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Abstract

This thesis describes a series of studies undertaken to underpin developments
in the Irish cheese industry, particularly an increased interest in the potential of
achieving market advantageréugh the promotion of grassr pastureed products.
However,a knowledge gap exists in terms of the impact of herd diet on the processing
characteristics and on the ripening and sensory properties of resultant cheeses.
Similarly, the industry has movetd produce more continentblpe cheeses in an
effort to diversiy from predominantly Cheddar manufacture. Thus, there is a further
research requirement for information regarding the manufacture of contitgreal
cheese such as Masadam from a seasoshl rhilk supply, and the application of

process modifications s as membrane filtration in the manufacture of such cheeses.

This research focused initially on characterizing the cheesemaking properties
of milk and the physicehemical, ripening and ssory properties of Maasdam cheese
derived from a herd fed indooos total mixed ration (TMR) and herds fed outdoors
on either perennial rye grass (GRA) or perennial rye grass with white clover (CLO).
Furthermore, the effects of protestandardization ofmilk on cheesemaking
properties, e.g., rennet coagulation;vat curd moisture loss kinetics and curd

microstructure at different set temperatures were also investigated.

There was a minimal feadduced variation on hvat curd moisture loss
kinetics, fnal Maasdam cheese vyield, recovery of fat and protein, phgbauical
composition, and proteolysis and biochemical changes (such as propionate and lactate)
during 150 d of ripening. The principal differences noted were in colour, with GRA
or CLO cheesebeing less white and more yellow, and TMR cheeses being more

white. Maasdam cheeses made from the milk of the F&tRherd had higher levels



of linoleic acid (C18:2) and palmitic acid (although the difference in palmitic acid
content was not significantgompared to pastwderived cheese and this translated

into a fimer texture in the mouth from TMR cheeses. A detailed investigation of the
metabolic profile of cheese samples using nuclear magnetic resonance and gas
chromatographynass spectrometry showdtht TMR-derived cheese samples had
higher levels of citrate, wle GRA or CLO cheeses had higher levels of toluene, thus
providing a potential chemical fingerprint for differentiation between cheeses based

on feeding systems.

The coagulation properties milk concentrated to protein levels of 4, 5 or 6%
at 28, 32 0136°C were also characterized. It was concluded that cheese producers
would need to focus on optimizing the cutting window, based on milk protein level
and coagulation temperature, to attamform curd rigidity on completion of the
cutting cycle. Howeverthe coagulation time and cutting process for milk with 5%
protein at 28°C was similar to that observed for milk of 4% protein coagulated at 32°C,
due to similar levels of curd firmness acukd firming rate in these gels. Curd from
milk concentrated to% protein had a dense protein network compared to that with
4% protein, as observed by transmission and scanning electron microscopy, and the
curds from the former milk contained lower leval§ moisture during stirring
compared to the latter. An increasmdigulum cut size is required to achieve a uniform
curd moisture content when milk protein levels are increased by standardization (4 to
6%). However, breakage of curd particles of size ¥ finrom milk concentrated to
>5% milk was excessive, which sige#éntly influenced the curd moisture loss

kinetics during stirring.

Xi



Overall, a fundamental understanding of coagulation and curd syneresis
properties was gained in terms of the applicatibmltyafiltration for milk protein
concentration, which can be@ed to reduce the impact of seasonal variability in
milk composition for cheesemakinghis researclgenerated fundamentahowledge
which may be usefulto achieve greater consistency ineeBe manufacture and in
achieving diversification of the Irish ebkse industry through the manufacture of
Maasdam typeand other continental cheese typafsconsistent quality from a

predominantly grasted milk production system.
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Chapter 1

1.1 Abstract

The quality of any type of chee is without doubt influenced by the quality of

the milk from which it is made, from microbiological, biochemical, sensory, and many

other perspectivefRaw milkl is an inherently variable starting point foheese

manufacturgwith its composition, for example, beingfluenced by factors, such as

stage of lactation, diet, and health status of the producing animal, which subsequently
determines milk coagulation properties composition and likely
ripening. Protein standardization treatments may be applied to cheese milks to
minimize resultant cheese compositional variability. Similarly, milk is also
biochemicdly complex, with a wide rangd ondigenous enzymes, some of which, for
example, plasmin and lipase, are variable in activity and susceptible to processes
applied to the milk, while contributing to cheese ripening. Finally, raw milk may act
as a vector fobacterial spores and also pres an excellent medium for growth of a
wide range of microorganisms. As cheese milk is vulnerable to contamination at
multiple points before entering the cheese vat, control of the same for cheese safety
and quality is crital. This chaptereviewsinformation from the published literature

on factors influencing milk composition and subsequently on cheesemaking properties

of milk and final cheese composition.
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1.2 Introduction

The composition of milkmay varydependingon season, lactation period,
parity number, health status, feed, breed, age, and many other factors (Roupas, 2001;
$PHQX DQG 'HHWK 2 1% U L H\homyQl@se Fattqrd-ent
feeding practice for milk production particularly causes large alteratisnn milk
propertiesin some countries (e.g., Ireland, N&&aland and parts of Australia) herds
are allowed to graze in pastuvehereas in other countries (e.g., USA and Nuvist
Europe) herds are kept indogiand are supplied controlled diet of mixed rations
composedRl VLODJH FRQFHQWUDWH JU Raghen\etBlQ2816).GGHG Y
In pasturefeeding systemghe calving date of cows is also generally adjusted to a
specific season (e.g., spring) so that milkiogvs in pasture can utilize the growing
grass,VXEVHTXHQWO\ UHGXFLQJ WKH FRVW RI PLON SURG
However, pasturbased feeding systeresult in large variation in milk compoigih
compared to indoor feeding systems aatirll year, due to changes in lactation stage

ofheUG DQG IHHG TXDOLW\ 2Y&DOODJKDQ HW DO

The impact of compositional variation of milk on vala@ded products, e.g.,
cheese, is of particular interest in those countries (e.qg. Ireland and New Zealared) wh
thefeeding system is mainly pastdpasel (Auldist et al., 1996; Guinee et al., 2001).
Fluctuatiors in milk composition can result in inconsistencies in product properties,
such as final cheese composition and quality (Amenu and Deeth, 2007). Plagr qua
herddiet andmilk in late lactationin a pasturefed seasonal milk production system,
further accentuates compositional variation of milk aray everrenderit unsuitable
for cheesmaking due toreductiors in the levels oftotal protein, casein and casein

number 2T% ULHQ DQG *X{%QUWiIHH Q H W HorOnstance, [h Ireland,
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many industral cheesanakersdo not manufacture cheese idigr the period from
November untiFebruary since cowsire inlate lactation and grass growth is minimnal

and alsahere isless milk wlume availale for processing.

The removal of milk quotas guropean Union in April 2016 prgected to
lead to increasm milk productionby a 2.5 billion litresfrom 5 billion litres in 2014
to 7.5 billion litresby 2020in Ireland (Sheehan, 2013)ish milk productionvolumes
in 2017 already reached.2 billion litres, a 13% increase on 2015 levels (Central
Statistics Office2018§ andwassignificantly highercomparedo the average increase
within EU countries Utilization of additional milk volumeswill further present
challengess the human consumption of liquid miilks beeffiairly constan{Central
Statistics Office, 2018nd production oflairy productis expected to grow in slower
pace Ireland produce 196.2 tlousand tonnes otheese in 201{Central Statistics
Office, 2018) of whichnearly 170 thousand tonnes were CheditmesgPersonal
communication) The vast majority oflrish Cheddarcheese is exported the UK.
Over-reliance of Irelandn the UK export market has been taken as a theetie
Irish agri-food industry(Enterprise Ireland, 2@). Theability to successfully diversif
thecheese portfolio from Cheddar cheese would leverage the increased milk pool and
secure export markeEor example, hHere is a growing interest to diversifheese
production into cheesesich as Maasdam chegs#ich is a semhard cheese with
holesand wih typical sweet and nutty flavour (FrohlieWyder et al., 2017)dueto
its wide international market opportunities (Sheehan, 2a1®Irish dairy or cleese
industryhas a potential of achieving market advantage through the promotion ef grass
or pasturefed products in the context of growing consumer demand for such dairy

products
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As mentioned,the seasonalrish pasturébased milk productiorsystens
further present challenges iachieving consistacy in cheese manufacturing
procedurs andin final cheese qualityThe basic process of chesskingincludes
hydrolydss RI-FDVHLQ pKDLUVY IURP F RndsubseqiedbridadcnHYV E\ UL
of a gel(Dalgleish, 1993; Amenu and Deeth, 2007). The resultant-thinreensional
protein gel simultaneously occludes fat, lactose, minerals and moisture in the form of
a coagulm. Syneresis (expulsion of moisture) from the curd takes place in the series
of procesing and these include cutting, stirring, heat treatment, acidification, draining
and pressing during cheese making, which trangfomlk into curds and
subsequently it cheese mass (Amenu and Deeth, 2007). Variation in milk
composition leadw inconsisencies in the major processing stepstsas coagulation
and synereticproperties of cheese curénd consequently to the final cheese

composition.

This reviewprovidesthe necessarnpformation on factors associated with the
variation of bovinemilk composition, milk coagulation properties and cheese
composition to facilitate selection ofappropriate milk forimproved cheese

consistacy, quality anddiversificaton.

1.3 Effect of milk composition oncheesemaking

For bovine milk, the major solids constituents are protein (~ 3.4%), fat (~ 4%)
and lactose (~ 4.8%), while minor solids include calcium (~120 mg/100 g) and
phosphorus (~ 120 mg/100 g). Given that cheeseoduged by concentrating milk
solids, the levebf milk solids present has a major influence on coagulation and
syneretic properties, as well as on final cheese yield. Many studies have examined the

effect of factors such as protein level, casein compos(tRobitaille et al., 1993;
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Guinee et al.,, 199AWedholm et al., 2006), fat level, milk salts and size of casein
micelles (Ford and Grandison, 1986) on cheesemaking properties, with the objective
of defining the optimum properties (O'Keeffe, 1984; Auldisil., 2004). Iparticular,

a number of studis on natural variation in Irish milk composition were undertaken in
relation to the manufacture of Cheddar (Guinee et al., 1994, 2006, 2007a) and
Mozzarella cheese (Guinee et al., 2007b). It has been welhdotded that higher
levels of milk solids (prain and fat) directly improve milk coagulation properties, for
instance, through reduced rennet coagulation time, increased curd firmness, and
increased cheese yield during cheesemaking (Guinee et al., 8894 Jbudu et al.,
2008). The effects of milkanposition on Cheddar cheese were reviewed by Amenu

and Deeth (2007).

1.3.1 Effect of protein level on cheesemaking

In cheese milk, rennet coagulation does not occur within an hour of rennet
addition to milk ontaining < 2% milk protein (Guinee et al., 799 Significant
improvement in milk coagulation properties (shorter coagulation and cutting time,
higher curd firming rate and curd firmness) occurs with increasing protein level in the
range 24%,although cagulation and sdb-cut time changes littlnereafter (47.5%)
(Guinee et al., 1997). An increased level of milk protein or casein number decreases
rennet coagulation time (RCT) and increases curd firmness (J6udu et al., 2008).
Furthermore, higher proteicontent, particularly casein content, in midads to
decrease cheese moisture andcreasd protein contents, cheesemaking efficiency,
and fat recovery, and hence yield (Guinee et al., 2006; Lou aikd\dgHang, 1992).

However, increasing protein cdamt in cheese milk above&% may cause teagg of
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curds while cutting due to extra firmness, and may induce more protein and fat losses

in whey and result in reduced yield and cheese quality (Guinee et &), 199

1.3.2 Effect of casein composition onteesemaking

Casein micelles are comprised of tHUH QW W\SHYV 1 FDYELQ
FDVHLQ LQ D VSKHU LcRd2i® exteding ButwadrddHrorZ thev/icelles
(Eigel et al., 1984; Dalgleish, 2011); these are central to the cheesemaking properties
of milk. Understanding the individua¢ffect of caseincomponentson rewnet
coagulation through using milk of diferent cow breed (Auldist et al., 2004) or stage of
ODFWDWLRQ -}XGX HWabed powder (SRelaiDaBCHAGE, 2005)
was afocus ofpreviousstudies Various studs relating to the correlation teeeen
PLON FRPSRQHQWY IDW S U Ra¢¥eh) kaveFauniHanfadietoro FLXP
results on RCT, a negative correlation witky nd a positive correlation with curd

firmness (Ao) (Table 1.1, Figure 1.1).

30 min |
Koo %‘

RCT

20mm Aso

Figure. 1.1 Schematic presentation of milk coagulation praper(RCT, Ko Aso)
measured by lactodynamography. Redrawn with the permission form McMaho
Brown (1982) RCT is the time from the addition of the enzyme until the viscosit
milk just starts changing from normalydds the time from end point of RClntil a
curd firmness of 20 mm reached, angh i the firmness of curd in mm reached -
min after the addion of rennet.
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Table 1.1Influence of milk components on rennet coagulation properties.

RCT Kz Agpor References
Aso

Milk composition

Fat ? o} + Auldist et al., 2004; Chen et al., 201
Joudu et al., 2009; Bland et al., 201

Protein ? - + Auldist et al., 2004; Aldist et al.,
2002; Chen et al., 2014; J6udu et ;
2008; Bland et al., 2015

Casein ? - + Auldist et al., 2004; Auldist et al
2002; Chen et al., 2014; Joudu et ;
2008; Bland et al., 2015

-casein - - + Auldist et al. 2004;; Joudu et al., 200
-casén ? - + Auldist et al., 2004; Auldist et al
2002; Joudu et al., 2008
.s-casein - + Joudu et al., 2008
.sz-casein - + Joudu et al., 2008
-caseintotal Cn + - Joudu et al., 2008
.s>Cntotal Cn + - Joudu etl., 2008
Lactose - Joudu et a).2008; Bland et al., 201°¢
Glantz et al., 2010
Total solids + - + Auldist et al., 2004
Casein number - + Joudu et al., 2008
Micelle size + - Bland et al., 2015; Auldistet al., 200
Glantz et al., 2010
Minerals
Ca* ? - + Auldist et al., 2004Chen et al., 2014
Joudu et al., 2008; Bland et al., 201
Na + + - Auldist et al., 2004
K - + - Auldist et al., 2004

?: conflictingcorrelation,-: negative correlation, +: positive correlation. RCT denotes rennet
coagulation properties,Kdenotesiime to develop 20 mm firmness angbBenotes the curd
firmness at 30 minutes andddenotes curd firmness at 60 min after rennet awditi

The discrepancies in RCT could be due to differences in casein composition
H J-casein/total casein ratio) asgecific milk properties (e.g., Ca: protein ratio)
LQ GLITHUHQW VWXGLHV $XOGLVW HW DO S OLON |

DQG-FDVHLQV DQG D O R ZHsdin SvithR &Reldt\o ltdRacalkdin clotted
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more slowly and sometimes wasund to have noitcoagulating ifot exhibiting any
firmness B0 min after rennet additionproperties compared to milk samples with
highe levels of these proteins (Joudu et al., 2009; Wedholm et al., 2006). Prediction
of rennet coagulation time alone, as indicator of the suitability of milk for cheese,
may not provide accurate information (Auldist et al., 2002) as its correlation vikth m

solids level is weak (Auldist et al., 2004).

1.3.3 Effect of casein micelle sizes on cheesemaking

Besides casein agposition, casein micelle size (CMS) has been found to be
highly influential on cheesemaking properties. The size of casegelles of
individual cows lies within the range 1280 nm (de Kruif et al., 2012). In general,
factors such as breed, feed andtgmndational modification cause variation in
casein micelle size (Lodes et al., 1996; Glantz et al., 2010; Bijl &0dl4a). Many
studies have been carried out to explore the relationship between cheesemaking
efficiency and sizeelated differencem casein micelles (Ford and Grandison, 1986;
Lodes et al.,, 1996; Auldist et al., 2002; Glantz et al., 2010; Logan et(0d#, 2
Gustavsson et al., 2014b). There is general agreement that milk with smaller casein
micelles (diameter of 147183 nm) coagulas faster and gives a firmer coagulum,
than milk having larger casein micelles (2@66 nm) (Walsh et al., 1998; Auldist et
al., 2002; Glantz et al., 2010; Gustavsson et al., 2014b; Logan et al., 2014, Bland et
al., 2015). Smaller casein micelles havelalXX H U O{dage¢in@hdr llarger micelles,
and could probably form moreondsin para-caseinmicelles during coagulation,
resulting in a firmer coagulum. Hence, smaller casein micelles have attracted attention
in selecting milk for cheesemaking (Glargkz al., 2010). However, various studies

have classified casein micelle sizes as being within different ranges (Tableus.2) th
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leading to difficulty in defining size range. Nevertheless, it has been shown that there
are no significant differences (excepDd F R V \ O D-taseih Qani levels of soluble
phosphate) between larger (average 206 nm) and smaller (average 170 mm) case
micelles (Bijl et al., 2014a). Similarly, there were no significant differences in net
QHJDWLYH FKDUJH S RWdib@ &L P02 nni) W ZribHie@ ca3dinU J
micelles (diameter 178 nm) and this was found to be in the rdifgeo - 20 mV,
indicating no significant differences in micelle stability as influenced by micelle size
(Glantz et al., 2010). Auldist et al., (200)owed that micelle size and the extent of
JO\F R V\O DoAsEIR &e Bhé most important factors that lead to varidationgk

coagulation properties.

Table 1.2Categorization of casein micelles size in different studies

Small micelles, nm Large miceles, References

nm
170 206 Bijl et al. (2014a)
183.5 266 Walsh et al. (1998)
153.4159.3 181.2202.6 Logan et al(2014)
170185 205220 Glantz et al, (2010)

nm = nanometer

13 (11 HFWaseln glycosylation on cheesemaking

-Casein exists asaviants, AA, AB, BBAC BC and AE in bovine milk. Milk
V D P S O H \tagdinVd&iants AB, BB or BC had casein micdikemeters less than
200 nm, whereas those with AA, AC and AE had micelle diameters greater than 200
nm (Lodes et al., 1996; Bijl et al.024a). Many studies have confirmed that milk
FRQWDLQLQJ WK HaseitohasDasterxqu\rnted gelling @piand better
suitability for cheese production than other variants (Walsh et al., 1998; Ikonen et al.,

1999; Auldist et al., 2002; Ameret al., 2006; Joudu et al., 2009). According te Ng

10
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Kwai-+ D QJ PLON ZLWK W-kaSeifdfds & ieded Eoggwatian

time (by 1040%) and increased curd firmness (by12D%) compared to milk with

WKH $$ Y D uaseiQ TheRmproved reat coagulation properties with the BB
YDULD-GWVRILQ DUH GXH W R-ca$&irH(Bil leta{ FROl0ONMasIHED R |

DO ZKLFK FRXOG SUREDEO\ UHVXOW icgseiPDOOHL
DW WKHLU VXUIDF H-casdiii€aéeith rabo Kaylfidudw the bridging of

proteins by calcium, resulting in faster coagulation and a firmer gel @ltbiet al.,

1993).

JXUWKHUPRUH FKHHVH SUHSDUHG IURRaRPdnON FRQ\
has been shown to have higher fat recpward yield compared to that with the AA
variant (Walsh et al., 1998). Cows that produce milk containing the BB @aNa-R |
casein are economically important from a cheesemaking perspective, owing to the

micelle sizerelated benefits of this protein type.

1.3.5 Effect of variation in fat level on cheesemaking

Guinee et al. (1997) reported that increasing fat levels in the rang200%
(w/w) at a constant protein level of 3.3 % (w/w) resulted in reduction in gel time and
in setto-cut time at 20 Pa anddreased curd firming rate and curd firmness. However,
when maintaining fat plus protein contents at 7.1 %, increasing fat content resulted in
reduced curd firming rate and firmness and thetsett time at 20 Pa increased
notably as fat levels exceed2d % (w/w). It is suggested that excessive fat in milk
may dilute the caseins and hence hinder the formation pEfracasein network,
impairing rennet coagulation ability (Guinee et al., 1997). For a seasonal milk supply,
the protein to fat ratio changéem 0.84 to 1.02 over a complete lactation (Guinee et

al., 2007a). Where milk composition is not standardized, the seasonal variation may

11
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lead to product and process variations during cheesemaking. Fat standardization of
cheese milk based on a proteinfab ratio (PFR) overcomes the problem associated
with seasonal variation of milk composition to some extent. For instance, varying PFR
in the range 0.70 to 1.15 did not significantly affect coagulation properties (Guinee et
al., 2007a). However, such vations could significantly affect cheese composition; it

has been reported that an increase of PFR by 0.1 leads to increased protein (0.6 %,
w/w) and reduced fat in dry matter (1.9 %, w/w) and moisture infabsaubstance

(0.7, % wiw) in Cheddar cheeseepared from milk wh a fat content of 3:4.8 %.

Table 1.3 Cheese composition at different protein and protein to fat ratios in milk.

Cheese compositior At constant PFR (0.96 At constant protein 3.6
Protein level PFR ratio
3.3 3.6 4 0.70.085 0.881.0 1.101.12

Moisture (%, wiw)  37.16 36.39 36.2 37.06 37.84 38.91
Fat (%, w/w) 31.37 319 318 34.53 31.36 28.76
Protein (%, w/w) 26.0 26.06 26.45 23.14 25.08 26.4
MNFS (%, w/w) 54.14 53.44 53.18 56.63 55.12 54.61
Ca (mg/g of protein) 29.3 297  29.47 28.89 29.4 28.45
P (mg/g of protein) 20.2 20.6 20.97 20.46 20.49 20.49

MNFS denotes moisture in ndat substances; PFR denotes protein to fat ratio (Guinee et al
2006; 2007a)

Increasing protein (3-8 %, w/w) and fat (3! %, w/w) levelat constant PFR
in milk led to reduced cheese moistuamd similarly decreasing the fat level at

constant protein level (3.6 %) in milk led to increased cheese moisture (Table 1.3).

The influence of fat on the syneresis of cheese curd was studied extebgivel
Mateo et al. (2009). According to that study, higher levels of protein and fat in cheese
milk and thus a higher level of total solids results in curd with a lower moisturentont
than curds prepared from milks with lower level of total solids (Mateal., 2009).

On the other hand, milk with a higher solids contikré to incresed protelavelfrom

12
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3.3 to 4%at auniform PFRmay result in more porous curd particles, which Idou
exude more moisture than particles from milk with a lower total sofitetds (Guinee

et al., 2006).Furthermore, processing steps (e.g., stirring) could induce a higher
frequency of collision between dense curds particles, if produced from higHer tota
solids milk, which could deform the curds, resulting in more whey exguthian curd
produced from milk with lower total solids. In contrast, cutting the gel at a higher gel
strength could lead to higher moisture content than cutting the gel at astoaragth,
possibly due to difficulty in contraction of the matrix. Surprigy, the magnitude of

the decrease in moisture in nfat substances in cheese has been observed to be lower
at a higher fat level in milk in comparison to increasing PFR (lovideval) (Table

1.3). This is explained by the concepts that fat acts gsVdV RSSHUY VORZLQJ

syneresis from the cheese curds (Guinee et al., 2006, 2007; Maeto et al., 2009).

1.3.6 Effect of interactions between fat globule and casein micelle size

Logan et al. (2014) reported an interactive effect of fat globule size aeih cas
micelle size on the rennet coagulation properties of milk. It was found that milk with
smaller casein micelles (18359 nm) and larger fat globules (3:B&8 um) resulted
in faster coagulation and gave a firmer curd than milk with larger fat glolames
large casein micelles (18102 nm). The study clearly demonstrates the importance of
smaller casein micelles for cheesemaking. It is expected that larger fat gi@a8s
to 578 um)are tightly packed in the pores generated by smaller casein rmidé&k
to 159 nm) giving a structural rigidity and hence firmer cuodsnpared to curds with
larger casein micelles and smaller fat globu{esgan et al., 2014, 2015). A
subsequenstudy on the interactive effects of fat globule and casein micelleigsizes

bovine milk has also given similar results (Logan et al., 2015). PrevioR§l DK R Q\\

13
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et al. (2005pbserved weaker gelith larger fat globules size (4.68 um) compared

to smaler fat globule size (3.45 um). Tlentradicton betweerthesestudies coud

be due to differences caused by casein micelle ,seagshasizing theinteractive
effects of casein micelkzewith fat globulessizein milk gels The size of faglobules

has been reported to vary depending on feed type (Adggaman et al., 2014;
Couvreur et al., 2007) which could also have an influence on rennet coagulation

properties in different studies.

1.3.7 Composition of poorly coagulating milk

When milk fom some cows does not coagulate within 30 atr35°C )of
adding rennet, this milk isonsidered to have a naoagulating property. Similarly,
milk which coagulates but reaches a firmness of less than 20 mm, 30 min after rennet
addition has been categged as poorly coagulating milk (Joudu et 2D09) (Figure
1.1). Industrially, poorlycoagulating or nowoagulating milk could lead to huge
economic loss during cheesemaking. It is not clear why some milk shows this type of
property. However,ithaEHHQ SURSRVHG WKDW PLQGdse&hWK WKH
KLIJIKHU FRQFHQWQ®&ayER @dkt larger casein micelles show poor
coagulation properties (Wedholm et, &006). Moreover, a lower concentration of
milk salts has a negative effegh the suitability of milk for cheesemaking. For
instance, Wedholm et.g2006) reported that milk containing less than 0.10 g/100 g
calcium had a longer rennet coagulation time than milk with a higher calcium content
(0.12 g/100 g). The availability éfee(ionic) calcium in milk is important for bridging
casein micelles after renngiduced hydrolysis; Hallén et.42007) showed improved
curd firmness in poorly coagulating milk after the addition of 0.05% £EGWever,

this improvement may not occur very late lactation milkbecause of decreabem

14
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casein number due to enzgtit action and higher pH, leading alteratiors in casein

micelle inegrity and mineral balanc@.ucey and Fox, 1992). There has been much
interest in understanding the causépoorly or norcoagulating property of milk in

genetic level. Jensen et €012) reported the genetic constituent of BB, AA and AA
YDULD®W RQ €asein, respectively, contribute to impaired milk coagulation
properties. It has been suggektieat selecting milk on the basis of casein composition
for cheesemaking cadilreduce the uncertainty in milk coagulation properties and

hence optimize cheese composition (Glantz.e2al 0).

1.4 Factors that influence milk composition, rennet coagulation properties and

cheese composition

1.4.1 Impact of seasonality on milk qualty

The composition of milk changes depending on season, lactation period, parity
number, health status, feed, breed,amnd many other factors (Roupas, 2001; Amenu
DQG "HHWK 219%ULHQ DQG *XLQHH ZKLFK FRXO
flavour development in continentype cheeses. Furthermore, in a seasonal milk
production systenspringcalved herd yield milk with protein and fat levels the
range of 39 to 4.02%, w/w, and4.40 to 5.12%, w/w, respectivelyduring a year

(29&D O O Dal.oD1P. H

Recently, Chen et al. (2015) reported no significant differences in the
composition of soft cheese prodddeom milk with compositional variations over the
course of a production year. This lack of variation in cheese composition could be
atiributed to the calving pattern and controlled feed supply in milk production. A
similar study in highly seasonal milkrg@ucing countries may have a different

outcome.
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Different sampling intervals have been used in different studies on seasonal
variatiors in milk composition. Chen et al. (2014) examined compositional variation
at intervals of two weeks, Heck etal. 20®W ZHHNO\ LQWHUYDOV 2Y%UL
and Mehra et al. (1999) at 3 week intervals and LindAviaiksson et al(2003) at

monthly intervals.

1.4.2 Impact of lactation stage on milk composition

Much emphasis has been given toHaidation milk (>250lays after calving)
in pasturebased milkproducing countries. Latiactationmilk has higher levels of fat,
protein, casein, whey prots, noncasein nitrogen, bovine serum albumin, sodium
and casein hydrolysis products than other stages of lactation (Donnelly and Barry,
1983; Auldist et al., 1998; Mehra et al., 1999; O'Briemalet1999b). Auldist et al.
(1998) studied seasonal varaatis of bovine milk composition at different stages of
lactation in different seasons under similar husbandry management practices. It was
found that, regardless of the season, milk yield and ladsel decreased and the
level of milk fat, protein, caseiand whey proteins increased in late lactation milk
(Auldist et al., 1998). This change in milk composition could be due partly to reduced
milk volume at latdactation (Auldist et al., 1998; Hiely et al., 2006; Hinz et al.,

2012), resulting in the conatration of milkconstituents within the udder.

In addition, milk in late lactation shows impaired rennet coagulation and
VIQHUHWLF SURSHUWLHV GXULQ8%). SenteHs\UHiesDhie QJ 2.
highlighted the importance of high quality nutrition &atating cows to overcome the
SUREOHP .HIIRUG HW ,0984; Lucey199%; Guihekeret al., 2007Db).

For instance, studies have shown no significant differences in the levels of fat and

lactose, RCT, Ko, Aso of milk samples taken during dayd&307 of lactation
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29%ULHQ HW DO *XLQHH HW DO E 6 XFK LPS
lactation was attributed to high quality feed (pasture and 2 kg concentrate, or silage
when ©ws were indoors) and a strict management policy (stockatey 2.48/ha,
drying off at 6 kg milk/day) was used. A subsequent study on Mozzarella cheese made
from milk obtained during days 2484 of lactation has also reported similar (P<0.05)
moisture, fa protein, MNFS, NaCl, ash, calcium, phosphorus in theltaes cheese
(Guinee et al., 2007b). These studies suggested that late lactation milk can be used to
produce low moisture paskim Mozzarella cheese without defects, if cows are fed
with a high aality diet and milk from cows with a low milk yield (<6 kigy) is

excluded.

The level of FFAs in raw or pasteurized milk in late lactation has been found
to increase significantly (1.677 to 6.812 gm/kg fat) compared to early lactation
(Hickeyetal.,20 2% ULHQ HW DO 7KHUBORYNMKgOLQHDU
fat) FFA level during ripening of Cheddar cheese (Hickey et al., 2006). Hence, a
higher level of FFAs in milk is expected to lead to higher levels of FFAs in ripening
cheese. Generallplasmin activity is up to 8 times higher in young chekaa in the
original milk (Hinz et al., 2012). Plasmin activity is critically important in protein
EUHDNGRZQ SPODWHEQ®ORKIORKaslR & Kdgher\proportion of
protein breakden occurs in cheese when it prepared from late lactatitn(hhickey
et al., 2006; Hinz et al., 2012), possibly due to presence of higher levels of
SODVPLQRJIJHQ DFWLYDWRUV LQ WKDW PLON 29%ULHQ
using late lactatiommilk compared to early or mid lactation milks, consideratio
should be made for the cheese type to be produced and their intrinsic clstics;ter
as different cheese types may be more or less impacted by increased levels FFA and

plasmin activity. Varioustudies have shown that the moisture level in Cheddasehee
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increases when it is manufactured fromdaigtation milk, in comparison to mid or
earlylactation milk (O'Keeffe, 1984; Lucey and Fox, 1992; Kefford et al., 1995;
Hickey et al., 2006; Hinz edl., 2012). Similarly, there is a tendency for more slit
(crack) formation in Swissype cheese when it is prepared from Jaiation milk
(Daly et al., 2010), probably because of extensive proteoRdiscasein in cheese
during ripening(Hinz et al.,2012)although the mechanism for this has not yet been

fully determined.

1.4.3 Effects of combining spring or autumn-calved herdson milk composition

There are contradictory reports as to whether variatin milk composition
are more influenced by feed or by stage of lactation. Some studies (Auldist et al., 1998;
OHKUD HW DO 2194RQQHOO HW DO KDYH GLV
calving between spring and autumn to achieve a morssistent milk quality
throughout the year. Seasonal variations in milk composition (Auldist et al., 1998;
OHKUD HW DO DQG TXDQWLW\ 2T&RQQHOO HW D
lower whenincreasing the proportion of auturmalving cows in pasre-based milk
producing countries. Mehra et al. (1999) also observed less variation in milk
composition in retail milk (produced from a higher proportion of autgaiging
cows) than in manufacturing hj produced from mainly springalved cows, in
Ireland. For example, retail milk contained a higher percentage of casein (average 26.5
vs 25.6 g/L milk) than manufacturing mitkuring outdoor grazing of cows from June
to October indicating thatyearround calving pattern may result in milk with better

cheesemaking properties.
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1.5 Impact of feed on milk composition

Offering feed that fulfis the nutritional requirements of cows has been shown
to increase the concentration of protein, casein and minertainton milk (Bovelenta
et al., 2009; Dillon et al., 219%ULHQ HW DO D JRU LQVWDQ
of grass intake by cows in the riattation (1624 kg DM) resulted in an increased
casein number, protein and casein and lactose levelslkn(Guinee et al., 1998).
&RQYHUVHO\ 2(19994) folQd thavlirbited feed supply at higher stocking
rates results in lower levels of protein, lactose, fat, casein, and higher levels of FFAs,
in bovine milk compared to milk from cows fed libitum at a lower stocking rate.
Higher stocking densitglso coincides with increased somatic cell count (SCC) and
DFWLYLW\ RI SURWHRO\WLF HQ]J\PHV LQ PLON 2T%ULH
that supplementinthediet of pasturefed cows withconentrate (24 kg) as a protein
and energy source iNRZV IHHG UHGXFHV Wdapin& ik @ualkyW LR Q R
when accessibility of grass intake by cows is limited (Dillon et al., 1997). However,
supplementatioof feedwith concentrate may nahow similar results when cows
have a good plane of nutrRQ WKURXJKRXW ODFWDWLRQ 271%ULHQ
1997). The change in milk composition depends on the composition of feed materials
(Macheboeuf et al., 1993; Kefford et al., 1995; \ferd/lertz et al., 2005). Generally,
cows grazing in naturgdasture yield milk of almost similar composition (expect free
fatty acid level, casein number) to milk from codist supplementedvith silage or
concentrate when their energy requirement is SwigiplemenD WL R Q RietWwitZ §V
silage or concentrate @XFHY WKH OHYHOV RI ))$ 271%ULHQ HW

1997) in milk compared to milk frommows exclusively pasture fed.
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15.1 Impact of feed on casein composition

Although studies are limed in number, the effect of feed type on casein
compositonKDV VKRZQ WKDW LQFUHDVLQJ WKH SURSRUWLF
UHVXOWYV LQ D O-BaZdihiand PRDMHL RID QG KL IKdddginDHY HOV
. ¥- F DV HL aBe@ @ milk tharfieeding grass (Table 1.4pparerily, there was
little or no influenceon the proportion of different caseins as influenced by different
diets. & DVHLQ GHJUDGDW L BaQeirg | have Kdelvirgportéd do be present
at higher levels in milk when cows were fed insufficient amounts of protein and energy
SO UUFH 21T%ULHQ HW DO AQ liMUHDIDE &t HIGZOBR)R | JU D] |
suggested that allowing cows at least B/day on pasture significantly improves the
milk protein composition for cheesemaking. This improvement could be due to
increasHG OHY-HDOMFIFOVHLQV DQG U H&G3emHGd thehgds i CaR |

P, ard Mg salts in milk (Christian et al., 1999a,b).

Table 14 Effect of feed in casein composition.

Feed type ST s -casein  -casein -casein
casein casein

100% Springpasture 400410 8590 380-390 82-86 1525

Spring pasture (50%) +silac 420430 7585 360380 77-81 11-25
(22%) +hay(28%)

Spring pasture (24%) +silac 405418 80-90 340370 77-82 3545
(33%) +hay (42%)

Grain (40%) +silage (33% 412420 91-97 335350 78381 3241
+hay (26%)

Silage (44%) + Pasture he 420430 81-87 335345 7679 40-50
(56%)

Data expressed as g/kg casein (Christian.etal D E 2% U,01%9¢) HW DO
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1.5.2 Impact of feed on the rennet coagulation properties of milk

Various studies havshown effects of feed on the cheesemaking quality of
milk (Macheboeuf et al 1993; Kefford et al., 1995; Christian et al., 1999a; Dillon et
DO .DODPp /KHUH LV EURDG DJUHHPHQW F
cheesemaking properties of milk prodddrom cows fed sufficient energy (Malossini
et al., 1996; O'Brien et all996; Guinee et al., 1998; O'Brien et al., 1999a; Dillon et
DO (Q KD Q F H Gs He&hzZstidivnGd. FesMIt K Dnilk having a shorter
rennet coagulating time, firmer curdrihg cheesemaking, and subsequently a lower
moisture level in cheese (Madiweuf et al., 1993; Kefford et al., 1995; Guinee et al.,
2001; Dillon et al., 2002; Bovolenta et al., 2008). No difference in the cheesemaking
properties of milk from cows durindl8-284 days of lactation was noted compared to
cows in midlactation when ca's were offered good nutrition throughout the lactation
F\FOH 2 %ULHQ HW DO 2 %ULHQ HW DO $V
IHHG RQ PLON FRPSRNEWARIQMIlkirg dowt kad bEdh suggested
as a means to maintain the pedges of milk for cheesemaking, especially in {ate
lactation when the grass availability is low (Lucey, 1996). fi/pe of diet supplied to
milking cowsneeds special consideratiovhen producing milk for cheesemaking. For
instance, cows fed buckwheatagje yielded milk that coagulated faster, and gave a
firmer gel, in comparison to milk from cows offered rye grass silage (Kélber et al.,
2013), possibly due to compositardifferences On the other hand, cows that were
on a suboptimal diet, particulariy the latelactation, yielded milk having undergone
extensive proteolysis (Hinz et al., 2012), which resulted in impaired renneting and
syneresis properties (O'Keeffe, 1984; Cdaret al., 1996; Bovolenta et al., 2008). The

mechanism of this impairmenas not been elucidated clearly.
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1.5.3 Impact of feed on cheese composition

Various studies have shown that cows fed low quéditgge, pasture hay and
oaten straw, 12 kg DM/cower day)feed yield milk that gives undesirably high
moisture inCheddarcheese made therefraaompared to cheese made from cows fed
ahigh quality diet supplemented with maize grain amtflswer meal (Kefford et al.,
1995) These wudies have also showreduced recovery of total solids and hence
cheese yield when manufactuedm milk, which is produced from inadequate feed
(Christian et al., 1999a,b; Bovolenta et al., 2009; Guinee et al., 1998; Kefford et al.,
1995). Moreover, Bovolenta et al. (2008poeted that milk from cows fed high level
of supplements at a high stoogi density did not show improved milk coagulation

properties and gave cheeses with a hard and gummy texture.

Milk coagulation properties may differ between milk samples as infludmged
feeding regimes (Grimley et al., 2009; Coppa et al., 2011a,b) orodueltision of
silage (VerdietMetz et al., 1998; Verdie¥letz et al., 2005; Kalber et al., 2013), due
to the diversity of feed composition (Coulon et al., 2004). Milk produced bg cow
a higher level of supplements gave cheese with better texturabasorg properties
compared to milk from cows on low levels of supplement (Bovolenta et al., 2009).
Silagefed cows produce milk containing more volatile and colour compounds than
cowsfed hay; this contributed a yellowish colour to the chgasbably dueto greater
retentionof caroenoidsin silage compared to halring storagéVerdierMetz et al.,

.DODD.

1.6 Impact of somatic cell count on milk composition

The quality and suitability of milk for cheese manufacture has heked

directly to somatic cells count (SCC). Milk with >4¥iells/ml has been deesd
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unfit for human consumption or further processing within the EU (Council Directive
92/46/EEC 1992). Somatic cells are comprised of different cell types, e.g.,
macroplages, polymorphonuclear leucocytes (PMN), lymphocytes and epithelial cells
(Li et al., 2014). Generally, in milk from healthy cows, somatic cells are mainly
macrophages, whereas milk from unhealthy cows contains a high proportion of PMN
(Lietner et al., 206). Macrophages and PMNs have a high level of proteolytic
enzymes (cathepsins, B, B, L, G, S and elastase) (Li et al., 2014). Moreover, with
an increase in SCC due either to mastitiated pathogens (e $treptococcus aurepus
Streptococcus dysgalaaé, and E.coli) or when produced in late lactation has

increased levels of associatuzymegLeitner et al., 2006; Merin et al., 2008).

Kelly et al. (2006) reviewed the proteolytic enzymes in milk. The activity of
plasmin is commonly found to be4fold higher in milk from mastitisnfected cows
than healthy cows (Leitner et al., 20 % ULHQ HW DO &RQIOLFW
been reported with respect to SCC and plasmin activity. Some studies have claimed
that there is no influence of SCC upa@x1@ cells/mlon plasmin activity (Cooney
et al., 2000; Hinz et al., 2012) whereathers have observed significantly higher
plasmin activity when the count is >5*1IFHOOV PO $XOGLVW HW DO
al., 2001; Somers et al., 2003). The aatiion of plasmin in milk is a complex
phenomenon as it depends on the effect of plasgen activators and their inhibitors
(Leitner et al., 2006)which could probably depend on the presence of PMNSs.
Nevertheless, a study on the proteolysis by plasmimeailo milk showed extensive

SURWHLQ EUHDNGRZQ Ldasdn(SriNivabkh\asdH Edelp @002). R |

OLON ZLWK D KLIJKHU 6&& UHGX-FDY Heaimnamy RI1 WR

L Q FUH DV H Gc&éinvandproteoke peptones (Klei et al., 199ney et al.,
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2000; Marino et al., 2005; Mazal et al., 2007; Forsback et al., 2% ULHQ HW DO
2001). Various studies have reported a longer rennet coagulation time and weaker curd
ZLWK LQFUHDVLQJ PLON 6&& 6RPHUYV; FoWwbaslCet al., 21%
2011). Srinivasan and Lucey (2002) showed that on addition of plasmmilk, a

decrease to < 40% of intact casein drastically alténedmicrostructure of rennet

induced gelsand they reported thaven with low levels of casein hydysis, the

rheological properties of rennet gels were altered, which could haveveeigapiacts

on cheese yield and texture.

Changes in the SCC in milk depend on multiple factors such as breed and parity
(McParland et al., 2013), stage of lactation (Astieet al., 1996) and udder health
(Green et al., 2006; Leitner et al., 2006). In trgaherds, milk from Montbeliarde or
Jersey cows has a lower SCC than milk from Holstein or Friesian cows (McParland et
al., 2013). Furthermore, cows in first lactationegmilk with a lower SCC than older
animals. In Ireland, the SCi@ milk produced fran a springcalved herd showed a
decreasing trend from January until Ap(it196*1C¢ to 162*1G cells/ml) and
increasing trenfrom Juneuntil November(162*10°cells/ml to 206*18) 21&RQQHOO
et al., 2015; McParland et al., 2013). In October and Noverab@&pid increase in
SCC has been reported because the majority of cows were entering into late lactation.
However, a different trend in the change of SCC itk inas been reported for milk
obtained from herds containing spriragnd autumscalving cows compared to spring
calving alone. For instance, milk from herds eal\at different seasdmd a higher
average SCC in early and mlmctation and lower in latlactation than milk from
springcalved cows alone; this has been explained due to mixing of ioitkdifferent

stagesoflacttV LRQ 2T&RQQHOO HW DO
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The influence of SCC on milk composition has been reviewed widely (Li et
al., 2014; Ruegg and Paraof013; Le Maréchal et al., 2013). Geary et al., (2013)
found that each lagunit rise of somat cells count in milk correlated positively with
true protein (0.082%), neprotein nitrogen (0.006%), casein (0.047%), whey protein
(0.041%), fat (0.11%), andegatively with lactose-Q.14%) and casein levels as a
percentage of total protein0(96%). Hence, presence of higher SCC in milk
negatively influences the final yield. The loss of casein products into whey is
responsible for reducing the final yieldolRis and NgKwai-Hang, 1988; Klei et al.,
1998). Therefore, milk with high SCC, e.g., mastitidate lactation milk, may show
hydrolysis of the native casein structure in milk with deleterious effects on the

cheesemaking quality.

1.6.1 Impact of SCCon cheese composition

Each logo unit increase in the value of SG6*10"3 to 1.4*10"6 cfu/ml) in
milk results in an increased moisture content of 0.5% in subseGhexddarcheese
according to anetaanalysis studyrom previowsly published literaturéGeary et al.,

2013). In addition, cheese made from milk with a high SCC contains a higher level of

watersoluble nitrogen than cheese made from low SCC gilboney et al., 2090

Marino et al., 200BMazal et al., 200)/ For examplejncreasing somatic cell count

from 3*10”5 to 6*10”5 in milk prior to cheesemakirggsulted in increasegkimary
proteolysis (YpH 4.6 SN/TN from 19.4 to 21.0 in 2 months old ripen€theddar
cheese (Marino et al2005).This could be due to proteolysis during ripening
proteolytic enzymegHinz et al., 2012) which negatively affects sensory properties
such as firmness, texture, and flavour in Cheddar cheese (Grandison and Fard, 1986

Auldist et al., 1996). Stlies have suggested that milk exceeding SG&11P cells/ml
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may not be suitable for cheesemaking (Barbano et al., 1991) after 72 hours of cold

VWRUDJH 21%ULHQ HW DO

However, it has been suggested that the effecC&@ B different studies has
been illdefined due to the association of various cofactach as other endogenous
enzymes, bacterial enzymes and plasmin (Li et al., 2014; Le Maréchal, 2011). Li et al.
(2014) suggested that the appropriate method to shedynpact of SCC in milk could
be by concentrating or isolating somatic cells from hgatthws, and adding these

somatic cells to somatic cdhee milk in different proportions.

Controlling the SCC in milk for cheesemaking is important at farm levely Kel
et al. (2009) emphasized-ferm management practicks cowhygiene post milking
teat disinfection and data recording systems as critical points at which a farmer can

control SCC in milk that is destined for cheese production.

1.7 Impact of breed onmilk composition and cheesemaking properties

The cheesemaking properties of milk frorffetient breeds have been explored
in order to customize cheeslk for efficient cheese production (Auldist et al., 2004;
De Marchi et al., 2007; De Marchi et al.,08) Frederiksen et al., 2011; Penasa et al.,
2014). As already discussed, milk with higlids, casein, smaller casein micelles and
WKH % % Y EaskiDI@W iRdroved cheesemaking characteristics (Auldist et al.,
2002; Macheboeuf et .al1993). Milk composition, casein composition and rennet
coagulation properties are presented usiegldta from different studies in Table 1.5.
Milk from Jersey cows shows superior properties in terms of milk and casein
composition in comparison to that from Montletle, Normande, Friesigfiolstein,
Tarentaise and Brown Swiss cows. The superiority rmgeof rennet coagulation

properties (curd firmness) is in the order of Jersey > Normande > Montbeliarde >
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Tarentaise > Brown Swiss > Friesiblolstein. Interestinglymilk from Montbeliarde

cows contains the smallest casein micelle size in compansaher breeds.

Moreover, a limited number of studies have shown the impact of milk
produced fom different breeds for cheesaking. Some of the studies determined
curd frmness as 4 (Auldist et al., 2002; Auldist et al., 2004), whereas others
determined Ao (De Marchi et al., 2007; De Marchi et al., 2008; Macheboeuf et al.,
1993; Bland et al. 2015), which makes it difficult to compare the trend for gel firmness

betweerbreeds reported in different studies.

It has been shown that the inferior properties i fnom Holstein cows may
be improved by mixing with high quality milk from a superior breed, e.g., Jersey (De
Marchi et al., 2008; Bland et al., 2015). Alternativeiyprovement can be achieved
by slightly increasing the concentration of milk solidsultyafiltration (Auldist et al.,
2004). For instance, De Marchi et al. (2008) made Italian soft cheese (Casolet,
Vezzena, and Grana Trentino) from mixed milk from s and Brown Swiss
reported a better yield, coagulation time and curd firmness th&nfrorh Holstein
cows.Increase in moisture adjusted yield (9.7 to 12.7%ihdfat (85.14 to 87.7%),

andprotein recovery (77.40 to 78.26%gwmereported when increams) the proportion

(25 to 75%) of Jersey milk in Holstein mTBIand et al., 201 However, milks used

in the studyBland et al. (2015)vere not standardized withsgect to protehto -fat
ratio, for examplerennetto-casein ratis, curd firmness at cutiffered hencecheese

composition may vary with respect to differences in moisture content
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Chapter 1

Parameters Friesian Ref Jersey Ref  Montbeliarde Ref  Brown Ref Tarentésse Ref Normande Ref
Holstein Swiss
Milk composition
1,
Fat % 3.77£0.32 2,3,45,6,7,8, 5.43+0.38 1,57 3.67+0.22 8,2,12 3.85+0.27 3,469,111 3.64+0.38 2,8, 3.81 12
9,11,12
. 1,2,3,4,5,6,7,8
Protein % 3.28+0.21 9 101112 3.84+0.12 15,7 3.26x0.04 8,212 3.49+0.27 346,911 3.21+0.01 2,8 3.49 12
Casein % 2.57+0.23 10215161; S, 2.96+0.17 15,7 2.63%£0.02 2,12 2.77+0.29 6,9,11 2.61 2 2.77 12
Lactose% 4.78+0.19 1’12512’5’7’ 455+0.50 1,5,7 4.81+0.13 2,12 4.98+0.06 4,11 4.92 2 4.73 12
Caseinno  78.42+2.77 i,?,26,7,8,10,1 16'6&2'3 15,7 80+1.41 8,12 79.1+0.28 6,11 81.7 8 79.4 12
Micelle 164+10.12 5,12 158 5 138 12 Na i N/a . 151 12
size nm
Casein composition
s ¥ 34.61+1.25 10,12 N/A - 35.8 12 N/a - N/a - 34.1 12
s 7.97+1.35 10,12 N/A - 9.38 12 N/a - N/a - 9.12 12
-casein* 38.74+6.40 1, 10,12 49.27 1 34.8 12 N/a - N/a - 35 12
-casein* 12.34+1.23 1,10,12, 14.96 1 11.8 12 N/a - N/a 124 12
Continued
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ContinuedTable 1.5Effect of breed of cow on milk, casein profile and rennet coagulation properties.

Parameters Friesian Ref Jersey Ref Montbeliarde Ref Brown Ref Tarentdsse Ref Normande Ref
Holstein Swiss

Rennet coagulation diby

RCT min 19.03+5.29 %’2’3’4’6’7’9’1 32.2 1 18.9+5.65 2,12 32.76 3,4,6,9 20.8 2 13.2 12
K20 12.44+2.63 1,2,3, 12 10.3 1 9.9+3.11 2,12 6.4 3 14.2 2 5.9 12
25.26+9.22 52.7 43.55+2.05 27.5£4.87 40.5 48
A 2,34 1 2,12 4 11 2 12
60,30 (A30) ’31 16’9 (AGO) (A60,3(9 ’ (A30) 31 ’6191 (A3O) (A60)

Figures with multiple references are presented with standard deviatoncentration of individual caseins is expressed asceipege of total
casein.For RCT, Ky, Aco, please se€able no.l.1, Ref stands for references, 1=Auldistl (2004), 2= Macheboeuwt al (1993), 3=De Marchét
al. (2007), 4=De Marchét al (2008), 5= Blanckt al (2015), 6=Penasat al, (2014), #Frederikseret al (2013), 8=Couloret d. (1998),
9=Cecchinatet al (2011), 10=J6udet al (2008), 11=Malossinét al(1996) and 12= Auldistt al (2002). N/A indicates data not available
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Interestingly, concentration of Holstein milk to the level of that in Jersey milk

showed no differences in cheesemaking properties between the two milk types

Auldist et al., 200jt Recent stués have also focused on milk from Finnish Ayrshire

(Ikonen et al., 1999; Tyriseva et al., 2004), Swedish red (Poulsen et al., 2013), Danish
red (Frederiksen et al.,, 2011) to explore the cause of impairegulatian

characteristics.

1.7.1 Genomic variants

Recently, various attempts have been made to improve milk processability for
cheesemaking through breeding. For instancek friim Holsteins crosbkred with
Montebelliarde bulls showed improved rennet cdaiijng properties in comparison
to Holsteins cresbred with Brown Swiss or Swedish red bulls (Malchiodi et al.,
2014). Identification of appropriate breed based on genomic variants has also been
attempted (Poulsen et al., 201Bpr example, casein gen€SN1SIC, CSN2B and
CSN3B were associated with good coagulating &&8N2AAwith poor coagulating
milks (Poulsen et al., 2013). Genotyp8N3BBhas been found to be associated with
D KLJK G HddddihtglyRrdsylation (Bonfatti et al., 2014). In costraow breeds
that secret6 JHQHWLF YDULDQWYV %%BD VHHILFD ¥ BLBSINR |
respectively were identified as being inappropriate for cheesemaking (Jensen et al.,

2012; Gustavsson et al., 2014a).

Hence, cheesemaking could be more efficiemilk was selected onasein
composition (Auldist et al., 2002; Wedholm et al., 2006; Bonfatti et al., 2014; Freitas
et al., 2015) or by improving a breed having a particular casein genotype (lkonen et

al., 1999; Glantz et al., 2009; Gustavsson eRallA4c). It is suggestedahbreeding
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programmes for next generation cows should consider not only fertility bundlso

compositional properties.

1.8 Protein standardization

Ultrafiltration of milk prior to cheesemaking allows the concentration of
proteins and fat for cheesemagi and increases curd mass. Milk standardization

allows for more consistent processing, reduced rennet costs and improved product

quality(Guinee et al., 1994Ultrafiltration of milk for cheesemaking to a protein level

of >40 g/L results in anore dense curd, which rsaeasily. This problem is overcome

by lowering the coagulation temperature from 31 to 27°C, which slows the secondary

stage of coagulation, resulting in a softer, more workable fﬁuudhee et al.,, 1994

A reduced moisture level associated with an increaseiip level in cheese may

pose problems for the cheese industry when using ultrafiltration. Cheese is sold based
on legal moisture and FDM contents as opposed to a cheese solids basis.
Cheesemaking methodologies that use ultrafiltered milk must therééwedop a
method for incresing cheese moisture level in the presence of high protein
concentrations. Decreasing set temperature, lowering maximum scald temperature,

manipulation of cut size and a faster rate of cooking are all possible methods for

increagng moisture leve(Green et al.,198Guinee et al., 199.

Ultrafiltration of milk prior to cheesemaking o protein level of ~45 g/L or
higher offers potential for increasing cheese yield and reducing seasonal variations
associated with milk composition, allowg for a more consistent gel strength at
cutting and improving the overall finished cheé&riinee etal., 1994) However,
cheesanakersneed to understanthe effect of changing coagulation conditions on

rennet coagulation properties and curd moistuse [@ropertiesvhen using protein
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standardized milkThe rennet coagulation properties of protstiandrdized milk
results in increased curd firmnelssfore cuttingand greater curtb whey ratioin
curd and whey mixturduring stirringin comparsion to the gel prepared from regular
milk (Guinee et al., 200€nd alterationof these factors magntail ogimizing the
cheesemaking proces3.herefore a greater understanding dhe coagulation
propertiesof protein concentrated milk arttie syneresigprofile of the subsequent

curds is necessargnd should be focus of future research

1.9 Conclusions

Undoubgdly, the quality of cheese depends on the milk from which it is made,
and much of thevariability in the composition and character of any cheese variety
depends to a significant extent on the fact that raw milk is a rather variable material
from compositbnal, microbiological, enzymatic, and other perspectives. Such
variability may be exagbated by factors which are unique to specific production
contexts such as regions, which have a highly seasonal milk supply. In addition,
variation in diet, season, satit cell count, and other fartavel factors in any country
can influence cheese congition and quality; in recent years, understanding of the
relationship between compositional factors including spegifotein fractions and
cheesmaking has been gréatexpanded. A key question then concerns the steps
which cheese manufacturers can takeompensate such valility; key steps which
have been practiced for decades include standardization of milk eprati@in basis,
and addition of CaG|to optimze the mineral balance of milk, while newer
appoaches include membrane filtration to adjust milk compositibhis review
considerdiow milk composition is influenced by various factatgéarm levebnd how

such variability in milk compsition influence the cheesemaking propiedand final
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cheese qudl. Theinformation maybe usefulin the selection and treatment of milk

for improving consigncy and qualityf cheese
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3.1 Abstract

This study compared the-wrat moisture dss kinetics under fixed cheasaking
conditions during 75 min stirring of curds prepared from presgamdardizednilks
produced from indoor cows fed Total Mixe@tidn (TMR), or outdoor cows fed Grass
only (GRA) or Grass mixed with Clover (CLO). Relative Curd Moisture as a function o
time was fitted to different empirical equations, of which a logarithmic function gave the
best fit to the experimental data. Theistore loss rate constant (k rijrwas found to be
similar for curds from proteistandardized TMR, CLO and GRA milks gsting minimal

feedinduced variations isynereticproperties.

85



Chapter3

3.2 Introduction

Moisture levels in cheessurds (hereaér curd) decrease due to whey expulsion
(syneresis) after cuttingf a renneinduced coagulum during cheesaking(Mateoet al.,
2009b; Everaret al., 2008) The rate ofeduction in curd moisture leveepends on milk
source, milk composition, e.g.,qiein and fat level, open spaces for whey movement
(microstructure) and process conditions applied to the ¢@asyo and Balcones 2000;
Mateoet al., 2009a; Everaret al.,2011) In modern plants, cheeraking processes are
mainly performed based aime-based standard operating procedui@sineeet al.,
2006) in which the effects of variation in milk source or composition on curd syneresis
may not always be given suffesit consideration. Variations in milk composition have
been reported to influendmal cheese moistur@Auldist et al., 1996)and this could be
(at least in part) due to differences in curd moisture contents before dréeggek and

Walstra 2004)

Whey expulsion from curds is influenced by many intrinsic factors, e.g., pH
(Piyasenaand Chambers 2003; Piyaseastaal., 2003; Grundeliust al., 2000; Lodaitet
al., 2000; Girouxet al., 2014) fat (Mateo et al., 2009a; Talen®t al., 2009)
exopolysaccharidéCostaet al., 2012)whey proteinsKiyasena and Chambers 2088}
calcium kvels(Genget al., 2011; Caromet al., 2001; Casiraglt al., 1987) Similarly,
different processing conditions, e.g., cutting sp€ederardet al., 2008) curd size
(Renaultet al., 1997; Grundeliust al., 2000) stirring duration(Everardet al., 201),
temperaturdlezzi et al., 2012; Gengt al., 2011; Thomanat al., 2006; Girowet al.,

2014) homogenization{Thomannet al., 2008)and membrane filtrain (Caronet al.,
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2001) also influence the whey expulsion behaviour of curds and hencerth@aisture

content.

Different feeding regime$or dairy cowshave been reported to influence milk
composition, e.g., protein and fat level? § & D O CeDdlK BOQ6) and thereby final
cheese compositidi€hristianet al., 1999; Martin et al., 200%}ounties following grass
based feeding regimes (e.g., Ireland and New Zealand) have larger seasonal variations in
milk composition than counts where dairy herds amainly fed indoor with mixed
rations 2 & D O @al,R@vhich furtheremphasiestheimportance of conseting
such variation for chees®king. RecentlyGulati et al. (2016)reported variations in
composition ad cheesmaking properties of milk produced under different feeding
regimes, including indoor feeding of total mixed ration (TMiRY grazing on grass and
grass plus white clovefeeding of grass only or grass mixed with clover in Ireland.
Guineeet al. (2006)suggested that the impact of seasonal or-fieédced variatia in
milk composition on cheeswking could be minimized bydausting protein levels of
milk to a uniform level followed by fat standardization. The effect of protein
standardization ofmilks produced under different feeding regimes on curds moisture

content dynamics during stirring-irat havenot, however, been westigated.

Traditionally, suitability of curdss evaluated by empirical methods, e.g., curd are
squeezed by hand and released #rttle curds segregate easily and show resilience
against collapsehen curds are assumed to hdke desired moisture caant prior to
drainagg Akkerman, 1992)Accurate inprocess prediction of curd moisture levels would
be a key development in detemimg curd drainage time based on milk composition

(Mateoet al., 2009c)Furthermore, mderstanding changes inwat curdmoisture content
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as influenced byherd diet would help in reducingprocess variabity during cheese

manufacture

The objective of this study is to examine curd moisture content and the kinetics
thereof, from standardizenhilks produced fromcows kept indbor and fed TMR or
pasturebased cows grazed either on grass, or grass together with Gloggresent study
alsoaimed to compare different empirical mod&smonitor syneresis during cheese
manufacturevith experimental data to predictird moisture antents irvat. Previously
it was reported thanilk from pasturefed cows during late lactatiowassuboptimalfor
cheesemakinguossiblybecause afpoor plane of nutritiorf 2 . éffe, 1984 Kefford, et
al., 1995. The present study investigates syner@soperties of curdising milk when
springcalved cows weresupplied witha good plane of nutrition durintate lactation

stage

3.3 Materials and Methods

3.3.1 Feeding regime of research herds

A springcalved herd of cows at the Teagasc Animal and$aad Research and
Innovation Centre, Moorepark, was divided into threedswith 15 cows per grouf.he
herds were each allocated to one of the following feeding sysiests: Mixed Ration
(TMR), Grass (GRA) or Grass together with Clover (CLO) andctimpositions of each
feed are as described in the study2df & D O Cebal. KAD1B) The current studfpcused
on milk obtained from the cows over the period,-280 days in lactation (DILBriefly,
the TMR feeding comprised of indoor feeding (grassgg] 7.2 kg DM; maize silage, 7.2

kg DM and concentrate, 8.7 kg DM, per cow per day). GRA and CLOngeaicluded
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outdoor grazing (~13 hr), the former on land with perennial ryegtasisify perennd..)

and the latter on land containing perennial ryegvéts white clover Trifolium repens

L). The outdoor cows were also supplemented with 5.3 kg DM gilage $or the GRA
treatment, 7.25 kg DMyrass whiteclover silage for the CLO treatment, and 2.6 kg
concentrate per cow on a daily basis for both treatsn@fulfi| the minimum nutritional
requirement of the herd due to reduced grass/clover growth dilvengtudy period.
Average clover content on the CLO treatment during the experimental period was 27%

the swardThe diet quantity was calculated oreeage data for one month.

3.3.2 Milk collection and preparation

Raw milks from each group of cows were collected at morning and afternoon
milkings over 2 days, on each week of a thnesek period Milks were standardized to
achieve proteifio-fat ratios(PFR) of ~1 after collectioon each week. The PFR was
chosen to represeatcontinental-type cheesewnith a PFR intermediate between Cheddar
and a continental cheegge (e.g., Maasdam chees€RA milk was standardized by
adding skim milk prepared frofRA milk to the corresponding original raw milk,
whereas CLO or TMRnilks were standardized (to the same level of milk protein as in
standardized GRA milk) by adding skim milk, ultrafiltration (UF) retentate and/or
permeate prepared from the respecthikks (Table3.1). The objectiveof standardizing
GRA, CLO and TMR milk to the same protein content was to minimize the differences
in syneresis due tailk composition and relatthe observed differences feeding
system. Theointof usingultrafiltrationto standardize protein comtisof milk from CLO
or TMR feeding systerwasto achieveasimilar casein compositicend amineral balance

(in serum phasah the proteirstandardized milk as compared to the respective original
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raw milk. Table 3.1 shows conoments used for standardizatj which supports
assumption that minemaln the standardized mitkight not benfluenced bythe method

of standardizationUF of skim milk was carried out as describedKslly et al. (2000)
using a spiralvound membrane ght (Memtech Ltd, Swansea, UK, max surface area 144
m?, molecular weight cubff = 10 kDa) at45°C to a milk protein level of ~5%.
Standardizednilks were pasteurized at %2 for 15 s (MicroThermics, Inc. Wellington

Ct, Notth Carolina, USA), and stored ir?-L sterile plastic jars overnight a?@.

3.3.3 Milk coagulation and curd cutting

The curdmaking process was as describedateoet al. (2009a)Briefly, milk
(11 kg) was transferred to a dow@demini cheese vafType CAL 10L, Pierre Guerin
Technobgies, Mauze, France) and heated t8C3By circulating hot water in the jacket
via a water bath (Grant Y28, Grant Instrument Ltd., Cambridge UOKg pH ofthe
standardized milk was adjusted to 6.5 to reflect a tygpéaduring the coagulation step
of cheesemanufacturdy adding a 4%, w/w, lactic acid solution and a milk sample (~20
g) was removed for compositional analysis. Coagulant {@ay Plus, 205 IMCU/ml,
Chr Hansen Ireland Ltd., Cork, Ireland) was then addedatel of 0.16 ml/kg (diluted
as ab%, w/w, solution) with constant stirring. Lactic acid cultures were not added in the
present study to eliminate the effect of pH change on moisture loss from curds during
stirring, whichalsominimizes thenfluence of internal factors such as bufferaapacity,

pH change and enzyatic activity and solubiliation of colloidal calcium.

After three minutes of stirring, a sample of milk with coagukided (20 ml) was

transferred to a rheometer (ER 2000 Rtxeometer, TA Instruments, Crawley, UK),
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(cylindrical geometry), which was set up for sraathplitude oscillation, maintained at

32 + 0.2C. The rheometer was operated at a frequency of 1 Hz and strain amplitude of
2% (bob diameter, 26 mm; cup diametern®8). Changes in storage modulus (G') of the
gelwere recorded every 30 s and the coagulum was cut at a G' value of 35 Pa as described
in previous studiegEverard et al., 2008; Mateo et al., 2009&he 3min cutting
programme included cutting at 10 rpor #0 s and a healing period of 20 s, followed b

two cycles of cutting at 22 rpm for 40 s and healing for 20 s. The cutter blades were

replaced with stirrers operated at 22 rpm after 1 minute of healing.

3.3.4 Sampling of cheeseurds

Samples of the curd and whey mixture (~80 g to ~d@8required br analysis)
were withdrawn from the vat through an inline sampler amif®intervals from 5 to 75
min after cuttingThe ard sampling method was followed according to pres studies
(Mateo et al., 2009; Everard et al., 2018njefly, an inline samplemounted on the wall
of the cheese&at wasused for sampling the mixture of curd and whey duringan
stirring, after which the mixture agseparated using a sieve (300 um pore sin€) pan
Since the curslwere constantly stirreduring samplingthesample collectiorirom the
cheese vatvas random. The duration of stirring time was chosen based on previous
studies(Mateoet al., 2009a; Everaret al., 2008which also reflects the residence time
of curds invat from the start of cutting of the curtis vat drainage in commercial
continentaltype cheese manufacturéhe moisture content of the curd sample was
determined usingot-air ovendrying method as desbed in previous studies (Mateo et

al., 2009a, b).
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Table 3.1 Weight (kg), fat (g/100g) and ptein (g/100g) contents of components used for milk standardization to a total weight of 100kg

Raw milk Skim milk Cream Permeate Retentate
Weight Fat Prot Weigh Fat Prot Weigh Fat Prot Weigh Fat Prot Weigh Fat Prot
Week 1
TMR - - - - - - 134 29.39 3.89 18.75 0.13 0.25 67.85 0.1 5.22
CLO - - - - - - 8.93 4275 N/A 16.59 0.14 0.26 7448 0.1 5.22
GRA 79.64 5.0 4,12 20.36 0.13 3.89 - - - - - - - - -
Week?2
TMR 37.91 4.9 3.77 - - - 557 4054 2.17 0 0.16 0.23 56.25 0.1 4.6
CLO 68.67 4.7 4.07 - - - 295 2712 25 513 0.15 0.28 2326 0.1 532
GRA 78.6 5.2 4.21 2156 0.18 4.05 - - - - - - - - -
Week3
TMR 80.12 5.0 3.89 - - - - - - 0 0.15 0.21 19.88 0.1 4.83
CLO 8061 49 3.88 - - - - - - 0.89 017 0.26 185 02 5.9
GRA 7734 52 401 22.66 0.19 3.98 - - - - - - - - -

N/A: Not available Weigh= Weight, Prot = Protein

TMR refers to milk produced from cows fed total mixed ration in indoor. CLO and GRA refer to milk produced from cowsrgr
grassland containing grass with clover and grass, respectively.
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3.3.5 Analytical methodologes

Gross milk compositiongrasdetermined by Fourier Transform Infrared (FTIR)
spectroscopy, using a Milkoscan (Foss FFassElectric, Hillerod, Denmark)dr raw
milk, and using a Bentley Instruments Dairy Spec Bentley Instruments, Inc.
Minnesota,USA) for standardized milk. Levels of ngmotein nitrogen (NPN), nen
FDVHLQ QLWURJHQ 1&1 DQG ZKH\ SURWHLQ ZHUH GHWH
al. (2016) lonic calcium (C&") was measured usingcalcium ion selective electrode
(SenSION+9660Lconnected to a SensION+ MM 340 meter (Hach, Dublin, Irelad).
calibration curve was prepared using standard solutions of calcium chloride at
concentratios of 0.5, 1, 2.5 and 5 mMt room temperaturéaassium chloride (3 M)
was added teachstandardsolution as well as ito milk samples at the rate of 18&/v)

prior to measurementSamples were ashed using muffle furnace atG%5@r ash content.
3.3.6 Mathematical models

Curd moisturecontent at the point of cutting the cu@Mo) was assumed toe
equivalent to the moisture levels of the milk (:@tal solids, g/100 g). The release of
moisture from curd at time t equa&@®lo- CMt, whereCMt refers to the moisture leviel

curd as dunction of time.

The relative moistureontent of thecurd at time t after cutting(RCMt) was
defined as the moisture content expressed as a % of the moisture content of the curd at

time t = Q and calculated as

sQr
- LGQmHsrr
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Thus, at t=0, RCMo= 100.

Similarly, the relative whey expelled (R&Y from curd at timét) is defined as:

GQAGQTr
L sam srr

The MichaelisMenten (MM) model for RWE can be presented as equat{@m@mann
et al., 2006)

V[Ik_v®
L>r

Where,RWEmax isrelativelevel of whey theoretically expelled iaffinite time and H is

the time for RWE to reach half of RWEmax.

The relative moisture levels in curd as a function of time can be predicted by

substituting equations 1 and 2 in equatioto3jive

V[Ik_v

-L ‘ H:SF544L>r;

H =

Different empirical modelshownin Table3.2 were fitted to the experimental data

using aPROC NLINprocedure in SAD QG JRRRAIQWVWWDWLVWLFV ZHUH G

3.3.7 Statisticalanalysis

A total oftwenty severvats of curdveremanufactured withim threeweek
period, using milk samples (TMR, CLO and GRA) collected on each of 3 consecutive

weeks, with 3 replicateats prepared from each milk (N = 27).
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Table 3.2. Description of modelfs

Model Order  Type Equation References
4 N/A  MM-model —L His Fallkov Thomanret
-mode m S Ry T al., 2006
5 First Exponential - L g EfHESIFe= Girouxet al.,
order decay 2014
Second : , , Girouxet al.,
6 order Inverse time - L g Ef 'sEf e+ 2014
- - Calvo and
First Exponential “
7 - L mESiFe= Balcones,
Order  decay 2000
8 N/A Logaylthmlc - L mSFe*HJ; i
function
9 First Exponential - L mF 9:SF1SiFe;
order decay
: 2i
10 N/A Powerlaw -L mF 9:sF ") i
decay
IMM -model refers to Linear Michaelenten nodel, — refers to relative curd moisture at
time t, ‘ refers to initial relative curd moisture of milk; o f <t q refers to relative
curd moisture at 5 min of cutting and infinite time, respectivelgfers to rate constafar
moisture bssand a correspondsto ‘ F 5. RWEmax refers to maximum theoretical

relative level of whey expelled; H refers to time calculated to expel half of RWEmax.
Model no. 13 are described in materials and methods. N/A indicates not applicable.

Fat, praein and PFR levels of raw milk wemeompared withleast square
difference (LSD) at 95% significance level in emay ANOVA using PASW Statistics
for Windows, Version 18.0 (SPSS Inc. Released 2009, Chicago AFRROC ANOVA
for curd moisturdosskinetic constant (k) and BROC MIXEDprocedue wereemployed
WR FRPSDUH PHDQV RI VWDQGDUGL]HG PLON FRPSRVLW
multiple comparisorat 95% significance level using SAS (version 9.3, SAS Institute Inc.,
Cary, NC). Boxplots were cread using SPSS in which mild and extre outliers were
classified within and beyond the three quartile range, respectively. NPN, NCNa€la

content, whey proteins were compared using independent satepte t
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The goodnessf-fit of models was deternHG DFFRUGLQJ WR FRUUHF
information criterion (AICc) statistics using the following equati@ymonds and

Moussalli, 2011)

oL+ U@ AEL Et'" Es; :«F' Fs;
where, n= number of data points, SSE = sum of squared residuals; and p = number of

model parameters.

Data from 27trials were pooled according to the following equation and pooled AlCc

(AICcp) were calculated.

. As55' . . . .
e L | JUI—ZF—Z\TGEH LEtl L:I LEs; :I JFI LFs;

Models with the lowest AICcp values give the biEisamong the compared models.
3.4 Results and Discussion
3.4.1 Effects of feeding regimes on raw milk composition

Fat levéds in rawmilks, with respect to diet, were in the order GRA>TMR>CLO
(Table 3.3) over the 3week period, with significantly higher mean fat levels in GRA
(5.15%) compared to CLO (4.74%) milk. Similarly, protein levels in raw milk in the
present study weri@ the order GRA>CLO>TMR over a threeeek period. The mean
level of proteinm GRA milk was significantly higher compared to that of TMR milk. The
PFR ratio betweemilks from different feeding systems was not significantly different

during the study pesd (Table 3.3).
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Table 3.3Fat, Protein, and PFR levels of raw milks by wettkial®

Milk Fat (g/100 g) Protein (g/100 g) PFR
Week 1
TMR 4.68 3.82 0.82
CLO 4,53 3.95 0.87
GRA 5.0 4,12 0.82
Week 2
TMR 4.92 3.77 0.76
CLO 4,74 4.07 0.85
GRA 5.23 4.21 0.80
Week 3
TMR 5.01 3.89 0.77
CLO 4.97 3.88 0.78
GRA 5.22 4.01 0.76
Mean
TMR 4. 8PP 3.83 0.78
CLO 4.74 3.97P 0.83
GRA 5.1% 4.1 0.7%

ahvieans within a colum sharing a common letter are not significantly differéPt-@.05)
Refer to Table 1 for the explanation of GRA, CLO and THRRrefers to proteifio-fat ratio.

2 1 & D O Cebal. KZDXByeported significantly higher fat levels in GRA milk tha
in milk from cows on TMR or CLO diets and significantly lower protein level in TMR
milk compared to GRA or CLO during late lactation. Feeding systems of herds and days
in lactation in this study fferedfrom those of2 § & D O Cebal KID1B)in that @sture
based cows in the present study were offeaddw level supplementation tdulfil
minimum nutritional requirements, necessitated by a seasonal reduction in sward growth;
this may have somewheeduced differences in protein levelgnilks producedrom the
differently grouped cowslhe lactose contesimeasured at the end thie lactation cycle
(> 280 DIL)in all three types afaw milk wereabove4.50 g/100gin rawmilk, indicating
that the level of nutrition supplied to the cowsdid not markedlyinfluence milk
compositionKefford et al.(1995)reported that offering high energy diets to herds during

late lactation helps to improve the nutritiostdtusof herds and the compositionoilk.
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3.4.2 Effects of milk standardization on composition

Although variations occurred for individualilks between weeks, the mean fat
levels, protein levels, PFRs, and-8etes were similar each week for the standardized
milks (Table 3.4). Lactose and total solids levels were not standardized in the present

study and thus the levelof these components varied.

Table 3.4. Composition, Protein: Fat ratio and set times of standardized milks

Milk Fat Protein Lactose Total Solids PFR Settime
Week 1
TMR 4.03 411 5.25 14.01 1.02 33.64
CLO 3.93 4.08 4,93 13.52 1.04 39.44
GRA 4.01 4.04 4,58 13.19 1.01 36.93
Week 2
TMR 4.18 4.15 5.11 14.02 0.99 31.00
CLO 4.09 4,12 4.83 13.55 1.01 33.01
GRA 4.15 4,14 4,57 13.38 1.00 29.33
Week 3
TMR 3.97 4.14 483 13.49 1.04 34.06
CLO 4.12 4.08 4.75 13.50 0.99 33.66
GRA 4.06 4.05 4.56 13.21 1.00 32.21
Mean
TMR 4.0 413 5.04 13.8F 1.02 33.2¢
CLO 4.0 4.09 483 13.52b 1.0 35.56
GRA 4.08 4.08 450 13.23 099 32.96¢

abMeans within aolumn sharing a common letter are not significantly different (P >0.05)
! Refer to Tables.1 for the explanation of GRA, CLendTMR. PFR refers to proteito-fat
ratio. Set time is time to reach G' valw#s35 Pa.

In typical industrial practice, miltat levels are standardized priordard-making
to a target PFR. However, this may still result in variations in milk protein levels induced
due to seasonal effects or feeding effects (Guinee et al., 2006), potentially gesultin
fluctuations in the akesenakingprocess omn the final cheese compdaisin. In the present
study, protein standardization of TMR and CLO milks minimized compositional

YDULDWLRQV LQ SURWHLQ OHYHOV DULVLQGuiheeBtP GLIIHL
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al. (2006) While blending of different milk componentgsulted in mcreased lactose
levels in some milk (Tabl8.4), the levels of lactose were not considered to have
influenced invat whey expulsion in the present study. i¥a&on inthe lactose conterif

milk usedin conmercial cheese manufactuneay influence cheese pH amighening
profiles arising from cheese starter cultures. This may be controlled by employing
different techniques, such as UF prior to cheesematkitigwed by diafiltrationor

appling curdwashng duing cheesmaking(Moynihanet al., 2016)

3.4.3 Effects on milk coagulation

Changes in gel firmness during coagulation of milk are shown ur&gjl for a
typical trial. The curds were cut at uniform firmness (35 Pa) and while some differences
in set times occurred between weeks; there were no significant differences in set times
between the standardizedlks produced from herds on differing feediregimes in each
week (Table3.4). The practice of cutting coagula at uniform G' values of gel firmness
(Mateo et al., 2009a,b; Everaret al., 2011)gives uniformity in gel stiffnessduring

cheesmaking when dealing with varying milk compaosition.

3.4.4 Effects of feeding systems on curd moisture iaat

Curd moisture contents dropped significantly from ~81%%@% in the first 25
min of cutting, and the rate of decrease slowed thereafter to a final moisture level of ~
72% after stirring for 75 mir(Figure 3.2), consistent with previous studies (Caron et al.,
2001; Everard et al., 2011). The initial moisturatemts in the present studsaslower
(~81%) compared to the results obtained by Everard et al. (2008) (~86.9%skimt

milk) which could be due to differences in fat and protein contents ofilke used.
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40 -

Storage modulus G', Pa
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Figure 3.1 Gel firmness (Storage modulus) for a typical trial using GRA-(- ), CLO (=: =)
andTMR (——) milks. Each coagulum was cat a uniform gel strength (G', 35 Pa).

Mateoet al. (2009ajpnd Everardet al. (2011)showed that, with increasing fat
content in milk, the itial moisture content of curd decreas®&fateo et al. (20093)
however, reported a complex relationship betwekay expulsion and fat levels in milk,
as fat may obstruct curd contraction or block pores for whey expulsion. Such complexities
in the presenstudy were probably minimized by standardizing fat and protein levels in

milks to uniform levels.

The majorityof whey expulsion took place within 25 min of cutting and with
greater variation in data observed thereafter where some outlier data postdbesved
within the data (i.e. 2 extreme outliers and 6 mild outliers from the total data set of 216
points (Fogure 3.2). Mateo et al. (2009a)observed similar trends whileneasuring
syneresis under conditions similar to the present study. The outhels lse due to the

presence of different curd particles sizes within the cheese vat, suggesting that different
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levels of moisture within the curd can exist in a cheese vatharisdthe data points were
not removed in further analysi€urds from GRA, CLO o TMR milk showed similar
moisture levels at each sampling point during stirring, indicating that curds followed

similar whey expulsion dynamics during stirring, irrespectiveerd diets.

3.4.5 Comparison of models for moisture loss kinetics

A number ofmodels were applied to the RCM data to determine the optimum
model fit as defined by the lowest values Ad€cp and root mean square error (RSME)
(Table 3.5). AICc or RMSE alues compare the goodneddfit for the various models
(Symonds and Moussal011) TheAlCcp and RMSE values of model 8 (logarithmic
function) or Model 10 were the lowest among the models (Table 3.5), indicating that these
models fitted better compatdo the other models, e.g%t drder (model 2, 4, 6) or second
order (model 3pr the MM equation (model 1), as indicated by higher AICcp values. The
RCM decrease rate constant (k)cofdsfrom different milk types was calculated using
model 8. No sigriicant differences in rate constant (k/min) were observed between curds
producedirom GRA (0.0369), CLO (0.0360) and TMR (0.037gilks, confirming that
curds from different feeding regimes followed the same extent and rate of moisture

expulsion dynamics aring cheesmaking (Figure 3.3).
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Figure 3.2 Boxplots of moisture content of cheese curd atrirdls during stirring at 3€, pH 6.5. The codes C, C
T refer to CLO, GRA and TMR milk, respectively. Each result is a mean of three repeated analyses in thre
1 | LQGLFDWHY Pibdic&teskRXréne bilidrs (greater than three quartile ranges). Sampling
with common superscript indicate statistically similar moisture levels in curds.
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Table 3.5 Goodnesof modé fit for Relative Curd Moisture (RCM)

Model no Type Equation p Df RMSE AICcp
4 MM -model _L . H:sF ;/‘ll'rL_;; H - 2 161 1.071 111.42
5 Exponential decay - L g EfHESIFe< 2 161 1.420 234.37
6 Inverse time - L g Ef :SEf e 2 161 1.071 111.42
7 Exponential decay - L miSiFe= 1 188 3.89 618.99
8 Logarithmic function - L mSFeHI; 1 188 0.873 -26.33
9 Exponential decay - L mF 9:SF1SiFe=; 1 188 3.87 616.83
10 Powerlaw ~-L  .F  ¢:sFZ2) 1 188  0.894 -14.93

The number of time points in each model is n=216.

IRMSE refers t@oot mean squared errgw,refersto numberof model parameters in the equation, df refers to degrees of freedom
in model AlCcp refers to pooled$ N D L MidrfngtionCriterion corrected for model comparison. Degrees of freedom (df),
RMSE and AICc are pooled from 27 trials (n= 216).

The model pamaeters are explained in Tal3e.
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Figure 3.3 Relative curd moisture (RCM) in curds af@2aW S + IURP 705 * &/2
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values from model 8 for GRA (= ),CL@ (- )and TMR ). All data points shown are
the mean of 9 values.

A good fit of model 8 or 10 signifies that the kinetics ofvat curd moisture
reduction may not perfectly follow firgirder or secondrder kinetics. However, studies
have previously reported syneresis kinetics as fitting-dirder(Grundeliuset al., 2@0;
Kaytanliet al., 1994; Casiraglet al., 1987; Calvo and Balcones, 2QQfY)seconebrder
(Giroux et al., 2014 pr higher modelgHuberet al., 2001L)in these studies, expulsion of
whey was measured in small beak@iyasena and Chambers, 2003; CalmdBalcones,
2000; Caroret al., 2001 pr in tubeqGiroux et al., 2014; Thomanet al., 2008pr in one
curd from onedimensional perspecti&rundeliuset al., 2000; Gengt al., 2011)The
present study differs in that the coagulum formed in-& theeg vat was cut using a

rotating blade, which would have increased the frequency of curd collisions, thus leading
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to a greater quantity of whey expulsion during cutting. A rapid deche&@sed moisture
content in the vat may explain the pdibrof first- or seconebrderequations with the

RCM data.

Calvo and Balcones (20006pserved no differences syneretickinetics of curds
made from bovine, caprine or ovine ravilks. However, thezalues of kinetic constants
in the present study were higher than th&ug (k=0.011 mir) observed byCalvo and
Balcones (20000 bovine milk, indicating that a faster release of moisture took place in
the present study. In addition, the k value waselto that reported b&iroux et al.

(2014) who measured whey expulsifrom an uncut gel at 40.

Caronet al. (2001yeportedchangen whey expulsion rate in curds prepared from
varying concentration of reconstituted milk powder made frorrtré&ted nik retentate.
Addition of UF retentate tonilks during standardizatiom the present study may have
resulted in increased levels of colloidal calcium in the standardizié&d; however, the
different coagula were cut at uniform gel firmness to minimiaghssariations in whey
expulsion dynamics. Levels of ash and ionic iceitin standardized milk samples and
ash content in whey samples were similar, irrespective of milk type and their associated

standardization history (Tab8®6).

3.4.6 Prediction of curd moisture

We predicted RCM during mat stirring using model 8, talg measuretRCMo
and the rate constant (k) as model parameters. The predictability of the model was
satisfactory (R>0.93) (Figure 3.4). Application of theebased moels for determining

moisture levels in cheese adds complefiiynenezMarquezet al.,2005) Thus, recent
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studies have explored the use of inline sensors to monitor syneresis during cheesemaking
(Costaet al., 2012; Mateet al., 2009b; Everaret al., 207; Arangoet al., 2015)which

offers the possibility to determine curd moisture eohtn realtime (Mateoet al., 2009c¢)

In this context, the prediction of curd moisture using empirical model 8 or 10 may provide
valuable information formodelling of curd moisture ad drainage times during
cheesmaking using initial milk moisture. Howey, further validation of this model
would be required fomilks of differing compositions, or differing stage of lactations

or for curdsproduced under different press conditions, such as with the use of starter

cultures.

Table 3.6 Minor componentsn standardized milk and whey samples

Standardized milk Cheese whey
Week NPN NCN Total ash Ca™ PW AW
(9/100q9) (9/100g) (g/100q9) (mM/L) (9/100g) (g/100)

TMRW1 NA NA NA NA NA NA
TMRW?2 0.03 0.14 0.79 2.15 1.11 0.50
TMRWS3 0.03 0.17 0.82 2.67 1.11 0.55

CLOW1 NA NA NA NA NA NA
CLOW2 0.04 0.15 0.79 2.49 1.18 0.49
CLOWS 0.04 0.15 0.82 2.09 1.16 0.50

GRAW1 NA NA NA NA NA NA
GRAW2 0.03 0.14 0.80 2.49 1.13 0.46
GRAW3 0.03 0.16 0.83 2.58 1.12 0.49

Mean

TMR 0.03 0.1¢ 0.8F 24P 1.1 0.53
CLO 0.04 0.13 0.8F 2.29 117 0.5¢
GRA 0.03 0.13 0.82 2.54 1.13 0.48

NPN, NCNandCa'* refers tonon-protein nitrogen, nogaseimitrogenand ionic calciunin
standardizednilk, PW andAW refersto proteinand ash content in wheyraples at 75 min of
stirring respectively
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Figure 3.4 Scatterplotof RCM measured €axis) and predicted {sxis) data usingpgarithmic
model 8 (n= 21B

Natural variations in milk composition pose challengeadhieving a consistent
cheesmaking proces (Amenu and Deeth, 2007)ndustrial cheeseaking has been
largely dependent on standardization of fat, leaving protein levels unchanged, which may
lead to variations in milk composition due to feeding practices, resulting in inconsistent
cheese composiin and quality(Guineeet al., 2006; Mate@t al., 2009a) Our study
showed that, despite differences in milk composition due to herd diets (TMR, CLO or
GRA), consistent coagulation and moisture levels in curds can be achieved by
standardizing milk proteirio uniform levels, for example using membeafiltration
technology. However, the effect of this treatment on final cheese composition and quality

requires further examination.
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3.5 Conclusion

Herds fed with indoor (TMR) or outdoor (GRA or CLO) feedingmegs resulted
in significant differences imaw milk compositions. However, this study found that
protein and fat standardization of these milks to a uniform level minimized the impact of
YDULDWLRQ LQ PLON FRPSRVLWLRQ BUMEedddRP WKH
consistent chees®king process, i.e., similar coagulation and curd moisture loss kinetics
in-vat, resulting in consistent curd moisture levels before drainage. Either a logarithmic
or powerlaw model provided a better fit compareditst- or seconebrder or exponential
modek for relative curd moisture data. Overall, application of these models could
facilitate realtime prediction of curd moisture contents duringvat stirring processes.
This will enable cheesmakers to modifywerd drainage times during cheese manufacture
to achieve optimum and consistent moisture levels in the final cheese, and thereby achieve

optimum ripened cheese quality and consistency.
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Influence of protein concentration and coagulation
temperature on rennetinduced gelation characteristics
and curd microstructure
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4.1 Abstract

This study characterized the coagulation properties afohedl the cutting
window (CW, time between G' values of 35 and 70 Pa) using rheometry for milk
standardized to 4, 5, or 6% protein and set at 28, 32, or BGHS. were standardized to
a proteinto-fat ratio of ~1 by blending ultrafiltration (UF) retetgaskim milk, and whole
milk. The internal curd microstructure for selected curd samplesawaksed with
transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
Lowering thecoagulation temperature caused longer rennet coagutatien(RCT) and
time to reach G' 35 Pa §l, translating into a wider CW. It also led to a lower maximum
curdfirming rate (MCFR) with lower firmness at 40 min4g\at a given protein level.
Increasing protein levels resulted in the opposite effect,oaigin without a significant
effect on RCT at a given temperature. On coagulation at 28°C, milk with 5% protein
resulted in a similar MCFR (~4 Pa/min) and CW (~8.25 min) compared to milk with 4%
proten at 32°C, which reflects more standard conditions, vaseirecreasing milk to 6%
protein resulted in more than doubling of the efinching rate (MCFR, 9.20 Pa/min) and
a shorter CW (4.60 min). Gels set at 28°C had lower levels of rearrangenpeatef
network after 40 min compared to those set at 36°Cefrizvels, on the other hand, had
no significant influence on the levels of protein networkreesgement, as indicated by
tan/ YDOXHV 7KH LQWHUQDO VWUXFW XU BotRSEMXabdG SDUW
TEM appeared to have less crdisging and smaller sized casein aggregates when
coagulated at 28°C compared to 36°C, whereas varying protein levels did not show a
marked effect on aggregate formation. Overall, this study showed a markedtiager

effect between coagulation temperature and praindardization of milk on
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coagulation properties, which subsequently requires adjustment of the CW during
cheesemaking. Lowering of the coagulation temperature greatly altered the curd
microstructwe with a tendency for less syneresis during cuttingthearresearch is
required to quantify the changes in syneresis and in fat and protein losses to whey due to
changes in the microstructure of curd particles arising from the different coagulation

condtions applied to the proteifortified milk.
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4 2 Introduction

In milk standardization for conventional cheesemaking practice, the protein level
of milk is not altered, but the fat level is adjusted to achieve a specific ptotiinratio
(PFR), based on the type of cheese produced ardksired fabn-dry-mattercontent.
Concentrating milk using ultrafiltration (UF) offers an opportunity to increase protein
levels with several benefits to the cheese industry; for example, reducing the impact of
seasonal variation of milk compositiondheesemaking (Broome et dl998), increasing
process efficiency and cheese yield, and ameliorating issues with poorly coagulating milk
(Guinee et al., 1994,1996a, 2006; Mistry and Maubois, 2Qis® of UF has been broadly
categorized based on the exteftprotein concentration dm low concentration ratios
(LCR; 1.2 to 2x) to medium concentration ratios (2 to 6x) or high concentration ratios (6
to 8x) (Pouliot, 2008). Protein levels in cheese milk can be increased directly using UF or
by supplementing itk with UF retentate (GovitasamylLucey et al., 2011) or through
supplementation by reconstitution of casein powders into milk (Guinee et al.,, 2006)
depending on legal regulations in various countries. Using-UERs the most frequent
method for proteirroncentrationwhile applyng higher concentration ratios adds greater
complexity to the process (e.g., rennet coagulation properties) and to the equipment
required(Lu et al., 2016; Mistry and Maubois, 201A summary of studies utilizing
LCR-UF for different cheese varieties witliaximum protein levels, PFR, and total solids
content is presented in Talld.. It is evident from the studies reviewed tbatposition
of milk (protein level) greatly influences subsequent steps in the cheesemaking process,

with the most critical oneding rennet coagulation.
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Table 4.1 Cheese varieties produced from milk concentrated by ultrafiltration.

Cheese Maximum Protein  Total Country Reference
Variety Protein To-Fat Solids

Levels Ratio (%)

(%)

Cheddar 4.6 0.861 - Ireland  Guinee et al.1996a
Cheddar 4.8 0.73 17.2 USA Ozturk et al., 2015
Cheddar 4.81 0.82 16.2 Australia Broome et al., 1998
Cheddar 5.93 0.88 18.2 USA Oommen et al., 2000
Cheddar 6 0.93 175 USA Acharya and Mistry, 2004
Cheddar 6 0.84 - Australia Ong et al., 2013
Cheddar 8.2 0.7 - Ireland  Guinee et al., 1994
Edam 4.2 1.26 - Finland Heino et al., 2010
Mozzarella 4 1 13.5 ltaly Francolino et al., 2010
Parmesan 5 1.4 142 USA Govindasamstucey et al., 2004
Pizza chees¢  5.85 1.31 15.2 USA GovindasamyLucey et al., 2005
Swiss 4.15 11 134 USA GovindasamiLucey et al., 2011

Lwhere the studies were performed.

In renneted milk systems, individual casein micelles flocculate afsiof the
K\GURSKLOLF G-eaBdnlL€ading BORhe rfimation of casein aggregates and
eventually a threeimensional protein network, the gel/coagul@dorne and Banks,

2004; Muioz et al., 2017)On reaching a suitable firmness, the gel is cut (Gagachy

Lucey et al.,, 2011) which then facilitates whey expulsion from the curd. It is well
established that increased protein levels (Guinee et al., 2006; Sandra et al., 2011) in milk
or higher coagulation temperature (Hussain et al., 2012; Mufioz etlal),iBOreases gel
firmness andyeHirming rate (Guinee et al., 1996Waunganat al., 1998; Upreti et al.,
2011). Guinee et al. (1994) reported that increasing protein to >5%dcdifiseulty in

curd cutting using an existing cutting programme becatfisexcessive gel strength.
Lowering the temperature by 3 to 4°C standardizes the coagulation and cutting properties
in the case of increased protein concentration (Guinee et al;, G88%e et al., 1996a
GovindasamiLucey et al., 2011 Similarly, otherfactors, e.g., pH and Cagddition,

are critically important for the development of the @édhjera et al., 200Mishra et al.,
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2005; Mufoz et al., 2017)hus, improved understdimg on the interactive effects of
altering coagulation temperature on tenet coagulation characteristics and curd cutting

properties for milk with increased protein content througgof LCR-UF is required.

The coagulation properties of a gel areicgfly characterized by the rheological
determination of storage moduluS' and loss modulus (G"). These parameters facilitate
the calculation of rennet coagulation time (RCT), gel firmness at a given time, and gel
firming rate thereafter (Guinee et,d996a, b; Sandra et al., 2011). The ratio of G" to G’
gives the valuelRU ORVYV WDQJHQW WDQ / difitcéne&inphhageH QW LD O
angle of stress and straimdicative of breaking of proteirprotein bondsin casein
aggregates or clusters, leading to the formation of stronger bonds at new junctions
(rearrangemat) that mostly contributeto increased firmness of the dehn Vliet et al.,
1991;Mellema et al. 2002). This ngahencreate an internal pressure for whey movement,
causing endogenous syneresisirosyneresidMellema et al. (2002)emonstrated that
rearrangement was facilitated kigher temperature and with lower pH of the gel,

influencing the internal struate of curds.

Structurally, renneinduced gels entrap fat and whey in the protein netwonky
et al. (2011, 2013nvestigated the rheologit properties and microstructure of rennet
gels at varying set temperatures (27, 30, 33 and 36 °C) and milk protein concentrations
(3.7 to 5.8%) in separate studies using scanning electron microscopy (SEM) and confocal
laser scaning microscopy. They rep@d that gels prepared at 5.8% protein were
comprised of a dense protein network with fewer pores and unevenly distributed fat
globules compared to gels prepared at 3.7 to 4@8tein, and that lowering the

temperature resulteid a finer network. Howeverthose studies did not investigate the
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interactive effect of protein content and temperature on rheological and subsequent curd

microstructure.

Coagulation temperature in cheesemakmgsually between 20 to 36°C. For
Mozzarela, which is considered aft cheese, the milk is typically set at 35 to 36°C while
31 to 32°C is common for hard or seha@rd cheeses. Therefore, an understanding of the
interactive effects of protein concentration and coagulation temperature on doagulat
properties, and curd tting characteristics, as well as resultant curd microstructure and

syneresis, is desirable when using profemtified milk.

The first objective of this study was to characterize the interactive effects of
protein level (4, 56%) and set temperature (28, 36°C) on renneéhduced gelation
characteristics and on the cutting properties of gels formed. The second objective was to
characterize the microstructure of the resultant curd as influenced by those changes in set

temperatre and protein concentrati.

4 3 Materials and Methods

4 3.1 Milk collection and ultrafiltration

Bovine milk (fat 3.2% and protein 3.12%) was sourced from the George B. Caine
Dairy Research and Teaching Centre (Wellsville, UT, USA)teartsported to the Gary
Haight Richardson Day Products Laboratory at Utah State University (Logan, UT,
USA). After pasteurization (73°C for 15 s), UF of whole milk (~180 kg) was carried out
at ~45°Cto achieve ~3x concentration using a plant with spi@lnd polyethersulfone

membranes with a 1kD molecular weight cubff (Model ST-2-3838, 10 cm x 100 cm

119



Chapter4

with a 0.76mm spacer, 7 fmsurface area; Synder Filtration, Vacaville, CA, USA).
Retentate and permeate were cooled and stored at ~5°C. Skim mitg)‘w4ds obtained

from a local grocery shop imogan, UT, USA.

4.3.2 Milk standardization and preparation

Milk was standardized to protein levels of 4, 5, and 6%, respectively, while
maintaining a PFR of ~1.0 by combining skim milk, whole milk, and retenfete
proteinto-fat ratio was chosen to megsent cheese varieties that contain 45% fat in dry
matter. The pH of milk was 6.63 to 6.78 at ~8°C and this was adjusted to 6.5 with lactic
acid (1:8 dilution, vol/vol). Milk was then heated to 45°€holed tothe required
coagulation temperature, and idied into 450g-portions before rennet addition. The
heating and cooling profile of milusedwas performedo minimize the effect of cold

storage on rennet coagulation proper{@sist, 1979; Maciel et al., 2015)

4.3.3 Rheologicalproperties

Viscoelasic properties of milk gels were measured using a rheometertGAR
TA Instruments New Castle, DE, USA) witltup and bob geometry as described in
Chapter 30scillation frequency was set to 1 Hz with strain 2% in time sweep mode. The
JDS ZDV VHWh Damperaturavas controlled and adjusted using the water bath
system attached to the rheometer. Ltamplitude oscillation conditions were within the

linear viscoelastic region of milk gels (Guinee et al., 1996Db).

Doublestrength (~650 International MilkClotting Units/mL, IMCU/mL)

chymosin (Maxiren; DSM Food Specialties USA Inc., Eagleville, PA, USA) wasfased
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milk coagulation. A chymosin solution (2.6 ml) of a 1:100 (vol/vol) dilution was added

to 450 mL of milk resulting in standardized addition rat&7 IMCU/kg. The milk was

stirred for 1 min, and then a 20 ml sample was transferred to the rheometde o @

WKH UHTXLUHG VHW WHPSHUDWXUH RU f& UHVS
continuously recorded every 30 s between 42 anthinl depending on the rate of gel

formation.

Starting time was defined as the point of addition of chym&&mnet coagulation
WLPH ZDV GHILQHG DV WKH WLPH UHTXLUHG IRU WKH ILU
PRGXOXV GDWD ZDV UHFRUGHGsDW G, respegtsely) Cwé&# HV 5&7
ILUPLQJ UDWH “"*e¢ "W ZD\hanpeQrFX O'/MWKE MV IBRHRJ VWK ODJ[
curd ILUPLQJ UDWH 0&)5 ZDV WKH PD[LPXP VORSH RI WKH
Storage modulus at 40 min after rennet additiosp)(And loss tangent at the same time
W Diép were recorded. Time taken to reath R | Pa (Kss) and 70 Pa (k) was

recordedand were used to calculate the cutting window (CW) or the time thought

appropriate for cutting of curd during cheesemaking.

4.3.4 Compositionalanalysis ofmilk

Grosscomposition was determined by Fourier T8mm Infrared spectroscopy,
using a Bentley Instruments Dairy Spec Helitley Instruments, IncChaskaMN,
USA) for raw milk, standardized milk, and UF permeate and retentate. Calcium and
phosphorus contents of milk were determined by inductively eduplasmaoptical

emission spectrometryfiermo iCAP 6300, Thermo Fish8cientific, MA USA) using
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digested milk sampleas described by Gavlak et al. (2005). Phosphate was calculated as

phosphorus content x 3.065.

4.3.5 Preparation of coagula for microstructure analysis

Milk (14 kg) was standardized in cheese vats as described above.
Combinations of protein content and s&ehperature of 6% and 28°C, 4% and 36°C
and, 6% and 36°C, were chosen so as to show the largest difference in the curd
microstructure. Gels wereut at ~35 Pa using knives with 6 mm between cutting
wires, followed by 4 min of healing and 1 min gentlerstg. Five min aftercutting,

10 to 15 curd particle® mn? size)per treatment were collected from the stainless
steel vat with a spatula amemediatelytransferred to glass via{$ curds in each)
with primary fixative (formaldehyde/glutaraldehyde 2.5% each inviOsbdium
cacodylate buffer, pH 7.4, Electron Microscopy Sciences, Hatfield, PA, \{SAjl
particles collected were of similar sizZieaving no sign of breakagand these curd
particles wee firm in withstandng their shapeLarge numbes (10-15) of curd
particles werefixed in each treatment foadequate curdamplesduring sample
preparatioras well as fofacilitating sample randomégion and extensive care was
taken to avoid any particle deformatiorifhe primary fixative was at room
temperaturat the time of sampling araird samples in fixativerere stored at 4°C
overnight.A mixture of formaldehyde/glutaraldehyde was uasgrimary fixative
for their fast penetration o the curd particlego stop furtherprotein network
rearrangement after samplidicroscopic analysis of the curd samples were carried

out in duplicate at prdefined locations, so that images captured wereseptative
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and comparabld.he moisture contents of the curd sampieg were not fixeavere

determined in triplicate usinggravimetric (hot air oven) method.

For transmission electron microscopy (TEM), curd particles wereditst
into 1 mmthick slices from which small rectangles (3 x 1 x 1 mm) were cut
perpendicularly to the skin. Samples were processed at the University of Utah (Salt
Lake City, UT, USA) as described hy et al. (2015 Briefly, samples wer&reated
twice with sodium cacodylate Ifier followed by posfixation in osmium tetroxide
(2% in distilled BHO) for 1 h at room temperature areteived2 morerinses with
deionized water. Samples were dehydrated in an ascending ethanol series and
transitioned to 100% acetone, gradually indited with resin, embedded in flat
HPEHGGLQJ PROGV DQG FXUHG RYHUQLJKW DW f&
and stained for light microscopy followed by thin sectioning (70 to 100 nm) using an
ultramicrotome (Leica Microsystems Inc., Buffalo Grove). [Thin sections were
contrasted with salts of uranyl acetate and lead citrate for 10 and 5 min, respectively.
Sections were observed with a JEM 1400 Plus TEM (Jeol USA Inc., Peabody, MA)
operated at 120 kV, and digital images were taken with a Gatama@satan, Inc.,

Pleasanton, CA, USA).

For SEM, intact curd particles were pdised and dehydrated as described
above. After the last dehydration step in 100% ethanol, curd particles were frozen in
liquid nitrogen and fractured before returning to 100%ta®l. The ethanol was
replaced by hexamethyldisilazane followed by complete dehydratidilter paper.

Dried samplesvere mounted ontaluminumstubs with doublesticky carbon tape

and coated with ~15 nm of gold/palladium using a sputter coater (G&2&n
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Precision Etching and Coating System). Samples were viewed and imaged in an
environmental SEM (Quanta 600 FEG, FEI, Hillsboro, OR, USA) at low vacuum

(0.08 to 0.23 torr) and with an accelerating voltage of 15 kV.

4.3.6 Experimental design andstatistical analysis

A split-plot factorial experimental design was used with protein concentration in
the main plot and coagulation temperature in $hb plot The experimental design
focused on studying viscoelastic properties of renneted milk standardize8 at %
protein level (PFR ~1.0) at different set temperatures (28, 32, or 36°C). Each treatment

was performed in duplicate.

Milk composition and viscoelastic parameters were compared using PROC GLM
function in SASsoftware(version 9.4, SAS Institutent., Cary, NC USA) with Tukey

DGMXVWPHQW IRU PXOWLSOH FRPSDULVRQV RI PHDQ GLI

4 4 Results and Discussion

4.4.1 Milk composition

Milks were standardized to protein levels of 4, 5, or 6%, respectively, by blending
different proportions of whole milkJF retentate, and skim milk, while maintaining a
PFR of ~1.0. As expected, levelsmbtein, fat, total solids, solids nonfat, total catoiu
and phosphate increased significanBy<(0.05) with increasing protein content, without
a significant changenilactose and PFR levels (Tall2). The relativeatio of individual
casein components in each standardized milk was presumed to be, sisilgported by

Liu et al. (2014), since UF of whole milk was carried out with &D@ membrane at
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50°C, minimizng the dissociation of micellar casein components. The proportion of
calcium to protein was significantly lower at higher protein levels @8#f)pared to 4 or

5% protein. During UF, a portion of the soluble calcium partitions with the permeate while
the cécium concentration in the milk serum phase remains constant (Salvatore et al, 2011,
Sandra et al., 2011). Hemasprotein (and fat) concerattion is increased, there is a lower
volumefraction of the milk serum phase, and the total calclawel in the concentrate
decreases. Therefore, even though the overall calcium to protein ratio is lower, calcium
to protein ratio within the casein micedl was not expected to change. A similar PFR in
standardized milk samples indicated that, with increasing prateeis| fat levels also
increased. A PFR~1 was selected in this study to represenhaeintheese types of 45%

fat in dry matter. Milk starardized in the present study was concentrated ~1.2540 1.9

fold, reflecting LCRUF (Mistry and Maubois, 2017).

Table 4.2 Compositionof standardizednilks used in this study

Standardized milk

Components 4% Protein 5% Protein 6% Protein
Protein(g/100 Q) 3.99 4.96 5.96
Fat (g/100 g) 3.8F 4.88 5.8%
Proteinto-fat ratio 1.03 1.02 1.0P
Lactose (g/100 g) 483 4.80¢ 4.84
Solids not fat (g/100 g) 9.75 10.77 11.88
Calcium (g/kg) 1.3¢ 1.60° 1.87
Phosphatg(g/kg) 3.2r 3.83 4.35
Calciumto-protein ratio (mg/g) 32.54 32.38 31.3?
Total solids (g/100 g) 13.64 15.63 17.77

abcMeans within rows vth the same letter were not significantly differe@=0.05). Data
presented are the mean of 6 measurements from duplicate trials.
1Calculated as Pf@phosphorus content times 3.065).
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4.4.2 Rheologicalproperties of milk gels asinfluenced byprotein-standardization

and coagulationtemperature

The development of G' as a function of time in milk samples with different protein
levels (4, 5, 6%) at different set temperatures (28, 32, 36°C) is shown in Eiju@zels
showed higher G' values at a giveneiwith increasing protein levels and, witbreasing
set temperature, the G' further increased (Fiduté, B, and C) as did *« ~(®igure
4.2). The latter graphically represents the slope of the gel formation curves (G') as shown

in Figure4.1.

$IWHU WKH UHQQHW F R D J* OilcygdsBdq@o shhaRiMuinValueH D F K H
and then decreased. With increasing protein letteése was an increase i+ “akd,
with increasing set temperature, a large increase‘in “Wds observed (Figure 4.2A, B,

C).

The increase of " *e “\With respect to higher temperature and protein
concentration indicates increased frequency of colisibetween the casein micelles at
higher protein levels, and this perhaps led to the formation of a stronger protein network,
as indicated by the fast&' development at a given time (Sandra et al., 2011). The
rheological properties of such gels (disagsbelow) at a given time wecalculated, and

the interactive effects on gel characteristics are illustrated in Figure 4.3.
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Figure 4.2 Curdfirming rate of renneinduced milk gels from milk standardize
using ultrafiltration retentate anmbntaining 4%(A), 5% (B), or 6% (C).) protein,
respectively, and set at 2& ~ °& | °C (') (Colour version available
online.)

4.4.3 Rennetcoagulationtime

A significant influence of coagulation temperature on RCT, which decreased with

increasinglemperature, was observed, whereas protein concentration had no significant
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influence, nor was there any significant interaction between temperature and protein
leves (Table4.3). Values of RCT are shown in Tallel. Thedefinition of RCT varies

and hasncluded the time when G' equals &&rlsson et al., 2007; Salvatore et al., 2011,

Lu et al., 20%), the time when there is a consistent increase in viscis#tjgra et al.,

2003) DQG WKH WLPH ZKHQ *» YDOXH LV DE®&netletal.lL[HG YI
1996b)or 1 Pa(Waungana et al., 1998; Mishra et al., 2008’ chose to use the time
ZKHQ D FRQVLVWHQW LQFUHDVH LQ *e« BhddéehlO2YW REVHL
0.75 Pa. On this basis, rennet coagulation time decreased as set temperature increased
(Figure 4.3) probably because of increased hydrophobic interactions and enzymatic
activity, which probably led tearlierformation of casein aggregates (Mishra et24lQ5).

Rennet coagulation time was not influenced significantly by increasing protein levels
from 4 to 6% at a given temperature (Tadbl®), which was consistent with the results of
Sandra et al. (2011) wheported no influence of increasing protein camtcation on

RCT, while other§Waungana et al., 1998; Karlsson et al., 20epprted longer RCT or

even shorter RCTGuinee et al., 2006; Govindasathycey et al., 2011; Upreti et al.,

2011) Such differenes may result from differences in the proportiéhl -casein
hydrolysis arising from differences in substrtdeenzyme ratiogKarlsson et al., 2007;

Sandra et al., 201 Jlifferences in methods and definition of RCT, or differences in milk

pH (Waunganaet al., 1998). We used a constant concentrg83nMCU/kg) of rennet

at all protein levels, which was probably sufficienhiarolyse -casein to form casein
aggregates required for coagulation at protein levels between 4 to 6% at a given

coagulation tmperature. Sandra et al. (2011) observed ~90% byR O \ \(/daseimRih
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skim milk gels regardless @oncentratiorof protein to ~12.1% when using a similar

concentration of rennet (34 IMCU/kg) at 30°C.
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Figure 4.3 Interaction plot of rennet gelation properties as influenced by protein concentration
ard temperature(A) rennet coagulation timégB) storage modulus at 1.5 tinkCT; (C) storage
modulus at Ao (D) storage modulus at 2 times RC{E) maximum curefirming rate (F) loss

W D Q JH Q Y{&) Twhe @kén to reach 35 Pa, and (H) cutting windeywmbols U-U DQG
represent set temperatures of 28, 32 and 36°C, respectively.
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4.4.4 Development of gl firmness

The values for G's were considered to be equivalent to the gel firmness suitable
for cuttingof a coagulum 30 min after rennet adalit During cheesemaking withilk
of normal protein concentration, @t of gelation is observed ~20 min after renneting.
Values of Gwere FRQVLGHUHG WR UHSUHVHQW WK-EadeMISG ILUPC
cleaved by chymosin. While {'and G} are considered independent of RCTpAan be
considered an expression of the rate at which coagulum formation occurs and is dependent
on RCT McMahon and Brown, 1982; Lu et al., 2017). The values 0f, G> andA4oin
renneted milk samples at differgbtein concentrations and set temperatures are shown
in Table 44. There was a significant interaction between protein levels and set
temperature for G'(P < 0.05) and Aq (P < 0.01) but not for G’ (Table 4.3). Curd
firmness, represented by @' G2 and A4, was highly influenced by coagulation
temperature and protein concentration (Tah®. This indicates that the gel strength
G'isfor cuttingmay not be suitable for protestandardized milk, because* » " Was

highly dependent on proteirviel and temperature.

Log-linear associations of G, G> andAsowith protein levels at each coagulation
temperature were observdddure4.4), indicating that G' increased logarithmically with
increasing protein levels, which is consistent with prasip published studies (Guinee
et al. 1996b; Lu et al., 2017). In comparison to milk with 4% protein renneted at 32°C,
which most closely repreats conditions occurring during cheesemaking when using
proteinstandardizednilks, increasing temperature orgpein concentration caused an

increase in G, G> andAso (Table4.4). In contrast, when milk containing 5% protein
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was renneted at 28°C,dhvalues describing gel formation developm@h0l1l Pa/mii

were similar to those of milk with 4% protein reretiat 32°C.

4.4.5 Maximum curd-firming rate

The MCFR can be considered a measure of the rate of aggregatiyairolyzed
casein micelles during coagulation, and MCFR increased with increased protein levels
and with increasing coagulation temperature (&a&x). There was also a significant
interadive effect of protein content and coagulation temperature on MCFR (Z&)le
When comparing the MCFR of different conditions of coagulation temperature and
protein concentration, gels set at 28°C with 5% pnmos@owed values close to those of
standaraconditions (Table .4). Increased * « “dincreasing temperature was probably
because of increased hydrophobic interactions of casein micelles and protein
rearrangement (van Vliet and Walstra, 1994). The hydrophobic domains in casein have a
tendency toeduce contact with #0 moleculesproviding an entropicelated lowering
of energy thaffavours self-association. Since changes in entropy have a temperature
coefficient, such seléssociation increases with temperatuas there is increased
mobility of protons as well as a reduction laarostatic repulsive forces by binding with
calcium (Horne, 1998). Increased* s "8V increasing protein contents was probably
because of a higher frequency of collisions betweenircasgyregates, as the mean
distance between casein micelles is reduced when the volume fraction of casein in milk

increases (Mishra et al., 2005; Seamet al., 2011).

132



Chapter4

2.5 - A
R2=0.9943
s 2.0- R2=0.9468
Q R2 = 0.9882
o 15-
k& e
1.0 - 4
0-5 T T T 1
3 4 5 6 7
Protein, %
25, B . R2=0.8759
-] R2=0.9761
2.0 - . = R2 = 0.9614
© =
o M/©
o 1.5 -
S
4 1.0 -
0.5 T T T 1
3 4 5 6 7
Protein, %
C R? = 0.9902
= / R? = 0.9806
: 20 | O/Me R2 = 09677
o
o 15-
g
2 1.0
0.5 T T T 1
3 4 5 6 7
Protein, %
Figure 4.4. Log-linear association of & (), G2 ° RM $ ZLWK SURMWated QilkFRQFH

during rennet gelation set at’Z8(A), 32C (B) and 36C (C).

133



Chapter4

Table 4.3 F values from analysis of variance of gelation properntiftseénced by milk protein concentration and set temperature.

RCT1 * 1,52 * 22 MCFR3 A4o4 7D (&)4 / k355 k7o5 CW6
Sources (min) (Pa) (Pa) (Pa/min) (Pa) e (min)----------
Protein 1.64'% 198™ 372.5" 188.5" 86.39" 0.12% 24.5™ 47.24"  196.87
Temperature 32.95" 435" 90.7" 130™ 100"  413.5” 73.0™ 100™ 209™
Protein x Temperature 0.36% 2.2% 3.76 9.36° 6.50" 4.5 4.70 9.24 40.9”

1Rennet coagulation time (RCT), time at first consistent increase in G

2 Storage modulus (& Y D OXFXROIWGes) and 2 x RCT (Q).

$Maximum curdfirming rate (MCFR) based arhangen G

4 Agoand W D=Curd firmness measured aga@d ratio of Gto G respectively, 40 min after rennet addition.
Skssand ko = time after addition of rennet to milk during gelation for reachingaBies of 35 and 70 Pa, respectively.
6 CW = cutting window in which the curd has ai@tween 35 and 70 Pa.

NS indicates not significant. *, **, *** refers to significant main or irgetive effects aP < 0.05,P < 0.01 and® < 0.001,
respectively.
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Protein Temperature RCT! *q5? * o2 MCFR® Ayt 7TDQ'/ ks k70> Cwe
(%) (°C) (min) (Pa) (Pa) (Pa/min) (Pa) (min)

4 28 27.0 13.3 35° 1.88 12.6 0.27¢ 53.9¢ 72.9 19.047@
4 32 21.5° 24. 71 6% 4.27"% 58.7¢ 0.27 34.9° 43.2° 8.2%
4 36 15.0° 30.2¢ 83+ 7.33% 133 0.3¢ 23.]ced 27.9%¢ 4.85
5 28 25.# 26.3¢ 74 4.01¢ 31.0¢ 0.26 41.3 50.6° 9.25°
5 32 19.5® 42.0¢ 119 8.35¢ 128 0.27 28.3¢d 32.9% 4.63%
5 36 15.4 58.4 163 14.00 249 0.3¢ 21.3¢ 24.2¢ 2.90¢
6 28 23.3® 60.9 164 9.20 106 0.26 31.6™ 36.2¢ 4.604
6 32 18.6°® 86.12 229 16.2 277 0.27 24.2ed 26.8° 2.60¢
6 36 14.8 90.22 258 24. 12 413 0.3¢ 19.1° 21.° 1.95
SBv® 1.12 6.35 17.49 1.63 30.46 0.004 2.60 3.78 1.22

& Means withincolumnwith the same letter were not signéittly different (D= 0.05).
L6 refer to Tablet.3

"Projected value as @nly reached 45.5 Pa during the 60 min in which the gel was monitored.

8 Standarderrorof mean
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Lowering the set temperature to 28°C for milk with 5% protein content may
counterbalance hydphobic interactions andrequency of collisions compared to
standard coagulation conditions, thus providing similar structural rigidity. Our results
showed that development of geimness for milk up to 5% proteitan be normalized by
lowering the setamperaturgin close agreemnt with previous studiess(inee et al.

1994 Govindasamytucey et al. 2011) However, above 5% protein, the* e ~Was
observed to be much higher than standard conditions. In contrast, when milk with 4%
protein was set at 28°C, it todngertime toreachthe appropriatéirmness Kss and
Kzo0) as well as lower G G% and Ay because of slow *« " \®uch coditions would

have negative impacts on commeraahle process efficiency.

4.4.6 Endogenous syneresis

9D O XHV lfndredsedGighificantly{ < 0.001) with increasing temperature,
whereas protein levels had no significant influence (T4blg, thee was also a slight
interactive effect® < 0.05) of coagulation temperature and protein levels (Table 4.3). At
higher temperature, greater disruption of weak preteitein bonds occurs, which results
in rearrangement of casein aggregatesfandationof stronger bonds in a new location
(van Vliet, van Dijk, Zoon, & Walstra, 19913nd cause a contraction in the gel network.
This creates pressure for whey to move internally, causing endogenous syneresis. This
suggests that, by increasing colafjon tenperature, curds are susceptible to greater
VIQOHUHVLVY DV LQGLFDWHG sftoiparey tbUgels B& Xdwdr R1 WD C
temperature (Table 4.4). This result is consistent with findinddedlema et al. ( 2002)
and Mishra et al. (2005Who observed lpgher WDQ / YDOXHV RI PLON JHOV

WHPSHUDWXUHY $ VLPLODU WUHQG IRU WWBsinetlabOXHV C
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(2012)atdifferent protein levels for cow and buffatailks. Furthermore, at increased set
temperatures, caseins probatare less voluminous due tmcreased hydrophobic
interactions, presumably leading to binding of caseins more tightly (van Vliet and
Walstra, 1994; Horne, 1998), which may result in more reacsites for fusion,

conferring structural flexibility.

We propose that gels prepared at lower temperature have less rearrangement even
DW KLIJKHU SURWHLQ OHYHOV FDXVLQJ D VORZHU GHYH!
values also indicate that therda set at lower temperature had less tendency for outward
movement of whey compared to curd sehigihertemperature because of less internal
rearrangement (Mishra et al., 2005). Although cooking of curds in the later stages of
cheesemaking may alter tegucture, whiclHavours rearrangement, the effect of hagin
ORZHU WDQ / YDOXHVY DW ORZHU VHW WHPSHUDWXUH GX

on initial whey expulsion during cutting and healidgpending on cutting programmes.

Since all milk senples were acidified to pH 6.5 (to minimize batokbatch
variations in milk pH) we hypothesize that lowering set temperature could be combined
with lowering the pH of cheese milk to give a more suitable curd formation when making
cheese using LCRIF conentrated milk. At lower pH, network rearrangement is
enhancd (Mellema et al., 2002Javouring greater aggregation between casein micelles,
which could possibly result iiasterrelease of whey required for initial stirring. However,
this again will lead tahe fasteigel formationat KLJKHU “*e "W HigHev eU@W L QJ L C

firmness.
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4.4.7 Cutting window

In this study, CW (i.e.time between Ks and Kr) was 8.25 min for gels of 4%
protein set at 32°C. Generally, in cheesemakinigg is cut within a CW of 7 to 8 min
(Guinee et al., 199 although this depends on the size and type of the cheese vat used.
With increased protein levels in milk sKandK7o decreasedandthis further decreased
with increased coagulation temperature (Tab#). There was a significant interactive
effect ofprotein levels and coagulation temperature esalidd Kro(Table4.3), suggesting
that setto-cut time duringcheesemakg process is reduced with increasing protein levels
at a given temperature. Cutting of gels based on standard operating procedtegéivhe
is cut based on fixed time ~30 min) while using pretandardized milk may result in
excessive curd firmnesgbause of higher * « . Wowever, reducing the set temperature
to 28°C for milk of ~5% protein resulted in statistically similar=053; Table4.4) Kzs

values (41.3 min) to standard conditions (34.9 min).

Guinee et al. (1994¢ported difficulty in cutting curd while using milk with >4%
protein set at 32°C, and excessive curd firmness was reported to show subsequent tearing
of curds, ading to decreased cheese yield. In the present study, increasing protein levels
and increasg set temperature markedly reduced CW, e.g., to 1.95 min for milk with 6%
protein set at 36°C (Tablé.4), indicating the need for modification of the cutting
programme when altering milk composition. A CW of 9.25 min for milk of 5% protein
set at 28°C s close to that of the milk with 4% protein and set at 32°C, indicating that

a similar cutting procedure can be employed to cut the gel under these conditions.
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Such a reduction in set temperature on increasing protein levels would influence
curd pH devaepment during cheesemaking, because of slower starter culture growth as
well as increased buffering capacity (Guinee et al., 1996a; Salvatore et al., 2011) of the
curd. To ameliorate this situation, using higher starter inoculum levels has been suggested
(Guinee et al., 20065easonal variation in milk composition in some countries accounts
for a large variation in processability of milkk 1 & D O O D J K D QfoHcWeeBetaking.

We propose that protein and pH standardizmatof milk prior to renneting auld
compensate forariations in milk. Such standardization would result in increased cheese
consistency, as it provides greater consistency in the rennet do@gplacess, cutting

of the curd, and acidification rates duringeesemakingand coagulatin temperature

FRXOG EH DGMXVWHG LQ WDQGHP WR DFKLHYH DQ DSSUI

4 4.8 Curd microstructure

4.4.8.1 Scanningelectron microscopy

Scanning electron raiographs of curds 5 min after initiation of cutting are shown
in Figure4.5. For microstructural analysis, curd samples were collected after cutting, 3
min healing, and 1 min stirrinfylicrographs shown are for gels of 4¥®tein set 836°C
(A, D, G), of 6% protein set at 36°C (B, E, H) and of 6% protein set at 28°C (C, F, |) at
increasing nominal magnifications (2,000x, 50,000x and 100,000x). At lower
magnification, curds set at 36°C and of 4% protein appeared to have a coarse protein
network with regula voids, some of theseontaining small fat droplets (FigureSA,
white arrowhead), whereas curds set at 36°C at 6% protein appeared to have a dense

casein network with void spaces filled with clusters of fat droplets (F§GR). Curds
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set at 28°C andiith 6% protein appeared to have an even denser protein network, also
interspersed with void spaces of varying sizes (FigusC). Medium and high
magnification micrographs showed that casein micelles formed a continuouskngtwor

all treatments, but sinds appeared thickerl@ghertemperature in both curds with 4 or

6% protein (Figur& 5D, E) compared to curds coagulated at 28°C (FigLuie).

Figure 4.5Internal microstructure of fractured curd partigesparedvith milk of
different protein concentrations and renneted at different set teneerat
analysed by scannindeetron microscopy. A, D, G4% protein at 36°C; B, E, F
6% protein at 36°C; C, F,-16% protein at 28°C. Micrographs were taken
distance of ~500 um from the outside of the particle. White arrowheads poir
globues. Scale bars in B and Cis50um, D,E, F =4 ym and G, H, | =jdm.
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Casein micelleaggregatesappeared smaller and less crbsked in curds
coagulated atow temperaturetreatment compared to higher temperature treatment
(Figure4.51). This is consistent with the findings of Ong et al. (2011) who observed gels
with a fine network whemilk wasset at 27°C compared to 36°C. It is evident that the
set temperaturbad a signitant effect orformation of curd microstructure, and curds
with 6% protein had a more dense protein network comparedrtiswith 4% protein.

Ong et al. (2013)eported that curds that gelled at higher protein levels had a denser
protein netvork comparedo those from curds prepared with lower proteins levels; similar

results were obtained in our study.

It should be considered that, in the present study, milk with 6% protein had a
higher total solids content (lower moisture) compared towitht4% protén (Table4.2)
and, after cutting, curd samples set at 36°C with 4% protein, at 36°C with 6% protein, or
at 28°C with 6% protein contained 81.8, 77.6 and 79.5 g moisture per 100g curd,
respectively. These values, which differ to the standeddmilk moistire content (Table
4.2), indicate that some syneresis occurred after cutting of the coagulum. The structural
differences in curds from milk of 4% protein, with regular voids, could be due partly to a
lower volume fraction of caseins, forminmpty spaces hich probably contained whey.
Interestingly, fat globules were highly aggregated in the curds prepared from milk of
protein 6% (Figurd 5B, C). Fat in the standardized milk comes from whole milk and UF
retentate. As the protein concentratisincreasedhe proportion of fat coming from UF
also increases. In 4% protein milk, the proportion of fat from UF was ~33% (~67% from
whole milk), while in 6% milk, the proportion of fat from UF retentate was ~71% (~28%

from whole milk). It is possibl¢hat the UF bwhole milk has inducedlustering offat
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globules, which would be responsible for the aggregates observed on48iand C.

Other investigators have also observed aggregated fat globules in gels prepared from
concentrated milk (Ongt al, 2013).Fatglobules of varying sizes were tightly entrapped

in the protein network in curds with 28°C and 6% protein, whereas void spaces around fat
globules were observed at 36°C. This could be because of gneiatesyneresighat
occurred by rearrangementtbk casein network at higher temperatufesn Vliet et al.,

1991) 7KLV LV DOVR VXSSRUWwhbesdf ekgels WhedecadughetD Q /
temperature (Tablé.3) and is in agreement with the findingswvain Vliet et al. (1991)

who proposd thatgreater rearrangement of the casein network results in endogenous
syneresis because of protein network contraction. Tatrsationof highly crosslinked

casein micelles in curds coagulaggchigher temperatures forms the structural basis for

the increaed geffirming rate (Figuret.6).

Figure 4.6. Gel formation at proteiFRQFHQWUDWLRQ DQG WHF
f& | - f& DQG -36°C, respectively.
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4.4.8.2 Transmissionelectron microscopy

Figure 4.7 shows transmbsion electron micrographs, with increasing
magnification, of curds prepared from milk of 4% protein set at 36°C (A, D, G), of 6%
protein set at 36°C (B, H) and of 6% protein set at 28°C (C, F, I). At low magnification,
it was evident that casein miaedl formed the protein network with interspersed fat
globules. Milk with 6% protein had a dense casein network both at 36°C (Higie
and 28°C (Figurd.7C). Milk with 4% protein set at 36°C appeared to have a less dense
casein network with casein mited forming localized aggregates, which were not always
connected to each other within the plane of the section that was imaged gA4g)re\t
medium magification, casein micelles were observed in localized aggregates (Figure
4.7D, E, F) for all treatrants but aggregates and casein micelles appeared smaller at 28°C
(Figure4.7F) compared to 36°C (Figu#erD and E). Highmagnification images showed
that he aggregates of casein micelles were indeed smallefamigrcrosslinks between
micelles at 28°C (Figur&.71) compared to 36°C, regardless of protein levels (Figu@
and H). To summarize, at higher temperatures, extensive-lotkisgy between casn
micelles occurred and thicker strands formed, making ficdif to discern individual

casein micelles within aggregates.

The differences observed in curd microstructure using Tzvhkllels those
observed with SEM (Figur¢.5), which indicatedormation of bigger aggregates at 36°C
compared to smaller and lessosslinked casein micelles at 28°C. The TEM
microstructure images further provide a mechanism for slow and fast curd formation in
gels set at 28°C and 36°C, respectively (FigdreA and Figure4.4), because of

differences iformationof aggregate size drtasein micelles crodimking. Interestingly,
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micelles with bigger aggregates and more cfiodgsng had more voids; this confirms the
phenomenon of casein micelle rearrangement, which qmsgdibly be because of bond
relaxation athigher temperature it resulted in network rearrangement causing
endogenous syneresis. These results agree with thdgellegima et al. (2002)who
proposed that gel strength is increased because of rearrangdrttenprotein network,
which increases at higher temperatiiefioz et al. (20173lso observedapidformation

of bigger aggregates in gels prepared at 40°C compared to gels prepared at 30°C.

Figure 4.7 Internal microstructure of curd particlpeepared withmilk of different protei
concentrations and renneted different set temperature as analysaddngigsion electr
microscopy. A, D, G 4% protein at 36°C; B, E, H6% protein at 36°C; C, F;6% proteil
at 28°C. Micrographs were taken at a distaote-500600 pum from the outside of t
particle. Boxed areas are shown in increasing magniicsitif +fat globules.

As discussed above, gels set at lower temperaturesveakiercasein micelle
aggregates, producing curd with less capability to expel whey imbtegdafter cutting

compared with that dtigher set temperatures. Less available whey during initial stirring
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can lead to greater curd breakage, causing fat andiprimsses during downstream
processing. Contradictory results have been reported with respect to fat losses at lower set
temperature during cheesemaking (Govindasaooey et al., 2011; Ong et al., 2013),
partly because of differences in curd microstreetasinduced by the organization of
casein aggregates within the network and thereby syneresis. This suggests that different
coagulation temperatures associated with different cheese varieties4Tabldl have

an important influence on the curd cogi and syneresisbehaviour when using

concentrated milk.

Curd samples used for microscopy were collected fwonere largerlarger
differences in treatmentsxisted with an expecation to facilitate visualization of
microstructural differences more clearly. Qtification of porosity within anicroscopic
imagerequiresalarge number of images at a specific location and images in the current
study were taken at 4 different locationsliffierent magnification levsilto visualizecurd
microstructure ina wider arae. However, gantification ofmicrostructural changes in
mage using imageprocessing softwareould also be used to comparerd porosity,

length ofcasein micelleaggregate and numisaof junctiors (Geng et al., 2010).

45 Conclusions

Application of UFto increase milk protein content for cheesemaking has various
industrial benefits, e.g., reducing the impact of seasonal variation and increasing process
efficiency. Increasing the protein concentration of milk to 6% resulted in faster
development of curfirmness, which translates into a shorter cutting window. Although

lowering of set temperature resulted in slower gel formation at all protein levels tested,
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higher protein concentration (6%) at 28°C still produced excessively firmer coagula
compared to 1tk with 4% protein set at 32°C (a condition close to standard cheesemaking
practice). However, milk with a protein content of ~5% set at 28°C showed similar gel
firmnessyrateof gel formation and cutting window as compared to milk at 32°C with 4%
protein Based on observations from both SEM and TEM images of curd microstructure,

it is concluded that lower set temperatures results in (1) smaller casein aggregates with
less crosdinked caseins compared to the highly aggregated casein structure in gels set
higher temperatures and (2) such gels have a tendency for slow syneresis and expulsion
of whey from within the gel etwork, as indicated by the tan Y D bsErved. Further
research is required to determine how this would influence losses of fat and protein that

occur after cutting and stirring of curd during cheesemaking.
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5.1 Abstract

The effects of the independent variables protein concentration (4 to 6%),
coagulum cut size (6 t@8 mn?¥) and coagulation temperature (28 to 36°C) on curd
moisture loss during watstirring was investigated using response surface methodology.
Milk (14 kg) in a cheese vat was remoelagulated, cut, and stirred as per skard
cheesemaking conditisn During stirring, the moisture content of curd samples was
determined every 10 mirebveen 5 to 115 min after cutting. Theisture loss kinetics
of curds cut to 6 mAfolloweda logarithmic trend, but the moisture |dgsm curdswith
larger cut sizes],2 or 18 mm, showed a linear trend. Response surface rtindahowed
that curd moisture level was positively correlated with cut size and negatively correlated
with milk protein level. However, coagulation temperature had a significant negative
effect oncurd moisture up to 45 min of stirring, but not after 55,mie., after cooking.
Curds set at the lower temperature had a slower syneresis rate during the initial stirring
compared to curds set at a higher temperature, which could be acceleratedcmgredu
the cut size. This study shows that kegpa fixed cutsize on increasing protein
concentration decreased the level of curd moisture at a given time during stirring.
Therefore to obtain a uniform curd moisture content at a givensgjitime at inceasing
protein levels, an increased coagulont size is rquired. t wasalsoclear that breakage
of the larger curd particles during initial stirring can also significantly influence the curd
moisture loss kinetics. Both transmission and scanning eteaticrographs of cooked
curds (i.e., after 45 min of sting) showed that the casein micelles were fused at a higher
degree in curds coagulated at 36°C compared to 28°C, which confirmed that coagulation

temperature causes a marked change in curd miectste during the earlier stages of
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stirring. The presentstly showed the dynamics of curd moisture content during stirring
when using protektoncentrated milk at various set temperatures and cut sizes. This
provides the basis for achieving a desirediaqupisture loss during cheese manufacture
using proteirconeentrated milk, as a means of reducing the impact of seasonal variation

in milk for cheesemaking.
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5.2 Introduction

Application of membrane filtration systems to concentrate ragklts in retention
of the larger components, i.e., protein and fat, wathovalof whey as permeate. Interest
in the application of ultrafiltration (UF) in cheesemaking has increaseécet years
(Heino et al., 2010Govindasamyl.ucey et al., 2011; @urk et al., 2015as it facilitates
increased process plant throughput and helps to achieve greater cheese consistency despite
seasonal variations in milk compositiBroome et al., 19985unee et al., 2008, Milk
of ~3% protein can be concentrated~tbto 5% proteir{Broome et al., 1998; Guinee et
al., 1994)i.e.,alow concentration ratio of 1.2 to 1.6 times the normal concentrdton
cheesemaking using conventional industrial cheedgs and downstream equipment
(Oommen et al., 2000; Govindasgiiucey et al., 2005Higher concentration ratios add
complexity to the procesdMistry and Maubois, 2017)Standardizing milkabove5%
protein presents challenges during cheesemaking becbimseeased curd firmness and
altereddynamics of renneihduced coagulation and whexpulsion fromcurds(Guinee

et al., 1994)

The underlying mechanism of renfietiuced gel formation in milk is related to
the formation of intecconnected protein netwks by the action of rennet. The resulting
protein matrix enmghes large components, e.g., fat globules, by stopping their mobility
(Ong et al., 2011; Ong et al., 2018)hereas smahlized components, e.g., lactasad
minerals diffuse fromareas ohigherconcentratiotowardsareas ofower concentration
Cheeseraking includes cuttingf a renneinduced gel at suitable firmness into small
curd pieces using cheese knives, followed byanhstirring to facilitate expulsioof

entrappedwater/whey(Dejmek and Walstra, 2004)n modern industrial cheesemaking
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proceses, the time allowed for stirring-irat (vat residence time) is standardized for

different cheese types.

Expulsion of whey from the curds during stirring occurs dueontraction of the
protein network(Fagan et al., 2017 Curd moisture content deases in line with the
level of whey expulsiorfMateo et al., 2009a)Studies orthe rates of whey expulsion
during invat stirring suggest various orders of kineticg, dirstorder, seconarder or
even higheCaron et al., 200Huber et al., 2001Thomann et al., 200&3iroux et al.,
2014, probably because of multiple factors that influence protein network contraction

(Janhgj and Quvist, 2010)

Whey expulsion fron curd is a complex process influenced by multiple factors,
such as milk composition, ngerature, pH, rennet levedddition of CaCk, and curd
dimensiongKaytanli et al., 1994Thomann et al., 2008/ateo et al., 2009a)nteractions
betweenthese factors critically affedhe rate of moisture loss during-vat stirring
(Fagan et al., 27; Giroux et al., 2014At microscopic or macroscopic levelspisture
loss from a curd is related bveakingof proteinprotein bouls, inducing microstructural
changes in curd&eng et al., 20113nd leading to the rearrangement of casein micelles
in the protein networkMellema et al., 2002)Cheesemaking fromrgtein-standardized
milk results in rapid gelirming and excessive firmess however, the rate of whey
expulsion has been reported to either incré@ssiraghi et al., 1987jemain unchanged
(Peri et al., 1985)or decreaséCalvo and Espinoza, 1999; Caron et al., 2001; Thomann
et al., 2008¥or such milk Thus, thisopic would benefit from more studies, leading to

greaterunderstanding of the effects of process parameters on whey expulsion.
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Temperature is an important factor that influences coagulation and whey syneresis
(Castillo et al., 2006)Although temperatures for seimard cheesemaking are generally

between 31 to 32°C for coagulation and 37 to 38°C for cooking, curd contracgon rat

increases with increasing temperature, which resultscneased whey expulsighigber

et al., 2001Giroux et al., 201p Increasing protein concentratim milk further promotes

rapid gelfirming rate and curd firmness, potentially causing diffigun curdhandling
during invat stirring (Guinee et al., 1994). Lowering of coagulation tentpexdnas been
employedo normalize such coagulation propestie the case of UFeated milGuinee

et al., 1994GovindasamyLucey et al., 2004GovindasamytLucey etal., 201).

Coagulum cut size is another important factor that influences whey expulsion.
Curd patrticles of smaller size release whey faster inpapison to a biggecurd size
(Grundelius et al., 2000 oagula for hard cheese (which requires low maasievel in
curds) are cut to cube sizes of 4 to 6 (@ovindasamyLucey et al., 2004Govindasamy
Lucey et al., 2011)while cube sizes vary betweéh and 21 mnfRenault et al., 1997;
Grundelius et al., 200Gor medium to highrmoisture cheeses. Theredoicurd size can
be manipulated to adjust the rate or extent of whey expu(&enault et al., 1997,

Johnston et al., 199&verard et al., 2008

Although various methods for syneresis measurement are avdHaigjen et al.,
2017) measurement of curd moistuwrententcould offer more practical information for
the selection of process conditions to achieve decisiaking for appropriate curd
moigure content prior to drainage. Previous studies have explored the possibility of real
time prediction of curd moisture, through sensors that are attacHer ito vats to

achieve better controjMateo et al., 2009a,bModeling of interactive effects fo
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temperature, cut size and protein concentration through response surface methodologies
can provide insights to cheesemalfersoptimization, minimization, or maximization of

in-vat curd moisture content during stirring, as desired. An understandingclf s
interactive effects on moisture loss from curd when concewtnatilk is used is
particularly desirable, as this determines the combination of conditions that can be

employed to achieve consistency in curd moisture levels during stirring.

Panthi et al(2018)showed that, under constant pH and temperature conditions,
curd moisturdossafter cutting follows a power law trentd is alsoknown that less whey
expulsion occurs at lower temperatuf€astillo et al., 2006¢Giroux et al., 2014)To
study tke practical implications of raising or lowering the coagulation temperature, a study
was designed to: (1) incorporate modern cheesemaking practices such as UF
concentration of milk and standardization of pH; (2) minimize initial pH changdleaso
prediction modek could focus on protein concentration, cut size, and set temperature; (3)
use a fixed cook temperature, and; (@)lowing a procedure that reflects the
manufacturing process of cheeses such as Maasdam, Gouda, Swiss and othelpyxheeses
including a whey dilution step, but separdtérom the cooking step. To achieve this,
response surface methodology was usedvestigatehe interactive effects of protein
level (4, 5, 6%), coagulum csize (6, 12, 18 mm cubes), and coagulation temperature
(28, 32 36°C) on curd moisture loss kinetics duringvat stirring, along with

characterization of the microstructure of the curds using electron microscopy.
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5.3 Materials and M ethods

5.3.1 Milk collection and ultrafiltration

Milk collection, pasteurization, luafiltration, and standardization were as

described irChapter 4.

5.3.2 Milk preparation

Steps for milk preparation and cheesemaking procedure are schematically
presented in Figur®.1l. Milks were standardized ii4-kg rectangular cheese vats.
Standardied milk pH varied between 6.72 and 6.77, and this was adjusted to 6.5 by
adding lactic acid (1:8 dilution, vol/vol). Milk was then heated to 45°Ccaated to the

set temperature tminimize the effect of cold storad@vist, 1979)

5.3.3 Milk coagulation

Milks were adjusted tdhe requiredset temperature (28, 32 or 36°C) and
inoculated &t 20 g starter/kg milk) with frozen pellets ofLactococcuslactis ssp
lactis/cremoris (DVS850, Chr. Hansen Inc., Milwaukee, WT)he starter culture was
added only 20 min prior to adding renned tminimize any pH drojn the cheesevat
prior to draining of whey exploiting the long lag phase before exponential growth of
frozen cultureqthe normalripening time allowed for frozedirect-to-thevat cultures
would be ® to 45min). The eperimental design for slang thechange ircurdpH was
used to represent Maasdam type cheesemaking process in which curd is drained at pH
6.45, minimizing solubilization of colloidal calciurRennettoncentratiorand rheometry

conditions were as described in Chapter 4.
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Whey 3 kg

Milk (14 ko)

l

Standardization, 4, 5
and 6% protein  [¢

UF retentate
Skim milk

l

pH adjustment to 6.5[¢—

Lactic acid

l

Heating to45°C

Y

Cooling to 28, 32,
or 36°C

Frozen cultur
Rennet

Cuttingto 6, 12 or 18mm,
Healingfor 3 min (t= 0 min)

A 4

Figure 5.1. Schematic presentation of milk preparation and curd maki

A

Curd sampling

Curd Stirring
Cooking to 37€C (t = 25 min)

Whey dilution (t = 75 min) |

every 10 min

Water 2 kg

5.3.4 Curd manufacture and sampling

Chapter5

The coagulated milk wasut basean the dad from rheometerwhenthe storage

modulus, G', reached ~35 Pa, and coagulation was confirmed by visual observation.
Cutting knives were fabricated to achieve curd cubes of size 6, 12, or 18 mm (hereafter

cube is not mentioned before size). Coaguiae cut in three dimensions within 1 min,
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heded for~3 min, and gently stirred manually from 4 min after the start of cuttiag.
curds prepared from milk of 5 and 6% protein with 12 B8dnm cut size, a total of 4 kg
of UF permeate produced from the original milk was overlaid on the top of edagfore
and after cutting to avoid curd damage during stirring. The temperattine pérmeate

was raised to the coagulation temperature prior to overlaying.

Starting fom 5 min after cutting, curds were sampled every 10 min for moisture
content. At 25min after cutting, the curd and whey were heated to 37°C over 20 min, and
this temperature was maintained and stirring continued. This gave a temperature increase
of 9, 4 or 1°C for curds set at 28, 32 or 36°C, respectively. At 75 min after cutting, 3 kg
of whey was removed, 2 kg of water at 37°C was added to dietactose content of

whey, and curd stirring was continued until 115 min after cutting.

5.3.5 Transmission andscanning electron microscopy

To investigate differences in curd microstructwagples of curd were obtained
from milk containing 4 and 6% protein and set at 28 or 36°C from coagula cutnmto 6
sized curd pieces. Curd samples were removed at 45 min after cutting and fixed in
glutaraldehyde/formaldehyde for curd microstructure y@iglsing Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) as desciibed

Chapter 4.

5.3.6 Compositionalanalysis

The composition of ik, permeate, retentatapdskim milk wasdetermined with

a Fourier Transform Infraredpectoscopymilk analyzer Bentley Instruments, Inc.

160



Chapter5

ChaskaMN, USA). Mineral contents of milk were determined using inductively coupled
plasma optical emission spectrometry (Thermo iCAP 6300, Thermo Fisher Scientific, MA
USA) after wet digestioras desribed by Gavlak et al. (2005). Curd moisture contents
were determined in triplicate using a hot air oven metheddesribed by Mateo et al.

(2009a).

Relative curd moisture (RCM) contemtas calculated as described in Chapter 3

andRCM data verefitted to the following empirical equation:

k¢ U a% 6o

A%/L 4% 4 F~— [1]

whereRCMois relative curd moisture content at time 0 =108.the kinetic constant and
a is another constant factor in the model. Valueskpfa and the coefficient of

determination (R were calculated.
5.3.7 Statisticalanalysis andexperimental design

Milk composition was anabged using onavay ANOVA with Tukey HSD (honest
significance diference) for comparing means using IBM SPSS Statistics (version 24 for
Windowsg at a 95% significance leveBetto-cut time was analysed usirlge PROC
GLM function in SASsoftware(version 9.4, SAS Institute, Inc., Cary, NC, USA) with
TukeyT\OGMXVWPHQW IRU PXOWLSOH FRPSDULV®RI@QV RI PH
moisture loss kinetics data obtained using equatioerganalysed using nonlinear least
squaresNLS) function and pitted using the ggplot@ackage using the R studio (version.

1.1.383) of the R program (version 3.4.2, The R foundation of statistical computing,

Austria).
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Table 5.1Variable factors and conditions used in the response surface design

Symbol Level
Conditions Code Unit -1 0 +1
Temperature X1 °C 28 32 36
Cut siz X2 mn? 6 12 18
Protein X3 % (g/100 g) 4 5 6

Influences of proteiconcentrationset temperature and curd sizereanalysed
XVLQJ UHVSRQVH VXUIDFH PHWKRGRORJ\ ZLWK D FHQWU
Temperature and protein levels were randomized and batches with similar cut size were
prepared oreach day for consecutiverrst Initial trials were carried out to arane the
cheeseraking and sampling variation within trials (these data were excluded from
analysis), and then 21 cheesemaking trials were conducted for data analysis. The full
polynomial model (equation 2) was ugeddetermine the relationship between tthee

variables and curd moisture.

7 7 7 7
cL>ET >pgEl >peSEl 1T >yvgy X ?

Ugs Ugs Ugs Yar5
where Y is the response variablg,is a model intercept, and; Znd X are the factor
levels. The model comprises of lined)( quadratic I§i), and crosgproduct pj) terms.
Response surface moliey was carried out using PROC RSREG in SAS/STAT (version
14.3; SAS Institute Inc., Carfyc, USA). Crossproduct terms were removed fratime
full model for model parameter estimalbe same reduced model was employed to create

contour plots using PROC REG and PROC TEMPLATE in SAS and surface plots using

Design Expert (version 10, StBaseInc, Minneapolis, MN, USA).
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54 Results and Discussio

5.4.2 Composition ofmilk

The standardized milk compositions prior to cheesemaking are shown in Table 2.
As expected, protein, fat, and total solids contents increased signifidartl§.05) with
increased protein concentratiortie standardizenhilk, with a uniform PFR (Tabl8.2).
Similarly, pH and lactose levels were not significantly affected by protein concentration.
The levels of total calcium and phosphate increased significantly with increasing protein
levels.Sandra et al. (201H)Iso repord a significant increass total calcium in protein
concentrated milk. Since o1tlkird ofthecalcium in milk is contained in the serum phase,
a portion of this soluble calcium passes into permeate during UF. Heacalciumto-

protein ratio decreasenith increasing protein caoent.

Table 5.2 Compositionof standardized milk prior to cheesemaking

Components Milk composition
4% Protein 5% Protein 6% Protein

(n=6) (n=7) (n=8)
Protein (g/100 g) 3.94° 5.03° 6.022
Fat (g/100 g) 3.95° 5.04° 6.03
Protein to faratio 1.002 1.002 0.9
Lactose (g/100 g) 4.76% 4607 5.02
Total solids (g/100 g) 1352¢ 15.66° 17.43
Total calcium (g/kg) 1.3Z 1.69 19F
Total phosphate (g/kg) 2.9%6° 3.60° 4.242
Ca/Protein (mg/g) 33.¢ 317 32.05°
pH 6.75° 6.742 6.762

abmeanswvith sameVXSHUVFULSW OHWWHU ZHUH QRW GLIIHL
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5.4.3 Curd breakage during stirring

There was a significant interact effectof set temperature and protein leviel{
0.015; Table 5.3) on the time from renneting of milk to when the coagadaut. Thus,
cutting was performed at a storage modulus of ~35 Pa rather than at a specified time

obtain uniform curd rigidity

Table 5.3 Effect of experimental conditions optdo cut time

Set to cut time + SD
Temperature Protein % (min)
28°C 4 49.5 + 078
345+0.7
26.5+ 12°
25.0+ 0.6¢
23.3+0.6°
24.7 + 4.6¢
245+ 0.7
23.0+4.%
6 20.0+1.0
&¢Means withincolumnwith the same letter were not significantly differem=(0.05).

32°C

36°C

O~ O 01~ O O

During initial stirring after cutting, breakage of curds occuitad to resistance
of the curdmovement, when permeate was not overl@iceakage of curds can be
illustrated by contour plots of curd moisture content avematstirring (Figue5.2). After
5 min of stirring, when the cut size used wakreagd from6 to 12 mm, cursiwere
observed to containgreater moisture for atlontaning4, 5 or 6 % proteirwhereasuch
a trend in curd moisture content was not observed when thezeuissid was?2 to 18
mm, indicating breakage of curdthtlargecut size(Figure5.2A). At 25 minof stirring,
the effect of changingcut size wa®vident with curd of 4% protein as indicated by
greatercurd moisture content withigher cut size from 6 to 18 mm(Figure 5.2B).

However, applying the same change in cut size with curds of 6% protein resulted in
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similar moisture contents (~72%). As the stirring continued to 45 min to 115 min, the
effect ofchangingcut size was evident for 4% protein kyilvhereas the moisture conte

of curds with 5% protein was observed to be less influenced uwdiegcut size from 12

to 18 mm, and for 6% protein the impact of changing cut size on curd moisture was
negligible (Figure 5.2C, D). Therefore, curds withdr218 mm cut size and of 5 66

protein were highly impacted by the breakage of c(Bd& Tablen Appendix Table S1

and Table Sp
A B
€ C D
E
o
N
0
5
@)

Protein (%)

Figure 5.2 Contour plots of curd moisture content (g/100 g) as affected by cut si
protein level during stirring for (A) 5 min, (B) 25 min, (C) 45 min and (D) 115 min. "
contour plots were for a fixed temperature of 32.2No permeate overlay w
performel.
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Figure 5.3 Curd moisture loss from large curds (18 mm) made from milk with
protein during stirring. HC refers to curd moisture during stirring with no perm
added (high collision resulted into more breakagé€) refers to curd moisture durin
stirring with pemeate added (low collision resulted in retaining curd sizes). 28T
36T refer to set temperatwref 28 and 36°C, respectively.

Curd requireswhey to flaat during stirring, so that curd could move along with the
motion of stirrer. Howeverslow release of whey from the curfiem 5 or 6% protein
with cut at large size did not allow curd to move during initial stirrmigich subsequently
ledto thebreakage of curdsiasmall particlegSee Figur&lin Appendix) Maintaining
the curd sizeduring stirring was considered important in this study to establish the
relationshipbetweencut sizeandother variables. To avoid breakage of curds, a layer of
UF permeatdtotal 4 kg)was overlaid on the coagula before and after cuttingrifals
condwcted withmilk of 5 or 6% protein and using a cut size of 12 and 18 mm. Overlaying
permeate allowed theawement of curds during initial stirring and increased curd-inter

particle distance, which resulted the curdsmaintainingtheir shapeand size As

expected, permeataverlaid curds had higher moisture content compared to those
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preparé without overlay because of the maintenannceside (Figures.3). Hence, all
experimengwith 12 or 18 mm cut size with 5 or 6% protein were repeated with overlaying

of permeate during cutting establish the relation of cut size with other variables.

5.4.4 Curd moisture loss during stirring

Curd moisture contents during stirring from 5 to 115 min decreased under each
experimental condition (Figure 5.4). Interegty) the decrease in moisture content in
curds of 6 mm cut size showed a logarithmic trend, wheheaddcrease in curds of 12
mm or 18 mm cut size was linedhe profile of moisture lodsom curds set at 28°C with
cut size 6 mm was not logarithmic, doea faster decrease in curd moisture content during
cooking (25 to 45 min of stirring) compared d¢ards set at 32 or 36°C. Such a rapid
decrease in moisture content loss was due to greater rise in temperature during cooking.
However, a fast decreasenoisture even for curds set at 28°C and cuhatarger cut
sizes (12 or 18 mm) was less evideiihe contraction of the curgsobablyoccurs athe
curd surface and th@esencef a larger proportion of moisture in the internal curd matrix
minimizesthe magnitude of moisture loss tgmperature risenterestingly, the rate of

moisture loss after 4%in of stirring showed a linear trend in each condition.
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28°C 32°C 36°C

6 mn?

12 mn?¥

18 mn¥

Stirring time, min

Figure 5.4 Moisture loss profile of curds (g/100 g) during stirringrfr 5 to 115 min after cutting at various conditions of set tempere
(28-36°C), cutsize @8 mnt DQG SURWHLQ FRQFHQW U D WrteRdlines weredrawn usiBg@@Quation 1rfactual
curd moisture contenPermeate was overlaid dugicutting for coagulum of 5 and 6% protein with 12 and 18 mm cut size
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It is apparent thaturd from milkwith increased protein concentration attaiaed
lower moisture content at a given time compared to the curd from milk with lower protein
content. However, the rate of moisture loss was not influenced by proteiantmation,
as indicated by similar sloge of the moisture loss curve aimilar conditions ofset
tempeature and cut size (Figure 5.4). This finding is consistent with the results of Peri et
al. (1985), who reported that expulsion of whey from curd wdspendent of protein
concentrationn milk, which wasinvestigatedat up to~5x concentratiomvithout stirring
curds The results from the present study also agree with the finding of Thomann et al.
(2008), who observeglgreater volume of total liquid collected when combining permeate
release during membrane filtration and wheypelled during curd stirring from
conceftrated curd, compared to total whey expelled from regularwiikn4 to 6 pieces

of curds were shakan a beaker

54.5 Prediction of curd moisturecontents

Prediction of iAvat curd moisture content using an empirical modelisently
of interest (Panthi et al., 2018)he pesent study demonstrates various profiles of curd
moisture loss depending on curd size and set temperature, emphtmzEguiremen
of a model which can explain the curd moisture loss under variable iomsdRelative
curd moisture (RCM) data were fitted to equatiphdweverthisdid not stronglyexplain
the moisture data from the curd cut at 18 mm at 28°C or 322€§H90.88).There was
a better fit with data from curds set at 36°C ¥R.90), pobably due tdhere beingnly
al°C increase during cookingesulting in an almost constant temperature during stirring.
A representative graph of the model fit on RCMadis presented in Figuses. The model

explained the moisture loss profile of csrat small and large cut sigevith R? values
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being 0.98 and 0.90, respective\s expected, urds coagulated at 36°C with 4% protein
and cut at 6 mm had faster moisture loss kin€kics0.51)compard to those of 18nm

cut sizesK = 0.30).Curds of sall particle size have a larger surface area and a shorter
distance from center tedgefor whey movementcompared to bigger curgsarticles

which have a much smaller surfatwevolumeratio, resulting in restricted whey

expulsion, with subsequegteatr retention of moisturefRenauIt et al., 199Dejmek

and Walstra, 2004

In this study, ard size wasraried based on spacing betwe#re curd knives.
Alternativdy, the curd size can be varied depending on the number of rotations of the

blades through the coagulum during cutting; as knives are of fixed dimensioiah,

results in wide range of curd siglohnston et al., 1949&verard et al., ZO(ﬂEMateo et al.

2009h. While actual whey expulsion rates may vary based on the method of cutting,

(especially when curd particles are cut into irregular shapes), the same printiples
generalapply, in that overall moisture loss from the curd will be influenced by the size

range of the curd particles.
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R*=0.90,k=0.30,a=-0.86

R?=0.98,k=0.51,a=0.47

120
Figure 5.5 Representative plot of model fitted to the RCM data as a function of time d
stirring. (+) 36°C, 6 mm, 4% protejn (™) 36°C, 18 mm and 4% protein. Coefficient «

determination (B and model parameters constaktaiida) are the values calculated usir
the model. The lines indicate model prediction.

5.4.6 Response surface wdeling of curd moisture during stirring

Analysis of variance of the regression model fit showed that most variations in
curd moisture were explained by the linear and quadratic regrassiosof the model,
whereas crosproduct terms were nesignificant (Tables.3). To estimate the regression
coefficients of the polynomial regression model, a reduced RSM witltossproduct
terms was used so that estimates could be more robust and more. grablse5.4
summarizes estimates and goodness of miitd@? and coefficient of variation) of the
reduced model, which was satisfactory for prediction of curd moisture at a given stirring

time.
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Table 5.3 F values and associated probability (in paresit) for significance of polynomial model tefros curd moisture throughout
115 min of curd stirring.

Model F value P) for Curd Moisture at 5 to 115 min after cutting

Terms 5 15 25 35 45 55 65 75 85 95 105 115

165.97 12575  61.54 51.10 56.18 9853  213.73  86.68  106.84 12337  67.40  127.22
Linear  (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)

Quadratic  10.24 14.09 9.04 6.49 7.49 11.12 30.27 7.94 13.48 4.26 3.28 11.43
(0.0016) (0.0004) (0.0026) (0.0087) (0.0043) (0.0012) (0.0001) (0.0043) (0.0005) (0.0318) (0.062)  (0.001)
Cross 5.94 5.60 2.51 1.08 0.41 0.88 5.85 0.85 0.37 1.09 0.75 0.34

product  (0.01)  (0.01)  (0.11)  (0.39)  (0.75)  (0.49) (0.01)  (0.49)  (0.77)  (0.39)  (0.54) (0.8)

! basd on coded variable of each parametkr, +1).
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Coagulation temperature (X1) had a significant negative effect on curd moisture
for the first 45 min, but not after the curd temperature reached, 3¢, by the end of
coking (with the exceptiorof 105 min, which could battributedto random errgr Cut
size (X2) had a significant positive effect on curd moisture at all times, and this effect
increased over stirring time, as indicated by increasing values of the caoeffariecut
size (Table5.4). The negative impact of protein concentration (X3) on curd moisture
content was fairly uniform during stirring, indicatitigat protein concentration did not
markedly influence the curd moisture lo3$e sgnificant quadratic #ect of cut size

(X2) indicates a nofinear correlation between cut size and curd moisture content.

5.4.7 Curd moisture loss duringcutting and cooking

The effecs of set temperature, cut size and protein contenherelative rate of
initial curd moisture loss (during tHest 5 min after cutting) compared to the phase of
increasing temperatu@5 to 45 min after cutting) arghown in Figures.6. The RSM
contou plots showthat therate of moisture loss follosuifferent patterns depending on
whether during initial stirrig or during cooking. As expected, the initial rate of moisture
loss was proportional to the coagulation temperaf{&igure 56A) and the rateof
moisture loss during cooking was proportional to the temperature gradient (5-8Bje

In both phases, thmate of moisture loswasinverselycomrelatedwith curd cut size.
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Table 5.4 Estimates of selected model paramétefset temperature (X1), cut size (X2) and protein concentration (X3) on curd

Chapter5

moisture

curd Curd stirring time (min)

moistuet 5 15 25 35 45 55 65 75 85 95 105 115
Intercept 83.77  82.02 81.18 79.91 78.88 77.63 76.13 75.21 74.87 72.17 72.20 71.94
X1 -0.64* -1.18* -1.48* -1.74* -1.02* -0.64 -0.33 -0.03 0.04 0.39 1.22* 0.46
X2 1.16*  2.26* 2.93* 3.65* 4.75* 4.97* 4.88 5.49* 5.24* 5.46* 5.66* 5.56*
X3 -2.32*  -2.38*  -2.02* -2.06* -2.40* -2.49* -247* -250* -2.77* -2.48* -3.01* -2.78*
X1.X1 0.03 0.66 0.61 0.81 0.35 0.19 0.57 -0.34 -0.07 -0.20 -0.67 -0.21
X2.X2 -0.87* -1.89* -2.36* -2.70r -3.58* -3.21* -3.66* -3.00+ -3.56* -1.99* -2.29* -3.22*
X3.X3 -0.63 -0.60 -0.94 -0.76 -0.49 -0.67 -0.44 -0.65 -0.68 0.19 -0.18 -0.29
R? 0.98 0.93 0.91 0.92 0.94 0.96 0.96 0.95 0.97 0.96 0.94 0.97
CVv 0.54 1.18 1.56 1.77 1.91 1.60 1.57 1.89 1.59 1.64 2.33 1.57

Ipredicted models pameters based on coded variables of each paranietér ¢1).

6LIQLILFDQW DW .
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The contourplot shows thatwhen setting milk a8°C, coagué should be cut to
smaller sizes to achieve similar rates of initial moisture loss than under conditions where
milk is set ahigher temperature.g.,36°C (Figure 56A). The $ow releaseof wheyfrom
a curdat lower temperature can lsempensated with reducing the coagulum cut size.

Curd cut b larger sizd particles(12 to 18 mm)showedalmost negligible moisture loss

during initial stirring

Cut size (mrd)
Cut size (mrd)

Set temperatur€C) Set temperatur€C)

Figure 5.6 Contour plots of relative curd moisture loss (% /min) (A) after initial stirring an
(B) during cooking, as affected by set temperature and cuts&reneate was oxlaid
during cutting for coagulum of 5 and 6% protein with 12 and 18 mm cut size.

On the other &nd, for curds set &B8°C (especially with smaller cut size) the rate
of moisture loss during coolg was 0.2%/min and decreased with both increasing
temperature or cut size to0d.%/min (Figure 56B). This occurs because the rise in
temperature duringooking to 37°C is larger when the set temperature was 28°C

compared to a sé¢mperature of 36°C. At higher temperaflgesater rearrangement of
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casein micelles in the protein network ocgweeating a force for curd contraction

Mellema et al., 2002 Subjecting the curd to a temperature rise enhances contraction of

the protein network, which causes concomitant whey expul§tia.perhaps minimized

the impact of set temperatures on curd moisture coratar cooking (Tableb.4).

HoweverjFagan et al. (ZOOIZ)bserved a significant effect of coagulation temperature on

curd moisture content during stirring (5 to 63njinwhen cooking of curds was not

undertaken.

In the present study, the impact of pH change was minimized by adding lactic acid
and frozen culture and subsequently giving a shorter ripening time (~J0thaim in
standard cheesemaking practice (~45 nmiihg pHvalue of whey sampbmeasured after
75 min of stirring wasot significantly influencedR = 0.426) by protein concentration;
however set temperature did significantly influengkl (P = 0.03). The average pH of
whey samples measured after 75 min was 6.31, 6.34 fr@@6the curds coagulated at
28, 32 and 36°Crespectively Slight differences in the pH at 75 min suggest that pH
differences during the early stages of stirring, for example atid5could be negligible.

It is suggested that, with the growing use oédivatinoculum cultures, little pH change
is observed in the early stages of industrial cheesemakim@sadbserved in the present
study. However, changes in pH in the early staghay be more evident when bulk

cultures are used, promoting earlierccsyneresis.

5.4.8 Curd moisture content during stirring.

Curd moisturecontentsat 75 min as influenced by cut size and protein

concentrationis presented in Figur®&.7A. It is euvdent that on increasing protein
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concentration of milk, moisture content of the curds decreased and curd moisture content
increased with increasing coagulum cut size. Similar trends in the contour plots were
observed at each sampling point with reduced cooisture content over time (psonot

shown).

Whey drainage occurs at ~75 min after cutting for many $emd cheese
manufacturing process It is agparentthat at 75 min, cheese curds produced with a 6
mm cut size and from milk of 6% protein att@aiha low curd moisture content (400
g curds), whereas curds of 4% protein and with 18 mm cut size retained significantly more
moisture (79 g/10@ curds). These results demonstrate thatincurd moisture content
varies widely with respect to cuizei and protein level in milk. Isiproposed that these
two factors can be exploited to control the moisture content of curds during stirring. For
example, curds with 73% moisture can be produced with milk concentrated to 4% protein
with a cut size of lesthan 9 mm while, at a milk proteiconcentration of 6%, a cut size
of ~13 mm is required to obtain a similar moisture level. Therefore, manufacturing cheese
from milk with increased protein concentrations requires increased curd sizes to achieve
similar noisture to standard chse manufacturing practiceBhus, cheesemaking from
milk with increased protein concentration requires modified standard operating
procedures to maintain an appropriate stirring time between cutting of the curd and curd

drainage.

Achieving uniform curd misture content prior to drainage of curdsaikey
control point for consistency in theheeseraking process. To explore curd moisture
content over stirringresponse surface contour @etere generated with stirring time as

a facta. For example, when taize is fixed to 12 mm atset temperaturef 32°C, it will
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take 95 min to attain4P6 moisture for curds from 4% protein milk, which is reduced to
75 min for curds from 5% protein milk ad& min for curds from 6% protein milk (Gure
5.7C). Likewise, ards with 70% moisture can be produced in 55 min when cudting
coagulumat 6 mm sizeand more than 115 mis required to achieve similar legadf
curd moisturavhen cut size is increased to 12 nfiagure5.7D). Thereforejncreasg
milk proteinlevels allowsboth processing of increased milk volume amckeduction in

processing time, thuacreasingefficiency in two ways.

Previous studies have shown that cheese moisture content decreases when

increasing protein levels to ~4.5@6otein (Guinee et al., 1996Broome et al., 1998

Guinee et al 2009 which could be because of lower curd moisture content prior to

drainage. The negative correlation of moisture content withiprieteel can be explained

partly by an increased level of protein and fat in standardized milk, due to the loss of

saum phase by concentratipfhomann et al., 20Q8Furthermore, increasing the volume

fraction of the curd particles with respect to theisephase leads to a subsequent increase

in the frequency of collisions between curd particles, contributing to greater moisture loss

during stirring, due to particle deformatiof@uinee et al., 2006Geng et al., 20]11

Permeate overlay in the present study was expected to minimize such influences.
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Cut size (mm

C Protein (%)

Protein(%)
Cut size (mm

Stirring time (min) Stirring time (min)
Figure 5.7 Surface plot¢A) and contour plots (Byf curd moisture content (g/100 g) as
affected by protein level and cut size at 75 ofistirring Contour plas of curd moisture
content as a function of stirring time as influenced by protein leveln€at sizes (D)
are also showrPermeate was @vlaid during cutting for coagulum of 5 and 6%
protein with 12 and 18 mm cut size.

Somestudies have suggested a decrease in synereskCet® and EspinozT,

1999|Caron et al., 20Q[Thomann et al., 20Q&vith increasing milk concentration ratio,

whereas other studies that expressed syneresis in termeistiire retention reported

increased syneresis ratgth increasing protein levels in miItCas'raghi et al., 198y
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Curds from concentrated milk expel less whey compared to those prepared from regular

milk, due to the fact thathe initial level of whey in the former is obviously lower

Thomann et al., 20Q8resulting in lower moisture content in curds from concentrated

milk at a givenime compared to regular mirCasiraghi et al., 1987The results of the

present study confired that curd moisture loss-wat was independent of protein
concentration of milkandthatobseved differences in curd moisture contemremainly

attributed to difference in initial milkolid contents.

The current study was carriedtto establib the relatioshipof curd size, protein
level and set temperatumn curd moisture loskinetics Addition of permeatdo the
coagulum wasindertakero reduce curd breakagdering stirring as influenced by protein
concentration ankhrgercut sizesIndeed, when the pernaée was not overlaid, the larger
cutsize particles from milk with higher protein concentration disintigratedich
resulted in lower curd moisture compared to thosesaurtlat smaller cut sizehowing
confoundng effects ofproteinlevels in milk. For designing experimsntith minimum
breakage of curd, the concept of overlaying permeate was develsieth, enabled
establishment of the relationships betwesn sizeand other parameters. However,
overlaying permeaten coaula maynot bea commercially viable techniquaue to use
of permeatdut this concept may lead to the incorporation of newsstiegh as overlaying
water in the case of Maasdam type cheesemaking, where washing of the curd is carried

out.
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5.4.9 Curd microstructure

5.4.9.1 Scanning electron microscopy

Curd microstructure, as influenced by coagulation temperature, is shown in Figure
5.8 for milk with 6% protein concentration and cut at 6 andset at either 28°C or 36°C.
At low magnification, curdparticles atboth temperatures appeared to havéoose
structure with many large voids (Figure 5.8A, B). The medium magnification image
shows that void spaces appeared bigger in curds set at 28fi€e(B.7C) compared to
curds set at 36°C (Figure 5.8D) which had demaVoids, with a porous structure.
Differences between curds were more apparent at higher magnification, with the
appearance of a higher degree of fusion between casein particles snsetiat 36°C
(Figure 5.8F) compared to curds set at 28°C (Figurg)5.8he curd set at 36°C also
showed caseiaggregatesvith slightly thicker strands aralflattened shape compared to
the curd formed at 28°GSimilar differences were observed at thediof cutting the

coagulum ( Chapter 4), but casein micelles weredus a greater extent in the cooked

curds in both treatments. For milk containing 3.3% proj€ing et al. (201} also

observed a fine regular protein network in curds which had been set at 27°C and
subsequently cooked to 38°C compared to curds set at 36°C and cooked to 38°C, the latter

conditiors resulted in a dense protein network with larger casein micellesgades.
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Figure 5.8 Representative scanning electron micrographs of cooked curd particles made
proteinstandardized milk that were rertesl at two different set temperatures (A, C, E: 28°(
D, F: 36°C). Micrographs were taken at a distance of ~500 um frooutbiele of the particleScal
bars A,B=50 um, C,D=4 pymand E,F =1 pm.
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5.4.9.2 Transmission electron microscopy

Transmission electron micrographs elrds from different experimental
treatments are shown in Figure 5.9. At low magnification, it could be seen that casein
micelles formed a regular network with fbbules interspersed in tleardswhensetat
28°C (Figure 5.9A) or 36°C (Figure 5.9B), but tletwork appeared condensed with more
connection points at the latter set temperature. Medium and high magnification images
show that casein micelles were fustedthicker branches in the curdet athigher

temperature (Figure 5.9D, F) compared to thoseadewer temperature (Figure 5.9C,

E). This correlates well with the SEM findingi;@ng et al. (2013)eported no difference

in the microstructure ofaoked curds prepared from milk with increasing protein levels
(4 to 5.8%) coagulated at 33°C, and thus it appears thderniperature at which

coagulation oaars has a greater influence on internal structure than protein concentration.

It seemed that gelset at 28°C probably had continuous casein micelle
rearrangement during cooking, because of less-tirdsag of casein micelle aggregates
(Figure 5.8E) whaxas, in curds set at 36°C, such phenomena probably occurred before
cooking, as observed by flatied and fused casein micelle aggregates (Figure 3/81€).
spaces (probably filled with whegpserved in Figure 5.8AndB with curds set 28°C or
36°C are pobably due to rearrangement of casein micelles in the protein network, which
exerted endogenousgssure on whey, leading to accumulation of whey between casein
clustergVan Vliet et al., 1991)Larger void spaces in curds set at 28°C indicates protein
network rearrangement was greater during cooking compared to curds set awBigh
probably explains the great moisture loss during cookingom curds set aR8°C

compared to those set26°C.
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Figure 59 Internal microstructure of cooked curd particles manufactured with pt
standardized milk (6% protein) renneted at diffesatttemperatures (A, €,;28 °C; B,D, F; 3¢
°C), as analsed by transmission electron microscopy. Micrographs were taken at a dist
~500 PIURP WKH RXWVLGH RI WKH SDUWLFOH %R[H!

f tfat globules
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55 Conclusions

Interactive effects ofmilk protein corcentration, cut size, and coagulation
tempeatureon curd moisture loss propentyere evaluatedThe trend for moisture loss
from curd cubes of 6 mm was logarithmic, whereas moisture losrf@r curds was of
a linear patternCurds set atilower tempeature released less moisture immediately after
cutting, which can be accelerated by reducing the cut size. Response surfadamgnodel
showed that cut size and protein levels were the mosbriant factors influencing
moisture content during stirring, witeas coagulation temperature did not have a
significant influence, particularly after cooking (heating to 37°@jhen protein
concentration in the milk was increased, excessive curd breakegeer when a large
cut size (12 to 18 mm) was used. This sster that cutting to smaller cut sizes would
be required for cutting the coagulum from proteancentrated milk. It was showhat
overlaying permeate on the coagula from prot@incentrated milkwill prevened
breakage of curdgarticles However, fuher research would be required to investigate
the impact of application of permeate on coagula on cheese quality and composition in an
industrial cheese manufacturing prociegtuding economical aspect§his study shows
that, if the cut size cannot bechneased during cheesemaking with milk of increased
protein level, it is necessary to shorten the vat residence time before draining the whey.
The microstructure of the cheese cufftea cooking (as shown using bdtiansmission
and scanning electron mickpy) retained the differences initiated by coagulating the
milk at different temperatures, with curd set at 36°C having thicker protein network
strands with more fusion of caseiarpcles compared to curd coagulated at 28%C.

fundamentalunderstandingf curd moisture loss properties as influenced by cut size,
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protein concentration and coagulation temperature gained th@researchmay be
useful in optimizing cheesemaking processs predicing curd moisture conterfrom
proteinstandardized milk redudng the impact of seasonal variability in milk

compositionandincreasng process efficiency.
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Effect of pasture versus indoor feeding regimes on the
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6.1 Abstract

Maasdam cheese was manufactured from standardized milk derived from each of
three feeding systems: grass (GRA), grass and clover pasture (CLO), and indoor feeding
of total mixed ration (TMR). Pasrederived cheeses had significantly lower L*
(whiteness)and higher b* values (yellowness) compared to Ft#Rived cheeses.
Acetate levels were significantly lower in CLO and butyrate levels significantly higher in
TMR compared to the other cheeses. Géheese had significantly higher scores for
smooth textureivory colourandshiny appearance compared to TMR. The influence of
feedtype was minimal on cheese yield, composition and on glycolysis, lipaysis

proteolysis during ripening.
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6.2 Introduction

Dairy farming systems in Ireland, parts ofidoWest Europe, New Zealand and
some parts of Australia are unique in that milking herds are mainly fed on grazed pasture
whereas, in the majority of countries (e.g., USA or parts of Europels bez kept indoors
and supplied with total mixed ration (TR} consisting of silage, grains, added minerals
and vitamins 2 & D O O D J K D Q PdsturddaSed feeding systems could be regarded

DV 3 PRUH QDWXUDO~ ™ E\ IDFLOLW@WIhiQ SyskeR A%y rdddcEH VYV W
the cost of milk production asgell as enteric methane (GHemissions compared to TMR

feeding systems 21 HLOO HW EBiSsions of Ckifrom grazing cows with

increasing proportions of white cloverFr{folium repen} is also less compared to full

grazing of ryegrass grassalium perenne L.Lee et al., 2004) making for more
environmentally sustainable production systems, e.g., low nitrous oxide and greenhouse

gas emissions.

However, herd feeding systems can influenalk propertiegGulati et al., 2017,
2 & D O O D I KDI1Q)addNhdpeby product propertig€shristian et al. (199%tudied
the composition of milk and Cheddar cheese derived from cows fed with an increasing
proportion of spring pasture or grainsarcontrol diet of hay ansilage,and found that
increatng the diet quality(spring pastureand lupin-whea) resulted in lower cheese
moisture levels and improved cheese functionality compared to the contréd\rdienu
et al. (20®) reported that altermn the herd feeding systems influence Cheddar cheese
yield and qualitylittle. 21&DOODJKD Q de¢vonBt@ted differences physice
chemicaland sensory properties of Cheddar cheese manufactured using milk derived from

indoorvsoutdoor feeding sysms.

193



Chapter6

A significant increase in milk production (from 5.51 billibimesin 2014 to 7.27
billion litres in 2017) has occurred in Irelar(@entral Statistics Office2018) since
abolition of EU milk quotas in 2015. Cheese is a vital esddlded dairy product, and
diversification ofthe cheese portfolio offers a strategic expansion approacindese
manufacturers. Studies on development of new cheese types for diversification of the
cheese industry have been undertaken, particularly ifigusn semihard cheeses
(Sheehan et al., 2008; Sheehan, 2@k3)n cheeses having tailored sensory progeert
(Bertuzzi et al., 2017)which would be feasible to manufacture on traditional Cheddar

cheese plants without extensive capital investr{ei¢elan and Wilkinson, 2001)

Unlike Cheddar, Maasdam isnantermediate cheese between Gouda and
Emmenthal maufacturedwith respect to manufacturing procedure and starter cultures.
For examplemesophilic starter culturekgctococcusndLeuconostacalong with some
thermophilic adjuncts and Propionic Acid Bacteria (PAB) as a secondary culture
(Lamichhane et al2018a,bare innoculated to cheese milkuring cheesmaking, curd
washing is utilized and cheeses are ripened in a warm ro21(Z for 36 weeks) to
achieve PAB growth, which leads to the development of a sweet and nutty taste as well
as round eyegFrohlichWyder et al., 2017) However, little information has been
publishal characterizing Maasdam chemsking, cheese yield, ekse ripening, and

sensory attributes, particularly those made froitk of herds on different feed types.

The objective ofhis research was to investigagkect of three feeding systems,
perennial ryegrass (GRA), perennial rygrass and white clover (©) or TMR, on the
physicachemical properties, yield, ripening and sensory characteristics of Maasdam

cheese over 150 d oipening. Herds fed GRA or CLO were kemitdooron pasture,
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whereas TMR fed herds were kept indoor, as described in the st&lf& DO ODJKDQ HW

(2016)

6.3 Materials and Methods

The composition of GRA, CLO or TMR feed and allocation of each grod8 of
cows based on each feeding system was described prévio@sy & DOODJKDQ HW DO
Milk samples were collected from each group of calusng midlactation over three
week period. Methods of collecti@nd milk standardization atoteinto fat rato (PFR)
of 1.17 were as described @hapter 3 The Maasdancheesemaking process from the
standardized and pasteurized milk was as describedrhichhane et al. (2018&riefly,
cheese milk (380 kg, 32°C) in each vat was inoculated with frozen pellatsH@nsen
Ltd, Denmark) of mesophili§Lactococcus lactissp. lactis Lactococcus lactissp
cremorisand Lueconostog)thermophilic Lactobacillus helveticusand propionic acid
bacteria (PAB) at the rate of 18 mg/kg of milk, 4.8 mg/kg of milk, andyikgrof milk,
respectively. This was followed by the additiof calcium chloridé34% wt/vol) at level
of 0.3ml/kg and rennet (0.18 ml/ kg of milk, Chymax plus, 200 IMCU/ml; Chr. Hansen,

Denmark) after diluting (~1:10) in deionized water. Cutting, siiyricooking, curd

washing, prepressing and brining was as describedUaynichhane et al. (2018a)

Cheeses wheels (~12 kg) were wrapped under vacuunrernggned at 8°C for 10 days,
transferred to a warm room at ~23°C for 21 days and finally ripened under refrigeration
(2-4°C)up to 150 dromthe date of manufactur€heeses were manufactured in triplicate

overathreeweek period.
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6.3.1 Compositional analysis of milk and cheese

Gross composition of raw and standardized milk (fat, total praediactose)
was determined by Fourier Transfoinfrared (FTIR) spectroscopy (Milkoscan; Foss
FT2 Foss Electric, Hillergd, Denmark). The levelsion-casein nitrogen (NCN), nen
protein nitrogen (NPN), and casein number were calculated as described previously
29&4DOODJKDQ HW DO in stanfi&dyed_ KR waR QewrbhiQad as

described by Lin et al. (2016).

Cheese sampldsredges~200 gof length equivalent to half of the diameteraof
circular cheegewere removed at prior tariningand 1d of ripening, grated and arssty
for protein, &t, pH, ash, salt, calcium and moisture content using the standard
International Dairy Federation methods (Guinee et al., 2006). Salt in moisture (S/M), fat
in dry matter (FDM), moisture in nefat substances (MNFS), PFR, Ca/protein were

cdculated from tle compositional data.

6.3.2 Whey composition, fat and protein recovery and cheese yield

The levels of fat, protein, casdines,and total solids in whey samples, recovery
of fat and protein based on the composition of milk, actual clygslgeandyield adjusted

to 45% moisture level were determined as described by Geirede(2006).

6.3.3 Determination of colour

Thecolourparameters (L*, a* b*) of fresh cheese samples between 65 and 150 d
of ripening were measured using a Minolta Chravteter CR 40 (Masonte¢ Dublin

Ireland) as described Bertuzzi et al. (2017)
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6.3.4 Biochemical analysis

Samples for biochemical anabs were taken after 1, 10, 35, 97, and d %0
ULSHQLQJ DQG°tWwitRanahysed Ohe |évels of D), L (+) and toal lactate
wereanalyseds described by Lamichhane et al. (2018a). Changes in nitrogen soluble at
pH 4.6 (pH 4.6SN)/total nitogen (TN), total amino acids (AA) in the pH 46luble
extract were determined as described by Lahaoe et al. (2018a). Lewebf acetate,
propionate, and butyrate (C2:0, C3:0, C4.0) were quantified, as described by Sheehan et

al. (2008).

6.3.5 Determination of free fatty acids (FFA)

Free fatty acids (FFA) levels in Maasdam cheeses were determined at 97 d of
ripening using gashromatography (GC) with a flame ionized detector as described by
McCarthyet al. (2017)and sample extraction was as describe@®béylong and Badings

(1990 on grated cheese (4 g). Results were expressed as mg/kg fat in cheese.

6.3.6 Sensory analysis

Sersory characteristics of ripened Maasdam chee8& (l) were assessed by
twenty-seven nive assesson@l to 48 years oldecruited in University College Cork,
Ireland. Samples were served at room tempera8@iection criteria for assessors were
availablity and motivation to participate on all days of the experiment and they were
cheese @ansumers (Swisg/pe). The age of the assessors was betweet83kars old.
Cheese samplesgere held at refrigeration temperatures overnight (4°C), before monadic

presatation to the naive assessor panel at ambient temperatures (21°C) and coded with a
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ranrdomly selected 3 digit codé&samples were presented blind and the order of the

presentation of all test samples was randomized to prevent first order andwearry

effects. Each assessor was asked to indicate their degree of liking cwra e scale

ranging from O (extremely dislike) at the left to 10 (extremely like) at the right
216 XO OLYDRanking descriptive analysis (RDA) quantifies the intensity of the

sensory attributes of a product using a trained sensory patrainad expert paneliti

extensive experience in cheese tasting including Maasdam type was used faigiDA.

assessor@ male and 4 femal@articipated in a ranking descriptive analy{§t®A) using

the list of sensory descriptors of Swigpe cheese and measured on arhdine scale.

All samples were presented in triplicance the assessors were trained, lower numbers

were used in this case compared to tasting for hedonic chasticseri

6.3.7 Statistical analysis

Oneway ANOVA was performed to compare the effects of treatment on the

composition of raw milk, standardized milk, cheese composition before and after brining,

whey composition, fat and protein recovery, cheese yiekksdtolour, and free fatty

acids, sing SPSS statistics version 24 (IBM Crop., 2016). The effect of treatment,
ripening time and their interaction on levels of pH, % pH3NETN, lactates, total AA,

colour, propionate, acetatend butyrate wereanalysed with a splitplot design using a

PRQC MIXED procedure in SAS version 9.4 (SASstitute Inc., 2011). Pairwise
FRPSDULVRQV RI PHDQV ZHUH SHUIRRPSEHGBUXVRQJDAMXNH\Y

Sensory scores were compared using aibdependensample ttest in Excel.
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6.4 Resultsand Discussion

6.4.1 Composition ofraw and standardized Milk

The mean compositions of raw and standardipédlls are shown in Tablé.1.
The levels of fat, lactose, NCN, and NPN were similar between GRA, CLO and TMR
milks. Protein content was significantly lewin TMR milk (3.45 %, wt/wt) compared to
GRA (3.60 %,wt/wt), or CLO (3.56 %, wt/wt) milk, similar to the observation of
29& DO 0ODJKD Q. Bevaubef the lower protein content, the PFR also decreased
(although not significantly) in the raw TMR itk compared to GRA or CLO. The
composition of raw milkvas typical for an Irish milking herd at midctation(Gulati et
al., 2017) Standardization of milk protein level was undertaken by increasing the protein
level of TMR or CLO milk to similar to thadf GRA. This eliminates the confounding
effect of compeitional differences of milk on cheesemaking and on the final cheese
composition. Standardization was performed by combining skim milk and retentate and
permeate produced by ultrafiltration from thegonal milk from the same feeding regime
with addition of cream from each raw milk to achieve the desired standardization as

described irChapter 3.

As expected, the composition of each standardized milk (TMR, &idiIGRA)
prior to cheesmaking were similar (Tablé.1), having a protein content of ~3.6 %. dlot
calcium level in milk (=140 mg/ 100 g) was in close agreement with that reported by
Gulati @ al. (2017)and was not significantly influenced by the method of standardization,
probably because of similar casein contents in the standardilkexd Lacto® levels were

also similar between the standardized milk samples, in agreement with the oésults

199



Chapter6

GovindasamyLucey et al. (2011)who blended skim milk retentate with milk prior to

cheesemaking.

Table 6.1The composition of raw and standardizeitks derived from cows fed on pasture
(GRA: perennial ryegrass or CLO: perennial ryegrass and wiierlor indoor (TMR)

feeding regimes.

Components GRA CLO TMR SED* P-Value
Raw milk
Fat (9/100 g) 4.25 413 4.2% 0.15 0.59
Protein (g/100 g) 3.60° 356 3.4% 0.03 0.03
Lactose (g/100 g) 4.62 472 474 0.03 0.32
Non-casein nitrogeimg/100 g) 116 12¢¢ 1122 4.56 0.31
Non-protein nitrogen (mg/100 g 27 3F 29 2.06 0.05*
Casein no. 79.3C 7850 79.17 0.73 0.53
Protein to fat ratio 0.8% 0.86 0.8¢* 0.03 0.21
Standardized milk
Fat (9/100 g) 3.06 3.1¢ 3.04 0.05 0.35
Protein (g/100 g) 3.63 3.62 3.6¢ 0.04 0.91
Lactose (g/100 g) 467 4.6 4.73 0.09 0.89
Non-casein nitrogen (mg/100g 114 116 11r 5.6 0.70
Non-protein nitroger{mg/100 g) 26% 32 28 2 0.06
Casein no. 78.9¢ 78.10¢ 79.4C¢ 0.86 0.61
Protein to fat ratio 1.19 1.17 1.18 0.02 0.48
Total Ca (mg/100 g) 138.97 140.96 13947 11.53 0.97

aDifferent superscript letters in a rowwdicatessignificant differences .

means of triplicate trials. P = 0.053,' Standard error of mean difference.

'DWD DUH WKH

The level of NPN for both raw and standardized milk was slightly higher (at a

level close to being significantly different) in CLO milk than in TMR mitkigher NPN

content in milk has a negative influence on cheese yield, due to these nitrogenous

compoung not participating in the cheese coagulum and being lost to whey. Milk from

cows fed grass and white clovéias been reported to contain more RAmmtan

nitrogenous compounds, e.g., urea, than other feeding regidn @& DOODJKDQ HW DO

2018) which probably led to a higher NPN content in the CLO milk. This is possibly
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related to the level of clover present in the sward, with greater concentiatosger in
the diet leading to higher protein metabolism in the rumen, which potentially results in
the formation of urea from ammonia in the liver before diffusing into the blood and milk

29&DOODJKDQ HW DO

6.4.2 Composition of cheeses beferbrining and postbrining

The mean compositions of cheese samples before andafteg are shownn
Table6.2. The composition (moisture, protein, fat, FDM, MBJRash, total calcium) and
pH (~5.4) of cheesanalysedbeforebriningwere similar betweetreatments. The similar
composition of cheeses measured before brining indicates that cheeses fireparai
of different feeding systems underwent similar changes during the cheesemaking process

and that any compositional differences in milk wergated by milk standardization.

The mean composition (moisture, protein, fat, FDM, MNFS, salt, cgbtium)
and pH (~5.26) of Maasdam cheese measured after brining was also similar between
cheese samples derived from different feeding systems; the RiRviaasdam cheeses
were close to 1 and the FDM content in cheese samples were ~45 tA&&¥i.et al.
(2015 reported a composition of 26.5% fat, 42% moisture, 45.6% FDM in-sardi
model cheeses with eyes. Maasdam cheese prepared in the presehadtadslightly
higher (~34%) moisture compared to commercial Maasdam cheese safBplesoa
and Karoui, 2013) Cheese moisture and MNFS level decreased during brining
(significant decreases in GRA and TMR but not significant in CLO), by ~2%, whereas

thelevel of protein and fat was similar in all brined cheese samples.
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Table 6.2 The mean coposition of Maasdam cheese produced from standardized milk derived
from cows fed on pasture (GRA: perennial ryegrass or CLO: perennial ryegrass and white
clover) or ndoor (TMR) feeding regimes.

Composition GRA CLO TMR SED P-value

Beforebrining
Moisture (g/100 g) 47574 47.37 47 244 0.74 0.91
Protein (g/100 g) 24764 24.322A 24,1224 0.57 0.55
Fat (g/100 g) 25.06%  24.51% 24,70 0.29 0.24
Fatin dry matter (g/100g 47.794 46.56™ 46.81%4 0.40 0.05
MSNF? (g/100 g) 63.47°4  62.74°  62.73% 0.81 0.60
Protein to fat ratio 0.99%4 0.99%4 0.9 0.02 0.62
Ash (g/100 g) 2.688 2.558 2.7C:8 0.12 0.49
Ca (mg/100 g) 890 856+ 898 45.19 0.63
Ca (mg/ g protein) 35.934 35.2p4 37.294 1.99 0.60
pH 5.494 5.484 5.464 0.30 0.52

Post brining
Moisture (g/100 g) 45,638 45.354 45,458 0.46 0.84
Protein (g/100 g) 251224 2468~  24.32%A 0.52 0.37
Fat (g/100 g) 24954 2478~ 2517 0.35 0.57
Fat in dry matter (/100 g 45.8%9*® 45,344 46.134 0.50 0.33
MSNP (g/100 g) 60.80°®  60.29%  60.73:® 0.49 0.56
Salt (g/100 g) 1.212 1.492 1.30° 0.11 0.09
Salt in moisture (g/100g) 2.64° 3.292 2.86° 0.23 0.08
Protein o fat ratio 1.014 1.00%4 0.972A 0.02 0.21
Ash (g/100 g) 3.424 3.46% 3. 747 0.21 0.34
Ca (mg/100 g) 9504 917 9704 36.25 0.29
Ca (mg/ g protein) 37.584 36.77%  39.884 1.71 0.24
pH 5.298 5.238 5.268 0.06 0.60

a Different lowercase supecript letters in a row and uppease superscript lette?$in a

column (for comparable parameters before or-@e&t LQLQJ LQGLFDWH VLJQLILFDQW
0.05). Data are the means of triplicate triatandarderror of mean differencé Moisture in

Non-Fat Substances.

The predominant change that ocadusing brining wasbsorptiorof salt and loss
of moisture, which led to significantly increased ash content in the loiresxbe samples.
Although it was not significant, a slight increaseatat calcium level was observed in
brined cheeses comparedhose predrined, possibly due to loss of moisture resulting in
a reduction in MNFS levels, which also resulted in an increased (although not statistically

significantly) Ca/protein ratio in thierined cheeses.
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6.4.3 Whey composition, recovery of fat angbrotein in cheese and cheese yield

The composition of whey, recovery of fat and protein in cheese and cheese yield
related to the different feeding regimes are presented in B&bl€he level bfat, protein,
fines and total solids in bulk whegyoduced during experimental cheesemaking were
similar. The percentage recovery of fat and protein were around 90% of milk fat and ~76%

of milk protein during Maasdam cheesaking.

Table 6.3 Compositionof whey, recovery of fat and protein, and ebe yiéd during Maasdam
cheesmaking from standardized milk derived from pasture (GRA: perennial ryegrass or CLO:
perennial ryegrass and white clover) or indoor (TMR) feeding regimes.

Parameters GRA CLO TMR SED*  P-value
Whey composition
Fat (%,wt/wt) 0.4¢ 0.402 0.372 0.04 0.67
Protein (%, wt/wt) 0.962 1.012 1.022 0.06 0.65
Fines (mg/kg) 394.6* 275.23 408.93 48.08 0.06
Total solids (%, wt/wt) 6.63?2 6.55% 6.63?2 0.37 0.97
Fat (% of milk fa} 11.422 11.1¢° 10.68 1.26 0.85
Protein (% of milk protein) 23.35% 24.16% 24600 0.38 0.67
Recovery
Fat (% of milk fat) 89.417  89.6(7 91.8%° 1.68 0.33
Protein (% of milk protein) 76.49 76.78 74.612 1.65 0.42
Cheese yield
Actual yield, (%) 10.88 11.15° 10.94¢ 0.14 0.23

45% noisture adjusted yield (%) 10.76% 11.08° 10.85*  0.20 0.35

aSimilar superscript letters in a ronwdicatesQR VLJQLILFDQW GLIIHUHQFHYV
1Standarcerror of mean difference

Milks were standardized to similar PFR and coagula were cut at uniform firmness
in all cheese trials, thus minimizing curd tearing and shattering, and resulting in a similar
level of fat and protein loss from the freskdut curd particle during early stirriffGuinee
et al., 2006) Similarly, standardization of milk to a uniform PFR could potentially have
led to a similar curd microstructure entrapping similar proportions of tatlhe protein

network, resulting in similar fat and protein recovery in all expental cheeses. In
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agreement with the recovery of the major constituents of cheese, the actual cheese yield
(~11%) and with the moisture adjusted yield was similar betwieesse derived from the

different feeding regimes (Table 6.3).

6.4.4 Cheese pH

All Maasdam cheeses beforerining had pH ~5.48, and this decreased
significantly P <0.01) to ~5.23 aftdorining (Table6.2). The pH measured in Maasdam
cheese aftebrining (1 d) was within the range (5.1 to 5.3) reportedGovindasamy
Lucey et al. (201) for Swisstype cheese. The decrease in pH during brining was due to
continued starter and natarter lactic acidacterial NSLAB) metabolism of residual
lactose and galaase, yielding lactic acid2 16 XO O L Y D Q Sh&éh@n@t al., 2008)

As expected, lactose was not detected in experimental cheese samples after 10 d of
ripening (data not shownRuring ripening, the pH values significantly increased from
~5.2 at 1do ~5.7 by 150 d of ripening (Figuéel), which was in agreement with previous

studies undertaken for cheese with ef@@svindasamylucey et al., 2011; Lamichhane

et al., 2018aand for Cheddar cheeses + DW G 271&D2WOPIKDQ HW D
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Figure 6.1 Changes in pH during Maasdam cheese ripening. GRA)( CLO () or TMR (
) represent cheeses made fnmitk of cows fed perennial ryegrass only, perennial ryegrass
and white clover or total mixed ration, respectively.

Liberation of free amino acids andsshchain peptidegMcSweeney, 2004 along
with utilization of lactate by PAB, results in this increase in pH during ripening. No
significant effect of GRA, CLO and TMR feeding systems was observed on pH during
ripenng (Table 6.4), which indicates that all the experimental cheeses had similar
metabolic, e.g., giolysis, events during ripenin@ 1 & D O O D J K D Q akdd/veio@ed

no significant influence dieedingsystem on pH of Cheddar cheese during ripening.
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Table 6.4 Statistical summaryR values) of feed, time and interaction on parameters during
Maasdam cheese ripening.

Parameter Feed Time Interaction
pH 0.09 <.0001 0.97
%pH 4.6SN/TN 0.99 <.0001 0.69
L-lactate 0.07 <.0001 0.88
D-lactae 0.18 <0.001 0.71
Totalactate 0.07 <.0001 0.89
Total free amino acic 0.96 <.0001 0.99
Colour*
L 0.015* 0.86 0.98
A 0.08 0.21 0.99
B 0.0001* 0.17 0.89
Propionate 0.21 <.0001 0.91
Acetate .0002* <.0001 0.175
Butyrate <.001* <0.001 0.11

* indicatessignificanteffect of feed

6.4.5 Levels of L- D- and Total Lactate of Maasdam cheese

There was a significar(P < 0.001) decrease in the level ofldctate over the
ripening period (Figur&.2A), which concurs with the reports 8heehan et al. (®8)
andLamichhane et al. (2018a)he decrease in-lactate is due to its utilization by PAB,
which produce acetatergpionate, C@ and HO (Beresford et al., 2001p-lactate was
observed after 10 d and its level increased during warm room ripenthghan
subsequently decreased up to 150 d of ripening (F®QE). Such trends for Bactate
levels in cheese have lmepreviously reported and attributed in part to racemization by
NSLAB at higher temperatures (Beresford et al., 200)al lactate legls followed a
similar trend to that of dlactate in all experimental cheeses (Figure 6.2C). No significant
effect of teatment was observed for the levels gfD-and total lactate during ripening

(Table 6.5).
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Figure 6.2 Changes in Hactate (A), Dlactate, (B) and total lactate (C) levels during Maasdam
cheese ripening. GRA( ),CLO( )orTMR ( ) represent cheeses made franik of

cows fed perennial ryegrass only, perennial ryegrass and white clovéalenited raton,
respectively.
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6.4.6 Colour

The L* values measures visual lightness (within 0 to 100), a* values measure
redness (positive values) to greenness (negative values), and b* values measure
yellowness (positive value) to blueness (negativaajalThecolou parameters (L*, a*,

b* values) in Maasdam cheese samples derived from different feeding systems are

presented in Table.5.

Table 6.5 Effect of feeding systems awlourparameters of Maasdam cheese samples produced
from standardized millderived from pasture (GRA: perennial ryegrass or CLO: perennial
ryegrass and white clover) or indoor (TMR) feeding regimes.

Colour components GRA CLO TMR SED P- value
L* (lightness) 79.36 80.37 82.17 0.57 <.0001
a* (greento reg -2.83° -3.2¢ 272 0.20 <0.05
b* (blueto yellow) 28.89 29.10 24.19 0.30 <.0001

a Different superscriplettersin a row indicates significant differenceR € 0.05). Data are
the means of 10 measurements from 65 to 150 d ripening.
!Standard error of mean difference

Cheeses derived from the TMR feeding system had a significdh#ty(.001)
higher value (82.17) for L* compared to the CLO (80.37) or GRA (79.36) feeding
systems. There was no signéit difference in L* value between GRA or CLO cheese
samplesThe & value was higherR < 0.05) in TMR ¢2.72) compared to GRAZ.83)
or CLO (-3.29) cheese samples, with no significant difference between GRA or CLO
cheese samples. Similarly, TMR cheeasmmpgles had a significantl{?(< 0.001) lower b*
value (24.19) compared to GRA (28.89) or CLO (29.10) cheese samples, with no
significant difference between GRA or CLO cheese samples. Thereforegotber

parameters showed that pastdezived cheeses weraore yellow and TMRlerived
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cheeses were paler, in agreement with previous studd&f SSD HW DO 29&DC

et al., 2017)

Pastue-derived cheese has been reported to contain more thahRM® G KLJIKHU

carotene levels compared to those cheesetede from TMR feeding systems

29&DOO0ODJKD Q, reswting @ more yelloveolourin the former(Carpino et al.,
2004) Cheesecolour during 65 to 150 d of ripening period was not significantly
influenced by the ripening time, nor was any intecarcof feeding system with ripening
time observed (Tablé.4). However,2 1&DOODJKDQ Hpértdi@ significant
decrease in a* and b* values over the ripening time in Cheddar ctie§&DOODJKDQ HW
(2017) measuredcolour parameters at the sade of the cheese block, whereas in the
present studycolourwas measured on the surface of litgscut cheese wedges, where

light-LQ GXFHG G H JiddvoebeWrasRrnirRduric et al., 2003)

6.4.7 Proteolysis

6.4.7.1 % pH 4.6SN/TN

The proportion of nitrogen soluble at pH 4.6 @ercentageof total nitrogen
indicates primary proteolysis @asein fractions by the proteolytic action of enzymes
(Fenelon et al., 2000). 8ignificant P < 0.001) increase in levels of % pH 46l/TN
occurred over the course of ripening (Fig6t®), similar to hat reported for Maasdam
cheese(Lamichhane et al.2018a)and Swiss cheesg reported as 12% TGAN,;
Govindasamytucey et al., 2011)Overall, levels of primary proteolysis in Maasdam
cheese were not influenced by the feeding system of the herd @l4hlas reported by

21&DOODJKDQ fot Ghel@r cheese.
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Figure 6.3 Changes in pH 4.6 SN/TN levels during Maasdam cheese ripening. GRA CLO
( )or TMR ( ) represent cheeses made framik of cows fed perennial ryegrass only,
perennial ryegrass and white wdo or total mixed ration, respectively.

6.4.7.2 Total AA levels

Total AA levels in Maasdam cheese samples during ripening are shown in Figure
6.4. The mean level of total AA significantly increasdti<{ 0.001) during ripening and
an effect of feeding syem on total AA was not observed (Tablé). Total AA content
was ~1200 mg/kg at 10 d which markedly increased to ~4700 to 5000 mg/kg after warm
room ripening at 35 d. Similarly, ndfect of the different feeding systems on total AA
was also observed b 1&DOODJKDQ HW DO The vend KHG GD U
increasing total AA in Maasdam cheese samples during ripening were in agreement with
thosereported byLamichhane et al. (2018aand the ncrease of total AA is consistent

with the increase in Y6H 4.6SN/TN (Figure6.3).
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Figure 6.4 Changes in total free amino acids levels during Maasdam cheese ripening. GRA (
), CLO( )or TMR ( ) represents cheeses made frmitk of cows fed perennial ryegrass
only, perenral ryegrass and white clover or total mixed ration, respectively.

6.4.8 Shott-chain volatile acids

6.4.8.1 Propionate and Acetate

Significant increases in mean levels of propionate were observed in all
experimental cheese samples during ripening, espedaling warm room ripening
(Figure6.5A). No significant effect of feedingystems on cheese propionate level was
observed (Tablé&.4). The mean propionate level in Maasdam cheese reached ~5000
mg/kg after 150 d, and this trend was in agreement with quswesults reported at

similar ripening times (Sheehan et al., 2008michhane et al., 2018b)
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Figure 6.5 Changes in (A) propionate, (B) acetate, and during Maasdam chessagipGRA
( ), CLO( )orTMR ( ) represent cheeses made fnmitk of cows fed perennial
ryegrass only, perennial ryegrass and white clover or total mixed ration, respectively. Mean

values are the mean of triplicate trials.
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Levels of acetate also followe similar trend to that of propionate during ripening
(Figure 6.5B). Interestingly, a significant effect of feeding system on acetate level was
observed (Table 6.4). The CLO cheese lead acetate formation compared to GRA or
TMR cheese, especially aftthe warmURRP ULSHQLQJ VWDJH 271&DOOD.
observed thadcetatdevel of Cheddacheeseavas positively correlated with TMRerived
milk; albeit its level was not significantly different between milk from pasture or TMR

feeding systems.

Praduction of propionate and acetate occurs in Styige cheeses that are
inoculated with PAB, which corerts lactate to propionate, acetate, carbon dioxide and
H>0 (FrohlichWyder et al., 2017)in addition, production of acetate in cheese may also
be attrbuted to NSLAB converting citrate, amino acids, nucleotides or lactate to pyruvate
(Lazzi et al., 201 The pathway for the conversion of pyruvate to acetate by NSLAB
involves two enzyme systems. Pyruvate oxidase (POX) converts pyruvate to acetyl
phosphat whereas acetyl kinase (ACK) converts acptydsphate to acetateazzi et al.,
2014). The expressioaf genes in NSLAB that regulates the P@XK pathway can vary
between batches of cheese amdrripening(Levante et al., 20)7suggestingdaptation
of NSLAB in stress conditions is strain specific. Recently, some of the microbiota in raw
milk and in ripened cheese has been associated with microbiota in teat skin dfieins (
et al., 2018)Although semi grazing or extensive grazinghefdwas reprted to have
minimal effect on microbial taxa in milk, large botanical diversity and feeding practices
(e.g., indoor or outdoor) would have marked effect on milk microbiota originated from
teat skin Frétinet al., 2018). It may be a consideration foufatstudies to determine

whether herd feeding system influences the evolution of microbiota in Maasdam cheese
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and gene expression profiles of NSLAB that contributes in the production of organic acids

(e.g., acetate) during warm room ripening and maturation

6.4.8.2 Butyrate

A significant increase in mean levels of butyrate was observed in all experimental
cheeses during ripening (Figuf6) and a significant effect of treatment was also
observed (Tablé.4). Butyrate levels in TMR cheese samples wergifsigntly higher
than in GRA and CLO samples. Butyrate in cheese could possibly be produced by
Clostridium spp, the spores of which may germinate during warm room ripening,
subsequently resulting in gas production and leading to dliaténg defect in beese
(Sheehan, 2013 by hydrolysis of lipids through milk lipase/esterase activity. However,
levels of butyrate in the present study were < 200 mg/kg, a level which is commonly
detected in Swiss/pe cheese without any blowing defe@itamichhane et gl 2018h

2196 XOOLYDQ).HW DO

The observation of higher butyrate levels in TMR cheeses could be attributed to
individual components of the indoor feeding system of cows, in which higher numbers of
butyratefermenting spores are likely to be contamitsa compared to pasture grazing
(Sheehan, 2013)A similar trendfor butyratewas observed when profiling metabolites

using gas chromatograpimyass spectrometry (S&hapter 7).
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Figure 6.6 Changes in butyrate dugriMaasdam cheese ripening. GRA( ),CLO( )or
TMR () represent cheeses made franitk of cows fed perennial ryegrass only, perennial
ryegrass and white clover or total mixed ration, respectively. Mean values are the mean of
triplicate trials.

6.4.9 Freefatty acid compositions

The mean composition of individual FFA and total FFA (mg/kg of cheese fat) in
97 d ripened Maasdam cheese samples derived from different feeding systems are
presented in Tablé.6, which shows the extent of lipolysis in the expentaécheeses;
the levels of FFA (C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, C18:0, C18:1, C18:2,

C:18:3) were not statistically different, except in the case of C18:2.
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Table 6.6 Mean compositiorof free fatty acids (mg/kg of cheese fat) in Maasddmese
produced from standardized milk derived from pasture (GRA: perennial ryegrass or CLO:
perennial ryegrass and white clover) or indoor (TMR) feeding regimes and ripened for 97 d.

Mean level of free fatty acid

SED P value

Free fattyacids GRA CLO TMR
Saturated fatty acids
Butyric acid (C4:0) 168 15¢ 289F 51 0.07
Caproic acid (C6:0) 113 108 174 24 0.06
Caprylic acid (C8:0) 139 124 176 24 0.16
Capric acidC10:0) 269 232 34¢ 42 0.10
Lauric acid (C12:0) 394 338 478 53 0.10
Myristic acid (C14:0) 1113 922¢» 1239 191 0.31
Palmitic acid (C16:0) 3359 3012 4378 533 0.10
Stearic acid (C18:0) 1133 1002 1173 213 0.72
MUFA?
Oleic acid (C18:1) 2239 2018 2375 337 0.59
PUFA
Linoleic acd (C18:2) 152 159 352 42 0.01
Linolenic acid (C18:3) 10 112 1032 17 0.77
Total FFA 9178 8176 11076 1442 0.20

a Different superscript letters in a randicatesVLIJQLILFDQW GLIIHUHQFHYV
means of triplicate trial$Standarderror of mean differencé Monounsaturated fatty acid
3 Polyunsaturated fatty acid

The effect of GRA, CLO or TMReeding systems on fatty acid composition in
milk (21&D O ODJKD Q aHdXhbddar cheese & D O O D JK D Q hésWedn O
repated previously, whereas the present study levels of FFA in Maasdam cheese were
reported for the first timeDherbécouret al. (2010Yyeported that a large proportion ¢80
90%) of shorchain free fatty acids originating in milk are lost into whey in Swype
cheese during drainage and that extensive lipolysis in cheese starts from the breakdown
of those entrapped lipidgiglycerides or triglycerides) in curds. Therefore, fewtliced
variations in the fatty acid profile are probably observed in ternmmgichain fatty acids.
Indeed, the observation of a higher level of C18:2 in TMR cheese compared to GRA or

CLO concurswith the findings of2 1& D O O D JK D Q fét AFADTGntents of milk.

216



Chapter6

Total free fatty acid levels in Maasdam cheeses @&v8,8176, 11076 (mg/kg
cheese fat) in GRA, CLO and TMR cheeses, respectively. The level of total fatty acids in
Maasdam chese was higher in comparison to mature Cheddar cheese, which ranged from
2547 to 3074 (mg/kg fat in chees&jcCarthy et al., 2017)Propionibacterium
freudenreichinas been reported to markedly increase the lipolytic activity during warm
room ripening in Swestype cheese, the action of which leads to increased FFA levels
(Dherbécourt et al., 2010Altering milk fatty acid profile througherd feeding systems
for the production ofpoly-unsaturatedfatty acid (PUFA) has been widely studied
(MoralesAlmaraz & al., 2010) In particulargrass feedingystems have been related to
productionof more conjugated linoleic acid compared to TMR fegdystemMorales
$OPDUI] HW DO 2 1 & D; ©awBvéK thiQwak\Wotin@estigated in the

present sidy.

6.4.10 Sensory analysis of Maasdam cheese

The mean scores from sensory hedonic and ranking descriptive analysis (RDA) of
Maaglam cheese after ~97 d of ripening are shown in Figdrelhe majority of sensory
attributes were similar between GRA, CLO, and TMR cheese samples, except for ivory
(yellow) colour, shiny appearance, smooth texture, rubbery texture, and firmness in
mouth Ivory colourwas significantly higher < 0.05) in GRA or CLO cheese compared
to TMR. Shiny appearance and smoothness scores were significantly Righ@:0Q) in
GRA ocompared to TMR cheese samples. The scores for CLO samples did not differ
significartly between GRA or TMR cheese. The TMR cheese had significantly higher
rubbery texture and firmness imouthcompared to CLO cheese, whereas GRA cheese

did not differ signifcantly from TMR or CLO cheese.
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GRA —m— cCLO ~4 - TMR

Figure 6.7 Mean sensory hedonic and rankiskgscriptive analysis of Maasdam cheese derived
from perennial ryegrass only (GRA), perennial ryegrass and white clover (CLO) or total mixed
ration (TMR) feeding regimes after 97 d of ripening. * Denotes significant diitereColour
version available oime.

The overall acceptability of the cheese samples was numerically higher for GRA,
compared to CLO or TMR, although a statistically significant difference was not
observed. Interestingly, ivorgolour and shiny appearance in GRA or CLO cheisse

consigent with yellowcolourmeasured by eolourimeter(Table6.5).

6.5 Conclusions

Indoor or outdoor herd feeding systems had no effect on cheese vyield, fat and
protein recovery or gross chemical compositin Maasdam cheese. Maasdam cheese
made frommilk of pasturefed cows (GRA or CLO) was more yellow compared to FMR

fed cheeses, as in the case of previous studies, which can be a basis for distinguishing
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cheeses atonsumetevel. The levels of acetateere significantly lower in CLO and the
levels of bayrate were significantly higher in TMR cheese, although this did not translate
into differences in cheese sensory properties. Cheese derived from GRA milk had a softer
mouth feekcompared to TMRlerivedcheese. The present study showed that the principal
biochemical events such as glycolysis, proteolgsdlipolysis in Maasdam cheese were
influenced little by the type of feed supplied to the cows. Future research on the influence
of herd feeding systemen the sensory and metabolic profile of cheese ywed
therefrom would benefit from profiling both the milk microbiota and bacterial gene
expression, particularly those associated with the teat skin, as influenced by feeding

system.
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7.1 Abstract

The untargeted metabolic profiles of ripened Maasdam cheese samples prepared
from milk derived from three herd groups, fed: ifidoors on total mixed ration (TMR),
or outdoors on (2) grass only pasture (GRA) or (3) grass and alhiter pasture (CLO)
were studied using high resolution nuclear magnetic resonah®&MR), high resolution
magic angle spinning nuclear magnetic resee tH HRMAS NMR) and headspace
(HS) gaschromatography masgpectrometry (GEMS). A total of 31 metabolites were
detected by NMR and 32 by G@S. *H NMR showed thaTMR cheese had higher levels
of citrate compared to pastuderived cheesetH HRMAS NMR data showed less
variability between cheesmetaboliteswhen excluding lipids.The toluene content of
cheese wahigher in GRA or CLO compared to TMR cheeaes dmethyl sulfide was
identified only in CLQOderived cheese samplas detect# using HS GEMS. Overall,
this study identified specific metalites which can discriminate between cheese samples

manufactured from different hefdeding systems.
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7.2 Introduction

ODDVGDP FKHHVH LV PDQXIDFWXUHG ZDh \WHRPHFIAR SKL
DQGEG XFRQRN®/®R W KH U P R FKICON/DUENBRIEXMBHVBR@XIVZ LW K SURSL
DFLG EDFWHULD 3%$% DV D VHFRQGDU\ FXOWXUH 7KH O
DVVRFLDWHG VHQVRU\ SURSHUWULHW OHKQW BRMEZWRIWP D ¥ G R
H\HV *HQHUDOO\ WR FRPM$DBKMRQYHY DUH PRUH FRPSOH
EHFDXVH RI WKH PHWDERQ@Q&EN PWRIVH W R SRRIWKLEG DFLG\
SHSWLGHV DQG WKH VXEVHTXHQW I|IRUP BRW DERIRW IDO 8 B |

PHWDER®BEWHINQH\

8 QW D UBHMNHGEROXWMRVRRQ QXFOHDU PDYQHWWLRIUHVRC
FKHHVH H[W WDWDMW HO LRKDX  GEHHQ XVHG WR FKDUDFWHUL]
GLIIHUHQW FKHHVH SWBMWHRWEIG PGV DEQIRK EDVH® RQ
JHRJUDSKLFDO RULJLQ RI PDQeHDAVDERRYY RIQD L 3 DAPIJLD

REXIIDARDUHOODAEKIVIEYE HW7RDV DSSURDFK KDV D
XVHG WR GHWHUPLQ H LAKID GDE W B QaIRGEEMUH G Z H J
J)LRUH 6DUGR FKHHVH3LWOR RIYE @R BHENHIE KMEHHQ
XVHG WR GLIIHUHQWLDWH FKHERI\EPY®IG R&DVYWIDIGILRI U
HW D O Rodrigues etla RJ) ZKEHOQL FIRQIGLWLRQV KDFK\EWHQ DO\
HW DO DV LQGLFDWHG E\ FKDQJHV LQ PHWDEROLWH LQ
LQWHUHVW KDVKEHK Q NYROI®WPRY O H+VS5@8GLQAD5 LQ
ZKLFK D VROLGROMFBO LY GLWHFVEZOWPRDW\QHFHVVDULO
PHWDEROLWHY IURP FKHHVH VDPSI®i5\WHMREVOLKXQE St

HW DO OD]]JHL HW DO
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SHFHQWO\ LQWHUHVW KDV IRFXVHG RQ WK R LEDENL O L W
SURGXFWV GHULYHG IURP FRZV IHG RQ SDVWXUH RU RQ
VLODJH FRQFHQWUDWH ZLWK D®GBGEFH\QHW DBIDD Q@G Y L
IRU SDEDWHIG GDLU\ SURGXFWV KDV LQFUHDVRI@GOREHU °
VXSSOHPHQWDWLRQ RI VHOWWH WD € & | RROQKHQUWHKILDIW 8 L J K W
LPSRUWDQFH RI GHWHUPLQLQJ PDUNHU FRPSRX@GV ZKLF
IJURP GLIIHUHQW GLHWV 7KH IHHGLQJ UHJHPWHRNBUKH L
SURSHUWLHV RI GDLU\ SURGXFWV GHSHKRQ®WKYHRKR G H
PHWDEROLWHOFPEBHMHY?2 RDOODJKDQ HWSROWKGOWKDW
IDW &KHGGDU FKHHVH PDGH IURPIHGORR B\H WKDIGHD (KR F
FRQFHQWUDWLRQ RI WROXHQH DX\ DOQRIGHR G RFQRPHOW H B\
SURGXFHG IURP 705 IHHGLQJ V\VWHPV 3UR1DBIR@J Rl ODLC
+50$6105 KDV QRW EHHQ UHSRUWHG SUHYLRXVOQJDOWKR
JDFKURPDWRJUDSHKEVWDR ROV IKDY&E EHHQ (GIBHRAW H® B\O

DQGDPLFKKDQH HW DGHQWLELFDWLRQ RI PHWDERC

GLIIHUHQMVIEDWHFKIHHVHY EDVHG RQ KHUG IHHGLQJ V\VWI

7TKHLPODU\ REMHFWLYH RI WKLY UHSNBUHFWURVFRE\
*&06 WR HVWDEOLVK WKH PHWDEROLF SURIIPAKWNNRI ODD\
FRZV NHSW LQGRRUV DQG IHG 705 RU FRZV NHSW RXWGH
JUDVV RQORU*38¥DVV DQG ZKLWH FORYHU &/2 $ VHFRQ
VWXG\ ZzDV WR JHQHUDWH D FKHPLFDO ILQJHUSBSWI QW RI (

DQ& +50%$6 105 VSHFWURVFRS\ WR LOOXVWUDWH WKH GL
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EHWZHHQ\WWDWWMIGGWWDWE 8KBHVH VDPSOHYV SUHSDUHG LC

WDNHQ IRU WKH PHWDERORPLF DQDO\VLYV
7.3 Materials and Methods
7.3.1 Sample preparation for NMR

Maasdam lkeeses were sampled at 97 and 150 days of ripening, gratén ezl
dried (~30 g)for 24 hours and stored €0°C. For analysis, samples were thawed in a

coldroom,and then ground using a mortar and pestle to make a fine powder.

7.3.1.1 Sample extraction fdH NMR
Cheese powder (50 mg) samples were weighed in 1.5 m| Epéutoiesin which

a methanoekthloroformwater (4:3:3) extraction was carried out by the methoBodéh
et al. (1957)with overnight phase separation, and subsequent centrifugation (1400 x Q)
for 30 min at 4°C. The supernatant (methamehtersoluble plase) wadransferred into
a new Eppendorf tube and vacugmed in an Eppendorf Concentrator Plus at 30°C,
stored at80°C andanalysed within a week. The soluble extract was dissolved with 700

O 'HXWHUL X RO)Rcpnt@iking 0.025% sodium trimethyid[P,2,3,3H,]-1-
propionate (TSP; Sigmaldrich A/S, Copenhagen, Denmark) asiaternal standard for
chemical shift reference. The iVROYHG DQG YRUWH[HG a V. H[W
transferred into Bnm NMR tubes and capped. Samples were preparedlicale from

a total of 18 cheese samples (n = 36).
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7.3.2'H NMR Spectroscopy

The instrumental conditions were as describe8unydekitle et al. (2013bhusing
Proton {H) NMR spectroscopy at 298 K (25°C) on a Bruker Avance Il 600 spectrometer
equipped with a TXxprobe (Bruker Biospin, Rheinstetten, Germany). Briefly, operating
conditions wereH frequency 600.13 MHz, 5 s relaxation agl0.1 s mixing time, 64
scans, 3 K data point and 12.15 ppm spectral width. Acquisition time was 2.25 s and
standard 1D spectra were acquired using a NOESY sequence 90° pulse with water
suppression by pfgaturation during relaxation delay and mixingei (Bruker pulse:
noesyprld). TheFree Induction Decay (FID) data were multiplied by-B2 line-
broadening function before Fourier transformation. Topspin 3.0 (Bruker BioSpin) was
used for phase and baseline correctiof-bNMR spectra. NMR signals weigentified

in accordance with théterature (Sundekilde et al., 2013a)he Human Metabolome

Database|vyww.HMDB.cg and the Chenomx NMR suite (Chenomx Inc., Alberta,

Canada).

7.3.3'H HRMAS NMR spectroscopy (solid stateNMR)

The methods followed fotH HRMAS NMR analysis was as described by
Lamichhane et al. (2015). Briefly, fine powder (7 £3 mg) of fredrzed cheese samples
ZDV ZHLJKHG Q LQWR —/ LQVHUWY %UXNHW %LRVS|
(containirg TSP for chemical shifeference) was added and centrifuged for 15 s to enable
mixing of D.O with the sample. The inserts were placed intenang Zirconium rotor
(Bruker Biospin, Germany). Bruker Avance Ill 600 MHz was used for HRMAS in using

H/RCPP MAS Probe with gradient (Bruker Biospin, Germany)Analysis was
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performed atH frequency 600.13 MHz, 5 KHz spin rate, 273 K, 17.36 ppm spectral
width. Spectra were recorded in G&urcellMeiboomGill (CPMG) (Bruker pulse:
cpmgprld) or Nuclear Overhaudgifect Spectroscopy (NCEY) pulse sequencelThe

CPMG pulse sequence suppresses the resonance signals fromvhipidaghe NOESY

pulse sequence does not suppthsslipid signalgLamichhane et al., 2015hintu and
Caldarelli, 2008 The number of sams was 128, relaxatiorldy of 3 s, T2 echo time was

400 ms, the acquisition time was 1.57 s and the collected data points were 32 K. The FID
was multiplying with 0.3 Hz of line broadening prior to Fourier Transform. The phase

andbaseline wascorrectedusing Topspin 3.0 softwe.

7.3.4 Volatile profiles by HS GC-MS

For profiling of volatile compounds in the cheese, grated samples (4 g) were
weighed into screweapped amber HS vials with a silicone/PTTE septum (Apex
Scientific, Maynooth, Ireland). The tgrarature of vials wagised to 40°C for 10 min
under the condition of pulsed agitations(bnand 2 s off at 500 rpm). Volatile extraction
was performed using a single 50/30 um Carboxen /divinylbenzene/polydimethylsiloxane
(DVB/CAR/PDMS) solidphase miar-extraction (SPME) fire (Agilent Technologies
Ireland Ltd, Cork, Ireland), which was exposed to the HS for 20 min at a depth of 54 mm
at 40°C using a Shimadzu AGEDOO injection system (Mason Technology, Dublin
Ireland). Thefibre was injected to a Shindau 2010 plus GC (MasoTechnology)yia a
merlin microseal SigmaAldrich A/S) at 250°C for 2 min in spHtss mode. The column
was an Agilent DBBms column (Agilent Technologies Ireland Ltd) and the oven
temperature was set at 30°C for 30 min, incre&s@30°C (6.5°C min), then increased

to 320°C (15°C mif) over 41.5 min, with helium as the carrier gas at a uniform pressure
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of 1.58 bar. The detector was a Shimadzu TQ8030 MSD triple quadrupole mass
spectrometer (Mason Technology) in single quadrupabele. The temperatuie ion

source and interface were set at 220°C and 280°C, respectively. Electronic ionization (70
v) with the mass range between 35 and @Buwere selected for MS mode. Total ion
chromatograms were processed using TargetView (Mankehational Ltd, Lantrisant,

UK), and identification was carried out using mass spectra comparisons to the NIST 2014
mass spectral library, the Shimadiavour and fragrance library (FFNSC 2, Shimadzu
Corporation, Japan) and an-house library creattin GGMS Solutions eftware
(Shimadzu, Japan) with target and qualifier ions. Kovat retention indices were also used
aid identification as described wan Den Dool and Dec. Kratz (1968hd matched
against peereviewed publications where possible tofton compound identi€ation.

An autotune of the GEMS was carried out prior to the analysis to ensure optimal GC
MS performance. A set of external standards was run at the start and end of the sample
set and abundances were compared to known amousetsstoe that both thePME

extraction and MS detection were performing within specification.

7.3.5 Multivariate data analysis

Proton NMR spectra were aligned based on TSP isiishift (Savorani, Tomasi,
& Engelsen, 2010) In addition, resonance signalsorfn water, ureaand filtering
procedures were removed using Matlab 7.13 (Mathworks, Inc., Natick, Ma, USA)
generating variables (n 828) for multivariate analysis. Firstly, principal component
analysis (PCA) was applied the unit variancecaled data fordentifying clustering
based orfeedingsystem ofcow on 36 samples of Maasdam cheese. To discriminate

cheese samples, an orthogonal partial least square discriminant analysis®PLS
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approach was exploited, which reves the variables that are systeigally uncorrelated

to the model, improving the model predictabil{Bylesjo et al., 2006; Sundekilde et al.,
2013b) Crossvalidation of the OPLEA model was performed by dividing the samples
into 4 groups and randomlgaving 1 group out of the mod&ample duplicates were left

out together.

7.3.6 Statistical analysis

Integrals were calculated for carnitine, choline, succinatep@@nedioland
citrate. Mean relative concentration of these metabolites with resp&&RA samples at
97 days were detmined. Oneway ANOVA was performed on the relative concentration
of metabolites using IBM SPSS statistics (version 24, IBWMpLt determine the effect
of GRA, CLO or TMR feeding system at 5% significance level. V@atiimpounds were
compared using thkruskalWallis test for independent samples using SPSS. Principal
component analysis (PCA) of volatile compounds was carried out dinigab 17

(Minitab Inc.).

7 4 Results andDiscussion

7.4.1H NMR spectroscopic analysis of Maasdam cheese samples

The representative+ 105 VSHFWUD / WR / WR IRU
prepared from milk from cows fed on (A) GRA (B) CLO or (C) TMR is shown in Figure
7.1 The assigned metabolites are summarized in Taldlevith code numbers. The
resonance sitals from organi@cids (lactate, propionatndacetate), and amino acids

dominated the'H NMR spectra in the Maasdam cheese. The spectra also showed
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resonance signals from other low molecular weight metabolites present in cheese samples;
however, theseauld not be assigrd. The resonance signals from lactose were absent in
the spectra, as lactose was converted to lactic acid during ripening. Between the chemical
shift from 0.5 to 4.5 ppm of thtH NMR spectrum, the signals froaliphaticgroup of

organic acids, amino aci&l and alcohol were predominant, whereasonancegrom

aromaticgroup of amino acids were predominant between 6.9 to 8.5 ppm

The Chenomx NMR suite databases were used for the comparison of the chemical
shift values and the valueseve largely in accordance with those published previously
(Sundekilde et al., 20138y comparing the spectra, it was shown that metabolic profiles
of the ripened cheese samples from GRA, CLO or Tistling systems were not largely

different, apart fromhe differences in intensities of some metabolites.
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Figure 7.1 RepresentativéH NMR spectra of Maasdam cheesamples after 97 days of ripenin
Spectrum A, B and C represents cheese made from cow milk fed on grass only pasture (Gl
on grass and clover (CLO) pasture and fed total mixed ration (TMR), respectively. The ch
shift between 0.5 and 4.5 ppepresents the aliphatic region. The aromatic region (6.7 and 8.8
is vertically expanded (2x). The name of assigned metabolites is shown in7Thbiembers are
nominal and nd refers to not identified.
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Table 7.1'HNMR chemical shift assignment for Maasdam cheese

SN Code Chemical shift (multiplicity)
1 Leucine 0.95 (d) 1.7 (m) 0.96(d) 3.72(m)
2 2,3Butanediol 1.14 (d)
3 Alanine 1.47 (d) 3.76(m)
4 Butyrate 1.54 (m) 0.87(t)
5 Acetate 1.91(s)
6 Propionate 2.19(m) 1.04(1)
7 4-Aminobutyrate  2.30(m) 2.28(t) 1.88(m)
8 Glutamate 2.33(m)
9 Isobutyrate 1.03(d)
10 Succinate 2.43 (s)
11 Citrate 2.70 (d) 2.53(d)
12 Lysine 3.74 (t) 1.72(m) 3.00 (1)
13 Carnitine 3.22 (s)
14 Tyramine 7.22 (d) 6.91(d) 2.95 (1)
15 Proline 3.41 (m) 2.00(m)
16 Glycine 3.54 (s)
17 Choline 3.51(m) 3.19(s)
18 Valine 3.60 (d) 2.26(m) 1.02(d) 0.98(d)
19 Ethanol 1.18(1)
20 Isoleuche 3.66(d) 1.27(m) 1.00(d) 0.92(t)
21 Glutamine 3.77 (1) 2.46(m)
22 Ornithine 3.05(1)
23 Methionine 3.85(m) 2.64(t) 2.12 (s)
24 Arginine 3.24 (t)
25 Betaine 3.89 (s) 3.25(s)
26 Asparagine 2.95(m) 2.84(m) 4.0(m)
27 Lactic acid 4.11 (m) 1.31 (d)
28 Tryptophan 7.73 (d) 7.53 (d)
29 Tyrosine 7.19 (m) 6.89 (M)
30 Phenylalanine 7.40 (m) 3.98 (1) 3.27(m) 3.10(m)
31 Formate 8.44 (s)

S = singlet, d = duplet, t=triplet, m=multiplate

7.4.2H HR MAS NMR spectroscopic analysis of Maasaim cheese samples

Figure 7.2 shows the representativtH HRMAS NMR (CPMG pulse
sequence) spectra of GRA, CLO and TMR cheese samples between chemical shifts O
to 8.5 ppm. As expected, spectra with CPMG pulse sequence suppressed the signals
from fatty acidsand resonance signals fromganic acids and amino acids dominated.

The assigned metabolites are presented in TaldleSpectra with NOESY pulse

sequence ofamesample were dominated by fatty acids, which superimposed the
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signals of organic acids and e acids (Figur§.3). Chees samples produced from
GRA, CLO and TMR feeding systems appeared to have a similar resonance peak (in
both CPMG or NOESY pulse sequence), indicatsgilar metabolic profile of
experimental cheese samples despite the variatibeeding systems. The tdts of

'H HRMAS NMR are consistent with the results’ef NMR in that feeding system

did not show large effects on the spectral resonance peak of experimental Maasdam
cheese samples. Therefore, it was necessary to apply anialtesdata analysis on both

H NMR and HRMAS NMR spectra for differentiation of cheese samples.

7.4.3 Comparison of different feeding systemdHl NMR spectra)

The!H NMR metabolomic data from 36 cheese samples (18 from 97 days and
18 from 150 days of ripeng) was first treated with an unsupervised PCA (PCA
without transformation of data) to investigate the clustering of the cheese samples
based on the feeding systewf the cows. However, PCA did not show any clustering
of the cheese samples, indicatimgtt the source of variation in the spectrum was
largely unexplained by the feeding system (plots not shown). The DRLScore
plots showed the separation of chesaeples based on feeding regimes of cows
(Figure 7.4 A, B, C); howevevariancewithin the samples was low, as indicated by
smaller values of predictive components and first orthogonal components. It is worth
noting that the coefficients of determinatiamd & values of the models were

satisfactory fopredictivereliability of the OPLSDA mocdel.
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Figure 7.2 RepresentativéHRMAS NMR (CPMG pise sequence) spectra of Maasdam che
samples after 97 days of ripening. Spectrum A, B and C represeaseahade from cow milk fe
on grass only pasture (GRA), fed on grass and clover (CLO) pasture and fed total mixec
(TMR), respectively. Thehemical shift between 0.5 and 4.5 ppm represents the aliphatic re
The names of assigned metabolitesslu@wvn in Table 1.
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Fatty acids
\

GRA UEA Glycerol

CLO

TMR

Figure 7.3 RepresentativeHRMAS NMR (NOEY pulse sequence) spectra

Maasdam cheese samples after 97 days of ripening. Spectrum GRA, CLO ol
represents cheese made from milk fed grass only, grass with clover or total mixed
respectively. Chemical shiffrom 6 to 10 ppm & vertically etarged 8x times.
Assignments were done according $hintu and Caldarelli (2006)JJFA refers to
resonance peak from unsaturated fatty aeiddglycerol and acyl chain from saturate
fatty acids.

For better interpretality, OPLS DA coefficients were backansformed from
the unit variance scalgy multiplyingmeancentered datavith the standard deviation
of respective compoundand colour-coded based on OPL®A loading weight
(Cloaree et al., 2005)Primarily, it was found that the resonance of organic acids had
high correlation (lactate, acetate, and propionate), which minimized the impact of
metabolites that are present in lower concentration (plots not shown). Therefore, the
resonace signals obrganic acids (e.g., propionate, lactate, acetate) were removed

from the spectra and a reduced model for GBIAScoefficient plots was generated.
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The corresponding coefficients plot of the OPR& model shows the metabolites

that are respoiitde for discrmination between cheese samples (Figu4é, B, C).

For example, Maasdam cheese manufactured from-fgdssiilk (GRA)
correlated with 4aminobutyrate (No. 7, Tablé.l; code number is shown with
subsequent metabolites), phenylalanine (@§)aragine (26formate (31), isoleucine
(20) and 2, dutarediol (2), compared to those cheeses from FBR milk.
Interestingly, cheesgsoduced fronTMR-fed milk hadagreater proportion of amino
acids, e.g., leucine (1), alanine (3), valine (18plipe (15), methionine (23) and
tyrosine (29), and also citrate (11) and carnitine (13), than cheeses made from GRA

fed milk (Figure7.4A).

Similarly, cheese from CL@ed mik had more lysine (12), ornithine (22),
tyrosine (29), glycine (16), methionin23) whereas, cheese from milk derived from
TMR-feeding systems contained more butyrate (4), glutamine (21), glutamate (8)
alanine (3) and carnitine (13) (Figure 5 B). On canmy feeding systems between
GRA or CLO, it was shown that cheese derived frork pmioduced from cows fed
GRA had a higher level of 28utanediol (2), alanine (3), butyrate (4), and carnitine

(13) (Figure 7.4 ¢©

239



Chapter7

A
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Figure 7.4 Orthogonal projection to latent squares discriminant analysis (€@RA)Sscores plots
and corresponding ba¢kansformed coefficients plots oteossvalidated model of the unit varianc
scaled data; of cheese prepared from cow milk fed on (A) grass only in pasture (GRA) vers
mixed ration (TMR), (B) grass and clover in pasture (CLO) versus TMR, and (C) GRA versus
The resonances frolactate, propionate, and acetate werewa@il. Each variable has been cotal
according to the OPL-BA loadings (correlation between NMR variable and feeding systems).
list of metabolites with code number is shown in Table

7.4.3.1Relative quantification ofH NMR signals

The integrals of resonance signals of selected migiebof*H NMR were
generated. The concentration of metabohteseset to 1 in GRA Maasdam samples
ripened for 97 days and relative concentrations of metaboln CLO and TMR

cheeses were scaled accordingly. FiguBshows the relative abundancesefected
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metabolites. It is worth noting that different metabolites cannot be compared because

of data transformation.

Different herd feeding systems did not significantly influence carnitine content
in Maasdam cheese, but cheese from TMR appeared tarcamee carnitine levels
compared to CLO cheeses. Choline contents in the experimental cheese were also
found to be sintar. No significant differences in 28utanediol contenvasobserved
between the experimental cheese samples, although a slightlgr Hegrel was
observed in GRA cheese samples compared to CLO or TMR. In co@i@atlaghan
et al. (2017Yyeported higer levels of 2,3utanediol in Cheddar cheese derived from
a TMR feeding system than from pasture grazing. The discrepancy could be due
citrate metabolism by starter or netarter bacteria present in cheese milk thatues/o
the metabolisnof citric acid partly into 2,3butarediol. Mesophilic cultures, e.g.,
Lactococcuspp and_euconostospp. added into milk in the present studylarewn
to catalyze citrate(McSweeney, 2004)Interestingly, the citric acid level was
significantly higher in TMR compad to GRA cheeses after 97 days of ripening.
However, significant differences in citric acid levels were not observed when cheese
wereripened for 150 days, but the trend TMR>CLO>GRA remairi.& DOODJKDQ H
al. (2018)observed a greater level of citriciad in TMR-fed milk than in GRA or
CLO-fed milk. Results of the present study indicate that a higher citric acid level in
TMR cheese cdd be due to a higher proportion of citrate in milk, possibly as a result
of herd diet. The diet of theF R Z §li¥ not nfluence succinate content in the

experimental Maasdam cheese samples.
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Figure 7.5Relative quantification of metabolites frantegrationof nuclear magnetic
resonance (NMR) signals (A) ripened for 97 days, (B) ripened for 150 days of Maasdam
cheese samples prepared franitk of cows fed grass (), grass with clover () or TMR (

). Relative concentrations of mean tstandard err@Ré ripened for 97 days are shown.

7.4.4'H HRMAS NMR spectral analysis of Maasdam cheese

The unsupervised PCA of HRMAS NMR resonance signal from 18 cheeses (9
from 97 days and 9 from 150 days) revealed a tendency towards grouping in spectra
from CPMG plse sequece and clear grouping in NOESY pulse sequence between
outdoor (GRA and CLO) and indoor (TMR) feeding systems (Figud&, B). The
PCA plot also showed thaH HRMAS data with CPMG pulse sequence was less
variable (PC2, 12.9%; PC3 10.6%), thisswa agreement with the result'sf NMR

in which metabolites were extracted. However, the variabilitAdiRMAS data with
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NOESY pulse sequence was PC1 78.0%, P@2928. The spectral signal from CPMG
pulse sequence largely suppressed signals from lipideh led the appearance of
resonance signals from amino acids and organic acids (FHd)nehereas, in spectra
with NOESY pulse sequence, lipid signals maskedsigaals of small molecular
weight metabolites (Figuré.3). This indicates that Maasdarheeses prepared from
milk of herds kept indoors or outdoors on separate feeding systems largely differed
due to lipid profile. Maasdam cheese prepared from milk dgfroen cows fed GRA
or CLO could not be separated, indicating that metabolites weedlaigilar in the
final cheesedD'Callaghan et al. (2013@)so reported less variability between GRA or
CLO feeding systems in Cheddar cheese. The CPMG or NGCESIRMAS spectra
obtained were largely similar to previously reported spectra for ripenegsehe

(Lamichhane et al., 2015; Shintu & Caldarelli, 2006)

The advantage of NOESY HRMAS data o¥eNMR in the present study is
that it can highlight possible differeree€aused by lipids, which indeed appeared
between cheese samples prepared fnaitk of outdoor or indoor feeding systems.
The lipid content in cheese has been reported to be highly influenced by the feeding
system of cows (O'Callaghan et al., 2017). O&gibn et al. (2017) reported that
cheese prepared using milk from a TMR feeding systadrhigher levels of saturated
fatty acids compared to cheeses made using milk from a GRA or CLO feeding system.
Our results suggest that most discrimination based féereht feeding systems for
Maasdam cheeses is related to lipids or metabolites satullgpeds, since most of the
unbound watesoluble metabolites may also be removed along with whey during
cheesemaking, as indicated by low variatioftbNMR spectraduring multivariate

data analysis. For detecting lower molecular weight compoundsrihatasked by
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lipids and amino acids, a specific sample extraction (e.g., exclusion of lipids) may be

required.

7.4.5 Volatile compounds in cheese

The composition of herd feeds supplied and their volatiles profiles have been
reported elsewhere (FaulknétW D O 29&DOODJKDQ HW DO
volatile compounds in GRA, CLO or TMR Maasdam cheeses ripenend after 97 days
are shown in Table.Z. Headspace G@IS analysis of experimental cheese samples
detected a total of 32 compounds, includingcids, 5 esters, 4 alcohols, 4 ketones, 4
sulphur compounds, 2 aldehgle8 hydrocarbos) 2 terpenes and a lactone. The
contents of the majority of Vatile compounds were similar between expemtal

cheeses, except for the levels of toluene and diyhstiifide.
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Figure 7.6 Principal component analysis 8 HRMAS NMR spectra with different pulse
sequence, (A) CPMG or (B) NOESY, for spectra of ripened cheeses made froffe@dMR
cow milk and combined data generated from outdoor feeding of grass only (GRA) and grass
with clover (CLO). Circles indicate the grpingof metabolites. Numbers in A are sample

label.
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Principal component analysis was carried out on the volatile profiles with
respect to GRA, CLO and TMR cheeses and PCA showed clustering of the samples
between feeding systems, partaoly between indoor or outdoor feeding systems
(Figure 7.7); however, a trial effect was also apparent. The first, second and third
principal components (PC) explained the variance of%7 21%, and 12%,
respectively. Compounds that were positively correlated with PC1, PC2 and PC3 were
not significantly diferent between cheese samples, indicating chemsples were

largely similar interms of volatile compounds.

PC2, 21%

PC1,27.4%

Figure 7.7 Principal componen{PC) analysis of volatile compounds of slsdam

cheeses made from TMR| fed cow milk and combirtedata generated froautdoor

feeding of grass only (GRAm) and grass with clover (CL@). Circles indicate the
grouping of metabolites.

The profile of volatile compounds has a significant role on the flavour
properties of cheeses and these are gutiynproduced as a consequencetioé
breakdownof citric acid, lactic acid, amino acids ardtty acids during cheese

ripening, due to the action of enzymes associated with microorganisms or coagulant
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(McSweeney, 2004). Maasdatheeses are effectivelytarmediatebetween Gouda
and Emmental, in which mesophilic lawres {actococcus and Leucortos) are
added along with thermophilic cultures and PAB (Lammichhane et al., 2018) and their

combined action results in the formation of a wide range of volatitfgpounds.

It is generally known that PAB primarily converts lactate to volatile
compounds such as propionate and acetate, along wiirahid CQ. Propionic acid
bacteria ar&known for accedrating lipolysis and catabolism of amino acids such as
isoleucineduring ripening (Thierry et al., 2005) and are the major contributors to
flavour formation in Swisgype cheeses (Kilcawley, 2017). A higlibbundanceof
acetic acid and propionic acids were detected in GRA, CLO or TMR cheeses. Butanoic
acids (butyric acidwere also detected, which could possiblygorate from the
butyratefermenting Clostridium spores (Lamichhane et al., 2018b) or lipolysis by
enzymes. Branched shantain fatty acids such as-r2ethylbutanoic acids are
believed to originate from the breakan of branched amino acids such as leucine and
isoleucine (Urbach, 1997) mainby PAB (Thierry et al., 2005). The presence of free
fatty acids (hexanoic and octanoic acids) in experimental cheeses was attributed to the

lipolytic activity of cheese micrabta (Collins et al., 2003).
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Table 7.2 Effect of feeding systemsn volatile compounds in Maasdam cheese ¢

97 day of ripening.

Experimental cheese groups (Peak area)

Volatile compounds  Std Rl GRA! CLO! TMR!  P-values
Acid
Acetic acid 62 680 43,470,237 38,656,0 39,608,1 0.39
Propionic acid 72 720 41,160,997 31,657,3 35,1992 (.58
Butanoic acid 78 809 13,918,967 8,756,336 15,855,9 0.06
3-Methylbutanoic 83 847 1,737,262 1,585,90 2,928,27 0.43
2-Methylbutanoic 83 853 2,232,382 2,139,82 3,918,551 0.19
Hexanoic acid 10 980 7,997,236 3,208,14 10,394,3 0.56
Octanoic acid 11 116 1,356,320 1,227,75 2,583,58 0.17
Alcohol
1-Propanol 54 537 453,881 113,262 34,213 0.09
3-Methyl-1-butanol 73 740 607,258 451,976 494,280 0.83
2-Methyl-1-butanol 74 747 627,826 1,920,39 862,503  0.67
2,3-Butanediol 80 814 41,26,767 3,496,58 4,230,62 0.83
Aldehyde
Benzaldehyde 99 971 2,913,084 1,737,66 2,115,76 0.87
Benzeneacetaldehyt 10 105 27358 23,138 28,009 0.95
Ester
Ethyl propionate 71 712 1,165,174 885,988 1,12532 (.39
Ethyl isobutyrate 76 770 75,807 36,567 54,637 0.93
Ethyl butanoate 79 802 1,452,664 1,743,93 793,774  0.73
Ethyl hexanoate 10 998 160,181 153,632 241,967 0.19
Ethyl octanoate 11 119 74,716 66,830 131,898 0.17
Hydrocarbons
Toluene 72 759 944,012 1,678,52 152,455 0.04
o-Xylene 87 875 57,739 51,971 47,247 0.87
1-Octene 78 799 337,143 656,130 171,012 0.48
Ketones
2-Butanone 59 576 60,920,446 42,737,4 34,960,4 0.25
Acetoin 73 744 10,765,736 10,300,2 7,916,37 0.73
2-Heptanone 89 892 1,900,271 1,745,74 2,148,87 0.43
2-Nonanone 10 109 282,386 253,430 285,502 0.83
Lactone
/-Decalactone 15 150 15,298 25,005 35,206 0.17
Sulfer
Dimethyl Sulfide 49 515 0 54,014 0 0.02
Carbon disulfide 53 530 145,628 131,109 109,414 0.06
Dimethyl disulfide 75 756 128,710 67,400 91,569 0.25
Dimethyl trisulfide 98 980 35,545 13997 17,693 0.39
Continued
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Continued Table 7.2 Effect of feeding system®n volatile compounds in Maasdatr
cheese at 97 day of ripening.

Terperes
D-Limonene 10 103 29,575 32,399 29,604 0.73
.-Pinene 94 941 8,362 9,875 6,402 0.66

Volatile canpounds witHP < 0.05 sigificantly differ between each treatment. Data
presented are the means of 3 replicate tA@RA = Grass only, CLO = Grass with clover,
TMR = total mixed ration
Moreover, some compounds either present in the feed of cowsdurged in
the rumen during diggion, may pass into milk and subsedbemccumulate in
cheese, forming a basis for differentiation according to feeding systems (Martin et al.,
-carotenen feed decomposes to toluene in the rumen and is transferred to
milk (Coppa et al., 2011;dulkner et al., 2018). In the presenidst, GRA or CLO
cheeses had khigher concentration of toluene compared to TMR cheeses, and a higher
level of toluene was observed in CLO than in GRA cheeses, @eragnt with the
findings of O'Callagha et al. (2017). Since fresh forageilely to have higher level
R I-carotene compared to mixed rations, cheeses prepared from gadtarik may
result with higher toluene levels (Kilcawley, et al., 2018). However, the impact of
toluene on sensory pEeption is minimal because of a highoodhreshold (Faulkner
et al., 2018). The presence pixylene and doctene were also noted in the
experimental cheeses. Xylene in milk has been reported to originate from feed samples

(Faulkner et al., 2018); its\el in cheese depends on the feed botmniiversity

(Buchin et al., 1999).

Alcohols such as -propanol, 3methyl Xbutanol, 2methyl1-butanol, 2,3
butanediol were detected but showed virtually no effect of feeding system on alcohol
content between chse samples. Thierry et al. (2005) repdrthat alcohols could be
produced through a heterofermentative pathway by lactic acid bacteria. However,

29 & D O O D JKA1Y) bbaenzdhigher levels of hBtanediol in TMR cheeses
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compared to GRA or CLO Cheddar cheese, although such differencesnater
observed in the present study using bi$thIMR and GGMS techniques. The level
of 2,3-butanediol could have been influenced in cheese through citrate metabolism by
the mesophilic stéer (Lactococcusand Leuconostog culture (McSweeney, 2004).
The pesence of alcohols in cheeses is vital for the formation of esters of free fatty

acids (Kilcawley, 2017).

Esters of propionate are unique compounds present in-Bypisgheeses and
imparta sweet and fruity odor to the cheese (Liu et al., 2004). Copala 011)
reported higher levels of esters in pastdeeived milk compared to hajerived milk
Esterases released from lactic acid bacteria or PAB probably lead to the formation of
ethyl groups, along with free fatty acids, during ripening, influentiregester content
of cheese (Liu et al., 2004). The presence of primary alcohols and carboxylic acids in
cheese has been reported to be critical factor for esterification rather than
conceatration of enzymes (Kilcawley et al., 2018). Ethyl isobutyrateyl éthtanoate,
ethyl hexanoate and ethyl octanoate were also detected in the experimental Maasdam
cheeses, indicating the esterification of ethanol in the presence of lactic acid bacteria/

or PAB.

Four volatile sulfur compounds, namely carbon dida, dmethyl sulfide,
dimethyl disulfide and dimethyl trisulfide were detected in the cheese samples.
However, dimethyl sulfide was only detected in CLO cheeses. In contrast,
O'Callaghan et a{2017) reported similar levels of dimethyl sulfide levels in Chedda
cheese prepared from indoor or outdoor feeding systems. Dimethyl disulfide and
dimetyl trisulfide are known to influence cheese flavour (Landaud et al., 2008)

however, levels (e.g., miethy trisulfide) are probably influenced by the presence of
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PAB (Thierry et al., 2005). Although dimethyl sulfone was presgipuhighly
correlated with pastureased products (Kilcawley et al., 2018), it was not detected in

this study, presumably due teetabolic activity of cheese microbiota.

Ketones, particularly meythketones, are commonly found in cheese and are
important for aroma (Urbach, 1997). Acetoirh{@roxy 2butanone), butanone, 2
heptanone, and-2onanone were identified in the experitted cheeses. The levels of
acetoin was higher in GRA or CLO compair® TMR cheese samples (albeit not
sigrificantly different). Acetoin is generallyetectedn high alundance in Maasdam
cheeses mainly due to citrate metabolisnhégtococcus LactiandLeuconostoc spp.
(Engels et al., 1997; Lamichhane et al., 2018lauarto conversion of aspartatelby
lactic (Le Bars & Yvon, 2008). The influence of PAB on acetoin production is unclear
(Thierry et al., 2005). This indicates that acetoin most probaddylted from the
metabolism of citrate by the added mesophilicitactiiture (McSweeney, 20049nd

could possibly be reduced to butanone (Engels et al., 1997).

Aldehydes are highly abundant volatile compounds present in different cheese
varieties,including Maasdam cheeses (Engels et al., 1997). Aldehydes are produced
| UR Pketo acids, which are derived from transaminase reactions of amino acids
(McSweeney, 2004). These are reported as an intermediate product, which eventually
lead to tle formation of alcohol or carboxylic acids (Singh et al., 2003). Only two
aldehyde compounds, benzaldehyde and benzeneacetaldehyde, were identified.
Carpino et al. (2004) observed the presence of benzeneacetaldehyde irdeastade
cheeses and Apreaat (2016) showed higher levels of benzaldehyde in cheese with
lower feed qualityFaulkner et al. (2018) reported that the level of benzaldehyde or

benzenacetaldehyde could be influenced by milk pasteurization.
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The levels of terpenes in milk and milk dracts are believed to be influenced
by the feed supplied to cows and offers an opity to discriminate based on
botanical composition of the feddowever,D- O L P R Q H piee@&e identified
in the exgrimental cheese samples and weot influenced by feeding systems, in
agreement with the findings of O'Callaghan et al. (20Whp reporteda possible

metabolism of terpencompounds by cheese microbiota

In summary, volatile analysis of Maasdam cheese suggests that the influence
of cheese bacte (starter culture and secondary culture) metabolic pathways may be
greater tharthe influences of differences in the constituents ofrttiés used for

cheese manufacture, except for toluand dimethyl sulphide.

75 Conclusions

An untargeted metabolomics approach was utilized to investigate metabolites
(volatiles and noivolatile§ present in Maasdam cheese using-dingensionaltH
NMR, 'H HRMAS NMR, and HSGC-MS. OPLSDA analysis of'H NMR data
revealed that Maasdam cheese pregpdrom TMR feeding systems correlated most
with citrate and carnitine, whereas cheeses from GRA ar@l W&re correlated with
4 aminebutyrate, 2,3utanediol, formateand asparagine. Resonance signals from
solid-state NMR with NOESY pulse sequence appedo dominate spectra by lipid
signals, as compared to the lingthte or soliestate when using CPM@ulse
sequenceNOESY pulse sequence showed clear separation of Maasdam cheese in
PCA plot between indoor TMR feeding system or outdoor grass/grassl@ret
feeding system, emphasizing that the difference was mainly due to lipid contents.
However, cheesprepared from GRAor CLO-fed milk was not largely different in

terms of metabolic profile. Levels of toluene were higher in Maasdam cheeses
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prepared fom GRA or CLO-fed milk compared to those prepared from TH&R

milk. Overall, feedinduced variationn metabolite content of Maasdam cheese was
low, suggesting that metabolites produced by starter cultures and secondary PAB
cultures have a much greateie and caé€maskthe majority of metabolites derived

from milk/feed.
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8.1 General summary

Ireland has typically a behaped milk production profile, with rapidly increasing
milk volumes from February until May and declislwly thereafter. At peak season,
Ireland produce nearly 6 times more milk than in the lean (trough) season (Central
Staistics Office, 2018), resulting in wide variation in the quantity of milk supply as well
as in composition. Adequate processing capacity in peak times and redundant capacity in
off-peak times is a primary issue for Irish dairy processors in coping watbosal milk
production. Similarly, mconsistenciesn processing properties of milk resulting from

seasonal milk production are also a key issue for the industry.

While average EU nil production figures have remained stable in recent years, a
significantincrease in milk production (from 5.51 billion litres in 2014 to 7.27 billion
litres in 2017) has occurred in Irela@entral Statistics Office, 2018)nce the abolition
of EU milk quotas in 20139t has been projected that the initial target increase of 2.75
billion litres of milk production by the end of 20d@heehan, 2013yill be greatly
surpassed. As a result, Irish dairy producers may be processing further increased milk

pools in coming years.

The Irish industry is exploring opportunities teatlwith increased milk supply
and changing markets by (1) diversifying the types of cheese made, including continental
type cheese and different cheese types capable of being manufactured on existing Cheddar
plants, and (2) increasing plant efficiencyudés on the development of new cheese
types for diversification of the cheese industry have already been undertaken, particularly

focusing on semhard cheeses such as Maasdam (Sheehan, 2013) and also cheeses with
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tailored sensory characteristics, whicbuhd be feasible to manufacture in existing cheese
plants without extensive capital investment (Sheehan and Wilkinson, 2001; Sheehan et
al., 2008; Sheehan, 2013). Treewf ultrafiltration systems for protein standardization of

milk by the Irish cheese dustry to mitigate the issues of seasonal milk production has

also been advocated previouglguinee et al., 199116uinee et al., 2006 This also

facilitates increasingprocessing capacity using existing resourg@sg et al., 2013a

Kevany and Guinee, 2018

In the context ofitilizing the increased itk pool, diversifying cheese types, and
enhancing cheese quality and consistency, this thesis has generated detaileddeno
in the area of selection of milk for cheesemaking, cheesemaking processes (rennet

coagulation and curd syneretic propertiesyl an final cheese composition and quality.

It was clearly shown that protein standardization using ultrafiltration netin
the compositional variation in major milk components derived from GRA, CLO and TMR
feeding systems (Chapter 3, 6). Cheesemakirig milk from different feeds but which
was proteirstandardized showed similar coagulation and Kkinetics values for curd
moisture loss (Chapter 3). Similarly, yield, recovery of fat and protein, phygbiemical
composition, proteolysis and biochemical pedpes of the resultant Maasdam cheese
were also not influenced by the herd feeding systems (Chapter 6), indicatinhabae
producers can manufacture cheese from such systems while adhering to standard
operating procedures when protein levels in mi& standardized to a uniform level,
leading to greater consistency in process and quality. Slightly higher levels offNPN
CLO-derived milk also did not influence the yield and final composition of Maasdam

cheese. Such characterization of Maasdam cheesd gomposition, and ripening
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changes provides an underpinning knowledge to help Irish cheese producers to produce

ranges more diverse than conventional Cheddar cheese.

Pasturederived cheeses (GRA or CLO) had significantly lower whiteness and
higher ydlowness values compared to TMR derived cheese (Chapter 6). Cheeses from
different feeding system showed greater diffeemnin terms of longhain fatty acids,

e.g., linoleic acid (C18:2) and palmitic acid (although the difference in palmitic acid

contentwas not significant).

Differences in colour and fatty acid composition due to feeding regimes may
translate into diffenat textural perceptions in the mouth. Cheese derived from TMR
feeding systems were firmer in the mouth compared to GRALO-derivedcheeses,
which could be attributed to a higher palmitic acid content in the former (Chapter 6).
Although TMR-derived cheses had significantly higher butyrate levels, and CLO
cheeses had significantly lower acetate levels, this was not reflected in fi@voeption.
However, the difference in acetate and butyrate levels suggests that further attention is
required to inveggate changes in microbiota from milk to final cheese during processing;
seven genera of microorganisms that are found on the teaff kiws have been reported

to be isolated from raw milk cheese (Frétin et al., 2018).

The investigation of cheese saeplsing HR MAS NMR showed that herd diet
mainly resulted in different lipid profiles (Chapter 7), emphasizing a future direction for
research to focus on the use of lipid profiles to differentiate cheeses based on feeding
systems. Metabolites in the ndpid phase were mainly similar, except for citrate level,

which was significantly higher in TMR compared to GRA cheeses (Chaptek@&vise,
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toluene content wasigher in GRA or CLO compared to TMR cheese, and this could be

a key metabolitéor chemically discriminating milk products made from pasture or indoor
feeding systems. However, its capability for differentiatingdpict on sensory properties

is low, because of its higtinreshold value for odour (Kilcawley, 2018). Dimethyl sulphide
was found to be present only in Cid@rived cheeses, which contrasts with the findings

Rl 279&DOODJKDQ HW DO -inducd diffétenheey hWMadddamGeheese
metabolites were minimal, possibly because starter cultures and secondary PAB cultures
also produce metabolites which may have a greater impact than the metabolites derived
from milk/feed during fermentation. This probalvgsults in a lower influence of herd

diet in comparison to the influence of starter and NSLAB metabolism on the overall
consumer acceptance. However, where cheesemaking occurs using milk from cows fed
grass with large variations in botanical diversity asture land, the final cheese textural
properties and levels of volatile compounds (e.g., terpene content), and tresrsbry s
properties, may be significantly influenced (Buchin et al., 19B88. level of terpene in

milk has not been observed to beuefhced by the feeding systems utilized in the current
study (Faulkner et al., 2018), which might be the reason for regraing significant
difference in terpene contents-(Dimonene and.-pinene) in Maasdam cheese samples

(Chapter 6).

Pasturebased feet QJ VI\VWHPV FRXOG EH SHUFHLYHG E\ FRQ
E\ IDFLOLWDWLQJ FRZYV DFFHYV \mantdRorl phstdaser dadyi H 7 K H |
products has increased over those produced from controlled supplementation of silage and
concentrate (Gett et al., 2015) and the Irish dairy production system has the advantage

of producing on predominantly pasttlsased day products. Hence, the effect of indoor
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or outdoor herd feeding systems on milk and product properties has become of increasing
interesw *XODWL HW DO 2194DOODJKDQ HW DO
,ZUHODQGTV FRPSHW L &povt thg ket Mhelr€Sulg Kdtn thid RESIS provide
significant knowledge as to the differences which may occur in cheeses maduaifkom

derived from herds fed on different feed types.

Besides reducing the impact of seasonal variation of milk comositi
cheesemaking (Broome et al., 1998), increasing protein levels during cheesemaking offers
benefits through increasing process efficiency and cheese yield, and ameliorating issues
with poorly coagulating milk (Guinee et al., 1994, 1996a, 2006; Mistid/ Maubois,

2017). The impact of the extent of milk concentrationcheesemakingrocesses at
different coagulation temperatures was investigated in Chapters 4 and 5. It was found that
milk with 5% protein coagulated at 28°C fsaghilar coagulation chargaristicscompared

to milk with 4% protein coagulated at 32°C, whereas increasing milk protein content to
6% resulted in more than doubling of the cfirthing rate and a shorter cutting wdow
(Chapter 4). This emphasized the requirement for cudtirige coagulum within a short
period of time so as to maintain similar curd rigidity compared to cheesemaking from
regular milk. Interestingly, concentrating milk to ~6% protein is equivateateduction

of nearly 50% milk volume by the release of permeater to cheesemaking, doubling

the processing capacity of the vats in a cheese plant.

A significant issue observed for protegnncentrated gels was the breakage of the
curds during stirnig, particularly for milk of >5% protein with >6 mm csize (Chaper
5). Results from this study suggested the requirement for a sncaliesize when

increasing protein levels in milk, as curd from larger cut sizes disintegrated excessively.
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An interesthg approach for the prevention of the curd breakage was propoisieth, w
included overlaying permeate during cutting of the coagula to float curds during stirring.
If the breakage of curds is prevented, then manipulation of cut size can be important to
contol the rate of curd moisture loss during cheesemaking. It wasnghatyto achieve

a uniform curd moisture content at a given time, whleeesemaking from milkvith
increasing protein level, coagula should be cuamgersizes to slow down the rate of
moisture loss.

It was shown that, ahigher temperature, extens crosdinking of casein
micelles occurs during coagulation (Chapter 4). On increasing protein concentration of
milk, the network becameore dense ZKLFK ZDV UHIOHFWHues bW KLJIKF
rheometry. Lowering coagulation temperature resulted in fewer linkages in casein
micelles, with a smaller aggregate size, as evidentasstasein micelle rearrangement
(Chapter 4). Adosemicrostructure bthe curd atowertemperature was coisgent with
WKH ORZHU Y4 @ikhk\tenddndy iowards less whey expulsion during initial
stirring (Chapter 4). When curds were cooked to 37°C, both TEM and SEM micrographs
showed that casein micelles wetesdd to a higher degree in curds coagualaat 36°C
compared to those at 28°C (Chapter 5) and void spaces observed in curds coagulated at
28°C further indicated that occurrence of casein micelles rearrangement during cooking
of the curds. Suchlifferencesin curd microstructure were probably pessible for
altering curd moisture loss profiles prior to and during cooking. Micrographs ofite
showed that use of ultrafiltration of milk for protein concentration causefbtimation
of fat globule clustey, which were inhomogeneously distribditeithin curd particles

(Chapter 4).
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Prediction of curd moisture contents eitherline or offline is a tool that
facilitates cheese producers to makppropriate decisions about curd drainage
parameters. Variousmpirical models are presented in tthigsis (Chapter 3, 5), and it
was found that coagula cut at smaller size follow a logarithmic trend for moisture loss,
whereas coagula cut at larger sisb®wa linear trend. It was also demonstrated that
coagulum at size determines the -wrat moisture dss profile, that this trend was
independentof protein concentration of milk. Curd from protegoncentrated milk
attained a lower moisture content at any given time because of the increased milk solids
content of ach milk. Set temperature largely infeed the moisture loss profile prior to
cooking, and thus consideration of all these factors is important in developing more robust
models for the prediction of changes in curd moisture during stirring.

Natural varations in milk composition pose challggs in achieving a consistent
cheesemaking process (Amenu and Deeth, 2007). Although protein standardization of
milk for addressing seasonal variation in milk composition has previously been
recommended (Guinee et,d994, 2006), the present researctestigated the impact of
milk protein concentration on gel rheology and csyderetigproperties of such milk in
detail. In typical industrial practice, milk fat levels are standardized prior to
cheesemaking. Howevethere may still be variations in milgrotein levels due to
seasonal or feeding effects (Guinee et al., 2006), potentially resulting in fluctuations in
the cheesemakingrocess oin the final cheese compositioBlendingof UF retentate,
skim milk, andwhole milk to achieve a target protegwvekl is thus important in modern
cheesemaking processes wheoenpositionalvariation of milk is large, and this also

results in increased plant process efficiency.
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8.2 Proposalsfor further research

Based on the nowledge gained from this thesisirther investigations of the
following topics would add value in achieving a greater understanditing d@fifluence of

seasonal variation in milk compositions dreesemaking process

X Studies on the influence of watewveslay of the coagulum from protei
concentrated milk during cutting to replace the washing step in contiignéal
cheesemaking, and the impact of such a step on cheese composition and ripening
profiles;

X Use of'H NMR metabolomics to investigate potetbiomarkers influenced by
different herd feeding systenin the lipid and nonlipid phase of young and
mature cheese samples, to separate and identify hydrophilic and lipophilic
metabolites originating from the milk afidm bacterial fermentation;

X Use of metagenomic study, based on Hitgroughput shegun sequencingr
other relevent methods such as tkgeheration sequencindo evaluate the
influence of herd feeding systems on microbiological populagenlution and
cheese flavour profilesHigh-throughput shegun sequencingdertifies the
bacterial community through a noargeted approach at strain level (Bhagya, et
al., 2018), which may be useful in identifying the bacterial populations and their
evolution during the ripening of cheese. It naso be a consideration for future
studies to determine whether herd feeding system influences the evolution of the
microbiota in Maasdam cheese, and to examine gene expression profiles of
NSLAB that contribute to the production of organic acids (e.gtateeduring

warm room ripening ah maturation. Recently, it has been proposed \thdé
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botanical diversity and feeding practices (e.g., indoor or outdoor) may have
marked effects on milk microbiota originating from teat skin (Frétin et al., 2018)

which ould pass through the cheesemalsteps to the final cheese.

The work in this thesis also provides greater insight itie® impact ofprotein
standardization of milk by ultrafiltration on process efficiency. Investigating the
following parameters wouldomplement irunderstanding cheesemaking process from

proteinconcentrated milk:

X During stirring, it was shown that set temperature does not have a significant effect
on curd moisture content after cooking when pH of milk is standardized (Chapter
5). In aprevious studyGuinee et al., 2006), no significant difference in total time
required for achieving a specific final curd pH between milks with increasing
protein concentration (up to a maximum of 4% protein) was observed when
inoculating active starterutture at a fked ratio with respect to protein level.
However, Ong et al. (2013) observed high buffering capacity of curds prepared
from milk with 6% protein, which resulted in longer time to reach desired pH value
of cheese curds compared to curd prepai®m milk with lower protein
concentration. It would be important to investigate the effect of set temperature on
curd moisture loss kinetics when acid production is promoted by adding different
levels of active culture to proteconcentrated milk. Motsrre loss kingcs of curd
are expected tbe influencal by both factors, so standardizatiohtbe rate of
change of moisture with pH may facilitate achieving a desired curd moisture and
pH level prior to curd drainage, by overcoming the increased bugfeapacity

with increased protein contents in milk;
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There is a growing interest on inline prediction of curd moisture using NIR sensors
(Chapter 2). Application of NIR sensors for milk with increased protein
concentration may demonstrate its potenti@ i cheesenking from protein
standardized milkHowever, breakage of curd particles prepared from such milk
results in curd particles with large variation in their size anddnéme invat curd
moisture conten{Chapter 6). Use of NIR sensors for theegiction of ard
moisture content, including factors such as particle breakage, may further enhance
model predictability for overall curd moisture content in a cheese vat;

Modelling of the influence of protein concentration, set temperature and cut size
on moisture riease during pressing of the cheese curds would facilitate optimizing
the pressing regime of cheese prepared from milk with increased protein
concentration.

Curd microstructure frolSBEM and TEM images could fherther quantified using
imagesanalysis softwaregEl-Bakry and Sheehan, 2014). Howevére location

of images collected wihtin the curd from such technology should be identical so

that they are comparable.
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Appendix

Appendix

Supplementry Table S1 Moisture content (g/100 g) at 5 to 115 min after cutfinghtout overlayingcoagulum with permeate)

Stirring time (min)

Run X1 X2 X3 5 15 25 35 45 55 65 75 85 95 105 115
1 36 6 6 77.26 73.03 69.97 67.73 66.86 6598 64.74 62.11 6194 62.05 6135 59.03
2 36 12 5 8149 78.21 7534 7552 7329 7217 7059 69.98 69.43 68.18 66.95 67.58
3 32 6 5 8162 7784 76.32 7326 7183 69.76 67.28 66.51 6560 64.80 65.08 62.69
4 36 18 4 84.58 83.57 8236 80.68 80.87 80.15 77.78 7879 7858 77.11 78.66 76.70
5 28 6 6 7896 77.61 76.04 7250 66.54 6493 63.33 60.62 6135 60.83 57.35 58.14
6 32 12 5 82.59 80.08 77.01 76.54 73.18 7193 69.96 67.76 70.34 67.70 67.41 66.68
7 32 18 5 83.00 77.10 7421 7444 7499 7445 67.85 69.71 68.22 6592 6592 64.70
8 28 6 4 85.52 83.22 81.04 80.30 7549 7436 7206 69.20 6941 68.72 67.08 66.70
9 28 18 4 86.20 84.99 8386 84.16 83.89 8251 7980 7933 77.65 78.04 76.63 76.01
10 36 6 4 8293 7961 77.19 7534 7369 7162 7181 69.96 69.97 6845 6847 67.14
11 32 12 6 80.66 75.79 7218 70.55 68.26 66.25 64.05 6293 63.28 61.74 61.25 59.94
12 28 12 5 83.44 79.64 79.45 75.07 7237 70.01 6834 67.03 6574 6533 64.64 61.67
13 28 18 6 80.86 78.37 76.35 73.68 6893 7592 6524 6089 6185 6131 6172 58.53
14 32 12 4 84.89 8393 79.64 7894 7748 7500 72.06 7210 7147 6999 69.22 66.75
15 36 18 6 79.33 7608 7390 73.66 67.30 69.05 64.27 6326 6440 6055 6291 60.66
16 32 6 6 79.01 73,57 7283 7193 68.72 6744 6461 6529 6336 6231 60.84 61.66
17 32 6 4 83.19 79.22 74.68 7249 69.14 6882 6893 68.07 6647 66.23 6582 64.17
18 36 18 5 80.49 7833 7756 7556 7341 7241 7331 69.03 67.83 68.08 6648 63.86
19 36 12 6 78.10 7496 70.69 69.94 6930 66.58 66.57 6595 64.26 64.39 6353 61.22
20 28 18 5 83.89 79.84 8221 80.82 74.63 7342 7562 7296 7121 68.28 67.41 68.28
21 32 18 6 NA NA NA NA NA NA NA NA NA NA NA NA

See Supplementary Table S2 for the explanation of table parameters
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