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Abstract: Milk protein is often standardised prior to cheesaking using low
concentration factor ultrafiltration retentgteCUFR) but the effect of LCUFR addition on

the microstructure of full fat gel, curd and Cheddar cheese is not known. In this work,
Cheddar cheeses were made from chesliewith or without LCUFR addition using a
protein concentration of 34 5.8% w/w. The fat lost to sweet whey was higher in cheese
made from cheesmilk without LCUFR orfrom cheesemilk with 5.8% w/w protein.

At 5.8% w/w protein concentration, the porosity of the gel increased significantly and the
fat globules within the gel and curénided to pool together, which possibly contributed to
the higher fat loss in the sweet whey. The microstructure of cheese from-oheggth

a higher protein concentration was more compact, consistent with the increased hardness,
although the cohesives® was lower. These results highlight the potential use of
LCUFR for the standardization of protein concentration in cheelketo 4%i 5% w/w
(equivalent to a casein to total protein ratio o%r79% w/w) to increase yield. Beyond

this concentratiorsignificant changes in the gel microstructure, cheesareegind fat loss
were observed.
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1. Introduction

The protein concentration of milk varies according to the season, wettbdrtype, stage of
lactation and breed of lactating cows. This variation has a major influence on the coagulation of milk
and production of cheese. Milk standardization minimizes the effect of the variations in milk on the
composition and quality of chee. Several studies have reported the use of milk ultrafiltration (UF)
retentate for milk standardization prior to chessgking, highlightingthe potential benefits of
standardiation with UF, including an increasa cheese yield and plant productivityi 7]. Higher
milk protein concentrations also result in less whey being expelled during cheese making, reducing the
volume of wiey that requires processiffg.

The UF preparation used most widely the standardization of cheesglk for Cheddar cheese
manufacturas low concentration UF retentate (LCUFR)ith a concentration factor of approximately
16i1.7 fold [8]. The process of ultrafiltration changes the milk composition, increasing the
total solids contenand decreasing the ngmotein nitrogen (NPN)soluble calcium and lactosas
these latter components permeate through the UF membrane. Ultrafiltration can also cause a decreas
in micelle size and number of hydrophobic sites on the surface of milkimsptas assessed by
1-anilinonaphthalen8-sulfonate (ANS) binding9]. These surface changes in turn further decrease
the surface potential of casein micelles.

The changes in the milk properties after ultrafiltration are kndwnaffect rennet induced
coagulation [10i 13] and the rheological properties of rennet gels have been comprehensively
examined. Studies on theffect of LCUFR on the microstructure of the gel, curd and chesse
however Jlimited.

In a previous studyhere skim milk retentatevas used taive 36i 19% w/w protein, the gels
formed from UF concentrated milk were much firmer, as the increased milk protein concentration
decreased the mean distance between casein mi¢ellesThis proximity increased the rate of
aggregation of pareaa®in micelles, as aggregation depends on the number of effective collisions.
A study by Greerj7] looked at the microstructure of the gel, curd and cheese progressively during
Cheddar cheese making from skim milk that was concentratéd foll and then blended with
cream. The samples were examined by a conventional scanning electron microscopy (SEM) and
transmission electron microscopy (TEMiowever,only the microstructure of the proteiraashown
asfat is removed duringample preparatn for conventional SEM or TENV]. Green found that the
21 4 fold UF concentration lead to a coarser protein network, a reduced volume of whey and more fat
in the whey compared to cheese made using unconcentndtedCurd formation was faster when a
highe concentration of milk protein was used, despite the reduced ratio of rennet to protein and the
final texture of the cheese tended to be granularhard. The authsrused light microscopy to
examine the distribution of the fat globules but odstails of the surface microstructure could be
obtainedusing ths method7].

Other microstructure studies have only focused on the very early stages of cheese making. Confoca
laser scanning microscopy (CLSM), for example, was used to look at the microstructure of the gel
from UF concentrated skim milk with a casein contmtiched from 2.7% to 19.86 w/w [14]. The
UF gel contained smaller aggregates tewler hydrolysed kappa casein molecules as compared to in
unconcentratedanilk (20% c.f. 50%6). After 24 h at 30C, syneresis was observed and the protein
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strands within the concentrated samples were longer and thicker. Although this study provides useful
insight into the structure of gels made using UF concentrated skim milk, no cheese making was
performed to examine the effect of the altered gel structure on the microstructure of curd and
final cheese.

The present study looks beyond the changes in tleeostiucture of the gdb later processing
steps Curd and cheesare preparedusing pilot scale manufacturing conditismith cheesemilk and
UF retentate froman industrial scale processp thatresultsare highly applicable to commercial
production. he present studglso appliesadvancd microscopy techniqueincluding cryo SEM and
CLSM to investigate the microstructure of samples made using ehedsetandardized with
LCUFR. The ability to preserve the fat within the curd microstructure under em@gonditios
provides new insights into the distribution and changes to the fat microstructure during manufacturing.
The influenceof microstructure on the compositiotexture and yieldf the final cheese product
also examined

2. Experimental Secton
2.1 Acidification ofCheeseMilk by Starter Bacteria

The effect of protein concentrations $45% or 86 w/w on the acidification of milk by starter
bacteria was investigated prior to cheese making experimgatget protein concentrations were
achieved byblending raw milk with raw low concentration factor ultrafiltration retentate (LCUFR
protein = 7.46% w/w and fat = 8.82w/w) obtained from an ultrafiltration process at °I2. Cream
was then added to the mil& achieve a final fat to protein ratio of 0.84 before pasteurization &E72
for 15 s. All milk preparations were obtained from a local cheese factory (Murray Goulburn,
Melbourne, VIG Australia).Freeze dried mixed strain direct vat set (DVS) mesaphktrter culture
(0.13 U/Kkg; Chr. Hansen,Melbourne VIC, Australig was then added to the pasteurized and
standardized cheeseilk at 33 € and incubated for 330 min. The pH of the milk was recorded at
15 min intervals in the first 150 min then at 60nnmtervals until the end of the fermentation. The
experiment was repeated 3 timas=(3).

2.2.Manufacture of CheddaEheese

Four batches of Cheddar cheeses were made in triplicatee &lurray Goulburnpilot plant
Cobram VIC, Australia The experimetal plan isshownin Table 1.Batch 1 was made using
pasteurized raw milk with no protein standardization (the fat was standardized as destribed i
Section 2.). Batches2i 4 were made using milk prepared with a target protein concentratioto,of 4
5% and 86 w/w respectively. The protein and fat concentration of the milkadssachieved using
the standardization methatkescribedin Section2.1 These milk preparations were then used for
cheese making and are referred to as chedge
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Table 1 Experimental plan for pilot scale trial investigating the effect of protein
concentration on the microstructure and composition of Cheddar cheese

Starter culture Rennet
Target  Weight of Starter
concentration in  Ripening Rennet concentration in
milk milk in Milk fat Milk protein culture
Batch relation to milk time ~ concentration  relation to milk
protein  cheese vat (% wiw) * (Yo wiw) *  concentration
protein content (min) (mL/kg milk) protein content
(% wiw) (kg) (U/kg milk) * ) )
(U/kg protein) * (mL/kg protein) *
1 35 235 437 +0.06 3.69 +0.05 0.11 3.0+0.2 20 0.06 1.7+0.1
2 4.0 200 4.83+0.02 4.02+0.01 0.13 3.1+0.0 20 0.06 1.5+0.0
3 5.0 160 5.67 +0.61 4.79+0.34 0.16 3.3+0.2 30 0.06 1.2+0.1
4 6.0 135 6.97 +0.10 5.76 +0.06 0.19 3.2+0.0 40 0.06 1.0+£0.0

* 10 U of freeze dried culture corresponds to 1 L of active bulk culture, defined here as active starter culture ready téobe used
cheesemaking * Ripening time is the time from starter addition to rennet additiBesults are expressed as mean +standard deviation

of mean fi = 3).

The total protein in each cheese vat was normalised to approximately 8 kg of protein by decreasing
the volume of milk used for preparations with an incregsetkin content (Table 1). This ensured that
the curds prepared using preparations with a higher protein content could fit within the 12 kg limitation
of the cheese press. Four chepsesses were available and two batches of cheese were made each day
giving 4 blocks of cheese eachi1@ kg in weight. After pasteurization, the cheastk wascooledto
33 € before inoculation with25 U/vatstarter culture (Chr. HanseMelbourne VIC, Australig to
give final starter culture concentration as shown in &dbl The milk was then ripened for 20 to
40 min until the pH of the milk reached approximately pH 6.5 as shown in Table 1. lRdaneilase,

690 IMCUmL; Chr. HansenMelbourne VIC, Australig was addedo give a finalconcentration of

0.06 mL/kg of milk for all treatmentsThe milk was allowed to coagulate at 83for 20/ 45 min as
determined irSection2.3. The consistency of the gel made using the different protein concentrations
before cutting was <cl assi fi ed aker. Thengelasguinoverat 0O
period of 20 min and cooked from &3to 38 T with stirring over a period of 45 min. The sample
was then cooked at 38 with stirring until the pH of the samples reached approximately pH 6.2. The
sweet whey was released amadlected for compositional analysis.

Cooked curd samples were piled into blocks ~15 cm in height and turned every 15 min during
cheddaring until the pH of the curd reached pH 5.3. Curd was milled and salted with 770 g salt per vat
before pressing at 20Gsip The salty whey that was released during pressing was colleatethe
composition analysed.

2.3.ViscoelasticPropertiesof CheeseMilk with Different Protein Concentrations

The storage modulugG9 of cheesamilk with different protein concentrationwere analysed
before the main cheeseaking experimentssing a rheometeARES TA Instruments, New Castle,
DE, USA), as described previouslil5]. A dynamic time sweep analysis at angular frequency of
0.8 Hz and 0.1% strain was used to analyze the changes in the storage n@&@asshe milk gelled.
The time taken for the cheeselk to first reach aG6of 60 Pa was recordednd used aa guide for
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the cuttingtime in the pilot scale cheesmaking experimest The experiment was performed twice
(n=2).

2.4.CLSM Cryo SEM andmage Analysis

The microstructure of thegel, curd and cheessamples weranalysed using &onfocal Laser
Scanning Microscopy (Leica Micosystems, Heidelberg, Germanghd a cryo Scanning Electron
Microscopy Quanta; Fei Company, Hillsbor@R, USA) using the method reported in a previous
study[16].

The cooked curd samples were collected from the cheesenwetdiately after the whey draining
process. Milled curd was collected prior to saltime cheese samples were collected after 6 h
pressing.Samples were sealed in air tight containers to prevent drying and kefi &irdanalysis
within 3 days of sample collection. Gel samples were prepared separately in the laboratory using the
same cheesmilk used for the pilot scale cheeswking trial and observed immediately within 15 min
after gel formation. The details of sample preparation for CLSM and cryo SEM observations have
been reported ia previous studj16].

The 3D CLSM image reconstruction and analysis were performed using a commercial software
package (Imaris, BitplaneSouth Windsor, CTUSA), as described previousfit5]. Quantitative
outputs such as the number of fat globules per unit volume, their sphericity, mean volume and
diameter, the total volume of fat and the fraction of pore volume with respect to the total sample
volume (porosi) were obtained from the image analySiso 3D images were taken for each batch
of the cheese produced. Three batches of cheeses were produced for each milk protein concentratiol
giving a total of 6 analyses for each data point presented from imagsianal

2.5.CompositionaAnalysis Fat and Protein RetentiomndCheese Yield

A Milko Scan FT120 (FOSS, North Ryde, NSW, Australas used to analyskeprotein and fat
content ofthe milk and sweetwhey. Non-casein nitrogen (NCN) andon protein nitrogen (NPN)
within the milk samples were determined using Kjeldahl analysis from the filtrate obtained after
selective precipitation at4.6 or the filtrate from a P2 trichloroacetic acid solution, as described in
AOAC Methods 991.20 and93.21[17]. The casein content was calculated by difference from the
NCN concentration and total peat concentration.

Thefat, protein,total solids salt, pH and misture contendf the cheese were analysed as described
previously[15]. Thefat and protein lost in the whey retainedin the cheesehe cheese yield and dry
matter cheese yield were also calculated as described iretCalg15]. The total amount of protein
and fat lost in the wheplus that retained in the cheese was in all cases between 93% and 99% of the
initial amount of each ingredient added.

2.6. TextureAnalysis

Texture Profile Analysis was performed on cheese samplag a texture analyser TAXT (Stable
Micro System, Sumy, UK) as described previougly5]. Texture analyses were performsia times
for six independent samples from each batch of chgeseg six pseudo replicates which wererhe
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averagedThree batches of cheeses were made for each milk protein concentration and the results were
expressed as the average of three means for each protein concentration.

2.7.Determination offotal Calcium Concentratiom Milk and Cheese

Inductively Coupled Plasma Optical Emission Spectroscopy-@EB; Varian Ing PaloAlto, CA,
USA) was used to analyse thetal calcium ofmilk and cheeseThe details of these methods have
been reported elsewhef#5]. Two samples were collected from each batch and three batches of
cheeses were made for each milk protein concentration, giving a total of 6 analyses for each date
point presented.

2.8.Enumeration ofStarter Bateria

To assess the viability of the starter bacteria and thestaster lactic acid bacteria, the cheese
samples (5 g) were diled in 45 mL of sterile @ (w/v) trisodium citrate (Oxoid Ltd., West
Heidelberg, C, Australia). The sample was homogenizeid 10000 g using a high speed
homogeniser (Polytron, Kinematica, Lucerne, Switzerldod)l min to obtain a cheese slurry for the
first dilution. The homogenizer was equipped with a shaft that could be detached from the rotor. This
shaft was rinsed thorghly with warm sterile distilled water to remove any residual cheese. Hfte sh
was then sterilized with 80 (v/v) ethanol and dried between use for sampites different
cheese batches.

Subsequent serial dilutionvgere performed in sterile 0.% (w/v) peptone solution (Oxoid.td.).

The starter culture was enumerated on LM17 agar (Merck, South Granville, NSW, Australia) and
incubated at 3@ under aerobic conditions for 72 [18]. The NSLAB was enumerated &togosa

agar (Merck) and incubated at &in an anaerobic jar (Oxoid.td.) with a Gas GeneratinKit®

(Oxoid Ltd.) for 72 h[18]. The result is psented as the mean of three results obtained from three
batches of cheeses from the samilix protein concentration.

2.9. StatisticalAnalysis

Data was analysed using a statistical package from Minitab (MinitafState College, PA, USA).
The difference between means were determined by one way analysis of variance (ANOVA) and
Tukeyos paired compari s005 with a significance

3. Results and Discussion
3.1.TheEffectof Milk Protein Concentratioron theAcidificationby Starter Bacteria

A set of laboratory experiments was conducted prior to the pilot scale ahaks® experiments,
to determine the effect of milk protein concentration on the acidification and setting time of the gel.
As shown in Figure lahé milk with a higher proteinoncentration.8% w/w protein) had a higher
buffering capacityith ahigher pH after incubation at 33for an extended period of 330 min.
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Figure 1. (a) The pH ofunconcentrated cheesalk with 3.7 % w/w milk protein and
cheesamilk standardized withow concentration factor ultrafiltration retentateCUFR) to
4% w/w, 4.8% w/w or 5.86 w/w milk protein after starter culture addition. The arrow
indicates the point where rennet is normally addbil.Storage modulus @ meaured
from the time of rennet addition farncancentrated cheesuilk with 3.7 w/w milk
protein (thin line) andcheesemilk standardized with LCUFR to% w/w (grey line),
4.8% w/w (medium thick line) or 5% w/w (thick line) milk protein incubated at 33.

The setting time is the total time required for the sample to readoh80 Pa. Results are
expressed as meanstandard deviation of meafrom three ( = 3) or two 0 = 2)
independent trials fqja) and(b) respectively
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Rennet isnormally added within the first 30 min of starter culture additthning Cheddar
manufacture While large variations in pH at this point may affect coagulation and the resulting
microstructure the minor differences in milk pHat the timewhen rennet isusudly added
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(Figure B arrow) are not likely to affect the coagulatiprocessThe starter culture concentration was
increased to compensate for the increased buffering capacityat ~3.1 U of starter was added for
every kilogram of milk proteifTade 1). This adjustment prevents an increase in cooking time at the
whey-off period and also ensures a similar concentratigtaster culture in each cheese.

3.2. TheEffectof Milk Protein Concentratioron theElastic Modulusand Processing Time

The stwage modulus (§ of the gel formed from milk with a higher protein concentration was
significantly higher than for milk with a lower protein concentrat{Gigure 1b). The rate of gel
firming also increased rapidly in milk with a higher protein conceptrats reflected by the gradient
of the slope of the storage modulus and the decrease in the time required to obtain a given value
of GG The Qincreased rapidly between 260d400 s for all gelg{Figure D), indicatng a similar
onset ofgelation.

In our previous experiments, the time from rennet addition to cutting, known as the setting time of
the gel, was set at 2700c®rresponding to &6 of 60 Pa,as this gave a Cheddar cheese with
acceptable moisture content using standardised millik aiproten concentration of % w/w [15].

To maintain a similar level o$tiffnessof 60 Pa the setting time of the gel made with8% or

5.8% w/w milk protein was set to 1200 s (Figuib). This adjustment prevents the curd becoming too
firm and avoids curd fines in the whey. Another way to reduce the firmness of a gel is to reduce the
coagulation temperature or reduce the amount of renne{li48dl The concentration of rennet added

per unit mass of milk was similar here (Table 1), but the rennet concentration per kg of milk protein
was consequently lower in the milk with a higher protancentration (Table 1). Further reducing the
rennet for high protein treatments would impact on the residual rennet in the final cheese. For this
reason, the same concentration of rennet per unit mass of milk was used in thisTk&udiyne
required forthe unconcentrated milk to reacld € 60 Pa was about 5000(Bigure b). During the

actual cheesenaking experiment, however, the milk in the cheese vat reached a gel consistency of
medium firmness and was ready for cutting at 2700 s. The longeririgreatedby the rheology
analysiscould possibly be due to a small degree of shearing applied to the sample during analysis
that disturbed the gel formation. This was not apparent in the concentrated sample, but the setting
time indicated by the rhémgy analysisin this study was less accurate for gel made with the
unconcentrateadilk.

The processing time from the addition of starter culture to whey draining or milling in the pilot
scale cheesmaking was not significantly differenp (> 0.05) (data noshowr), suggesting that
adjustmerg made tdhe starter concentrati@nd the settingime described above were effective

3.3. Composition oCheeseMilk, Sweet Whegnd Salty Whey

Ultrafiltration is known to alter the comptien of milk. Approximately81% of the protein within
the LCUFR used in this sty was casein as compared t&«#h unconcentrated milk. The LCUFR
also contains less non protein nitrogen (NPN) arising from low molecular weight nitrogen containing
compounds, such as creatine and timeg and uregd20] as a portion of the NPN permeates through
the UF membrane during ultrafiltratig@1]. Consequently the concentration of NPN as a percentage
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of total nitrogen (TN) differed signiantly in the LCUFR and unconceaited milkfrom 2.5% w/w to
4.6% wiw, respectively.

The impact of standardization of cheas#k on caseinand NPN content is shown fable 2 As
the casein concentration increased with LCUFR addition, réli®@ of caseinnitrogen over TN
increasedandthe ratio of NPN over TN decreasddesedifferent CN/TN or NPN/TN concentrations
in the cheeseilk are expected to impact the final cheese ji2h].

Table 2.Protein omposition total solids and total calcium conteritcheesamilk used for
pilot scalecheesamaking”.

Casein CN/TN NPN/TN Total solids Total calcium )
Batch P/F ratio
(% wiw) (% wiw) (% wiw) (% wiw) (ma/kg)
1 2.83 +0.04¢ 76.7+0.00 ¢ 4.61+0.002 13.6 +0.14¢ 985 +62¢ 0.84 +0.00
2 3.12 +0.01° 77.5+0.15°¢ 4.19+0.09° 14.4 +0.07° 1108 +31° 0.83 +0.01
3 3.78+0.28 ° 78.9+0.19 P 3.42+0.10 ¢ 15.9 +1.20° 1223 +52° 0.85 +0.04
4 4.60 +0.042 79.9+0.00 2 2.83+0.02 ¢ 18.1 +0.53? 1500 +342 0.83 +0.00

# Results are expressed as mean +standard deviation of meaB);,(CN = casein, NPN = non protein nitrogen and TN = total nitrpgen
Ald Means across a single column with different superscripts are significantly differeit5) Means across a single column without

superscripts are not significantly differeptX 0.05).

Theweightand composition of the whey generated during cheedang at pilot scale is shown in
Figure 2ab. The weight of sweet whey and salty wheyawsignificantly reduced < 0.05) for
samples made with higher protein milk. This was expected and is consistent with previous reports that
less processing of whey is required when milk with a higher protein concentration is used for
cheesamaking[2]. The percentage of fat lo® the sweet whey was significantly highpr<0.05) in
cheese made from milk without the addition of LCUMRgure 2c). Greater fat loss also occurred
when the concentration of milk protein was the highBs%§ w/w) despite the increase in CN/TN,
with minimum levels of fat loss occurring for samples made using cimedis&vith 4% or 4.8% (w/w)
protein (Figure Z). Conversely, whilethe percentage of proteim the sweet whey increased
continuously as the protein in the cheese milk increased (Figuréh@ total proteidost to ths whey
stream reduced continuously as the protein concentration in the cheese redkeac{Figured.
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Figure 2. The compositionand weightof sweetwhey (a) and salty wheyk) collected
during cheesenaking at pilot scale using cheeseilk with different protein
concentrationsThe percentage of fat lost or protein lost to the swdwy ) and salty
whey d) were calculated on the basis of total fat or protein in the chedlseResults are
expressed amean tstandard deviation of meam< 3).
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Figure 2. Cont.
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The variability in fat composition measurtat the salty whey was quite high. This could be due to
the sampling technique used to obtain the salty whey at a pilot scale, as it was noted that some fa
adhered to the cheepeess instead of flowing out with the salty whey, leading to greater végiabil
There is still clear evidence, however, of both a decline in the concentration of fat in the salty whey
and the total fat loss (Figub,d). The trends in the protein data are less clear but there is still some
evidence of a decrease in protein logs the salty whey as the protein content of the original cheese
milk increases (Figured}.

3.4. Fat andProtein RetentiontheCompositiorandYield of Cheese

Consistent with the changes in the sweet and salty wheypdrcentage of protein retainedthe
cheesancreased with the protein in the cheese milk, although the trend is within experimental error
(Figure 3). The percentage of fat retained in the chedseincreases up to a level of 48w/w total
protein in the cheese milk. No further irase is observed at 5.8 w/w protein. In a similar study,
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GovindasamyLucey et al. [3] reported no significant difference in fat retention when increasiag
milk protein concentration from 32 to 5.% w/w using whole milk UF retentati8]. Overall,
the mean values of fat retention for all cheedegufe &) were within the range of values
(~83%i 92% wiw) reported elsewhere for full fat Cheddar chg¢23g

The composition of all cheeses walsowithin the acceptable range for Cheddar cheese. The fat
content of the cheese made witGUFR standardizedheesemilk with 4.8% or 5.8% w/w protein
was sgnificantly higher p < 0.05) than cheese made using unconcentictedsemilk (Figure 3).

This could be due to the higher fat retention but also the lower moisture content of these cheeses
(Figure D). The effect on cheese moisture suggests that theadof LCUFR could be used as a tool

to reduce the moisture content of Cheddar cheese when seasonal differences make it difficult to
achieve a low moisture Chedd@4]. The protein and saltcontent were not significantly different
between different treatmen{p > 0.05, Figure B). Our results are in agreement with a previous
study [1], where milk protein level was increased in the range ®7@Qy/L with little effect on
Cheddarcomposition.

The weight of the cheesanade using cheesailk with ~3.7%, 4%, 4.8% and5.8% w/w protein
were 24.4 +1.7, 24.1 £(®6, 22.5 £1.3 and 23.0 £0.41 kg respectively. The yield calculation on the
basis of milk volume and the dry next yieldincreased linearly with protein content (Figu®, 3lue
to the higher protein and total solids content of the LCUFR standardieederhilk (Table 3.

The concentration of total calcium in the chesskx increased with the increased concentration of
protein Table 3, although the ratio of total calcium (TC) over total protein (TP) in the chugke
was similar at 24 mg/g to 26ig/g @ > 0.05). The concentration of TC in the whey was not
significantly different p > 0.05. The TC in the whey was 380 + 32, 392 +40, 383 £ 26 and
416 £29 mg/kg from cheesmaking with 3.7%6, 4%, 4.8% and 5.8 % w/wmilk protein, respectively
Increasing the concentration of milk protein did not affect the toaddium in the final cheese
(Figure ). Less milk was added to the cheese vat for the treatments with ingreaiscentrations of
protein. This adjustment led to similar amount of aiCa range between 230 g to 200 g in all vats
regardless of protein concentration.
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Figure 3. The fat and protein retentiora)( composition ) and yield (c) of cheese
preparedat pilot scaleusing cheesenilk with different protein concentratisn Fat
retention or protein retention in the cheese were calculated on the basis of total fat or
protein in the cheesmilk. Results are expressed m®an + standard deviation of mean
(n=23).
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35. Microstructure ofGel, Curd and Cheese

The microstructure of the gel observed using cryo SEM is shown in FigideAliter the addition
of rennet, casein micelles aggregate to form a protein network in which the fat globules are entrapped.
Qualitatively, there was no clear distinction betwdba microstructure of the gels made using
cheesamilk with ~3.7%i 4.8% w/w milk protein (Figureta c respectively). The microstructure of the
gel with 5.8% w/w milk protein, however, was denser with smaller pores (indicated by the black areas
in Figure 4d. This dense network might arise due to the increased aggregation of casein micelles.
As discussed previously, the high concentration of protein in the saoptesasedhe mean free
distance between casein micelles, resulting in a densely aggregateet@dik.

Figure 4. Cryo SEM micrographs of gelgi d) and cooked curde(h) made using &,€)
unconcentrated cheesalk with ~3.7% w/w protein or cheesmilk standardized with
LCUFR to p,f) 4% wiw, (c,0) 4.8 w/w or (d,h) 5.8% w/w protein, where F = fat

P = protein networland S= starteculture bacteria. The gel samples were fixed in slushed
liquid nitrogen when it reached the cutting time at 603%tale bars within the images are
10em in length.

It is interesting to note that the gel stiffness wamilar for all samples regardless of the protein
concentration during cutting but the structurehsd gel made from milk with 598 protein was very
different. The stiffness of the gel could be attributed to two factors; the number of aggregating CM and
the strength of the bonds between the CM and the relative importance of these factors may differ
between treatments.

Representative CLSM images showing the microstructugelbmade from~3.7% and 5.86 w/w
milk proteinare shown irFigure 5 and @omplet set of 2D CLSM images is givensnpplementary
Figure S1. Despite a difference of ~2% in fat content between chedkewith ~3.7% w/w and
5.8% wiw protein samples, the number of fat globules and the total volume of the fat globules were not
significantly differentwithin the gel(p > 0.05, supplementaryFigure S2ag). The image analysis
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output $lows a variation greater tha®o2which made it hard to detect the small variation in fat
content. The sphericity,fat droplet volume andat droplet dameter were also similap (> 0.05,
supplementaryigure S2bi d). A lower porosity was observed for the gel wati8% w/w milk protein
(supplementaryigure S2f), consistent with the denser structure observed by cryo.SEM

Figure 5. Confocal laser scanningicroscopy CLSM) microstructure of gslmade using
unconcentrated cheesdlk with ~3.7% w/w milk protein &ic) or cheesenilk
standardized with LCUFR t®b.8% w/w milk protein ¢lif). All images are 3D
reconstructions consisting of 40 layers where the separation between layers is 0.25 pm
giving a total observation depth of 10 un. Nile red stained fat appears red and fast green
stained protein appears green. Imagiisare the rendered vahe of the CLSM images,
whereb ande show the rendered volunté the fat;c andf show therendered volume of

the protein. All scale bars a2 pm in length.

a

CLSM provides a poorer resolution of tpeotein networkcompared tocryo SEM but a better
overview of the distribution of faand anevendistribution of fat was seewithin the gel made using
the unconcentratednilk (Figure 50). The porous nature of eéhprotein networkin this sample
(Figure 5c) however, suggests soroéthis fat maybe lost to the whey after cutting. In contrast, the
fat globules tended to pool together at higher protein concentrations and the fat distribution was more
heterogeneoud-{gure 58.



