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Abstract

Traditional Turkish fermented foods like boza, pickles, and tarhana are recognized for their nutritional and health benefits,
yet the probiotic potential of lactic acid bacteria (LAB) strains isolated from them remains underexplored. Sixty-six LAB
strains were isolated from fermented foods using bacterial morphology, Gram staining, and catalase activity. The isolates
were differentiated at strain level by RAPD-PCR (Random Amplification of Polymorphic DNA—Polymerase Chain Reac-
tion) and twenty-five strains were selected for further evaluation of acid and bile salt tolerance. Among these, ten strains
exhibited high tolerance and were subsequently assessed for adhesion to Caco-2 colorectal carcinoma cells, antimicrobial
activity, exopolysaccharide (EPS) production, lysozyme resistance, and hemolytic activity. Using k-means clustering, three
strains: Lactiplantibacillus plantarum ES-3, Pediococcus pentosaceus N-1, and Enterococcus faecium N-2 demonstrated
superior probiotic characteristics, including significant acid (100% survival at pH3.0) and 0.3% bile salt tolerance (57%,
64%, 67%), strong adhesion to intestinal cells (65%, 88%, 91%), high lysozyme resistance (88%, 88%, 77%), and produced
high amounts of EPS. These strains show promising potential as probiotics and warrant further investigation to confirm their

functional properties and potential applications.

Introduction

Probiotics, defined as live microorganisms that confer health
benefits to the host when consumed in adequate amounts
[1], have been integral to human diets for centuries. Since
Metchnikoft’s pioneering work on the health benefits of
yogurt, the consumption of probiotic-rich foods has gained
global popularity [2]. The human microbiota, comprising
microorganisms that outnumber human cells by a ratio of
1.3:1, plays a crucial role in maintaining health.

Probiotic microorganisms confer numerous health ben-
efits, particularly within the gastrointestinal tract. They have
been implicated in alleviating conditions such as diarrhea,
constipation, inflammatory bowel disease (IBD), irritable
bowel syndrome (IBS), allergies, eczema, lactose intol-
erance, and Helicobacter pylori infections [3]. They are
also involved in managing metabolic disorders including
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diabetes, obesity, and hypercholesterolemia, and in reduc-
ing the risks of cancer and cardiovascular diseases [1]. Pro-
biotics exert their beneficial effects through inhibiting the
proliferation of harmful bacteria by lowering intestinal pH
and secreting antimicrobial substances such as hydrogen
peroxide, exopolysaccharides, and bacteriocins [4]. Addi-
tionally, some probiotic strains create an anaerobic environ-
ment in the gut, which is ideal for the growth of beneficial
bacteria [5].

Traditional fermented foods are significant sources of
probiotics worldwide. Common probiotic foods include tra-
ditional dairy products such as yogurt, kefir, and cheese; fer-
mented vegetables such as sauerkraut, kimchi, and pickles;
and various regional specialties such as kombucha (China),
boza and tarhana (Tiirkiye), koumiss (Turkic countries), lassi
(India), tempeh (Indonesia), and miso and natto (Japan) [6].
Boza is a traditional, non-alcoholic, viscous Turkish bever-
age produced by fermenting grains like wheat, millet, and
rice flour with yeast and lactic acid bacteria (LAB), resulting
in a pale-yellow drink with a sweet—sour taste [7]. Tarhana,
another traditional Turkish food, is produced by fermenting
a mixture of wheat flour, yogurt, sourdough, herbs, vegeta-
bles, and spices, which is then dried for long-term storage;
it is highly nutritious and consumed as a snack or soup [8].
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Therefore, the aim of this study is to (i) isolate, identify,
and differentiate lactic acid bacteria from underutilized
traditional foods, including boza, tarhana, and pickles, and
(i1) evaluate their potential as probiotics by assessing their
survival in the gastrointestinal tract (GIT), antimicrobial
activity, and safety. Our work contributes to the develop-
ment of new, naturally occurring probiotics with potential
applications in functional foods and dietary supplements.

Materials and Methods
Materials

A total of sixty-six strains were isolated from traditional
foods. Of these, thirty-eight were isolated from Turkish
boza (TB), Bulgarian boza (BB), pickled beetroot (PT),
white sourdough (EB), and einkorn sourdough (ES).
Identification of strains was performed by bacterial mor-
phology, Gram staining, and catalase activity. Twenty-six
tarhana isolates (named T, H, and N), previously isolated
in an earlier work [8], were included to assess their probi-
otic potential. All sixty-six isolates (the thirty-eight newly
isolated strains and the twenty-eight from previous work)
were differentiated using Random Amplification of Poly-
morphic DNA-Polymerase Chain Reaction (RAPD-PCR),
which revealed 25 distinct LAB strains. These 25 distinct
strains were then selected for further experiments to ana-
lyze their probiotic potential.

Twenty-five LAB strains were grown on MRS and M17
media (Merck KGaA, Germany). Staphylococcus aureus
ATCC 6538, Staphylococcus epidermidis ATCC 12228,
Escherichia coli ATCC 25922, Klebsiella pneumoniae
ATCC 4352, and Proteus mirabilis ATCC 14153 were
grown on Luria Bertani (LB) agar (Merck KGaA, Ger-
many). Enterococcus faecalis 7-3 and Streptococcus pyo-
genes ERU-PS strains were kindly provided from Uludag
University (Togay Lab) and Erciyes University (Sagiroglu
Lab), respectively. These strains were grown in Brain
Heart Infusion broth (BHI) (Merck KGaA, Germany).
Caco-2 cells were kindly provided from Middle East Tech-
nical University (Banerjee Lab) and grown on Dulbecco’s
Modified Eagle Medium (DMEM) (Merck KGaA, Ger-
many). Lysozyme from egg yolk (Amresco, MA, USA);
fructose, sucrose, and peptone (Sigma Aldrich, MO, USA);
Columbia agar (Sigma Aldrich, MO, USA) with 5% sheep
blood; 0.1% sterile peptone water, 0.025% Trypsin—-EDTA
solution (Thermo Fisher Scientific, MA, USA); Bacterial
Genomic DNA Miniprep Kit (Axygen, CA, USA) were
used in the experiments. Phosphate buffered saline (PBS),
HCI, NaOH, KCl, NaCl, CaCl,, NaHCO;, and bile salts
purchased from Sigma Aldrich (MO, USA).
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Random Amplified Polymorphic DNA-PCR
(RAPD-PCR)

The RAPD-PCR technique was used to differentiate the iso-
lates at the strain level and to prevent duplicate studies on the
same strain. Bacterial DNA isolations were done as described
in Cebeci Aydin et al. [8] using Genomic DNA Miniprep Kit
(Axygen, CA, USA). RAPD-PCR experiments were per-
formed using primer M 13 (Oligomer, Tiirkiye) on SimpliAmp
Thermal Cycler (Thermo Fisher Scientific, MA, USA). Ampli-
fication conditions were as follows; after an initial denatura-
tion at 94 °C for 2 min, 40 cycles of denaturation at 94 °C
for 1 min, annealing at 42 °C for 35 secs, and extension at
72 °C for 2 min. Analyses of the RAPD-PCR patterns were
done with GelComparll (Applied-Maths, Ghent, Belgium).
UPGMA analyses were performed and grouping assignments
were set arbitrarily at an 80% similarity level [9].

Identification of Isolates at Species Level by 16S
rRNA Sequencing

Following the differentiation of isolates using RAPD-PCR,
molecular identification of isolates was conducted using 16S
rRNA sequencing. 16S rRNA gene is amplified by using for-
ward (5’-ATCCGAGCTCAGAGTTTGATCCTGGC-3’) and
reverse primer (5’-TCAGGTCGACGCTACCTTGTTACG
AC-3’) (Oligomer, Ankara, Tiirkiye) on SimpliAmp Thermal
Cycler (Thermo Fisher Scientific, MA, USA). Validation of
amplified fragments was done on agarose gel and sequencing
of PCR products was done (Medsantek, Istanbul, Tiirkiye).

Tolerance to Acid and Bile Salt

Acid and bile salt tolerance tests were performed to assess
the survival of the isolates under GIT conditions. Twenty-five
actively growing LAB bacterial cultures were incubated in
PBS with pH 2.0 and pH 3.0, bile salt concentrations of 0.3%
and 0.5% (w/v) for 1 and 3 h durations at 37 °C [10-12]. The
controls were incubated at neutral acidity (pH 7.2) and with-
out bile salts. Following the acid and bile salt tolerance test,
samples were diluted and pour-plated into MRS and M 17 agar
medium and incubated overnight at 37 °C. After the incuba-
tion, colonies were counted, and the survival percentages were
calculated in comparison with the control group. All experi-
ments were performed in duplicate, including the control

group.
Adhesion to Caco-2 Cells

Adhesion assay was performed according to Xu et al.
[13] with slight modifications. Caco-2 cells were cultured
at 5% CO, atmosphere and 37 °C for 16 days to reach
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post-confluency. 1 h before the experiment, cultured cells
were washed two times with 0.1% sterile peptone water and
cultured in non-supplemented DMEM. Then, cultures were
washed two times with 0.1% sterile peptone water, added
non-supplemented DMEM containing probiotic bacterial
cells (1x10%), and incubated for 2 h at 37 °C. Wells were
washed, Trypsin—-EDTA treated and incubated for 15 min at
RT. Lysates were serially diluted and pour-plated on MRS
and M17 agar plates in triplicates and incubated for 48 h at
37 °C. Adhesion was calculated as a percentage compared
to the control group. All experiments were performed in
duplicate, including the control group.

Antimicrobial Activity

To assess the antimicrobial activity of selected probiotic
bacteria, disk diffusion assay was performed [14], and bac-
teriocin producer Enterococcus faecalis 7-3 and kanamycin
sulfate (5 mg/ml) (Carl Roth Gmbh, Germany) were used
as positive controls [15]. Bacterial suspensions of Staphy-
lococcus aureus ATCC 6538, Staphylococcus epidermidis
ATCC 12228, Escherichia coli ATCC 25922, Klebsiella
pneumoniae ATCC 4352, Proteus mirabilis ATCC 14153
were adjusted to 0.5 McFarland standard and planted on
Luria Bertani (LB) agar plates using cotton swabs [16, 17].
Each disk was loaded with 50 ul of probiotic bacterial cul-
ture supernatant. Empty and MRS broth containing disks
were used as negative controls. Agar plates were incubated
overnight at 37 °C. After the incubation, the diameters of the
zone of inhibition were measured to determine antimicro-
bial activity. All experiments were performed in duplicates
including the control groups.

Resistance to Lysozyme

Lysozyme resistance of probiotic strains was assessed
according to Zago et al. [18]. Overnight grown bacteria pre-
cipitated, washed and incubated in Ringer solution (8.5 g/L.
NaCl, 0.4 g/L KCl and 0.34 g/L CaCl,) for 10 min, added
into Sterile Electrolyte Solution (SES; 0.22 g/L CaCl,,
6.2 g/LL NaCl, 2.2 g/LL KCI, 1.2 g/LL NaHCO,) containing
100 mg/L lysozyme and incubated for 30 min at 37 °C.
At the end of the incubation, cells were serially diluted
with 0.9% NaCl and pour-plated on MRS and M17 agar
plates. After 48 h incubation at 37 °C, colony numbers were
counted, and viabilities were calculated. All experiments
were performed in duplicates, including the control group.

Production of Exopolysaccharides (EPS)
To observe the EPS production ability of the probiotics,

overnight grown bacteria incubated with fresh MRS broth
supplemented with 5 g/L fructose and 40 g/L sucrose at

25 °C for 48 h in anaerobic conditions [19]. At the end of the
incubation, produced EPS was detected by the existence of
ropy structures in the medium by using an inoculation loop
[20]. All experiments were performed in duplicates includ-
ing the control group.

Hemolytic Activity

To determine the hemolytic activity of the probiotics, over-
night grown bacteria streak plated on Columbia agar con-
taining 5% sheep blood. Plates were incubated at 37 °C for
48 h. Streptococcus pyogenes ERU-PS hemolytic bacterial
strain is used as positive control. At the end of the incuba-
tion, the hemolytic activity of probiotic strains was classi-
fied according to zone color around the bacterial colonies.
Yellow and green zones were accepted as -hemolytic and
a-hemolytic, respectively, and red zones were accepted as
safe (y-hemolytic) [21]. All experiments were performed in
duplicates including the control group.

Statistical Analysis

Data analysis was performed using GraphPad Prism 10.3.1
Software. One-way analysis of variance (ANOVA) was uti-
lized to determine the differences between treatments, and
Tukey’s multiple comparison test was applied to detect sta-
tistical significances, defined at P <0.05. Two-way ANOVA
was utilized to determine differences between conditions
compared to the control group for each of the selected 10
strains in acid, bile salt, lysozyme tolerance, and adhesion
assays. Dunnett’s and Bonferroni’s multiple comparison
tests were applied to the data. Statistical significance was
defined at P <0.05. All data are expressed with the standard
deviation. P> (0.05 was considered not significant; P <0.05
was considered significant and marked with one asterisk;
P <0.01 was marked with two asterisks; P <0.001 was
marked with three asterisks; and P <0.0001 was marked
with four asterisks. All graphs were generated using Graph-
Pad Prism Software. For generation of heatmaps, all viabili-
ties are normalized to maximum and minimum values for
each condition individually, and viabilities over 100% were
accepted as 100%.

All data acquired from the experiment were normalized
and standardized using IBM SPSS Statistics 29.0.1.0 Soft-
ware, and all experimental results were checked individually
to determine their distribution type for identifying the most
promising strains using k-means clustering. Results from
bile salt (0.3%, 3 h), pH 3.0 (3 h), adhesion, and lysozyme
resistance assays were chosen for further analysis because
they had a normal distribution. Then, the data were assessed
with a hierarchical clustering algorithm to determine the
most suitable cluster number to classify our strains in the
most informative way. According to hierarchical clustering
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analysis, four clusters were chosen, and the data were ana-
lyzed using an unsupervised k-means clustering algorithm,
which utilizes kernels to predict the distance among clusters
and subjects [22].

Results and Discussion
RAPD-PCR

RAPD-PCR was performed to group sixty-six isolates into
twenty-five strains. The differentiation of strains was done
using the dendrogram (Fig S1), isolates demonstrating < 80%
similarity were assigned as different strains and were sub-
jected to further probiotic characterization. The analysis was
performed using GelCompar II (Applied-Maths, Belgium).

Tolerance to Acid and Bile Salts

Probiotics are exposed to high acidity in the stomach and
high concentration of bile salts in the duodenum while pass-
ing through the gastrointestinal tract. During this passage,
bacteria need to survive, reach the colon, and colonize it.
In acidic environments, cells lose their ability to maintain
homeostasis, leading to protein denaturation, DNA damage,
and eventually, cell death [23, 24]. Bacteria and yeasts can
cope with acidic environments via various mechanisms,
including activation of H+-ATPases, cell membrane remod-
eling, or intracellular proton consumption [24, 25]. Acid and
bile salts can disrupt the structure of bacterial cell mem-
branes, denature proteins, chelate metals such as iron and
calcium, and cause DNA damage [26]. Probiotic microor-
ganisms tolerate bile acids and salts by synthesizing pro-
tective proteins, altering cell membrane composition, and
producing stress response proteins [27, 28].

According to the results from Fig. 1a and Table S1, four
out of twenty-five strains showed high viability at pH 2.0
for both 1 and 3 h: MRS ES-7, MRS ES-11, MRS ES-17,
and MRS N-1. All strains demonstrated high viability at pH
3.0 for 1 and 3 h, with fourteen strains showing particularly
higher viability than the control groups (MRS ES-2, MRS
ES-3, MRS ES-7, MRS ES-12, MRS ES-17, MRS PT-2,
MRS PT-14, MRS PT-16, MRS N-1, MRS EB-3, MRS T-1,
M17 N-2, M17 N-3, M17 N-4) (Table S1). However, thir-
teen strains exhibited no viability at pH 2.0 after 3 h (MRS
ES-1, MRS ES-2, MRS ES-3, MRS PT-1, MRS PT-2, MRS
PT-14, MRS PT-16, MRS T-1, MRS T-2, MRS T-7, M17
N-1, M17 N-2, M17 N-3), and five strains showed no viabil-
ity at pH 2.0 for both 1 and 3 h of incubation (M17 TB-1,
M17 TB-2, M17 BB-7, MRS EB-3, M17 N-4) (Table S1).
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Fig. 1 Heatmap analysis of isolates in acid (pH 2.0 and pH 3.0) (a),
and bile salt (0.3% and 0.5%) (b). All viabilities were normalized
according to maximum and minimum values for each condition indi-
vidually. Viabilities over 100% accepted as 100%

In the bile salt tolerance test, nine strains maintained
viability at 0.3% bile salt for both 1 and 3 h (MRS ES-3,
MRS PT-14, MRS T-2, M17 H-1, M17 N-2, M17 N-3,
M17 N-4, M17 TB-1, M17 TB-2), and seven strains
showed viability at 0.5% bile salt for 1 and 3 h (MRS
ES-3, MRS T-2, M17 H-1, M17 N-2, M17 N-3, M17 N-4,
M17 TB-1, M17 TB-2) (Fig. 1b) (Table S1). Particularly,
M17 N-2,, M17 N-3, M17 N-4 and M17 TB-1, M17 TB-2
strains showed higher viability at both 0.3% and 0.5% bile
salt conditions than other strains. In contrast, ten strains
showed no viability at either bile salt concentration for
1 and 3 h (MRS ES-2, MRS ES-11, MRS ES-17, MRS
PT-1, MRS PT-2, MRS PT-16, MRS T-1, MRS T-7, MRS
N-1, and M17 EB-3), while a few strains lost viability
only after prolonged incubation (MRS ES-1 and MRS T-2)
(Table S1).

Overall, L plantarum strains MRS ES-3, MRS ES-7,
and P. pentosaceus strain MRS N-1 demonstrated the
highest resistance to acidity, consistent with the literature
[29-31]. L plantarum PT-14 showed increased acid tol-
erance upon prolonged exposure (165% at 1 h to 215%
at 3 h). Contrary to the findings of Succi et al., L. plan-
tarum strains were not universally resistant to bile salts
[32], with only strains MRS ES-3 and P. pentosaceus MRS
N-1 showing high tolerance to both bile salts and acidity.
Levilactobacillus brevis MRS ES-11 exhibited high acid
tolerance but was not resistant to bile salts. To the best of
our knowledge, this is the first study to report an Entero-
coccus dispar strain (MRS T-2) having high acid and bile
salt tolerance.

As a result of evaluating the acid and bile tolerances of
twenty-five strains, ten strains (L. plantarum MRS ES-3,
MRS ES-7, MRS PT-14; L. brevis MRS ES-11; P. pen-
tosaceus MRS N-1; E. dispar MRS T-2; E. faecium M17
BB-7, M17 N-2, M17 N-3; and E. durans M17 TB-2) were
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selected for further probiotic analyses due to their high
viability under acidic and bile salt conditions (Table 1).

Identification of Isolates at Species Level by 16S
rRNA Sequencing

Among the ten selected strains, four of them (MRS N-1,
MRS T-2, M17 N-2, M17 N-3) were identified in a previ-
ous study conducted in our laboratory [8]. The remaining
six isolates (MRS ES-3, MRS ES-7, MRS ES-11, MRS
PT-14, M17 BB-7, M17 TB-2) were identified by 16S
rRNA sequencing (see Table 1) and submitted to NCBI
GenBank database (PP024635-PP024640).

Table 1 List of strains selected for further studies and the selection
criteria

Isolate Identified Species Reason of Selection

MRS ES-3 L. plantarum High tolerance to acid and bile salts

MRS ES-7 L. plantarum High tolerance to acidity

MRS ES-11 L. brevis High tolerance to acidity

MRS PT-14 L. plantarum High tolerance to acidity

MRS N-1 P. pentosaceus High acidity tolerance

MRS T-2 E. dispar High tolerance to bile salts

M17 BB-7 E. faecium Increased viability at prolonged
acidity

MI17 N-2 E. faecium High tolerance to acid and bile salts

M17 N-3 E. faecium High tolerance to acid and bile salts

M17 TB-2  E. durans High tolerance to acid and bile salts

Fig.2 Adhesion of isolates to
Caco-2 cells

Adhesion to Caco-2 Cells

Colonization resistance is important for gut health because
only adherent cells can effectively grow and colonize the
gut. They show beneficial effects as long as they colonize the
mucosa. They can hinder infections by preventing the adhe-
sion and colonization of pathogenic bacteria on the mucosa
through competitive adhesion.

According to the results, MRS ES-3, MRS N-1, MRS
T-2, M17 BB-7, M17 N-2, and M17 N-3 showed high adhe-
sion to Caco-2 cells (>37%). Particularly, MRS N-1 and
M17 N-2 showed over 87% adhesion to Caco-2 cells (Fig. 2).

Even though LAB isolates were reported to have a wide
range of adhesion (0.6-90%) [33, 34], all lactic acid bac-
terial isolates obtained in our study displayed significant
adhesion to Caco-2 cell line (Fig. 2). Out of the ten selected
strains, L. plantarum MRS ES-3, P. pentosaceus MRS
N-1, and E. faecium M17 N-2 showed superior adhesion
to Caco-2 cells (>60%): This corroborates the literature,
where several L. plantarum strains have been reported to
have good adhesion properties [34, 35]. Surprisingly, P. pen-
tosaceus MRS N-1 displayed exceptional adhesion (> 85%)
to Caco-2 cells since Pediococcus strains are not known
for their strong adhesion properties (reportedly between 4
and 16%) [36]. L. plantarum MRS ES-3, MRS ES-7, and
MRS PT-14 strains exhibited varying degrees of adhesion
to Caco-2 cells (65%, 22.5%, and 37.6%, respectively). The
different rates of adhesion between strains may result from
different adhesion mechanisms, cell-wall components (pep-
tidoglycans, teichoic acid, or polysaccharides), and/or cell-
wall proteins. Enterococcus faecium M17 BB-7, M17 N-2,
and M17 N-3 strains showed varying degrees of adhesion
(58.6%, 90.9%, and 37.4%) to Caco-2 cells, corroborating
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with other reports [37]. E. durans M17 TB-2 strain showed
only 13.5% adhesion to Caco-2 cells.

Antimicrobial Activity

LAB produce two main groups of substances with antimicro-
bial properties. The first group is non-bacteriocin structures
(organic acids, hydrogen peroxide, carbon dioxide, diacetyl,
acetaldehyde, and 3-hydroxy fatty acids) [4]. The second
group is peptide or protein-structured bacteriocins, produced
and secreted by bacteria [35]. For the antimicrobial activity
assays, the 10 selected strains were evaluated. Kanamycin
sulphate (5 mg/ml) was used as a positive control, and E.
faecalis 7-3 cell-free supernatant was used as a positive
control for S. aureus ATCC 6538. According to the results
of the antimicrobial assays, only kanamycin showed strong
antimicrobial activity against all pathogens. Additionally, E.
faecalis 7-3 showed a moderate effect on S. aureus ATCC
6538 (Table 2) [15]. Of the tested strains, only L. plantarum
MRS ES-3 showed a limited effect against S. aureus ATCC
6538 and K. pneumoniae ATCC 4352. The remaining strains
were considered ineffective against these pathogens accord-
ing to the criteria of the Clinical & Laboratory Standards
Institute (CLSI) [38].

Hemolytic Activity

The absence of hemolytic activity is an important safety cri-
terion when selecting probiotic bacterial candidates. Micro-
organisms with hemolytic activity cause hemolytic anemia
by breaking down red blood cells. As a result, oxygen cannot
be transported to the cells, leading to decreased energy pro-
duction [39]. Indeed, none of our strains possess hemolytic
activity. Hence, they can be considered as safe in this respect
(Table 3).

Table 3 Lysozyme tolerance, EPS production and hemolytic activity
of strains

Strain Lysozyme tolerance (%) EPS production Hemo-
lytic
activity

MRS ES-3 87,82+5,77 ++ None

MRS ES-7 175,53 £8,87 ++ None

MRS ES-11 264,98+ 18,89 ++ None

MRS PT-14 125,53 +13,48 ++ None

MRS N-1 87,98 +3,07 ++ None

MRS T-2 51,06 +£4,26 + + None

M17 BB-7 38,98 +1,97 + None

M17 N-2 76,56 +7,03 + None

M17 N-3 87,08+6,18 + None

M17 TB-2 56,98 + 3,40 + None

Resistance to Lysozyme

Resistance to lysozyme in saliva is a significant factor in
the selection of probiotic bacteria. Lysozyme causes degra-
dation of peptidoglycan; therefore, resistance to lysozyme
is crucial for bacteria to reach the stomach and intestines
without damage. Lysozyme resistance testing revealed that
L. plantarum and L. brevis strains MRS ES-7, MRS ES-11,
and MRS PT-14 had the highest resistance (175%, 265%,
and 125% viability, respectively). MRS ES-3, MRS N-1,
M17 N-2, and M17 N-3 strains showed viability between 76
and 87% and MRS T-2, M17 BB-7, and M17 TB-2 strains
showed viability between 38 and 56% (Table 3).

Nine out of ten strains exhibited over 50% viability, and
six strains showed over 85% viability in the lysozyme assay.
L. plantarum strains are known to have higher resistance
against lysozyme and even to exhibit increased viability after
30 and 120 min of incubation at different concentrations

Table 2 Zone of inhibition
diameters against pathogens

Zone of Inhibition (ZOI) Diameters (mm)

Strain S. aureus ATCC 6538  E. coli K. pneumoniae P. mirabilis S. epidermidis
ATCC 25922  ATCC 4352 ATCC 14153 ATCC 12228

MRS ES-3 9,5+0,5 75+0,5 9,5+0,5 9+1 +

MRS ES-7 7+0 +0 8+0 8+0 8+0

MRS ES-11 7+0 8+0 8+

MRS PT-14 7+0 +0 7,5+0,5 8+

MRS N-1 7+0 0 ,5+0,5 7+0 8,5+0,5

MRS T-2 7+0 + 7,5+0,5 7+0 9+0

M17 BB-7 0+0 + 0+0 0+0 +

M17 N-2 0+0 0+0 0+0 0+0 0+0

M17 N-3 0+0 0+0 0+0 0+0 +

M17 TB-2 0+0 0+0 0+0 0+0

Kanamycin 15,5+0,5 18+0 18,5+0,5 17+1 23+0

EF 7-3 14+0 + 11+1 100 +
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[40]. In addition, P. pentosaceus, and E. faecium strains have
been reported to have good viability against lysozyme [41,
42].

Production of Exopolysaccharides

EPS are complex glycan structures produced by bacteria,
providing protection against environmental stressors such
as pH, temperature, and toxins. They also aid in bacterial
adhesion and biofilm formation [20]. EPS production has a
positive effect on adhesion to intestinal cells and coloniza-
tion [20]. EPS help bacteria form biofilms and prevent path-
ogens from forming biofilms. Additionally, EPS produced by
LAB have anti-inflammatory, anti-viral, anti-bacterial, and
anti-biofilm activities [43]. Moreover, heteropolysaccharides
(HePS) can be used as biothickeners to develop the flavor
and stability of dairy products.

EPS production by LAB isolates was detected by visual
observation of the ropiness of the bacterial pellet. All of the
isolates were determined to produce EPS (Table 3). Par-
ticularly, strains L. plantarum MRS ES-3, MRS ES-7, MRS
PT-14; L. brevis MRS ES-11; P. pentosaceus MRS N-1;
and E. dispar MRS T-2 produced noticeably more EPS than
the remaining strains that grow on M17 medium. Several
LAB strains, including L. plantarum, E. faecium, L. brevis,
P. pentosaceus are reported as EPS producers [20, 43, 44].

Selecting for Best Performing Strains

The unsupervised k-means clustering algorithm was applied
to classify the probiotic strains based on their characteristics,
such as acid and bile salt tolerance, lysozyme resistance,
and adhesion to Caco-2 cells [45] (Tables 4 and S3). This
statistical approach allowed us to group the strains into four
distinct clusters, each representing different levels of probi-
otic potential. The k-means analysis was crucial in identify-
ing the strains that exhibited the most desirable probiotic
properties, as it enabled the differentiation of strains based
on their overall performance across multiple tests.

Table 4 Clusters of each

. . . Strain Cluster Distance

bacterial strain according to

k-means clustering algorithm MRS ES3 3 0.693

(P<0.05) MRSES7 2 0,992
MRS ES11 2 0,707
MRS PT14 2 0,611
MRS N1 3 1,073
MRS T2 1 0,696
M17BB7 1 0,696
M17 N2 3 1,235
M17 N3 2 1,134
M17TB2 4 0,000

Strains assigned to cluster 3 (L. plantarum MRS ES-3, P.
pentosaceus MRS N-1, and E. faecium M17 N-2) showed
significantly higher acid and bile salt tolerance, stronger
adhesion to Caco-2 cells, and better lysozyme resistance
than strains in other clusters. The clustering highlighted that
these three strains had a balanced combination of essential
probiotic traits, setting them apart from others. For example,
the strains in cluster 3 demonstrated consistently high viabil-
ity under acidic conditions (pH 3.0 for 3 h) and exhibited
superior adhesion to Caco-2 cells, suggesting their strong
potential to survive and colonize the gastrointestinal tract.

In contrast, other clusters contained strains that performed
well in some tests but lacked overall probiotic robustness.
By using k-means clustering, we objectively identified L.
plantarum MRS ES-3, P. pentosaceus MRS N-1, and E. fae-
cium M17 N-2 as the most promising probiotic candidates
based on their multiple strengths and demonstrated that this
statistical method was useful in the selection process.

Conclusion

This study successfully identified three promising probiotic
strains: L. plantarum MRS ES-3, P. pentosaceus MRS N-1,
and E. faecium M17 N-2 from traditional Turkish fermented
foods, demonstrating their strong acid and bile salt tolerance,
lysozyme resistance, adhesion to intestinal cells, and exopol-
ysaccharide (EPS) production. Notably, E. dispar MRS T-2
was identified for the first time as having high acid and bile
salt tolerance, making it an important addition to the range
of potential probiotic strains. The discovery of E. dispar as
a candidate expands the diversity of probiotic strains and
opens up new possibilities for its application in functional
foods and dietary supplements.

These findings highlight the valuable role of traditional
Turkish fermented foods as a source of novel and robust
probiotic strains with potential health benefits. The identi-
fied strains, particularly the three most promising candidates,
exhibit characteristics that could make them excellent con-
tributors to the development of next-generation probiotic
products. Further research is necessary to explore their full
potential, including their effects on gut health, immune mod-
ulation, and other health-related benefits.
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