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The functional efficacy of starter cultures in industrial settings relies
heavily on their resilience to stress. This study comprehensively evaluated
the key technological properties of an indigenous Lacticaseibacillus casei
ANNC 26 strain isolated from traditional Khiki cheese; thermal
resistance, exopolysaccharide (EPS) production, acidifying ability, and
enzymatic activities. The thermal resistance assessment showed the strain
possessed significant stability against heat stress. The highest survival
(57.42%) was recorded at 50 °C, and even at 80 °C, a 25.73% survival
was observed, indicating its resilience under thermal conditions. The
strain showed significant EPS synthesis, induced most strongly by sucrose
and glucose, validating its potential as a multifunctional bio-additive for
enhancing texture and water retention. With an acidifying activity
(ApH24h=1.48), the strain was classified as a Moderate Acidifier, making
it ideal for use as an Adjunct Culture in long-ripened cheeses requiring
gradual pH reduction. Furthermore, it demonstrated high proteolytic
activity (21.69 + 0.09 mm halo diameter) and "good" autolytic activity.
These high enzymatic activities confirm its potential to release flavor
precursors and bioactive peptides. Collectively, these favorable
characteristics confirm the indigenous L. casei ANNC 26 strain as a
promising Adjunct Starter candidate for significantly enhancing the
texture, flavor, and stability of Khiki cheese, thereby supporting its
industrial development.
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1-Introduction

Fermented foods have long been recognized
across various global cultures as one of the
oldest and most effective methods for
preserving and enhancing the quality of food
products. This product category has garnered
significant attention in recent studies not only
for its extended shelf-life but also for its notable
sensory characteristics, superior nutritional
value, and inherent health benefits [1]. Lactic
Acid Bacteria (LAB), primarily belonging to
the genera Lactobacillus, Streptococcus, and
Leuconostoc, are considered the main and
predominant microorganisms in fermentation
processes. Their core activity is the production
of lactic acid, which causes a rapid reduction in
environmental pH, thereby dramatically
improving the microbial safety of the food
matrix [2,3]. This pH decrease helps inhibit the
growth of both pathogenic and spoilage
microorganisms, ultimately ensuring the safety
of the final products. Furthermore, LAB play a
key and undeniable role in numerous fermented
products, such as yogurt, kefir, cheese, and
other  traditional = foods,  contributing
significantly to flavor development, texture
enhancement, and the fortification of nutritional
value [3,4]. Many LAB strains also possess
intrinsic  probiotic properties, capable of
conferring positive health effects on the host
through mechanisms such as boosting the
immune system, producing vitamins, and
synthesizing beneficial metabolites [5,6]. These
functional and health-promoting features have
led to the targeted utilization of high-
performance LAB strains becoming a major
priority for the modern food industry in the
development of Functional Foods and health-
oriented products.

Khiki cheese (or brine-ripened cheese)
represents a prominent example of traditional,
widely consumed dairy products in the diets of
many nomadic and rural areas, historically
serving as an essential source of protein and
nutrients. This type of cheese is typically stored
in a highly concentrated salt solution (brine),
and its ripening process occurs under saline and
acidic conditions. These specific chemical and
environmental characteristics create a highly
hostile environment for the proliferation of
most microorganisms [7]. However, the high
concentration of salt and acidity during
ripening, besides affecting the final texture and
flavor, also increases the challenges associated
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with processing and quality control at an
industrial scale [8]. Nevertheless, these harsh
environmental conditions act as a natural
selection mechanism, promoting the growth
and persistence of specific LAB strains that
possess unique survival characteristics in
stressed environments [9]. These indigenous
strains often demonstrate high tolerance to
osmotic and acidic stresses and are thus
considered valuable resources for use as starter
cultures or industrial, resilient probiotics [10].
Recent studies have also clearly indicated that
the microbial diversity and metabolic activity of
these indigenous strains have a direct impact on
the sensory quality, flavor development, and
safety of the final Khiki cheese product [4,11];
these characteristics underscore the crucial
importance of investigating and functionally
evaluating indigenous LAB strains in
traditional products like Khiki cheese.

Given that Khiki cheese is traditionally
produced, often without the use of pure
industrial starters, LAB strains isolated from
these natural environments are expected to
exhibit superior technological traits capable of
addressing industrialization challenges. These
features include high thermal resistance
(thermotolerance) to ensure survival after initial
milk treatment processes (such as mild
pasteurization), rapid medium acidification
capability, and appropriate proteolytic and
autolytic activity for the fast development of
desirable flavor and texture [12,13].
Furthermore, the ability of these strains to
produce EPS can significantly contribute to
improved  water  retention,  increased
consistency, and structural stability within the
saline environment [14]. Such characteristics
make these strains suitable candidates for the
development of specialized indigenous starters
and for enhancing the quality and shelf-life of
Khiki cheese [11]. Consequently, the
systematic  evaluation of these key
technological properties in LAB strains isolated
from Khiki cheese is considered an essential
step toward the industrialization of this
traditional product while preserving its
authenticity and nutritional value. Therefore,
the present study aimed at a comprehensive
evaluation of the technological properties of the
indigenous L. casei ANNC 26 strain isolated
from Khiki cheese, including its thermal
resistance, EPS  production capability,
acidification rate, proteolytic activity, and
autolytic activity; ultimately, this research
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sought the successful application of this strain
as an Adjunct Starter culture to enhance the
texture quality, flavor, and stability of Khiki
cheese, thereby promoting the industrial
development of this traditional product.

2- Materials and Methods

2.1. Materials

In this study, the probiotic strain L. casei
ANNC 26, isolated from Traditional Khiki
Cheese, was utilized. This strain was
maintained in a lyophilized state at the
laboratory of Khuzestan University. All culture

medium (MRS broth, MRS agar, and
MRSC agar) were procured from the Quelab
(Canada) brand.

2.2. Probiotic Strain Activation

For the activation of the L. casei ANNC 26
strain, 100 uL of the lyophilized culture was
transferred to MRS broth and incubated
anaerobically at 37 °C for 48 h. Following
activation, the resulting culture was utilized for
the evaluation of the strain's technological
properties.

2.3. CFS Preparation

To prepare the Cell-Free Supernatant (CFS)
from the L. casei ANNC 26 strain, 100 pL of
the activated strain was first inoculated into
MRS broth. The resulting culture was then
incubated under anaerobic conditions at 37 °C
for 24 h. Subsequently, the bacterial culture was
centrifuged at 9,000 rpm for 10 min at 4 °C to
separate the CFS. The collected supernatant
was then passed through a 0.22 um filter to
ensure sterilization. Finally, the sterile filtrate
was lyophilized (freeze-dried) for concentration
and subsequent use in assays.

2.4. Thermal resistance

L. casei ANNC 26 cells were cultivated in MRS
broth at 37 °C under static (anaerobic) culture
conditions. To ensure  physiological
homogeneity, cells were harvested during the
exponential growth phase (ODgp=0.6) by
centrifugation (6,000 rpm for 10 min at 4 °C).
The resulting cell pellets were washed twice
with  phosphate  buffer before being
resuspended in the same buffer for final
dilution. The resulting suspension was then
subjected to an acute heat stress treatment for
20 minutes in a controlled water bath at variable
temperatures of 50 °C, 60 °C, 70 °C, and 80 °C.
Following the heat treatment, samples were
incubated anaerobically for 16 h at 37 °C for
cellular recovery. Finally, cellular viability was
determined and reported as the percentage of
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colony-forming ability (used as an indirect
growth index) by measuring the optical density
at 600 nm (OD600) using a spectrophotometer
[15].

2.5. Exopolysaccharide production

EPS production by the L. casei ANNC 26 strain
was evaluated based on the methodology
described by Ogunremi et al. (2022), with
minor modifications [16]. For this purpose,
10 pL of the actively grown culture (obtained
after 24 h of incubation in MRS broth at 37 °C)
was spot-inoculated onto the surface of various
media. These media included MRSC agar
(MRS medium supplemented with 0.25% L-
cysteine) and MRSC agar further supplemented
with 0.2% of different sugars, namely glucose,
lactose, fructose, and sucrose. All samples were
subsequently incubated under anaerobic
conditions at 30 °C for 48 h. EPS production in
the resulting colonies was then assessed
visually; this evaluation was performed based
on the observable characteristics of the slime
mass, or ropiness, produced by the colonies.
2.6. Acidifying ability

The acidifying potential of the L. casei ANNC
26 strains was evaluated by examining pH
changes in milk cultures [17]. Actively growing
bacterial cultures were inoculated at a 1% ratio
into 100 ml of sterile, reconstituted skim milk.
The pH of the culture medium was measured
using a pH meter. pH values were recorded at
both the start of incubation (time zero) and after
6 and 24 h of storage at 30 °C. Finally, the
extent of the pH drop (ApH) for the 6 h and 24
h intervals were calculated using the following
formula (1):

ApH=pH,-

pH¢ 54

2.7. Proteolysis activity

The proteolytic activity of the isolate under
investigation was assessed by introducing slight
modifications to the method of Saci et al.
(2025) [18]. For this purpose, a well 6 mm in
diameter was bored into the surface of MRS
agar that had been reinforced with the addition
of 10% (v/v) sterile skim milk. Subsequently,
70 pL of the CFS obtained from this strain was
accurately transferred to the aforementioned
well. Finally, following a 24 h incubation
period at 30 °C, the diameter of the clear zone,
which is the index of positive proteolytic
activity, was measured and recorded.

2.8. Autolytic activity
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The autolytic activity of the L. casei ANNC 26
strain was quantitatively evaluated using the
methodology described by Davati et al. (2016),
for the purpose of determining the rate of
cellular viability decrease [19]. Following
strain activation, cells from the overnight
culture were collected by centrifugation
(600 rpm, 10 min, 4 °C). The resulting cell
pellet was washed twice with phosphate buffer
to completely remove the culture medium.
Subsequently, the purified pellet was
resuspended in the same buffer, and its
concentration was standardized to an OD600 of
1.0. Then, the cell suspension was subjected to
a cold stress cycle that involved 24 h of
exposure to both 4 °C and —20 °C; after exiting
this cycle, the samples were incubated at 30 °C
for 24 h to initiate the autolysis process. Finally,
the autolysis rate was calculated based on the
reduction in optical density at 600 nm after 24
h of incubation, using the following formula

(2):

Autolytic aCtiVity (%):[(Ainitial'Aﬁnal) / Ainitial] x100

Were, Ajiia and Agng respectively denote the
initial optical density of the cell suspension,
which serves as a measure of the starting cell
concentration, and the final optical density
recorded following the designated incubation
period.

2.9. Statistical analysis

Data were analyzed using One-Way Analysis of
Variance (ANOVA) with SPSS statistical
software (version 26) to assess the significance
of observed differences. Duncan's multiple
range test was used for mean comparisons. All
statistical tests were conducted at a significance
level of p < 0.05, and the experiment was
performed in triplicate.

3-Results and Discussion
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3.1. Thermal resistance

The adaptability and resilience to various
stressors are considered the primary drivers of
bacterial evolution, ensuring cell survival in
unfavorable environments [20]. Nevertheless,
the survival and operational efficacy of LAB in
industrial processing environments are heavily
dependent on their thermotolerance. The
strain's  thermal resistance exhibited a
continuous and significant downward trend in
response to increasing temperatures (Fig. 1).
The highest level of stability was observed at
50 °C with a mean survival rate of 57.42%,
which was statistically superior to all other
thermal conditions (p < 0.05). This decline in
survival, which dropped to 25.73% at 80 °C,
clearly underscores the increased selective
pressure resulting from industrial stresses [21].
High thermal stress primarily damages the cell
through  protein  denaturation, although
membranes, nucleic acids, and certain enzymes
have also been identified as sensitive targets of
heat injury. Furthermore, thermal stress(2juses
a disruption of the transmembrane proton
gradient, subsequently leading to the
acidification of the cytoplasmic environment
[22]. Therefore, the comprehensive assessment
and quantification of LAB strains' thermal
tolerance are not only essential for the targeted
selection of industrial candidate strains but also
serve as a fundamental tool for optimizing
processing parameters and enhancing the
stability —and quality of the final
biotechnological products. Previous studies
have similarly reported the thermal resistance
of LAB strains, emphasizing the variability
among different strains and the critical
importance of this trait against routine
industrial heat treatments [23,24].

0

Thermal resistance %

50 60

70 80

Temperature °C

Fig. 1. Thermal resistance of L. casei ANNC 26 at various temperatures. Different letters indicate significant
differences (p < 0.05).
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3.2. Exopolysaccharide production

The assessment of the EPS synthesis capacity
by microbial strains is conducted through
screening protocols based on the cultivation of
LAB in media enriched with various sugars,
including glucose, fructose, sucrose, galactose,
or lactose. The simplest and most customary
criterion for initial EPS production detection is
the examination of colony phenotypic
characteristics. This approach is primarily
founded upon distinguishing between colonies
that exhibit either a slimy or a ropy
morphology. The slimy phenotype is
characterized by a mucilaginous (mucoid)
colony texture, while the ropy phenotype is
determined by the cells’ ability to form long
elastic strands when an inoculation loop is lifted
from the colony surface or cell pellet [25]. In
line with these methodologies, our observations
in the current study confirmed the L. casei
ANNC 26 strain's significant capacity for EPS
production, which manifested as prominent
mucoid halos surrounding the colonies. This
phenotypic expression was directly influenced
by the nature of the carbon source provided in
the growth medium. The visual assessment of
carbon sources indicated that sucrose and
glucose were the strongest inducers of EPS
production, eliciting the most pronounced
mucoid morphology. In contrast, although the
EPS production phenotype was also observed in
media containing fructose and lactose, this
expression was clearly less intense than under
sucrose and glucose conditions, suggesting a
lower efficacy of these sugars in promoting the
intensity of extracellular polymer expression in
the strain under investigation. These findings
are consistently supported by previous research.
For example, observations by Santal et al.
(2019) and Bacosa et al. (2018) reported that
the LAB strains examined in their studies also
exhibited EPS-producing colonies with a
mucoid appearance [26,27]. Furthermore, the
study by Minari et al. (2024), which assessed
the EPS production capability of the
Lacticaseibacillus casei (Ke8) strain using
glycerol, glucose, and molasses as carbon
sources, demonstrated that glucose is one of the
most effective growth substrates for EPS
synthesis [28]. Similarly, the work by Cerning
et al. (1994), which investigated the carbon
source requirements of L. casei (CG11) in a
minimal medium (comparing glucose, sucrose,
lactose, galactose, maltose, and melibiose),
confirmed that glucose was the most strikingly
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efficient source for stimulating EPS production,
while lactose and galactose showed inferior
performance [29]. These extensive results
emphasize the high dependence of EPS
production on the type of carbon substrate. Due
to these synthetic capabilities, EPS produced by
LAB plays a significant functional and
technological role across various food
industries. In bakery products and cereals, these
biopolymers increase bread volume, retain
moisture, improve texture, and prevent staling;
they also aid in the formation of a structural
network in gluten-free products [30,31].
Moreover, in fermented vegetable and plant
products, EPS enhances the viscosity,
mouthfeel, and physical stability of pureed
products, such as carrot purée [32] In the meat
industry, particularly in low-fat fermented
sausages, EPS acts as a water-holding agent and
texture improver, thereby reducing the need for
chemical additives [33]. These wide-ranging
applications firmly establish EPS as a versatile
multifunctional  bio-additive =~ with  high
industrial potential across diverse food sectors.
3.3. Acidifying ability

Lactic acid production stands as a critical
metric  for  assessing  starter  culture
performance, as this acid not only provides the
desirable fresh, tangy flavor in dairy products
but also plays a pivotal role in curd tissue
formation by rapidly reducing the medium's
pH. The ability of Lactobacillus species to
metabolize sugars and rapidly produce acid is
directly correlated with enhancing desirable
sensory attributes, ensuring the safety and
durability of final products by inhibiting
pathogen growth, and ultimately, validating the
strains as effective starters. Thus, optimal
acidifying activity is a fundamental prerequisite
for the application of LAB in fermentation
industries [34]. Based on recent studies, LAB
strains are categorized into three primary
groups according to the pH drop (ApH24h)
observed after 24 hours of acid production:
Weak Acidifiers (ApH24h<1.11), Strong
Acidifiers (ApH24h>1.61), and Moderate
Acidifiers whose ApH24h ranges from 1.12 to
1.60 [35]. Results from the evaluation of the L.
casei ANNC 26 strain’s acidifying activity
(ApH24=1.48) indicate that this strain is
classified as a Moderate Acidifier (Fig. 2). This
level of pH reduction (within the 1.12 to 1.60
range) suggests that the L. casei ANNC 26
strain possesses an adequate sugar metabolism
rate for lactic acid production; however, it is not
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on par with Fast Starters that reduce the pH
below 5.0 in under 6 h. This characteristic
makes the L. casei strain highly suitable for use
as an Adjunct Culture or in the production of
Long-ripened Cheeses requiring gradual
acidification, as it prevents over-acidification
during the initial stages [36]. Furthermore, the
study by Barzegar et al. (2021) demonstrated
that one L. casei strain exhibited a stronger
acidifying activity in reconstituted skim milk;
this strain reported a pH drop of approximately
0.44 at 6 hours and a final pH drop of about 1.57
after 24 h of incubation, placing it at the upper
limit of the moderate acidifiers category [37].
Similarly, research by Davati et al. (2016)

7 A

Acidifying ability
w -~ (9]

(]

pHO

ApH6

reported considerable variability in the
acidification rates of LAB strains, with their pH
drops (ApH) after 24 hours spanning a range of
1.42 to 1.93 [19]. The discrepancies observed in
acidification rates among different LAB species
are linked to the strains' efficiency in breaking
down carbon and nitrogen substrates in the
medium. These differences encompass their
capacity for effective assimilation of essential
growth nutrients, as well as the presence or
absence of specialized membrane transport
systems, all of which directly influence acid
production kinetics [38].

ApH24

Fig.2. Acidifying activity of the strain L. casei ANNC 26. The initial pH (pHO) and the amount of pH
reduction after 6 hours (ApH6) and 24 hours (ApH24) are shown. Different letters indicate significant
differences (p < 0.05).

3.4. Proteolysis activity

Proteolytic activity is a fundamental enzymatic
process absolutely essential for the optimal
development of organoleptic (sensory)
properties in fermented milk products. The
production of high-quality fermented dairy
products is directly dependent on the efficiency
of the starter bacteria’s proteolytic systems; the
hydrolysis of proteins leads to the formation of
peptides and free amino acids. These
compounds not only directly impact the
product's flavor profile and texture but also
serve as vital flavor and aroma precursors
during the ripening process [38]. The
proteolytic activity of the L. casei ANNC 26
strain under investigation was evaluated by
measuring the diameter of the clear zone
created around the well. The criterion for
determining a strain's proteolytic activity, based
on the method proposed by Vuillemard et al.
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(1986), stipulates that a strain is considered
proteolytic if its lysis zone diameter falls within
the range of 15 to 21 mm [39]. This activity was
reported for the studied strain by the formation
of a casein hydrolysis halo with a mean
diameter of 21.69 + 0.09 mm (Fig. 3). The
process of proteolysis is fundamentally
dependent on the bacterial proteinase system. In
all LAB strains, a cell-envelope proteinase has
been identified, which is situated in the cell wall
and whose catalytic function is the hydrolysis
of extracellular proteins and the subsequent
release of peptides into the medium [40]. These
results align with findings from other studies;
for instance, Hawaz et al. (2016) reported the
proteolytic halo diameters of their studied
strains to be in the range of 15 to 21 mm, while
Barzegar et al. (2021) recorded an even higher
proteolytic halo diameter for a L. casei strain,
equivalent to 23 mm, which confirms the
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intraspecies diversity and high activity of the L.
casei species [37.38]. Beyond flavor and
texture, proteolytic activity leads to the release
of bioactive peptides that possess positive
nutritional effects, including antioxidant,
antibacterial, antihypertensive, and immune-
system boosting properties [41]. These
functional characteristics have resulted in a
focused interest today on the controlled use of
proteolytic enzymes in the design of functional
dairy products. Furthermore, in fermented

products such as yogurt and kefir, proteolysis
plays arole in improving digestibility, reducing
the allergenicity of milk proteins, and creating
specific flavor profiles [42]. The control of this
process through the selection of appropriate
enzymes, optimized processing conditions, and
specific microbial strains is one of the key
strategies for enhancing the quality and
nutritional value of dairy products [43].

LosticaSehao ilus
Co.S5en

Fig. 3. Proteolytic activity of L. casei ANNC 26.

3.5. Autolytic activity

Autolysis, as a physiological state in bacteria
under stress, constitutes a vital process in
fermented products, during which cell lysis
(cell breakdown) is initiated by the activity of
peptidoglycan  hydrolases. The primary
biochemical consequence of LAB cell lysis is
the release of intracellular peptidases that
cleave peptides into smaller units and free
amino acids. Consequently, key aromatic
precursors (such as branched-chain amino acids
and  sulfur-containing compounds) are
substantially released into the medium, playing
a pivotal role in the formation of desired
volatile flavor compounds [44,45]. Based on
the Lysis Rate, LAB strains are distinctly
categorized into three groups by the intensity of
their Autolytic Activity: weak activity refers to
lysis of less than 14%; moderate activity is
observed in the range of 15% to 24%; and good
activity is characterized by a lysis rate between
25% to 65%. The autolysis results for the L.
casei ANNC 26 strain are shown in Fig 4. The
autolytic activity of the investigated L. casei
ANNC 26 strain was significantly different
across various temperatures (p < 0.05). The
highest cell lysis was observed at the optimum
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growth temperature (37 °C), registering
57.21£0.64%, which classifies this strain in the
good autolytic activity range. With a decrease
in temperature, the lysis rate dropped sharply;
at refrigeration temperature (4 °C), autolysis
decreased to 22.1140.33%, classifying the
strain as moderate. The lowest lysis was
recorded at freezing temperature (—20 °C), with
a value of 16.32 + 0.84%. These findings are
consistent with other studies; for instance,
Barzegar et al. (2021) reported their studied L.
casei strain had moderate autolytic activity with
a lysis rate of 15% [38]. Similarly, Davati et al.
(2016), in a study on LAB strains isolated from
milk, argued that all investigated strains
exhibited a good level of autolytic activity [19].
The level of LAB autolysis is a process
dependent on environmental and physiological
factors, being significantly influenced by
parameters such as carbon source, temperature,
osmotic concentration, growth phase, and pH
[45]. From a quality and processing
perspective, cultures exhibiting high autolytic
intensity are of particular importance because
they facilitate the faster release of lipolytic and
proteolytic  enzymes, which effectively
contributes to the flavor development of
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fermented dairy products. However, it must be
considered that excessive lysis of starter LAB
can lead to undesirable consequences,

70 -
60 - a
50 -

40 -

Autolytic activity %

negatively affecting the final cheese quality by
reducing its fermentative capacity.

37

4 20-
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Fig. 4. Autolytic Activity of L. casei ANNC 26. at Different Temperatures (37 °C, 4 °C, and -20 °C).
Different letters indicate significant differences (p < 0.05)

4-Conclusion

The results from the evaluation of the
technological properties of the indigenous L.
casei ANNC 26 strain isolated from Khiki
cheese indicate the high potential of this strain
for industrial application. This strain possesses
acceptable stability at processing temperatures
and demonstrates a high capacity for EPS
production, which significantly aids in
improving the product’s consistency and water
retention. Its moderate acidifying activity
makes it highly suitable for use as an
Adjunct Starter  Culture in  long-ripened
cheeses, preventing rapid over-acidification.
The strain's outstanding enzymatic activities,
proteolysis and autolysis (with cell lysis up to
57.21%), ensure the effective release of flavor
precursors and bioactive peptides. Collectively,
the unique combination of these desirable traits
transforms the indigenous L. casei ANNC 26
strain into a promising and ideal candidate for
enhancing the sensory quality, texture, and
stability of Khiki cheese, thereby paving the
way for the successful development and
industrialization of this traditional product.
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