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ABSTRACT

The potential of increasing proteolysis as a medmesnhancing the texture and heat-induced
flow of half-fat, half-salt Cheddar cheese madéwibntrol culture (CLLc lactis subsp.
cremorig/lactis) or adjunct culture (AC, CL tb. helveticus) was investigated. Proteolysis
was altered by substituting bovine chymosin (BGhwiamel chymosin (CC), or by a 2.5-
fold increase in level of BC. In cheese with CLtaw, increasing BC led to a large increase
in pH and more rapid degradationogf-casein during maturation, and cheese that was less
firm after 180 d. In contrast, substitution of B@&mCC in cheeses made with CL-culture had
an opposite effect. While chymosin type and lexal h similar influence otis;-casein
hydrolysis in the AC-culture cheeses, it did ndeetf texture or flowability. Grading

indicated that cheese made with AC-culture and witigher level of BC was the most

appealing.
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1. I ntroduction

Due to the association of chronic diseases (eagdi@vascular disease, hypertension
and diabetes) with excessive consumption of sadrat, salt and sugar, consumers are
increasingly interested in products with reducele of these nutrients (de-Magistris &
Lopéz-Galan, 2016; Ezzati & Riboli, 2013). Thistimn, has led to a renewed focus on the
contribution of fat, salt and sugar to the quatityood products, and in the case of cheese a
search for new approaches to counteract the negefiects on quality of reducing fat and
salt.

Reducing fat and salt in Cheddar cheese belovearigvels (e.g., < 20% for fat and
< 1.2% for salt) impairs texture and cooking praojesr(Guinee, Auty, & Fenelon, 2000;
McCarthy, Wilkinson, Kelly, & Guinee, 2016). This manifested in the cheese becoming
excessively firm, long and rubbery, by a loss eftability and flow on heating, and by the
flavour becoming sour and more bitter (Drake, Byls Spence, & Swanson, 1997; Guinee
et al., 2000) These changes are aligned with@ease in volume fraction and density of the
casein network, a lower moisture-to-protein ragidower rate ofis;-casein breakdown
(Fenelon & Guinee, 2000; McCarthy et al., 2016) amdduction in the lubrication and
moistness otherwise afforded by fat and moist@gpectively (Guinee, 2016). Various
approaches have been studied to mitigate thes&eshongs: high heat treatment of milk and
denaturation of whey proteins in situ to reducedkient ofpara-casein aggregation (Guinee
et al., 1998; Rynne, Beresford, Kelly, & GuineeQ2)) addition of fat mimetics such as
microparticulated whey proteins (Schenkel, Samag&lHinrichs, 2013), carbohydrate-
based materials such as Stellat00X and Novagél RCN-15 (McMahon, Alleyne, Fife, &
Oberg, 1996), and sucrose polyesters (Rudan, Bayl8aKindstedt, 1998); addition of non-

globular fat (melted butter) to comminuted curdbptd remoulding to achieve a critical level
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of free oil on the cheese surface during heatingddWani, McManus, & McMahon, 2011);
the use of polysaccharide-producing cultures teeia®e moisture retention (Costa et al.,
2010); and reducing the degree of calcium crodsdg(Henneberry, Kelly, Kilcawley,
Wilkinson, & Guinee, 2015).

Proteolysis in various cheese types, includingddae, Mozzarella, Meshanger and
Iranian White, has been accelerated by increabimgjtiantity of coagulant added to the
cheese milk (Dave, McMahon, Oberg, & Broadbent, @@ Jong, 1977) and the use of
coagulant with a higher ratio of proteolytic-to-kndlotting activity than calf rennet or
chymosin, e.qg., proteases frdndothia parasitica (Yun, Barbano, & Kindstedt, 1993),
Rhizomucor miehei (Soltani, Boran, & Hayaloglu, 2016) arfghizomucor pusillus (Sheehan,
O’Sullivan, & Guinee, 2004)A four-fold increase in the level of added chymassulted in
a more rapid degradation @f;- andp-caseins and a decrease in complex modulus (G*;
index of firmness) of unheated directly-acidifiecbktarella cheese, and an increase in the
flow of the heated cheese, to an extent dependetiteofat content (low-fat, 0.1; reduced-fat,
11.0; or control, 19.5%, w/w) of the cheese (Datval.¢ 2003). Nevertheless, the firmness
and flow of the reduced- and low-fat cheeses weferior to those of the control cheese
made with the regular level of added chymosin. léetite authors concluded that it was not
possible to fully compensate for reduction in &tdl solely by accelerating cheese
proteolysis (Dave et al., 2003). Such a trend isiztent with the exponential increase in
firmness and chewiness of hard/semi-hard chee$epnotein content, which increases as fat
content is reduced (Guinee, 2016). AnalogouslyeBae et al. (2004) found that substitution
of chymosin withRhizomucor pusillus protease enhanced primary and secondary proteplysi
but did not significantly affect the rheology onfttionality of reduced-fat Mozzarella. The
absence of an effect of increased proteolysis emtbological and melt properties of

reduced-fat Mozzarella may be attributable to almemof factors including the relatively
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high protein-to-fat ratio of Mozzarella ( ~1.2) cpared with other cheeses ( ~0.8 in Cheddar
cheese), the dilution and thermal inactivationhef toagulant at the relatively high
temperature (58 to 62 °C) to which the curd is é@aluring plasticisation, and the overall
low level of proteolysis during its relative shetbrage period.

The residual chymosin activity in Cheddar cheedbrise- to four-fold higher than in
Mozzarella (Feeney, Fox, & Guinee, 2001). Hencanguo its lower protein-to-fat ratio,
longer maturation time and the higher retentioadifed coagulant, it is expected that
altering the level of proteolysis would elicit a ragronounced effect on the texture and
functionality of reduced-fat Cheddar compared Wikhzzarella. This premise is supported
by the results of studies on the effect of subsbituof bovine chymosin, with camel
cyhmosin, which is less proteolytic, on reduceddheddar cheese (Bgrsting et al., 2012;
Govindasamy-Lucey, Lu, Jaeggi, Johnson, & Luce}020These studies found that the
replacement of bovine chymosin with camel chymossulted in a higher content of intact
asi-casein, and cheese that was harder, less bitigteas fluid on heating. However, the use
of an adjunct cultureL@ctobacillus delbrueckii) resulted in a significant reduction in the
concentration of bitter-tasting peptides and hitbss in reduced-fat Cheddar cheese made
with bovine chymosin after maturation at 9 °C férdr 196 d (Bgrsting et al., 2012). Based
on the foregoing, it was hypothesised that increpgie level of added coagulant together
with an adjunct culture could be applied advantagboto increase proteolysis and improve
the rheological and functional quality of reducatifeduced-salt Cheddar cheese, while
minimising the risk of bitter flavour in the cheesssociated with a higher concentration of
chymosin-produced peptides or their derivatives¢Biag et al., 2012; Lemieux and Simard,
1991); the likelihood of bitterness developmentnsreased in reduced-salt cheese owing to

the lower extent of starter cell autolysis and esged peptidase activity (Wilkinson, Guinee,



125 & Fox, 1994). Yet, such an approach has, to ounkedge, not been used to enhance the
126 quality of reduced-fat, reduced-salt Cheddar cheese

127 The primary aim of the current study was to ingege the effect of increasing the
128 levels of primary and secondary primary proteolysysthe combined effects of a 2.5 fold
129 increase in added bovine chymosin and the use aflmmct culturel(actobacillus

130 helveticus) on the properties of reduced-fat, reduced-saéiddar cheese. A secondary
131 objective was to determine the effect of reducinmary proteolysis, by substitution of
132 bovine chymosin with camel chymosin, while incregssecondary proteolysis by the
133 addition of an adjunct culture (Fenelon, Beredf& Guinee, 2002).

134

135 2 Materials and methods

136

137 2.1. Coagulant strength

138

139 Two coagulants were used in cheese manufactureglpdoovine chymosin, BC (~
140 200 IMCU mL?; Chy-Max® Plus) and camel chymosin CC (~ 200 IM@U*; Chy-Max®
141 M), both were obtained from Chr. Hansen (Chr. Han4é-12 Bgge Alle, DK-2970

142  Harsholm, Denmark). Prior to cheese manufactueecttagulants were tested for rennet-
143 clotting strength at pH 6.55 on milk pasteurisedzfC and with protein, fat and lactose
144  contents of 3.51, 3.84 and 4.63% (w/w) respectivEhe coagulants, BC or CC, were added
145  to the milk (31 °C) at regular levels of 0.18 mL milk (36 IMCU L") and 0.13 mL L} milk
146 (26 IMCU LY, respectively. Following a 1.5 min stirring peti@ 13 g sub-sample was
147 placed in the cell of a controlled stress rheom@®&1.2 500 Carri-Med;TA Instruments,
148 Inc., New Castle, DE, USA) and the storage moduis,was measured as described

149 previously Hou et al. (2017). The rennet coagufatime (RCT) was defined as the time
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required for G' to attain a threshold value of P& The coagulant strength in chymosin units
(CU), where 1 CU was defined as the coagulant iagtigquired to coagulate 10 mL of milk

in 100 s at 31 °C, was calculated, as describe8haehan et al. (2004).

2.2.  Cheese manufacture

Half-fat (16%), half-salt (0.9%) Cheddar cheesesweade in triplicate using either
BC or CC as coagulants; for each type of coagulaetl, cheese was made with control
culture (CL,Lactococcus lactis subsplactis andcremoris) or control culture in combination
with an adjunct culture (AC, CL tactobacillus helveticus). For all cheeses, milk was
standardised to a protein-to-fat ratio of 2.65 t@assed at 72 °C for 15 s, cooled to 31 °C
and pumped to the cheese 500-L vats. The treatraadtthe major differences between
them are summarised in Table 1.

Vats 1 to 3 were inoculated with the CL culturedf#S mesophilic starter; R607Y,
Chr. Hansen Ireland Ltd) only, and vats 4 to 6 weoeulated with the AC culture (F-DVS
R607Y + F-DVS LH-32, Chr. Hansen Ireland Ltd). Cuds were inoculated at rates
recommended by the supplier (i.e., 0.01 and 0.00%8s, for the CL- and AC-cultures,
respectively) and incubated at 31 °C for 30 minlldwing incubation, vats 1, 2, 4 and 5
were inoculated with BC at the regular dosage spowerding to 36 IMCU L for vats 1 and
4, or 2.5 times the regular dosage correspondi®@@ td1CU L™ for vats 2 and 5. Vats 3 and
6 were inoculated with CC at the regular dosage @26 IMCU L. As seen from Table 1,
the milk clotting activity as measured (See secfdr) and expressed as CU was similar in
corresponding vats made with BC (1, 4) or CC ()3t regular dosage, despite the lower
dosage volume of CC ( 0.13 m[*).compared with BC (0.18 mL1). Using data from

preliminary experiments, the temperature of th&kmatlrenneting was maintained at 31 °C in



175 vats 1, 3, 4 and 6, and adjusted to 28 °C for 2&tsd 5 so as to maintain similar gelation
176 times (38—40 min) across all treatments (Tabld kg required quantity of coagulant for
177 each vat was calculated from its milk clotting stgth, diluted 1:10 in de-ionised water, and
178 added to the cheese milk which was then agitatedl. 5omin to ensure uniform distribution.
179 A milk sample (=50 mL) was taken immediately frdme theese vat, placed in an insulated
180 (glass container, and taken to an adjacent labgratoere it was assayed for changes in
181 storage modulus, G, over 1 h using low amplitudars oscillation rheometry as described
182 by Hou et al. (2017). For all cheese vats (treats)ethe gel was cut when G', an index of
183 gel strength, reached 25 Pa. Cheeses were madpaustandardised procedure, as described
184 by McCarthy, Wilkinson, Kelly, and Guinee (2015hélpressed cheeses (~22 kg blocks)
185 were vacuumed wrapped, stored at 4 °C for 30 dnaetdred at 8 °C for 8 months.

186 The six different cheeses were denoted as folldwblé 1): CLBC1, CL culture with
187 regular level of bovine chymosin (vat 1); CLBC2@3, culture with bovine chymosin at 2.5
188 times the standard level (vat 2); CLCC, CL cultwith camel chymosin at the regular level
189 (vat 3); and the corresponding cheeses made watA@culture, namely ACBC1 (vat 4),
190 ACBC2.5 (vat 5) and ACCC (vat 6). In the Resultd &nscussion sections, cheeses made
191 with the CL- and AC-cultures are referred to as @hd AC-cheeses, respectively.

192

193 2.3. Sampling of cheese

194

195 For each treatment, a block of cheese was samfikrdvarious times (1, 30, 60, 120,
196 180 and 270 d) during ripening. At each samplingetia vertical slice (~1.5 cm thick) was
197 removed from one of the outside faces of the bk discarded, and a slice (~2 kg) which
198 included the freshly-cut surface, was taken folyamms Samples were analysed within 48 h.

199
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24. Composition analysis of cheese

Cheese samples were grated and analysed in ttgpltd 4 d using standard IDF
methods for fat (ISO, 2004), salt (ISO, 2006), mes (ISO, 1985), calcium (ISO, 2007) and

protein (ISO, 2014).

2.5. Enumeration of viable bacteria

Aseptically taken cheese samples (~ 10 g) were hgemised with ~ 90 mL of sterile
trisodium citrate (20 g t) in a stomacher (Stomacher, Laboratory-Blende) #808 min at
room temperature. The resultant mixture (a 1:1@idih) was serially diluted. Starter lactic
acid bacteria (SLAB) and non-starter lactic acidtbaa (NSLAB) were enumerated as
described previously by Hou et al. (2017actobacillus helveticus wereenumerated on MRS
agar (pH 5.4) after anaerobic incubation at 456C3fd (Fenelon et al., 2002). The cheeses

were analysed in duplicate at 1, 30, 120 and 1®0 dll three trials.

2.6. Lactose and lactate

The lactose and lactic acid concentration was detexd in duplicate using a
Megazyme Lactose amdGalactose (Rapid) Assay procedure amd/e-Lactic Acid (Rapid)
Assay procedure, respectively (Megazyme Internatireland, Bray Business Park, Bray,
Co. Wicklow, Ireland) as described by Rynne, Bienek Kelly, and Guinee (2007). The

lactic acid concentration was calculated as the iqgfnandp(-) lactic acid.

2.7. Proteolysis
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2.7.1. Urea-polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) of akke$es, from two of the three
trials, was performed at 30, 120, 180 and 270 d Bnotean Il xi vertical slab gel unit
(Biorad Laboratories Ltd., Watford, Herts, UK) ugia separating and stacking gel according
to the method of Rynne et al. (2004). Cheese ft21,mg) was dissolved on a protein basis
(4.75 mg protein) in 1 mL of sample buffer, incudzhtit 55 °C for 15 min, and filtered
through glass wool to remove fat deposits. Sinyjabdium caseinate powder, which served
as a non-hydrolysed casein control, was dissolvgutatein solvent to give an equivalent
concentration of protein. The operating voltags ®80 V until the samples ran through the
stacking gel and then 300 V as the samples ranghrthe separating gel. The resultant gels
were stained (0.25%, w/v, Coomassie Blue G250 dig)stained (10%, v/v, acetic acid) and
scanned using a dual lens Epson Perfection V70@Model J221A with Epson Scan
software (Epson Deutschland GmbH, Meerbusch, Geyjnd@he area of thg-caseinos:-
casein andis;-casein (f24—199) bands were expressed as a pageeof total band area. The
bands were identified according to the notation M®g Fox, Healy, and Leaver (2008) and

McSweeney, Pochet, Fox, and Healy (1994).

2.7.2. Primary proteolysis
The level pH 4.6-soluble nitrogen (pH 4.6-SN) wasasured in triplicate as

described by Fenelon and Guinee (2000) after 30180, 180 and 270 d.

2.7.3. Secondary proteolysis
The levels of individual free amino acids (FAAs)tie pH 4.6-SN extract were

analysed in triplicate using high performance cag&change column with a Jeol JLC-500V

10
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AA analyser (Jeol Ltd., Tokyo, Japan), as describday McCarthy, Kelly, Wilkinson, and

Guinee (2017) at 30, 120, 180 and 270 d.

2.8. Freefatty acids

The concentrations of individual free fatty aci@#&As) (C.o, Cs:0, Ca:0, C10:0, C12:0,
C14:0 Ci6:00 Cis:0, Cis:1:0 Cisz:0and Gg:z.0) at 270 d were assayed in triplicate using gas
chromatography with flame ionised detection as ipresly described by McCarthy et al.

(2017).

2.9. Rheology

Six cubes (25 mi were cut from each of the six treatment cheesds°C) using a
Cheese Blocker (Bos Kaasgereedschap, Bodengrae#meiinds). The cubes were
compressed to 30% original height at a cross hebtity of 1 mm & on a TAHDi texture
analyser (model TA-HDI, Stable Micro Systems, Gadal, UK) equipped with a 5 mm
compression plate and fitted with a 100 kg loadl csing conditions described by
Henneberry et al. (2015). The following rheologipalameters were calculated from the
resultant force/time curves: firmness,.§, defined as the force at 70% compression; fracture
stress ¢;), the force per unit surface area of sample atdra as determined from the
inflection point of the force/time curve; and frai strain, ), the displacement at fracture

expressed as a % of original sample height.

2.10. Functionality of the heated cheese

11
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2.10.1. Flowability
The flowability was assessed in quadruplicate uiegnodified Schreiber method as
previously described in McCarthy et al. (2016). Tloav during heating was defined as

the % increase in mean diameter of the cheese disc.

2.10.2. Work required to stretch the cheese

The work required to stretch the molten cheese (€QFEW) were measured in
triplicate using uniaxial extension on a TAHDI tesd analyser at a velocity of 10 mif, sis
described by McCarthy et al. (2016). The analysis wndertaken in triplicate and the work
required to extend the molten cheese to 380 mm (&&¥)calculated from the resultant

force/time curves.

211. Cheesegrading

The six treatment cheeses were assessed at 12¥@mbdby a commercial grader
from Ornua (Ornua Co-operative Limited Head OffiGgattan House, Mount Street Lower,
Dublin 2, Ireland). All cheeses were assigned @oancode and were tasted in duplicate.

The grading comments were recorded.

212, Satistical analysis

Six treatment cheeses (CLBC1, CLBC2.5, CLCC, ACB&IBC2.5 and ACCC)
were each manufactured on three separate occdtiais over a two-week period. Analysis
of variance (ANOVA), using the general linear mof&LM) procedure of SAS 9.3 (SAS

Institute, 2011), was applied to determine theatftd coagulant on cheese composition at 14

12
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324

d. Tukey’s multiple-comparison test was used farggacomparison of treatment means with
the level of significance determinedrak 0.05. A repeated measure design was used to
determine the separate effects of treatment (caagol culture type), ripening time, and the
interaction between treatment and ripening timéhecheese properties investigated over
maturation. The main plot factor was coagulantuwtuce type and the sub-plot factor was
ripening time. The PROC GLM procedure of SAS (SAStitute, 2011), which involved 2
factors (coagulant and culture type) as class blsawas used for the data analyses. The
significance of correlations was determined by gippl Student’s t-test to correlation
coefficients, where n is the actual number of gatiats, and df is the degrees of freedom (n-

2).

3. Results

3.1. Composition

Analysis of the data of the three replicate trintiicated that coagulant or adjunct
culture did not significantly affect compositionadle 2), an outcome consistent with the
standardisation of key cheesemaking parameters it different stages, firmness of gel

at cutting).

3.2. Enumeration of viable bacteria

Starter lactococci decreased significantly in h#éeses during maturation from ~10
cfu g'tat1dto~10%cfu g'at 270 d (data not showrbb. helveticus populations decreased

significantly in the AC-cheeses from®%cfu g* at 1 d to ~18cfu g* at 180 d, with the

13
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345
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349

decrease being most pronounced in the period @ th 8s expected.b. helveticus was not
detected in cheeses made with the CL culture. Guitaatly, the population of NSLAB
increased in all cheeses over ripening from*3tu g* at 1 d to ~10° cfu g* at 270 d.
Neither starter culture nor NSLAB populations weignificantly affected by coagulant

(Table 3).

3.3. Changesin lactose and lactic acid

Lactose was present at very low levels in all casésitially (< 0.06% at 1 d) and
was non-detectable after 180 d (data not showm)ast unaffected by coagulant (Table 3) or
adjunct culture. The concentration of total lactat¥eased in all cheeses over ripening from
~1.45% at 1 d to ~1.7% at 270 d. While the mearcenination of total lactate over the 270-
day ripening period was not affected by treatm@&able 3), the level in the CLBC2.5 or
ACBC2.5 at time$ 120 d was significantly higher than that in theresponding CLBC1,

CLCC, ACBC1 and ACCC cheeses.

34. pH

There was an interaction between ripening timearagulant on the pH of CL- and
AC- cheeses (Fig. 1, Table 3). The pH of CLBC1 @h&€C remained constant at ~5.25,
while that of CLBC2.5 increased significantly dginpening from ~5.2at1 dto 5.7 at 270 d
(Fig. 1; Table 3). The pH of all the AC-cheeseasreased significantly during ripening, from
~5.20 at 1 d to atypically-high pH values at 27Q&l, ~5.80 in ACCC or ~6.0 in ACBC1

and ACBC2.5.

14
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34. Proteolysis

3.4.1. Urea-PAGE

The gel electrophoretograms for the six chees&6,a120, 180 and 270 d from trial 1
are shown in Fig. 2; similar profiles were obtaifiedcheeses in trial 2. Boths;- andp-
caseins decreased significantly in all cheesesigumiaturation (Table 4), to an extent
dependent on coagulant and ripening time (Table=5). both the CL- and AC-cheeses;-
casein was hydrolysed to the fractions f24—-1992+1@9, and f33-*, anfl-casein to the
fractions f29-209y}), f106—209 ¥,) and f108—209y). Simultaneously, the concentrations
of intactas;- andp-caseins (as % of total casein) decreased from24P@-and 14-16% at 30
d, to ~ 4-13% and 6-11% at 270 d (Fig. 2; Table 5).

Coagulant had a significant effect on the ratesgfcasein hydrolysis (Fig. 2; Table
4), which was slowest in CLCC and most rapid in CI2B5, where it was almost completely
degraded after 180 d. Hence, the concentrationtattos;-casein was highest in CLCC at
times> 120 d and lowest in CLBC2.5 at30 d. The level of proteolysis a;-casein in BC1
was intermediate between that of BC2.5 and CC étin the CL- and AC-cheeses. Despite its
influence on level of hydrolysis, coagulant did mdtuence the profileis;-casein-derived
peptides.

Coagulantdid not affect the mean level ¢¥-casein degradation over the 270-day
ripening period or pattern of breakdown productthanCL- and AC-cheeses; a similar trend
was observed at all ripening times, apart from @¥¢here the proportion of intaptcasein
in the CLBC2.5 and ACBC2.5 cheeses was slightly significantly, lower than that of the

corresponding CLBC1 or CLCC, and ACBC1 or ACCC dese

3.4.2. pH 4.6-soluble N formation

15



375 Casein hydrolysis was paralleled by a significasteéase in pH 4.6-SN during

376 ripening (Fig. 3a,b), from ~7.5 to 25% TN in theeeBes made with CL-culture and ~10 to
377 28% TN in the cheeses made with AC-culture.

378 Coagulant significantly affected pH 4.6-SN in bttke CL- and AC-cheeses, for
379 which the mean level in CLBC2.5 and ACBC2.5 washkighan that of the corresponding
380 CLBC1 or CLCC, and ACBC1 or ACCC cheeses, respelsti he mean concentration of
381 pH 4.6-SN in the cheeses made with CC was lower tiwat of cheeses made with the regular
382 level of BC (BC1) when using the CL-culture, buhgar when using the AC-culture (Fig.
383 3a,b).

384 The addition of commercial adjunct culture increbgee level of primary proteolysis
385 (as measured by the increase in pH 4.6-SN) inhaléses; the effect was significant only in
386 ACBC1 and ACCC.

387

388 3.4.3. Freeamino acids

389 FAAs increased significantly in all cheese duringtanation, with the mean

390 concentration being affected by coagulant and adjcumture (Fig. 3c,d; Table 4).

391 When using the CL-culture, the level of FAAs in GLB.5 was significantly higher
392 than that in CLBC1 or CLCC, with the difference betng more pronounced with ripening
393 time. After 270 d, the concentration in CLBC2.5 w&s2—3.6-fold higher than that in

394 CLBCL1 or CLCC. In contrast, coagulant did not shigaintly affect the level of FAAs in the
395 AC-cheeses for which the mean levels in ACBC1 a@C& were significantly higher than
396 those in the corresponding CLBC1 and CLCC cheddesFAA concentration in ACBCL1,
397 ACBC2.5 and ACCC were similar to that in CLBC2.8nhke, the use of adjunct increased

398 the FAA levels in cheeses made using the regwat &f BC (BC1) or CC but not in cheese
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where an increased level of BC (BC2.5) was used.pFincipal FAAs in all cheeses were

glutamate, leucine, phenylalanine, lysine, valind proline.

3.5. Freefatty acids

The concentrations of total and individual FFAs evereasured at 270 d (data not
shown). The principal FFAs in all six cheeses isagading order werei6o, Cis:1:0 Cis:o
Cia0and Gz In the cheeses made using CL-culture, CLCC hsigraficantly higher level
of total FFAs compared with CLBC1 and CLBC2.5, e4@9 mg kg versus 343 and 360 mg
kg, respectively. In general, CLCC had greater comagans of G4., Cis.0, Cis0, Cis10
and Gg2othan CLBC1 and/or CLBC2.5 (data not shown). A famirend was found in the
AC-cheeses, for which the concentration of totaAFACCC at 270 d were significantly

higher than that in ACBC1 and ACBC2.5.

3.6. Fracture properties

Fracture stresss() and firmnessdmay) decreased significantly in all cheeses over
maturation (Fig. 4a—d), from ~692 to 330-530 ki, 460 to 220-330 (N), respectively.
Coagulant had a significant effect emandonax in the cheeses made with the CL
culture (Table 4) but not in cheeses made usind\@eulture. In the formeky; andomax
were significantly higher in CLCC at timesl20 d. Hence, the meanandonax Over the
270 d ripening period was higher in CLCC compar&t @LBC1 and CLBC2.5. Moreover,
the effect of coagulant was interactive with ripgntime with the difference between CLCC
and CLBC1 or CLBC2.5 increasing as ripening proggds In contrast, the fracture stragy) (

was unaffected by coagulant and the interactiowéen coagulant and ripening time.
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Conversely, coagulant did not significantly afféetos, omax Or & in the cheeses
made using adjunct culture (Table 4, Fig. 4a—dventheless, ACBC2.5 had a significantly
lower g at 270 d compared with ACBC1 or ACCC for whiglvalues were similar i.e., 0.34

versus 0.53 or 0.53, respectively.

3.7.  Functionality of the heated cheese

3.7.1. Extent of flow

The flowability of the heated cheeses increasedifsigntly during maturation (Fig.
4e,f). Although the cheese made with CC had thesbwxtent of flow when compared with
the BC1 or BC2.5 cheese on heating, the effecbafialant was not significant in the CL- or

AC-cheeses (Table 4).

3.7.2. Work required to stretch the cheese

The work required to extend the molten cheese hes®ased for all cheeses during
maturation, from ~770 mJ at 30 d to ~300 mJ at®Mespite the fact that EW for cheeses
made using CC (CLCC, ACCC) was the highest at mpshing times, the mean values over
ripening for the different coagulant treatments md differ significantly for the CL- or AC-

cheeses (Table 4).

3.8. Cheesegrading

After 120 d, the grader noted that all cheesesahautdy texture. The CL-cheeses
lacked an acceptable finish and contained bittegsidCLBC1 lacked a salty taste; CLBC2.5

and CLCC tasted saltier (like a standard Cheddees#) and were considered to have a
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449 better taste and less bitter finish (compared @itBBC1). The AC-cheeses were

450 characterised as having subtle sweet flavour restdsvere considered less savoury than the
451 CL-cheeses. While the ACBC1-cheese was perceiviathkisng the typical ‘salty’ taste of
452 Cheddar towards the end of mastication, the ACCEQ@BC2.5 were found to be

453 characteristically salty. At this stage of ripenitige grader considered the ACCC cheese to
454  be the best tasting (Table 6).

455 Following evaluation at 270 d, the grader noted the lack of fat was very obvious
456 in CLBC1 and CLCC cheeses but not in CLBC2.5 cheglteough the CL-cheeses had

457 sweet notes, the cheeses lacked a good finish washattributed to the lack of ‘saltiness’.
458 Overall, the ACBC2.5 and ACCC cheeses were corsibigre most acceptable and as being
459 suitable for sale as a ‘sweet’-style Cheddar chesesariant of Cheddar which is becoming
460 increasingly popular in the Irish and UK marketgspite both sharing ‘sweetish’ flavour
461 notes, the taste profiles of the latter cheeses wenetheless quite different, with the

462 ACBC2.5 cheese perceived as having had a smodilréeand strong sweet flavour notes,
463 and the ACCC cheese as having had a steady textdra taste that was initially sweet but
464 finished slightly sharp. Although ACBCL1 tasted sty#evas perceived as lacking in

465 ‘saltiness’ (Table 6).

466

467 4. Discussion

468

469 The current study investigated the effects of altecoagulant, type and level, as a
470 means of improving the properties of half-saltfial Cheddar-style cheeses made using
471 control culture, CL (consisting of a blendlaf. lactis subsp. lactid,.c. lactis subsp.

472 cremoris) or adjunct-containing culture, AC (consistingtioé CL-culture with addedLb.

473 helveticus). The coagulant treatments, used with both thea®id AC-cultures, included BC
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at the regular level (CLBC1 and ACBC1), BC at 2mdeis the regular level (CLBC2.5 and
ACBC2.5), and CC at the regular level (CLCC and AJQCoagulant had no effect on gross
composition, concentrations of lactose and totehkl&, or the populations of starter or
NSLAB in the CL- or AC-cheeses.

The pH in all cheeses ex-press (~5.2 at 1 d) wasasi as expected because of the
equal levels of lactic acid and pH-buffering substs (calcium, phosphate, protein).
However, coagulant had a notable effect on thenéxtiepH change during maturation,
whereby the pH increased by ~0.1-0.2 pH units iBCL and CLCC, and ~0.5-0.75 units in
CLBC2.5, ACBC1, ACBC2.5 and ACCC. A similar tren@swoted for FAAs, i.e., for
which the increase during maturation in the CLB@d €&LCC was notably lower than that
in CLB2.5, ACBC1, ACBC2.5 or ACCC. Hence, lineagression analysis indicated a
positive correlation between pH and total FAA carication in both the CL- (r = 0.97, df =
22) and AC- (r = 0.89, df = 22) cheeses. The levglH change during cheese maturation is
controlled by the balance of factors that reducgig, lactic acid concentration), buffer pH
(i.e., buffering capacity which is controlled intdra by the concentration of calcium
phosphate and the protein side-chains of glutaaradeaspartate residues), and/or increase
pH (production of FAASs) (Salaun, Mietton, & Gauchey 2005; Upreti and Metzger, 2006,
2007). The amino groups of FAAs have dissociatimmstants (pKa > ~ 9.0) well in excess of
the initial cheese pH (5.0 to 5.35) and are, thksly to become protonated in the cheese
environment. Hence, the gradual increase in chgldse concomitant with the progressive
decrease in hydrogen ion activity as FAA accumulaténg maturation; such an effect
would be most pronounced in cheeses with higher$;AA., CLBC2.5, ACBC1, ACBC2.5
and ACCC.

The hydrolysis ofis;-casein was greatly accelerated by increasingetved bf BC, as

evidenced by the lower content of intagt-casein and higher level of pH 4.6-SN in
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CLBC2.5 and ACBC2.5, compared with CLBC1 and ACB@&tall ripening times (Fig. 2,
3a, b, Table 5). The increase in primary proteslysth dosage level of BC is well
documented for cheeses such as Meshanger (delBx®), Cheddar (Creamer, lyer, &
Lelievre, 1987) and Mozzarella (Dave et al., 2008ontrast, cheese made with CC
(CLCC, ACCC) had a significantly higher contentrBictas;-casein than cheeses made
with BC (CLBC1, ACBC1) at most ripening times. Avsiar finding by Bansal et al. (2009)
was attributed to the low level of added CC (~3@%uction in the level of added enzyme
milk clotting units compared with BC) and its révaly low unspecific proteolytic activity
(on bonds other than Plag-Met os Of K-casein), which has been found to be only ~20% of
that of BC on bovine milk (Kappeler et al., 2006he lower unspecific proteolytic activity of
CC was confirmed by Mgller, Rattray, and Ardé (201#ho found that although CC and
BC shared similar modes of proteolytic action dntdisolutions (1%) of bovines;-casein
(at pH 6.5) angs-casein (at pH 6.5 and 5.2), CC was markedly lesteplytic.

Compared withus;-casein3-casein underwent a much lower degree of proteolysi
during maturation, with the levels at 270 d cormegping to ~45 and 60% of those at 30 d.
This resistance d§-casein to hydrolysis by BC in Cheddar cheese bas httributed to a
concentration-induced aggregation (at concentrati@d g 100 ¢ in aqueous dispersion)
which limits the access of the enzyme (Phelan, 8yi& Fox, 1973).p-Casein hydrolysis
was not affected by increasing the level of BC pthe substitution of BC with CC, as seen
from the similar concentrations of intgtasein in all cheeses at most ripening times,tapar
from 270 d (Fig. 2, Table 5). In corollary, theuks of studies investigating the effect of
reducing coagulant or BC also suggest little, graifect of incrementally reducing the level
of added calf rennet from 100 to 20% of normapecasein in Cheddar cheese (Creamer et
al., 1987). The similar degradation rateg-afasein hydrolysis in cheeses made with BC1

and CC is consistent with results of Barsting ef2012) for reduced-fat Cheddar. However,
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it contrasts with the results of Mgller et al. (2Ddwhich showed that tifecasein hydrolysis

in reduced-salt Cheddar cheese (0.85%, w/w) matlte@€ proceeded more slowly than that
in cheese made with BC during ripening, but conautis those of Bansal et al. (2009), who
reported no difference in the level of degradabbf-casein in Cheddar cheeses made with
BC or CC. The discrepancy with the results of Midleal. (2012) may relate to inter-study
differences in cheese pH, fat content of cheesfoaficcasein concentration (Phelan et al.,
1973), which is higher in half-fat Cheddar (currstudy) than full-fat Cheddar (Mgller et al.,
2012).

The levels of FAAs in CLBC2.5 were markedly highiesn that in CLBC1 or CLCC.
Considering that bacterial counts were similarlirtlaeeses, this result suggests that the
higher level in CLBC2.5 is due to the higher leethdded chymosin. The potential
contribution of coagulant to FAA development in ebe has been demonstrated by early
studies on aseptic model cheeses made with or wtitarter culture or calf rennet (Visser,
1977), and more recently in Cheddar cheeses wifgrelnt levels of residual chymosin
activity, as varied by the addition of differenvdd¢s of the chymosin inhibitor, pepstatin
(O’'Mahony, Lucey, & McSweeney, 2005). The concerdraof chymosin-derived peptides,
which are degraded to peptides of lower molecuksigiat and FAAs by starter culture
peptidases (McSweeney, 2004), is likely to varyoading to the level of residual chymosin
activity which in turn is affected by the dosageadtied coagulant. The significant
contribution of adjunct culture to the developmehEAAs is exemplified by the
significantly higher levels of FAAs in the eachtbé AC-cheeses compared with the
matching CL-cheeses at timed4.20 d. The higher, but similar concentrations AARN the
AC-cheeses, despite their differences in extemtptasein hydrolysis, suggests that the rate
of degradation of chymosin-derived peptides bytstanulture/adjunct peptidases rather than

the concentration of chymosin-derived peptidesseers the rate-limiting step affecting the
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development of FAA in regular Cheddar cheese witlaoljunct culture. The accelerating
effect of adjunct.actobacillus on FFA development is consistent with previousligtsion
full-fat and reduced-fat Cheddar cheeses (Bar#tirad., 2012; Fenelon et al., 2002).

Fracture stresss() and firmnessdmay) correlated positively with intacis;-casein (r =
0.86, df = 22) and inversely with pH 4.6-SN (r 8@, df = 22) in the CL-cheeses. Hence, the
CLCC cheese was firmest while the CLBC2.5 was stffehe effects of coagulant on the
fracture properties concur with those from previstuglies comparing CC with BC in
Cheddar (Bansal et al., 2009; Govindasamy-Lucey.e2010), reduced-fat Cheddar
(Barsting et al., 2012), and the effect of incregdevel of added BC in Meshanger (de Jong,
1977) or Mozzarella (Dave et al., 2003). Such ¢$fece consistent with an attenuation of the
calcium-phosphatpara-casein network of cheese commensurate with theohygis ofass-
casein (Guinee, 2016). Creamer, Zoerb, Olson, acitBRIson (1982) concluded that the
sequence of residues f14-24ogf-casein is strongly hydrophobic and contributes to
extensive interaction gfara-casein molecules within the network; hence, gscage by
chymosin leads to an overall weakening of the sa@eatrix, making it more prone to
deformation on compression. Nevertheless, O’'Mateiral. (2005) concluded that the
softening of Cheddar cheese during early ripen2igdays post manufacture) was essentially
independent of the hydrolysis @f;-casein at Phg-Phe, and was instead correlated more
closely to the partial solubilisation of the cotlal calcium phosphate cross-linking of the
casein constituting thgara-casein network of the curd.

Surprisingly, coagulant did not alter the fractpreperties of the AC-cheeses, despite
having had a similar effect a;-casein degradation in both CL- and AC-cheesess Th
prompts the question why cheeses having similamposition and levels of primary
proteolysisusi-casein degradation) behaved so differently duiange strain deformation?

The difference may reside on how the effects ofgwiysis are influenced by pH. The values
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of or andomax in cheese increase with pH in the range 5.0 t¢\@gser, 1991; Watkinson et
al., 2001), an effect most likely associated wité deposition of serum calcium and
phosphate as insoluble calcium phosphate (Guinak, &000) that binds to, and enhances,
the cross-linking of the casein molecules. It shable that the effect of pH, which increased
in all AC-cheeses from 5.2 to ~5.8-6.0 during ripgnis dominant, negating the influence

of the difference in the concentration of intagt-casein between the ACCC, ACBC1 and
ACBC2.5 cheeses. Of course, validation of suchpothesis would require a study of the
interactive effects of pH and proteolysis in modetese systems where calcium content and
residual chymosin are maintained constant.

Apart from the above, other effects associated aligring coagulant and adding
adjunct culture included changes in the concentmnatf total FFAs. The addition of the
adjunct starter culture and increasing the leveldafed BC improved grading comments, as
confirmed by the 270 day-old ACBC2.5 receiving thest favourable comments.
Descriptions assigned to the latter cheese incltgiadoth’ texture and ‘sweet’ flavour
notes. The positive effects of addingla helveticus adjunct on the flavour of reduced-fat
Cheddar cheese have also been found by otherstifRpes al., 2012; Fenelon et al., 2002)
for reduced-fat Cheddar cheese and Mgller, Rat&adrd6 (2013) for reduced-salt Cheddar

made with camel chymosin, where it reduced the eotnation of bitter peptides at 280 d.

5. Conclusion

The effect of coagulant type (bovine chymosin, B&nel chymosin, CC) or level (at
regular or increased levels for BC, i.e., BC1 or2E8} on the texture and functionality of
half-fat, half-salt Cheddar-style cheese made uagiogntrol culture, CL, or an adjunct-

containing starter culture, AC, was investigateae Tesults showed coagulant type and level
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affected the levels of intaat;-casein, pH 4.6-SN, FAAs, pH and fracture propsrgean
extent depending on the culture type used. Notahéytexture (reduction in fracture stress
and firmness) was improved on lowering the contémttactas;-casein in cheese made
using the CL culture by increasing the level of@tl8C; an opposite effect occurred on
replacing BC with CC. These effects were not obeseim cheese made with the AC culture,
perhaps of their relatively high pH. Nevertheledsgeses made using the AC culture had
higher levels of pH 4.6-SN, lower firmness and tfuae stress, and higher heat-induced
flowability than the corresponding cheeses madegusie CL culture. Moreover, the adjunct
culture in combination with a higher dosage of BSulted in the 270 day-old cheese having
a ‘sweet flavour’ and being generally more ‘pledsaHence, the use BC at an elevated level
in combination with an adjunct culturel helveticus) provides a means of improving the

guality of reduced-fat, reduced-salt Cheddar cheese

Acknowledgements

This work was funded by the Department of AgrictdiUFisheries and Food, under
the Food Institutional Research Measure, Dubliwith project reference no. 2012219. The
authors kindly acknowledge Mr. Enda Howley (Ornuadperative Limited Head Office,

Grattan House, Mount Street Lower, Dublin 2, Irellafor cheese grading.

References

Bansal, N., Drake, M. A., Piraino, P., Broe, M. Harboe, M., Fox, P. F., et al. (2009).
Suitability of recombinant cameCamelus dromedaries) chymosin as a coagulant for

Cheddar chees#nternational Dairy Journal, 19, 510-517.

25



624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

Barsting, M. W., Quist, K. B., Rasmussen, M., Vilale J., Vogensen, F. K., & Ardg, Y.
(2012). Impact of selected coagulants and staotegimary proteolysis and amino
acid release related to bitterness and structuredofced-fat Cheddar cheeBairy
Science and Technology, 92, 593-512.

Costa, N. E., Hannon, J. A., Guinee, T. P., AutyAME., McSweeney, P. L. H., &
Beresford, T. P. (2010). Effect of exopolysacchapdoduced by isogenic strains of
Lactococcus lactis on half-fat Cheddar cheeslpurnal of Dairy Science, 93, 3469—
3486.

Creamer, L. K., Zoerb, H. F., Olson, N. F., & Riotison, T. (1982). Surface hydrophobicity
of asy-1, as;-casein A and B and its implications in cheesecstie.Journal of Dairy
Science, 65, 902—906.

Creamer, L. K., lyer, M., & Lelievre, J. (1987).f&ft of various levels of rennet addition on
characteristics of Cheddar cheese made from uté&ad milk.New Zealand Journal of
Dairy Science and Technology, 22, 205-214.

Dave, R. I.,, McMahon, D. J., Oberg, C. J., & Broauity J. R. (2003). Influence of coagulant
level on proteolysis and functionality of Mozzasetheeses made using direct
acidification.Journal of Dairy Science, 86, 114—-126.

de Jong, L. (1977). Protein breakdown in soft cheesl its relation to consistency. 2. The
influence of the rennet concentratidvetherlands Milk and Dairy Journal, 31, 314—
327.

de-Magistris, T., & Lopéz-Galan, B. (2016). Consuwsheiillingness to pay for nutritional
claims fighting the obesity epidemic: the caseenfuced-fat and low salt cheese in

Spain.Public Health, 135, 83-90.

26



647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

Drake, M. A., Boylston, T. D., Spence, K. D., & Swgan, B. G. (1997). Improvement of
sensory quality of reduced fat Cheddar cheesellagtabacillus adjunct.Food
Research International, 30, 35-40.

Ezzati, M., & Riboli, E. (2013). Behavioral and thgy risk factors for noncommunicable
diseasedNew England Journal of Medicine, 369, 954—-964.

Feeney, E.P., Fox, P. F., & Guinee, T. P. (200ffgdE of ripening temperature on the quality
of low moisture Mozzarella cheese: 1. Compositind proteolysisLait, 81, 463—-474.

Fenelon, M. A., & Guinee, T. P. (2000). Primarytealysis and textural changes during
ripening in Cheddar cheeses manufactured to diftded contentslnternational Dairy
Journal, 10, 151-158.

Fenelon, M. A., Beresford, T. P., & Guinee, T. 20q2). Comparison of different bacterial
culture systems for the production of reduced-fa¢dtlar cheesénternational Journal
of Dairy Technology, 55, 194-203.

Govindasamy-Lucey, S., Lu, Y., Jaegqi, J. J., Johnsl. E., & Lucey, J. A. (2010). Impact
of camel chymosin on the texture and sensory ptigsenf low-fat cheddar cheeskhe
Australian Journal of Dairy Technology, 65, 139-142.

Guinee, T. P. (2016). Protein in cheese produtisctsire-function relationships. In P. L. H.
McSweeney, & S. A. O’'Mahony (Edshgdvanced dairy chemistry, Vol. 1B. Proteins:
Applied aspects (4th edn., pp 347-415). New York, NY, USA: Springer
Science+Business Media.

Guinee, T. P., Fenelon, M. A., Mulholland, E., Oedy, B. T., O’'Brien, N., & Reville, W.
J. (1998). The influence of milk pasteurization pamature and pH at curd milling on
the composition, texture and maturation of redueedheddar cheeskternational

Journal of Dairy Technology, 51, 1-10.

27



671 Guinee, T. P., Auty, M. A. E., & Fenelon, M. A. (). The effect of fat content on the

672 rheology, microstructure and heat-induced functieharacteristics of Cheddar cheese.
673 International Dairy Journal, 10, 277—288.

674 Henneberry, S., Kelly, P. M., Kilcawley, K. N., Wihson, M. G., & Guinee, T. P. (2015).
675 Interactive effects of salt and fat reduction omposition, rheology and functional

676 properties of mozzarella-style cheeBairy Science and Technology, 95, 613—-638.

677 Hou, J., Hannon, J. A., McSweeney, P. L. H., BengsfT. P., & Guinee, T. P. (2017). Effect

678 of galactose metabolising and non-metabolisingretraf Streptococcus ther mophilus
679 as a starter culture adjunct on the propertiesh&ddar cheese made with low or high
680 pH at whey drainagénternational Dairy Journal, 65, 44-55.

681 1SO. (1985)1S0 5534:1985. Cheese and processed cheese - Determination of total solids
682 content (Reference method). Available online at

683 https://www.iso.org/standard/11598.html

684 1S0. (2004)1S0 1735:2004. Cheese and processed cheese products - Determination of fat

685 content. Gravimetric method (Reference method). Geneva, Switzerland: International
686 Standardisation Organisation. Available online at
687 https://www.iso.org/standard/35250.html

688 1S0. (2006)1S0 5943:2006. Cheese and processed cheese products - Determination of

689 chloride content - Potentiometric titration method. Geneva, Switzerland: International
690 Standardisation Organisation. Available online at
691 https://www.iso.org/standard/43922.html

692 1S0. (2007)1S0 8070:2007. Milk and milk products - Determination of calcium, sodium,

693 potassium and magnesium contents - Atomic absor ption spectrometric method. Geneva,
694 Switzerland: International Standardisation Orgaiosa Available online at
695 https://www.iso.org/standard/44079.html

28



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

ISO. (2014)1S0 8968-1:2014. Milk and milk products - Determination of nitrogen content -
Part 1: Kjeldahl principle and crude protein calculation. Geneva, Switzerland:
International Standardisation Organisation. Avddainline at

https://www.iso.org/standard/61020.html

Kappeler, S. R., van den Brink, H. J., Rahbek-Mie|dH., Farah, Z., Puhan, Z., Hansen, E.
B., et al. (2006). Characterization of recombinaarhel chymosin reveals superior
properties for the coagulation of bovine and camiéf. Biochemical and Biophysical
Research Communications, 342, 647—654.

Lemieux, L., & Simard, R. (1991). Bitter flavour dairy products. I. A review of the factors
likely to influence its development, mainly in clseemanufacturd.ait, 71, 599—-636.

McCarthy, C. M., Wilkinson, M. G., Kelly, P. M., &uinee, T. P. (2015). Effect of salt and
fat reduction on the composition, lactose metabgliwater activity and microbiology
of Cheddar cheesPairy Science and Technology, 95, 587—-611.

McCarthy, C. M., Wilkinson, M. G., Kelly, P. M., &uinee, T. P. (2016). Effect of salt and
fat reduction on proteolysis, rheology and cookpngperties of Cheddar cheese.
International Dairy Journal, 56, 74—86.

McCarthy, C. M., Kelly, P. M., Wilkinson, M. G., &uinee, T. P. (2017). Effect of fat and
salt reduction on the changes in the concentratbfree amino acids and free fatty
acids in Cheddar-style cheeses during maturalmmnal of Food Composition and
Analysis, 59, 132-140.

McMahon, D. J., Alleyne, M. C., Fife, R. L., & OlggrC. J. (1996). Use of fat replacers in
low fat Mozzarella cheesdournal of Dairy Science, 79, 1911-1921.

McSweeney, P. L. H. (2004). Biochemistry of che@sening.International Journal of

Dairy Technology, 57, 127-144.

29



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

McSweeney, P. L. H., Pochet, S., Fox, P. F., & el (1994). Partial identification of
peptides from the water-insoluble fraction of Cheadcheeselournal of Dairy
Research, 61, 587-590.

Mgller, K. K., Rattray, F. P., & Ard6, Y. (2012).athel and bovine chymosin hydrolysis of
bovineas:;- andp-caseins studied by comparative peptide mapg@iognal of
Agricultural and Food Chemistry, 60, 5454-5460.

Mgller, K. K., Rattray, F. P., & Ardo, Y. (2013).phlication of selected lactic acid bacteria
and coagulant for improving the quality of low-s@heddar cheese: Chemical,
microbiological and rheological evaluatidnternational Dairy Journal, 33, 163—-174.

Mooney, J. S., Fox, P. F., Healy, A., & Leaver(1R98). Identification of the principal ater-
insoluble peptides in Cheddar cheds&ernational Dairy Journal, 8, 813-818.

O’Mahony, J. A., Lucey, J. A., & McSweeney, P. L.[@005). Chymosin-mediated
proteolysis, calcium solubilisation, and textureelepment during the ripening of
Cheddar cheesdournal of Dairy Science, 88, 3101-3114.

Phelan, J. A., Guiney, J., & Fox, P. F. (1973).t&tysis off-casein in Cheddar cheese.
Journal of Dairy Research, 40, 105-112.

Rudan, M. A., Barbano, D. M., & Kindstedt, P. 998). Effect of fat replacer (Salatri)
on chemical composition, proteolysis, functionalappearance, and yield of reduced
fat Mozzarella cheesdournal of Dairy Science, 81, 2077—-2088.

Rynne, N. M., Beresford, T. P., Kelly, A. L., & Guge, T. P. (2004). Effect of milk
pasteurization temperature and in situ whey praleimaturation on the composition,
texture and heat-induced functionality of half-@iteddar cheesinternational Dairy
Journal, 14, 989-1001.

Rynne, N. M., Beresford, T. P., Kelly, A. L., & Guge, T. P. (2007). Effect of milk

pasteurisation temperature on age-related changastose metabolism, pH and the

30



745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

growth of non-starter lactic acid bacteria in Half Cheddar cheesEood Chemistry,
100, 375-382.

Salaun, F. M., Mietton, B., & Gaucheron, F. (20@\)ffering capacity of dairy products.
International Dairy Journal, 15, 95-109.

SAS Institute. (2011). SAS User's Guide: StatisieErsion 9.3 edn. SAS Inst, Inc, Cary,
NC, USA.

Schenkel, P., Samudrala, R., & Hinrichs, J. (20T8g effect of adding whey protein
particles as inert filler on thermophysical propstof fat-reduced semihard cheese
type Goudalnternational Journal of Dairy Technology, 66, 220—230.

Sheehan, J. J., O'Sullivan, K., & Guinee, T. P.O@0 Effect of coagulant type and storage
temperature on the functionality of reduced-fat lella cheesé.ait, 84, 551-566.

Soltani, M., Boran, O. S., & Hayaloglu, A. A. (201&ffect of various blends of camel
chymosin and microbial rennd®i{izomucor miehei) on microstructure and rheological
properties of Iranian UF White chees®VT - Food Science and Technology, 68, 724—
728.

Upreti, P., & Metzger, L. E. (2006) Influence ol@am and phosphorus, lactose, and salt-to-
moisture ratio on Cheddar cheese quality: pH BuftgProperties of Cheesdournal
of Dairy Science, 89, 938-950.

Upreti, P., & Metzger, L. E. (2007). Influence @lcdum and phosphorus, lactose, and salt-
to-moisture ratio on Cheddar cheese quality: pHhgka during ripeninglournal of
Dairy Science, 90, 1-12.

Visser, J. (1977). Contribution of enzymes fromnetn starter bacteria and milk to
proteolysis and flavour development in Gouda chegserotein breakdonw: analysis
of the soluble nitrogen and amino acid nitrogewctfoas.Netherlands Milk and Dairy

Journal, 31, 210-239.

31



770

771

772

773

774

775

776

777

778

779

780

781

782

783

Visser, J. (1991). Factors affecting the rheoldgaral fracture properties of hard and semi-
hard cheesénternational Dairy Federation Bulletin, 268, 49-61.

Wadhwani, R., McManus, W. R., & McMahon, D. J. (2DImprovement in melting and
baking properties of low-fat Mozzarella cheeXwmirnal of Dairy Science, 94, 1713—
1723.

Watkinson, P., Coker, C., Crawford, R., Dodds,Johnston, K., McKenna, A., et al. (2001).
Effect of cheese pH and ripening time on model sbaextural properties and
proteolysislnternational Dairy Journal, 11, 455—-464.

Wilkinson, M. G., Guinee, T. P., & Fox, P. F. (199Bactors which may influence the
determination of autolysis of starter bacteria wigircheddar cheese ripening.
International Dairy Journal, 4, 141-160.

Yun, J. J., Barbano, D. M., & Kindstedt, P. S. 3PMozzarella cheese: Impact of
coagulant type on chemical composition and prosslyournal of Dairy Science, 76,

3648-3656.

32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Figurelegends

Fig. 1. Changes in pH of half-fat, half-salt Cheddar-sgheeses made with control culture,
CL (closed symbols) or adjunct culture, AC (opembgls) and using different coagulant
treatments: bovine chymosin at the regular level1 B®,0) or at 2.5 fold the regular level,
BC2.5 @,), or camel chymosin at the regular level, G& Q). Values are the means of

three replicate trials; error bars represent stahdaviations of the mean.

Fig. 2. Urea-polyacrylamide gel electrophoretograms of-fad| half-salt Cheddar-style
cheeses after for 30, 120, 180 or 270 d at 8 °@.chieeses were made with control starter
culture, CL (lanes 1-3) or adjunct culture, AC darl—6) and using different coagulant
treatments: bovine chymosin at the regular lev€l1 Blanes 1, 4) or at 2.5-fold the regular
level, BC2.5 (lanes 2, 5); or camel chymosin atréwular level, CC (lanes 3, 6). Sodium
caseinate (lane NaCn), loaded at an equivalenthveigorotein (4.25 mg per lane) was
included as an unhydrolysed casein control. In @actel, the cheeses, defined in Table 2,
are: CLBC1, lane 1; CLBC2.5, lane 2; CLCC, lan&GBC1, lane 4; ACBC2.5, lane 5;
ACCC, lane 6. Protein bands were identified acewydo Mooney et al. (1998) and
McSweeney et al. (1994): B;casein(f106—209)yR); 2,p-casein(f29-209)y(); 3, -
casein(f108—-209)y8); 4,p-casein; 5p-casein(f1-192); 6ysi-casein; 7psi-casein(f102—

199); 8,as1-casein(f24—199); Us;-casein(f121-199); 1@s-casein(f33—*).

Fig. 3. Changes in levels of pH 4.6 soluble-nitrogen (p6t8N; a,b) and free amino acids
(FAA; c,d) of half-fat, half-salt Cheddar-style @ses made with control culture, CL (closed
symbols) or adjunct culture, AC (open symbols) asihg different coagulant treatments:

bovine chymosin at the regular level, BAR,) or at 2.5 fold the regular level, BC2.5
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(M,01), or camel chymosin at the regular level, G& Q). Presented values are the means of

three replicate trials; error bars represent stahdaviations of the mean.

Fig. 4. Changes in fracture stress (a,b), firmness (ad)extent of flow on heating (e,f) of
half-fat, half-salt Cheddar-style cheeses made watitrol culture, CL (closed symbols) or
adjunct culture, AC (open symbols) and using déife coagulant treatments: bovine
chymosin at the regular level, BC®(O) or at 2.5 fold the regular level, BC2H (1), or
camel chymosin at the regular level, C&,{\). Presented values are the means of three

replicate trials; error bars represent standardatiens of the mean.



Tablel

Treatments and manufacturing details of experimiévaié-fat, half-salt Cheddar-style

cheese®
Cheesmaking Control culture  Adjunct culture (AC)
(CL)
CLBC1 CLBC2.5 CLCCACBC1ACBC2. ACC
5 C
Details of cheesemaking steps
Starter culture CL CL CL CL CL CL
Adjunct culture - - - AC AC AC
Chymaosin type/level BC1 BC25 CC BC1 BC25 CC
Chymosin added as:
mL L™ 0.18  0.45 0.13 0.18 045 0.13
IMCU L™ 36 90 26 36 90 26
CU L™ milk 7.4 18.5 73 74 18.5 7.3
Temperature at set (°C) 31 28 31 31 28 31
pH at set 6.52 6.53 6.52 6.54 6.53 6.53
Gel firmness at cut (Pa) 25 25 25 25 25 25

Time of cheesemaking stages (mins)
Curd residence (from cut to whey drainage) 168 169 165 182 195 175
Cheddaring (from whey drainage to milling) 113 125 108 105 123 110
Total make time (from starter additionto 354 270 343 380 375 358
milling)

@ Abbreviations are: CL, control starter culture, sisting ofLactococcus lactis subsplactis and
Lactococcus lactis subspcremoris; AC, adjunct culture consisting of CL pluactobacillus
helveticus as adjunct; IMCU, international milk clotting unitss stated on the label supplied with
coagulant; CU, chymosin units, as measured expetatig and defined in the Materials and
Methods. Cheese codes are: CLBC1, CLBC2.5 and Olef®t to the cheeses made using CL
culture with bovine chymosin at the regular lev@LBC1) or at 2.5-fold the regular level

(CLBC2.5), or with camel chymosin (CLCC) at theulg level; the matching variants made the

AC culture are similarly denoted.



Table?2
Effect of coagulant on the composition and pH oflag-old half-fat, half-salt Cheddar-style cheesesle

using control or adjunct culturg.

Compositional factors ~ Control culture (CL) Adjunct culture (AC)
CLBC1 CLBC2.5 CLCC ACBC1 ACBC2.5 ACCC
Moisture (g 100 @) 43.6 435 435 435 435 43.7
Protein (g 100 Q) 33.8 33.8 33.7 33.6 33.5 33.5
Fat (g 100 §) 15.8 15.7 15.5 15.7 15.6 15.7
MNFS (g 100 &) 51.8 51.6 51.5 51.6 51.6 51.8
FDM (g 100 ) 28.0 27.7 27.4 27.9 27.7 27.8
NaCl (g 100 g) 0.94 0.93 0.92 0.96 0.91 0.93
S/M (g 100 ) 2.2 2.1 2.1 2.2 2.1 2.1
Lactose (g 1009 0.05 0.06 0.05 0.04 0.05 0.04
Total lactate (g 1009 1.5 1.5 15 15 15 15
Ca (mg 100 g) 1108 1091 1104 1113 1116 1116
P (mg 100 @) 523 546 563 573 574 612
pH 5.20 5.23 5.21 5.20 5.21 5.18

@ Abbreviations are: MNFS, moisture-in-non-fat-substs; FDM, fat-in-dry-matter; S/M, salt-in-moisture
Ca, calcium; P, phosphorous. Cheese codes are: CLB(BC2.5 and CLCC refer to the cheeses made
using CL culturel{actococcus lactis subsplactis andcremoris) with bovine chymosin at the regular level
(CLBC1) or at 2.5-fold the regular level (CLBC2.6),with camel chymosin (CLCC) at the regular level
the matching variants made the AC culture (QOLagtobacillus helveticus) are similarly denoted. Data are
the mean values of three replicate trials; valuglsimva row did not significantly differ] < 0.05) for any

of the measured factors.



Table3
Statistical significance$Pfvalues) for effects of coagulant and ripening timmemicrobiology,
lactose metabolism and pH in half-fat, half-sale@thar-style cheeses made using control- (CL) or

adjunct- (AC) culture?

Factor Starter NSLAB Lb. Lactose Total pH
helveticus lactate

CL culture
Main plot

Coagulant (C) - - - - ok
Sub-plot

Ripening time (RT) *** ok Hohk Kok Kok
Interaction (C x RT) - - - - ook

AC culture
Main plot

Coagulant (C) - - - - - *
Sub-plot

Ripening time (RT) *** il kel ok ok Kook
Interaction (C x RT) - - - S - Hokk

@ Abbreviation: NSLAB, non-starter lactic acid bageDegrees of freedom (df): 2 for coagulant; 3
for ripening time except in the case of pH wheer¢hwere 5; 6 for interaction of coagulant and
ripening time except in the case of pH where theree 10. Significance levels: P, < 0.05; **, P <

0.01; ***, P < 0.001.



Table4
Statistical significance$Pfvalues) for effects of coagulant and ripening toneprimary and
secondary proteolysis, and fracture and cookingemtes in half-fat, half-salt Cheddar-style

cheeses made using control- (CL) or adjunct- (A@uce.®

Factor asp-casein p-casein pH 4.6-SNFAAs  Fracture FirmnessFracture Flow EW
stress strain

CL culture
Main plot

Coagulant (C) Hhk - * Hok * X i ) )
Sub-plot

Ripening time (RT) *kk * *kk *kk *kk *kk *kk *kk *% *
Interaction (C x RT) * - * * - * - - -
AC culture
Main plot

Coagulant (C) *kk - - - - - - - -
Sub-plot

Ripening time (RT) *** * ok ok ok ook ok Kk kkk

Interaction (C x RT) ** - - - - - - - -

’Abbreviations are: pH 4.6-SN, pH 4.6 soluble nigegFAA, free amino acids; EW, work
required to stretch the heated cheese to 380 mgreBs of freedom (df) 2 for coagulant; 4 for
ripening time; 8 for interaction of coagulant amening time. Significance levels: P, < 0.05;

** P <0.01; ** P <0.001.



Table5
Changes in percentage of intagi- andp-casein in half-fat, half-salt Cheddar-style cheasade

using control or adjunct culturg.

Casein Control culture (CL) Adjunct culture (AC)
CLBC1 CLBC2.5 CLCC ACBC1 ACBC25 ACCC

30 day-old cheese
Intactp-casein 139 159 14.9 14.3 14.7 15.6
Intactas-casein 140 100 188 1558 114 21.7
os-casein (f24-199) 1137 13.3 6.6 11.2 149 4.1
120 day-old cheese
Intactp-casein 148 14.4 13.8 13.5 13.3 13.7
Intactos-casein 93 7.0 150 8.3 7.6 18.9
os-casein (f24-199) 14°1 11.8 10.6 127 110 12.4
180 day-old cheese

Intactp-casein 94 9.3 10.7 12.4 11.0 10.9

Intactasi-casein 72 4L 11.8 8.2 7.0 15.G

osr-casein (f24-199) 94  7.1° 9.8 11.8 109 12.7
270 day-old cheese

IntactB-casein 82 6.3 8.¢ 8.8 7.5 10.9

Intactasi-casein 62 35 11.2 7.8 6.8 12.9

os-casein (f24-199) 8% 6.7 9.6 11.8  10.2 11.4

@Cheese codes are: CLBC1, CLBC2.5 and CLCC reftred@heeses made using CL culture with
bovine chymosin at the regular level (CLBC1) o2 &-fold the regular level (CLBC2.5), or with
camel chymosin (CLCC) at the regular level; theahigig variants made the AC culture are
similarly denoted. Data are the mean values oktheplicate trials; values within a row relating to
CL-cheeses or to AC-cheeses and not sharing a carfower-case superscript differ

significantly P < 0.05).



Table6

Grading assessment of 120 and 270 day-old halhédft;salt Cheddar-style cheeses made using

control or adjunct culturé.

Cheese  Grading comments

code 120-day old cheese 270-day old cheese

CLBC1 Good texture, hint of Steady texture, slightly dry,
bitterness, low-salt tastes like a young cheese

CLCB2.5 Good cheese, smooth texture, Smooth texture, good body,
poor finish subtle sweet notes

CLCC Slight curdy texture, good Dry mouth-feel, clean flavour,
flavour, salty finish low-fat

ACBC1 Good cheese, sweet flavour Steady texture, sweet flavour
notes, low-salt notes, low-fat

ACBC2.5 Smooth texture, sweet flavour Very good cheese, smooth
notes, rounded flavour texture, sweet flavour notes

ACCC Curdy texture, plain cheese, Steady texture, slightly dry

not Cheddar-like

mouth-feel, pleasant sweet
flavour with sharp finish

@Cheese codes are: CLBC1, CLBC2.5 and CLCC refdre@heeses made using CL culture with bovine
chymosin at the regular level (CLBC1) or at 2.5dfthe regular level (CLBC2.5), or with camel chyinos

(CLCC) at the regular level; the matching varianede the AC culture are similarly denoted.
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