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ABSTRACT

Low—moisture part—skim (LMPS) mozzarella cheesesweld at 4 °C for 0, 2 or 8 d before
freezing to —20 °C. The cheeses were frozen aeafd.6, 2.0 or 8.0 °C hand held frozen at —
20 °Cfor 1, 6, 12 or 44 weeks. After freezing, edes were stored at 4 °C for 16—37 d, resulting
in a total storage time at 4 °C (before and afteeZing) of 24-37 d (frozen—thawed mozzarella).
Control mozzarella was stored at 4 °C for 25-37h& control and frozen—thawed cheeses were
assayed for composition, primary proteolysis, mwesdistribution, texture profile analysis and
melting characteristics after similar storage tiraeg °C. Freezing under the evaluated
conditions resulted in reduced firmness of the atdek cheese but did not significantly affect the
properties of the heated cheese. The results suthgedreezing may be effectively applied to

control or extend the functional shelf-life of LM#zzarella shipped to long—distance markets.
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1. Introduction

The production of low—moisture part—skim (LMPS) rpa=lla has grown worldwide
because of the increasing popularity of pizzas  stretched—curd (pasta—filata) cheese, the
manufacture of which typically involves kneadinglatretching the fermented curd in hot water
or dilute brine until it acquires a uniform moltstmetchy consistency. The plasticisation process
confers the cheese with the ability to stretch amdiergo limited oiling—off when subsequently
baked on pizza (McMahon & Oberg, 2017).

Based on the authors’ knowledge of the South—EastnAmarket, some producers import
LMPS mozzarella from Europe, the United States tralia and/or New Zealand to compensate
issues with local milk quality and supply. Guinkgjlholland, Mullins, Corcoran, and Auty
(1999) reported that extended storage of LMPS mreflag(e.g., > 60 d at 4 °C) resulted in a
deterioration in functionality as manifested by siieedded cheese developing an increased
susceptibility to clumping/balling and the bake@&ebe exuding excess free oil, and having a
'soupy' consistency to a degree dependent on cheeg®osition and proteolysis. Bertola,
Califano, Bevilacqua, and Zaritzky (1996a) noteat fproducers freeze LMPS mozzarella for
long—distance export to minimise changes in prgtsland functionality. Relatively few studies
have investigated the effects of freezing on thesjgochemical and functional characteristics of
LMPS mozzarella. Ribero, Rubiolo, and Zorilla (2D@&ported that the freezing point of LMPS
mozzarella ranged between —1.2 °C and —2.6 °C oteitige presence of solutes (i.e., salts,
minerals, N—soluble compounds, lactose and orgaids) in the serum phase. Some studies
investigated the effects of freezing on the meatemharacteristics of LMPS mozzarella
(Cervantes, Lund, & Olson, 1983), but did not eatduother characteristics such as extensibility,

consistency and flow of the cooked cheese, whielcatical functionalities in pizza application.
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Potential issues with the freezing of cheese ireclad crystallisation in the serum phase,
mineral deposition, casein dehydration and theneipairment of the functionality of the frozen—
thawed cheese (Everett & Auty, 2008; Kuo & Gunasaka2003; Oberg, Merrill, Brown, &
Richardson, 1992). Kuo, Anderson, and Gunasek&@0B) monitored the formation of ice
crystals in small LMPS mozzarella plugs (504 #raxposed to cold air at —40 °C, using
magnetic resonance imaging (MRI) and found thaiZireg proceeded symmetrically with the
nucleation of ice crystals starting from the owtsahd progressing inwards during further cooling.

The effects of freezing mozzarella cheeses (5 x I&m) at —20 °C on the para—casein
matrix were determined using nuclear magnetic r@soa (NMR) (Kuo et al., 2003) and
scanning electron microscopy in a subsequent gkidy & Gunasekaran, 2009). The authors
observed a ruptured para—casein network in frobenved mozzarella and suggested that
formation of large ice crystals or recrystallisatiaf ice crystals during frozen storage could
potentially weaken the ability of the para—caseatrin to retain moisture, increase serum
leakage after thawing, and reduce the melt antthtiff the baked cheese. Kuo & Gunasekaran
(2003) noted that the changes in protein strucamd,thereby the changes in functionality, could
be limited by ripening LMPS mozzarella before fiegzor partially restored by ripening LMPS
mozzarella after thawing. According to Bertola le{#996a), LMPS mozzarella could be frozen
without loss of quality provided that the combirstdrage time of the cheese before and after
freezing ranged from 14 to 21 d. These findinggssted that the duration of storage, and hence
the level of proteolysis and water binding by tlaegs-casein network of the cheese, is a critical
mediator of functionality and should be tightly tmtied when freezing LPMS mozzarella to
normalize functional performance. Also, the fregaziate could be controlled to limit the size of

the formed ice crystals.
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Bunker (2016) investigated the effects of the fregzate, expressed as the time to freeze
the centre of 4 mm thick cheese slabs to —18 °@MRAS mozzarella. The author found that the
meltability of the cheese, measured by small-stagaillation rheology and expressed as the
maximum loss tangent upon heating the cheese t6@0@ecreased when the time—to—freeze
increased from 0 min to 95 min. In addition, semetocation from the centre of the cheese to its
surface was higher when cheeses were frozen t6G-1895 min as compared with 0 min.
Conversely, Bertola et al. (1996a) reported thegZmg rate, which was defined as the time for
the temperature of cheese blocks placed at —20 d@édrease from —1.1 to —6.7 °C (0.22 or 10 h),
had no effects on LMPS mozzarella. The inter—stlidgrepancy on the impact of freezing may
be related to differences in mozzarella compositinfieezing conditions.

The current study reports on the effects of fregzind key freezing conditions, including
freezing rate (FR), storage time in the freezeF]Hnd storage time at 4 °C before freezing
(TBF), on the properties of commercial LMPS mozitarencluding proteolysis, ratios of
soluble—to—total calcium and mobile serum—to—teéalim, and functionality. The effects of
freezing on these parameters in LMPS mozzarelle hav been clearly exemplified in the
literature despite of the fact that they are sthpnglated to textural, viscoelastic, stretch oltme
properties (Banville, Morin, Pouliot, & Britten, 28; Feeney, Fox, & Guinee, 2001; Guinee,
Feeney, Auty, & Fox, 2002; Imm, Oh, Han, Oh, ParKig&, 2003; Smith, Hindmarsh, Carr,

Golding, & Reid, 2017).

2. Materials and methods

2.1. Cheese treatments
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LMPS mozzarella cheeses (2.5 kg; 28 cm x 10 cntm)Bwere supplied by Milcobel
cvba (Langemark, Belgium). Seven cheese vats (&,B, E, F and G) were sampled over a
span of 1.5 years to take the variability in mitlogposition and cheese processing into account.
For each cheese vat sampled, consecutive cheedes olere removed from the production line,
such that the sampled blocks corresponded to ttiefcam the middle of the cheese vat. This
was chosen to minimise the inter—block variabitigfween cheeses taken from the vat. After
sampling, the cheeses were sealed in plastic vatags, placed at 4 °C and assigned to various
treatments: control cheeses which were stored’@tfér up to 37 d, and frozen—-thawed cheeses,
which were held at 4 °C for 0, 2 or 8 d and frozer20 °C at different rates (0.6, 2.0 or 8.0 °C
h™). The frozen cheeses were held at —20 °C for 12 @&r 44 weeks, and placed at 4 °C for a
period of 16—-37 d. All cheeses were transportelliechio the laboratory (Teagasc, Food
Research Centre, Ireland and Ghent University, iBely where the characteristics of control
and frozen—thawed cheeses were compared aftefeBedhif storage times at 4 °C to determine the

effects of freezing, storage and possible intevactffects.

2.1.1. Frozen-thawed LMPS mozzarella

The effects of the following freezing conditionsreénvestigated as treatments: freezing
rate (FR), time in freezer at —20 °C (TIF) and ag@r time at 4 °C before freezing (TBF). The
various treatments are described in Tables 1, Zarespectively, and are discussed in detall

below. For each treatment, analyses were perfooneticheeses at each storage time at 4 °C.

2.1.1.1.Effects of the freezing rate (FR)wenty—four cheeses were taken from cheese vat A
(Table 1). Six cheeses were stored at 4 °C angsethht 4, 15 or 37 d (control). Eighteen

cheeses were held at 4 °C for O d before freenrg0 °C. To simulate different cooling rates, 6

6



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

cheeses were transferred into a Styrofoam box glaca chest freezer at —20 °C (coded M1), 6
cheeses were placed individually in a chest freaze0 °C (coded M2), and 6 cheeses were
transferred into a freezing room at —40 °C for&fter which they were transferred to a chest
freezer at —20 °C (coded M3). Freeze-resistantitbeouples (176T3, Testo, Ternat, Belgium)
were used to monitor the temperature at the catesarface of the cheese blocks, and to ensure
that the temperature of cheeses placed at —40d°@adidecrease to less than —20 °C. M1, M2
and M3 resulted in cooling rates of 0.6(FR0.6), 2.0 °C (FR2.0) and 8.0 °C'(FR8.0),
respectively, as derived from the slope of theiogoturve between the start of cooling and the
onset of freezing (i.e., point where latent heatrgétallisation became visible). The cheeses
were held frozen for 6 weeks, after which they wadeeed at 4 °C and analysed after total
storage times at 4 °C of 4, 12 or 37 d (Supplemmgmteaterial, Cheese vat A). The effects of FR
were determined by comparing cheeses with diffefénafter similar total storage times at 4 °C,
while the effects of freezing were determined bsparing each FR cheese with the
corresponding control cheeses after similar tdtabge times at 4 °C. Total storage time is
defined as the cumulative time for which the cheess held at 4 °C before analysis, i.e., the

sum of storage times at 4 °C before and after iingez

2.1.1.2. Effects of the time in freezer (TIFollowing manufacture, 40 cheeses were sampled
from cheese vat C (Table 2). Eight cheeses weredstt 4 °C and analysed after 4, 10, 16 or 30
d (control). Thirty-two cheeses were held for 2d 4C and transferred to a chest freezer at —
20 °C. The TIF was varied by holding the cheesezein for 1 (TIF1), 6 (TIF6), 12 (TIF12) or 44
weeks (TIF44). After freezing, cheeses were plateti°C and analysed after total storage times
at 4 °C of 4, 10, 16 or 30 d (Supplementary mdtefibeese vat C). The effects of TIF were

determined by comparing cheeses with differentafter similar total storage times at 4 °C,



157  while the effects of freezing were determined bmparing each TIF cheese with the

158  corresponding control cheeses after similar tdtabge times at 4 °C.

159

160  2.1.1.3.Effects of the storage time before freezifige TBF was varied by holding LMPS

161 mozzarella cheeses at 4 °C for 0, 2 or 8 d befaresterring to a chest freezer at —20 °C (Table
162  3). The effects of TBF were evaluated followingedvireen—subjects design (i.e., cheese of

163  different vats was subjected to one TBF condit®mpplementary material). This approach

164  ensured a similar sample size for each TBF conditie., 24 cheeses with a TBF of O d from

165 vats A and B, 32 cheeses with a TBF of 2 d fromGvaind 24 cheeses with a TBF of 8 d from
166 vats D, E, F and G. Samples from vats B, D, E,d@rwere held frozen for a period of 1 week —
167 6 weeks. After freezing, all cheeses were placed°& and analysed after different storage times.
168  The effects of freezing at different TBF were detiered by comparing the corresponding control
169  cheeses with each of the TBF treatments after airgibrage times at 4 °C. Two cheese blocks
170  from each treatment (control and TBF) were compafezt each storage time at 4 °C.

171

172 2.2. Experimental analysis

173

174  2.2.1. Cheese sampling

175 Cheese blocks were divided into four symmetricartgrs by cutting halfway along the
176  length and width. One quarter was shredded (Robap€ CL50, shredding disc, aperture 5mm,
177  Voor't Labo CVBA, Eeklo, Belgium) and grated tgarticle size of <1 mm (Food Processor
178  Russell Hobbs, Spectrum Brands Europe GmbH, Sulzléaermany). Grated cheese was used
179  for the analysis of composition, soluble calciund @t 4.6 soluble N. A second quarter was used

180  to prepare six cube samples (25 mm £ 1 mm) (ChBkesxker, Bos Kaasgereedschap, Boven

8
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graven, the Netherlands) for texture profile analyShe cubes were wrapped tightly in
aluminium foil and stored at 4 °C for 4 h prioranalysis. A third quarter was shredded, stored at
4 °C for ~1 d and used for measurement of cheasmghility. The fourth cheese quarter was
used to prepare samples for small strain osciltati@ology (2 discs: 50 mm diameter, 2 mm
thick) and flow of the heated cheese by the Schreltmsed test (4 discs: 45 mm in diameter, 4

mm thick).

2.2.2. Cheese composition

Grated LMPS mozzarella was analysed for moistota| hitrogen (N), salt and total
calcium content in duplicate using Internationalrip&ederation standard methods as described
by Guinee, Auty, and Fenelon (2000). The pH wassuezl on a cheese slurry prepared from 20
g of cheese and 12 g@ after 2 d of storage at 4 °C (Guinee et al., 2088t was determined by

nuclear magnetic resonance (NMR) (Smart Turbo, CEdvporation, Matthews, NC, USA).

2.2.3.Soluble calcium and pH 4.6 Soluble N (pH4.6SN)

A water—soluble extract (WSE) of the cheese wapagrexl by blending distilled water
(50 °C) and grated cheese at a weight ratio of2tdmacher, Lab—Blender 400; Seward Medical,
London, UK) for 5 min, holding at 50 °C for 1 h,ntefuging at 3000 >g for 20 min at 4 °C
(Sorvall LYNX 6000 Superspeed centrifuge, Therm@ific, Dublin, Ireland), and filtering
through glass wool (Acros organics, Geel, Belgiudnportion (4 mL) of filtrate (WSE) was
ashed at 550 °C and the ash was analysed for salojuflame atomic absorption spectroscopy
(ISO/IDF, 2007). Serum—soluble calcium was exprssea percentage of the total cheese
calcium content. A further portion (60 mL) of theSE was adjusted to pH 4.6 using 10% w/w

HCI (Honeywell Fluka™ Chemicals, Offenbach, Gernmjacgntrifuged at 3000 g for 20
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minutes at 4 °C and filtered through glass wook Tésultant pH 4.6 soluble filtrate was
analysed for N using the macro—Kjeldahl method (IB6, 2014) and expressed as a percentage

of total cheese nitrogen. Measurements were pedotimduplicate per cheese.

2.2.4. Time domairtH NMR relaxometry

The T, relaxation time distribution of LMPS mozzarellasvavaluated by low—field
NMR on a benchtop Maran Ultra spectrometer (Oxfostruments, Abingdon, UK), operating at
0.55T (23.4 MHz forH). The method was described by Vermeir, Declefck,Kerkaert, and
Van der Meeren (2019) who distinguished three sdrantions comprising liquid oil protons
and water protons in LMPS mozzarella with differéatelaxation times (i.e., the time at which
the magnetisation signal decays to 37% of its nalgvalue). The serum fraction characterised
with the longest relaxation time was ascribed takiyginteracting serum protons and could be
interpreted as ‘more—mobile—serum’. In this stutig, relative signal intensity of the more—
mobile—serum fraction (&m9, measured as the ratio of the integrated sigea af the ‘more—
mobile—serum’ fraction to the total integrated silgarea of all serum fractions, was reported.
The latter ratio is indicative of serum that is momobilised by the calcium—phosphate para—
casein network of the cheese, and is therefordadlaifor freezing; hence, cheese with a lower
Asomis less likely to be impaired by freezing (Kuaaét 2003). Relaxometry measurements were
performed in one TBFO and one TBF8 experiment, gwanthe constraints of analytical time
and equipment availability. Triplicate measuremewgse performed at two separate locations in
one mozzarella block after 0, 1, 2, 4, 8 or 16adagie at 4 °C. To report the overall effects of
freezing on serum behaviour, we included the dat@neobservation only as the measurements

were not included in each freezing experiment.
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2.2.5. Texture profile analysis

Cheese cubes were taken individually from the gefator and loaded on a TAHdI
texture analyser fitted with a 100 kg load celbt8¢ Micro Systems, Goldalming, UK). Each
cube was compressed in two consecutive bites geedsof 1 mms to 60% of its original height.
The method was based on the method applied by &uhelja, Miocinovic, Wiley, and Mullins
(2015). The following parameters were derived fitbi resultant time—force curve: maximum
compression force recorded during bite 1 (firmnets®) ratio of height to which the cube was
compressed at the start of bite 2 relative to #mepse’s original height (springiness), the ratio of
work required to compress the cube in bite 2 nadatid that of bite 1 (cohesiveness) and the
product of firmness x springiness x cohesivendsswmess). Measurements were performed in

sextuplicate per cheese.

2.2.6. Extension work

Extension work (EW) was evaluated by a modificattdthe method described by
Guinee et al. (2015). Shredded cheese (60 g) wagheaein a heat resistant vessel (Stable Micro
Systems) and heated in a microwave oven (WhirlpM201, Fonthill Industrial Estate, Dublin,
Ireland) set at 750 W for 60s until the cheese &aipre was 85 to 95 °C. The vessel containing
the heated cheese was then loaded on a TAHDi eeahalyser (Stable Micro Systems) and
uniaxially extended at a rate of 10 mmt® a height of 380 mm. EW was defined as the
cumulative work required to extend the hot molteaeese, directly after heating (Eand after
allowing the cheese to cool down for 5 minutesatr temperature (EY), EWs was used to
simulate the impact of cooling—induced stiffenirigrmlten cheese on a pizza during

consumption. E\WWand EW¥ were measured in triplicate and in duplicate, eetipely.
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2.2.7. Small strain oscillation rheology

Heat—induced changes in viscoelastic charactesjsticluding storage modulus, G', loss
modulus, G", and loss tangent, G"/G', on hedtmg 25 °C to 90 °C were measured using low
amplitude strain oscillation rheology on a strawricolled rheometer (MCR501, Anton Paar
GmbH, Graz, Austria) (Guinee et al., 2015). Chebses (50 mm diameter; 2 mm thickness)
were prepared and placed between parallel crosdidthplates (PP50/P2—SN27902; [diameter =
50 mm]; INSET I-PP50/SS/P2). The exposed surfatkeotheese disc was brushed with a thin
layer of silicone olil (silicone oil, Sigma—AldricArklow, Ireland) to prevent surface dehydration
during measurement. Samples were equilibrated &Zb6r 15 min and subjected to a low
amplitude shear strain € 0.0063) at an angular frequency of 1 Hz, andeh#perature was
increased from 25 °C to 90 °C at a rate of 3.25mM@™". The cross—over temperat@OT),
corresponding to the temperature at which G' £i@: the point at which the solid index of the
sample was equal to its liquid index or the potnwkich the cheese transitioned from the solid
phase into the liquid phase) and the maximum vafuess tangent (L}ay (i.e., an index for the

fluidity of the cheese during heating) were repdrtdeasurements were performed in duplicate.

2.2.8. Schreiber flow

Cheese discs (45 mm diameter; 4 mm thickness) placed on circular glass dishes,
heated at 280 °C for 4 min in a convection ovem¢r FD 35, Binder GmbH, Tuttlingen,
Germany), removed, allowed to cool at room tempeeafior 30 min and measured for length
along 4 equidistant diagonals. Flow was definethagercentage increase in mean diameter

during heating. Measurements were performed in yudidate.

2.2.9. Baking test
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Frozen pizza bases (25 cm diameter) with tomatted&aderdeeg Van Marcke,
Belgium) were thawed for 3 h at room temperatuentl (75 g) and frozen—thawed mozzarella
(75 g) shreds were each spread uniformly on oppbsilves of the base and baked at 245 °C for
5.25 min in a conveyor oven (Lincoln ImpingEort Wayne, IN, USA). Following baking, the
attributes ‘blister colour’, ‘blister coverage’, &ttability’, ‘oiling off’, ‘stretch’, first chew’ and
‘chewiness’ were scored sequentially by trainedtatory personnel at Milcobel. A score of 2
was awarded if the characteristic was ‘just right§core of < 2 was given when the attribute was
subpar, and a score > 2 was given if the attrituate more strongly present. Scores of O or 4
implied that the measured characteristic was undabke because the level of the attribute was
either too little or too high, respectively. ‘Bkstcolour’ was indicative of colour intensity okth
blisters, which ranged from light brown to blackgddblister coverage/density’ of the proportion
of pizza surface covered by blisters. ‘Meltabilityas a measure of how well the cheese shreds
were fused together after baking; scores of < Z2w&rarded where individual shreds were
visible after baking, while scores > 2 were givdmeve cheese was runny. ‘Oiling off’ was a
measure of the amount of oil released as a filrtoprof the pizza after baking. ‘Stretch’ was
manually evaluated by lifting cheese from the babieda surface using a fork and extending to a
maximum height of 30 cm. ‘First chew’ and ‘chewigesere evaluated by tasting a forkful of
the molten mozzarella; ‘first chew’ was a measurthe resistance perceived during the first bite,
while ‘chewiness’ coincided with toughness percdidaring overall mastication, as moisture

and oil were continuously released from the proteatrix.

2.3. Statistical analysis

13



300 A factorial design incorporating two factors, A é&se treatment) and B (total storage
301 time at 4 °C), was used for the analysis of respmasiables. The main effects of A and B and
302 their interaction effect, A x B, on each responagable was determined separately using two—
303 way analysis of variance. Main effects were comgparar-wise using the least significant

304 difference (LSD) test. In presence of significarteraction effects, a simple main effects analysis,
305  which determines the effects of cheese treatmermadch level of the storage time at 4 °C, was
306 used. To determine treatment impact on sensoryeptiep, a Kruskal-Wallis test was performed.
307 The level of significance was determinediat 0.05 throughout. This approach was used to
308 determine the overall effects of freezing and giertime at 4 °C on response variables. The
309 effects of specific freezing conditions (e.g., ARG and TBF) were determined likewise.

310

311 3. Results and discussion

312

313 3.1. Cheese composition

314

315 The mean compositions of the cheeses used for gorgphe different treatments are
316 given in Table 4. Slight but significant inter—hfferences were found in dry matter, fat, salt,
317  calcium content and pH. This indicated that detenng the effects of TBF, which involved

318 cheeses from different vats, may have been somas@h&unded by such compositional

319 variation. The effects of FR and TIF were not afelcby inter-vat compositional variation in
320 cheese as cheeses for each of these treatmenttakenegrom the same vat.

321

322 3.2. Overall changes during storage at 4 °C of LMP& naoella

323

14
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The overall comparisons between control and froteawed cheeses, frozen under
different conditions, are presented in Figs. 1 2nflach response variable is categorised by two
factors: ‘cheese treatment’ (control or frozen—tedwheese) and ‘storage time at 4 °C’. The
values presented for frozen-thawed cheeses aiftbeedt storage times are means of cheeses
frozen under different FR, TIF or TBF condition&sE the interaction—effects between ‘cheese
treatment’ and ‘total storage time at 4 °C’ weréedmined (Table 5). For each response variable,
where no significant interaction—effect could bendastrated, the effect of cheese treatment was
determined by comparing the mean values of contreéses with those of frozen—-thawed
cheeses, while keeping the factor ‘storage tinde°&’ fixed. Likewise, the effects of storage
time at 4 °C were determined by comparing the nvadues between the different storage times,
while keeping the factor ‘cheese treatment’ fixé@ significant interaction effect was found, the

effect of cheese treatment was determined at ¢acdge time separately.

3.2.1. Physicochemical changes during storage at 4 °C

Both the control and frozen-thawed cheeses exkilaiteeduction in more—mobile—serum
fraction (Fig. 1A) and an increase in less-mobdrus fraction during storage at 4 °C (Fig. 1B).
This indicated that the more-mobile serum was galigitimmobilised’ during storage at 4 °C
owing to its uptake into the para-casein networthefcheese matrix. This trend is consistent
with the reduction in expressible serum duringdteeage of LMPS mozzarella (McMahon &
Oberg, 2017). Similarly, proteolysis increased pesgively in all cheeses on storage at 4 °C, as
evidenced by the linear increase in pH4.6SN (F&). The proximity of dashed trend lines for
pH4.6SN of the control and frozen thawed cheesewsth that freezing had no effect on primary
proteolysis. A different trend was reported by Bkt Califano, Bevilacqua, and Zaritzky (1996b)

for concentration of 12% trichloroacetic acid sdéulN (TCAN) in low-moisture mozzarella,
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whereby cheeses stored for 6 d at 4 °C beforeifrget —20 °C had higher values than the
refrigerated control cheeses at similar storagegirfiowever, in the same study, storage of the
cheese for 14 d at 4 °C before freezing resultesinmlar TCAN values as the control cheeses.
The relatively low values of pH4.6SN for all chegser example compared with Cheddar
cheese, were consistent with those reported prelyidor LMPS mozzarella and reflected the
high degree of chymosin inactivation during plagtton (Feeney et al., 2001). The ratio of
soluble-to-total Ca varied from 30% to 45% (Fig.) Hbd was not affected by storage time at

4 °C or freezingR > 0.05) (Table 5).

Some studies postulated that freezing could affecbehaviour of LMPS mozzarella
owing to protein dehydration concurrent with thenfiation of ice crystals at the exterior of the
mozzarella cheese, which would promote serum ratoté&om the core to the exterior of the
cheese block (Bunker, 2016; Kuo & Gunasekaran, 0@8reover, it would be feasible to
assume that precipitation of calcium phosphate lgyation of soluble Ca and P to the unfrozen
serum may further contribute to para-casein aggiagand thereby reduce the susceptibility to
proteolysis (Fox, 1970). However, the current risssithowed that for the current LMPS
mozzarella cheeses, freezing halted storage-retai@ages in serum distribution (not statistically
verified) and pH4.6SN, and did not influence thevwels in the frozen-thawed LMPS mozzarella
(P > 0.05). It is likely that variation in the compii@n (e.g., moisture content, calcium and pH)
and proteolysis of different commercial mozzarehaese variant may alter the susceptibility to

freezing.

3.2.2. Functional characteristics during storage at 4 °C
Increasing storage time of control and frozen—tithaleeeses resulted in lower values of

cheese firmness (Fig. 2A), COT (Fig. 2B) and EWJ(RD and Fig. 2E), and higher values of
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LT max (Fig. 2C) and flow (Fig. 2F). These changes aresigtent with the increase in pH4.6SN
and the reduction in more-mobile serumd#A) during storage at 4 °C (Guinee et al., 2002).
Overall, no significant interaction effects coulel demonstrated between ‘cheese treatment’ and
‘storage time at 4 °C’ for most of the responsealdes, including firmness of the unheated
cheesel > 0.05), and extensibility (EWEWs) (P > 0.05) and viscoelastic properties (COT,
LTmay (P > 0.05) of the heated cheese (Table 5), which atditthat the rate of storage-related
changes of these characteristics at 4 °C was sifolldhe control and frozen-thawed cheeses, as
illustrated in Fig. 2. After freezing and thawirtge firmness and chewiness of the unheated
cheeses were significantly reduced by 10% and 8%pectively P < 0.001) (Table 5). However,
some studies (Alvarenga, Canada, & Sousa, 2011¢lBest al., 1996b) reported that frozen-
thawed LMPS mozzarella had a higher firmness tharcorresponding cold-stored cheeses,
whereas Cervantes et al. (1983) found that thenfasa was unaffected by freezing. No effect of
freezing was found for either the cohesiven®ss 0.05) and springines® ¢ 0.05) of the
unheated cheeses, or the extensibility (ER¥\s) (P > 0.05) or viscoelastic properties (COT,

LT max) (P > 0.05) of the heated cheese. A significant intewsadP = 0.019) was found for
Schreiber flow, as illustrated in Fig. 2f whereain be seen that the effects of freezing, relative
the control, depended on the storage time at H&0ce, the effect of freezing on the flow of the
heated cheeses was determined at each level sfafage time but no differences could be

demonstrated between control and frozen—-thawedsebde> 0.05).

3.2.3. Baking characteristics during storage at 4 °C
No clear differences were detected between theaantd frozen-thawed cheeses for
‘blister colour’, ‘blister coverage’, ‘meltability”oiling off’, ‘stretch’ and ‘chewiness’R > 0.05)

after baking on a pizza (Fig. 3). However, thesffichew’ of frozen-thawed cheeses received a
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score of 0.3 units less than that of the corresppncbntrol cheeses after a total storage time at
4 °C at 16 dPR < 0.05), which suggested that freezing resultea shightly softer ‘first chew’.

This trend was consistent with the reduction imfiess and chewiness of the unheated cheese
after freezing and thawing, as measured by TPA. &l@w no effects of freezing on the attribute

‘first chew’ could be demonstrated at other storages.

3.3. Effects of specific freezing conditions

It is possible that the overall effects of freeziag discussed in Section 3.2, may have
been obscured by the effects of specific freezonglitions with opposite effects. Hence, the
effects of each of the freezing conditions, i.®, FIF and TBF, were investigated separately and

are discussed in detail below.

3.3.1. Effects of freezing rate (FR)

LMPS mozzarella is commercially frozen in palletiZermat by placing them in large
freezing rooms operating at —20 °C. The low heatoativity of mozzarella (Dumas & Mittal,
2002), however, results in non—uniform coolinglc# pallet with temperatures dropping quickly
at the exterior of the pallet and slowly at theecdvlozzarella cheeses were frozen at a rate of
2 °C h*(i.e., individual cheeses placed in a chest freaze20 °C) or 0.6 °C(i.e., individual
cheeses placed in a Styrofoam box in a chest fregze0 °C) to simulate the freezing of LMPS
mozzarella blocks in the exterior and interior por$ of palletised cheese, respectively, when
placed at —20 °C. Cheeses were also frozen a¢ @f& °C A" to investigate the effects of a

faster freezing method (e.g., tunnel freezing).
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The statistical significancéj for the effects of freezing at different freezirages,
storage time at 4 °C, and their interaction onptaperties of mozzarella is shown in Table 6. No
interaction effect between the cheese treatmentsimnage time at 4 °C could be demonstrated
for most response variables. The more-mobile sdraation (Asomg Of frozen-thawed samples
decreased from 4% to 0% during storage at 4 °Cyasdnot affected by the freezing rae
0.05). As such, the storage-related changes in-molkgle serum fraction, i.e., its uptake in the
calcium-phosphate para-casein network during stoaad °C, were similar for all freezing rates.
Likewise, the proportion of soluble-to-total calgiuwhich varied from 31% to 36% during
storage, and pH4.6SN were unaffected by the frgezte P > 0.05).

The results obtained further showed no effectseding rate on the firmness of the
unheated cheesP ¢ 0.05), or the extensibility (EWWEWs) (P > 0.05), viscoelastic properties
(COT, LThay (P > 0.05) or sensory attributes of the heated ch@ese).05). However, a
significant interaction was found for the flow tietcheeses, as measured by the Schreiber test.
After 4 d storage at 4 °C (storage time 1, Tab)dr6yen-thawed cheeses subjected to freezing
rates 2.0 °C H or 8.0 °C h* had a mean flow of 36—38% upon heating for 4 mi28d °C
whereas cheese frozen at a rate of 0.6 @4 a flow of 47%. At storage times of 12 d (sgera
time 2, Table 6), flow plateaued at ~45-48% fofralezing rates.

Overall, the results indicated that the FR didsignificantly influence storage—related
changes in moisture redistribution, primary progei or functional characteristics. Similar
conclusions were found for the measured varialfiesmtrol and frozen—thawed cheeses frozen
at different freezing rates. Potentially, the frage serum of the current LMPS mozzarella
cheese was too limited to induce an effect of firegzven when cheeses were frozen directly

after production and packaging.
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3.3.2. Effects of time in freezer

After manufacture and freezing of LMPS mozzardhe, duration of frozen storage
depends on various commercial factors includingdispatch time (i.e., released from the
producer to the distributor or harbour), the logdime (i.e., loading of mozzarella on the ship),
the transportation time on the boat, the dockingt(i.e., release of mozzarella at the harbour of
the country of destination), the transportationetito the customer and the storage time at —20 °C
at the customer. To simulate these conditions, LMi®3zarella was held at 4 °C for 2 d before
freezing to —20 °C and stored frozen for 6 to 1&F@Tand TIF12) weeks to mimic the duration of
frozen export, and for 44 weeks (TIF44) to simutagduration of long-term frozen storage as
applied by some customers who on receipt of framemzarella maintain it frozen for a relatively
long time prior to thawing and using. Cheeses vatse kept frozen for 1 week (TIF1) to
evaluate short periods of frozen storage.

Overall, the duration of TIF (1, 6, 12 or 44 weeka}l no effect on most of the evaluated
parameters (Table 7), including pH4.63N>0.05), ratio of soluble-to-total CR & 0.05),
LT max(P > 0.05), extensibility (E\) EWs) (P > 0.05), Schreiber flowR > 0.05) and sensory
attributes P > 0.05). However, extending the storage from 12ksdo 44 weeks reduced the
firmness P < 0.001) and chewinesB € 0.001) of the unheated cheese by 23% on avensage
the 30 d of total storage time at 4 °C, and redubedCOT P < 0.01) of the heated cheese by 2%
on average, i.e., the onset temperature for meftiogzarella was reduced by 1.3°C. The
reduction in melting point was not reflected in theking test, where panel members gave all TIF
treatments similar scores for each sensory attiffut 0.05) (Table 5). Moreover, the COT of
TIF12 samples did not significantly differ from #$eof TIF1, TIF6 or TIF44 sampleB ¢ 0.05),
which suggested that the effect of 44 weeks ofednogtorage on the COT of frozen—thawed

mozzarella cheeses was limited.
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Relative to the control, holding the cheeses & 4ot 2 d before freezing to —20 °C and
keeping them frozen for a period between 1 and 42k& did not influence the response
variables P > 0.05) (Table 7). However, when the cheeses atered frozen for 44 weeks,
firmness and chewiness of cheeses were reduce@%y2< 0.001) and 26%(< 0.001),
respectively, whereas the COT of the heated cheaseeduced by 1.7%(< 0.01). Overall,
freezing under these conditions did not affeck,iKP > 0.05), extensibility (E\§/ EWs) (P >

0.05), flow P > 0.05) or sensory attribute ¢ 0.05) of the heated cheese.

3.3.3. Effects of time before freezing

The TBF was varied in a systematic way to evaludtether the potential detrimental
effects of direct freezing could be mitigated bglpnging the storage at 4 °C before freezing and
thereby allowing the uptake of more-mobile seruto the calcium-phosphate para-casein
network of the cheese (Kuo & Gunasekaran, 200@8e#ng as soon as possible after
manufacturing could minimize storage costs. Cheeses held at 4 °C for 0 (TBFO0), 2 (TBF2)
or 8 d (TBF8) before freezing to —20 °C; these sksavere sampled from vats A and B (TBF0),
vat C (TBF2) or vats D, E, F and G (TBF8) (Table@jntrol cheeses, sampled from the
different vats (A—G), differed in terms of pH4.6%RI< 0.001), cohesivenesB € 0.05),
springinessk < 0.01), LThax (P < 0.001) and EW(P < 0.05) after 16 d storage at 4 °C, and
differed in pH4.6SNR < 0.001), firmnessH < 0.001), cohesivenesB € 0.05), springines$(<
0.05), LTmax (P < 0.05) and Schreiber floviP(< 0.01) after 30—37 d storage at 4 °C, which
implied that the effects of TBF were somewhat canfied. Nevertheless, it was possible to
compare each TBF treatment with the correspondingrcl cheese from the same cheese vat
(Table 3).

No significant differences were found between aartheeses, obtained from vats A or
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vat B, and the corresponding frozen—-thawed chegkeh were held at 4 °C for O d before
freezing to —20 °C (TBFO) (Table 5) (discussedéctdn 3.3.1). A similar trend was found
when comparing the control and frozen—thawed clseiesen vat C (TBF2) (Table 5) (discussed
in Section 3.3.2). Likewise, TBF8 cheeses, obtainach 4 different vats, did not significantly
differ from the corresponding control cheedes(0.05) (Table 5) with the exception of a
significant interaction effect between freezing atmtage time at 4 °C for firmness of the
unheated cheesP & 0.01). Compared with the corresponding cont/bBf-8 cheeses exhibited
lower firmness after 10 d storage at 4 RC<(0.01), but not after other storage times>(0.05).
Overall, as evident from Fig. 3 and Fig. 4, therent results indicated that there was little effect
of holding the cheeses at 4 °C for 0, 2 or 8 d teefeeezing to —20 °C on the physicochemical

and functional properties of the current variant®PS mozzarella.

4. Conclusions

A total of 132 blocks of LMPS mozzarella cheeseensampled from a commercial
manufacturer over a 1.5 year period. The cheesesagsigned to 2 groups, namely control
cheeses which were stored at 4 °C for up to 3nd fmzen-thawed cheeses which were held at
4 °C for different times (TBF: O, 2 or 8 d) befdreezing to —20 °C at different rates (FR: 0.6,
2.0 or 8.0 °C ). The frozen cheeses were held at —20 °C forriffetimes (TIF: 1, 6, 12 or 44
weeks), and then placed at 4 °C for up to 37 cthoese total storage times at 4 °C similar to the
control. The effects of freezing were determinedcbsparing the control and frozen-thawed
cheeses taken from the same vat, and the effediffefent freezing conditions (FR and TIF) by
comparing the frozen-thawed cheeses subjectec tditferent levels of condition. The control

and frozen-thawed cheeses were evaluated aftdasiimial storage times at 4 °C for
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composition, primary proteolysis, moisture disttiba, texture profile (firmness, springiness,
cohesiveness), functional properties (extensibiitycoelastic behaviour and flow of the heated
cheese) and baking performance on pizza. Overedizing per se did not significantly affect the
properties of the cheese. Likewise, there wag Idtifference between frozen-thawed cheeses
frozen under the following conditions: FR (0.6, Br38.0 °C h*) or TIF (1, 6 or 12 weeks).
Extending the TIF from 1, 6 or 12 weeks to 44 weekhiced the firmness and chewiness of the
unheated frozen-thawed cheese (by 23% on averayt)yeduced the melting temperature by 2%
during a total storage time at 4 °C of 30 d. Howetleere was no detectable difference in baking
performance when the TIF was varied from 1 to 4ékse

Considering the overall effects observed in thislgt we conclude that freezing of
commercial LMPS mozzarella cheese (with respeciryematter, fat and protein levels of ~52,
22 and 25 g 1007g and a calcium level of ~740 mg 100)gunder the applied conditions, halted
the physico-chemical changes that occur on staabdeC without having significant effects on
functionality and baking performance. However, dpglicability of the findings to commercial
mozzarella in general may vary depending on theufisaturing and compositional
characteristics of the cheese, which are likelyrpact the degree of aggregation of the calcium—
phosphate para-casein matrix and its ability ta lsi@rum. Critical factors affecting aggregation
are likely to include cheese moisture, pH, calctontent, ratio of soluble-to-total calcium, and
degree of proteolysis. In practice, changes in npa&eedure which affect cheese composition
may therefore necessitate tailoring of freezingditbons to ensure comparable functionality of

control and frozen-thawed mozzarella.
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Figurelegends

Fig. 1. Overall changes during storage at 4 °C in retagignal intensity of (A) more-mobile-

serum (A,,.J and (B) less-mobile-serum (A) of frozen-thawed LMPS mozzarell@] or

control LMPS mozzarella®) and in (C) pH 4.6 Soluble N and (D) ratio of duksto-total
Ca of frozen-thawed LMPS mozzarella cheeses, whiere held at 4 °C for 0), 2 (A) or
8 d (1) before freezing, and of corresponding controkses @, A andl). Trendlines
represent the overall dynamic behaviour of frozeawtied (---) and control (---) cheeses
during storage at 4 °C. The cheeses were obtared 7 vats and were frozen under

different conditions.

Fig. 2. Overall changes during storage at 4 °C in firnsrefshe unheated cheese, cross-over
temperature (COT), maximum value of the loss tahfénn.y), extension work at 0 (EWY

or 5 (EW) min after melting and Schreiber flow of frozeratved LMPS mozzarella cheeses,
which were held at 4 °C for @), 2 (A) or 8 d (1) before freezing, and of corresponding
control cheesed, A andM). Trendlines represent the overall dynamic behavad frozen-
thawed (---) and control (---) cheeses during gjerat 4 °C. The cheeses were obtained from

7 vats and frozen under different conditions.

Fig. 3. Overall appearance of mozzarella shreds aftenbadn a pizza after 2, 16 or 35 d of
storage at 4 °C. Top row pictures present contiazarella and bottom row pictures present
frozen-thawed mozzarella, held at 4 °C for O dagfeie freezing to —20 °C. The cheese was

held frozen for 6 weeks. After freezing, cheesesevpdaced at 4 °C for up to 35 d.



Fig. 4. Changes during storage at 4 °C in pH 4.6 Soldbliermness, cross-over temperature
(COT), maximum value of the loss tangent {LJ), extension work at 0 min after melting
(EWp), and Schreiber flow of control and frozen-thau®dPS mozzarella cheeses, which
were held at 4 °C for 0 (TBFO) or 8 d (TBF8) beftmeezing to —20 °C. TBFO0 samples,
sampled from vat A or vat B, were used to deterrtteeeffects of holding the cheese at 4 °C
for O d before freezing to —20 °©f; the cheeses were frozen at 0.6, 2 or 8 °C h' and held in
the freezer for 6 weeks. Control samples were tékan the same vaty). TBF8 samples,
sampled from vat D, E, F or G, were used to deteerthe effects of holding the cheeses at 4
°C for 8 d before freezing to —20 °Cly; the cheeses were frozen at 2 °C h* and held in the

freezer for 6 weeks. Control samples were takem fitee same vatd {).



Table1

Experimental design to determine the effects a#Zireg at different rates (FR) on LMPS mozzarélla.

Cheese Control cheeses Frozen-thawed cheeses
vat Number of Storage time at  Number of Storage time at 4reezing rate Time in Storage time at 4 otal storage Sample code
cheese blocks °C (d) cheese blocks °C before (FR) freezer (TIF) °C after freezingtime at 4 °C
freezing (TBF) (°C h?%) (weeks) (d) (d)
(d)
Vat A 6 4-15-37 6 0 0.6 6 4-12-37 4 -7 FRO.6|TIF6|TBFO
6 0 2.0 6 4-12-37 4-12-37 FR2.0|TMBEP

6 0 8.0 6 4-12-37 4-12-37 FR8.0[TIBEP




Table 2

Experimental design to evaluate the effects ofziregat different storage times in the freezer Jldk LMPS mozzarella.

Cheese Control cheeses Frozen-thawed cheeses

vat Number of Storage time at ~ Number of

(d)

Storage time at #reezing rate Time in
cheese blocks °C (d) cheese blocks °C before (FR)

freezer (TIF)
freezing (TBF) (°C h?%)

Storage time at 4 otal storage Sample code
°C after freezingtime at 4 °C

(d)

Vat C 8 4-10-16-30 2.0

8 2

8 2 2.0
8 2 2.0
8 2 2.0

4-10- 16 —~BR2.0O[TIF1[TBF2
4 - 10 — 180-FR2.0[TIF6|TBF2
4 - 10 — 1B-FR2.0[TIF12|TBF2

4 — 10 — 13D-FR2.0|TIF44|TBF2



Table3

Experimental design to determine the effects adAneg at different storage times at 4 °C beforedieg (TBF) on LMPS mozzarella.

Cheese Control cheeses Frozen-thawed cheeses
vat Number of Storage time at  Number of Storage time at 4#reezing rate Time in Storage time at 4 otal storage Sample code
cheese blocks °C cheese blocks °C before (FR) freezer (TIF) °C after freezingtime at 4 °C
(d) freezing (TBF) (°C h?%) (weeks) (d) (d)
(d)
Vat A 6 4-15-37 6 0 0.6 6 4-12-37 4 —-137 FRO.6|TIF6|TBFO
6 0 2.0 6 4-12-37 4-12-37 FR2.0|TMBEP
6 0 8.0 6 4-12-37 4-12-37 FR8.0|TMBEP
Vat B 6 2-16-35 6 0 2.0 6 2-16-35 4 -85 FR2.0|TIF6|TBFO
Vat C 8 4-10-16-30 8 2 2.0 1 4-8-14—-28-10- 16 — 30FR2.0|TIF1|TBF2
8 2 2.0 6 4-8-14-28 4-10-16-BR2.0[TIF6|]TBF2
8 2 2.0 12 4-8-14-28 4-10-16-RR2.0|TIF12|TBF2
8 2 2.0 44 4-8-14-28 4-10-16-FR2.0|TIF44|TBF2
Vat D 8 2-8-17-36 6 8 2.0 1 2-8-28 16— 36 FR2.0|TIF1|TBF8
Vat E 8 2-8-17-25 6 8 2.0 1 2-10-17 18— 25 FR2.0|TIF1|TBF8
Vat F 8 2-8-17-32 6 8 2.0 6 2-8-16 16— 24 FR2.0|TIF6|TBF8
Vat G 8 2-8-17-32 6 8 2.0 6 2-8-16 16— 24 FR2.0|TIF6|TBF8




Table4

Composition of LMPS mozzarella used in freezinglits.?

Cheese vat Dry matter Fat Protein Salt Calcium pH
(g 100 ¢ (9 100 ¢ (g 100 g (g 100 g (mg 100 &)

A 52.1" 21.7 24.4 0.9 766" 5.53
B 52.6 21.8" 25.3 1.2 809 551
C 52.0" 21.7 24.8 11 697 5.41¢
D 52.0" 221 24.5 11 712 5.43
E 51.9" 21.7 25,1 1.2 696 5.34
F 52.5" 22.1" 24.8 13 735" 5.34
G 51.7 21.6 24.7 1.3 784 5.36°°

* Data for dry matter, fat, protein, salt atadicium content are mean values measured on at least four different cheeses per vat; values in columns
with different superscript letters denote a siguaifit differencel < 0.05). The pH of the cheese was measured on tegsels per vat after 2 d
of storage at 4 °C.



Table5

Effects of freezing treatments, total storage tané °C and their interaction on the charactessicLMPS mozzarella.

Cheese characteristic

Overall effects of freezirdjféerent

Effects of freezing cheeses held at 4 °C for

Effects of freezing cheeses held at 4 °C for

Effects of freezing cheeses held at 4 °C for

conditions 0 days before freezing 2 d before freezing 8 d before freezing
Freezing Storage Interaction Cheese Storage Interaction Cheese Storage time Interaction Cheese Storage Interaction
time at 4 °C treatment  time at 4 °C treatment at4 °C treatment time at 4 °C
(F (ST) (F*ST) (CT) (ST) (CT*ST) (CT) (ST (CT*ST) (CT) (ST) (CT*ST)
Unheated cheese
More-mobile serum (&m;) n/d n/d n/d - Fkk n/d n/d n/d - *kk
Ratio soluble-to-total Ca - - - - - - - R
pH 4.6 soluble N - ookl Hohk - ) *xk _ kk
Firmness Fkx Hkk *kk - *okk * okk *k
Springiness ok ok R ook R R %
Cohesiveness - *okk okk R *okk Skk
Chewiness Fokk Fhk *kk Hkk Hokk *kk *
Heated cheese

COoT i Hk = *k Xk Kokx
Ltma> - *kk *kk *kk *%
EWO - *kk *kk *kk *kk
EW5 - *kk *kk *kk *kk
Shreiber flow ok * ok *kk R *x -
‘Blister colour’ hx n/a % n/a n/a ok nla
‘Blister coverage hx n/a - g n/a - n/a ok n/a
‘Meltability’ ok n/a Sy n/a ok n/a -k n/a
‘Oiling off ok n/a ok n/a ok n/a fid n/a
‘Stretch’ hx n/a i n/a - n/a - *hx n/a
‘First chew’ wx ok n/a ok nla ok n/a *oxk nla
‘Chewiness’ el n/a il n/a ok n/a = n/a

8 Abbreviations are: FR, freezing rate; TIF, stortigee in freezer; TBF, storage time at 4 °C befoee£ing); n/d, not determined; n/a, not

applicable. The effects of freezing were determingdomparing the characteristics of the contral ftazen-thawed cheeses; the effettotal
storage time at 4°C (ST) were determined for ades®es. Cheeses were stored at 4 °C for up toGfeskse treatments where cheeses were held
at 4 °C for 0 d before freezing to —20 °C (TBFOjrespond to cheeses frozen at a rate of 0.6, B0dIC K. The frozen cheeses were held
frozen for 6 weeks in the freezer. Control and érothawed cheeses were sampled from vats A GhBese treatments where cheeses were held
at 4 °C for 2 d before freezing to —20 °C (TBF2jrespond to cheeses frozen at a rate of 2.0°The frozen cheeses were held frozen for 1,

6, 12 or 44 weeks in the freezer. Control and fnetbeawed cheeses were sampled from va@Gh@ese treatments where cheeses were held at 4
°C for 8 d before freezing to —20 °C (TBF8) cormsp to cheeses frozen at a rate of 2.0 *CTte frozen cheeses were held frozen for 6 weeks

in the freezer. Control and frozen-thawed cheess wampled from vats D, E, F or G. The statissglificance P) for treatment effects
across the evaluated properties of control ancefrdhawed cheeses is given where 0.05,P < 0.05,P < 0.01 and® < 0.001 are denoted by -,

* k%

,"and™, respectively.



Table6

Effects of freezing at different rates (FR), tattdrage time at 4 °C and their interaction on theracteristics of LMPS mozzarel?a.

Cheese characteristic Storage time  Control FRO.6 FR2.0 FR8.0 Factor P
(d)

Unheated cheese

More-mobile serum (%) 2 3.8+0.2 3.6+05 3.3+0.6 3.4+0.9 Cheese treatment (CT) -
4 1.9+£0.7 1.8+0.5 1.4+0.3 21+05 Storage time (ST) rrx
9 0.1+04 03+04 0.3+0.2 0.3+0.2 Interaction (CT x ST) -

pH 4.6 Soluble N (% TN) 4 26+05 28+0.1 25+0.3 23104 Cheese treatment (CT) -
12-15 3.8+54 3.8%0.1 3.6+0.2 35101 Storage time (ST ok
37 54+0.1 6.2+0.6 6.6 £0.1 6.0+£0.3 Interaction (CT x ST) -

Soluble Ca (% total Ca) 4 33+1 35+2 34+2 35+4 Cheese treatment (CT)
12-15 35+1 33+2 34+4 33+2 Storage time (ST
37 33+3 33+2 33+2 33+1 Interaction (CT x ST)

Firmness (N) 4 115+13 106 £12 108 £ 20 125+ 14 Cheese treatment (CT) -
12-15 111 +10 113 +16 102 +12 84 +10 Storage time (ST) xx
37 88+ 14 88+ 11 84 +10 7617 Interaction (CT x ST) -

Heated cheese

COT (°C) 4 58+1 57+1 59+2 59+3 Cheese treatment (CT) -
12-15 56+ 0 56+1 56+ 0 56+1 Storage time (ST ok
37 54+0 54+0 54+1 556+1 Interaction (CT x ST) -

Ltmas 4 1.8+0.2 20+0.2 1.9+0.3 1.7+04 Cheese treatment (CT) -
12-15 2.6+0.0 26+0.1 26+0.1 26+0.0 Storage time (ST ok
37 28+0.2 26+03 28+0.1 2.7+0.2 Interaction (CT x ST) -

EW, (mJ) 4 221 +44 207 £ 36 222 +£22 222 +21 Cheese treatment (CT) -
12-15 164 +17 130 + 20 119 +18 135+18 Storage time (ST) rrx
37 81+14 9%6 +7 109 +12 105 + 20 Interaction (CT x ST) -

EWs (mJ) 4 708 + 183 769 + 63 830+173 764 £54 Cheese treatment (CT) -
12-15 510+73 506 + 67 462 £ 126 591 + 64 Storage time (ST) rrx
37 272 +70 336 +£19 341+16 383+57 Interaction (CT x ST) -

Schreiber flow (%) 4 39+4 47+5 36+6 38+6 Cheese treatment (CT) -
12-15 47+6 45+ 4 46 +5 48 +4 Storage time (ST ki
37 43+5 38+4 46 £ 6 41 +4 Interaction (CT x ST) xx

2The cheese treatments FR0.6, FR2.0, and FR8.0spomd to cheeses frozen to —20 °C at 0.6, 2.084ntC K, respectively. The frozen
cheeses were held at 4 °C for 0 d before freezmdghald in the freezer for 6 weeks. Storage tinhesve are total time at 4 °C. Control and
frozen-thawed cheeses were sampled from vat A. &ataneans + standard deviation of two mozzabétieks per ripening point; the
statistical significanceR) for treatment effects across the evaluated ptigseof LMPS mozzarella is given whepe> 0.05,P < 0.01 andP <
0.001 are denoted by -,and”™ , respectively.



Table7

Effects of freezing at different storage timesha freezer (TIF), total storage time at 4 °C arartimteraction on the characteristics of LMPS
a
mozzarella.

Cheese characteristic Storage time Control TIF1 TIF6 TIF12 TIF44 Factor P
(d)
Unheated cheese
pH 4.6 Soluble N (% TN) 4 24+0.1 2.4 +0.0 25+0.1 25+0.0 25+0.1 Cheese treatment  (CT)
10 3.7+£0.1 4.0+0.2 3.8+0.1 3.8+0.1 3.9+0.7 Storage time (ST) Hohk
30 52+0.1 47+0.3 42+0.2 44+0.5 56+0.1 Interaction (CTxST) -
Soluble Ca (% total Ca) 4 37+1 39+1 38+2 38+1 39+1 Cheese treatment  (CT)
10 39+2 40+ 2 39+1 39+1 38+2 Storage time (ST
30 41+1 40+5 38+2 38+2 40+ 2 Interaction (CT x ST)
Firmness (N) 4 116 £18 96+ 14 101 £ 22 110+£13 84 +14 Cheese treatment  (CT) xxx
10 134 +5 90 £ 17 114 +16 108 + 15 837 Storage time (ST :
30 93+12 1009 78 +13 97 +8 767 Interaction (CT x ST)
Heated cheese
COT (°C) 4 59+2 50+1 58+1 59+0 58+1 Cheese treatment  (CT) *x
10 57+1 57+1 57+1 56+1 55+1 Storage time (ST ok
30 54 +1 55+0 56+1 55+1 55+1 Interaction (CTxST) -
Ltmas 4 20+0.2 20+0.3 20+0.1 1.9+0.0 1.9+01 Cheese treatment  (CT) -
10 27+0.1 26+0.1 26+0.1 27+0.1 26+0.1 Storage time (ST ok
30 3.0+0.1 28+0.1 28+0.1 28+0.1 27+0.1 Interaction (CT x ST) -
EW, (MmJ) 4 197 + 26 204 +19 195+ 32 212+ 16 200 + 20 Cheese treatment  (CT) -
10 113+8 106 £ 9 106 £ 16 107 £12 101 +6 Storage time (ST) wohk
30 75+7 83+ 10 83+12 90 +£12 83+13 Interaction (CTxST) -
EWs (mJ) 4 544 + 81 591 + 60 625 + 93 605 + 87 683 £ 67 Cheese treatment  (CT) -
10 308 + 10 351 +38 366 + 66 340 + 27 363 +£49 Storage time (ST ok
30 274 +13 311 +28 264 +24 296 + 46 286 + 30 Interaction (CTxST) -
Schreiber flow (%) 4 39+6 42 +5 437 38+6 41+5 Cheese treatment  (CT) -
10 52+5 53+7 49+5 52+4 47+ 4 Storage time (ST ki
30 53+10 47+8 48 +5 49+6 46 +5 Interaction (CT x ST) -

8The cheese treatments TIF1, TIF6, TIF12, and TiéeHespond to cheeses stored frozen for 1, 6, d2dnweeks, respectively. The cheeses
were held at 4 °C for 2 d before freezing to —2(at@ rate of 2 °C"h Storage times shown are total time at 4 °C. Betaneans + standard
deviation of two mozzarella blocks per ripeningmipthe statistical significanc®) for treatment effects across the evaluated pt@seof

LMPS mozzarella is given wheRe> 0.05,P < 0.05,P < 0.01 andP < 0.001 are denoted by ;, and”™, respectively. All cheeses were
sampled from vat C.
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