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Abstract

It was shown the comparative antimicrobial activity of postbiotics (bacteriocins and exopolysaccharides) isolated from lactic acid
bacteria (LAB) strains of genus Enterococcus and Lactobacillus against three broad panelsof human pathogens. The antimicrobial
activity was assessed in a concentration-dependent manner and compared with that of conventional antibiotics. Selected and pu-
rified bacteriocins from strains of L. rhamnosus 2012 and E. faecium KES5, for which an MIC of 5 mg/mL was established against
S. typhimurium G-38 via the serial dilution method, exhibited the strongest antimicrobial activity across a broad panel of pathogens
when tested at this concentration using agar diffusion assays. Postbiotics displayed strain-specific inhibitory effects, highlighting
their narrower antimicrobial spectrum relative to antibiotics. It was shown that conventional antibiotics demonstrated broad-spec-
trum efficacy against susceptible strains but known failures against multidrug-resistant (MDR) isolates. Differences in antimicro-
bial effects between postbiotics may depend on their interaction with the cell membrane of pathogens. These findings suggest that
LAB-derived postbiotics could serve as complementary antimicrobial agents (with antibiotics or another bioactive substance), which
may have applications in nutritional and preventive frameworks.
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Introduction complications. The problem is especially pronounced among

Gram-negative bacteria, which the report identifies as posing

For decades, antibiotics have been the cornerstone of an-
timicrobial therapy, effectively targeting a broad range of
pathogenic bacteria. However, their widespread and often
indiscriminate use has contributed to the emergence of
multidrug-resistant strains, disruption of the host micro-
biome, and increased incidence of antibiotic-associated

“the greatest threat,” particularly in resource-limited settings
where surveillance and treatment options are constrained
(Seid et al. 2025; WHO 2025). These worrying global pat-
terns underscore the need for comprehensive surveillance
and analysis across diverse bacterial taxa. In clinical practice,
the main culprits responsible for serious infections—urinary,

Copyright Tkhruni F et al. This is an open access article distributed under the terms of the Creative Commons Attribution License QPENWFI-@

(CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source

are credited.


https://orcid.org/0000-0001-8649-6593
https://orcid.org/0009-0006-3921-3785
https://orcid.org/0000-0002-5796-8077
https://orcid.org/0000-0003-2472-9990
https://orcid.org/0000-0002-6789-9853
mailto:arevik_israelyan@mail.ru
https://doi.org/10.3897/pharmacia.73.e189800
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

2 Tkhruni F et al.: Postbiotic antimicrobial activity against MDR bacteria

bloodstream, respiratory, and nosocomial—frequently be-
long to three broad groups: Gram-negative Enterobacteriace-
ae, Gram-negative non-fermenters, and Gram-positive cocci.
Each group has unique biology, ecology, and mechanisms of
resistance, which influence how susceptibility evolves over
time and across regions (Horice 2025; Wang et al. 2025).
These challenges have prompted growing interest in
alternative or complementary antimicrobial approaches
that offer eflicacy with fewer unintended consequences.
In parallel, growing attention is being directed toward
postbiotics (bacteriocins and exopolysaccharides) as a
promising alternative or adjunct to traditional antibi-
otics. Postbiotics, which include inactivated microbial
cells and their bioactive metabolites, exhibit broad an-
timicrobial activity against pathogenic bacteria (Moradi
2020; Rahman et al. 2025). They can suppress pathogen
growth, disrupt biofilm formation, and attenuate viru-
lence without exerting strong selective pressure for re-
sistance. Furthermore, postbiotics enhance host immune
responses and improve gut barrier integrity, contribut-
ing to infection prevention. Their stability, safety, and
reproducibility make them suitable for therapeutic and
preventive applications. Incorporating postbiotics into
antimicrobial strategies may help reduce antibiotic de-
pendence and support global efforts to combat antimi-
crobial resistance. The obtained results demonstrate that
the isolated and purified postbiotics are capable of inhib-
iting the growth of pathogenic strains responsible for a
range of human diseases, including pneumonia, and may
serve as a basis for the development of next-generation
antibiotics (Tkhruni et al. 2023; Israyelyan et al. 2024).
Among these emerging strategies, postbiotics- have
gained significant attention. Unlike live probiotics, postbiot-
ics retain functional bioactivity without the risks associated
with administering live bacteria, such as infection in immu-
nocompromised individuals or instability during process-
ing and storage. Their antimicrobial potential arises from
diverse mechanisms, including the production of organic
acids, bacteriocins, peptides, and other bioactive metabo-
lites capable of inhibiting pathogenic microorganisms. LAB
produces a variety of antimicrobial metabolites, including
organic acids, hydrogen peroxide (H202), carbon dioxide,
bacteriocins, and exopolysaccharides, collectively referred
to as postbiotics (Cuevas-Gonzalez et al. 2020). Interna-
tional Scientific Association for Probiotics and Prebiotics
(ISAPP) defines postbiotics as “a preparation of inanimate
microorganisms and/or their components that confers a
health benefit on the host” (Salminen et al. 2021). Investi-
gated LAB strains such as Lactobacillus and Bifidobacterium
release these compounds into their cell-free supernatant
(CES) during growth (Moradi 2020), thereby contributing
to pathogen inhibition (Koohestani et al. 2018).
Bacteriocins are ribosomally synthesized peptides
or proteins classified as “Generally Regarded As Safe”
(GRAS) (Zapasnik et al. 2022). They exhibit either broad-
or narrow-spectrum bactericidal and bacteriostatic activity
against foodborne pathogens and spoilage bacteria (Thuy
et al. 2024). Due to their low toxicity, high thermal and pH

stability, salt tolerance, lack of resistance development and
immunogenicity, and susceptibility to digestive proteases,
these compounds are ideal candidates for safe food preser-
vatives (Manna and Mondal 2023; Shafique et al. 2023; Daba
et al. 2024). Derived from various LAB species and strains,
bacteriocins show significant antimicrobial activity against
both Gram-positive and Gram-negative bacteria and remain
stable across varying environmental conditions (Kurnianto
et al. 2021; Peng 2023).

Exopolysaccharides (EPSs) are another critical group
of LAB-derived postbiotics. These high-molecular-weight
carbohydrate polymers can either remain loosely attached
to the bacterial cell surface or be secreted into the sur-
rounding environment (Li et al. 2017; Angelin and Kavitha
2020). EPSs have garnered growing attention for their
multifaceted roles in host-microbe interactions, includ-
ing immune modulation, antitumor activity, antioxidant
enhancement, and cholesterol-lowering effects. Moreover,
certain EPSs have demonstrated selective prebiotic effects
by promoting the growth of beneficial gut microbiota such
as bifidobacteria and lactobacilli (Mokoena 2017; Nehal et
al. 2019; Juraskova et al. 2022).

It was shown that strains of Enterococcus with probi-
otic properties—are capable of producing both bacterio-
cins and EPSs, each with distinct antimicrobial profiles.
Notably, not all EPSs produced under identical conditions
display antimicrobial activity. Our results demonstrat-
ed that strains of Enterococcus, especially those isolated
from fermented donkey milk (matsoni), yielded the high-
est quantities of EPSs. Purified EPSs from strains used in
this work exhibited antimicrobial activity against a broad
range of pathogenic bacteria, including Salmonella spp.,
Escherichia coli, Proteus mirabilis, Pasteurella spp., Clos-
tridium spp., Streptococcus spp., Staphylococcus aureus,
Klebsiella pneumoniae and Streptococcus pneumoniae, in-
dicating both probiotic and immunomodulatory potential
(Tkhruni et al. 2023; Israyelyan et al. 2024). Despite in-
creasing interest in LAB-derived postbiotics, most exist-
ing literature focuses primarily on the inhibitory effects
of bacteriocins against specific pathogens, like E. coli, S.
typhimurium, and Staph. aureus (Aghamohammad et al.
2025). Limited research has evaluated both Gram-positive
and Gram-negative including MDR strains.

The aim of this study focuses on postbiotics (EPS and
BCN) derived from 6 different selected probiotic LAB strains
and comparative antimicrobial efficacy of antibiotics and
LAB-derived postbiotics against abroad range of human
pathogens, including groups of Gram-negative Enterobacte-
riaceae, non-fermenting bacteria, and Gram-positive cocci.

Materials and methods

Microbial strains and culture conditions

In the study were used endemic lactic acid bacteria
(LAB) strains isolated from traditional fermented milk:
Enterococcus faecium KE5, Enterococcus faecium KE13,
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Enterococcus faecium KE14, Enterococcus durans KE6,
Lactobacillus rhamnosus 2012, and Lactobacillus helveti-
cus KG5 (Israyelyan 2018). These strains are preserved at
the Microbial Depository Center (MDC) of SPC “Armbio-
technology” NAS RA and are registered in the World Data
Centre for Microorganisms (WDCM database, (www.
armbiotech.am; www.wfcc.info) database. Stock cultures
were maintained at —20 °C in MRS (Himedia) broth sup-
plemented with 40% (v/v) glycerol.

Reference strains were obtained from internationally rec-
ognized culture collections including the American Type
Culture Collection (ATCC) (https://www.atcc.org/), the Na-
tional Collection of Type Cultures of the United Kingdom
(NCTC) (https://www.culturecollections.org.uk/collections/
nctc), the Microbiological Quality Control Laboratory in
Darmstadt, Germany (MQCL), and the type cultures pro-
vided by the United Kingdom National External Quality As-
sessment Service (UK NEQAS) (https://www.ukneqas.org.
uk/). The test panel included representatives of:

o Enterobacteriaceae: Escherichia coli (ATCC 25922,
MQCL 6578), Proteus mirabilis (UKNEQAS
4571/5275, 5243/7400), Klebsiella pneumoniae
(ATCC 13883, 700603).

» Non-fermenters: Pseudomonas aeruginosa (ATCC
27853, UKNEQAS 5290/4576), Acinetobacter bau-
mannii (UKNEQAS 7601/5307, ATCC 13301, OXA-
48 positive).

« Gram-positive cocci: Staphylococcus aureus (ATCC
29213, NCTC 12493, MRSA), Streptococcus pneu-
moniae (ATCC 49619, UK NEQAS 4907), Entero-
coccus faecalis (ATCC 29212, NCTC 13379, HLAR).

Used reference strains were selected to represent both
antimicrobial-susceptible and antimicrobial-resistant

phenotypes.

Media preparation for postbiotic pro-
duction

For the production of postbiotics (bacteriocins and exo-
polysaccharides), specific enriched media were used:

o Curd Whey Medium: specialized medium was pre-
pared based on 100 mL of curd whey supplemented
with the following salts (%, w/v): (NH,),SO, (0.8),
KH,PO, (0.1), MgSO, (0.2), yeast extract (0.3), pep-
tone (0.3), MnSO, (0.05), and CH,COONa x 3H,0
(0.2), pH 5.5-6.5, following the formulation accord-
ing (Tkhruni et al. 2015).

Cultivation of LAB

Each LAB strain was separately cultivated sterile curd
whey medium using a 10% (v/v) inoculum of overnight
culture. Fermentation was carried out under anaerobic
conditions at 30 °C, 48 h. for isolated exopolysaccharides
and 37 °C, 48 h for isolated bacteriocin.

Production of postbiotic

Following incubation, cultures were centrifuged at 6000
x g for 20 min at 4 °C to obtain a cell-free culture (CFC)
supernatant. The supernatant was concentrated five-fold
(CEC x 5) using a rotary evaporator at 50 °C under re-
duced pressure (0.01 MPa), resulting in a dry matter con-
tent of approximately 8-12%. Subsequently, biological ac-
tive substances were isolated and purified.

Isolation and purification of postbiotics
Bacteriocins (BCN)

The concentrated broth was subjected to gel filtration
on a Sephadex G-25 column (1.5 x 57 cm, 100 mL res-
in volume; Sigma-Aldrich) for the isolation of pro-
tein-like substances (bacteriocins). The column was
washed with sterile distilled water. Fractions exhibiting
antimicrobial activity were pooled and vacuum-dried
at 50-55 °C (0.01 MPa). A total of 30-50 fractions
(5 mL each) were collected and analyzed by UV spec-
trophotometry (230, 260, and 320 nm) using a UV/VIS
spectrophotometer (2800, Hitachi). Fractions showing
high antimicrobial activity against test culture were
combined for further study. Selected fractions of BCN
were maintained at +4 °C.

Exopolysaccharides (EPS)

For EPS production, LAB were cultivated in curd whey
medium. The precipitated proteins were removed by
centrifugation (6000 x g for 20 min at 4 °C) and 96%
ethanol was added to the supernatant in a 1:3 ratio. The
solution was kept at 4 °C for another 24 h to precipitate
EPS. The resulting EPS pellet was dried in a thermostat at
50 °C until a constant weight was achieved (Serensen et
al. 2022). The concentrated EPS solution (5 mL) was fur-
ther purified by gel filtration chromatography on a Sep-
hadex G-50 column (1.5 x 57 cm, 100 mL resin volume;
Sigma-Aldrich). The column was washed with sterile dis-
tilled water. Fractions (30-50 aliquots of 5 mL each) were
collected and analyzed by UV spectrophotometry (200-
600 nm) using a UV/VIS spectrophotometer (2800, Hita-
chi). Fractions demonstrating the highest antimicrobial
activity against test culture were combined for further
study. Selected fractions of EPS were maintained at +4 °C.

Characterization of postbiotics

The molecular weight (Mw) of purified EPS and BCN
was determined by Fast Protein Liquid Chromatography
(FPLC) using TSK G-5000 PWXL and G-3000 PWXL col-
umns. Detection was performed using a refractive index
detector (Waters 2414). Mw values for EPS were calculat-
ed based on calibration curves generated using dextran
standards (Sigma-Aldrich), while bacteriocin molecular
weights were estimated using protein molecular weight
markers (Suppl. material 1) (Salminen et al. 2021).
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Monosaccharide composition analysis high-
performance liquid chromatography (HPLC)

Fractions with bactericidal activity, obtained after gel
filtration method, were purified by HPLC method with
application of various systems (Semi-preparative “Avex
ODS” C,, column (8 by 250 mm, Waters and Shimad-
zu, Japan); Shimadzu LC-20 analytical C, column (4.6
by 250 mm, Symmetry, USA, with a detector Diode ar-
ray SPD-20a, auto-sampler). The eluent consisted of
bi-distilled water, trifluoroacetic acid and acetonitrile
(HPLC “SIGMA”, USA)). Sample injection volume was
100 pl. Elution monitored at different wave lengths ranged
from190 nm to 400 nm. Detection was performed at 210,
254, 280 nm wave lengths. Fractions eluted from the
column were freeze- dried, dissolved in 150 pl of bi-dis-
tilled water and tested for antibacterial activity. Fractions,
showing maximal antimicrobial activity, have been select-
ed. HPLC analysis confirmed that the isolated EPS frac-
tions are heteropolysaccharides composed primarily of
glucose and galactose (Salminen et al. 2021).

Antimicrobial susceptibility testing

Antimicrobial susceptibility of the indicator strains was
determined according to the guidelines of the Europe-
an Committee on Antimicrobial Susceptibility Testing
(EUCAST). Results were interpreted as susceptible (S),
intermediate (I), or resistant (R) according to EUCAST
breakpoints (EUCAST, https://www.eucast.org). Each as-
say was performed in three independent replicates, and all
measurements included negative controls (sterile medi-
um) and positive controls (reference antibiotics) to verify
the responsiveness of reference strains. Antibiotic panels
included: Enterobacteriaceae: p-lactams, cephalosporins
(I-IV generation), monobactams, fluoroquinolones, ami-
noglycosides, carbapenems, sulfonamides, chlorampheni-
col, fosfomycin, nitrofurans, nitroxoline. Non-fermenters:
Piperacillin-tazobactam, ceftazidime, ceftazidime-avibac-
tam, cefepime, aztreonam, fluoroquinolones, aminogly-
cosides, carbapenems, trimethoprim-sulfamethoxazole.
Gram-positive cocci: Penicillins, cephalosporins, fluoro-
quinolones, aminoglycosides, carbapenems, glycopep-
tides, oxazolidinones, tetracyclines, sulfonamides, macro-
lides, nitrofurans, fusidic acid.

Results were interpreted as susceptible (S), intermediate
(I), or resistant (R) according to EUCAST breakpoints. The
work was done by bacteriologist in National Center for Dis-
ease Control and Prevention, SNCO, Ministry of Health,
Republic of Armenia. This method was specifically selected
at the National Center for Disease Control and Prevention
(SNCO, Ministry of Health, RA) to facilitate a direct bi-
ological comparison between the postbiotic preparations
and standard antibiotic discs used in clinical practice.

Detection of resistance mechanisms

Resistance mechanisms including extended-spectrum
B-lactamases (ESBLs), carbapenemases, methicillin re-
sistance (MRSA), and high-level aminoglycoside resis-
tance (HLAR) were detected using standard phenotypic

methods, including the double-disk synergy test, modi-
fied Hodge test, and Carba NP test. The presence of car-
bapenemase genes (KPC, NDM, OXA) was confirmed by
polymerase chain reaction (PCR).

Determination of antimicrobial activity of
postbiotics

Antimicrobial activity of purified BCN and EPS fractions
was determined using the agar diffusion (drop) method
following CLSI recommendations (M02-A13 2023). In-
dicator strains were cultured overnight and adjusted to
0.5 McFarland standard (approximately 1 x 10® CFU/
mL). The bacterial suspension was uniformly spread onto
Mueller-Hinton agar plates and 20 pL of each of the sam-
ples was applied onto the agar surface. Plates were incu-
bated at 37 °C for 18-24 h, and antimicrobial activity was
evaluated by measuring the diameter of inhibition zones
(mm). Activity was expressed as arbitrary units per mil-
liliter (AU/mL) according to Parente et al. (1995). One
arbitrary unit was defined as the reciprocal of the highest
two-fold dilution of the sample that produced a detect-
able inhibition zone against the indicator microorganism.
Sterile culture medium processed under identical condi-
tions served as the negative control.

Data presentation and statistical anal-
ysis

All experimental procedures were performed in three
independent replicates to ensure data reproducibility.
Quantitative results, including the diameters of growth
inhibition zones (mm) and the calculated activity param-
eters (AU/mL), are expressed as the mean + standard de-
viation (SD). Prior to performing comparative tests, the
normality of the data distribution was assessed. For the
evaluation of antimicrobial susceptibility, indicator strains
were categorized as Susceptible (S), Intermediate (I), or
Resistant (R) according to EUCAST breakpoints. Statis-
tical processing was carried out using SPSS version 28 or
R software. In all analyses, a p-value of less than 0.05 was
considered to indicate statistical significance. Results were
visualized through structured tables and high-resolution
figures to facilitate the comparative assessment of postbi-
otic activity against various reference pathogens.

Results

The Minimum Inhibitory Concentration (MIC) was de-
termined during the initial screening stage against the
model organism Salmonella typhimurium G-38 using
the serial dilution method, yielding an effective concen-
tration of 5 mg/mL. This concentration was subsequent-
ly employed as the standardized dose for further testing
against a broader panel of clinical and reference strains
using the agar diffusion (drop) method to facilitate com-
parative analysis. This stepwise approach allowed for
the preliminary identification of effective concentra-
tions and facilitated subsequent comparative analysis of
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postbiotic preparations (EPS and BCN) and antibiotics
across diverse bacterial targets.

The antimicrobial activity of EPS was assessed across a
concentration range of 0.1-200 mg/mL. It was shown that
all EPS preparations produced nearly complete growth in-
hibition (~100%) at 100 mg/mL, confirming strong activi-
ty at high concentrations except E. durans KE6, growth in-
hibition (~50%) at 200 mg/mL. The Fig. 1A shows data for
only 4 EPS, because EPS E. faecium KE13 and E. faecium
KE14 showed the same effect as E. faecium KE5. However,
marked differences in concentration-dependent efficacy
were observed among strains. EPS from E. faecium KE5
demonstrated a more gradual decline in inhibitory activ-
ity, retaining measurable antimicrobial effects at interme-
diate concentrations (50-1 mg/mL), suggesting greater
potency and possible lower effective inhibitory thresholds.
In contrast, EPS derived from L. rhamnosus 2012 exhibit-
ed a steep reduction in activity below 100 mg/mL, with in-
hibition approaching negligible levels at < 10 mg/mL. EPS
from L. helveticus KG5 and E. durans KE6 also showed
pronounced reductions in activity at lower concentra-
tions, indicating weaker dose sustainability. It can be as-
sumed that, at 50-1 mg/mL, concentrations, EPS is associ-
ated with the presence of specific targets, where maximum
binding to high-affinity targets occurs which have the
same significant with some antibiotics. These findings
highlight strain-dependent variability in EPS bioactivity
and suggest that structural or compositional differences
among EPS may contribute to the observed differences in
antimicrobial efficacy.

The antimicrobial activity of BCN was evaluated over a
concentration range of 50-1 mg/mL. All BCN preparations
exhibited strong inhibitory activity at the highest concen-
trations tested (10-50 mg/mL), achieving approximately
95-100% growth inhibition (Fig. 1B). However, distinct
strain-dependent differences became evident as concentra-
tions decreased. BCN derived from E. faecium KE5 main-
tained high inhibitory activity down to 10 mg/mL and
retained substantial activity even at 5 mg/mL, indicating su-
perior potency compared to the other investigated bacterio-
cins. In contrast, BCN from L. helveticus KG5 and L. durans
KE6 demonstrated a pronounced reduction in antimicrobial
activity at 10 mg/mL and dropped sharply at 5 mg/mL.BCN2
from L. rhamnosus 2012 showed intermediate stability, main-
taining moderate inhibition at 10 mg/mL but exhibiting a sig-
nificant decline at lower concentrations. Overall, bacteriocin
from E. faecium KE5 displayed the most sustained antimicro-
bial effect across decreasing concentrations. The differences
in effectiveness depended on the strains used, the molecular
weight of the postbiotics, and their specific interaction mech-
anisms with the pathogen cell membranes. Previously, it was
shown that L. rhamnosus 2012 has 2 bacteriocin (BCN1 -
1.42 x 10°* Da, BCN2 - 6.02 x 10?> Da) which have different
molecular weight and antimicrobial activity against different
pathogens (Tkhruni et al. 2020; Grigoryan et al. 2025).

The effectiveness of obtained EPS and BCN was inves-
tigated using antibiotics. The antimicrobial susceptibility
profile of six Enterobacteriaceae strains, including E. coli,
P. mirabilis and Klebsiella pneumoniae, against conven-
tional antibiotics and postbiotics is summarized in Fig. 2.
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Figure 1. Comparative antimicrobial activity of postbiotics (EPS and BCN), test culture (Salmonella typhimurium G-38).

Boe NN N
[C I I =S NN
w

antibiotics, n
-
N

o w o ©
=

Susceptible (S) Intermediate (I)  Resistant (R) Susceptible(S) Intermediate (I) Resistant (R)

4
=
z
03
-

2

m FE. coli ATCC 25922
Susceptible control

B E. coli MOCL 6578 ES.
4 producer

m P. mirabilis UKNEQAS
4571/5275 Susceptible ¢

2 m P. mirabilis UKNEQAS
5243/7400 Resistant

u K. pneumoniae ATCC 1
Susceptible control

EPS,n

0
= K. pneumoniae ATCC

Susceptible (S) Intermediate (I) Resistant (R)
700603 ESBL, AmpC

Legends: Antibiotic-standard dose, BCN-5 mg/mL, EPS-5 mg/mL

Figure 2. Antimicrobial susceptibility profile of Enterobacteriaceae isolates against antibiotics and postbiotics.
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The antimicrobial susceptibility profile of Enterobacte-
riaceae isolates (n = 27) demonstrated variable responses
to conventional antibiotics and postbiotic preparations
(Fig. 2). Overall, the majority of isolates were classified
as susceptible to the tested antibiotics, with minimal rep-
resentation in the intermediate category. However, re-
sistant phenotypes were evident, particularly among ex-
tended-spectrum {-lactamase (ESBL)-producing strains,
including Escherichia coli MQCL 6578 and Klebsiella
pneumoniae ATCC 700603. Susceptible control strains
such as Escherichia coli ATCC 25922 and Klebsiella pneu-
moniae ATCC 13883 showed high levels of susceptibility,
as expected. In contrast, the postbiotic preparations BCN
(n = 6) and EPS (n = 6) demonstrated reduced antimicro-
bial activity. For BCN, a moderate distribution between
susceptible and intermediate categories was observed;
however, a considerable proportion of isolates were re-
sistant. EPS exhibited the lowest overall efficacy, with the
majority of isolates categorized as resistant and only min-
imal susceptibility detected.

Collectively, these findings indicate that while conven-
tional antibiotics retain activity against a substantial pro-
portion of isolates, resistance remains prominent among
ESBL- and AmpC-producing strains. The tested postbi-
otics displayed comparatively limited inhibitory effects
against the evaluated Enterobacteriaceae isolates.

The susceptibility of Gram-Negative Non-Fermenting
Bacteria such as Pseudomonas aeruginosa and Acinetobacter
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baumannii strains to conventional antibiotics and postbiot-
ics is summarized in Fig. 3.

The antimicrobial susceptibility profile of Gram-negative
non-fermenting bacteria demonstrated marked variabili-
ty between antibiotics and postbiotic preparations (Fig. 3).
Among antibiotic-tested isolates, susceptible responses were
predominantly observed in the control strains, including
Pseudomonas aeruginosa ATCC 27853 and Acinetobacter
baumannii UKNEQAS 7601/5307. In contrast, the multi-
drug-resistant strain Pseudomonas aeruginosa UKNEQAS
5290/4576 and the OXA-48-producing Acinetobacter bau-
mannii ATCC 13301 exhibited high levels of resistance, with
the majority of tested antibiotics categorized as resistant and
only limited intermediate susceptibility.

Similarly, BCN demonstrated limited inhibitory effects,
with resistance predominating across strains, particularly
among resistant phenotypes. Some susceptible responses
were observed in control strains; however, resistant iso-
lates maintained high resistance levels.

Overall, the findings indicate that Gram-negative
non-fermenting bacteria, especially multidrug-resistant
and carbapenemase-producing strains, exhibit substantial
resistance not only to conventional antibiotics but also to
the tested postbiotic preparations.

The susceptibility of Gram-positive cocci, including
Staphylococcus aureus, Streptococcus pneumoniae, and
Enterococcus faecalis, to conventional antibiotics and post-
biotics is summarized in Fig. 4.
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Figure 3. Antimicrobial susceptibility of gram-negative non-fermenting bacteria against antibiotics and postbiotics.
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The antimicrobial susceptibility profile of Gram-posi-
tive cocci revealed clear differences between control and
resistant strains when exposed to antibiotics and postbiotic
preparations (Fig. 4). High susceptibility rates were observed
among control strains, including Staphylococcus aureus
ATCC 29213, Streptococcus pneumoniae ATCC 49619, and
Enterococcus faecalis ATCC 29212.In contrast, resistant phe-
notypes—Staphylococcus aureus NCTC 12493, Streptococcus
pneumoniae UKNEQAS 4907, and Enterococcus faecalis
NCTC 13379—demonstrated increased resistance to the
tested antibiotics, with reduced susceptible and increased
resistant classifications. Conventional antibiotics main-
tained activity against susceptible control strains, resistant
Gram-positive cocci exhibited substantial resistance profiles.
Both postbiotic preparations (BCN and EPS) demonstrated
comparatively low efficacy against the evaluated isolates.

Initial screening against the test culture Salmonel-
la typhimurium G-38 revealed marked strain-depen-
dent variability in antimicrobial efficacy. While all BCN
and EPS preparations exhibited inhibitory activity at
high concentrations (10-50 mg/mL), E. faecium KE5
and L. rhamnosus 2012 demonstrated superior potency.
E. faecium KE5 was distinguished by its ‘dose sustain-
ability; maintaining significant inhibitory effects even at
a lower concentration of 5 mg/mL, whereas other strains
showed a sharp decline. Additionally, L. rhamnosus 2012
was selected due to its unique production of two distinct
bacteriocins (BCN1 and BCN2), which broadens its in-
hibitory spectrum. Consequently, these two strains were
prioritized for the final comparative evaluation against the
broad panel of reference pathogens presented in Table 1.

Among Enterobacteriaceae susceptible control strains (E.
coli ATCC 25922 and P. mirabilis UKNEQAS 4571/5275),
high susceptibility rates (90-100%) were observed across
all antibiotic classes. In contrast, the ESBL- and AmpC-pro-
ducing K. pneumoniae ATCC 700603 demonstrated com-
plete resistance to B-lactams (0%) and markedly reduced
susceptibility to carbapenems (5%), while remaining fully
susceptible to fluoroquinolones and aminoglycosides.

Non-fermenting pathogens displayed greater variabil-
ity. Pseudomonas aeruginosa ATCC 27853 showed low

susceptibility to B-lactams (10%) and fluoroquinolones
(0%), moderate susceptibility to aminoglycosides (66.6%),
and limited susceptibility to carbapenems (33.3%). Sim-
ilarly, Acinetobacter baumannii exhibited resistance to
B-lactams (0%) and partial susceptibility to fluoroquinolo-
nes (50%), while maintaining high susceptibility to amino-
glycosides and carbapenems (100%). Among Gram-posi-
tive cocci, the susceptible control strain of S. pneumoniae
ATCC 49619 demonstrated high susceptibility across anti-
biotic groups (71.5-100%). Conversely, the resistant con-
trol strain (S. pneumoniae UK NEQAS 4907) showed mark-
edly reduced susceptibility to f-lactams (28.5%), complete
resistance to fluoroquinolones and aminoglycosides (0%),
and partial susceptibility to carbapenems (66.6%).

Notably, BCN preparations derived from L. rhamnosus
2012 and E. faecium KE5 exhibited consistent inhibitory
activity (100%) across all tested pathogen strains, irre-
spective of resistance phenotype. In contrast to the vari-
ability observed among conventional antibiotic classes,
BCN demonstrated uniform activity against both suscep-
tible and resistant reference strains.

Discussion

The results of this study highlight a fundamental function-
al divergence between the two types of postbiotics isolated
from endemic lactic acid bacteria (LAB). The bacterio-
cins (BCN) investigated—low-molecular-weight peptides
ranging from 0.6 to 1.42 kDa—demonstrated significantly
higher antimicrobial potency than the exopolysaccharides
(EPS), which are high-molecular-weight polymers (10 to 44
kDa). It is important to acknowledge the limitations of dif-
fusion-based assays, particularly for high-molecular-weight
EPS (up to 44 kDa), where diffusion coeflicients may impact
the observed inhibition zones. This disparity likely reflects
their distinct biochemical mechanisms: while BCNS typical-
ly exert direct bactericidal effects through membrane perme-
abilization and pore formation, the antimicrobial action of
EPS is often indirect, potentially involving interference with
bacterial adhesion or modulation of the microenvironment.

Table 1. Susceptibility profile of reference bacterial strains to selected BCN and major antibiotic classes (%).

BCN Antibiotic classes
A @

Resistance § é é _S :QE; g

Pathogens phenotype of § Q S 3 E § g

referencestrains  § & kS ol % ® _§‘

= & 3 5 = 5

~ P 2] E= 5 Q
Enterobacteriaceae E. coli ATCC 25922 Susceptible control 100 +£0.0 100+0.0 100+£0.0 100+0.0 100+0.0 100+0.0
P. mirabilis UKNEQAS 4571/5275 Susceptible control  100+0.0 100£0.0 90+1.5 100+0.0 100+0.0 100+0.0
K. pneumoniae ATCC 13883 Susceptible control  100+0.0 100+£0.0 91+1.5 100+0.0 100+0.0 100+0.0

K. pneumoniae ATCC 700603 ESBL, AmpC 100 +0.0 100 +0.0 0 100+£0.0 100£0.0 518

Gram-negative P. aeruginosa ATCC 27853 Susceptible control 100 +£0.0 100+0.0 10+1.7 0 66.6+23 333+25
non-fermenters A. baumannii UKNEQAS 7601/5307  Susceptible control 100 +0.0 100 + 0.0 0 50+1.8 100+0.0 100+0.0
Gram-positive S. pneumoniae ATCC 49619 Susceptible control  100+0.0 100+0.0 71.5+24 100+0.0 100+0.0 100+0.0
cocci S. pneumoniae UK NEQAS 4907 Resistant control 100 +0.0 100+0.0 28.5+25 0 0 66.6+2.3
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Notably, E. faecium KE5 exhibited superior “dose sustain-
ability,” maintaining high inhibitory activity even at a con-
centration of 5 mg/mL, whereas other strains like L. helve-
ticus KG5 and E. durans KE6 showed sharp declines at this
threshold. This suggests that the BCN from KE5 may pos-
sess a higher affinity for specific targets on the pathogen cell
membrane, a critical factor for therapeutic potential. The
most significant scientific contribution of this study is the
demonstration that LAB-derived BCNs retained consistent
inhibitory activity (100%) against several resistant reference
strains under the experimental conditions employed. As
shown in our comparative analysis, conventional antibiotics
suffered from a profound “erosion of susceptibility” against
multidrug-resistant (MDR) phenotypes. For instance, the
ESBL- and AmpC-producing K. pneumoniae ATCC 700603
demonstrated complete resistance to p-lactams (0%) and
minimal susceptibility to carbapenems (5%). The greater
antimicrobial potency observed for bacteriocins compared
to EPS likely reflects fundamental differences in their bio-
chemical nature and mechanisms of action. Bactericidal
effects of bacteriocins are antimicrobial peptides that typi-
cally exert targeted bactericidal effects through membrane
permeabilization, pore formation, or disruption of essential
cellular processes. These proposed mechanisms are present-
ed as hypotheses, as specific membrane permeability assays
or SEM/TEM imaging were not conducted in this study.
In contrast, exopolysaccharides are high-molecular-weight
polymers whose antimicrobial effects are often indirect, po-
tentially involving interference with adhesion, biofilm for-
mation, or modulation of environmental conditions rather
than direct membrane disruption.

Previous studies have demonstrated that the bacteriocin
and exopolysaccharide produced by this strain exhibit an-
timicrobial activity against pneumonia-causing pathogens
(Israyelyan et al. 2024).In stark contrast, BCN preparations
from L. rhamnosus 2012 and E. faecium KE5 maintained
100% consistent inhibitory activity against these same
MDR strains, regardless of whether the pathogens carried
KPC, NDM, or OXA-type carbapenemases. This consis-
tent efficacy suggests that these postbiotics may operate
through pathways—potentially involving membrane-as-
sociated mechanisms—that appear to remain active de-
spite the presence of enzymatic or efflux-based resistance
mechanisms in the tested strains; however, the exact path-
ways remain to be experimentally confirmed. Specifically,
the identification of two distinct bacteriocins (BCN1 and
BCN2) in L. rhamnosus 2012—with molecular weights of
1.42 kDa and 0.60 kDa respectively—corroborates ear-
lier work by Tkhruni et al. (2020), which suggested that
multiple bioactive compounds contribute to the broad
inhibitory spectrum of this BCN. Our data indicate the
possibility of developing complex preparations this BCN
with EPS with antimicrobial properties, or with different
antimicrobial drugs, which can enhance the antimicrobial
effect and reduce the likelihood of resistance and antibiot-
ic concentration. The novelty of this study lies in the char-
acterization of specific endemic strains (E. faecium KE5,
L. rhamnosus 2012) that produce postbiotics exhibiting
consistent inhibitory activity against resistant phenotypes

under the experimental conditions employed. While con-
ventional antibiotics showed limited effectiveness against
resistant Gram-negative non-fermenters like A. bauman-
nii (OXA-48 positive) and P. aeruginosa ATCC 27853
(0% susceptibility to fluoroquinolones), the tested BCNs
remained fully effective (100%). These findings position
endemic Armenian LAB strains as a valuable reservoir for
novel antimicrobial agents capable of addressing the glob-
al crisis of antimicrobial resistance (AMR).

Other authors have demonstrated that in production of
various probiotic drugs and functional food products, it is
considered preferable to use strains with a good ability to
synthesize bacteriocins. These inhibit pathogens directly;
they are able to modulate the composition of the micro-
biota positively and stimulate the host immune system
(Dobson et al. 2012; Umu et al. 2017). Bacteriocins have a
number of advantages as antimicrobial substances. Unlike
antibiotics suppressing metabolism and synthesis process-
es in bacteria, the action of bacteriocins is often accompa-
nied by damage to the structures and death of the target
cell, which reduces the possibility of microbial resistance.
Besides, using bacteriocins is potentially advantageous
due to their high biological activity (bacteriocins are effi-
cacious in the nanomolar range) as well as low toxicity (ex-
cept cytolysin). Unlike antibiotics, bacteriocins are com-
pletely metabolized in the human body, which determines
their low toxicity. All this makes the use of these peptides
more preferable than antibiotics in some cases (Mathur et
al. 2013; Ming et al. 2015). Currently, a number of authors
propose the use of BCN in combination with other antimi-
crobial drugs. There are studies on the synergistic effect of
using BCN with antibiotic drugs (Zaslavskaya et al. 2019).

Conclusion

This study provides a comparative evaluation of the an-
timicrobial properties of LAB-derived postbiotics (BCN
and EPS) and conventional antibiotics against Gram-neg-
ative Enterobacteriaceae, non-fermenting bacteria, and
Gram-positive cocci. Conventional antibiotics demon-
strated broad-spectrum eflicacy against susceptible strains
but showed predictable failures against multidrug-resis-
tant (MDR) isolates, highlighting ongoing challenges in
managing antibiotic resistance.

LAB-derived postbiotics, particularly BCN preparations
from L. rhamnosus 2012 and E. faecium KES5, exhibited selec-
tive inhibitory activity against both susceptible and some re-
sistant bacterial strains, whereas EPS-based postbiotics were
largely ineffective. Postbiotics demonstrated strain-specific
antimicrobial effects, with their activity being narrower than
that of conventional antibiotics, but they offer advantages such
as reduced risk of resistance development, potential synergy
with host microbiota, and safety for immunocompromised
individuals. Obtained data may be used for developing new
probiotics against human pathogenic microflora. These find-
ings represent preliminary in vitro observations, and further
in vivo efficacy and toxicological studies are required to as-
sess their potential therapeutic applications.
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