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chicken pepsin, The development of poultry farming creates opportunities to obtain pepsin, a proteolytic enzyme with milk-clotting activ-

pepsin extraction, ity, from the chicken proventriculus (Gallus gallus). This organ, considered a by-product, can serve as a source of proteases,

milk-clotting activity,  including milk-clotting enzymes that may be used as substitutes for conventional milk-clotting agents in the dairy industry.

skim milk This study aims to extract pepsin from chicken proventriculus, characterize it, and evaluate its potential use as a rennet
substitute. It also attempts to determine the optimal milk clotting conditions (enzyme volume, pH, temperature, and CacCl,
concentration) based on milk flocculation and clotting times. According to the obtained results, the clarified extract of chicken
pepsin showed a milk-clotting activity of 63.48+0.21 RU/ml, a specific milk-clotting activity of 1.560.19 (RU mg~!), a clot-
ting strength of 12957+399 (SU), a protein content of 43.49+0.75 mg/mL, and a proteolytic activity of 0.91+0.140 pg/mL-h.
The highest milk-clotting activity of chicken pepsin was observed between 38 °C and 40 °C, at pH 6.6 and 6.8, with an enzyme
volume of 3 mL, and at a CaCl, concentration of 5 mM. The obtained results indicate the potential use of chicken pepsin as
a substitute for rennet in milk clotting. It could also be used in other biological or industrial applications.
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OKCTPAKI NS 1 XAPAKTEPUCTUKA KYPUHOTI'O ITEIICUHA
C OHEHKOU ET'O MOJIOKOCBEPTBIBAIOIIEN AKTUBHOCTHU

B OBE3> KUPEHHOM MOJIOKE
Byxamu [I.1,* Benxomxka X.!, dnyncen A.2, Benartym 3.1, Pemu A.3, Xapupu A.!
1Ta6opaTopus 6MOKOHBEPCUM, MUKDPOGMOIOTMYECKOT MHKEHEPUY M OXPaHbI 30POBbS,
Macxkapckuit YHuBepcutet Mycradsr Crambyna, Mackapa, AKUD
2Jla6opaTopus uccie[0BaHMii 6YOIOTMIECKIX CUCTEM ¥ T€OMATUKH,
Mackapckuit Yauepcutet Myctadst Ctambyna, Mackapa, AJKup
5JlabopaTopusi OpraHMUeCKOi, MaKPOMOJIEKY/ISIPHOI XUMUY M MaTepPUasos,
Macxkapckuii YHuBepcutet Mycradsr Cram6ysia, Mackapa, AKUD

KJIFOYEBBIE CJIOBA: AHHOTALIUA

KYPUHbLL NencuH, Pa3BuTue MTULLEBOJCTBA OTKPbIBAET BO3MOXKHOCTM IS TIOTyUeHMsI TIelICUHa, TPOTEeONUTUUECKOro (hepMeHTa ¢ MOIOKOCBEp-

IKCMPAKyus NencUHd, —THIBAIOIIEH aKTMBHOCTDIO, U3 KeNe3UCTOro xenyaka Kyp (Gallus gallus). ITOT opraH, CUMTAIONIUIACS MOGOYHBIM POLYKTOM

MOI0KOC8epMblEaujas TIPOU3BOACTBA, MOKET CIYKUTb MCTOYHMKOM ITPOTeas, B TOM UJMC/Ie MOJIOKOCBEPTHIBAIONIMX (epMEeHTOB, KOTOpPbIe MOTYT MC-

akmueHocmo, TI0JTb30BAThCSI B KAUECTBe 3aMeHNTeel TPaAUIMOHHBIX KOAryJIsTHTOB B MOJIOYHO MTPOMBIIIITIEHHOCTH. Lesib JaHHOTO nccieno-

06e3x#upeHHoe MOJIOKO BaHUSI — U3BJI€UD ITETICHH U3 KeJIe3UCTOTO KeTyKa Kyp, 0XapaKTepu30BaTh €ro U OLEHUTH ero MOTeHIIMATbHOE UCTIONIb30BaHKe
B KauecTBe 3aMeHUTEISI CBIYYKHOTO hepMeHTa. TakKe MpeITpMHSITA ITOIbITKA OIPeIeIUTh ONTMMAaIbHbIE YCIOBYS KOATYIISLINI
Moroka (06beM depmeHTa, pH, TemmiepaTypa 1 KoHIeHTpauus CaCl,) Ha ocHOBe BpeMeHy GUIOKY/ISILIAY M KOary/siyuy MOIoKa.
CornacHO NOMyYeHHBIM pe3y/bTaTaM, OCBeTIeHHbII SKCTPaKT KYPMHOTO IeTCMHa [T0Ka3aa MOIOKOCBEPTHIBAIOILYI0 aKTUBHOCTh
63.48%0.21 RU/M1, yZIelbHYIO MOJIOKOCBEPTHIBAIONIYIO aKTMBHOCTh 1.56+0.19 (RU mr~!), mpounocTs rens 12957+399 (SU), co-
IepskaHye 6eka cocTasiisio 43,49+0,75 mr/mMi, a mporeouTudeckas aktuBHocTb — 0,91+0,140 Mrr/Mii-u. HambGosbInast Mosio-
KOCBEPTHIBAOIIASI aKTUBHOCTb KYPMHOTO TeTCYHA HabIIoaanach B nuarnasone temrepatyp ot 38 °C mo 40 °C, mpu pH 6.6 1 6.8,
obbeme depmeHnTa 3 Mt 1 KoHUeHTpauuu CaCl, 5 MM. I[ToryueHHbIe pe3y/IbTaThl YKa3bIBAIOT HA MTOTEHIMATbHYIO BO3MOKHOCTD
UCIIOb30BAHMST KyPMHOTO MEICHHA B KAYeCTBe 3aMEHUTEISI ChIIyKHOTO (hepMeHTA IPY KOAry/IsiLMy MOJIOKA, a TAKKe B IPYTUX

6MOIOTMYECKUX WU TTPOMBIIIJIEHHBIX IIeJISIX.

1. Introduction

Proteases are among the most widely used commercial enzymes due
to their multiple applications in various fields [1]. Protease sales alone
account for over 60% of total enzyme sales [2]. These enzymes play an
important role in the pharmaceutical and food industries, as well as in
industrial biotechnology. The food industry is the largest consumer of
proteases [3]. Within this industry, one of the major applications is the
use of rennet in cheesemaking [4].

Cheesemaking involves several steps, one of the most fundamental of
which is milk clotting. Clotting is traditionally achieved by the action of
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rennet, which is industrially extracted from the abomasum of unweaned
calves [5,6]. Until the 1950s, rennet was the dominant enzyme used in
cheesemaking [7]. However, its availability declined because its produc-
tion depends on the meat industry. Currently, traditional animal rennet
production covers only 20-30 % of the coagulant demand [8].

The shortage of rennet on the global market has led to an increase in
its price. At the same time, cheese production has gradually increased
over the years. This situation has prompted the search for alternative en-
zyme preparations of various origins that can coagulate milk in a simi-
lar way to rennet [9,10]. In the search for rennet substitutes, microbial
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proteases, particularly those produced by genetically modified microor-
ganisms, have yielded satisfactory results [11]. However, in recent years,
natural extracts have attracted increasing attention as an alternative [12].
They have high proteolytic activity and are generally active over a wide
range of temperatures and pH [13].

Among the substitutes, chicken pepsin (EC 3.4.23.1) is a protease
with milk-clotting activity [14]. Chicken pepsin is an enzyme extracted
from chicken proventriculi (Gallus gallus), which is considered a by-
product of slaughter. These organs, averaging 3 cm in length, are lo-
cated above the gizzard and covered with a layer of epithelium formed
of columnar cells. These cells are responsible for the secretion of pep-
sinogen and hydrochloric acid. This by-product could be valorized be-
cause of the ease of pepsin extraction, its increasing availability, as-
sociated with the development of poultry farming, and its potential
direct use, particularly in cheesemaking, as a means of addressing ren-
net shortages.

Extensive research has been conducted on the effect of chicken pepsin
on milk clotting. However, limited information is available on the effects
of pepsin on proteolysis and the sensory characteristics of cheeses. Sev-
eral factors, including enzyme volume, temperature, pH, and Ca?" con-
centration, influence enzyme-induced milk clotting [13]. This study aims
to optimize clotting conditions using clotting times of skim milk treated
with chicken pepsin as optimization criteria.

2. Objects and methods

2.1. Berridge substrate

The Berridge substrate is obtained by dissolving skim milk powder at
12% (w/v) in 0.01M CaCl, solution. To prevent microbial growth, sodium
azide is added at 0.04% (w/v). The milk is then stored at 4 °C for at least
12 hours to ensure complete rehydration and stabilization of the casein
micelles.

2.2. Chicken pepsin extract

After the chickens were slaughtered and eviscerated, approximately
10 kg of proventriculi were transported to the laboratory under refrig-
erated conditions. The proventriculi were trimmed of fat, rinsed under
running water, and drained. Pepsin extraction was carried out according
to [15] by grinding 100 g of proventriculi in 300 mL of a solution contain-
ing 30 g/L NaCl and 7g/L NaHCO3, and stirring the mixture for 3 hours at
4°C. After filtering, the crude extract was acidified with 3M HCI to pH 2
to activate the pepsin, and the mixture was incubated for 30 min. The pH
was subsequently adjusted to 6.6 using 1M NaO H.

2.3. Physicochemical analysis of skim milk

Milk pH was measured at 25°C using a pH meter (HI2210, Hanna In-
struments, USA; resolution: 0.01 pH units), calibrated with buffer solutions
prior to use. Titratable acidity was determined by titrating milk with 0.1M
NaOH in the presence of phenolphthalein as an indicator. Milk density was
measured using a lactodensimeter (acc. Gerber, large T20 °C, Funke Gerber,
Germany). The concentrations of mineral elements were determined by
atomic absorption spectrometry (DW-220A/B Monochrome Czerny-Turner,
Chongging Drawell Instrument, China) (ISO 6869:20001)

Total solids content was determined by drying at 103+ 2 °C for 3 hours
(ISO 6731:20102%). Nitrogen content was determined by the Kjeldahl
method (ISO 8968-1: 20143), and converted to protein content according
to the following equation: Mp = MN x6.25 (Mp: protein mass, MN: nitro-
gen mass). Fat content was determined according to the Gerber method
(ISO 19662:2018%), and lactose content was determined by the Bertrand
method (ISO 26462:20105).

2.4. Determination of optimal clotting conditions

To better characterize the milk-clotting properties of chicken pepsin,
we studied the variation of clotting time as a function of pH, temperature,
and CacCl, concentration. The shortest flocculation time recorded for each
parameter indicated greater milk-clotting activity. The pH, temperature,
and CaCl, concentration values were determined as follows:

1 1S0 6869:2000: Animal feeding stuffs — Determination of the contents of cal-
cium, copper, iron, magnesium, manganese, potassium, sodium and zinc — Method
using atomic absorption spectrometry. Technical Committee : ISO/TC 34/SC 10.

2'ISO 6731:2010: Milk, cream and evaporated milk — Determination of total
solids content. Technical Committee : ISO/TC 34/SC 5.

3 1SO 8968-1: 2014: Milk and milk products — Determination of nitrogen con-
tent — Part 1: Kjeldahl principle and crude protein calculation. Technical Commit-
tee: ISO/TC 34/SC 5.

4 1SO 19662:2018 Determination of fat content — Acido-butyrometric (Gerber
method). Technical Committee: ISO/TC 34/SC 5.

5 IS0 26462:2010: Milk — Determination of lactose content — Enzymatic meth-
od using difference in pH. Technical Committee : ISO/TC 34/SC 5.

The pH was adjusted to 5.6, 5.8, 6.0, 6.2, 6.4, 6.6, and 6.8 with HCI
(0.1M) or NaOH (0.1M) solutions in tubes, each containing 10 mL of Ber-
ridge substrate of the same preparation at 30 °C in a water bath (Memmert
GmbH + Co. KG, Germany). One mL of each enzymatic dilution (chicken
pepsin) was added, and the clotting time was determined [7].

To assess the effect of temperature, tubes containing 10 mL of Ber-
ridge substrate at pH 6.6 were incubated in the water bath (Memmert
GmbH + Co. KG, Germany) at temperatures ranging from 28 °C to 40°C
(2°C intervals). After 5 minutes of incubation, 1 mL of each enzyme dilu-
tion (chicken pepsin) was added, and the clotting time was recorded.

The influence of milk CaCl, concentration on the milk-clotting activ-
ity of the enzyme extract was studied at 35 °C and pH 6.5, using the Ber-
ridge substrate prepared with CaCl, concentrations ranging from 5 mM
to 35 mM (range of 5 mM intervals). The effect of enzyme volume on the
proteolytic activity of the enzymatic extract of pepsin was determined
according to [16] by varying the enzymatic volume from 1 to 7 mL.

2.5. Characterization of the enzymatic extract

One mL of diluted chicken pepsin solution was added to 10 mL of pre-
warmed Berridge substrate in assay tubes at 30 °C. The clotting time was
recorded as the point at which the first visible flakes appeared on the
surface of the tilted tube. Milk-clotting activity was expressed in Rennet
Units (RU), where one RU is defined as the amount of enzyme in 1 mL
that coagulates 10 mL of standard substrate in 100 seconds at 30°C [4],
according to the following equation:

RU (mL1) = (10x V) /(TxV), (1)
where RU: Rennet unit, V: milk volume, v: enzyme volume, T: clotting time (sec).

Protein content of the enzyme extract was determined using the same
method as described for milk proteins, with the conversion factor of 6.25.
Clotting strength is defined as the volume of milk coagulated per unit
volume of enzyme extract, within 40 min, at 35°C and pH 6.4. Specific
activity was calculated directly as the number of units of activity per unit
mass (RU/mg) of protein. This parameter reflects the degree of enzyme
purity [12].

Proteolytic activity was determined according to [17]. This assay mea-
sures the rate of casein degradation by the enzyme during the primary
(enzymatic) phase. For this purpose, the concentration of casein hydroly-
sis products soluble in trichloroacetic acid (TCA) at a final concentration
of 12 % was measured.

2.6. Statistical methodology

Data analysis was carried out using a one-way analysis of variance
(ANOVA) to evaluate the effect of different levels of a single independent
factor (e.g., pH, temperature, concentration, etc.) on a dependent vari-
able (e.g., clotting time). ANOVA tests the null hypothesis that all group
means are statistically equal. Before the analysis, the assumptions of re-
sidual normality and homogeneity of variances were verified using the
Shapiro-Wilk test and Levene’s test, respectively.

In cases where ANOVA vyielded a statistically significant result
(p<0.05), Tukey’s Honest Significant Difference (HSD) post hoc test was
applied to identify specific differences between group means. This test
controls the Type I error rate during multiple comparisons while main-
taining good statistical power [18]. Results were visualized as bar charts,
with letters indicating homogeneous groups according to Tukey’s test.
All statistical analyses were conducted using R software [19], with the
agricolae package [20].

3. Results and discussion

3.1. Milk characteristics

The physicochemical composition of the reconstituted skim milk used
as the Berridge substrate (12 %, w/v) was determined to characterize the
experimental substrate. The results are summarized in Table 1.

Table 1. Physicochemical characteristics of the milk used

Tabmuiia 1. PU3UKO-XUMUYECKMEe XapPaKTePUCTUKI
JICTI0/Ib30BAaHHOT'O MOJIOKa

Characteristic Mean value
Total solids content (g-100 mL™1) 12.16+0.04
Total protein (g- 100 mL™) 3.58+0.12
Fat (g-100 mL™!) 0.11+0.01

pH 6.8%0.09
Ash (g-100 mL™!) 0.91+0.14
Titratable acidity (g lactic acid - L") 1.8+0.1
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According to [21], the pH of milk varies between 6.60 and 6.91; values
outside this range are indicative of abnormal milk. In the case of infec-
tion, the pH tends towards alkalinity or acidity, so the milk used can be
considered normal. Given its satisfactory protein content (3.58 %) and
low total fat content, this milk was considered a suitable substrate for
determining the milk-clotting activity and clotting time of the enzyme
studied. Optimal milk-clotting activity has been reported in milk with
a total fat content below 1% [3].

3.2. Crude extract characteristics

The characteristics of the chicken pepsin extract (protein content,
milk-clotting activity, clotting strength, specific activity, and proteolytic
activity) are presented in Table 2.

Table 2. The main characteristic of the enzymatic extract
Ta6muia2. OCHOBHbIE XapaKTepUCTUKU (hepMEeHTATUBHOIO 3KCTPAKTa

Characteristic Chicken pepsin extract
Clotting strength (SU) 12957+399
Milk-clotting activity (RU ml-1) 63.48+0.21
Protein (mg mL™!) 43.49+0.75
Specific activity (RU mg~!) * 1.56%0.19
Proteolytic activity (ug/mL-h) 0.91+0.14

pH 7.9%+0.01
Color Yellowish solution

* Specific activity (RU mg™!) = clotting activity (RU mL™!)/protein content
(mg mL™1).

The clarified pepsin extract appeared as a yellowish solution. The
protein content of the extract obtained was 43.49%0.75 mg/mL, which
is higher than the value reported by [3] (20.00%0.00 mg/mL) and compa-
rable to that reported by [6] (38.40%0.40 mg/mL).

The result obtained indicates a proteolytic activity of 0.91£0.14 pg/mL.h
for chicken pepsin. This relatively high proteolytic activity of pepsin has
been reported by several authors [22-24]. The milk-clotting activity was
63.48+0.21 RU/mL, which is considerably higher than that reported by [3]
(1.98+0.02 RU/mL). The clotting strength was 12957 +399 SU. These dif-
ferences may be attributed to factors such as age and feed of chickens, the
maceration solution used, and extraction conditions.

3.3. Effect of enzyme volume on clotting time

One-way ANOVA revealed significant differences in clotting time
across enzyme volume levels (F=9.484, p < 0.001). Figure 1 illustrates the
effect of enzyme volume on clotting time (in seconds).

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5 % significance level.

Clotting time decreased significantly as the enzyme volume increased
from 1 mL to 3 mL, reaching a minimum at 3 mL (group “c”). Beyond this
point, clotting time increased, with the values at 5 mL and 7 mL belong-
ing to groups “ab” and “a”, respectively, and showing no significant dif-
ference from the extreme enzyme volume. Statistically, both 1 mL and
7 mL enzyme volume resulted in significantly longer clotting times than
the 3 mL. These results suggest a non-linear relationship between en-
zyme volume and clotting time, with an optimal enzyme volume of 3 mL.
A positive correlation (r>0.75) between the rate of gel formation, gel firm-
ness, clotting time, and enzyme volume has been reported [3].

3.4. Effect of pH on clotting time

Figure 2 displays the relationship between pH and clotting time. The
results show a strong decreasing trend in clotting time with increas-
ing pH. This trend was confirmed by one-way ANOVA, which revealed
a highly significant effect of pH on clotting time (F = 51.19, p < 0.001).
Specifically, pH 5.6 and 5.8 were associated with the longest clotting
times (group “a”), whereas pH 6.6 and 6.8 resulted in significantly shorter
clotting times (groups “d” and “cd”). These findings suggest that milk-
clotting activity of chicken pepsin increases with pH, with optimal values
observed at pH 6.6-6.8.

It should be noted that the optimal pH for overall milk-clotting activity
observed in the present study (6.6—6.8) is distinct from the pH optimum re-
ported in the literature for the specific enzymatic hydrolysis of the Phe!05-
Met!% bond of «-casein (pH 5.1-5.3). This apparent discrepancy reflects
the fact that milk clotting is a two-stage process: an enzymatic phase in-
volving proteolytic cleavage of k-casein, followed by a non-enzymatic ag-
gregation phase governed by the colloidal properties of destabilized casein
micelles [25]. While acidic conditions (pH ~5.1-5.3) maximize the rate of
k-casein hydrolysis by optimizing the catalytic geometry of the aspartic
protease active site, the subsequent aggregation of para-«-casein-bearing
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Figure 1. Effect of enzyme volume on clotting time
PucyHoK 1. Bausinue o6béMa hepmeHTa Ha BpeMsl CBEPThIBaHMS
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Figure 2. Effect of pH on clotting time

PucyHOK 2. Bnussaue pH Ha BpeMs1 CBEPThIBAaHWUS

micelles is thermodynamically and kinetically more favorable at near-
neutral pH values, where electrostatic repulsion is partially maintained
but hydrophobic interactions can still drive network formation [26]. Con-
sequently, the pH at which the integrated clotting activity — encompass-
ing both proteolysis and aggregation — is maximized differs from the pH
optimum of the proteolytic step alone. This two-stage pH dependence is
consistent with observations reported for other plant- and animal-derived
aspartic proteases used as alternative coagulants [27].

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5% significance level.

3.5. Effect of Temperature on clotting time

Figure 3 demonstrates that clotting time varies significantly with
temperature (F = 3.858, p = 0.0175, one-way ANOVA). The longest
clotting time was recorded at 40°C, indicating slower clot formation.

t
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~ ab
g
':" ab ab ab
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o 10- &b
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Temperature
Figure 3. Effect of temperature on clotting time
PucyHok 3. BiusiHue TeMmnepaTtypbl Ha BpeMsl CBEéPTbIBaHUS
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In comparison, 30 °C and 36 °C were associated with the shortest clotting
times. Intermediate temperatures (28 °C, 32°C, 34 °C, and 38 °C, group
“ab”) showed no significant difference from either group “a” or group “b”.
From 36 °C onward, clotting time showed an increasing trend, reaching
its maximum at 40 °C.

The enzymatic clotting of milk is highly temperature-dependent. The
rate of coagulum (gel) formation increases progressively as the tempera-
ture rises from 32 °C to 38 °C, which is near the optimum range for most
milk-clotting enzymes. Below approximately 28 °C, gelation does not oc-
cur because the secondary (aggregation) phase is strongly inhibited, even
if some enzymatic hydrolysis takes place. Increasing the clotting temper-
ature primarily accelerates the secondary phase (micelle aggregation) by
enhancing hydrophobic interactions and the mobility of rennet-altered
micelles. However, at temperatures above ~38-40 °C, the overall clotting
process slows down due to partial thermal inactivation or reduced stabil-
ity of the coagulant enzyme itself [27].

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5% significance level.

3.6. Effect of CaCl, on clotting time

Figure 4 shows the variation in clotting time as a function of CaCl,
concentration. Although Ca?" addition is generally reported to shorten
clotting time in rennet- or pepsin-induced milk clotting, no significant
effect was observed in the present study (F = 1.291, p = 0.323). This lack
of response suggests that, under our experimental conditions, calcium
was not the limiting factor controlling flocculation kinetics. One pos-
sible explanation is that the native calcium content of the milk already
provided sufficient ionic strength to support micelle aggregation, so that
additional Ca*" did not further enhance bridging or reduce electrostatic
repulsion [28].

In addition, the enzyme-driven hydrolysis of k-casein may have been
the rate-limiting step, masking any potential effect of calcium on the
secondary aggregation phase. Similar weak or non-significant responses
to added CaCl, have been reported [26] in systems where micelle desta-
bilization is primarily governed by enzymatic activity rather than ionic
calcium availability or where calcium equilibrium between soluble and
micellar phases is already near saturation. Therefore, while Ca?" is theo-
retically expected to enhance aggregation through charge shielding and
calcium bridging between casein micelles, its effect appears to be highly
dependent on milk composition, enzyme type, and baseline mineral bal-
ance, which likely explains the absence of a significant effect in the pres-
ent work [29].

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5% significance level.
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Figure 4. Effect of CaCl, on clotting time
PucyHok 4. Bnusstane CaCl, Ha BpeMsI CBEPTBHIBaHUS

3.7. Effect of enzyme volume on flocculation time

Figure 5 illustrates the variation in flocculation time as a function of
enzyme volume. At lower enzyme volumes of 1 and 2 mL, flocculation
time was significantly longer, nearly 100 seconds. From 3 mL onwards,
there was a marked reduction in flocculation time, with all higher vol-
umes (3-7 mL) forming a single group (“b”), indicating no significant dif-
ferences among them. These results suggest that increasing the enzyme
volume beyond 2 mL leads to a substantial reduction in flocculation time,
with no further significant reduction observed at higher volumes. As with
any enzymatic reaction, the enzyme volume has a significant influence
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Figure 5. Effect of enzyme volume on flocculation time
PucyHOK 5. BausiHue 06béMa hepmeHTa Ha BpeMst GIOKYISIINA

on the milk flocculation process. The flocculation time decreases with in-
creasing enzyme volume [30-33].

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5% significance level.

3.8. Effect of pH on flocculation time

Figure 6 presents the variation in flocculation time as a function of
pH. One-way ANOVA (F = 49.15, p < 0.001) followed by Tukey’s HSD test
revealed significant differences across pH levels, grouping the values into
four homogeneous categories. Flocculation time was shortest at acidic pH
values (5.6 and 5.8), both forming group “d”. As pH increased, flocculation
time gradually rose, reaching its maximum at pH 6.8, which belonged to
group “a”. Intermediate values (pH 6.0 to 6.6) formed groups (“cd”, “c”, and
“b”), reflecting a clear upward trend. The observed pH dependence of floc-
culation time can be explained by the combined effects of casein micelle
surface charge and the efficiency of enzymatic hydrolysis under different
acidity conditions. At pH values closer to the isoelectric point of caseins,
electrostatic repulsion between micelles is reduced, which facilitates ag-
gregation and leads to a shorter flocculation time [34].

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5 % significance level.
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3.9. Effect of temperature on flocculation time

Figure 7 illustrates the relationship between flocculation time and tem-
perature. One-way ANOVA revealed a statistically significant effect of tem-
perature on flocculation time (F = 4.889, p = 0.0068). According to Tukey’s
HSD post hoc test, the data were grouped into partially overlapping homo-
geneous groups. The shortest flocculation time was recorded at 36 °C (group
“b”), indicating optimal performance at this temperature. In contrast, lon-
ger flocculation times were observed at both lower (28-30°C) and higher
(40°C) temperatures. This suggests a U-shaped relationship, with moderate
temperatures prompting faster flocculation than temperature extremes.

The influence of temperature can be attributed to its impact on two
main processes: the enzymatic reaction itself and the subsequent clotting
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phase, particularly the aggregation stage. Milk clotting typically occurs at
temperatures of 18 °C or above, as hydrophobic interactions become the
dominant force driving the aggregation of hydrolyzed micelles [34-38].
Moreover, enzyme thermal inactivation is associated with partial unfold-
ing of its native three-dimensional structure due to the disruption of
non-covalent interactions, including hydrogen bonds and hydrophobic
interactions.

Under more severe heating conditions, these structural alterations
may become irreversible, involving not only conformational changes but
also covalent modifications of the primary structure, including chemi-
cal damage and irreversible alterations of amino acid side chains such as
oxidation, deamidation, or peptide bond cleavage. In the present study,
the increase in flocculation time observed at 40 °C is therefore consistent
with the onset of thermal inactivation of chicken pepsin, whereby pro-
gressive structural alterations at this temperature reduce the enzyme’s
proteolytic efficiency toward k-casein, slowing the rate of Phe!%-Met!'%
bond hydrolysis and consequently delaying the destabilization of casein
micelles and the onset of the secondary aggregation phase [39].

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5% significance level.

3.10. Effect of CaCl, on flocculation time

Figure 8 illustrates the variation in flocculation time as a function of
CaCl, concentration. One-way ANOVA revealed no significant effect of
CaCl, concentration on flocculation time (F=1.291, p = 0.323).

The addition of calcium chloride (CaCl,) to milk is generally reported
to reduce pH slightly and enhance protein aggregation, thereby accel-
erating clotting [40]. In agreement with previous studies, the effect of
calcium is known to be strongly pH-dependent, with improved gel for-
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Figure 8. Effect of CaCl, concentration on flocculation time
PucyHok 8. Bausitiue KoHueHTpauyu CaCl, Ha Bpems (iokysiuym

mation typically observed at near-neutral pH values (=6.5-6.7) [41]. Un-
der such conditions, Ca?* ions promote micellar aggregation by reducing
electrostatic repulsion and facilitating calcium bridging between casein
micelles [42,43].

However, in the present study, no statistically significant effect of Ca-
Cl, concentration on flocculation time was observed. This apparent dis-
crepancy may be explained by several factors. The absence of a significant
CaCl, effect on flocculation time in the present study may be attributed
to three concurring factors: the baseline calcium content of the recon-
stituted Berridge substrate may have already reached the threshold for
near-optimal micelle aggregation [44]. the proteolytic activity of chicken
pepsin may have been the dominant rate-limiting factor under the pres-
ent experimental conditions, thereby subordinating the contribution of
calcium to the overall clotting process [45].

Each point represents the mean clotting time; error bars represent
standard deviation (SD). The letters indicate homogeneous groups ac-
cording to Tukey’s test at the 5% significance level.

4. Conclusion

These findings confirm that chicken pepsin possesses effective milk-
clotting activity under optimized conditions and represents a promising,
and biologically sustainable alternative to conventional rennet. However,
the present study was conducted under controlled conditions using a re-
constituted skim milk substrate, and the transferability of these findings
to actual cheesemaking conditions remains to be established. Future
work should therefore focus on direct cheesemaking trials evaluating the
impact of chicken pepsin on yield, texture, proteolysis profiles, and sen-
sory properties, in order to fully assess its practical potential as a rennet
substitute in dairy processing.
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