationoneachoffive cheeses

*Means± SDof duplicatedeterminationoneachof two cheeses
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Table 9.3 Plasminactivity in cheesemilksand Goudatypecheeses.t

Batch
A
B
C

Cheesernilk
0.148
0.345
�O�.�~

Cheese
0.901
2.370
4.229

t Milk plasminlevelsaremeansof duplicatedeterminationsandareexpressedasAMC
unitslml milk. Cheeseplasminlevelsaremeansof duplicatedetenninationsandare
expressedasAMC unitslgcheese.

9.3.1.2 Proteolysis
Levelsof WSN in the control andplasminaddedcheesesduring ripeningare

given in Fig. 9.1, and it is apparentthat additionof plasminto cheesemilkleadsto
elevatedlevelsof WSNin thelaterstagesof ripening,but thatafter70days,while both
the2.6and4.7-fold increasesin plasmingive higher WSN levels thanthecontrols,
the differencebetweentheexperimentalcheesesBandC waslessthan thedifference
betweenthesecheesesandcheesesin groupA. Freeaminoacid productionin the
cheesesasshownin Table9.4 wasapparentlyunaffectedgenerallyby additionof
plasminto cheesemilk,althoughit appearsthatatthe2.6-foldlevelof plasminincrease,
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FiR. 9.1 Levelsofwater solublenitrogenas % oftotal nitrogen(%WSN/TN) in
Control(A) andplasminaddedcheeses(B and C) during ripening
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abl 9.. Free aminoacid level in chee"e madefrom milk with addedpl min,
and control cheee durin ripenin, determineda . A507nmu in the admium

inh drin rea ent.

Day aftermanufacture
12 5 70 105

At 0.94±.18 2.25±. 5 4.9 _.9 7. ±.
B :f: 1.01±.24 2. 0±.60 5.79±1.1 . 2±1.

:f: 0.84±.44 2.18±.2 4.59±.97 7.79±1.1

ean± 0 of triplicatedeterminationonea hof fi echeee

:f: Mean± 0 of triplicatedeterminationson eachof two cheee

th Ie el of free aminoacid aremarginallyhioherat all ta e of rip nino. Thefact
that the group cheeesha e alevel clo er to that of the control batch ugg t thi
mayb unrelatedto pIa min activity or thattheaminoacid produc d ha e beenfurth r
d gradedin the e cheee dueto the acceleratedripenino inducedby the additionof
plasmin. Thi i are ult which require further erification.

ypical urea-PAG electrophortogram of the cheee during ripening are
hownin Fig. 9.2. It canb clearly eenthatele atedpIa min Ie els led to great r

1234567891011 1213 14

y-ca eins

g -c ein

a 1-ca ein
a 1-1 ca in

i . 9.2. rea-PAGEelectrophoretoram ofprotein breakdownin control and
la min addedcheee during ripenin. Lane 1, odium ca einate. Lane -5,

cheee A, B, Cat 12 day. Lane 6- ,cheee A, B, at 5 week.Lane -II,
cheee , B, Cat 10 wee . Lane 12-14,chee.e , B, Cat 1 week.
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p

degradationof B-ca ein andproductionof y -ca ein atall tage of ripening. 0 erall
breakdownof l-ca einappear to be unaffectedby plasminIe el. At th later taoe

of ripening, it appearsthat a numberof p ptide accumulatein chee B but not in
cheee C ugge ting further breakdownof the e product in the mo t hi ohly pIa min­
enrichedcheee . Otherpeptidesar producedin increasingquantitie with increa ing
pIa min Ie el (e.g. they -ca ein). Electrophoretooramof chee Ware hown in
Fio.9.3. It can be seenthat at each tagecheee contain the greatestdiver ity of
proteoly i products andhasthe highe t level of many product. Howe er, aoainin
cheeseB thereare a numberof polypeptidesproducedwhich accumulateto oreater
level thanin cheee

1 2 3 4 5 6 789 101112

i . 9.3.
nitrogen(HI: ) fraction ofcontrolandplasminaddedcheee durin ripenin . Lane
1- , cheeesA, B, Cat 12 day. Lane 4-6, cheee A, B, Cat 5 week.Lane 7-9.
cheee A, B, Cat 10 week.Lane 10-12. cheee A, B, Cat 15 week.

RepreentativeRP-HPLCchromatogramsof cheee from batchesA Band
at 10 ee of ageareshownin Fig. 9.4. Onceagain,therear a numberof product

hich are pre ent in greaterquantitiesin the control cheesesin batchA p a 2
decreaseswith increasingplasminconcentrationat all stagesof ripening),products

hich increa e with greaterplasmin concentration pea 3) and product hich
althoughpre entin greaterquantitiesin theplasmin-enrichedcheese,areeitherlower
in cheeseC or presentin imilar quantitiesin cheeesBandC pea 1). A numb r of
otherunlabelledpeakscan be seento vary in the e ways betweenthe threecheee
type.
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Cheese

10weeksage
A
B
C

15weeksage
A
B
C

Aavour

2.94±.86
3.42±.52
3.71±.43

3.15±.60
3.44±.9
3.84±.52

Texture

2.66±.67
3.60±.44
3.73±.43

3.38±.47
4.00±.65
4.12±.58

Overall
Score

2.75±.74
3.38±.39
3.8O±.33

3.21±.68
3.38±.70
3.88±.21

93.13. Organolepticevaluation

Organolepticevaluationof the cheesesat variousstagesof riPeninggavethe
flavour, texture and overall desirability scoresshown in Table 9.5. On the two
occasionswhentastepanelswereconducted,increasingplasminlevel gaveimproved
scoresfor all characteristics.Bitternesswasnotdetectedin anyof theplasmin-enriched
cheeses.

93.2. Asepticstarterand rennetfreecheeseripening

9.3.2.1. Proteolysisduring ripening
The levelsof free aminogroupsin watersolubleN in the modelcheesesover

riPeningareplottedin Fig. 9.5. It canbeseenthattheproteolysislevelswerehigher
in the cheesespreparedfrom high SCC, mastitic milk at all pHs, at eachstageof
riPe1ling,exceptatpH 5.8at 1 weekof age. At 5 and10weeksof age,it apPearedthat
proteolyticactivity in curdspreparedfrom goodquality milk increasedwith increasing
pH, but with a possiblerisein activity at the lowerendof thepH scale.This would be
indicativeof plasmindominatedproteolysiswith traceactivity of acidmilk proteinase.
In the mastiticcurdsat thesetimes,however,thereapPearsto bea Peakof activity at
aroundpH 5.8-6.0.

Theplasminlevelsin thecheesesaregiven in table9.6,andare,aseXPected,
higherin thecheesesmadefrom mastiticmilk, andlowerin cheeseswith a lowerpH.

Mastitic Milk pH 5.0
Mastitic Milk pH 6.3
ControlMilk pH 5.0
Control Milk pH 6.3

0.801
0.836
0.631
0.705
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1 2 3 4 5 6 7 8 9 1011

y-ca III

B-c in

asl-ca in
a I-I ca ein

i . 9.6 rea-PAG electrophoretoram ojASRFcheee preparedjromcontrol
andmastiticmilksat 5 weeksojripenin . LaneJ, odiumcaseinate.Lane2. ontrol
curdat pH6.4 without aCI added. Lane -6, control curd with �1�.�5�~ a I at pH
.2, .6, ., 4. . Lane 7, mastiticcurd at pH . without a I added. Lane -/1,

rna titic curds with �J�.�5�~ aCl at pH ., 5., .J, 4..

Fromtheelectrophoretogramof thecheee proteinbrea do n after5 ee of
ripeningat differentpH, ho n in fig. 9.6 it canbeenthat there a far crreater

gro proteolysisin the curdspreparedfrom rna titic mil . In the control curds y­

ca ein ar the principal proteoly is product andtheir productiondecreae ith pH

con i tent ith plasmindominatedproteolysis. }-ca ein brea do n to 1-1 casein

i moreapparentat 10 er pHs,andappear to be greatet at pH 5.7. In rna titic curd

productionof 1-1 ca ein appear to b retarded but 0 erall 1- and B-ca ein
brea do n i considerabl fa ter than in the control. The }-I ca in band i

definitel les pronouncedbelo pH 5.0 thanat pH 5.6, ucrgestincr either that ·t i
furtherbro endo nat10 erpH or thatoptimumpH for ·t' productioni
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y-c ein

B-ca ein

. at 10

above5.0. he econdpo ibility seem mo t Ii ely since there i 0 erall Ie
proteoly i product in thelower pH curds.Therei al 0 a distinctbandabo e the thre
y -ca eins hich is pre ent in the mastitic curd only andwhich i producedat th
higherendof th pH gradient. Comparisonof thecurd prepared ith or without a I
how that thereis elatively little differencein the control cheees but that th re i
lightly greaterproteoly i in the pre enceof 5% aCI in the curd preparedfrom

mastiticmil. he 10wee cheee electrophoretogram ig.9.7 ho ntially the
arnepicture. The y-ca ein havebeenfurtherdeoradedin the high pH curd andthe

bandabo e the eproductsha continuedto accumulate.Ther i al 0 a bandabo e the
latterband .chappear to b producedin themastiticcheee atdecreasingpH and
po sibly a bandbetweenthe two lower y-caseins,producedat higher pH . Water
oluble electrophoretogramsandRP-HPL e aminationof proteolysi product in

thesech e e ho edonly a smallnumberof product which werepre nt in ele ated
quantitie in therna titi curd re ults not ho n.

Productionof hydrophobic typically bitterp ptide material a e timat d in
duplicaterip nedcurds at pH 6.3 and4.9 for both control and rna titic cheeemil

able9.7. t canbe eenthatat 5 wee s productionin all cheee wa quite10 bu
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approximatelyequal,but thatby 10weeksthepeptidesappearedto havebrokendown
in thecurdspreparedfrom thecontrolmilk, while the levelshadrisensharplyin those
preParedfrom mastiticmilk.

Table 9•• fie 0 itter material omasepticstarterandrennet
10weeksripeningat 11°C(calculatedona dry curdbasis).

Milk CheesepH % Bitter Peptides
(5 weeks)

Control 63 I 1.5
II 0.99

Control 4.9 I 0.65
II 0.39

Mastitic 63 I 0.87
II 1.12

Mastitic 4.9 I 0.39
II 0.47

% Bitter Peptides
(10 weeks)

0.41
0.17
0.13
0.12
4.50
2.87
3.56
4.27

9.4 DISCUSSION

9.4.1 Plasminaddedcheeseripening

Addition of plasminto cheesemilk is known to acceleratethe ripening of
Cheddarcheese,increasingbreakdownof 8-caseinandtotal N in the water-soluble
extract(FarkyeandFox, 1991;FarkyeandLandkammer,1992). The resultsof the
first partof thisstudyshowsimilaralterationof ripeningcharacteristicsin maturationof
Goudacheese.Addition of plasminto cheesemilkgavea greateryield of plasminin
cheesethanpredicted,which may be dueto activationof plasminogenin the milk,
initiated by additionof porcineplasmin. This requiresfurther investigation. Farkye
andFox(1991)reportedthata30minuteincubationshouldbesignificantto ensurefull
binding of plasminto casein,which wasusedhere,but the kineticsof the binding
reactionareunknownandthis incubationat30°C may havepromotedplasminogen
activation. Sincelargevariationsin plasminactivity hasnot beenfound to influence
milk clottingproperties(Pearseetal., 1986;Bastianetal., 1991)it is unlikely thatthis
incubationstepshouldalterthecheesemakingcharacteristicsof themilk. However,the
lowerlevelsof total proteinfoundin theplasmin-addedcheesemaybedueto someloss
of proteosepeptonesdueto hydrolysisof 8-caseinduring this time, assuggestedby
FarkyeandFox (1992). Thelevelsof plasminin thecheeses(in AMC units!g cheese)
were higher than thosefound in commercialSwiss-typecheeseswherein,due to
inactivationof rennet,it representsthe mainprimaryproteolyticagentpresentduring
ripening(RichardsonandPearce,1981;FarkyeandFox, 1990).

Plasminhasa broadspectrumof activity on milk proteins,hydrolysingQsl-,

Qs2- and B-caseins,but not ,,-caseinundernormal conditions(Grufferty and Fox,
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1988c). It wasfoundherethatin nonnalcheesemadefrom milk to which plasminhad
beenaddedB-caseinhydrolysiswasacceleratedto a greaterdegreethanthatof as1-

casein, supportingthe theoryof FarkyeandFox (1991)that B-caseinis the protein
morereadilyhydrolysedby plasminin cheese.ResidualasI-caseinlevelswerelower
than thoseof B-casein,asfound by Visserand deGroot-Mostert(1977) for Gouda
cheeses.RichardsonandPearce(1981)andOllikainenandKivela (1989)alsofound
that in Swiss-typecheesesbreakdownof B-caseinandproductionof y -caseinswas
correlatedto cheeseplasmincontent.

Water-solublenitrogen(WSN) levelswerefoundto beincreasedby between5
and20%at variousstagesof ripening,andelectrophoreticpatternsof bothWSN and
cheeseandRP-HPLCanalysisof cheeseWSN showedthataddedplasminincreased
overallproteolysisin thecheeseoverripening. Thiswasin generalagreementwith the
findings of Farkye and Fox (1992) and Farkye and Landkammer(1992). The
contributionof plasminto productionof water-solublepeptidesin Goudacheesewas
shownby Visser(lfTnc) to be significant,with somelow productionof free amino
acids. Plasminis alsoresponsiblefor productionof water-insolublepolypeptidessuch
asthe y-caseinsin cheese.Theresultsalsoshowed theroleof plasminin thedynamic
ripeningof cheese,assomeof theproteolysisproductsaremorepronouncedin cheese
B thanC, suggestingthatplasminitselffurtherdegradesthesepolypeptides,preventing
accumulation.Also, it appearsthat thereis lessof a differencebetweenthe higher
levelsof plasminaddition,ascomparedto thedifferencebetweeneithercheesesB orC
andthecontrol,suggestinganoptimumlevel of plasminadditionfor accelerationof
ripening. Freeaminoacid levelsin the cheeseswereoverall unaffectedby plasmin
addition,presumablybecauseof therelatively largesizeof peptidesproduceddirectly
by plasmin,but this also implies that starterpeptidasesdo not breakdown plasmin
productsatanacceleratedraterelativeto thatfoundin controlcheeses.Altematively, as
in batchB elevatedlevelsof free aminoacidsappearedto be presentat all stagesof
ripening,it couldbethat theyareindeedbeingproduced,but arebeingsubsequently
degradedtoproductsnot reactivewith thecadmiumninhydrinreagent

Organolepticevaluationshowedthat,asin Cheddar(FarkyeandFox, 1992),
extensiveproteolysisduringGoudacheeseripeningimprovescheeseflavourandbody
scores,andsomewhatsurprisingly,doesnot leadto bitterness,despitethefact thaton
hydrolysisof both as2-andB-caseins,hydrophobic,potentially bitter peptidesare
liberated(Le BarsandGripon,1989). Also, plasminhas beenlinked to theproduction
of astringentoff-flavourcomponentsin milk whichmaybethey-caseins(Harwalkeret
al., 1993),but this doesnot appearto contributeto cheeseflavour. As pointedout by
FarkyeandFox (1992),thefact thatno off-flavoursoccursuggestsa role for plasmin
as a cheeseripening accelerator,with the advantagesof easy and complete
incorporationinto cheesecurd by adhesionto caseinmicelles,but the remaining
disadvantageof expense.

TheaccelerationofWSNproductionwithoutsignificantlyincreasedaminoacid
productionmaybelinked to theimprovementof flavour scores,asAstonandCreamer
(1986) found that the WSN fraction madethe greatestcontributionto total flavour
intensityof agedCheddarcheese.Amino acidsalonelackedfull flavour, which was
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thusattributedto peptides.Theaminoacidsleucine,lysine,glutamicacidandserine
wereproducedby milk proteasesin asepticstarterandrennetfree cheesesmadeby
Visser(l977c),althoughthe total aminoacid levelswerevery small. Glutamicacid,
leucine,lysineandserinewerealsoshownto beproducedby B-caseinautodegradation
(which was presumablydue to the action of plasmin)by Moreno and Kosikowski
(1972). AstonandCreamer(1986)statedthatthefirst two of theseaminoacidswere
important cheeseflavourdeterminants.As Visser(1crTlb) foundthatmilk proteaseson
their own did not contributesignificantly to cheeseflavour development,it mustbe
concludedthat in cheesethe principal role of plasminis in acceleratedproductionof
substratepolypeptidesfor productionof flavour componentsby starterpeptidases,but
theremaybea smallbutimportantcontributionto cheeseflavourdueto specificamino
acid productionwithout significantalterationof total free aminoacid levels.This is
supportedby thefact thatthereis someelevatedaminoacidproductionin cheeses from
batchB.

However,it is implied by thework of Visser(l9'nd) thatproductionof these
aminoacidsa requiredthata numberof intermediatehydrophobicbitterpeptidesmust
be formed. Also, Championand Stanley(1982) found that bitter extractsfrom
Cheddarcheesecontaineda high proportionof lysine residuesandthusin theorymay
beplasmindegradationproducts,andsothe role of plasminin cheeseflavour requires
further investigation. With regardto accelerationof cheeseripeningusingplasmin,
Exterkate(1987) reasonedthat breakdownof asI-caseindegradationproductswas

moreimportantthan8-caseinin reachingsignificantlyhigherlevelsof aminoacid-Nin
cheese,andthusa distinctionmay benecessarybetweenincreasingtotal aminoacid
levelsor targetingspecificflavourcomponents,andit is in thelatterregardthatplasmin
useappearspromising. Moredetailedpeptideandfreeaminoacidprofiling of plasmin­
addedcheeseextractswould be necessaryto resolvethe contributionof plasminin
thesecheesesto flavour.

The resultsshownherealsoleadto the conclusionthat the elevatedlevelsof
plasminfound in late lactationmilk are not responsiblefor the poor cheesemaking
propertiesand flavour defectsdescribedin cheesesmadefrom suchmilks. For
instance,plasminwouldn'tbeexpectedto leadto thetexturalproblemsassociatedwith
suchcheeses.Also, theactionof plasmindoesnot affectcurdformationor syneresis
(Pearseet al., 1986)and plasmindoesnot hydrolyseast-caseinto asl-I casein,a

reaction thought to be responsiblefor the softening of cheese(Farkye and
Landkammer,I992).

9.4.2. Asepticstarterandrennetfreecheeseripening

Theuseof modelcheesesystemsin whichoneor moreof theproteolyticagents
actingin cheeseripeningareisolatedhas beenfrequentlyused to studyproteolysisand
bitternessdevelopmentin cheeseduring ripening(Noomen,1978;Visser, 1977a-d;
Stadhouderset ale 1983a-c).High somaticcell countmilk hasbeenshownto contain
elevatedlevelsof proteolysis(Andrews, 1983b;Verdi et al., 1989) and the poor
cheesemakingpropertiesof high SCCmilks areknown. RogersandMitchell (1994)
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foundthatproteolysisin Cheddarcheese(TCA solubletyrosineandPTA solubleamino
acid N) wassignificantly correlatedto SCCand that cheesesmadefrom high SCC
milks gavelowerflavour andbodyscoresthancheesesmadefrom low SCCmilk. The
qualitativeeffectof proteinasesin suchmilk oncheeseripeninghasnotbeenelucidated.
VisseranddeGrootMostert( 1977)found that in cheesesin which plasminwas the
only ripeningagentPresent,B-caseinwasgraduallybrokendown,with accompanying

productionof v-caseinsandsomeslightdegradationof asI-casein. In theexperiments

outlinedherein,it wasshownthatelevatedmilk somaticcell countsleadto elevated
levelsof proteolysisduringcheeseripeningin aseptic,starterandrennetfree cheeses.
8-caseinhydrolysiswaselevatedoverall,aswould beexpectedasthe curdsprepared
from mastiticmilk wereshownto havehigherlevelsof plasmin. 8-caseinwasalso
hydrolysedfasterat higherpHs, asexpectedfor an alkalineproteinase,to y -caseins
which werefurtherbrokendownon prolongedincubation(at 11°C)of high pH curds,

presumablyby plasmin.
Thereappearedto bea peakof grossproteolyticactivity atpH 5.0-5.5for curds

preparedfrom mastiticmilks. Thefinding that asI-I caseinproductionwas higherat

pH 5.0 than below this pH in both control and mastitic curdsis unexpected,and
contradictsthe belief thatproductionof this polypeptidein aseptic,starterandrennet

free cheesesis due solely to the acid milk proteinase,cathepsinD which hasa pH
optimumof 4.0 (Kaminagowaetal., 1980;Fox, 1989;McSweeneyetal., 1995). In

the work of Noomen(1978) it wasfound thatasI-caseinbreakdownwasmaximalat

pH 53, which againsupportsthe presenceof an enzymeof higherpH optimumthan

cathepsinD. Noomen(1978)suggestedin his work thatthis maybeanartefactdueto
residualrennetin thecheese,but in thecurrentstudypepsinwasusedascoagulantand
thelow pH optimumof thisenzyme(2-4) arguesagainstthetypeof patternseen,even
if somepepsinwas not inactivatedby heat treatmentduring manufacture. The
alternativepossibility is a physico-chemicalchangein the proteinsin the cheeseat

different pHs which may result in alteredsusceptibilityof the caseinsto proteolytic
attack.

Thepresenceof anotherproteinaseis thussuggested,andit is possiblethatthis
is a cysteineproteinase,probablythe polymorphonuclear leucocyte(PMN) lysosomal

proteinasecathepsinB, whichhas a pH optimumof 6.0(Barrett,1979a).This enzyme
hasbeenshownto produce asI-I caseinin solution(Chapter6) at pH 6.5 andpH 5.2

in the presenceof 5% NaCI. Cysteineproteaseactivity in milk hasbeenshownto

correlateclosely with SCC(Suzuki and Katoh, 1990). PMN cells are the cell type
recruitedin largenumbersin casesof mastiticinfectionandthustheirenzymeswould
be expectedto be presentin largequantitiesin mastiticmilk. It appearsfrom these

results that somatic cell enzymesmay be incorporatedinto the curd during
cheesemaking.The enzymesof differentcell typesin the two milks may explainthe

finding thatmoreasl-I caseinis presentin the nonnalcurdsat the lowestpH (4.8),

which maybedueto cathepsinD actionbeingcontributedby macrophages,which are

the principal cell type presentin normal milk (Burvenichet al., 1995). Andrews
(l983b),in his investigationof thepropertiesof proteinasesin high SCCbovinemilks,

found that while the pH optimum rangeof suchactivity was broad, there was a
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perceptiblepeakat pH 6.0-6.25,which I believe to be due to the contributionof
cathepsin8, despitethefact that this is slightly higherthanthepH of maximum Qsl-
caseinproteolysisin thesecheeses.Therearealso2-3 very slow movingproteolysis
productsat thevery top of themastiticcheeselanes,particularlyat elevatedpHs,in a
region where similar peptideshave beenshown to be producedby somaticcell
proteinases(Chapter6).

The finding that ASRF cheesesmadefrom high SCC milk had a higher
accumulationof hydrophobic,bitter material during ripening is interesting.The
accumulationoverthe 10weekripeningperiodsuggeststhatthesepeptidescouldnot
be brokendown by the milk proteinasesthemselves,asappearedto happenin the
control curds.Furtherwork is neededto identify whetherthesepeptidesarisefrom the
actionof plasminor somaticcell proteinases,asplasmin,althoughassociatedwith
productionof bitternesson digestionof caseinsin solution, is not associatedwith
bitternessin cheese(seesection9.4.1). On the other handelevatedSCCswere
positively correlatedwith cheeseoff-flavours by GrandisonandFord (1986). The
acceleratedQsl-caseinbreakdownfound in this studyin the cheesemadefrom high
SCCmilk may alsobe linked to the negativecorrelationsbetweenSCCandcheese
elasticity,firmnessandbodyandtexturescoresfound by GrandisonandFord(1986)
and Rogersand Mitchell (1994) as breakdownof this protein is thought to be
responsiblefor softeningof cheese(CreamerandOlsen,1982).

In theASRFcheeses,in summary,thereappearsto be two acidproteasesacting
on thecaseins,probablycathepsins8 andD, which alterin proportionandactivity in
milks from healthyandmastiticcows. This is in agreementwith the suggestionof
Andrews(1983b)thatthe identity of cellsmakingup thetotal somaticcell population
wasimportantin determiningtheproteolysisofcaseinsin milk. Theseenzymesappear
to playarole in bothbitternessandtexturalpropertiesof cheeseandmaybe linked to

similarproblemsin latelactationmilks,whichmaycontainelevatedSCCs.
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Chapter10

BovineMilk PolymorphonuclearLeucocyte(PMN) Content

andits EffectsonCheeseQuality

SUMMARY
A poor correlation was found between bulk tank total SCC and

polymorphonuclearleucocyte(PMN) cell content,asmeasuredby anELISA assayfor
PMN antigen. Milks which hada total SCCof 5OO,OOO/mlhada wide variation in
PMN cell levels, which are the predominantcell type found in mastitic milk.
Comminglingof mastitic and good quality milks was shown to contributeto this
variability. Semi-softDutch cheesesmanufacturedfrom milks having an SCC of
5OO,OOO/ml but with high and low levels of PMNs as judged by ELISA showed
differencesin proteolysisduring riPeninganddifferedin organolepticproPerties.The
cheesesmadefrom milks with high levelsof PMNs hada fasterbreakdownof as1-

caseinduringriPeningasmeasuredby PAGEanddifferentRP-HPLCPeptideprofiles.
Also, thecheesesmadefrom milks of a high PMN level hadinferior texture,andwere
judged to be significantly different on blind tasting. The results indicate that
measurementof PMNslevelsmayto bea morediscerningmethodof selectingmilk for
cheesemanufacturethantotalscc.
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10.1 INTRODUCTION

Proteolyticactivity in milk hasa broadtemperatureandpH optimumrange,
suggestingthat a numberof enzymeswith different propertiesand specificities
contributeto overall caseinhydrolysis(Andrews,1983b). Theprincipal proteinasein
milk is thealkalineproteinase,plasmin,but thepresenceof otherproteinaseshaslong
been recognised(Andrews, 1983a; deRhamand Andrews, 1982b). The acid
proteinasein milk has beenidentified ascathepsinD, and its specificity on bovine
caseinshasbeendetermined(McSweeneyet al., 1995). A thrombin-like enzyme
(Reimerdes,1981)andtwo cysteineproteasesin milk (SuzukiandKatoh, 1990)have
alsobeenreported.

Increasedsomaticcell counts(SCC)in milk, andmastiticmilk in particular,
havebeenassociatedwith increasedmilk proteolyticactivity (Andrews,1983b;Murphy
et al., 1989; Saemenet al., 1988; Senyket al., 1985; Suzuki and Katoh, 1990).
ElevatedSCCshavealso beenlinked to poor cheesemakingproperties. The curd
retainsmoistureandfat andprotein lossesincrease,leadingto a lower cheeseyield
(Barbanoet ale 1991). Longerrennetclotting time anddecreasedcurd rigidity have
also beendemonstrated(Ali et ale 1980; Politis andNg-Kwai-Hang, 1988a,b,c).
Goudacheesemadefrom low SCCmilk werepreferredduring ripening, by graders,
to batchesmadewith milk of a high SCC(Brosandlaartsvelt,1971). Somaticcells
canconvertplasminogen(the inactiveform of plasmin)to plasminin milk, whichcan
lead to increasedproteolytic damageto casein(Kaartinenet al., 1988; Verdi and
Barbano,1991;Zachosetale 1992).

Milk somaticcells consistof lymphocytes,macrophagesand neutrophils
(polymorphonucleargranulocytesor PMN cells)(O'Sullivanetale 1992).PMN cells,
which are the predominantcell type in mastitic milk containa numberof neutral
proteinasessuchas the serineproteinaseselastaseand cathepsinG and the acid
proteasescathepsinB andcathepsinD (Verdi and Barbano,1991). Macrophages
containthe acid proteinasescathepsinD andpepsin.SuzukiandKatoh (1990)have
suggestedthat somaticcells are the sourceof cysteineproteinaseactivity in milk.
Somaticcells in milk areenumeratedby a numberof directandindirectmethods,but
themostcommonmethodin commercialfactoriesanddairiesis totalcell countingusing
a Fossomaticcell counter. However,an ELISA testhasbeendevelopedto measure
PMN cells(thecell type predominantlyelevatedin mastitis)in �m�i�l�~ asamoresensitive
meansof detectingearlysubclinicalmastitisthan total SCC. Thecorrelationbetween
total SCCandtheELISA assayfor 95samplesfrom individual cowswasshownto be
0.94(O'Sullivanetal., 1992).

Thisstudyinvestigatedthecorrelationbetweentotal SCCandtheELISA assay
ofO'Sullivanetale (1992)for PMN cell antigenin milk samplestakenfrom farm bulk
tanks. Sincedifferentcell typeshavedifferentproteolyticcomplements,milks with
different quantitiesof PMN cells were usedfor cheesemanufactureandthe quality
examinedandproteolysisduringripeningcompared.

204



10.2 MATERIALS AND METHODS

10.2.1. EUSAScreeningofMilk Samples

Bulk tankmilk sampleswerecollectedfrom 17 suppliersin theCork areaon
threeoccasionswithin onemonth. The milks weredividedfor somaticcell counting
(storedovernightat4°C) andfor assayfor PMN antigenby ELISA (storedat -20°C).
Somaticcell countsweredeterminedusingaFossomatic90cell counter(FossElectric,
Hillerod, Denmark),calibratedusingdirectmicroscopiccell counts. PMN antigenwas
assayedusingthemethodof O'Sullivanetal. (1992). Milks for cheesemakingwere
selectedasoutlinedin section103.1. Milk samples,takenimmediatelyprior to cheese
making,weretestedfor fat, protein,lactoseandtotal solidsasin Section4.2.1.

10.2.2. Cheesemakingand analysis

DuplicateGouda-Meshangertypecheesesweremadefrom eachtrial milk in the
viscubatorasdescribedin thematerialsandmethods(section4.1.1). Cheesesamples
were takenat 12 daysof ageand cheesefat, protein, pH and salt determinedin
duplicateasdescribedin section4.2.1. Samplesfor analysisof proteolysisduring
ripeningweretakenat 12dand5, 8, 11 and 15 wk age,asdescribedabove. Water­
solublenitrogen(WSN), pH 4.6 solubleextractsand 12% TCA soluble N were
preparedas describedin section4.2.3. 12% TCA-soluble N was expressedas a
percentageof total proteinin thecheeseto obtaina measureof the increasein soluble
proteinsduringaging. Two furtherportionsof theWSN were(a) lyophilisedand(b)
frozen at -20°C for determinationof free aminoacidsby the CadmiumNinhydrin
method(Folkertsmaand Fox, 1992). Urea polyacrylamidegel electrophoresisof
cheeseand pH4.6-solublepeptidesandreversed-phaseHPLCof water-solublecheese
peptideswascarriedoutasdescribedin thematerialsandmethods(sections43.1 and
4.3.3).

10.2.3. OrganolepticAssessmentand StatisticalAnalysis.

A panel of 8-10 personswithin the department,who were experiencedin
gradingcheese,wasusedto comparethecheesesat5,8, 11 and15wk. Two methods
were usedto determinethe effect of PMN populationin milk on cheesequality.
Firstly, the cheeseswererankedon a scoreof 1 to 5 (1 beingleastacceptableand5
beingmostacceptable)on the characteristicsof colour, flavour, textureandoverall
desirability. Secondly,a triangle test (British StandardsInstitute) was usedto
determineif thecheesesdifferedsignificantly after 11 and 15weeksof ripening,as
judgedby a panelof 15to 19 tasters.This panelconsistedprimarily of experienced
tasters,and somelaboratorystaff. The resultswere analysedas describedin the
procedurefor the test. Resultsof cheeseripening analysesand organoleptic
assessmentswerecomparedusingtheStudentst-test.
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10.3. RESULTS

10.3.1.Bulk TankSampling

The ELISA methodof O'Sullivanetal. (1992)measurespolymorphonuclear
granulocyte(PMN) antigenin bovinemilk, andpreliminaryresultsindicatedthatawide
rangeof PMN populationsexistedin milk bulk tanksof similar total SCC.To identify
tanksof similar total SCC, but different PMN content,17 farm bulk tanks were
sampledon3 occasions. ELISA scoreswerefound to vary greatlyfor samplesof the
sametotal SCCasmeasuredby Fossomatic(Table10.1),with anoverallcorrelationof
0.54. Forexamplewithin the rangeof SCCsfrom 500,000- 550,000m1-1, a rangeof
AbS492from 0.248- 0.526wasfound. This is in contrastwith the resultsof

Sample1 Sample2 Sample3

BulkTank SCCt AbS4921 SCC AbS492 SCC AbS492

1 445 0.304 387 0.228 269 0.213

2 786 0.351 326 0.200 424 0.197

3 797 0.418 426 0.254 423 0.275

540 0.302 :eJ 0.342 394 0353

718 0.291 356 0.267 281 0.266

401 0.384 244 0.282 189 0.179

340 0.167 525 0.281 94 0.159

8 410 0380 734 0380 425 0330

9 5ffI 0.340 248 0.210 147 0.220

10 488 0.316 374 0.320 403 0.515

11 517 0.453 549 0.526 467 0.275

12 486 0.304 369 0.210 332 0.147

13 610 0.380 474 0.440 246 0.240

14 496 0.297 366 0.268 239 0.255

15 380 0.234 332 0.273 347 0.174

16 421 0.245 394 0.226 269 0.271

17 536 0.248 362 0.252 609 0.205

1 Meansof triplicateanalysis
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O'Sullivanet al. (1992)who found a correlationfactor of 0.94betweenAbs492and
seefor milk �s�~�m�p�l�e�s taken from individual cows. This was investigatedby
preparationof testmixturesof bovinemilk samplesfrom healthyandmastiticcows
(Table 11.2). The resultsshowedthat, dependingon the presenceof mastiticcows,
two bulk tanks may have the sametotal seebut different PMN �p�o�p�u�l�~�t�i�o�n�s as
measuredby ELISA. This may contributeto the large variation in milk tank cell
compositionsseenin Table10.1.

Therewas a largevariationin daily seeandELISA score,andthus25 litre
sampleswere obtainedfrom tanks3, 4, 10, 11, and 17 (Table 10.1), on a fourth
occasion,andwereagainanalysedfor ELISA andsee.Thesetanks wereselectedon

the basisof consistentlyhigh sees.Tank 11 (see470,000ml-1, Abs492of 0.71)

anda blendof tanks4 and 10(See470,000ml- 1, Abs492of 0.41)wereselectedand

cheesemadeimmediatelyfrom thesemilks. Thesecheeseswere codedHN (High
ELISA, tank 11) andLN (Low ELISA, tanks4110).

Mix

B

e

Individual sees
(cellsml- 1)

1,922,OOOM

1,244,()()()M

1,034,()()()M

6,000
1,034,OOOM
6,000
526,000
659,000
384,000
460,000
674,000
346,000

Bulk see

584,000

520,000

508,000

Bulk ELISA score

0.82

0.78

0.43

M Refersto milks takenfrom mastiticcows. All othermilks arefrom non-mastitic,
healthyanimals.

10.3.3.Cheese CompositionalAnalysis

BothHN andLN cheeseshadafar highermoisturecontentthandesired(Table
10.3). The small scaleof cheesemaking used mayexplain this, and the final
compositionmaybecomparedto thatof a Meshangercheese(Noomen,1978). This is
a high �m�o�i�s�~�r�e Dutch type cheesewhich wasrecommendedasa model systemfor
examiningripeningin Dutchcheeses.In this trial, themilks takenwerenot



Table 10.. omposition0 c eses ommi
roportionsofPMNsafter12daysofripening.

(Valuesaremeanpercentages± SEfor duplicatecheeses)

HN cheeses LN cheeses

Fat 21.00 ± .71 18.25± .96
Protein 16.68 ± .74 17.95 ± 1.0
Moisture 53.99 ± 1.0 55.32 ± 1.4
Salt 2.03 ± .23 2.12 ± .12
pH 5.12 ± .05 5.30 ± ,(17

standardised,andthis accountsfor the differencesin fat levelsbetweenthe cheeses.
The original milks hadfat contentsof 436and3.86%,proteincontentsof 3.64and
3.69% and lactosecontentsof 4.20 and 4.38% (HN and LN respectively). This
suggeststhatalthoughthe milks may havebeentakenin early November,theremay
havebeenacertainamountof latelactationmilk in thetanks,to accountfor theslightly
low lactoselevels.

10.3.4.ExtentofProteolysis

High andmediummolecularweightpeptidesandcaseinsaregraduallybroken
downduringripeningto lowermolecularweightpeptidesandaminoacids which are
soluble in 12%TCA (Christensenetal., 1991),and thus the amountof 12%TCA­
solubleprotein increaseswith cheeseage. From the datapresentedin Table 10.4,it
canbeseen that theLN cheeseappearsto havea higheramountof 12%TCA-soluble

nitrogenduringtheearlystagesof ripening,(P<O.05at8 weeks)but beyond11 weeks
of ripening,no significantdifferenceswereapparentThecadmium-ninhydrinreagent
reactsstronglywith freeaminoacidsandis thussuitablefor estimationof thelater

Table 10.4. Proteolysischaracteristicstofcheesesmadefrommilkswith high (HN)
and low (LN) levelsofPMNs.

Days after Manufacture
Cheesemilk Characteristic 12 35 56 77 105

HN 12%TCA-solubleN* NO 6.16 9.83 10.2 10.54
FreeAminoAcids 0.60 1.76 2.53 4.55 6.84

LN 12%TCA-solubleN* NO �7�.�~ 11.39 10.55 10.56
FreeAminoAcids 0.51 1.43 2.23 3.67 6.crt

t Averagevaluesfor two cheesemakingtrials.

* Expressedas% of total N.

§ ExpressedasA507nm measuredon reactionwith cadmium-ninhydrinreagent.

TeA: trichloroaceticacid; NO: notdetennined.
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10.3.6.OrganolepticAssessmentofCheeses

At 5,8, 11 and15weeksof ripeningthecheeseswerecomparedby a Panelof
tastersandthedatapresentedin Table10.5. Thetexturesof thecheesesimprovedover
ripening,dueto lossof moisturethroughtheplasticcoat.TheLN cheesesconsistently
rankedas having a moredesirabletexture,(P<0.05at 8 weeks)with the HN being
weakerand pastier. With regardto flavour scores,it can be seenthat while the
differenceswerenotsignificant,theLN cheeserankedhigherduringthe laterstagesof
ripening than the HN. Triangle testsin which three sampleswere presentedto a
numberof researchstaff in the laboratory,in combinationsof either2 HN and 1 LN
sample,or 1 HN and2 LN samples,andthe tasteraskedto identify thesinglesample,
werecarriedoutat 11 and15weeksof ripening.

(HN)

Daysaftermanufacture

Cheesemilk Characteristic 35 56 TI 105

HN Aavour 2.71 3.0 2.85 2.93

Texture 2.32 2.75 2.91' 3.11
LN Aavour 2.65 3.17 3.06 3.29

Texture 2.64 3.25 3.50 3.79

t Averagevaluefor two cheesemakingtrials.

At 11 weeks11 outof 19peoplecorrectlyidentifiedtheoddsample(P<O.05)andat 15
weeks,10 out of 15 tasterswerecorrect(P<O.OI). During the 11 weekpanel,there
were a sufficient level of experiencedcheesetasterspresent to assesstheseas a
separategroup,within which 10outof 10panellistsidentifiedthedifference(P<O.OOI

significance).

10.4. DISCUSSION

Proteolyticactivity in milk duetheactionof somaticcell proteinaseshasbeen
shown(Andrews, 1983b,Senyketal., 1985),but their role in cheeseripening has
neverbeenconclusivelydemonstrated.The work of Visser(l977a-d)and Noomen
(1978)hassuggestedtheactivity of anacidproteinasein cheeseripening,whoseorigin
is possibly lysosomal. This enzymeis thoughtto be cathepsinD. In this work we
showtherelativeimportanceof differentsomaticcell proteinases,andparticularlythe
role of proteinasesof polymorphonuclearleucocytes(PMNs),which aretheprincipal
cell typefoundin mastiticmilk. In a surveyof bulk tankswefounda widevariationin
PMN levels,which mayarisefrom incidenceof sub-clinicalmastitis,wherean influx
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of suchcellsto theudderoccurs(SaadandOstensson,1990). Theoriginal purposeof
theELISA testwasto detectsub-clinicalmastitis,wheretherearenoobviousclinical
signsof mastitis. In this regard,it apPearsthat the testhaspromisingapplicationsin
identifying tankswith apparentlylow SCCswhich haveasizeablecontributionof high
SCCmilk. Theeffectsof additionof evenquite low levelsof high SCCto bulk tanks
on cheesequality were stressedby Grandisonand Ford (1986). From the results
presentedin Chapter5 and Chapter7 it can be seenthat thereare also seasonal,
nutritionalandlactationalfactorsinfluencingPMN levelsin milk.

It hasbeenshownthatPMNshavea Protectiverole in thehealthy udderin the
laterpartof a lactationandin milk with highersomaticcell counts,andthatactivated,
primedneutrophilsarepresentin colostrumandlate lactationmilk (HallenSandgren,
1991). The proteinaseelastaseis a constituentof PMN granulesandits releasefrom
thesecellsis associatedwith tissuedamagein theudder(HensenandJohnston,1987).
PMNsrecruitedby bacterialendotoxinto theteaton mastiticinfectionreleaseprimary
granulecontentsduringphagocytosis(HallenSandgren,1991). Thus,thepresenceof
thesecells in largenumbersin milk impliespresenceof their constituentenzymesin
suchmilk, which may play a role in proteolysisin milk andcheese.An analogous
situationis the origin of acid phosphatasein milk, which hasbeenknown for some
time to beof somaticcell origin in healthyandmastiticmilk (AndrewsandAlichanidis,
1975;Andrews,1976). Furtherwork to examinethe changinglevelsandactivity of
neutrophilsin milks asthelactationproceeds,with referenceto non-plasminproteolytic
activity in milk andplasminogenactivatoractivity, which hasalsobeendemonstrated
for somaticcells (Verdi andBarbano,1991a),is describedelsewherein this thesis.
Plasminogenactivatoractivity hasbeenfound to beelevatedin late lactationsomatic
cells(Zachosetale 1992),andthusmayberelatedto PMN function.

During riPeningof the cheesesit is seenthat high PMN cheesemilkslead'to
acceleratedbreakdownof asI-caseinand productionof freeaminoacidsandpH 4.6­
solublePePtides.This may be'dueto at leasttwo proteasesassociatedwith somatic
cells. CathepsinD hasbeenshownby McSweeneyetale (1995)to havea specificity
similar to that of chymosinon asI-casein,yielding as1-1 casein,as seenhereto be

producedfasterin theHN cheese.However,this is a proteinaseassociatedmorewith
macrophages,thepredominantcell typein normalmilk (Burvenichetale 1995;Cohn,
1975). It hasbeenshown(Chapter6) that CathepsinB, a thiol proteasewith a pH
optimumof 6.0associatedwith PMNs(Barrett, 1979a),alsoproducesthis peptidein
solutionandin asepticstarterandpossiblyrennetfree cheesemadefrom high see
milks, at a rangeof pHs (Chapter9). Thus the role of PMN proteasesin cheese
riPeningmaybeexpecteddueto thespecificitiesof theseenzymes,but it appearsthat
theoverall asI-caseindegradingactivity in thecheesemadefrom themilk with a high
levelof PMNs(high levelsof cathepsinB) is considerablyhigherthanthatin thelow­
PMN milk (macrophage-andcathepsinD dominated)milk. A knowledgeof the levels
of individual enzymes,suchaselastaseandcathepsinsBandD, in milks of low and
high secs,anddifferent levelsof PMNs,bothraw andpost-pasteurisation,is vital in
decipheringthe roleof differentialsecsin milk andcheeseproteolysis.In Chapter6 it
wasshownthat cell extractsfrom milks with high levelsof PMNs (mastitic milks)
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causedconsiderablyfasterdegradationof asl-caseinundercheeseconditions,post­
pasteurisation,thancells fromnormalmilks. This is very muchin agreementwith the
degradationpatternsof cheesein thepresentstudy.

Andrews(l983b) in his studyof proteinasesin high cell countmilk (21.7x 106
cells/ml)founda broadpH optimumof proteolyticactivity, with a possiblepeakat pH
6.0-6.25,which maycorrespondto thecysteineproteinaseactivity reportedby Suzuki
and Katoh (1990), and linked to possiblecheeseproteolysishere. A studyof high
SCCmilk proteinaseactivity by Andrews(l983b),usingfreeze-thawcyclesto rupture
cell membranesandproteinaseinhibitors to examinethe contributionsof individual
enzymesshowedseveraldifferent enzymesto be present,but with no clear-cut
inhibition patterns.Hydrolysisof B-caseinwasslightly fasterthan thatof asI-casein.

Heconcludedthattotal milk proteinaseactivity increasedwith increasingSCCandthat
milk storageand handling, which would rupture membranes,would increasethe
contributionof leucocyteenzymes.The survival of somaticcell proteinaseactivity in
pasteurisedmilk is documented(SenyketaI., 1985;Verdi andBarbano,1988;Chapter
6), and examinationof high and low somaticcell milk has indicatedsubstantial
proteolytic breakdownof asI-caseinand B-caseinby proteinasesassociatedwith

elevatedsomaticcell counts. (Verdi etal., 1987;AndersonandAndrews,1977). The
proportionaterolesof concomitantlyelevatedor activatedplasminandsomaticcell
proteinaseshaveto bedetermined,butthepresenceof unidentifiednon-plasminderived

proteolysisProductsin suchmilks is accepted.
Acceleratedbreakdownof asl-casein,the principal structuralcomponentof

cheese,shouldleadto rapid texturebreakdownduring ripeningandthis is seenhere
(Creamerand Olson, 1982).This evidencesupportsthe role of high SCC milk in
cheesemanufactureproblemssuchas fat and protein lossesin whey, long rennet
clotting time and increasedcheesemoisture(Politis andNg-Kwai-Hang, 1988a,b,c;
Barbanoet al. 1991).The role of somaticcell proteinasesin cheeseflavour requires
furtherinvestigation,butdifferencesin triangletestsindicatethattheirrole in enzymatic
alterationof ripeningcharacteristicssignificantlyaffectscheeseflavour. Theinteraction
betweenPMNsandplasminin milk alsorequiresfurtherinvestigation,andtheputative
role of plasmin in cheeseflavour developmenthas beendiscussedin Chapter9.
Impairedproductionin latelactationmilk of aminoacidswasshownin Chapter8, but
the increasedproductionof amino acids in cheesesmadefrom high PMN milks
supportsthe theorythat this wasa seasonal,ratherthancell associated,phenomenon.
As statedbefore,further investigationinto the relationshipsbetweenmilk enzymes,

aminoacidproductionandcheeseflavourdevelopmentis necessary.
The influence of differential, as opposedto total, somaticcell countson

proteolysisandcheesequality mustbeaddressed,asthevariationsshownherein PMN
levelsin bulk milks, andtheireffectson cheeseripening,suggestthatsuppliersof milk
of relatively high SCC but low levels of PMNs may be penalisedunfairly under
schemeswhichusetotal SCCasa determinantof milk quality. Theideathatdilution of
high SCC milk into bulk tanks(giving a rangeof PMN levels) leadingto impaired
quality of cheesemadefrom this milk, which was raisedby Grandisonand Ford

(1986),wassupportedby this work.
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CONTENTS

11.1. Introduction

11.2. Somaticcell countsandmilk compositionasaffectedby seasonalityand
stageof lactation

11.2.1. Factorsinfluencinglevelsof somaticcellsand
polymorphonuclearleucocytes(PMNs) in milk

11.2.2. SCC,seasonalityandmilk composition

11.3. Thebiologicalactivityof somaticcellsin milk
11.3.1. Thefunctionof PMN cellsin milk
11.3.2. Theproteolyticenzymesof somaticcellsandtheirrole in milk

proteolysis

11.4. Plasmin,plasminogenandplasminogenactivationin milk
11.4.1. Factorsaffectingplasminactivity in milk
11.4.2. Plasminogenactivationin milk

11.5. Somaticcells,plasminandcheeseripening
11.5.1. Therolesof plasminandsomaticcell proteinasesin cheese

ripening
11.5.2. Seasonalityandcheesequality

11.6. Theuseof milk PMN levelsasa determinantof milk suitabilityfor
cheesema.king

215



11.1. INTRODUCTION

The Irish dairy industry is highly constrainedby seasonalpatternsof milk
production, with there being 15 times as much milk producedin summer, taking
advantageof thegrassgrowingseason,thanin winter. Mostwinter milk, producedby
autumn calving herds, is used for liquid consumption. Late lactation milk, as
comprisesmuch of Irish winter milk, is associatedwith alteredcomposition,high
somaticcell counts(SCC) andplasminlevelsand poorcheesemakingproperties.This
was also found in the U.C.C. cheesedevelopmentprogram, and this study was
initiated to investigatethe effect of elevatedSCCs and plasmin levels on milk and
cheesequality,with Particularregardto proteolysis.

11.2 SOMATIC CELL COUNTS AND MILK COMPOSITION AS
AFFECTED BY SEASONALITY AND STAGE OF LACTATION.

11.2.1.Factorsinfluencinglevelsofsomaticcellsandpolymorphonuclearleucocytes
(PMNs) in milks

Totalsomaticcell counts(SCCs)wereelevatedin individualcows milk samples
from spring-calvedrelativeto autumn-calvedcows, late lactationmilk relativeto early­
mid lactationmilk andcowsof increasingnumbersof lactations.Oldercows werealso
morelikely to haveelevatedSCCsin latelactation. With regardto creamerymilk taken
in thewinterfor cheesemaking,high SCCswould thus be expectedfrom milks with a
high proportionof spring-calvinglatelactationmilk. Examinationof bulk tanksin the
Cork.areashowedthis trend, but alsoshowedincreasedSCCsin autumncalvingherd
milks takenat this time,comparedto springcalvingearlylactationmilk, althoughGLM
analysisof individual cows milk samplesshowedthat the interactionof seasonand
stageof lactationon SCC was not significant. Thus early-wintermilk in general
appearsto haveelevatedSCCs. Increasingnutritionalstatusof spring-calvedcows in
latelactationreducedtherisein SCCatthis time,and restrictionof diet exaggeratedthe
SCCrise.

Improvementof thequalityof latelactationmilk by selectionof herdson a high
planeof nutrition was suggestedby Kefford et ale (1992) and Lucey and Fox (1992),
who did not referto SCCs,but it appearsthatthis may be reflectedin the resultsseen
here. The milks studied in Chapter5 were from a liquid milk herd, which had
relativelylow SCCsoverallduringtheperiodsstudied,while thebulk tanks sampledin
Chapter8 werefrom manufacturingmilk suppliers,andhadprobablymoreexaggerated
seasonalSCCandcompositionchanges,so themodelsshownin the fonnerstudy may
not reflectaccuratelythechangesin milk SCC, Particularlyin the autumncalvedcows.
Thefact thatthewinterherdSCCswerehigherthan therelativeindividual cow samples
from the good quality herd studied supports this conclusion. However, the
compositionof the bulk tank milks was still not typical of poor-quality late-lactation
milk (LuceyandFox, 1992),and theseherdsmust be assumedto be on a relatively
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high planeof nutrition, which would also explain the good coagulationproPerties
measuredin thesemilks. A study of the seasonalSCC behaviourin a wider rangeof
manufacturingmilk herdsand individual cows would be requiredto explain further
SCCpatternsin typical Irish milk for cheesemanufacture.

Polymorphonuclearleucocyte(PMN) levelsin milk werefound to beelevatedin
latelactationmilk relativeto early-midlactationmilk andto beelevatedin springcalving
relativeto autumncalvingcows. Herdson a restrictedplaneof nutrition hadelevated
PMN levelsthroughouta lactation.TherelationshipbetweenPMN leveland nutritional
plane apPearsfundamental,as the autumn-calvedcows would generally be on an
overall higherplaneof nutrition throughoutthe year(sPring-summergrassduring late
lactationanddry Period,concentratesin winter) thanspringcalvedherds. Above an
SCCof 160,000cellslmlspringcalvingcows, irreSPectiveof season,had higherPMN
levelsthanautumncalvingcows(Fig. 5.1). TheSCCsin thenutrition trial (Chapter7)
hadSCCsconsistentlyabovethis levelandthePMN levelsreflectedthis.

PMN levelswerehighly correlatedto SCC,with a rangeof PearsonsCOITelation
coefficientsfrom 0.63 to 0.95 for sceversusPMN level beingfound in this study,
which compareto the value of 0.94 publishedby O'Sullivanet ale (1992). It was
found thatthiscorrelationwasseasonallyaffected,beinglowest in autumncalvingand
spring calving late lactationmilks. The correlationwas consistentlyfound to be
reducedby eliminationof samplesof seegreaterthan 500,000 cellslml (samples
which wereprobablyfrom cowswith subclinicalmastitis),which implies that at low
sees,increasesin sce may not necessarilybe due to PMN influx. This was
reinforcedby examinationof the relationshipusing log,oseeas a co-ordinate,rather
thansee,to normalisethesampledistributionandPreventbiasingof the databy small
numbersof high seesamples.In thesegraphs(for exampleFig. 6.1) thereapPeared
to bea tail atvery low secswherePMN level is staticandunchanging. On increasing
seesbeyondthis point, theincreasein seeis relativelylinear. Overall,cautionmust
be expressedin use of a PMN test as an absoluteindicatorof mastitis, becausethe
combinationof seasonalinfluenceson PMN level andthe mixing factorsin bulk tanks
(Chapter10)canleadto a rangeof PMN levelsin milks of similar sees,as evidenced
by the low correlations(0.4-0.6) frequentlyfound betweenbulk tank seeand PMN
level. However,aswill bediscussedlater,thismayleadto a betterapplicationfor such
a test,in discriminatingmilks for cheesemanufacture.

11.2.2. SCC,seasonalityandmilk composition

It was found consistentlythat in individual and bulk milk sampleselevated
seeswere associatedwith increasedfat, protein and chloride levels in milk and
decreasedlactoselevels. pHsweregenerallyslightly elevatedin very high seemilks.
Thesetrendswere generallyin agreementwith thoseof Mitchell et ale (1986a) and
Munro et ale (1984). PMN level in general was less well correlatedwith milk
compositionalparametersthanlog,osee.
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Latelactationmilk wasfound to havesimilarcharacteristicsas high SCC milk,
which is to beexpectedasthis milk hadgenerallyhigherSCC thanearly lactationmilk.
Furtherstatisticalanalysisis requiredto separatethe confoundingeffects of stageof
lactationandSCCon milk composition,which wasnot possiblewith thedatapresented
here. In mastiticmilk, decreasedlactoselevelsaredue to damageto mammarygland
secretorycells, and the increasedpermeabilityof capillariesallows increasedchloride
influx to milk to controltheosmoticpressure(Kitchen, 1981). Increasedproteinlevels
are due to a decreasein caseincontentwith a larger concomitantincreasein whey
proteinlevelandfat levelsareincreased,generallydue to milk yield beingdecreasedto
a greaterdegreethan milk fat is synthesised. little information is availableon the
physiologicalchangesoccurringin thelatelactationudder,but thefinding by Luceyand
Fox (1992)thatimprovedhusbandrypracticesreducedthe magnitudeof compositional
changesin latelactationmilks suggeststhatany physiologicalchangesbroughton are
not necessarilyanintegralpartof thelactationprocess,andcanbe avoided. However,
it wasfound thatmeanSCCsoverlactationwerenotdifferentin herdson restrictedand
supplementedplanes of nutrition (Chapter7), correspondingto poor and good
husbandrypractices,while somechangesusuallyassociatedwith physiologicalchanges
in cows with a high SCC, suchasdecreasedlactoselevels, were seenin the starved
herd. This suggeststhat the compositionalchangesassociatedwith poor husbandry
andnutritionalconditionsare not necessarilyduesolelyto increasedSCCs,but whether
this is exactlyanalogousto thesituationin latelactationis unknown.

Theimprovementof clottingpropertiesof latelactationmilk seenheresuggests,
in agreementwith Kefford et ale (1992) andLucey and Fox (1992) that late lactation
milk may not all be unsuitablefor cheesemaking,and may actually be more suitable

than springcalvingearlylactationmilks.

11.3. THE BIOLOGICAL ACTIVITY OF SOMATIC CELLS IN MILK

11.3.1. The functionofthePMNcell in mille

PMN cells levels,asmeasuredby ELISA, werefound to be elevatedin milks
from cowswho werestressed,specificallyby poor nutritional status. The role of the
PMN cell in the healthy uninfectedudder is believedto be protective, with high
phagocyticandbacteriostaticactivity being associatedwith thesecells, particularly in
late lactation(Hallen-Sandgren,1991). The questionthus ariseswhethercows of a
poor nutritional statushavean enhancedprotectivecapacityagainstbacterialinfection,
and this is a promisingareafor further investigation. The presenceof bacteriain the
udderwas alsoassociated withdecreasedPMN function by the aboveauthor. It may
be possible that improved PMN function in late lactation milk is related to the

compositional changes in this milk, with decreased casein levels reducing
compromisationof the cells by non-specificphagocytosis,but increasedfat levels at

this timemakeclearconclusionsin this regarddifficult Theevidencethattheremay be

an alterationof the immune defencesin the restrictedand supplementedherds in
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Chapter7,with far morenon-PMN cells(presumablymacrophagesand lymphocytes)
in thelatterherd,is afurthercomplicatingfactorin this area.

11.3.2. Theproteolyticenzymeso/somaticcellsand their role in milk proteolysis.

Therewas considerableevidenceof a role for somaticcell enzymesin milk
proteolysisto adegreenot previouslydescribed.In two studiesof proteolysisin milks
from individualcows(Chapters5 and6) it wasfound thatin a groupof samplesof low
meanSCC, plasmindominatedmilk proteolysis,but in the groupof samplesof mean
SCCsmoreakinto thoseseenin latelactationbulk milks, proteolysis,both in raw and
pasteurisedsamples,was more highly correlatedwith SCC and PMN level than
plasminactivity. Electrophoreticexaminationshowedclearevidenceof non-plasmin
activity(not inhibitedby 6-aminohexanoicacid). Thehigh PMN nutritionally-restricted
herdin Chapter7 hadhigh levelsof proteolysisrelativeto thecontrolandsupplemented
herds,despitehavingsimilarmeanSCCsto thelatterherd.

All thesepiecesof evidencepoint to an importantrole for PMN proteinasesin
milk proteolysis,andexaminationof two of theseenzymes,cathepsinB andelastase,
showedthemto havea broad specificity on the caseins. The proposalof Andrews
(l9K3b) thatwhile proteinaseactivity in milk could originatefrom somaticcells, the
identity of cellsmakingup the total cellularpopulationwas important,was supported
by the different breakdownpatternsobtainedwhen cell populationsfrom healthyor
mastitic milks were incubatedwith buffered sodium caseinateat the sametotal cell
levels. The breakdown patternsobtained with cells from high SCC milk were
consistentwith thecombinedactivitiesof cathepsinB, elastaseanda numberof other
proteinases,probablyincludingcathepsinD.

Flectrophoretic patternsof milks of differentSCCs incubatedat 3'rC showed
clearevidenceof somaticcell proteinaseaction. Fig. 53 showedconsiderableLkasein
breakdownin a sampleof extremelyhigh plasminactivity, but muchlessconsiderable
a..-caseinbreakdowncomparedto theelectrophoretogramof highSCCmilk in Chapter
6, indicatingthatsomaticcell proteinases,asopposedto plasmin,are responsiblefor
much of the a••-caseinproteolysisin high SCC milk. This would give the higher
correlationsfor proteolyticactivity againstSCC and PMN level than plasminactivity
seenin Chapter6. Proteolysiswasvery muchrelatedto planeof nutritionin Chapter7,
which againsuggestsa role for PMN proteinaseswhich are elevatedin nutritionally­

stressedcows'milk.
Theoverall inferenceregardingtheidentityof thesomaticcell proteinaseswhich .

degradeprotein at cheesepHs is that in high SCC (PMN) milk, cathepsinB is the
principalproteinase,while in cheesemadefrom normalmilk, the principal proteinase
presentis cathepsinD. At alkalineandmilk pHs therearea numberof enzymesactive,

includingobviouslyplasmin,andprobablyelastase.
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11.4. PLASMIN, PLASMINOGEN AND PLASMINOGEN
ACTIVATION IN MILK

11.4.1. Factorsaffectingplasminactivity in milk

Plasminactivity in milk was elevatedin late lactationmilk and milk from cows
of high SCC, but as before the relative contributionsof theseconfoundingfactors
remainto be elucidated. The meanplasminactivitiesfor early-midand late lactation
milks in Chapter5 wereas predictedfrom the SCCsof thesemilks, accordingto the
datain Table6.2. The plasminlevelsin the herd milks measuredin Chapter7 were
somewhatlower, but this maybedueto dilution of high SCC, high plasmin,low milk
yield samplesin thebulk tank with sampleshavinglow plasminactivity (BenslimaneeI

ai., 1990). Thefindingsregardingincreasedplasminactivity in late lactationand high
SCCmilks wereasfound by Barry and Donnelly(1983) and Politis etai. (1989a,b),
amongothers. The decreasein plasminactivity over the lactationseenin Chapter7
remainsunexplained. Plasmin activity was found to be consistentlycorrelatedto
log,oSCC, milk protein level, milk pH and plasminogenlevel. Plasminogenwas
similarly seento be increasedin high SCC and late lactationmilks, suggestingthat
increasedtransportof bothplasminandplasminogenfrom bloodoccursin thesemilks.

11.4.2. Plasminogenactivationin milk

The ratio of plasminogento plasmin was decreased in late lactation milks
comparedto early-midlactationmilks, suggestingincreasedactivationof plasminogen
to plasminas well as increasedtransportof both componentsfrom blood described
above. Thereappearsto be a balanceof the two mechanisms,with the influenceof
plasminogenactivators(PAs) beinggreaterthan thatof increasedtransportin the high
SCCmilks studiedin Chapter6. The role of somaticcells (and PMNs specifically)in
plasminogenactivationwasapparentin Chapter7, whereincreasedPMN levelsin herd
A wereassociatedwith decreasedplasminogen/plasminratio, suggestingthatthesecells
wereresponsiblefor increasedPA activity. The supplementedcows in herd C bad
similarSCCsbut increasedplasminogen/plasminratios,suggestingthat in this casethe
influenceof transportwasgreaterthan that of PA activity. Zachosetai. (1992) found
that PA activity persomaticcell was greatly increasedin mastiticmilk, which would
containhigh levelsof PMNs, and thus milks with elevatedPMN levels should be
expectedto show high plasminogenactivation. This supports the decreasedratios
found in Chapter6 at high SCC (PMN) levels,with correlationcoefficientsof -0.375

and -0.476 between plasminogen/plasminratio and log,oSCC and PMN level
respectively(p<O.05andp<O.Ol respectively). Thus PMNs appearto be associated
with increasedPA activity in milk and in milks wherePMN level is elevated,suchas

springcalvingmilks and latelactationmilks, increasedplasmin levels will be found.
Season and number of lactations were also found to significantly affect

plasminogen/plasminratios.
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Springcalvingmilks hadsimilar plasmin levels to autumncalving milks, but
elevatedplasminogenlevels, and henceelevatedplasminogen/plasminratios, but this
appearedto be more relatedto transportfrom the blood, which would result in the
elevatedSCCsandPMN levelsseenin thesemilks, thanPA activity. This effect of
season(andnutritionalstatus)on PMN PA activity wasalsoseenin Chapter7, whereit
appearedthat PMNs from nutritionally deficientcows had an elevatedphysiological
activity, asevidencedby increasedPA activity.

11.5. SOMATIC CELLS, PLASMIN AND CHEESE RIPENING.

11.5.1.The rolesofplasminandsomaticcellproteinasesin cheeseripening

Elevatedmilk plasminlevels were found to have no undesirableeffects on
cheeseripening,as reportedby FarkyeandFox (1992) andFarkyeand Landkammer
(1992). The potentialuseof plasminas an acceleratorof cheeseripening was again
raised,with particularreferenceto productionof SPeCific amino acids important to
cheeseflavour. Elevatedlevelsof somaticcells, in contrast,were found to lead to
acceleratedbreakdownof a.l-caseinandhigherlevelsof overallproteolysis,which may
influencecheesetextureandflavour. Theincreasedactivity of somaticcell Proteinases
on a.l-casein,as opposedto 8-casein,was as expectedfrom studiesof milk and
somaticcell digestsof casein(Chapters5-7), and a numberof proteolysisproducts,
known to arisefrom somaticcell proteinaseactionin milk, appearedto be presentin
cheesesmadefrom high SCC milk. The inferencethat cathepsinB may be havea
significantinfluenceon the ripeningof cheesemadefrom milk with elevatedlevelsof
somaticcellswassupportedby theasepticstalterandrennetfree cheesestudy (ASRF).
Theinclusionof thecellsand/ortheirenzymesin thecheesecurdandtheiractionduring
ripening,asproposedby Verdi andBarbano(1991)wasconfirmed. Theactionof milk
proteinasesin ASRF curds made from late lactation milk was associatedwith
accumulationof bitter peptides,and may be linked to the bitter defect frequently
associatedwith late lactationmilks of elevatedSCCs. Cheesespreparedfrom milks
containinghigh levelsof PMNs andtheir proteinasesshowedthe elevatedbreakdown
of a.l-caseinalreadynotedfrom thestudyof the proteolyticspecificityof somaticcells
from mastiticmilk (PMNs)on sodiumcaseinatein cheese-likebuffer systems(Chapter

6), and showed the expectedconcomitanttextural defectsarising from accelerated
breakdownof a.l-casein(CreamerandOlson,1982).

11.5.2.Seasonalityandcheesequality

Seasonalchangesin the cheesemakingpropertiesof milk suggestedthat two
main alterationsin late lactationmilk, which act in opposition to each other, are
importantin cheesemaking.Firstly, increasedsolidslevels(fat andprotein)in the milk
associatedwith bothlatelactationandhighSCCmilk improvetheclotting propertiesof
late lactationmilk. Also, increasedplasmin levels are found, but thesewould not
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appearto be relatedto quality defectsin cheese. Secondly,increasedSCCs in milk,
while beingassociatedwith the changesmentioned,arealsoassociatedwith increased
proteolyticactivity, which mayaffectthemoisturecontentof thecheesesandwill playa

specificrole during riPeningby acceleratingbreakdownof ast-casein,which will affect
cheesetexture. Hydrolysisof this proteinprior to cheesemanufacturemay be involved
in theretentionof moistureof latelactationcheeses,which seemslogical as both PMN
levelandSCCarehighly correlatedto initial proteindamagein milk, which represents
proteolysisin theudder. Thesetwo influencesarebalanced,presumablyuntil a certain
SCC,which remainsto bedetermined,is reached.

It was for some time believedthat hydrolysis of B-caseinby plasmin was

responsiblefor rennetgelsof poor synereticproPertiesgiving high moisturecheeses
(Donnelly et al., 1984; Barbanoet aI., 1991), but Pearseet al. (1986) showedthat
extensivehydrolysisof caseinby plasmindid not impedesubsequentcurd formation
and syneresis. Thus it may be thatotherenzymes,suchas thosefrom somaticcells,

may be responsiblefor the hydrolysis which impairs the coagulationof late lactation
and high SCC milks and resultsin increasedlossesof fat and protein in whey. The

influenceof high late lactationmilk pHs on clotting mustalso be considereddue to its
effecton chymosinaction,solublecalciumcontentandcaseinmicellestructure(Lucey
andFox, 1992),but in this study,pHs greaterthan 6.70 were not seenin late lactation

milks.
DuringriPening,latelactationmilks of elevatedSCCshad increasedproduction

of watersolublenitrogen(WSN) duringriPening,which wasshown electrophoretically

to be due to increasedbreakdownof both as.- and8-casein. Cheesesmadefrom late
lactationmilks of low sces,however, had similar WSN productionrates to those

madefrom early-mid lactationcheeses,but showedincreasedall -caseinbreakdown,
suggestiveof increasedlevelsof PMN proteinasesin the milk, which led to decreased

cheesetexturescoresduring riPening. Productionof small Peptidesand free amino
acidswas alsodecreasedin latelactationcheesesduring riPening, and this may have

beenlinkedto poorerflavourcharacteristicsof latelactationcheeses.

11.5. THE USE OF PMN LEVELS AS A DETERMINANT OF MILK
SUITABILITY FOR CHEESEMAKING

PMN levelsin milk weregenerallynot as well correlatedto milk compositional

proPertiesas was 10g.oSCC,but were highly relatedto non-plasminmilk proteolysis,
particularly at secsabove300,OOO/ml. This proteolytic activity was verified both

quantitativelyandqualitatively,with evidenceof typical PMN proteinaseactionin milk
andcheese.This impliesthatwhile PMN level in milk maynotbe an absoluteindicator
of milk compositionalchanges,it will reflectproteolyticactivity in milk and probably

milk suitability for cheesemaking.The potentialuse of a test for PMNs is further
supportedby the poor correlationsbetweenPMN level and total SCC in winter and

bulk tankmilks. It mustbeconsideredthatalthoughtotalseeis well correlatedto total
proteolysisin milk, if PMN proteinaseactionis morespecificallyrelatedto proteolysis
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of ast-casein,and concomitanttextural defectsin cheese,then this may indeedbe a
betterindicatorof milk suitabilityfor cheesemakingthansee.
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SUGGESTIONSFORFURTHERRESEARCH

Milk somaticcellsandudder defencemechanisms

Further explorationof the factors influencing differential counts in milk is
required,with regardto theothertyPesof somaticcell (macrophagesand lymphocytes)
and their levelsand significancein milk. The ELISA testfor PMNs in milk requires
calibration,so thatneutrophilnumbers/mlcanbe expressed,as opposedto an optical
density. This may be doneby differential stainingor flow cytometry.With regardto
mastitis research,I feel that the role of PMNs, particularly in milks of similar total
seesbut differentPMN levels, in udderdefencerequireselucidation. The apparent
alterationof physiologicalandenzymaticactivity of PMNs on entry into the milk from
bloodalsoremainsunexplained.

Milk enzymology

The levels and activities of specific enzymes, such as elastaseand the
cathepsins,in normal, late lactation and mastitic milks remain to be determined.
Problemsto be overcomeincludethe measurementof proteinasesof acid pH optima
without interferencefrom PreciPitationof caseinsor whey proteinsat their isolelectric
points. The lysosomalenzymesin milk, arising from somatic cells, remain to be
conclusivelyisolatedand identified, and their actionscharacterised.As well as the
proteolytic enzymesexaminedin this study, somatic cell derived enzymeswhose
actionsarepoorly characterisedincludelipasesandoxidoreductases.Furtherwork on
theinfluenceof lysosomalenzymeson cheeseriPeningmaybecarriedout usingcheese
slurry systemsto allow modellingof the interactionsof riPeningagentsin cheesesof

constantcomposition.

Milk andcheesequality

Detailedexaminationof the free amino acid and small Peptide profiles of
plasminaddedand late lactationcheesesare necessaryto elucidatethe alterationof
proteolysis pathways apparent in these cheesesduring riPening, with particular
referenceto the role playedby thesecomponentsin cheeseflavour. Theconfounding

effects of the late stagesof lactationand elevatedsomaticcell counts need to be
examinedseparately,to determinethealterationsin udderphysiologyandcompositional

changeswhichoccurindePendentlyof therisingseeatthis time. Work is neededalso
to establishrecommended'safe' levelsof seeand PMNs which would not interfere
adverselywith milk compositionandcheesequality. Furtherstudyof the potentialrole
of PMN measurementasa determinantof milk suitability for cheesemakingis needed,
with particularregardto seasonaland nutritional influenceson milk PMN levels. The
influenceof PMNs and the plasminogenactivationon otherproducts,such as UHT

milks, shouldalsobeaddressed.
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