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Metabolites produced by lactic acid bacteria (LAB) are involved in maintaining the balance of the human gut microbiota and
play a role in inhibiting the growth of pathogens. The present study evaluated the antimicrobial activity of cell-free supernatants
(CFS) obtained from ten probictic strains of LAB. The antimicrobial activity was studied under varying pH conditions and after
heat and proteolytic treatment. Activity was evaluated against Staphylococcus aureus, Enterococcus faecalis, Escherichia coli,
Klebsiella oxytoca, and Candida albicans using the agar well diffusion method. The majority of the CFS exhibited a significant
inhibitory effect against S. aureus, E. coli, and K. oxytoca, while inhibition of E. faecalis and C. albicans was predominantly
observed for individual supernatants. Based on the results, the five most active CFS were selected for further research. The effect
of CFS was also investigated in relation to probiotic strains of LAB, including their respective producer strains. It was found that
the CFS of Lacticaseibacillus casei IMB 7412 strain exhibited the most pronounced inhibitory effect, both on its own viable cells
and on other studied LAB strains. In contrast, Lactiplantibacillus plantarum IMB 7413 showed minimal changes in concentra-
tion under the influence of CFS. Additionally, the CFS of Lactobacillus bulgaricus A22 stimulated the growth of L. plantarum
A. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the selected supernatants
were determined by the micro-broth dilution method, which proved to be more sensitive than the agar well diffusion method,
particularly in studies on E. faecalis and C. albicans. The antimicrobial activity was significantly dependent on pH, being highest
under acidic conditions and decreasing or completely disappearing at neutral or alkaline pH. The heat resistance of the cell-free
supernatants was relatively high, although heat treatment at 100 °C partially reduced their antimicrobial activity. Treatment with
proteinase of the CFS of L. casei IMB 7412 resulted in a complete loss of antimicrobial activity, indicating the involvement of
protein compounds in this effect. Thus, these results deepen our understanding of the antimicrobial effects of CFS from probiotic

strains and their potential to modulate the intestinal microbiota.
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Introduction

Lactic acid bacteria (LAB) are microorganisms capable of syn-
thesizing lactic acid as the end product of their fermentation process
(Kénig & Frohlich, 2017). This group includes representatives from
the genera Lactobacillus, Lactococcus, Leuconostoc, Pediococcus,
Streptococcus, Enterococcus, and others (Goldstein et al., 2015). Due
to their beneficial properties, LAB are classified as "Generally Recog-
nized as Safe" (GRAS) by the U.S. Food and Drug Administration
(FDA) and are widely used in the production of probiotic products
and modern pharmabiotics.

The gut microbiota is considered a "vital superorganism" and en-
compasses over a thousand microbial species, forming a complex
ecological community (Perler et al., 2023). It plays a key role in estab-
lishing colonization resistance, strengthening the intestinal barrier, re-
gulating metabolic processes, and supporting the development of the
immune system (Di Stefano et al., 2023). Disruption of the diversity
of the gut microbiota, caused by antibiotic therapy or other detri-
mental influences on the human body, can lead to excessive growth
of opportunistic pathogens (McDonnell et al., 2021; Walker et al.,
2021). Dysbiosis of the gut microbiota is a significant factor in the
development of intestinal diseases such as Crohn’s disease, ulcerative
colitis, and other inflammatory conditions, where microorganisms
from the genera Staphylococcus, Enterococcus, Escherichia,
Klebsiella, and Candida play a pivotal role in driving inflammatory
processes and damaging the intestinal mucosa (Zhao et al., 2023).

It is known that the specific effect of LAB is determined by their
metabolites, which drive the functional activity of probiotic strains.
In addition to lactic acid, these bacteria produce a wide range of bio-

logically active compounds, such as bacteriocins, amino acids, ex-
opolysaccharides, and other metabolites, which can affect the growth
of potentially pathogenic microorganisms (Tang et al., 2023). For
example, Pompilio et al. (2024) demonstrated that cell-free superna-
tants (CFS) from various Lactobacillus strains exhibit antibacterial,
antibiofilm, and antivirulence activity against Pseudomonas aeru-
ginosa. In addition, Liu et al. (2024) showed that the CFS of Pedio-
coccus acidilactici LWX 401 had a broad antibacterial spectrum
against food-borne pathogens.

Despite extensive research into the nature and beneficial proper-
ties of probiotic strain metabolites, their specific role in regulating the
balance of the gut microbiota remains unclear. Investigating the func-
tional efficacy of metabolites produced by probiotic strains, which al-
ready serve as the basis for pharmabiotics, is essential for predicting
changes in opportunistic members of gut microbiota, while also con-
sidering their impact on beneficial microbiota. The aim of this study is
to assess the effect of cell-free supematants from probiotic LAB
strains on intestinal opportunistic isolates and to investigate their anti-
microbial activity against probiotic LAB strains, including their re-
spective producer strains.

Materials and methods

The strains used in the study are listed in Table 1. The study used
LAB strains that are included in the probiotic products Liolact® (Selur
Pharma, Bulgaria) and BioME Combi 10+1 (Ediens, Ukraine).
L. plantarum A, L. bulgaricus A6, A22, S6, S19, and L. rhamnosus
S25 strains and were kindly provided by Professor Albert Krastanov.
All LAB strains and C. albicans were grown in de Man, Rogosa and
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Sharpe broth (MRS broth; HiMedia, India), while S. aureus, E. fae-
calis, E. coli, and K. oxytoca were cultured in tryptone soy broth
(TSB; Pharmaktiv, Ukraine).

Table1
Tested microorganisms and their sources of isolation

Microorganisms Source of isolation

LAB strains

L. casei IMB 7412"

L. plantarum IMB 7414" Sauerkraut

L. plantarum IMB 7413"

E faecalis M-A-I1-I Human intestine

L. plantarum A™

L. bulgaricus A6™
L. bulgaricus A22™
L. bulgaricus S6™
L. bulgaricus S19™
L. rhamnosus S25™

Sourdough starter

Opportunistic isolates

S. aureus™
E. faecalis™
E. coli™

K. oxytoca™
C. albicans™

Human intestine

Note: * — D. K. Zabolotny Institute of Microbiology and Virology of the Natio-
nal Academy of Sciences of Ukraine; ** — University of Food Technology,
Plovdiv, Bulgaria; *** — Research Development and Educational Center for
Molecular Microbiology and Mucosal Immunology, Uzhhorod National Uni-
versity.

To obtain cell-free supernatants, 24-hour LAB cultures were stan-
dardized to an optical density of 0.5 McFarland (approximately 1.5 x
108 CFU/mL). A 100 pL suspension was inoculated into 10 mL of
sterile MRS broth and incubated at 37 °C for 24 hours. To separate
the cells from the supematants, the cultures were centrifuged at
2500 g for 10 minutes and the supernatants were collected and filtered
through cellulose acetate membrane nanofilters with a pore size of
0.22 um (Membrane Solutions, China). The CFS was spread on MRS
agar and incubated at 37 °C for 24 hours to confirm the absence of
viable cells. All supernatants were stored at —23 °C until further use in
experiments. The initial pH values of the CFS are shown in Table 2.

Table 2
pH value of cell-free supernatants obtained
from lactic acid bacteria strains after 24 hours of cultivation

CFS of LAB strains pH
L. casei IMB 7412
L. plantarum IMB 7414
L. plantarum A 3

L. bulgaricus A6
L. bulgaricus A22
L. bulgaricus S6

L. plantarum IMB 7413

L. bulgaricus S19 4
L. rhamnosus S25
E. faecalis M-4-1I-1 5

The antimicrobial activity of the supematants against intestinal
opportunists was assessed using the agar well diffusion method, as

Table 3

described by Pompilio et al. (2024), with modifications by the au-
thors. Indicator strains at a concentration of 108 CFU/mL were spread
onto the surface of agar plates using a sterile cotton swab. Wells with
a diameter of 8 mm were made aseptically using a sterile 1 mL pi-
pette tip and filled with 100 pL of each supernatant. MRS broth was
used as a control. The inoculated plates were incubated at 37 °C for
24 hours, after which the inhibition zone diameter was measured.

Sterile 96-well microplates (Biosigma, Italy) were used to evalua-
te the antimicrobial activity of CFS, specifically against their own
producer strains and other probiotic LAB strains. Subsequently, 80 uL.
of bacterial suspension at a density of 0.5 McFarland was mixed with
20 pL of the respective superatant. LAB suspensions added to MRS
broth served as control samples. Aliquots were incubated at 37 °C for
24 hours. The suspensions were diluted tenfold and plated onto MRS
agar plates, which were then incubated under anaerobic conditions
using Oxoid Anaerogen® packets (Thermo Fisher Scientific, UK) for
24 hours. After incubation, colony counts were performed.

The minimum inhibitory concentration (MIC) and minimum bac-
tericidal concentration (MBC) of the supernatants were determined
using the microdilution method in 96-well microplates, following the
methodology described by Drumond et al., (2023), with some modi-
fications. Briefly, the CFS were serially diluted in TSB using a two-
fold dilution method. To each well containing 100 pL of the diluted
supernatants, 25 uL of microorganism suspension of 105 CFU/mL
was added. For the positive control, the indicator strain suspension
and TSB were added to the microplate, and for the negative control,
only TSB medium was added. The microplates were incubated at
37 °C for 24 hours. MIC values were determined as the lowest con-
centration of CFS required to prevent the visible growth of microor-
ganisms. To determine the MBC, suspensions were plated onto the
surface of agar plates, while the MBC was defined as the lowest CFS
concentration capable of inhibiting more than 99% of the growth of
indicator strains (Rodriguez-Melcon et al., 2021).

The antibacterial activity of the CFS was assessed under various
conditions using the agar well diffusion method. To eliminate the in-
fluence of organic acids, CFS pH was neutralized to the values of 6
and 9 using 1M NaOH. The effect of temperature on CFS activity
was tested by thermal treatment at different temperatures (60, 80, and
100 °C) for 30 minutes. Neutralized CFS (pH 6) were treated with
Proteinase K (30 units/mg). Proteinase K was added to the CFS in a
1:1 ratio, followed by a two-hour incubation at 37 °C. CFS samples
treated with an enzyme were heated to 100 °C for 10 minutes to inac-
tivate the enzyme. Untreated CFS (pH 6) was used as a control.

All experiments were performed in triplicate (n = 3), and the data
are presented as mean values () + standard deviation (SD). One-way
analysis of variance (ANOVA) followed by Tukey’s HSD test was
used to determine significant differences between group means. Dif-
ferences were considered statistically significantat P < 0.05.

Results
In this study, the antimicrobial activity of the CFS from LAB

strains against opportunistic intestinal isolates was evaluated. The re-
sults obtained are presented in Table 3.

Inhibition zones (mm) of the cell-free supernatants from lactic acid bacteria against opportunistic intestinal isolates (x £ SD; n = 3)

Opportunistic intestinal isolates

CFS of LAB strairs S. aureus E. faecalis E. coli K. oxytoca C. albicans
L. casei IMB 7412 18.80+0.72* 9.33+0.58% 17.17 £0.76* 14.47 +0.81° 9.27+0.25°
L. plantarum IMB 7413 10.47 +0.50° n.i. 12.00 +0.00¢ 10.07 £0.12¢ n.i.
L. plantarum IMB 7414 13.93 +£0.60° ni. 14.17 £0.29° 11.50+1.32 n.i.
L. plantarum A 16.67 +0.58 ni. 16.37 £0.55° 14.10+0.17¢ n.i.
L. bulgaricus A6 16.17 +0.29° ni. 15.33+0.58™ 13.13+0.23* n.i.
L. bulgaricus A22 18.20 +0.26° ni. 15.17 +0.29* 11.67 +0.58™ n.i.
L. bulgaricus S6 17.23+0.25% 9.17+0.29° 15.33+0.58™ 13.0+0.00%* n.i.
L. bulgaricus S19 11.17 +1.04% 109+0.17 9.67+0.58° n.i. n.i.
L. rhamnosus S25 12.67 +0.58% n.i. 13.00 + 1.00% 10.17 +0.29™¢ n.i.
E. faecalis M-4-11-1 13.33+1.15° n.i. 12.83+0.29 10.20 +0.17¢ n.i.

Note: different letters (*€) indicate statistically significant differences between inhibition zones produced by different CFS for each test strain (P < 0.05, one-way

ANOVA with Tukey’s HSD test); n.i. — no inhibition.
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The supernatants exhibited varying degrees of inhibitory activity
against the indicator microorganisms. The most pronounced antibac-
terial activity against S. aureus and E. coli was observed in the CFS of
L. casei IMB 7412, L. plantarum A, and L. bulgaricus A6, A22, and
S6 strains, with maximum inhibition zones of 18.8 + 0.72 mm and
17.17 £ 0.76 mm, respectively. In contrast, the CFS of L. casei IMB
7412 and L. bulgaricus S6 and S19 exhibited minimal inhibitory acti-
vity against E. faecalis, with inhibition zones of 9.33 £ 0.58 mm,
9.17 £ 0.29 mm, and 10.9 + 0.17 mm, respectively. For K. oxytoca,
the CFS of L. casei IMB 7412, L. plantarum A, and L. bulgaricus A6
and S6 demonstrated the most effective results, with inhibition zones

Table 4

ranging from 14.47 + 0.81 to 13.00 + 0.00 mm. Additionally, the CFS
of L. casei IMB 7412 exhibited antifungal activity, with an inhibition
zone of 9.27 + 0.25 mm. In contrast, no antifungal activity was de-
tected in the other CFS.

In light of these findings, the CFS from L. casei IMB 7412,
L. plantarum A, and L. bulgaricus A6, A22, and S6 strains were se-
lected for further experiments, as these strains exhibited the highest
levels of antimicrobial activity against the indicator microorganisms.

The effect of the CFS on the growth of LAB strains was assessed
by culturing them in 96-well microplates. As shown in Table 4, the
supernatants exhibited varying effects on the LAB strains.

Antibacterial activity of cell-free supernatants against probiotic strains of lactic acid bacteria,

including their respective producer strains (logio CFU/mL; x = SD; n = 3)

. CFS of LAB strains
LAB strains Control L. casei IMB 7412 L. plantarum A L. bulgaricus A6 L. bulgaricus A22 L. bulgaricus S6
L. casei IMB 7412 8.00 £ 0.00% 5.96 £ 0.04° 6.26 £ 0.24° 6.77 £0.07° 6.27 £0.14° 6.20+£0.17¢
L. plantarum IMB 7413 8.61+0.01% 8.25+0.23 8.33+0.06° 8.26 £0.24% 8.36 £0.10* 8.37+0.09
L. plantarum IMB 7414 7.68 £0.03 5.86 +0.13¢ 6.78 £0.00° 6.83+0.08° 5.85 +0.07¢ 7.18+0.17°
L. plantarum A 7.21+0.04 6.20+0.17° 711019 6.55 +0.10° 7.40+0.17 6.49 +0.20°
L. bulgaricus A6 7.48 £0.05* 6.47 £0.16° 7.14£0.09° 7.30+£0.14° 6.57 +£0.05° 6.79 £0.02°
L. bulgaricus A22 820+017 6.50 £0.17° 6.50 £0.10° 6.20£0.17° 7.01+£0.02° 6.20 £0.17°
L. bulgaricus S6 7.15+0.05 5.95 +0.05 6.32+£0.28 5.91+0.08 5.92+0.03° 6.32+£0.28
L. bulgaricus S19 7.43+0.08 5.90 +£0.06° 6.50 £0.17° 6.4+0.17° 6.73+0.12° 7.09 £0.05%
L. rhamnosus S25 8.00 +0.00° 6.43+0.11° 7.26+0.24° 7.19+0.21° 6.42 +0.10° 7.51+0.08%°
E. faecalis M-4-11-1 8.00 +0.00° 7.04+0.07° 6.65+0.13° 6.56 +0.07° 7.39+0.23° 7.13+0.16°

Note: different letters (**) in the same row indicate significant differences between the effects of different CFS on each strain (P < 0.05, one-way ANOVA with

Tukey’s HSD test).

The CFS of Lbs. casei 7412 exhibited the most pronounced in-
hibitory effect on the majority of probiotic strains. Specifically, strain
L. casei 7412 demonstrated the greatest sensitivity to the cell-free su-
permnatant obtained from its own producer strain. The quantitative va-
lue (5.96+0.04) was statistically significantly lower than that of the
control group (8.00+0.00). Concurrently, strain L. plantarum 7413
exhibited resistance to all CFS.

For strain L. plantarum 7414, maximum growth inhibition was
observed under the influence of CFS from Lbs. casei 7412 and
L. bulgaricus A22, while the effect of the CFS from L. bulgaricus S6
was minimal. The strain L. plantarum A demonstrated increased
susceptibility to the CFS of L. casei 7412. In contrast, the CFS ob-
tained from L. bulgaricus A22 stimulated the growth of this strain,
with the cell count increasing to 7.40 + 0.17 compared to the control
(7.21 + 0.04). Meanwhile, L. plantarum A exhibited no sensitivity to
its own CFS. CFS from L. casei 7412 and L. bulgaricus A22 also ex-
hibited pronounced inhibitory activity against L. bulgaricus AS,

Table5

whereas the CFS from L. bulgaricus A6 had no effect on the growth
of its own producer strain.

A marked decrease in the viability of L. bulgaricus A22 was ob-
served when cultivated with CFS from L. casei 7412, L. plantarum A,
L. bulgaricus A6, and S6. In turn, L. bulgaricus S6 was the most
sensitive to the action of CFS from L. casei 7412, L. bulgaricus AS,
and A22.

Similar to most strains, L. bulgaricus S19 showed maximum
growth inhibition when supplemented with CFS from L. casei 7412.
For L. rhamnosus S25, the strongest inhibitory effect was recorded
for CFS obtained from L. casei 7412 and L. bulgaricus A22. At the
same time, a significant decrease in the growth of E. faecalis M-4-11-1
was observed under the influence of CFS from L. plantarum A and
L. bulgaricus A6.

The results of the MIC and MBC determination are shown in Ta-
ble 5.

Minimum inhibitory concentration and minimum bactericidal concentration of cell-free supernatants of lactic acid bacteria strains

Opportunistic intestinal isolates

CFS of LAB strains S. aureus E. faecalis E. coli K. oxytoca C. albicans
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
L. casei IMB 7412 14 14 14 1:2 14 14 1:8 14 1:2 0
L. plantarum A 14 14 14 1:2 14 14 14 14 1:2 0
L. bulgaricus A6 14 14 14 14 12 12 18 14 14 12
L. bulgaricus A22 14 14 14 1.2 18 14 14 14 1:2 1.2
L. bulgaricus S6 1.4 14 1.2 0 14 14 1.4 14 0 0

Note: results are shown as dilution coefficients (1:x), where x is the dilution level at which the effect was observed; 0 — undiluted supernatant; MIC — minimum

inhibitory concentration; MBC — minimum bactericidal concentration.

The MIC and MBC for the five supernatants against S. aureus
coincided at the dilution level of 1:4. In the case of E. faecalis, the
highest MIC level (1:4) was observed for the CFS of L. casei IMB
7412, L. plantarum A, and L. bulgaricus A6 and A22 strains. The
highest MBC value (1:4) was recorded for the CFS of L. bulgaricus
A6 strain. In the case of E. coli, the maximum MIC value (1:8) was
demonstrated by the CFS of L. bulgaricus A22, while the MBC value
(1:4) was identified for the CFS of L. casei IMB 7412, L. plantarum
A, and L. bulgaricus A22 and S6 strains. Furthermore, the CFS of
L.casei IMB 7412 and L. bulgaricus A6 strains demonstrated the
highest MIC values against K. oxytoca (1:8). At the same time, the

MBC values for the CFS of all strains were observed at a dilution of
1:4. In the case of C. albicans, the highest MIC values (1:4) were
recorded for the CFS of L. bulgaricus A6, the MBC (1:2) was ob-
served for L. bulgaricus A6 and A22.

The impact of pH, temperature, and Proteinase K on the antibac-
terial activity of the CFS was studied using E. coli strain. The antibac-
terial activity of the CFS under various conditions is shown in Figure 1.

The present study established that the antibacterial activity of the
CFS was contingent on the pH level, with the CFS retaining activity
in an acidic environment but showing reduced or complete inactivity
at pH 6 and 9. The CFS from L. casei IMB 7412 strain was the only
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one to exhibit antibacterial activity at pH 6 (10.83 £ 0.29 mm), while
at pH 9, no activity was observed. Following thermal treatment, the
antibacterial activity of the CFS was maintained at 60 and 80 °C;
however, at 100 °C, a reduction in the activity of the supernatants was

observed, although it remained high (Fig. 2). Furthermore, treatment
of the CFS from LAB strains with Proteinase K completely abolished
the antibacterial activity of the supernatants.

20 1 Lbs. casei IMB 7412 CFS 20 1 Lpb. plantarum A CFS
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£ I a a £ a
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K
Fig. 1. Antibacterial activity of cell-free supernatants of lactic acid bacteria under different exposure conditions (x + SD; n = 3):
eight millimeters corresponds to the diameter of the wells in agar; different letters (a—) indicate statistically significant differences
for CFS of the same strain under different conditions (P <0.05, one-way ANOVA with Tukey’s HSD test); n.i. —no inhibition
Discussion L. plantarum, along with a reduction in opportunistic pathogens like

Numerous studies indicate that the gut microbiota plays a signifi-
cant role in the pathogenesis of both intestinal and extraintestinal dis-
orders (Meleshko et al., 2021; Chang et al., 2022; Li et al., 2024).
The effectiveness of probiotics in restoring or modulating the gut mic-
robiota in various diseases is widely recognized. For example, Zhang
etal. (2020) demonstrated that dysbiosis caused by prolonged travel can
be mitigated through probiotic intake, as evidenced by an increase in
beneficial species such as Bifidobacterium longum, B. animalis, and

4

Clostridium leptum, K. pneumoniae, and Prevotella copri. Moreover,
De Wolfe et al. (2018) found that oral administration of a probiotic
combination of lactobacilli and bifidobacteria was associated with a
significant reduction in the duration of diarrhea in individuals infected
with C. difficile.

One of the key mechanisms of probiotics’ influence on pathogens
is the production of metabolites, which have garered significant rese-
arch interest. This study aimed to evaluate the antimicrobial properties
of the CFS from probiotic LAB strains by testing them against intes-
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tinal opportunistic isolates using the agar well diffusion method.
It was found that the cell-free supernatants inhibited the growth of op-
portunistic pathogens, which is consistent with the results of previous
studies (Rocha-Ramirez et al., 2023). Specifically, Scillato et al.
(2021) observed that CFS inhibited the growth of multidrug-resistant
urogenital pathogens, except E. faecium, E. faecalis, C. albicans, and

C. glabrata (now Nakaseomyces glabratus). Our results also confirm
that most of the supernatants were ineffective against E. faecalis and
C. albicans. Based on the obtained data, for further experiments, the
CFS from five strains (L. casei IMB 7412, L. plantarum A, and
L. bulgaricus A6, A22, and S6) that demonstrated the best antimicro-
bial properties were selected.

Fig. 2. Antibacterial activity of cell-free supernatants of lactic acid bacteria after heat treatment against E. coli (a—60 °C, b — 80 °C, ¢— 100 °C):
strain designations: 7412 — L. casei; A— L. plantarum; A6, A22, S6— L. bulgaricus

It is imperative to acknowledge that each individual possesses a
distinct diagnostic microbiome ratio, thereby emphasizing the neces-
sity to comprehend how probiotic strains influence both opportunistic
pathogens and beneficial microorganisms, to implement a targeted
correction of the gut microbiota. The functional activity of microor-
ganisms, which is facilitated through their metabolites, plays a pivotal
role in this regard. Nevertheless, the impact of CFS on LAB strains
still lacks research. This study sought to examine the response of
beneficial LAB strains to selected CFS.

The results demonstrated that the CFS exhibit both interspecies
and intraspecies antagonistic activity. Inhibition of the growth of LAB
strains, particularly their own CFS-producing strains, may be attribu-
ted to the production of organic acids, such as lactic or acetic acid, as
well as to bacteriocins, to which these strains were found to be sensi-
tive. Our findings are particularly consistent with those of Fredua-
Agyeman et al. (2017), who revealed that the CFS from L. plantarum
and L. rhamnosus inhibits the growth of probiotic strains L. acidophi-
lus and E. faecium. Furthermore, JanRen et al. (2020) demonstrated
that Latilactobacillus sakei strain TMW 1.624 produces bacteriocins
capable of inhibiting the growth of L. curvatus and L. sakei strains.

It was observed that L. plantarum IMB 7413 strain exhibited
minimal fluctuations in concentration, which may suggest its re-
sistance to the supernatants. Another noteworthy observation was that
the CFS from L. bulgaricus A22 strain stimulated the growth of L.
plantarum A. This phenomenon has also been documented by Lebas
et al. (2020), who demonstrated that the CFS from lactobacilli and
bifidobacteria modulated the growth of F. prausnitzii A2-165.

The stimulatory effect of the supernatants can be explained by the
production of metabolites that support the growth of beneficial micro-
organisms. It is well known that probiotic strains and commensal bac-
teria are capable of breaking down undigested fibers, leading to the
formation of short-chain fatty acids (SCFASs) such as butyrate, propio-
nate, and acetate (Martin-Gallausiaux et al., 2021). These metabolites
strengthen the intestinal barrier, possess anti-inflammatory properties,
and modulate the immune response by regulating cytokine production
(Tedelind et al., 2007; Parada Venegas et al., 2019). Moreover,
SCFAs contribute to maintaining the balance of the gut microbiota by
reducing the number of opportunistic pathogens and stimulating the
growth of beneficial microorganisms (Peterson et al., 2022).

The study of antimicrobial activity of the supematants by using
the microdilution method in broth revealed that they inhibited the
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growth of E. faecalis and C. albicans, in contrast to the agar diffusion
method. These discrepancies may be attributed to limited diffusion or
instability of active compounds in agar. Additionally, liquid media
may better support the activity of certain metabolites or create condi-
tions under which microorganisms become more sensitive. Studies
confirm that the microdilution method is more sensitive for assessing
antimicrobial activity, as it ensures uniform contact between microor-
ganisms and metabolites (Scorzoni et al., 2007; Akhtar et al., 2022;
Lazou & Chaintoutis, 2023).

Organic acids are the key metabolic by-products of LAB, playing
an essential role in their antimicrobial activity. These acids lower the
pH of the surrounding environment, creating conditions that are unfa-
vourable for the survival of pathogenic microorganisms. Additionally,
the undissociated forms of organic acids can cross bacterial membra-
nes, dissociate in the cytoplasm, decrease intracellular pH, and disrupt
vital cellular processes, leading to cell death (Peh et al., 2020). This
study aimed to assess how pH changes influence the antimicrobial ac-
tivity of the CFS from LAB strains. Current findings revealed that
these supernatants exhibit the highest inhibitory activity against E. co-
li at acidic pH, with activity diminishing at pH 6 and 9. An exception
was the CFS of L. casei IMB 7412, which showed minimal antimi-
crobial activity at pH 6 but lost it entirely at pH 9. This result empha-
sizes the crucial role of organic acids in the antimicrobial action of the
supernatants. Similarly, Wang & Zeng (2022) found that the antibac-
terial activity of the CFS from L. pentosus L-36 was highest at pH
3.5, gradually decreasing as the pH rose to 4-6 and disappearing at pH
7and 8.

The present study demonstrated that the CFS from LAB strains
retained their antimicrobial activity after thermal treatment, although a
slight reduction in activity was observed at 100 °C. Similar results
were reported by Qadi et al. (2023), who confirmed the preservation
of antimicrobial activity in CFS after heating. However, further treat-
ment with Proteinase K led to the complete loss of antibacterial activi-
ty in the supernatants, particularly in the case of the CFS of L. casei
IMB 7412, indicating the presence of protein molecules. These results
are consistent with those reported by Moon et al. (2022), who demon-
strated that after proteinase treatment, the antibacterial activity of the
CFS from L. paracasei CH88 against Gardnerella vaginalis was abo-
lished. A similar outcome was reported in the study by Yang et al.
(2022), which demonstrated that the CFS of Weissella viridescens lost
its activity against Listeria monocytogenes after proteolytic treatment.

Given the challenge of directly identifying the compounds respo-
nsible for antimicrobial activity, future research will focus on analy-
zing CFS composition. Furthermore, experimental research employ-
ing various approaches to studying supermatants will provide a deeper
understanding of the mechanisms by which probiotic strains exert
their effects. Another promising avenue of research is the analysis of
CFS to determine their spectrum of action and the mechanisms
through which they operate, particularly within the framework of ma-
thematical models (Boyko et al., 2024).

Conclusion

The present study evaluated the antimicrobial mechanisms of
probiotic LAB strains by examining the effects of their CFS against
S.aureus, E. faecalis, E. coli, K. oxytoca, and C. albicans. The CFS
of the five most active producer strains, namely L. casei IMB 7412,
L. plantarum A, L. bulgaricus A6, A22, and S6, were selected due to
their pronounced antimicrobial activity against the tested microorga-
nisms. Furthermore, the impact of CFS on LAB strains, including
their own producer strains, was investigated. The results revealed that
CFS were capable of inhibiting probiotic strains, and in certain cases,
they stimulated LAB growth. The broth microdilution method was
found to be more sensitive for determining the MIC and MBC, as it
detected the antimicrobial activity of the CFS against E. faecalis and
C. albicans, whereas no activity was observed using the agar diffusi-
on method. Furthermore, the antibacterial activity of the CFS was fo-
und to be pH-dependent (pH 3-9) and remained stable at elevated
temperatures (60-100 °C). Additionally, proteolytic treatment of the
CFS from L. casei IMB 7412 was found to result in the loss of its
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antimicrobial activity, indicating the presence of proteinaceous com-
ponents. The findings of this study enhance the understanding of the
antimicrobial properties of the probiotic strain-derived CFS, offering
prospects for further research and their potential application in the gut
microbiota modulation.
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