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ABSTRACT

Cheddar cheese was made using control culbaetgcoccus lactisubsplactis), or with
control culture plus a galactose-metabolising (5@l galactose-non-metabolising (Gal
Streptococcus thermophilasljunct; for each culture type, the pH at wheyrdrge was

either low (pH 6.15) or high (pH 6.4%c. thermophiluaffected the levels of residual
lactose and galactose, and the volatile compouoiilg@pand sensory properties of the mature
cheese (270 d) to an extent dependent on the pirkhand phenotype (Gabr Gal). For all
culture systems, reducing drain pH resulted in loeels of moisture and lactic acid, a
higher concentration of free amino acids, and higinmness. The results indicate ti&xa.
thermophilusmay be used to diversify the sensory properti€gShafddar cheese, for example
from a fruity buttery odour and creamy flavour tmare acid taste, rancid odour, and a

sweaty cheese flavour at high drain pH.
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1. I ntroduction

Cheddar cheese manufacture has changed much m dsmades with advances in
mechanisation and the increase in plant througltgnécific features of large-scale modern
manufacture are the production of different vasgetg., mild, mature, vintage), the
extensive use of direct vat starter (DVS) cultuees] a higher pH at whey drainage, for
example, ~6.4—6.5 compared with ~6.1-6.2 in trad#él Cheddar cheese made using bulk
starter culture. In such factories, even where mitkein standardisation using membrane
filtration is not practiced, the various cheesemglsteps, such as starter addition, rennet
addition, gel cutting and whey drainage, tend tp&dormed on the basis of time rather than
on some objective parameter such as pH of millkuod at different stages of manufacture, or
gel firmness at cutting. Another feature, at leéadtish Cheddar cheese plants, is the routine
use of starter culture adjuncts, includBigeptococcus thermophilushich is used primarily
for its thermo- and phage- resistance propertigsalso apparently to affect flavo8c.
thermophilugs also reported to give faster acid productionrduCheddar manufacture
(Michel & Martley, 2001), which is likely to be amsated with a more effective protein
hydrolysis and peptide uptake (Cogan et al., 208w, & Haandrikman, 1997), and with the
non-utilisation of the galactose moiety of lactdsgmostSc. thermophilustrains (Thomas
& Crow, 1984, Tinson, Hillier, & Jago, 1982a).

Most strains ofsc. thermophilusised in the dairy industry are unable to metabolis
galactose (Hutkins, Halambeck, & Morris, 1986; Hask Morris, & McKay, 1985;

Robitaille, Moineau, St-Gelais, Vadeboncoeur, &tten, 2007; Thomas & Crow, 1984;
Vaillancourt, Moineau, Frenette, Lessard, & Vadetmsur, 2002). De Vin, Radstrém,
Herman, and De Vuyst (2005) reported that only ~18%9 strains o&c. thermophilus

evaluated on M17 medium supplemented with galact@se galactose positive. Similarly,
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preliminary studies in the authors’ laboratory fduhat only 8% of 51 strains &fc.
thermophilusrom the Moorepark culture collection metaboliggdactose. Thomas and

Crow (1984) investigated the galactose-metabolialnfity of Sc. thermophilugrom

different sources and found that most were galaategative (Gl because of failure to
induce galactokinase, resulting in the excretiogalhctose when grown in lactose-
containing broth. When grown under lactose limiatin J8 broth containing 20nm

galactose, partial galactose utilisation occurmedl the proportion of galactose used depended
on the generation time of cells during incubation.

Hence, the use &c. thermophilugwhich primarily metabolises only the glucose
moiety of lactose) as an adjunct culture usuakbyhts in the accumulation of galactose
during cheese manufacture (Michel & Martley, 200&kpmas, Turner, & Crow, 1980;

Tinson et al., 1982a). Bley, Johnson, and OlsoB8%)]®eported that the use of a 0.5% (w/w)
non-galactose-fermentirfgc. thermophiluas an adjunct resulted in higher level of residual
galactose in one month-old stirred curd Cheddanf@red with the control cheese) and
intensified the degree of browning in processedsbenade therefrom. Similarly, Michel
and Martley (2001) found that Cheddar cheese msithg §c. thermophilusas an adjunct
culture toLactococcus lactisubspcremorisor Lactococcus lactisubsplactis strains, had a
high residual galactose level of ~26.6 mmof-k§.48%, w/w) at 1 d. Moreover, the residual
galactose content increased as the scald tempemaasincreased from 38 °C to 41 °C (data
not reported). Tinson, Ratcliffe, Hillier, and Jad®82b) reported that high levels of residual
galactose (33 mmol Kg 0.56%, w/w) in 8 wk-old Cheddar cheese made uSing
thermophilug0.5%, w/w) as an adjunct ta. lactis subspcremoriscoincided with a higher
production of CQ, leading to the development of slits and fractumebe cheese at 8 and 14
wks. This was most probably caused by the growtmoofstarter lactic acid bacteria

(NSLAB) that are able to metabolise galactose.
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The accumulation of galactose in cheese can leptbtilems such as (i) providing a
readily fermentable carbohydrate which could infice the development of NSLAB flora
and possibly lead to defects, (ii) the presence r@ducing sugar in cheese that can cause
excessive Maillard browning on heating, and (iajlg gas production in Cheddar cheese
(Mullan, 2000; Ortakci, Broadbent, Oberg, & McMah@015). Moreover, the presence of
galactose in whey can affect the rate of growtladtfose crystals during whey processing
and increase the propensity of the resultant wiosyder to browning during storage
(Dattatreya, Lee, & Rankin, 2010; Paterson & Smakm2@11). While many of the foregoing
studies (Bley et al., 1985; Hutkins et al., 1986¢i| & Martley, 2001) studied the effects of
Sc. thermophilugas an adjunct on composition and sugar metaboliggre unaware of any
that investigated their effects on proteolysispibgy or sensory properties, despite its
apparent impact on flavour development. Moreovetd appear to be few, if any, studies on
the comparative effect of galactose positive {Izahd galactose negative (G&c.
thermophilusas adjunct culture on the latter aspects of chgeskty.

The objective of the current study was to comphaeeeffects of Galand Galstrains
of Sc. thermophiluas an adjunct culturen the composition, sugar metabolism, pH,
proteolysis, volatile compounds, texture, microbgyl and sensory properties of Cheddar
cheeses prepared made with a high drain pH (6a45h modern manufacture, or a low drain

pH (6.15), as in more traditional manufacture.

2. Materials and methods

2.1.  Preparation of cheese milk
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Holstein-Friesian cows’ milk (3000 kg) was obtairfezim a spring-calving herd
(Moorepark, Fermoy, Ireland). Milk samples werendgtardised to a protein to fat ratio of
0.96:1, stored overnight at 8 °C, pasteurised aC/for 15 s, cooled to 31 °C, and pumped

to cheese vats (500 L).

2.2.  Starter cultures for cheesemaking

Defined strain starter cultures were used in cheakeng (c. lactissubsplactis
strains 227 and 303; Chr. Hansen Ireland Ltd.|d_Ifland, Ireland). Both cultures were
grown overnight at 24 °C in reconstituted 10% (wantibiotic-free skim milk powder
solution (Golden Vale Food Products Ltd., Charleyilreland) that had been heat treated at
95 °C for 30 min. When the pH of the inoculatedkméached between pH 4.5 to 5.0, the
cultures were cooled and stored at 4 °C until meglior cheesemaking (1 d).

Adjunct starter cultures @c. thermophilufrom the Moorepark culture collection
were screened on the basis of sugar metabolisaifieation rate and salt sensitivity. One
galactose metabolising (DPC 1796) and one galactosenetabolising (DPC 5095k.
thermophilusstrain were selected for cheesemaking. Both cudtwere grown overnight at
37 °C in reconstituted 10% (w/v), antibiotic-frdem milk powder solution (Golden Vale
Food Products Ltd.) as described above.

For convenience, the cultures used in cheesemakeng denoted as follows: control
culture C, consisting dfc. lactissubsplactis strain 227 and 303, each inoculated at a level
of 0.075% (w/w); Gdlculture, consisting of the control culture and Eg@se-metabolising
Sc. thermophilu®PTC 1796 (inoculated at a level of 0.25%, w/and Gal culture,
consisting of the control culture C plgalactose non-metabolisit8¢. thermophiluPPTC

5095 (inoculated at a level of 0.25%, w/w)
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140 2.3. Cheese manufacture and treatments

141

142 Six different treatment cheeses were manufactureach of three replicate trials

143 undertaken over a three-week period from Octobdo2lovember 11, 2011. The cheeses
144  were denoted as: high-drain pH (6.45) made usittgreuC (HDpHC); high-drain pH with
145 Gal culture (HDpHGal); high-drain pH with Galculture (HDpHGa&); low-drain pH (6.15)
146  with culture C (LDpHC); low-drain pH with Gatulture (LDpHGal); low-drain pH with

147 Gal culture (LDpHGa).

148 The manufacture of cheese involved inoculationnafesemilk with_c. lactissubsp.
149 lactis strain 227 and 303, each at a level of 0.75% (wAalgditionally, Sc. thermophilug79
150 was added to milk for the HDpHGadnd LDpHGal cheeses, anBic. thermophilu§095 to
151 milk for the LDpHGal and HDpHGalcheesesSc.thermophilusl79 and 5095 were each
152 inoculated at a level of 0.25% (w/w). The meanahitount of thd_c. lactissubsplactiswas
153 ~1 x 10 cfu mL* in all milk lots, while that of th&c. thermophilusias ~ 6.2 x 1Dcfu mL
154 'in the LDpHGal, LDpHGal, HDpHGal and HDpHGalmilk. Thirty minutes later, rennet
155 (Chymax Plus, Chr. Hansen Ireland Ltd., 200 IMCU ldiluted 1:10 in de-ionised water,
156 was added at a level of 36 IMCU kfased on a protein level of 3.3 g 10brgilk, and

157 mixed in for 1.5 min to ensure uniform distributidmmediately, a sample of the rennet-
158 treated cheese milk was taken from the cheesandtplaced in an insulated glass container.
159  Within 2 min, a 13 g subsample was placed in thieof@ controlled stress rheometer (CSL2
160 500 Carri-Med, TA Instruments, Inc., New Castle,, DESA) located in an adjacent

161 laboratory, and subjected to a low oscillatingistid 0.025 at a frequency of 1 Hz at 31 °C.
162 The development of elastic shear modulus, G', asureaf gel stiffness, was measured as a

163 function of time; when G' reached 54 Pa, cuttinghefgel in the cheese vat was initiated.
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Following a 1.5 min cutting programme, the resultand particle-whey mixture was
allowed to stand quiescently (heal) for 10 minntk@rred continuously, cooked at a rate of
0.2 °C min* from 31 to 38.5 °C, which is typical of the scathperature used in
commercial practice for Cheddar cheese made witlwjthout, Sc. thermophilugs an
adjunct culture. Whey was separated from the curenathe pH of the curd reached 6.45 for
the high-drain pH cheeses (HDpHC, HDpHG#&DpHGal) and 6.15 for the low-drain pH
cheeses (LDpHC, LDpHG3ILDpHGal). The curds were Cheddared, milled at pH 5.35,
salted at a level of 2.7% (w/w), mellowed for 2thnplaced in rectangular moulds (23 kg),
and pre-pressed at 0.13 kPa for 30 min. The mouwdtledses were then placed in a
horizontal press and pressed overnight at 2.5 KRatal of two cheeses, each weighing ~20
kg, was obtained for each treatment on each ahttee separate cheesemaking occasions
(trials).

Cheeses were vacuum-packed and stored at 4 °@ fahd at 8 °C thereafter.

2.4. Sampling of cheese

Cheeses (from 20 kg blocks) were sampled at difteammes (1, 14, 30, 90, 180, 270

d) over the 270 day ripening period, as describeHdu, McSweeney, Beresford, and

Guinee (2014Db).

2.5.  Composition analysis of cheese

Grated cheese samples were analysed at 14 d fetureiprotein, fat, NaCl,

moisture, ash, Ca and P using standard IDF mett@@gsee, Harrington, Corcoran,
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Mulholland, & Mullins, 2000). The pH was measurdgtaeach sampling date on cheese

slurry prepared from 20 g of grated cheese anddi&tdjed water (Guinee et al., 2000).

2.6. Microbial counts in cheese

Starter lactococci were enumerated on LM17 agar aftubation at 20 °C for5d
and theSc. thermophiluadjunct cultures were also enumerated on LM17 afyer
incubation at 43 °C for 3 d (ISO/IDF, 2010).

Cheeses were analysed for counts of non-startiée Ead bacteria on LBS agar, as
described previously (Hou, Hannon, McSweeney, Berés& Guinee, 2012). Coliform
were enumerated by pour-plating on Violet Red Bidmar (VRBA) incubated at 30 °C for 24

h.

2.7. Lactose and lactate in cheese

Lactose, glucose and galactose were extracted aadured using high performance
liquid chromatography (HPLC) as described previplbyl Hou et al. (2014b); HPLC was
performed using a 300 x 7.8 mm Aminex HPX-87C catigchange carbohydrate column
(Bio-Rad Laboratories, Richmond, CA, USA) and detecwith a Waters 2414 refractive
index detector (Waters, Bray, Ireland). The coneiuns of sugars in the cheeses were
calculated by comparing the peak area of samplgsstandard curves. Sugar concentrations
were calculated as g 100 gheese.

Similarly, b(-)- andL(+)- lactate were extracted and separated as deslcpreviously
by Hou et al. (2014b); HPLC was performed usindnarfdmenex chirex 3126 cation

exchange silica column (Phenomenex, Hurdsfield lsd., Macclesfield, UK) and detection



213 was with a Waters 2487 dual wavelength absorbaetsetbr (Waters) as described

214 previously by Hou et al. (2014b). The concentratbiotal lactate was calculated as the sum
215 of b(-)- andL(+)- lactate; each analysis was carried out inidafs.

216

217 2.8. Proteolysis

218

219 The level of pH 4.6-soluble nitrogen (pH4.6-SN) wasasured as described by Hou,
220 Hannon, McSweeney, Beresford, & Guinee (2014a).cdmeentration of individual free

221 amino acids (FAASs) in the pH4.6-SN extract wereedeined using cation-exchange

222 chromatograhy on a Beckman 6300 High Performanady&ar (Beckman Instruments Ltd.,
223 High Wycombe, UK), as described by Fenelon, Guibstahunty, Murray, and Crowe

224 (2000).

225

226 2.9. Rheology

227

228 Six cheeses cubes (25 moubes) were cut from each treatment cheese using a
229 Cheese Blocker (Bos Kaasgreedschap, BodengravémeiNeds), wrapped in tin foil, and
230 stored at 8 °C overnight prior to analysis. Eadhecwas compressed by 70% on a texture
231 analyser (model TA-HDI, Stable Micro Systems, Gadal, UK) with a 5 mm compression
232 plate and a 100 kg load cell, as described prelydtiou et al., 2014a). The following

233 rheological parameters were calculated from theltast force/displacement curves: fracture
234 stress (kPa), the stress at fracture, as indidatéde inflection point of the curve; fracture
235 strain, the fractional displacement at fracturel irmness, the force required to compress
236 the cheese to 30% of its original height.

237

10



238 2.10. Volatile compounds

239

240 The 270 day old cheeses were analysed in triplfoateolatile compounds. For each
241 cheese, a 5 g sample was analysed by solid phase-extraction (SPME) coupled to a gas
242 chromatograph (GC)-mass spectrometer (MS). Volatlapounds were separated under the
243 conditions defined by Hannon, Kilcawley, Wilkinsddelahunty, and Beresford (2007).
244

245 2.11. Descriptive sensory analysis

246

247 The sensory properties of the 270 day old cheesasdach of the three replicate
248 trials were evaluated using descriptive sensoryyaisa as described previously (Hou et al.,
249 2014a). The results are presented as a principaponent (PC) plot. Attributes scored for
250 odour included pungent, sweaty/cheesy, rancidtyfrbuttery and caramel; attributes for
251 flavour were pungent, farmyard, creamy, rancidiyruuttery, caramel and sweaty/cheesy,
252  while those for taste comprised throat burn, swa@t, salt, bitter and astringent.

253

254 2.12. Statistical analysis

255

256 Three replicate cheesemaking trials were undertaaeh with 6 treatment cheeses,
257 namely LDpHC, LDpHG4], LDpHGal, HDpHC, HDpHGal and HDpHGal Analysis of
258 variance (ANOVA) was used to determine if the tneait cheeses differed with respect to
259 response variables, such as compositional facbegecific time points (e.g., 14 d).

260 ANOVA was undertaken using SRASersion 9.1.2 (SAS Institute, 2004), where thea#

261 of treatment (different drain pH or starter systemgl replicates were estimated for all

11
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response variables. Tukey’'s multiple-comparisohwes used for paired comparison of
treatment means and the level of significance vedsrchined aP < 0.05.

The data for changes in individual response vagfduch as sugars and micro
counts) in the high and low drain pH cheeses dweduration of ripening were analysed
using a split-plot design to determine the effeétseatment, ripening time, and their
interaction. Analysis of variance for the split4ptiesign was carried out using a general
linear model (GLM) procedure of SAS (SAS Institu2804), and significance Bt< 0.05
determined using Fisher’s least significant differe test.

The data for volatile compounds and descriptivessgnanalysis, measured at 270 d
only, were analysed using PCA by Unscrambler V(EAMO AS, N-7041 Trondheim,

Norway). The results are presented as a princgralbonent (PC) plot.

3. Results

3.1. Cheese manufacturing time

The use of5c. thermophiluadjunct cultures and alteration of pH at wheymage
had varying effects on the times for the differstaiges of manufacture, namely the curd
residence time in cheese vat (time from gel cutingyhey drainage), Cheddaring time (time
from whey drainage to curd milling), and total maiwee (time from starter culture addition
to curd milling).

The curd residence time in the cheese vat for bpHHcheeses (53-54 min) was
significantly lower than that for the LDpH chee¢#85-135 min). However, the Cheddaring

time for the HDpH cheeses (~125-150 min) was gdigdamger than that of the LDpH

12



286 cheeses (71-87 min) (Table 1). Hence, the overatlenime for corresponding LDpH and
287 HDpH cheeses did not significantly differ.

288 Starter culture had a significant effect on thaltatake time of the HDpH chesses,
289 with that for the HDpHGA&lcheese (260—288 min) being significantly shotgr<30 min)
290 than that of the corresponding control HDpHC or HOQal cheeses.

291

292 3.2. Composition at 14 d

293

294 The gross composition of the cheese was affectgaHoyut not by starter culture
295 type (Table 1). The moisture content of the LDpldetes was below the maximum level
296 (39%, wi/w) specified for Cheddar cheese (HMSO, 19@6ile that of the HDpH cheeses
297 was higher. Despite the difference in moisture eohbetween the LDpH and HDpH cheeses
298 (1.6-2.3%, depending on starter culture system)u#ieelhigher moisture content of the
299 HDpH cheeses was significant only in the case opHBal cheese. A similar trend was
300 noted for content of moisture-in-fat substances B3N

301

302 3.3. Changes in sugars during ripening

303

304 3.3.1. Lactose and galactose

305 The effects of drain pH and starter culture sysbtenthe changes in lactose and
306 galactose over the course of ripening are showiignla—d and Table 2. The mean level of
307 residual lactose in the LDpH cheeses over the 2ifething period was significantly

308 affected by starter culture system, ripening time neir interaction (Fig. 1a). The mean
309 lactose content in the HDpH cheeses was, similarfijgenced by ripening time, but not by

310 starter culture (Fig. 1b).

13
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Lactose content decreased during maturation (RBigb)l and was, essentially, fully
metabolised in all cheeses by 90 d, apart fromLDeHC cheese that had a significantly
higher content than that of the corresponding LDpH@nd LDpHGalcheeses at this time.
The mean lactose level over the 270 d ripeningopdn the LDpHC cheese was significantly
higher than that in the corresponding LDpHGaid LDpHGalcheeses. The results indicate
that residual lactose content in Cheddar cheed@(@<days old) can be reducedthg use of
Sc. thermophilugGal’ or Gal) as a culture adjunct when the pH at whey drainsatmw, or
by increasing the pH at whey drainage when thesshesemade using the control starter
culture.

The galactose content at 1 d varied from ~0.2—-0€28&mained relatively constant
between d 1 and 14, and thereafter decrease®105% in all cheeses at 180 d (Fig. 1c,d).
Starter culture had a significant effect on the mgalactose level over the 270 d ripening
period in the HDpH cheeses, with the mean concéortrin the HDpHGa] cheese being
higher than that of the HDPHC or HDpHGeaheeses (Table 2). While a similar overall
pattern was observed in the LDpH cheeses, theteffetarter culture was not significant,
probably because of the relatively large intertvaiation in galactose content. Overall, the
results indicate that the use of the Gad. thermophiluged to higher residual galactose
content in young Cheddar cheese3( d), especially where the pH at whey drainage wa
high, as frequently is the case in large moderesdenanufacturing facilities using DVS
cultures.

The mean levels of reducing sugars (lactose pllagese) over ripening were
unaffected by the addition &c. thermophilugTable 2), indicating that the associated
increase in galactose was offset by the concomilacrtease in lactose content; similarly, the

drain pH did not significantly affect the level @ducing sugars for any of the cultures used.

14
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3.3.2. Total lactate

The metabolism of lactose and galactose resultadsignificant increase in lactate
content during the first 30 d, from ~1 to 1.3%he LDpH cheeses and 1.2-1.45% in the
HDpH cheeses; thereafter lactate levels remainatwely constant. The mean concentration
over the 270 d maturation period was significahtiyher in the HDpH cheeses than that in
the corresponding LDpH cheeses for each culture @p< 0.05). This trend is consistent
with the higher level of moisture (which is thesmit for lactose) in the HDpH cheeses.

The mean level of total lactate in the LDpH or HDgheeses over the 270 d ripening

period was unaffected by the starter culture tyfable 2; Fig. 1e,f).

3.4. pH changes during ripening

The mean pH of the LDpH and HDpH cheeses over Tled2ipening period was not
significantly affected by the starter culture, tioretheir interaction (Table 2). In contrast, the
pH at whey drainage had a significant effect, ik pH of the LDpH cheeses being slightly
(~0.07 pH units), but significantlyP(< 0.05), higher than that of the corresponding HDp
cheeses at all times. The slightly higher pH ofltbg@H cheeses concurs with their lower

contents of moisture and lactic acid.

3.5.  Microbial counts of starter and non-startactic acid bacteria (NSLAB) in cheese

3.5.1. Starter bacterid_@ctococcuy

The mean count of starter lactococci decreasedfis@ntly (P < 0.05) in all cheeses

during ripening, from ~1 x ¥ cfu g* at 1 d to ~3.2 x 10cfu g* at 270 d (Table 3; Fig.
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360 2a,b). The inclusion of Gabr Gal Sc. thermophilustrains in the starter culture did not
361 influence the mean of count over the ripening perio

362 The lactococci count in the LDpHC cheese at 27@&sd slightly, but significantly,
363 higher than that of the corresponding HDpHC ch¢Bse0.05). As the counts in both

364 cheeses (LDpHC, HDpHC) were similar at 1 d, thénbigcount in the LDpHC cheese at 270
365 d suggests a lower degree of starter cell autglygigch could be associated with its lower
366 mean level of lactic acid over the 270 d ripeniegqd (N4jera-Dominguez & Gutiérrez-
367 Méndez, 2013).

368

369 3.5.2. Adjunct bacteriaSc. thermophilus

370 The mean count dc. thermophilusver the 270 d ripening period was significantly
371 affected by starter system and ripening time imtlbé LDpH and HDpH cheeses (Table 3;
372 Fig. 2c,d).

373 Sc. thermophilugrew (from ~1 x 1®cfu g* in the milk following inoculation)

374  during cheese manufacture and pressing to reachicofi~1 x 18cfu g in the Gal and
375 Gal cheeses at 1 d (Fig. 2c,d). The populativthe Gal and Galcheesealecreased

376 significantly during ripening to ~1 x 26fu g* at 270 d. While the mean count3x.

377 thermophilusover the 270 ripening period were similar in tH2pHGal” and LDpHGal

378 cheeses, that in the HDpHGeheese was slightly, but significantly, lower thhat in the
379 HDpHGal cheese.

380 The mean count @&c. thermophilug the control cheeses (LDpHC, HDpHC) was
381 significantly lower than that of the correspondi@gl” and Galcheeses, which had similar
382 countsatld (1 x P&fu g'). NeverthelessSc. thermophilusvas present in the control
383 HDpHC and LDpHC cheeses at 21u g* cheese on 1 d, grew to ~1 x*1u g* between

384 1and>5 d, and remained essentially constantateétel through the remainder of ripening.
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The lowSc. thermophilusount in the control cheeses probably reflectssxmntamination

during cheese manufacture, even though care waa talkavoid this.

3.5.3. Non-starter lactic acid bacteria (NSLAB)

NSLAB were present in all cheeses&.2 x 16 cfu g* at 1 d and grew during
ripening, reaching counts of ~ 3.2 xX°¢fu g* — 10 cfu g* at 180 d (Table 3; Fig. 2e,f). The
mean population in the LDpH cheeses over the 2iifething period was significantly
affected by starter culture system, with the memmtin the LDpHG4l cheese being
significantly higher than that in the LDpHGaheese, and numerically, though not
significantly, higher than that in the LDpHC. Pbste analysis showed that the counts in the
LDpHGal" were significantly higher than that in the LDpHG#leese at 1, 14 and 30 d, but

similar at all other times.

3.6.  Proteolysis

The mean level of pH4.6-SN, which is indicativehgtirolysis of the insoluble intact
calcium phosphatpara-casein into water soluble peptides by residuahabsin, increased
significantly in all cheeses during ripening frod% of total nitrogen at 1 d to ~26—-29% at
270 d (data not shown). The mean level over tled2ipening was significantly affected by
starter culture system in the HDpH cheeses (Taphlith the mean level in the HDpHC
cheese being significantly lower than that in tH2pHGal’ or HDpHGal cheeses for which
it was similar; no such difference was found betwd® LDpH cheeses. However, these
differences were quite small (0.6—-1.3 %) and alikely to have had a notable effect on the
physical or sensory properties of the cheese. Fhatpvhey drainage did not affect the

content of pH4.6-SN.
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The concentration of FAASs increased significantlyidg ripening (Fig. 3), with
glutamic acid, leucine, phenylalanine and valinedpé¢he major FAAs present in all cheeses
(data not shown). The mean concentration of FAAséenLDpH or HDpH cheeses over the
270 d ripening period was not affected by the startiliture (Table 4). In contrast, pH at
whey drainage had a significant effect, with thepkDcheeses having significantly higher
mean levels of FAAs than the corresponding HDpHeske over the 270 d ripening period.
The 270 day old LDpH cheeses had significantly érdbvels of total FAAs, glutamic acid,
valine, leucine, phenylalanine, proline and lydimen the corresponding HDpH cheeses. The
differences in FAA concentration between the cheesay reflect inter-cheese differences in
peptidase activities as affected by pH, NSLAB spe¢Gobbetti et al., 1999), and degrees of

autolysis and permeability of starter and non-stdraicteria (Doolan &Wilkinson, 2009).

3.7. Rheological properties

The mean values of firmness, fracture stress auduire strain of all cheeses
decreased significantly during ripening (Table™)e decreases are consistent with the
increase in primary proteolysis of calcium phosplpatra-casein network (data not shown),
which is the main structural component of the chewratrix controlling the level of stress in
response to applied deformation, e.g., during cesgon (Guinee, 2016). Starter culture had
no effect on rheological properties of either thgpH or HDpH cheeses (Table 5), a trend
compatible with the very small differences in pH&R between the LDpH cheeses or HDpH
cheeses. In contrast, the pH at drainage hadchdisant effect on firmness, with that of the
LDpH cheeses, which had lower moisture contentl@ &l being significantly higher than

that of the HDpH cheeses (data not shown).
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435 3.8. Volatile compounds at 270 d

436

437 Thirty six different volatile compounds were iddigtil in the 270 day old cheese.
438 These comprised 10 alcohols, 8 ketones, 3 estatdeBydes, 6 acids, 2 sulphur compounds,
439 2 alkanes, 1 alkene (octene) and 1 terpene (limne@ngere identified in all of the cheeses.
440 PCA was undertaken to establish if the differerged®s could be separated by the
441 types and concentrations of volatile compoundspbbof the volatile compounds is

442 presented in Fig. 4. Principal components PC1 &2 &counted for 47% and 25% of

443 explained variance between the cheeses, respgciilelee cheeses, i.e., the control

444  (LDpHC and HDpHC) and HDpHGatheeses, scored positively on PC1, and three

445 (LDpHGal" LDpHGal and HDpHG&) scored negatively. In contrast, all cheeses,tdman
446 LDpHC and LDpHGal, scored positively on PC2. Two groupings of cheesere

447 identifiable based on their proximity on both PGl &#C2, namely the cheeses made using
448  Sc. thermophiluat high drain pH (HDpHG&land HDpHG&) or at low drain pH

449 (LDpHGal and LDpHGa). The HDpHGal and HDpHGalcheeses were associated

450 principally with ketones (butanone, acetoin), acatid, acetoin, and methyl sulphone. The
451 LDpHGal' and HDpHGélcheeses were aligned with a large range of velatimpounds

452 including fatty acids (butanoic, pentanoic, heptaramd octanoic acid), alcohols (butanol, 3
453 methyl-1-butanol, 2 heptanol, 1 hexanol), ethyeesbf fatty acids (butanoic, octanoic,

454  hexanoic), ketones (2 nonanone and 2 heptanonehydes (benzeneacetaldehyde, nonanal)
455 and limonene.

456 The control cheeses (LDpHC and HDpHC) differed fittv adjunct-containing

457 cheeses and from each other with respect to wledinpounds. The LDpHC cheese was
458 characterised by the presence of an array of \edaticluding alcohols (ethanol, 1- and 2-

459 pentanol, 3-methyl-2-buten-1-ol and 3-methyl-3-buteol), ketones (acetone, 2-butanone),
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hydrocarbons (octane, pentane, heptane), acidanbiat hexanoic) and carbon disulphide;

few volatile compounds were identified in the HDpldiazese.

3.9. Descriptive sensory analysis at 270 d

The PCA biplot for the different odour and flavautributes of the 270 d-old cheeses
is shown in Fig. 5. The first two PCs discriminaggghificantly between the cheeses and
accounted for a cumulative explained variance éb.7¥wo distinct groupings were evident
based on proximity on PC1 and PC2, namely the HD@iH&d HDpHGalcheeses that had
a sweaty, rancid flavour, a rancid and sweaty odannl acid taste, and the LDpHC and
LDpHGal cheeses that had buttery flavour, caramel odadisaet taste. In contrast, the
HDpHC and LDpHGalcheeses were separated from the above groupidgsam each
other with respect to sensory characteristics.fohraer had a fruity, creamy flavour, and a
fruity buttery odour, while the LDpHGatheese had a pungent and farmyard flavour,

pungent odour, pungent throat and astringent sensatind bitter taste (Fig. 5).

4. Discussion

The current study investigated the effects of agl@ither a galactose metabolising
(Gal') or galactose non-metabolising (Galrain ofSc. thermophilusn the properties of
Cheddar cheese made using either a low (pH 6.15gbr(pH 6.45) pH at whey drainage.
The study is of significance because of the growvasg ofSc. thermophilugas an adjunct
culture and the increase in pH at whey drainageggrapanying the transition from bulk
mesophilic starter culturé_¢. lactissubspcremorisor lactis) to direct-vat starter mesophilic

culture in large modern Cheddar cheese factoBesthermophilusvas inoculated at a level
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of 1 x 16 cfu mL* milk, resulting in counts of 1 x 2@fu g* cheese at 1 d, decreasing
gradually to ~1 x 10cfu g* at 270 d. The use of ti8. thermophiluadjuncts had
significant effects on levels of residual sugaastipse plus galactose), volatile compounds
and sensory properties of the 270 day old cheeaalegree dependent on its galactose-
metabolising ability and pH, and altering the pHvaey drainage directly affected cheese
composition (contents of moisture, MNFS), lacticddevel, pH and firmness irrespective of
the culture systems used.

While lowering the pH at whey drainage resultetbimer contents of moisture (1.6—
2.3%) and MNFS (~1.4-2.0%) in all cheeses, theceffas significant only in cheeses made
with the Gal Sc. thermophilustrain. The lower moisture content of the LDpH de=ewas
consistent with the longer residence time of thel @article-whey mixture in the cheese vat
prior to whey drainage (Everard et al., 2011). Wagpulsion in the cheese vat is more
intense than that which occurs after whey drair{fagg, during Cheddaring, salting and
moulding) because the higher surface area of the marticles in the cheese vat (compared
with slabs of fused curd particles during Cheddammfinishing vats or on Cheddaring belts)
and the higher temperature (~3 °C) compared wahdhring curd Cheddaring (Dejmek &
Walstra, 2004). The numerically higher moistureteahof the HDpH cheeses, though non-
significant in the case of the HDpHC and HDpHGaleeses, could have practical
implications, in terms of compliance to compositibspecification, quality and yield.
However, normalisation of moisture content in cleg@®duced at different pH could easily
be achieved through process intervention, wherabipfs such as firmness of gel at cutting,
curd patrticle size and rate of cooking are alt¢taginee & O’Callaghan, 2010).

Owing to their lower moisture content, the LDpH ebes had a lower mean level of
lactic acid, higher pH and higher firmness thandbeesponding HDpH cheeses. This trend

concurs with the findings of other studies (Chevamduthukumarappan, Upreti, & Metzger,
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2006; McCarthy, Wilkinson, Kelly, & Guinee, 2013)16; Rynne et al., 2004; Upreti,
Buhlmann, & Metzger, 2006). In contrast to the eatmresults, Lee, Johnson, and Lucey
(2005) found that a reduction in the pH at wheyrdrge from 6.17 to 5.82 led to a reduction
in pH of Cheddar cheese (from ~5.0 to 4.8), whimi€k, Guinee, van Hekken, Beresford,
and Malin (2007) reported no change in in the pHaif-fat Cheddar cheese when reducing
the drain pH from 6.3 to 5.85. The inter-study thpancy on the effect of drain pH on
cheese pH probably relates to differences in matwfiag conditions, such as the pH at set
and the range of pH investigated, that influenesdbncentration of calcium phosphate
which buffers the pH of cheese upwards (Lucey &,A®93). Reducing drain pH by
lowering the set pH (e.g., by pre-acidificatiortloé cheese milk) is conducive to a reduction
in the ratio of calcium phosphate to casein, a fdwdfering capacity and a lower cheese pH
(Lee et al., 2005). Conversely, lowering drain pHeltending the curd residence time of the
curd/whey mixture in the cheese vat, as in theeturstudy, is conducive to lower moisture
content, a slightly higher pH, and has little, or affect on the calcium-to-casein ratio (Table
1).

Lactose was present in all cheeses at 1 d, wittdldem the control LDpHC and
HDpHC cheeses (~0.25-0.3%) being higher than &hat15%) in the corresponding cheeses
(LDpHGal’, LDpHGal, HDpHGal, HDpHGal) made using the Gabr Gal strains ofSc.
thermophilus Moreover, the use of tH&c. thermophiluadjunctded to faster depletion of
lactose, especially in the LDpH cheeses, in whacldse was fully metabolised at 90 d in the
LDpHGal" and LDpHGalcheeses compared with 180 d in the LDpHC cheeigfh. tdsidual
lactose content in Cheddar cheeses has been psvreported by others (Hou et al., 2012,
Shakeel-Ur-Rehman, Waldron, & Fox, 2004; Upreti &tleer, 2006). The current study
indicated that increasing the pH at whey drainaghe control Cheddar cheese (made with

mesophilic culture) and the use of Gallilture are effective means of reducing the residu

22



535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

lactose content in Cheddar cheese. In contrabettrénd noted for lactose, cheeses made
usingSc. thermophilugLDpHGal’, LDpHGal, HDpHGal and HDpHG&) had relatively

high levels of residual galactose (~0.075-0.2%.2+#1.34 rm at 1 d) compared with

control LDpHC or HDpHC cheeses (~0.025% or 18 at 1 d), especially at times30 d.

While the combined concentration of reducing sugatose and galactose) were unaffected
by Sc. thermophilugheSc. thermophilugontaining cheese may have a greater propensity to
browning on cooking because of the higher conceatraf galactose, which has lower
molecular mass than lactose and, hence, higher @uofilbeducing groups per unit weight of
reducing sugars.

The addition ofSc. thermophilutad a notable effect on both the type volatile
compounds and sensory properties of the 270 daghadses, with the effect dependent on
culture phenotype and pH. At high drain pH, theitold of Sc. thermophilugicreased the
range of volatile compounds associated with theske (HDpHGA| HDpHGal), including
butanoic acid, butanone, acetoin, dimethyl sulphand acetic acid; by comparison, the
control HDpHC cheese had few relatively few voatbmpounds, apart from acetic acid and
acetoin. The change in profile of volatile compaosiedincided with a marked transition in
sensory properties, from a buttery/fruity odour arehmy/fruity flavour in the HDpHC
cheese to a sweaty, cheesy and rancid odour aratyswheesy, rancid flavour. Such a trend
is consistent with the strong sweaty, cheesy aroinbatanoic acid, and the sour aroma of
acetic acid (Kilcawley, 2016; Singh, Drake, & Cadlader, 2003). Similarly, the addition of
Sc. thermophiluso the low drain pH cheeses resulted in a majdt shihe profile of volatile
compounds, from a predominance of short-chain alsofethanol, methyl-butene-ols,
pentanol), hydrocarbons and ketones in the coh@pHC cheese to short chain fatty acids
(butanoic, pentanoic, heptanoic and octanoic aeithyl esters of fatty acids, alcohols,

ketones and aldehydes (benzene acetaldehyde, fpmatiae LDpHGal and LDpHGal
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560 cheeses; nevertheless, the latter cheeses vatietha&ishort chain fatty acids being more
561 closely aligned with the LDpHGatheese and aldehydes and ketones with the HDgHGal
562 cheeses. Unlike the trend observed in the HDpHsd®ehe effect dbc. thermophilusn

563 the sensory properties on the LDpH cheeses wasidepton its galactose metabolising
564 ability. Based on their closeness on both PC1 &®} Fhe LDpHGa4l and LDpHC cheese
565 were distinguished as a group and characterisbd\asg a caramel odour, sweet taste and
566 buttery flavour, with the intensity of these attries being higher in the former than the latter.
567 In contrast, the LDpHGahad a pungent odour, with a bitter, throat bustriagent farmyard
568 flavour. Hence, despite the LDpHC and LDpHGealeeses belonging to the same PCA
569 grouping for volatile compounds, they belonged thfferent grouping for the corresponding
570 descriptive sensory analyses. This confirms thas@g perception of cheese at any time is
571 complex, being determined by volatile compoundstetaompounds, texture and their

572 interaction (Szczesniak, 2002).

573

574 5. Conclusion

575

576 The use ofsc. thermophiluas an adjunct culture (te. lactissubsplactis) affected
577 the levels of residual lactose and galactose, thig of volatile compounds and sensory
578 properties of Cheddar cheese to an extent dependehte drain pH an8c. thermophilus
579 phenotype (Galor Gal). At high drainage pH (6.45), the use of both ®alGal strains of
580 Sc. thermophilugave Cheddar cheese that had a sweaty, rancalflaa rancid and sweaty
581 odour, and acid taste at 270 d, compared with obatreese (without adjunct) that had a
582 fruity, creamy flavour, and a fruity butter odo@onversely, at low drain pH (6.15), the
583 control cheese and cheese made using &ain ofSc. thermophilusvere closer in sensory

584 properties (buttery flavour, caramel odour and $uaste) than the cheese made using the
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Gall strain ofSc. thermophilysvhich had a pungent and farmyard flavour, pungeiour,
pungent throat and astringent sensations, and tagee. For both the control culture and
adjunct-containing cultures, reducing the pH at yti&inage from 6.45 to 6.15 resulted in
cheese that had lower levels of moisture and FAW,w&as firmer. The results suggest tBat
thermophilusas a starter culture adjunct may be used as amnué@neating Cheddar cheese
variants with distinctive flavour profiles; but wihesing GalvariantSc. thermophilughe

pH at whey drainage should be increased to aveddeumulation of high levels of residual

galactose during ripening.

Acknowledgements

This work was funded by the Department of AgrictdiUFisheries and Food, under
the National Development Plan and Food InstitutiGtesearch Measure with project

reference no. 0BRDC604.

References

Bley, M., Johnson. M., & Olson. N. (1985). Factaffecting nonenzymatic browning of
process cheesdournal of Dairy Sciengé8, 555-561.

Chevanan, N., Muthukumarappan, K., Upreti, P., &2der, L. E. (2006). Effect of calcium
and phosphorus, residual lactose and salt-to-nreisaio on textural properties of

cheddar cheese during ripenidgurnal of Texture Studig37, 711-730.

25



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

Cogan, T. M., Beresford, T. P., Steele, J., Broatlkk, Shah, N. P., & Ustunol, Z. (2007).
Invited review: advances in starter cultures antuoed foods.Journal of Dairy
Science90, 4005-4021.

Dattatreya, A., Lee, W., & Rankin, S. A. (2010)e&ence of galactose and glucose promotes
browning of sweet whey powdetournal of Dairy Scien¢®3, 2354-2357.

Dejmek, P., & Walstra. P. (2004). The syneresiseahet-coagulated curd. In P. F. Fox, P. L.
H. McSweeney, T. M. Cogan & T. P. Guinee (Ed@)eese: Chemistry, physics and
microbiology Vol. 1. General aspec{8rd edn., pp. 71-103). London, UK. Elsevier
Ltd.

De Vin, F., Radstrom, P., Herman, L., & De Vuyst(2005). Molecular and biochemical
analysis of the galactose phenotype of d&tngptococcus thermophilgsrains reveals
four different fermentation profile&\pplied and Environmental Microbiologyl,
3659-3667.

Doolan, I. A., & Wilkinson, M. G. (2009). Comparisof the effects of various attenuation
methods on cell permeability and accessibilityndfacellular enzymes ibactococcus
lactis strains.International Dairy Journal19, 215-221.

Everard, C. D., O'Callaghan, D. J., Mateo, M. A&sfillo, M., Payne, F. A., & O’'Donnell, C.
P. (2011). Effects of milk composition, stir-ount, and pressing duration on curd
moisture and yieldJournal of Dairy Sciencé®4, 2673-2679.

Fenelon, M. A., Guinee, T. P., Delahunty, C., Myrida, & Crowe, F. (2000). Composition
and sensory attributes of retail Cheddar cheegdediffierent fat contentslournal of
Food Composition and Analysik3, 13-26.

Gobbetti, M., Lanciotti, R., De Angelis, M., Corbd, R., Massini, R., & Fox, P. (1999).

Study of the effects of temperature, pH, NaCl, awdon the proteolytic and lipolytic

26



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

activities of cheese-related lactic acid bacteyigbadratic response surface
methodologyEnzyme and Microbial Technolod@b, 795-809.

Guinee, T. P. (2016). Protein in cheese produtisctsire-function relationships. In P. L. H.
McSweeney & J. A. O'Mahony (Ed#ddvanced dairy chemistry.Vol. 1B. Proteins,
applied aspect&™ edn., pp. 347-415). New York, NY, USA: Springer.

Guinee, T. P. & O'Callaghan, D. J. (2010). Conairadl prediction of quality characteristics in
the manufacture and ripening of cheese. In Law BR A. Y. Tamime (Eds),
Technology of cheesemaki(@® edn., pp. 260-329). Oxford, UK: Blackwell
Publishing Ltd.

Guinee, T. P., Harrington, D., Corcoran, M. O., klland, E. O., & Mullins, C. (2000). The
compositional and functional properties of commedrmozzarella, Cheddar and
analogue pizza cheesdsternational Journal of Dairy Technolog$3, 51-56.

Hannon, J. A., Kilcawley, K. N., Wilkinson, M. @elahunty, C. M., & Beresford, T. P.
(2007). Flavour precursor development in Cheddaesé due to lactococcal starters
and the presence and lysisLaictobacillus helveticusnternational Dairy Journal17,
316-327.

HMSO. (1996).The Food Labelling Regulations 1996. Standardstlrist1996, No. 1499.
London, UK: Her Majesty’s Stationary Office.

Hou, J., Hannon, J. A., McSweeney, P. L., BeresfordP., & Guinee, T. P. (2012). Effect of
curd washing on composition, lactose metabolism,gtd the growth of non-starter
lactic acid bacteria in full-fat Cheddar chedsgéernational Dairy Journgl25, 21-28.

Hou, J., Hannon, J. A., McSweeney, P. L., BeresfordP., & Guinee, T. P. (2014a). Effect
of curd washing on cheese proteolysis, texturggtilelcompounds, and sensory

grading in full fat Cheddar cheespternational Dairy Journgl34, 190-198.

27



657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

Hou, J., McSweeney, P. L., Beresford, T. P., & @einl. P. (2014Db). Effect of curd washing
on the properties of reduced-calcium and standaldeen Cheddar chees#ournal of
Dairy Science97, 5983-5999.

Hutkins, R., Halambeck, S. M., & Morris, H. A. (1838 Use of galactose-fermenting
Streptococcus thermophilus the manufacture of Swiss, mozzarella, and smethod
Cheddar cheesdournal of Dairy Scienge&9, 1-8.

Hutkins, R. O., Morris, H. A., & McKay, L. L. (1985Galactose transport Btreptococcus
thermophilusApplied and Environmental Microbiology0, 772—-776.

ISO/IDF. (2010) Fermented milk products Bacterial starter cultures Standard of identity.
International standard: ISO 27205 and IDF 148eneva, Switzerland: International
Standardisation Organisation.

Kilcawley, K. N. (2016). Cheese flavour. In P. BXET. P. Guinee, T. M. Cogan, & P. L. H.
McSweeney (Eds.J;undamentals of cheese scielf@¥ edn, pp. 443—-474). New York,
NY, USA: Springer.

Law, J., & Haandrikman, A. (1997). Proteolytic enm®s of lactic acid bacterimternational
Dairy Journal 7, 1-11.

Lee, M. R., Johnson, M. E., & Lucey, J. A. (2008)pact of modifications in acid
development on the insoluble calcium content aedldgical properties of Cheddar
cheeseJournal of Dairy Science8, 3798—3809.

Lucey, J. A., & Fox, P. F. (1993). Importance oficaan and phosphate in cheese
manufacture: a reviewodrnal of Dairy Sciencg76, 1714-1724.

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 Technoladb, 587—-611.

28



681 McCarthy, C. M., Wilkinson, M. G., Kelly, P. M., &uinee, T. P. (2016). Effect of salt and
682 fat reduction on proteolysis, rheology and cookpngperties of Cheddar cheese.

683 International Dairy Journal56, 74—86.

684 Michel, V., & Matrtley, F. G. (2001)Streptococcus thermophilis Cheddar cheese-

685 production and fate of galactosleurnal of Dairy Resear¢l®8, 317-325.

686 Mullan, W. M. A. (2000). Causes and control of gayhs production in cheddar cheese.
687 International Journal of Dairy Technology3, 63—68.

688 N§jera-Dominguez, C., & Gutiérrez-Méndez, N. (20E3)tolytic and proteolytic properties
689 of strains ofLactococcus lactissolated from different vegetables, raw-milk chees
690 and commercial starter culturé®od and Nutrition Scienced, 21-26.

691 Ortakci, F., Broadbent, J. R., Oberg, C. J., & Mtidia, D. J. (2015). Growth and gas

692 production of a novel obligatory heterofermentatBleeddar cheese nonstarter

693 lactobacilli species on ribose and galactdseirnal of Dairy Scienc®8, 3645-3654.

694 Paterson, A. H. J., & Smakman, T. (2011). Effeag@fctose concentration on the reaction

695 kinetics of lactose crystallizations. @hemeca 2011: Engineering a better wq(beb.
696 334-340): Sydney Hilton Hotel, NSW, Australia, 1&8-&eptember 2011. Barton, ACT,
697 Australia: Engineers Australia.

698 Robitaille, G., Moineau, S., St-Gelais, D., Vadetmeur, C., & Britten, M. (2007). Galactose

699 metabolism and capsule formation in a recombingatrsof Streptococcus
700 thermophiluswith a galactose-fermenting phenotypeurnal of Dairy Scienc&0,
701 4051-4057.

702 Rynne, N. M., Beresford, T. P., Kelly, A. L., & Guge, T. P. (2004). Effect of milk

703 pasteurization temperature and in situ whey praleimaturation on the composition,
704 texture and heat-induced functionality of half-@teddar cheestnternational Dairy
705 Journal 14, 989-1001.

29



706 SAS Institute. (2004)SAS User's Guide: Statistidgersion 9.12 edCary, NC, USA: SAS
707 Inst., Inc.

708 Shakeel-Ur-Rehman, Waldron, D., & Fox, P. F. (20@&ect of modifying lactose

709 concentration in cheese curd on proteolysis amphality of Cheddar cheese.

710 International Dairy Journgl14, 591-597.

711 Singh, T. K., Drake, M. A., & Cadwallader, K. RO@3). Flavor of Cheddar cheese: A

712 chemical and sensory perspectiZ@emprehensive Reviews in Food Science and Food
713 Safety 2, 166—-189.

714 Szczesniak, A. S. (2002). Texture is a sensorygrtgd-ood Quality and Preferencé3,

715 215-225.

716 Thomas, T. D., & Crow, V. L. (1984). Selection aflgctose-fermentin§treptococcus

717 thermophilugn lactose-limited chemostat culturégplied and Environmental

718 Microbiology, 48, 186—191.

719 Thomas, T. D., Turner, K. W., & Crow, V. L. (198@alactose fermentation by

720 Streptococcus lactisndStreptococcus cremoripathways, products, and regulation.
721 Journal of Bacteriologyl44, 672—682.

722 Tinson, W., Hillier, A. J., & Jago, G. R. (19828)etabolism ofStreptococcus thermophilus
723 1. Utilization of lactose, glucose and galact@sestralian Journal of Dairy Technology
724 37, 8-13.

725 Tinson, W., Ratcliffe, M. F., Hillier, A. J., & Jag G. R. (1982b). Metabolism of

726 Streptococcus thermophilu3, Influence on the level of bacterial metabolites

727 Cheddar chees@ustralian Journal of Dairy Technolog$7, 17-21.

728 Tunick, M. H., Guinee, T. P., van Hekken, D. L.r&ford, T. P., & Malin, E. (2007). Effect
729 of whey drainage pH on composition, rheology, aradtimg properties of reduced-fat

730 Cheddar chees®lilchwissenschafi62, 443-446.

30



731

732

733

734

735

736

737

738

739

740

741

Upreti, P., & Metzger, L. E. (2006). Influence @flcium and phosphorus, lactose, and salt-
to-moisture ratio on Cheddar cheese quality: Martufa and compositiodournal of
Dairy Science89, 420-428.

Upreti, P., Buhlmann, P., & Metzger, L. E. (200Bfluence of calcium and phosphorus,
lactose, and salt-to-moisture ratio on Cheddarssheeality: pH buffering properties
of cheeseJournal of Dairy Science9, 938—950.

Vaillancourt, K., Moineau, S., Frenette, M., Leskd®., & Vadeboncoeur, C. (2002).
Galactose and lactose genes from the galactosevedsacteriunStreptococcus
salivariusand the phylogenetically related galactose-negdiacteriunttreptococcus
thermophilus organization, sequence, transcription, and dgtofi thegal gene

productsJournal of Bacteriologyl84, 785—793.

31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Figurelegends

Fig. 1. Changesin the leve of residual lactose (a and b), galactose (c and d) and total lactate
(eand f) during ripening in low drain pH (broken line, open symbol) and high drain pH (solid
line, closed symbol) Cheddar cheeses made with control starter culture (LDpHC, A;
HDpHC, A), control starter culture with galactose metabolising Sc. thermophilus culture
adjunct (LDpHGa",0; HDpHGal*, @) or control starter culture with galactose non-
metabolising Sc. thermophilus as culture adjunct (LDpHGal",L1; HDpHGa", B). Values are

the means of three replicate trials; error bars represent standard deviations of the mean.

Fig. 2. Changesin the counts of starter Lactococcus (aand b), Sc. thermophilus (c and d) and
non-starter lactic acid bacteria (e and f) during ripening in low drain pH (broken line, open
symbol) and high drain pH (solid line, closed symbol) Cheddar cheeses made with control
starter culture (LDpHC,A; HDpHC, A), control starter culture with galactose metabolising
Sc. thermophilus culture adjunct (LDpHGal™,0; HDpHGal*, @) or control starter culture
with galactose non-metabolising Sc. thermophilus as culture adjunct (LDpHGa",L;
HDpHGal", B). Values are the means of three replicate trials; error bars represent standard

deviations of the mean.

Fig. 3. Changes in the concentrations of total free amino acids (FAA) during ripening in low
drain pH (&, broken line, open symbol) and high drain pH (b, solid line, closed symbol)
Cheddar cheeses made with control starter culture (LDpHC, A; HDpHC, A), control starter
culture with galactose metabolising Sc. thermophilus culture adjunct (LDpHGa™, O;

HDpHGal*, @) or control starter culture with galactose non-metabolising Sc. thermophilus as
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culture adjunct (LDpHGal", [1; HDpHGal", ). Vaues are the means of three replicate trials;

error bars represent standard deviations of the mean.

Fig. 4. PCA showing the first two principal components of volatile compoundsin 270 day
old low drain pH and high drain pH Cheddar cheeses made with control starter culture
(LDpHC; HDpHC), control starter culture with galactose metabolising Sc. ther mophilus
culture adjunct (LDpHGal™; HDpHGal™) or control starter culture with galactose non-
metabolising Sc. thermophilus as culture adjunct (LDpHGal"; HDpHGal"). Values are the

means of three replicate trials.

Fig. 5. PCA showing the first two principal components of descriptive sensory odour and
flavour attribute in 270 day-old low drain pH and high drain pH Cheddar cheeses made with
control starter culture (LDpHC; HDpHC), control starter culture with galactose metabolising
Sc. thermophilus culture adjunct (LDpHGal™; HDpHGa ™) or control starter culture with

gal actose non-metabolising Sc. thermophilus as culture adjunct (LDpHGal"; HDpHGal").

Values are the means of three replicate trials.



Tablel

Effect of different starter culture and pH at whdrginage on the composition of 14 day old Cheddar

cheeses and the times required for different stabemnufacture’

Parameter Low drain pH cheese High drain pH cheese
LDpHC LDpHGal LDpHGal HDpHC HDpHGal HDpHGal

Cheese composition

Moisture (%, w/w) 38% 387" 38.7F 40.#* 40.9* 41.6"
Fat (%, w/w) 30.7* 30.8" 30.7* 29.84 29.P4 29.1PF
Protein (%, w/w) 25%  25.¢° 25.34 24.8"  24.4" 24.3F
Salt (%, wiw) 1.73"  1.934 1.844 1.73% 1.66" 1.64*
Ca (mg 100 9) 758* 757" 7424 777" 769" 746
Calcium to protein (mgy 29.7*  30.2" 29.34 31.#* 315" 30.7"
P (mg 100 g) 486" 480" 476" 487" ATPA 4724
SIM (%, wiw) 454" 50P" 4.748" 430" 4.08" 3.99+*
MNFS (%, w/w) 55.8" 55.6" 55.8'F 56.9" 57.6" 57.8"
FDM (%, wi/w) 49.9"  49.7° 50.0** 49.7"  49.2* 49.3*
pH 5.28% 534" 5.2g" 5.28# 524" 5.19F

Time for different stages of cheese manufacture (min)

Curd residence time 133 1047 12704 54E 54F 53 E
Cheddaring time 7t 75" 87**f 150+ 124" 15124
Total make time 28" 2524 2794 28G+* 2534 2844

& Cheeses were low drain pH (LDpH) or high drain(ptdpH) cheeses made with control culture (LDpHC,
HDpHC), galactose-metabolisirgg. thermophilus culture (LDpHGal, HDpHGal), or galactose-
metabolisingsc. thermophilus culture (LDpHGal HDpHGal). Values within a row relating to LDpH
cheeses (LDpHC, LDpHGalLDpHGal) or HDpH cheeses (HDpHC, HDpHGaHDpHGal) and not
sharing a common lower-case superscript differiaamtly (P < 0.05) for effect of starter culture; values
within a row relating to cheeses made with conttdiure (LDpHC, HDpHC), galactose-metabolisiag
thermophilus culture(LDpHGal, HDpHGal) or galactose-non-metabolisig. thermophilus culture
(LDpHGal, HDpHGal), and not sharing a common upper-case supersettipt differ significantly P <

0.05) for effect of drain pH. Abbreviations areMShKalt in moisture; MNFS, moisture in non-fat

substances; FDM, fat in dry matter.



Table?2

Statistical significanced?(values) for effects of starter culture and ripgrtime on concentrations of lactose, galactosal lattate and pH in Cheddar cheeses

made using low- or high-drain pH.

Factor Lactose Galactose Lactose + galactose Tauttite pH
daf P daf P df P df P daf P

Low drain pH cheese

Main plot

Starter system 2 0.005 2 0.158 2 0.869 2 0227 2 0.583
Sub-plot

Ripening time 5 <0.001 5 <0.001 5 <0.001 5 80.0 5 0.250
Interaction (starter system x ripening time) 10 00D 10 0.110 10 0.210 10 0.696 10 0.475
High drain pH cheese

Main plot

Starter system 2 0.073 2 0.036 2 0.394 2 0371 2 0.207
Sub-plot

Ripening time 5 <0.001 5 <0.001 5 <0.001 5 <0.001 5 0.554
Interaction (starter system x ripening time) 10 04.0 10 0.048 10 0.136 10 0.206 10 0.820

% Cheeses were made with different starter cult{(@Ce&al or Gal, as described in Materials and methods) at lohigit drain pH. Analysis of variance was

carried out using the general linear model (GLM)gadure of SAS, where the effects of treatmengniipg time and their interaction were estimatedreh

were ‘2’ degrees of freedom (df) for starter systerd ‘5’ for ripening time.



Table3

Statistical significanced?(values) for effects of starter culture and ripgrtime on counts of

Lactococcus, Sc. thermophilus and non-starter lactic acid bacteria (NSLAB) ire@tHar cheeses made

using low or high drain pH.

Factor Lactococcus Sc. thermophilus NSLAB
df P da P daf P
Low drain pH cheese
Main plot
Starter system 2 0.883 2 0.028 2 0.002
Sub-plot
Ripening time 5 <0.001 5 <0.001 5 <0.001
Interaction (starter system x ripening time) 10 50.7 10 <0.001 10 0.337
High drain pH cheese
Main plot
Starter system 2 0.120 2 <0.001 2 0.284
Sub-plot
Ripening time 5 <0.001 5 <0.001 5 <0.001
Interaction (starter system x ripening time) 10 30.3 10 <0.001 100.145

% Cheeses were made with different starter cult(Ce&al or Gal, as described in Materials and

methods) at high or low drain pH. Analysis of vada was carried using the general linear model

(GLM) procedure of SAS, where the effects of treatimripening time and their interaction were

estimated; there were ‘2’ degrees of freedom (@fstarter system and ‘5’ for ripening time.



Table4

Statistical significanced?(values) for effects of starter culture and ripgrtime on levels of pH 4.6-

soluble N (pH4.6-SN) and free amino acids (FAAsCheddar cheeses made using low or high drain

pH.?
Factor pH4.6-SN FAAs
df P df P
Low drain pH cheese
Main plot
Starter system 2 0.883 2 0.499
Sub-plot
Ripening time 4 <0.001 4 <0.001
Interaction (starter system x ripening time) 8 0.96 8 0.754
High drain pH cheese
Main plot
Starter system 2 <0.001 2 0.081
Sub-plot
Ripening time 4 <0.001 4 <0.001
Interaction (starter system x ripening time) 8 8.97 8 0.122

% Cheeses were made with different starter cult(Ce&al or Gal, as described in Materials and

methods) at high or low drain pH. Analysis of vada was carried using the general linear model

(GLM) procedure of SAS, where the effects of treatimripening time and their interaction were

estimated; there were ‘2’ for degrees of freedoff(d starter system and ‘5’ for ripening time.



Table5b

Statistical significanced?(values) for effects of starter culture and ripgrtime on the firmness,

facture stress and fracture strain of Cheddar eheesle using low or high drain pH.

Factor Firmness Facture stress Fracture strain
daf P df P df P
Low drain pH cheese
Main plot
Starter system 2 0.240 2 0.346 2 0.340
Sub-plot
Ripening time 4 <0.001 4 <0.001 4 <0.001
Interaction (starter system x ripening time) 8 0.94 8 0.453 8 0.294

High drain pH cheese

Main plot

Starter system 2 0.066 2 0.163 2 0.773
Sub-plot

Ripening time 4 <0.001 4 <0.001 4 <0.001
Interaction (starter system x ripening time) 8 3.92 8 0.483 8 0.949

& Cheeses were made with different starter cult(@e&al or Gal, as described in Materials and
Methods) at high or low drain pH. Analysis of vauta was carried using the general linear model
(GLM) procedure of SAS, where the effects of treatinripening time and their interaction were

estimated; there were ‘2’ for degrees of freedoff(d starter system and ‘5’ for ripening time.
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Figure 3.
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