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Milk-clotting enzymes, enzymatic ~ The effect of milk-clotting enzymes (MCEs) of animal origin (Naturen Extra with a mass fraction of chymosins
coagulation, semihard cheese, of 95%, “Bovine Pepsin” with a mass fraction of chymosin of 10%), as well as MCEs of microbial origin (Fromase
cheese whey, cheese yield 750 XLG) and recombinant origin (Chy-max Extra and Chy-max Supreme) on the duration of milk coagulation

and processing of cheese curd, as well as on the composition of whey and fresh cheeses in the manufacture of
semihard cheeses, at an introduction dose of MCE of 1,500 to 6,000 IMCU per 100 kg of milk. Increasing the MCE
dose from 1,500 to 2,000-3,000 IMCU/100 kg of milk leads to a decrease in the coagulation duration by an aver-
age of 20 min (p<0.05). A further increase in the MCE dose to 5,000-6,000 IMCU/100 kg of milk does not lead to a
reduction in the coagulation duration. With equal introduction doses, MCE brands of Fromase and “Pepsin” show
greater losses of fat (by 0.15-0.60%) and dry matter (by 0.30-0.50%) in whey than MCEs of Naturen brands, Chy-
max Extra and Chy-max Supreme. Cheese variants made using different types and doses of MCEs did not have
statistically accurate differences in the content of dry matter, fat, protein, salt and pH (p>0.05). The use of MCEs
of Naturen, Chy-max Extra and Chy-max Supreme brands at a dosage of 5,000-6,000 IMCU/100 kg of milk gives an
average of 1.5% higher actual cheese yield compared to MCEs of the Fromase and “Pepsin” brands at an introduc-
tion dose of 1500 IMCU/100 kg of milk.
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K/IIOYEBBIE CJIOBA: AHHOTALNA

MosioKocgepmelgaroujue VccnenoBaHo BaMsIHME MONOKOCBepThiBawomux hepmeHToB (M®) skuBoTHOrO nmpoucxoxnenust (Naturen Extra
hepmermol, pepmeHmamugHoe C MaccoBojt Jonei xumosnHa 95%, «[0BsIKMiT ITeICMH» C MacCoBOI moseit xumosuHa 10%), a takske MO MUKpoO-
ceepmoleaHue, nosymeepovie Horo npoucxoxnaeHust (Fromase 750 XLG) u pekombuHaHTHOTO mpoucxoxneHust (Chy-max Extra u Chy-max
Cblpbl, NOOCHLIPHASL CbIBOPOMKA, Supreme) Ha NMPOAOIDKUTENBHOCTb CBEPTHIBAHMST MOJIOKA M 06pabOTKM ChIPHOTO CTYCTKA, a TAK)Ke Ha COCTAB Chl-
8b1X00 cblpa BOPOTKM ¥ CBEXUX CHIPOB IPU M3TOTOBJIEHMY MTOTYTBEPAbIX CHIPOB, B H03e BHeceHuss M®, paBHoii ot 1500 no

6000 IMCU Ha 100 xr mosoxka. IToBsimenue 10361 M@ ot 1500 go 2000-3000 IMCU/100 Kr MosioKa PUBOIUT
K YMEHbIIEHVIO BpeMeHM CBepThIBaHus B cpeqHeM Ha 20 muH (p < 0,05). [JanbHeiiiiee moBbiiieHne 103s MO 1o
5000-6000 IMCU/100 Kr Mosi0Ka He MPUBOAUT K COKPAIEHUIO IPOAOJDKUTENIbHOCTY CBepThiBaHMs. [Ipy paBHBIX
no3ax BHeceHust y MO mapok Fromase u «Ilercun» oTMevaroTcst 6ombiive morepu skupa (Ha 0,15-0,60%) u cyxux
BemiectB (Ha 0,30-0,50%) B cbIBOPOTKY, ueM y M® mapoxk Naturen, Chy-max Extra u Chy-max Supreme. Bapuan-
ThI CBIPOB, M3TOTOBJIEHHBIE C UCITOIb30BaHNEM Pa3HBIX TUIIOB U 103 M®, He MeNN CTaTUCTUYECKU JOCTOBEPHBIX
OTJINYMIL TIO COEPSKaHUIO CYXOTO BellecTBa, kupa, 6enka, conu 1 1o ypossio pH (p > 0,05). [TIpumeHenne M® ma-
pok Naturen, Chy-max Extra u Chy-max Supreme B gosuposke 5000-6000 IMCU/100 Kr Mo/IOKa JaeT B CpeIHEM
Ha 1,5% 6onpiinit hakTueckuit BbIxom cbipa B cpaBHeHNUM ¢ M® mapok Fromase u «IIercuH» Ipu 103€e BHECEeHMsI
1500 IMCU/100 r moJioka.
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1. Introduction

The composition, quality and cost of cheese depend on the
properties of the MCE used in the manufacture.

Enzymatic coagulation of milk begins with the hydrolysis
of kappa-casein, which stabilizes micelles, under the MCE ac-
tion. After the cleavage of the critical fraction of kappa-casein
(from 60% or more), the process of aggregation of micelles be-
gins, leading to the formation of a milk curd [1]. The greater
the proportion of kappa-casein is split, the higher the density
of the resulting curd is and the better the curd releases mois-
ture [2].

The rate of cleavage of kappa-casein and its amount at the
beginning of the curd formation process depends on the amount
of MCE introduced into the milk. Increasing the MCE amount
reduces the coagulation duration [3,4].

Traditionally used MCEs of animal and microbial types have
insufficient specificity of proteolytic action and, in addition to
kappa-casein, also cleave other proteins, incl. alpha and beta ca-
sein, located in the nuclei of micelles. The cleavage of alpha and
beta caseins leads to a weakening of the curd strength, which
leads to loss of dry matter of the curd in the form of cheese dust
due to its crushing during processing. In addition, the dry matter
of the curd is lost in the form of water-soluble peptides, which
are formed during the hydrolysis of alpha- and beta-caseins un-
der the MCE action [5]. As a result, the cheese yield decreases,
the milk consumption for the manufacture of a unit mass of
cheese increases [6,7], which leads to an increase in the cheese
cost.

The proteolytic activity (PA) of MCE creates the risk of de-
fects in cheese taste (bitterness) and texture (viscous, spread-
able consistency) during its ripening and storage, which leads
to a limitation of the cheese shelf life. This is especially true
for MCEs of animal and microbial origins, which have a high PA
[3,8,9]. Therefore, the use of these MCEs in high doses is inap-
propriate.

Considering the requirements of cheesemakers, MCEs with
increased specificity for kappa-casein and a low level of non-
specific PA (Chy-max M, Chy-max Supreme, Maxiren XDS) have
been created [10,11]. Such MCEs can be used at high introduc-
tion doses. By increasing the MCE dose, the coagulation time is
reduced, which has a number of positive consequences for im-
proving the quality and reducing the cheese cost:

— duration of free circulation of bacteriophages in liquid
milk is reduced, the risk of damage to the bulk starter by
bacteriophage is reduced [12];

— time, energy and labor expenditures for the manufacture
of a production unit are reduced; the productivity and
turnover of technological equipment increases [13].

When using MCE with low PA, there is no cleavage of al-
pha- and beta-caseins at the stage of curd processing in a
cheesemaking tank. The resulting curd has a high density
and quickly releases moisture. Due to the high mechanical
strength, the curd is resistant to mechanical crushing, which
reduces the loss of fat and protein into the whey in the form of
cheese dust and makes it possible to increase the cheese yield
by 1-2% in comparison with MCEs of animal and microbial
origins [11,14].

Part of the MCE introduced into milk transfers into the com-
position of the cheese mass [15]. MCE preserved in cheese con-
tributes to the proteolysis process in cheese, which depends on
the PA value of the enzyme [16,17].

MCEs with low PA are more relevant for non-ripening
cheeses — soft cheeses and stretched curd cheeses, for which
a minimum level of proteolysis during storage is important
to preserve taste and texture for the longest possible time
[16,18,19]. To form the taste of ripening cheese varieties, pro-

teolytic modification of cheese mass proteins is necessary.
Under the action of proteolysis, the cheese texture is trans-
formed from hard, crumbly to plastic, and cohesive, and a typi-
cal cheese taste is formed. An insufficient level of proteolysis
leads to an excessively dense texture and an insufficiently pro-
nounced taste of cheeses [17,19,20]. Such a product will not be
competitive in a market rich in cheeses from different manu-
facturers.

A cheese with an attractive taste and texture that is of in-
terest to consumers will bring profit to the manufacturer. As a
result, to date, in countries with developed economies and high
competition in the marketplace, there has been a tendency to
create new cheese varieties with new tastes that can attract
the consumer and be in demand. An example of a commercial-
ly successful product is “Serra da Estrela” cheese, made from
sheep’s milk, in the production of which MCE is used based on
an extract from artichoke inflorescences “Cynara cardunculus”
[21]. Other MCEs are also being sought from other sources to
create new cheese varieties. The possibility of using enzymes
from plants [22,23], marine organisms [24], and avian pepsins
[25] is being studied. The disadvantage of such MCEs is the
high PA, which causes the risk of defects in taste and texture in
cheeses produced with them and a reduction in their shelf life.
This disadvantage can be eliminated by reducing the MCE dose.
The resulting negative consequences in the form of obtaining
a weaker curd [26] can be compensated in the production of
semihard cheeses by increasing the duration and temperature
of curd processing [27].

The purpose of this study is to evaluate the quality (taste and
texture) and economic indicators of cheese production (yield
and process time) obtained by using MCEs of different origins in
the manufacture of semihard cheeses.

2. Materials and methods
2.1. Materials

In the studies, cow’s milk was used from the single supplier-
manufacturer — AgriVolga, LLC (Yaroslavl region, Uglich district,
Burmasovo village).

In the cheese production, a lactic acid starter based on the
BK-Uglich-No. 4 bacterial concentrate (the Federal State Bud-
getary Scientific Institution “Experimental Biofactory”, Russia)
was used, consisting of a set of cultures of Lactococcus lactis
subsp. lactis, Lactococcus lactis subsp. cremoris, Lactococcus lactis
subsp. diacetylactis, with preliminary activation of the culture in
sterilized milk. To coagulate milk, milk-clotting enzyme prepa-
rations (MCEs) of the following brands were used:

— Chy-max® Supreme 1000 (recombinant camel chymosin
with a modified amino acid sequence; nominal milk-clot-
ting activity — 1,000 IMCU/g; manufacturer — Chr Han-
sen A/S, Denmark);

— Chy-max® Extra 600 Liquid (recombinant calf chymo-
sin of genetic variant “B”; nominal milk-clotting ac-
tivity — 600 IMCU/g; manufacturer — Chr Hansen A/S,
Denmark);

— Naturen® Extra 220 NB (enzymatic extract from the
stomachs of calves with a mass fraction of chymosin of at
least 95%; nominal milk-clotting activity — 220 IMCU/g;
manufacturer — Chr Hansen A/S, Denmark);

— Fromase® 750 XLG (protease of the fungus Rhizomucor
miehei; nominal milk-clotting activity — 750 IMCU/g;
manufacturer — DSM Food Specialties, France);

— FS10 “Bovine pepsin” (enzyme extract from the stomachs
of adult cattle with a mass fraction of chymosin of at least
10%; nominal milk-clotting activity — 1,000 IMCU/g;
manufacturer — Zavod endokrinnykh fermentov, LLC,
Russia).
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2.2 Methods
2.2.1. Methods for studying the properties

of milk-clotting enzymes

The determination of the total milk-clotting activity was car-
ried out according to GOST ISO 11815-2015".

The determination of the total proteolytic activity was car-
ried out according to GOST 34430-20182, as applied to weakly
acidic proteases (at pH 5.3).

2.2.2. Methods for studying the properties of milk,

whey and cheeses

The active acidity of milk, whey, and cheeses was determined
on a pH-150MI pH meter (Izmeritelnaya Tekhnika, LLC, Russia)
equipped with a FC200B combined pH electrode (Hanna Instru-
ments Inc., USA). The active acidity of cheeses during self-press-
ing was measured with a potentiometric electrode of a pH meter
immersed in cheese mass. The active acidity of cheese after salt-
ing was determined in a suspension of cheese, for the prepara-
tion of which 10 g of cheese was ground in a mortar with 10 cm?
of deionized water.

The mass fraction of moisture in cheeses was determined by
drying at a temperature of 102+2°C according to the Russian
state standard GOST 3626-735.

The mass fraction of moisture in whey was determined by
the method according to GOST 3626-73 (clause 2.3, in relation
to milk).

The mass fraction of total protein in milk and whey was de-
termined by the Kjeldahl method according to the Russian state
standard GOST 23327-984

The mass fraction of total protein in cheeses was determined
by the Kjeldahl method according to the Russian state standard
GOST R54662-20115.

The mass fraction of fat in milk and whey was determined
by the acid method according to the Russian state standard
GOST 5867-90°.

The mass fraction of fat in cheeses was determined by the
acid method according to the Russian state standard GOST
R55063-20127.

The optical density of whey was measured after dilution of
whey with water (1:10) in a cuvette with an optical path length
of 10 mm at a wavelength of 650 nm on a LEKI spectrophotom-
eter of model SS1207UV (MEDIORA OY, Finland).

The molecular weight distribution of soluble proteins in
whey was determined by high resolution gel filtration using
an AKTA Pure 25 chromatographic system (Cytiva, Sweden)
equipped with a Superose 12 10/300 GL column (GE Health-
care, Sweden). Eluent — aqueous solution of 0.05 M Na,HPO, +
0.15 M NacCl (pH 6.50), eluent flow rate — 0.5 ml/min; detector
wavelength — 280 nm. The column was calibrated according to
the release time of protein substances with a known molecular
weight: IgG (180 kDa), aldolase (158 kDa), BSA (69 kDa), ovoal-

! GOST ISO 11815-2015 Milk. Determination of total milk-clotting ac-
tivity of bovine rennet. M.: Standartinform, 2015. — 10 p.

* GOST 34430-2018 Enzyme preparations for food industry. Method for
the determination of proteolitic activity. M.: Standartinform, 2018. — 12 p.

* GOST 3626-73 Milk and milk products. Methods for determination of
moisture and dry substance. M.: Standartinform, 2009. — 11 p.

* GOST 23327-98 Milk and milk products. Determination of mass part of
total nitrogen by Kjeldahl method and determination of mass part of protein.
M.: Standartinform, 2009. — 8 p.

® GOST P 54662-2011 Cheeses and processed cheeses. Determina-
tion of protein mass fraction by the Kjeldahl method. M.: Standartinform,
2012. — 16 p.

® GOST 5867-90 Milk and dairy products. Method of determination of
fat. M.: Standartinform, 2009. — 12 p.

" GOST P 55063-2012 Kinds of cheese and processed cheese. The rules
of test acceptance, sampling and control methods. M.: Standartinform,
2013. — 28 p.

bumin (43 kDa), B-Lg (36.0 kDa), a-La (14.4 kDa), cytochrome C
(12.3 kDa), tryptophan (0.204 kDa). The calibration curve was
based on a logarithmic regression model [28]. To determine the
molecular weight distribution of soluble protein substances,
whey was filtered on filter paper “type 102” (China standard GB
/T 1914-2007), and then on a cellulose acetate filter with a pore
size of 0.45 pym (Vladipor, Russia).

The cheese yield was calculated using the equation given in
[29].

The actual cheese yield was calculated using equation (1):

Mcheese
Ya=M7x100%, )
milk starter
where

Y — actual cheese yield, %;

M, ... — mass of cheese, kg;

M .. — mass of milk used for cheese production, kg;

M., — mass of the starter used for cheese production, kg.

Milk fat yield (MFY), expressed as kg milk fat transferred
from milk into cheese, was calculated using equation (2)

cheese " %Fc
MFY=—————x100%, 2)
ank -%F, milk

where
MFY — proportion of milk fat that has transferred into cheese, %;
%F_— mass fraction of fat in cheese, %;
%F . — mass fraction of fat in milk used for cheese production, %.
Milk protein yield (MPY), expressed as kg milk protein
transferred from milk into cheese, was calculated using equa-
tion (3)

Mchee:e ' %Pc
MFY = —2% ¢ 4 100%, 3)
ank'%P milk

where

MPY — proportion of milk protein transferred into cheese, %;

%P_— mass fraction of protein in cheese, %;

%P ., — mass fraction of protein in milk used for cheese production, %.
2.2.3. Methods for controlling the process

of milk curd formation

To obtain comparable results, the moment of the curd readi-
ness for cutting was determined online using a measuring sys-
tem based on the Hot-Wire method [30,31].

2.2.4. Microscopic studies

Microscopic studies of whey were carried out on “wet mount”
type microscope preparations by light microscopy in transmit-
ted light, using a dark field condenser. Photographs were taken
with a Canon EOS600D digital camera. The photographs were
corrected using the Digital Photo Professional software v.4.5
(Canon Inc., Japan).

2.2.5. Cheese production process
A semi-hard cheese was produced with a mass fraction of dry
matter of 59% and a mass fraction of fat in dry matter of 55%.
Cheese was made in laboratory-scale 12 1-capacity cheese vats
with water jacket, equipped with electric paddle mixers. Milk
was normalized:
— Dby fat, to obtain a mass fraction of milk fat of 5.0+0.1%, by
adding fresh cream with a fat content of 34-38%;
— by protein, to obtain a mass fraction of total milk protein
of 3.5+0.05%, by adding dry milk protein concentrate of
Ledor MPC85 LH with a protein content of 85% (Hochdorf
Swiss Nutrition AG, Switzerland).
Table 1 gives the technological regulations for the cheese
production.
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Table 1. Technological regulations for the production
of semi-hard cheese
Tab6muiia 1. TeXHOIOTMYECKUI PerJiaMeHT IPOM3BOACTBA IIOIyTBEPAOro Chipa
Indicator Meaning
6,62+0,05
72,0+0,5°C; 30 sec

Based on 35 g of
anhydrous salt per

Acidity of the milk mixture before pasteurization, pH

Pasteurization mode of milk mixture
Introduction dose of calcium chloride, g/100 kg of milk

100 kg of milk
Acidity of milk before milk-starter addition, pH 6,50+0,02
Introduction dose of milk-starter * kg/100 kg of milk 0,7
Duration of milk ripening after milk-starter addition, min 10-15
Acidity before the introduction of a milk-clotting 6,42+0,02
enzyme, pH
Introduction dose of MCE **, IMCU/100 kg of milk 1500-6000
Coagulation temperature, °C 33,5+£0,5
Coagulation time, min 15-50
Duration of cutting and formation of curd grain, min 15-20
Duration of stirring before cooking, min 25+1
Temperature of the cooking, °C 40-41
Duration of temperature increasing to cooking 15
temperature, min
Duration of the stirring at cooking temperature, min 40-50
Whey draining time into the molds, min 30
The number of turns of molds during whey draining 3
Pressing duration, min 120-180
Head weight after pressing, kg ~1,5
Acidity of cheese before salting, pH 5,30+0,05
Salting duration, h 2

Note:
* activated starter culture in sterile milk is used
** the introduction dose of MCE is based on the design of the experiment.
The table shows the nominal durations of the process steps *deviations.

After pressing, fresh cheeses were salted by immersion in a
22% NaCl solution for 8 h at a temperature of 4+2 °C. After salt-
ing, the cheeses were dried for 14-16 hours at a temperature of
4+2°C and a relative humidity of 85+5%, and then packaged.
After salting and drying, fresh cheeses were packed. Packing was
carried out under vacuum (pressure 0.96+0.01-10-° Pa; duration
of vacuum treatment — 17 s) into bags made of Amivak CH-B
polymer film (Atlantis-Pak, Russia) using a Henkelman Boxer 42
packaging machine (Henkelman Vacuum Systems). Packed
cheeses were ripened at a temperature of 11+1°C.

2.2.6. Methods of statistical analysis
The study was based on the design of the experiment that
included two categorical factors: “MCE brand” and “MCE dose”.
Table 2 shows the design of the experiment.

Table 2. Design of experiment
Tab6nuia 2. [naH 3KCIepuMeHTa

Introduction dose of MCE

MCE brand
Factor level IMCU/100 kg of milk
Fromase 750 XLG -1 1,500
Pepsin FS-10 -1 1,500
Naturen Extra -1 1,500
Fromase 750 XLG 0 3,000
Pepsin FS-10 0 3,000
Naturen Extra 0 3,000
Chy-max Extra 0 3,000
Chy-max Supreme 0 2,000
Naturen Extra +1 6,000
Chy-max Extra +1 6,000
Chy-max Supreme +1 5,000

Two replications of the experiments were carried out in a
randomized order.

Mathematical data processing was carried out using the soft-
ware packages of Microsoft Excel and Statsoft Statistica (v. 5.5).
The effect of the “MCE brand” and “MCE dose” factors on the re-
sponse variables was assessed using two-way analysis of variance
(ANOVA) using the Tukey pairwise comparison method [32].

3. Results and discussion
3.1. Milk-clotting and proteolytic activity of MCE

One of the aims of the experiment was to evaluate the influ-
ence of the level of non-specific PA on the course of technologi-
cal processes in the cheese production, as well as on the dynam-
ics of proteolysis during the cheese ripening. Table 3 shows the
data on the dose of non-specific PA introduced into milk when
using different doses of different types of MCEs for coagulation.

Table 3. Introduction dose of MCE in units of milk-clotting
and total proteolytic activity

Ta6muua 3. Jo3a BHeceHuss M@ B eIMHUITY MOJTOKOCBEPTHIBaIoLIei
¥ 061Iei MPOTEOTUTUIECKOI aKTUBHOCTH

é é*go ‘E 00 Introduction of MCE

=) 5 g in terms of units of PA,

‘é";g ® - at the level of the factor

MCE brand B0~ 85 “introduction dose

825 £ of MCE”***

O o cQ

=28 25

525 E5% 1 o m
Fromase® 750 XLG 776** 56.91 110.01 220.01 —
FS10 “Bovine pepsin” (15/85) 1087** 14.36  19.82  39.63 —
Naturen® Extra 220 (95/5) 193* 0.95 7.38 14.77  29.53
Chy-max® Extra 600 Liquid 554* 0.48 - 2.60 5.20
Chy-max® Supreme 1000 912* 0.28 — 0.61 1.54

Note:

* Nominal (declared by the manufacturer) milk-clotting activity of MCE.
** Actual (measured) milk-clotting activity of MCE.
*** The level of the “MCE dose” factor in IMCU units is given in Table 2.

The milk-clotting activity of MCE in liquid dosage form, re-
calculated from the nominal activity of 1 cm® to the nominal
activity of 1 g, based on the measured density of these prepara-
tions: Chy-max Supreme — 1.096 g/cm3; Chy-max Extra 600 Lig-
uid — 1.083 g/cm3, Naturen® Extra 220-1.134 g/cm?, Fromase®
750 XLG — 1.180 g/cm?®. The specimen FS10 “Bovine Pepsin” has
a dry dosage form.

Their dosage was based on the proteolytic activity of MCE in
the cheese production.

Chymosin-based MCEs have been used in the cheese pro-
duction at doses of 3,000 and 6,000 IMCU/100 kg milk, respec-
tively, for Naturen Extra and Chy-max Extra MCE, and 2,000
and 5,000 IMCU/100 kg milk for Chy-max Supreme, which cor-
responds to the minimum and maximum used doses of these
MCEs recommended by the manufacturer. Naturen Extra MCE
has also been studied at a dose of 1,500 IMCU/100 kg of milk,
which is %2 of the minimum introduction dose recommended by
the MCE manufacturer. Introduction doses of MCEs from 1,200
to 1,600 IMCU/100 kg of milk are obtained using the “VNIIMS
rennet-probe” method to calculate the minimum amount of
MCE required for milk coagulation within ~30 min [33,34].

For MCE based on microbial protease (Fromase 750 XLG)
and bovine pepsin (“Bovine Pepsin” FS-10), which have higher
levels of PA than MCEs based on chymosins, introduction doses
of 1,500 and 3,000 IMCU/100 kg of milk were chosen, due to
the high probability of obtaining a bitter taste in cheese at a
higher dose of these MCEs, as proved by the results of studies
of microbial proteases [8, 35] and pepsins [6, 36] in production
of cheeses.
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3.2 Milk coagulation and curd processing

To coagulate milk, working solutions of MCE were prepared
with a concentration of 5.0 IMCU/cm®. The introduction dose of
MCE working solutions was calculated to achieve a concentration
of MCE from 1,500 to 6,000 IMCU per 100 kg of processed milk,
depending on the factor levels in the design of the experiment.

MCE was added into milk after the introduction of the starter
of lactic acid microorganisms and holding the milk until an acid-
ity of 6.45+0.05 pH was reached. To obtain comparable results,
the moment of the curd readiness for cutting was determined
online using a measuring system based on the Hot-Wire method.
The milk with the introduced MCE solution was stirred for 2 min,
after which the sensors of the measuring system were immersed
into the product. The moment when mixing is completed is con-
sidered the moment of the beginning of coagulation.

The moment of coagulation completion (curd readiness for
cutting) was confirmed by a qualified cheesemaker by an organo-
leptic test for curd fracture. The curd, ready for cutting, when
lifted with a spatula, gave a fracture with sharp edges with the
release of a transparent yellowish-green whey.

The duration of the curd processing stages was not a fixed
value, but was determined by its readiness for the next process-
ing stage in accordance with the regulations for the production
of semihard cheeses. Process formation and stirring of curd
grain was continued until a sufficient degree of compaction was
obtained and a dense layer was formed on the surface of the
grains, protecting the grains from destruction during kneading
thoroughly. Processing during and after cooking continued until
the cheese grains acquired the necessary density and stickiness,
making it possible to form a coherent cheese mass from indi-
vidual grains, which can be pressed.

The processing of cheese grains in the cheese vat was con-
sidered completed after the cheese grains acquired the required
density (which indicated a sufficient degree of dehydration) while
maintaining sufficient stickiness of the grains. The readiness of
the grain was determined by the method generally accepted in the
cheesemaking practice — a “grinding test” for the grain.

To establish the influence of experimental factors (type and
dose of MCE) on the duration of coagulation and the total dura-
tion of grain processing in the cheesemaking tank, analysis of
variance of the data was carried out. Table 4 shows the results of
the analysis of variance.

Table 4. Mean sum of squared deviations, level of statistical
significance and coefficients of determination of the ANOVA
model for response variables

Ta6muua 4. CpegHsiss cyMMa KBaJipaTOB OTK/IOHEHMIi, YDOBEHb
CTaTUCTUYECKOI JOCTOBEPHOCTH U KO3 DUUMEeHThI JeTepMuHaALMNU
Mmopenyt ANOVA 1 nepeMeHHbBIX OTK/IMKa

df Coagulation duration, Processing time (without

Factor

min coagulation), min
Type 4 10.32 (-) 14.83 (-)
Dose 2 805.36 (***) 172.97 (*%)
Error 17 4.58 19.04
R? 0.96 0.61
Note:

df — number of degrees of freedom
Factor keys: Type — MCE type; Dose — MCE dose.
Error — part of the response variable variation related to an error;
R? — coefficient of determination for the ANOVA model.

The level of statistical significance of the factor effect evaluation (in pa-
rentheses): “~“ — statistically inaccurately (p>0.05); “*” — p<0.05; “**” —
p<0.01; “***” — p<0.001.

The results of the analysis of variance show that the MCE
dose (p<0.001) affects the coagulation duration and the total du-
ration of grain processing in the cheesemaking tank, and there is
no influence of the MCE type (p>0.05). The analysis of variance

model containing the selected set of factors provides a reliable
description of the variation of the response variables “coagula-
tion duration” at the level of R? = 0.96 and “processing duration”
at the level of R2=0.61.

Figure 1 shows the graphs reflecting the dependence of the
duration of milk coagulation and the stages of the milk curd pro-
cessing on the introduction dose of various types of MCEs in the
manufacture of experimental variants of semihard cheeses.

The graphs visualizing the influence of experimental factors
on the response variables (Figure 1) show that with an equal
dose of MCE, there are no statistically accurate differences be-
tween MCEs of different types (Tukey’s test, p>0.05) in the coag-
ulation duration and in the total duration of curd processing in
the cheesemaking tank. Increasing the MCE dose from the mini-
mum level (1,500 IMCU/100 kg) to the average level (2,000 for
Chy-max Supreme MCE and 3,000 IMCU/100 kg for other MCEs)
results in a statistically accurate (Tukey’s test, p<0.05) reduction
in the coagulation duration by an average of 20 minutes. Fur-
ther increase in the MCE dose to the maximum level (5,000 for
Chy-max Supreme MCE and 6,000 IMCU/100 kg for other MCEs)
does not provide a significant result in terms of reduction in the
coagulation duration (Tukey’s test, p>0.05).

At the same time, with an increase in the MCE dose from the
average to the maximum one, it leads to a statistically signifi-
cant (Tukey test, p<0.05) reduction in the duration of curd pro-
cessing in the tank by an average of 10 minutes.

Based on the obtained results on the effect of the type and
dose of MCE on the duration of the stages of processing the
cheese curd in the tank, it can be concluded that the use of high
doses of MCE (5,000-6,000 IMCU/100 kg of milk) for milk coagu-
lation can be considered an appropriate technological method,
leading to a reduction in the time spent on cheese production
and to an increase in the turnover of technological equipment.

3.2 Whey composition

To establish the influence of experimental factors on the in-
dicators of the composition of whey obtained in the manufacture
of cheeses using different types and doses of MCEs, an analysis
of variance of the data was carried out. Table 5 shows the results
of the analysis of variance.

Table 5. Mean sum of squared deviations, level of statistical
significance and coefficients of determination of the ANOVA
model for response variables
Tab6nuia 5. CpegHsss cyMMa KBaJpaTOB OTK/IOHEHUI, YPOBEHb
CTaTUCTUYECKO JAOCTOBEPHOCTU U KOB(bC]JI/ﬂ.lMeHTLI AeTepMyHaIUN
mopenyt ANOVA nj1s nepeMeHHbIX OTKJIMKA

Mass Mass Mass Optical
Factor df fraction fraction of  fraction of density *,
of fat, % protein, % dry matter, % units
Type 4 0.08625 (**) 0.00076 (-) 0.102 (*) 0.02594 (%)
Dose 2 0.001583 (-) 0.00743 (-) 0.049 (-) 0.00259 (-)
Error 17 0.01527 0.00363 0.031 0.00923
R? 0.69 0.36 0.68 0.56
Note:

df — number of degrees of freedom
Factor keys: Type — MCE type; Dose — MCE dose.
Error — part of the response variable variation related to an error;
R? — coefficient of determination for the ANOVA model.

The level of statistical significance of the factor effect evaluation (in pa-
rentheses): “-“ — statistically inaccurately (p>0.05); “*” — p<0.05; “**” —
p<0.01; “***” — p<0.001.

Based on the results of the analysis of variance shown in
Table 5, the following conclusions can be drawn. The factor sig-
nificantly (p<0.05) influencing the composition of cheese whey
is “MCE type”, but not “MCE dose”. At the same time, the MCE
type has a statistically accurate effect on the total content of dry
matter and fat in whey, but not on the content of whey protein.
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Figure 1. Influence of the type and introduction dose of MCE of different brands on the duration of milk coagulation (A)
and the processing duration of the curd in the cheesemaking tank without considering the coagulation time (B). Keys of MCE
brands on the graph: Fromase — Fromase 750 XLG; Pepsin — “Bovine Pepsin” FS-10; Naturen — Naturen Extra 220; Extra —
Chy-max Extra; Supreme — Chy-max Supreme. Data are given in the form “mean value * standard deviation”

PucyHok 1. Bnusinue tina v 703b1 BHeceHys: M®II pasHbIX MapoK Ha NPOJO/DKUTENbHOCTh CBePThIBaHMSA MOJIOKA (A) ¥ Ha MPOJO/DKUTETbHOCTD
06paboTku crycTka (B) B cbipoensHOI BaHHe (63 yueTa BpeMeHu cBepThiBaHus). 0603HaueHuss mapok M® Ha rpaduke: Fromase — Fromase 750 XLG;
Pepsin — «IlenicuH rosspkuii» @C-10; Naturen — Naturen Extra 220; Extra — Chy-max Extra; Supreme — Chy-max Supreme.

JlaHHbIe IpyuBeeHsI B GopMe «cpegHee 3HaUeHNe £ CTaHAAPTHOE OTKJIOHEHME»

The effect of factors (type and dose of MCE) established by
the method of variance analysis on indicators of the composi-
tion of cheese whey is visualized in the form of graphs presented
in Figure 2.

The difference between various types of studied MCEs
is the level of non-specific PA (Table 3). The data given in
Figures 2 (A) and 2 (B) can show that at equal introduction dos-
es, MCEs with high PA (Fromase, Pepsin) have statistically sig-
nificant (p<0.05, Tukey’s test) large losses of fat and dry mat-
ter of the curd into whey than MCEs with lower PA (Naturen,
Chy-max Extra and Chy-max Supreme). In addition, there are
similar differences between the MCE variants in terms of pro-
tein losses in whey and in whey optical density (Figures 2 (C)
and 2 (D)), but these differences are not statistically accurate
(p>0.05, Tukey’s test).

According to data [8], MCEs with high PA cause proteolytic
cleavage of alpha- and beta-caseins in the cheese curd at the
stage of processing in the cheesemaking tank. Under the ac-
tion of proteolysis, the strength of the curd and its resistance to
mechanical stress decrease. Such a curd is subjected to crush-
ing, followed by the loss of part of the dry matter into whey in
the form of “cheese dust”. In addition, as a result of proteolytic
cleavage, water-soluble peptides are formed from caseins, which
transfer into whey.

The results of the analysis of variance (Table 5) and graphs
visualizing them (Figure 2) allow us to conclude that the type
of used MCE affects the loss of milk dry matter in the form of
“cheese dust”, and not in the form of water-soluble proteolysis
products (peptides) formed during caseins cleavage. This con-
clusion is confirmed by the results of microscopic and chro-
matographic studies of cheese whey. Figure 3 shows a photo
of a micropreparation of cheese whey taken at the end of the

curd processing. Figure 3 (1) demonstrates the appearance of
fat globules; Figure 3 (2) gives the appearance of a particle of
cheese dust.

On the fracture of the “cheese dust” particle, it can be seen
(Figure 3 (2)) that fat globules occupy the main volume of the
particle. Therefore, the loss of dry matter in the form of “cheese
dust” leads mainly to the loss of fat from the curd being pro-
cessed.

Figures 4 and 5 show the chromatograms of whey obtained
from the manufacture of cheeses with different types and doses
of MCEs, reflecting the content of water-soluble protein sub-
stances in whey.

The peak in the free volume of the chromatogram (VO) is
formed by the smallest particles (“cheese dust” and fat globules)
passing through a filter with a pore size of 0.45 pm used for fil-
tration before chromatography. Figure 4 shows that whey sam-
ples from cheeses produced with MCEs of Fromase and “Pepsin”
at the minimum introduction doses (1,500 IMCU/100 kg of milk)
show a higher peak free volume (VO0). This means the presence of
a greater amount of cheese dust in the composition of whey ob-
tained from cheeses made with minimal MCEs doses of Fromase
and “Pepsin”.

Water-soluble products of proteolysis potentially formed
from curd caseins under the action of MCE have a mass of less
than 5 kDa [37]. On the chromatograms of cheese whey obtained
from cheeses produced with different combinations of the type
and dose of MCEs, there are no significant differences in the area
of the peaks of substances with a molecular weight of less than
5 kDa. This means that during the grain processing in the tank,
there is no proteolytic effect of MCE on alpha- and beta-caseins,
to the extent that leads to the formation of water-soluble prote-
olysis products and their loss from the curd to the whey.
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Figure 2. The influence of the type and introduction dose of MCE of different brands on the mass fraction
of dry matter of whey (A), the mass fraction of whey fat (B), the mass fraction of whey protein (C) and the
optical density of whey (D). The keys of the MCE brands on the graph are similar to Figure 1.
The data are given in the form of “mean value * standard deviation”
PucyHOK 2. BausiHue tuna u 1o3sl BHeceHMs1 M®II pa3HbIX MapoK Ha: MacCOBYIO JIO/IIO CYXOTO BelleCTBa CbIBOPOTKM(A), MacCOBYIO JOJTIO
JKMpa ceIBOpoTKY (B), MaccoByro noio 6esika cbiBOPOTKM(C), ONITUUECKYIO INIOTHOCTH CHIBOPOTKM (D). O603HaueHuss Mapok M@
Ha rpadyuKe aHaJIOrM4YHbI ¢ PucyHkoMm 1. JlaHHbIe IpuBeneHbI B opme «cpesHee 3HaUeHNeE * CTaHAAPTHOE OTKIOHEHME»
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Figure 3. Whey micropreparation 1) fat globules; 2) cheese dust particles (A) containing a large number of fat globules (B)
PucyHok 3. MuKponpenapaT CbIBOPOTKH: 1) >KMPOBbIe IAapMKU; 2) YaCTUIbI CBIPHOJ NbLu (A),
comepikalnye 60JIbIIoe KOJINYEeCTBO JKMPOBBIX IAapUKOB (B)
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Figure 4. Chromatograms of cheese whey samples obtained from cheese variants produced with rennet
enzyme (Naturen), microbial MCE (Fromase), and MCE based on bovine pepsin (Pepsin)
PVICYHOK 4. XpOMaTOI‘paMMbI 06])33110]5 HO,Z[CBIpHOﬁ CBIBOPOTKM, HOJIY‘IQHHOﬁ OT BapMaHTOB CbIPOB, IIPOU3BEAEHHBIX C CBITY>KHbIM
depmenTtom (Naturen), c M® mukpoGHoro npoucxoxaeuus (Fromase) u ¢ M@ Ha ocHOBe roBskbero nerncusa (Ilemcus)
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Figure 5. Chromatograms of cheese whey samples obtained from cheese variants produced with rennet
enzyme (Naturen), MCE of Chy-max Extra (Extra) and MCE of Chy-max Supreme (Supreme)
PuicyHOK 5. XpoMaTorpaMmbl 06pa31ioB MO/ICHIPHONM CHIBOPOTKM, IIOTYY€HHO OT BAPMAHTOB ChIPOB, IIPOM3BEIEHHBIX
¢ ceraykHbIM (bepmenTom (Naturen), c M® Chy-max Extra (Extra) u ¢ M® Chy-max Supreme (Supreme)

The influence of the MCE type on the optical density of the
whey (Table 5, Figure 2 (D)), is also confirmed by the fact that
the dry matter of the curd is lost in the form of optically opaque
particles, i.e. “cheese dust”.

Based on the obtained results on the effect of the type and
dose of MCE on the amount of dry matter loss of the curd in
cheese whey, it can be concluded that the use of higher doses of
MCE with a high MCA/PA ratio, such as Chy-max Extra and Na-
turen (6000 IMCU/100 kg of milk) leads to a decrease in the loss
of milk dry matter to whey by ~0.6% (from 7.8% to 7.2%). At the
same time, the use of Chy-max Supreme MCE makes it possible
to achieve equally low losses already at an introduction dose of
2,000 IMCU/100 kg of milk.

3.4. Physicochemical indicators of cheeses

The aim of the experiment was to obtain cheeses of the
same composition. To achieve this goal, the duration of me-
chanical processing of the curd in the tank was adjusted (see
section 3.2).

Table 6 shows the physicochemical indicators of test cheeses
at the beginning of the shelf life (in 7 days).

Cheese variants made using different types and doses of
MCEs did not have statistically accurate differences in the con-
tent of dry matter, fat, protein, salt and pH level (Tukey’s test,
p>0.05).

Table 6. Physicochemical parameters of test cheeses at the beginning of storage
Tabnuua 6. PU3UKO-XMMMUYECKIe II0Ka3aTe/ I IKCIePUMEeHTaIbHBIX CBIPOB B HaYa/ie XpaHEeHMs

Mass fraction of dry  Mass fraction of fat,

Mass fraction Mass fraction of salt,

%
MCE brand Dose matter, % % ofprotein, % % PH
-1 58.28+0.27 30.80+0.61 20.18+0.56 1.24%0.03 5.11+0.06
Fromase 750XLG
0 58.23+0.40 32.27+0.11 20.15+0.28 1.15%£0.08 5.08+0.05
. -1 56.85+0.44 30.80+1.10 20.01£0.54 1.10£0.06 5.10%0.07
Pepsin FS-10
0 58.70+1.28 31.53+0.53 20.55+0.82 1.41+0.02 5.12%0.06
-1 58.04+0.44 31.10+0.55 20.67+0.15 1.30+0.03 5.11+0.04
Naturen Extra 0 58.95+1.34 31.53+1.12 20.52+0.64 0.95+0.05 5.15+£0.03
+1 57.08+0.96 31.12+0.57 19.25%0.79 1.36+0.04 5.11+0.03
0 58.92+0.01 33.00£0.01 19.56+0.23 1.36+0.03 5.13£0.02
Chy-max Extra
+1 56.97+0.17 31.02+1.00 19.13£0.69 1.29+0.01 5.09%0.03
0 57.58+0.87 33.00+0.28 19.31%£0.64 1.36%0.04 5.13+0.02
Chy-max Supreme
+1 56.92+1.07 31.77+0.59 19.31£0.62 1.33+0.05 5.09%0.01

Note:

* Introduction dose of MCE into the milk mixture, IMCU/100 kg of milk: “-1” —

1,500; “0” — 2,000 for Chy-max Supreme MCE and 3,000 for other MCEs; “+1” —

5,000 for the Chy-max Supreme MCE and 6,000 for other MCEs. Data are presented in the format “mean value +standard deviation”.
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3.5. Conversion efficiency of milk dry matter

To establish the influence of experimental factors on the ef-
ficiency of converting milk dry matter into cheese, an analysis of
variance of the data was carried out. Table 7 shows the results of the
analysis of variance, reflecting the degree of influence of the type
and dose of MCEs used in the cheese production, on the indicators
characterizing the efficiency of the conversion of milk dry matter.

The results of the analysis of variance, given in Table 7, show
that the MCE dose has a significant effect on the actual cheese
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yield and on the weight of the cheese head (p<0.001). In addi-
tion, the MCE dose affects, although less significantly, the de-
gree of transition of fat and protein into the composition of the

cheese mass (p<0.05).

The influence of the experimental factors (type and dose of
MCE) on the indicators characterizing the efficiency of the con-
version of milk dry matter is visualized in the form of graphs in

Figure 6.
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Figure 6. Influence of the type and introduction dose of MCE of different brands on the actual cheese yield (A), the degree
of transition of fat into the cheese composition (B), the degree of transition of protein into the cheese composition (C),
the weight of the cheese head (D). The keys of the MCE brands on the graph are similar to Figure 1.

The data are given in the form o

f “mean value * standard deviation”

PuicyHOK 6. BnussHue Tuna u g03s1 BHeceHust M®OII pasHbIX MapoK Ha: haKTUUeCKuil BHIXOJ, ChIpa (A), CTeneHb Iepexoa JXupa B cocTas cbipa (B),
creneHp nepexona 6enka B cocras cbipa (C), Maccy cbipHOIi ronoBku (D). OGo3Hauennss Mmapok M® Ha rpadmke aHanornussi ¢ Pucynkom 1.

JlauHble npuBeaeHsl B popme «cpesH

ee 3HaUeHMe * cTaHJapPTHOE OTKJIOHEHMe»
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Table 7. Mean sum of squared deviations, level of statistical
significance and coefficients of determination of the ANOVA
model for response variables

Ta6muua 7. CpemHsIsi CcyMMa KBaJpaTOB OTKJIOHEHMI, yDOBEHb
CTaTMCTMYECKOI JOCTOBEPHOCTH U KO3 DUIVIEeHTsI AeTepMUHALUN
Mmoaent ANOVA 1 nepeMeHHbBIX OTK/IMKa

Actual Percentage transferred to cheese Weight of
df  cheese the cheese
yeild, % Milk fat, %  Milk protein, %  head, g
Type 4  0.035(-) 15.5 (=) 2.1(-) 2005 (-)
Dose 2 2.917 (**%) 35.1 (%) 38.9 (¥) 37776 (***)
Error 17 0.068 7.9 7.4 2157
R? 0.88 0.68 0.48 0.78
Note:

df — number of degrees of freedom
Factor keys: Type — MCE type; Dose — MCE dose.
Error — part of the response variable variation related to an error;
R? — coefficient of determination for the ANOVA model.

The level of statistical significance of the factor effect evaluation (in pa-
rentheses): “~” — statistically inaccurately (p>0.05); “*” — p<0.05; “**” —
p<0.01; “***” — p<0.001.

The reason for the influence of the “MCE dose” factor on the
actual cheese yield and the weight of the cheese head is the re-
duction in the total duration of processing of the cheese curd
with an increase in the MCE dose. Other conditions being equal,
reducing the processing duration leads to the preservation of
more moisture in the curd. Cheeses with high doses of MCE had
a shorter duration of curd processing in the tank (Figure 1), and
as a result, a higher moisture content, compared to cheeses pro-
duced with lower doses of MCE and subjected to longer mechan-
ical processing. Figure 7 (A) visualizes the relationship between
the MCE dose used to coagulate the milk, the duration of curd
processing, and the mass fraction of moisture in the cheese.

In addition, a factor that implicitly affects the cheese yield and
the weight of the cheese head is the “MCE type”. The use of MCE
in the cheese production, which have a low level of PA, helps to
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reduce fat loss to whey (Figure 2 (B)) and increase the degree of
transfer of milk fat to cheese (Figure 6 (B)). Emmons [6] showed
that loss of whey fat leads to a proportional decrease in fat con-
tent in cheese and a decrease in cheese yield. On the contrary, a
decrease in fat loss leads to an increase in the cheese yield and the
weight of the cheese head. Figure 7(B) shows the relationship be-
tween moisture and fat content of cheeses and actual cheese yield.

The data obtained indicate the effect of the use of types and
doses of MCEs in the study on the duration of the stages of pro-
cessing the cheese curd, on the loss of dry matter of the curd in
the cheese whey, the composition of fresh cheeses (mass frac-
tion of moisture and fat) and on the cheese yield. The regulari-
ties discovered in this work coincide with the results of studies
by other authors discussed in the introduction to this article.

Conclusions
Based on the data obtained, the following conclusions can

be drawn:

O the studied MCEs of different origins (animal, microbial, and
recombinant) differ significantly in the level of specific non-
specific proteolytic activity, expressed in terms of the MCA/
PA index, according to which the studied MCEs of different
types are arranged in descending order: R. miehei protease
(Fromase) > bovine pepsin (PS-10) > calf rennet (Naturen) >
recombinant calf chymosin (Chy-max Extra MCE) > modified
camel chymosin (Chy-max Supreme MCE);

O despite significant differences in the level of specific non-
specific proteolytic activity, the duration of milk coagulation
by the studied MCEs depends only on the dose of units of
milk-clotting activity, but not on the proteolytic activity
of MCEs. The exception is Chy-max Supreme, which has
the highest MCA/PA. When adding Chy-max Supreme
MCE to milk at a dose of 2,000 IMCU/100 kg of milk, the
duration of milk coagulation is provided at a level that
requires the introduction of other studied MCEs at a dose of

B)

() DR 2SR \RORN

Figure 7. A) Effect of the total curd processing time, include the coagulation time, on the moisture content of the cheese.
Introduction dose of MCE (see Table 2): o — level “-1”; o — level “0”; m — level “+1”. B) The dependence of the actual

cheese yield on the indicators of the cheese composition
PucyHOK 7. A) BinsiHue 00611eii IPOgO/DKUTETBHOCTY 06paGoTKYM CBIPHOTO CTYCTKA Ha COAepskaHue BJIaru B cbipe. Jlo3a BHeceHuss M@
(cm. Ta6auiy 2): © — ypOBeHb «-1»; 0 — ypoBeHb «0»; m — ypoBeHb «+1»; B) 3aBucuMocTh (hakTHMUECKOro BBIXOAA ChIpa OT MOKa3aTesieil cocTaBa
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3,000 IMCU/100 kg of milk. In addition, the dose of Chy-max
Supreme MCE at 5,000 IMCU/100 kg of milk provides the
same duration of milk coagulation as other tested MCEs at a
dose of 6,000 IMCU/100 kg of milk;

the level of specific non-specific proteolytic activity of
MCEs does not affect the total duration of grain processing
in the cheesemaking tank. There are no significant (p<0.05)
differences between MCEs with different levels of MCA/PA in
terms of the total duration of grain processing in the tank,

of rennet on the composition, proteolysis and microstructure of reduced-

114

composition during the processing of the cheese curd. In
variants of cheeses made with the use of MCEs with a low
level of MCA/PA (Fromase, “Bovine Pepsin”), the highest
waste of milk dry matter into whey is noted. When using
natural calf rennet (Naturen Extra), there is less release of
milk dry matter into whey. In the variants with the use of
MCEs with the highest level of MCA/PA (Chy-max Extra and
Chy-max Supreme), the lowest release of milk dry matter
into whey among the studied types of MCEs is noted;

which is significantly (p<0.05) affected by the MCE dose O the use of MCEs with a low level of PA at an increased dosage
introduced for milk coagulation. With an increase in the MCE (6,000 IMCU/100 kg of milk for Naturen and Chy-max Extra
dose, the duration of grain processing in the tank is reduced; or 5,000 IMCU/100 kg of milk for Chy-max Supreme) can
the level of specific non-specific proteolytic activity of MCEs increase the actual cheese yield by an average of 1.5% (from
affects the proportion of milk dry matter lost in the whey 12.7% to 14.2%).
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