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Biofilms formed by or entrapping foodborne pathogens pose a significant threat to food safety, as they
confer increased resistance to sanitizers and contribute to persistent contamination. Quorum sensing
(QS) is a bacterial communication mechanism regulating group behaviors based on population density.
In particular, the autoinducer-2 (Al-2) QS enables intra- and interspecies interactions critical for biofilm
development in various pathogens. Lactic acid bacteria (LAB), used in food fermentation for centuries,
might disrupt QS in pathogens, offering an eco-friendly antibiofilm approach. This study assesses LAB-
derived cell-free supernatants (CFSs) to interfere with Al-2-mediated QS and inhibit biofilm formation in
Listeria monocytogenes and Staphylococcus aureus. Neutralized, sterile CFSs from 89 LAB isolates were
initially screened for Al-2 QS interference via Vibrio harveyi luminescence assays. Twenty active CFSs
were further tested at a sub-minimum inhibitory concentration (sub-MIC) for anti-biofilm effects using
the conventional microtiter plate assay. The planktonic growth kinetics of the two pathogens exposed to
these CFSs were also analyzed in parallel. Results showed that 61.8% of CFSs exhibited Al-2-like signals,
while 28.1% significantly inhibited Al-2 QS. Most CFSs with interference reduced L. monocytogenes
biofilm biomass, and one also decreased S. aureus by 45.4%. A specific antibiofilm action not
accompanied by any reduction in the planktonic growth rate was evident in most cases. These findings

suggest that LAB-derived metabolites target biofilm-specific mechanisms, with data indicating QS
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Accepted 23rd October 2025 interference as a likely contributing factor, although direct evidence in the pathogens remains to be

confirmed. Importantly, this approach does not impose selective pressure that might foster antimicrobial
DOI: 10.1039/d5fb00384a resistance. As natural, food-grade organisms, LAB might thus represent a sustainable alternative to

rsc.li/susfoodtech synthetic biocides, aligning with environmentally responsible food safety strategies.

Sustainability spotlight

Biofilms of foodborne pathogens, such as L. monocytogenes and S. aureus, persist in processing environments, compromising food safety and increasing the need
for the use of chemical sanitizers. This study introduces a sustainable biocontrol method utilizing cell-free supernatants from lactic acid bacteria (LAB) to
disrupt bacterial quorum sensing and biofilm formation, without promoting resistance. These natural, food-grade by-products provide an eco-friendly alter-
native to synthetic biocides, supporting safer and cleaner food production. This work supports several United Nations Sustainable Development Goals and helps
build a more resilient, sustainable food system by reducing reliance on harmful chemicals and promoting microbial ecology-based sanitation strategies.

health risks to consumers.”> According to the latest epidemio-
logical data, listeriosis ranked as the fifth most reported

1. Introduction

Food safety remains a vital concern in the food industry.' To
secure this, preventing foodborne pathogens from contami-
nating food and causing illness is essential. Pathogenic bacteria
like Listeria monocytogenes and Staphylococcus aureus thrive in
unclean environments; they can adapt and quickly multiply in
foods under improper processing and storage, posing serious
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zoonosis in humans in the European Union (EU) in 2023.°
However, it is probably the most serious foodborne disease
monitored in the last years by the EU and many other countries
around the world, considering the high rates of hospitalization
(over 90%) and the increased morbidity and mortality, partic-
ularly among the elderly and immunocompromised individ-
uals.* Moreover, L. monocytogenes infection during pregnancy,
though often mild in the mother, can lead to severe outcomes
such as miscarriage, stillbirth, preterm labor, or neonatal sepsis
and meningitis, underscoring its significance for food safety
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and maternal health.” On the other hand, that year, S. aureus
enterotoxins led to the highest number of hospitalizations
within the EU among cases related to foodborne outbreaks
caused by bacterial toxins. Both pathogens create strong and
persistent biofilms food-related and other
surfaces.*®

The biofilms comprising those and other foodborne patho-
gens and/or spoilage microorganisms are believed to contribute
significantly to microbial persistence in the food chain.’ These
microbial communities attach to surfaces or are associated with
interfaces and are embedded in a self-produced (or even
acquired) hydrated extracellular matrix." Biofilms represent the
primary lifestyle for most microorganisms in natural and man-
made environments. These enhance microbial resistance to
standard cleaning and disinfection methods and thus enable
pathogens to survive and prosper in food production and pro-
cessing environments, increasing the risk of food contamina-
tion and subsequent outbreaks.*** In recent decades, pathogen
biofilm formation in the food industry has garnered attention,
making its mitigation an urgent priority for improving food
safety and protecting public health.™

A key factor in biofilm formation is quorum sensing (QS),
a cell-to-cell communication mechanism bacteria use to regu-
late collective behaviors based on population density.** Among
the various QS systems, the autoinducer-2 (AI-2) system is
particularly notable because it is utilized by a wide range of
bacterial species, facilitating both intra- and inter-species
communication.” Initially discovered in the Vibrio harveyi
bioluminescence system, the AI-2 QS system allows bacteria to
respond to their own AI-2 molecules, as well as those produced
by other species. AI-2 signaling and QS, in general, are crucial to
bacteria, among others, for coordinating biofilm formation,
expressing virulence factors in pathogens, resisting antimicro-
bials, and adapting to stress.*® This makes them key targets for
interventions aimed at controlling pathogenicity and unwanted
bacterial persistence, such as that often encountered in food-
related environments.'” It is also recognized that the condi-
tions within biofilms promote essential cell-to-cell interactions,
creating dense, structured populations with advanced organi-
zation and communication, like higher multicellular organ-
isms."® As biofilms have high cell concentrations, Al activity and
QS regulation of gene expression are thus crucial for biofilm
physiology.*>** Therefore, disrupting QS could limit unwanted
biofilm formation by disturbing bacterial communication.*"*

In both L.monocytogenes and S. aureus, the AlI-2 signaling
system has been implicated in modulating biofilm formation
and virulence. In L.monocytogenes, alterations in AI-2 produc-
tion have been associated with changes in biofilm structure and
density,>*** whereas in S. aureus, AI-2 participates in the regu-
lation of genes linked to polysaccharide intercellular adhesin
synthesis and surface attachment.>?¢ Although the precise role
of AI-2 in these Gram-positive bacteria appears to be context-
dependent, accumulating evidence supports its involvement
in biofilm regulation, making it a relevant target for QS inter-
ference strategies.

Lactic acid bacteria (LAB) have been used for centuries in
food fermentation, enhancing sensory and nutritional profiles

on various
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while safeguarding against spoilage and pathogenic organ-
isms.”” Most are safe for consumers, with some also exhibiting
probiotic properties that promote human health.”® Interest-
ingly, AI-2 is also recognized for regulating the probiotic activ-
ities of LAB.” These bacteria can produce a variety of bioactive
compounds, including organic acids (e.g., lactic, acetic),
hydrogen peroxide (H,0,), diacetyl, carbon dioxide (CO,),
bacteriocins and other peptides, and have attracted much
attention for their potential as natural antimicrobial and anti-
biofilm agents.*® Interestingly, some metabolites secreted by
LAB have recently been identified as quorum-sensing inhibitors
(QSIs), disrupting QS and pathogen communication.**” Addi-
tionally, several LAB strains produce AI-2 signals, enhancing
their competitiveness and influencing biofilms and pathogen-
esis of other harmful bacteria.***

The capacity of LAB-derived metabolites to modulate the QS
systems of other bacteria may present a promising, eco-friendly
strategy for controlling foodborne pathogens and undesired
biofilms without relying on traditional chemical sanitizers,
which can contribute to antimicrobial resistance and toxic by-
products.*>** Interestingly, utilizing these metabolites at sub-
inhibitory concentrations for the planktonic growth of target
bacteria may lessen selective pressure on them, thus mini-
mizing resistance development.** This is essential due to the
increasing resistance of bacterial pathogens to common anti-
biotics and biocides.*

This study investigates the capacity of LAB-derived cell-free
supernatants (CFSs) to interfere with AI-2-mediated QS and
inhibit biofilm formation in monocultures of L. monocytogenes
and S. aureus. While previous studies have indicated that LAB
metabolites can modulate bacterial communication, the link
between AI-2-QS interference and biofilm inhibition in key
foodborne pathogens remains insufficiently explored. To
address this gap, we systematically screened 89 foodborne LAB
isolates for Al-2-related activity and evaluated the antibiofilm
potential of selected CFSs under sub-minimum inhibitory
concentration (sub-MIC) conditions. By connecting QS modu-
lation with targeted biofilm suppression, this work aims to
advance our understanding of LAB-derived metabolites as
sustainable, low-risk anti-biofilm tools for enhancing food
safety. Additionally, its findings provide a foundation for future
investigations into the efficacy of LAB-derived AI-2-QS-
interfering metabolites against multi-species biofilms under
real-world food processing conditions.

2. Materials and methods

2.1. Bacterial strains and culture conditions

All the bacteria used in this study were long-term maintained at
—80 °C in cryovials containing porous beads suspended in
a cryoprotective fluid (Cryoinstat; Deltalab, S. L., Rubi, Barce-
lona, Spain) at the microorganism collection of the Laboratory
of Food Microbiology and Hygiene (LFMH) at the University of
the Aegean. For the LAB isolates, 89 were chosen from a bigger
collection of over 200 foodborne isolates to represent a range of
(Repetitive Element Palindromic-PCR; REP-PCR) genotypic
patterns, as shown in other parallel experiments (unpublished

© 2025 The Author(s). Published by the Royal Society of Chemistry
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results). Of these, 37.1% (33/89) were initially isolated from two
types of Greek artisanal (unpasteurized) sheep and goat cheeses
(Kalathaki and Melichloro),*® while the remaining 62.9% (56/89)
were raw sheep milk isolates. The complete list of the tested LAB
isolates is provided in Table S1.

To revive the LAB isolates, one cryobead of each one was
transferred into 5 mL of De Man, Rogosa, and Sharpe (MRS)
broth (Condalab, Madrid, Spain), followed by incubation at 30 °
C for 24 to 48 h (until sufficient turbidity of the broth was easily
observed, first preculture). Then, 50 pL of each first preculture
were transferred to 5 mL of 1 diluted (quarter-strength) Brain
Heart Infusion (BHI) broth (Lab M, Heywood, Lancashire, UK)
and incubated at 30 °C for 24 h (secondary preculture). Finally,
100 pL of each secondary preculture were transferred to 10 mL
of quarter-strength BHI broth and incubated at 30 °C for 20 h
under shaking (160 rpm) (working culture). The purity of each
LAB working culture was verified by streaking on MRS agar
(Condalab) plates. The conditions used to prepare the LAB
working cultures (i.e., in quarter-strength BHI broth at 30 °C for
20 h) were based on preliminary experiments that tested various
growth media, incubation times, and temperatures to maximize
the V. harveyi reporter's bioluminescence signal and distinguish
between the different isolates’ responses (data not presented).

V. harveyi BAA-1117 (BB170) and BAA-1119 (BB152) strains were
used for bioluminescence assays. Both strains are mutants derived
from the wild-type V. harveyi BB120 strain. The V. harveyi BAA-1117
(luxN:Tn5 sensor 1~ sensor 2') biosensor strain specifically senses
the AI-2 molecule, exhibiting luminescence, while V. harveyi BAA-
1119 (luxL::Tn5 AI-1~ AI-2") strain produces only AI-2.¥ Both V.
harveyi strains (BAA-1117 and BAA-1119) were originally con-
structed and characterized by the Bassler Laboratory at Princeton
University, as described by Bassler et al. (1997).*” Before use, each
mutant strain was revitalized by transferring one cryobead into
10 mL of Autoinducer Bioassay (AB) medium and incubating at
30 °C for 24 h under shaking (160 rpm) (precultures). AB medium
was prepared as previously described.*® Then, 100 pL of each
preculture were transferred to 10 mL of fresh AB medium and
incubated at 30 °C for 16 h under shaking (160 rpm) (working
culture). The purity of each V. harveyi working culture was verified
by streaking on LB agar (Biolab, Budapest, Hungary) plates.

The biofilm-forming assays used the foodborne pathogenic
strains L. monocytogenes AAL 20107 and S. aureus DFSN_B37.
The L.monocytogenes strain belongs to serovar 1/2 b and was
initially isolated from a mixed green salad. The S. aureus strain is
a cheese isolate. To revitalize the strains, a cryobead for each one
was transferred into 5 mL of Tryptic Soy Broth (TSB; Oxoid
Limited, Thermo Fisher Scientific Inc., Waltham, MA, USA) and
incubated at 37 °C for 24 h (precultures). One hundred pL of each
preculture were subsequently transferred into 10 mL of fresh TSB
and incubated at 37 °C for 18 h (working cultures). The purity of
each working culture was verified by streaking on Tryptic Glucose
Yeast Agar (TGYA; Biolife Italiana S. r.l., Milano, Italy) plates.

2.2. Preparation of neutralized and sterile LAB CFSs

Each LAB working culture (x89) was centrifuged at 4000g for 10
minutes at 4 °C using the Frontier FC5718R Multi Pro tabletop

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Sustainable Food Technology

refrigerated centrifuge (OHAUS Europe GmbH, Nénikon, Swit-
zerland), and the CFS from each was collected and transferred
to a new, sterile Falcon® tube, where its pH was adjusted to 6.5
(using 0.5 N NaOH). The neutralized CFSs were then filtered
through 0.22 pm syringe filters (Labbox Labware S.L., Barce-
lona, Spain), and the filtrates were transferred to sterile plastic
tubes and stored at —80 °C until further use.

2.3. Screening the LAB CFSs for AI-2-like signal content

The 89 neutralized and sterile LAB CFSs were screened for their
potential content of AI-2-like signaling molecules using a previ-
ously described bioluminescence method.* First, ten pL of each
LAB CFS were added in triplicate to each well of a 96-well poly-
styrene (PS) microtiter plate (cell culture plate, white, 85.4 x 127.6
mm, flat bottom, SPL Life Sciences, Gyeonggi-do, Korea). A 1:
5000 dilution of the V. harveyi BAA-1117 (BB170) working culture
was prepared in AB medium, and 90 pL of that diluted suspension
were inoculated into each well. Cell-free supernatant (CFS) from
V. harveyi BAA-1119 (BB152) strain was used as the positive control
(PC) for AI-2 production. This was prepared in AB medium using
the procedure previously described to prepare LAB CFSs. Quarter-
strength BHI broth and AB medium were used as the medium
and negative controls, respectively, instead of LAB CFSs. The
microtiter plate was incubated at 30 °C in a Synergy HTX micro-
plate reader (BioTek Instruments Inc., Winooski, Vermont, USA),
and bioluminescence was measured every 15 minutes until it
increased in the negative control (this increase occurred after
approximately 4.5-6 hours). The collected bioluminescence data
for each LAB CFC sample were normalized against the medium
control (2 BHI broth), while those from the PC were normalized
against the negative control (AB medium) to calculate the Relative
Light Units (RLU). These normalizations were carried out by
dividing the raw luminescence values recorded for each sample by
the corresponding control value at the same point. The repre-
sentative RLU value for each LAB CFC sample, as well as the PC,
was finally determined at the time point when the maximum RLU
was observed, which corresponds to the peak of the RLU curve (as
a function of incubation time).

2.4. Screening the LAB CFSs for AI-2-QSI

In addition to the AI-2 production bioassay, we aimed to identify
any potential inhibition of luminescence production by the
biosensor V. harveyi BAA-1117 strain because of the LAB CFSs.
To do this, an equal volume (five pL) of each neutralized and
sterile LAB CFS and the CFS from the AI-2 producer V. harveyi
BAA-1119 strain was mixed, and the AI-2 activity bioassay was
conducted again, as previously outlined. In this assay however,
only the CFSs that did not induce luminescence production in
the V. harveyi BAA-1117 strain (n = 34) were tested, as indicated
by the results of the experiment described in the previous
section. The CFS from the V. harveyi BAA-1119 strain served as
a PC (indicating no AI-2 inhibition), using five uL of that CFS
and five pL of AB medium for this purpose. The inhibition of AI-
2 QS activity was reported as the percentage of luminescence
(RLU) of each LAB CFS sample relative to that of the corre-
sponding PC: 100 — [(RLUgample/RLUpc) x 100].%°

Sustainable Food Technol.
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2.5. Preparation of saline suspension for each pathogen (L.
monocytogenes and S. aureus)

Each pathogen's 10 mL working culture (10°~° CFU mL ") was
centrifuged at 4000g for 10 minutes at 4 °C. The supernatant
was discarded, and the bacterial pellet was suspended in 10 mL
of quarter-strength Ringer's solution (Lab M). A second centri-
fugation was conducted under the same conditions as the first
to wash the cells. The new bacterial pellet was resuspended in
10 mL of quarter-strength Ringer's solution, and its absorbance
at 600 nm (4g00 nm) Was then adjusted to 0.1 using a tabletop
visible spectrophotometer (VIS-7220 G, Beijing Rayleigh
Analytical Instrument Corporation, Beijing, China). The cellular
concentration of each saline suspension was determined
through plate counting on TGYA and was found to be approxi-
mately 10° CFU mL ™"

2.6. Selection of AI-2-QS-interfering LAB CFCs and
determination of their MICs against each pathogen

Twenty LAB CFSs that were found to modulate V. harveyi AI-2-QS
induced bioluminescence significantly (containing either AI-2-
like signals or presenting AI-2 QSI) were selected to represent
a variety of LAB species. The MIC of each one was then deter-
mined against the planktonic growth of each of the two path-
ogens (L. monocytogenes and S. aureus) using the classical broth
microdilution method, as previously described.*® In summary,
ten different concentrations of each neutralized and sterile LAB
CFS ranging from 50% to 0.1% v/v were prepared via two-fold
dilutions in TSB. The first of those dilutions (50% v/v) was
made by mixing equal volumes of each CFS (100% v/v) with
double-strength TSB (dsTSB) to make up for the dilution of
nutrients. The dsTSB was prepared according to the manufac-
turer's instructions but with double the usual amount of
powder. One hundred and ninety-eight (198) pL of each of those
dilutions (x10) were then added in duplicate to the wells of
a sterile 96-well PS microtiter plate (transparent, flat, Cat. No.
30096, SPL Life Sciences) and inoculated with 2 pL of each
saline bacterial suspension (A¢p0 nm = 0.1) that was previously
diluted 1:10 to achieve an initial concentration of approxi-
mately 10° CFU mL ™" for each pathogen. In the PC, quarter-
strength BHI broth was utilized instead of CFS, while the
negative control (NC) consisted of equal volumes (100 pL each)
of sterile dsTSB and quarter-strength BHI broth (with no LAB
CFS added and no bacterial inoculation). The plate was covered
with parafilm and incubated at 37 °C for 24 h. Growth in each
well was ultimately assessed turbidimetrically through visual
observation. For each pathogen, the MIC of each LAB CFS was
determined as its lowest concentration inhibiting the visible
bacterial growth.

2.7. Planktonic growth of each pathogen in the presence of
sub-MIC of each selected AI-2-QS-interfering LAB CFS and
determination of growth kinetic parameters

For each pathogen (L. monocytogenes and S. aureus), a 1:100
dilution of its saline suspension (Agpp nm = 0.1) was prepared in
dsTSB, resulting in a cell concentration of approximately 10°
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CFU mL ™. Subsequently, 100 pL of that diluted suspension was
transferred into each well (x100) of the Bioscreen honeycomb
plate (Oy Growth Curves Ab Ltd, Turku, Finland), followed by
the quadruplicate addition of 100 uL of each neutralized and
sterile LAB CFS (x20). This yielded an initial bacterial cell
concentration of 5 x 10° CFU mL™’, with each CFS tested at
a 50% v/v concentration (previously verified as a sub-MIC). In
the case of PC, quarter-strength BHI broth was used in the place
of CFS. Conversely, the NC comprised equal volumes (100 pL
each) of sterile dsTSB and quarter-strength BHI broth (with no
LAB CFS addition and no bacterial inoculation). The prepared
plate was finally incubated at 37 °C for 24 h in the heated
chamber of the Bioscreen C° Pro instrument (Oy Growth Curves
Ab Ltd), which was set to record the optical density of the
contents of each well at 600 nm (ODgop nm) €very 30 minutes.
Before each measurement, the plate was automatically shaken
for 5 seconds.

For each treatment (two pathogens x20 LAB CFS, including
the positive and negative controls), the BioScreener PRO Soft-
ware automatically generated a growth curve (ODgoo nm VS
time). The data from all the growth curves (n = 352) were
exported to the Excel® module of Microsoft® Office 365 (Red-
mond, WA, USA) for further processing (Fig. S1). This process-
ing involved fitting all the OD time curves to the Baranyi and
Roberts model® to determine detection times (h), maximum
slope rates of OD changes (MSrODc; ODggg nm h™ '), and final
ODggo nm Vvalues. This fitting was conducted using the web
edition of DMFit, which is freely accessible at ComBase (https://
combasebrowser.errc.ars.usda.gov/). In the case of S. aureus,
only the OD data obtained during the first 12 h of incubation
were used for fitting, as the stationary phase OD values
increased unexpectedly after that time (Fig. S1B). The average
(mean) values of kinetic parameters for each treatment and
their standard deviations were finally determined.

2.8. Biofilm growth of each pathogen in the presence of sub-
MIC of each selected AI-2-QS-interfering LAB CFS

Initially, for each pathogen (L. monocytogenes and S. aureus), 200
uL of its saline suspension (4eoo nm = 0.1) were transferred into
each well of a sterile 96-well PS microtiter plate (transparent,
flat, Cat. No. 30096, SPL Life Sciences) using a micropipette. The
plate was then covered with its lid and incubated at 37 °C for
two hours to facilitate bacterial cell adhesion. After the adhe-
sion phase, the bacterial suspension was carefully removed
from each well using a multichannel pipette, ensuring that the
planktonic cells were entirely discarded. To wash and eliminate
any loosely attached cells, 200 uL of quarter-strength Ringer's
solution were added to each well and subsequently removed.
Following washing, 100 pL of double-strength (ds) of the
respective nutrient medium for each pathogen (see below) and
100 pL of each (100% v/v) neutralized and sterile LAB CFS (x20)
were added in duplicate to each well. This resulted in an initial
CFS concentration of 50% v/v (previously verified as a sub-MIC).
The double concentration of nutrients for the media supporting
the biofilm growth of pathogens was used to compensate for the
dilution of nutrients from the simultaneous addition of CFS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Brain Heart Infusion (BHI) broth served as the nutrient medium
for the biofilm growth of L. monocytogenes, while TSB enriched
with additional sodium chloride (NaCl) and glucose was utilized
for S. aureus (with final NaCl and glucose concentrations of 5%
w/v and 1% w/v, respectively). Those optimized biofilm-forming
media for each pathogen, resulting in the highest and most
stable biofilm biomass after 48 h of incubation, were deter-
mined through preliminary experiments (data not presented).
The lid was finally placed on the microtiter plate, which was
sealed with parafilm to prevent media evaporation, and incu-
bated at 37 °C for 48 h to facilitate biofilm formation. In the PC,
quarter-strength BHI broth was used instead of CFS.
Conversely, for the NC, sterile quarter-strength Ringer's solu-
tion replaced saline bacterial suspension (4eoo nm = 0.1) during
the initial two-hour adhesion phase, with all other subsequent
treatments remaining identical. The selected incubation time
(48 h) and temperature (37 °C) correspond to conditions
previously validated to yield mature, stable biofilms for both
pathogens, ensuring reproducibility. All experiments were per-
formed in duplicate, and each included both positive
(untreated) and negative (cell-free) controls. This standardized
microtiter plate protocol, based on widely accepted methods for
quantifying biofilm formation in foodborne bacteria (and
others as well), allows reliable comparison across treatments
and minimizes variability due to surface effects or other factors.

2.9. Assessment of pathogen biofilm biomass accumulated
on PS in the presence of sub-MIC of each selected AI-2-QS-
interfering LAB CFS

After the 48-h biofilm incubation period, the absorbance at
600 nm (A0 nm) of the planktonic cultures found in each well of
the PS microtiter plate was measured using a multimode micro-
plate reader (Tecan Spark®, Tecan Group Ltd, Midnnedorf, Swit-
zerland), indirectly assessing the planktonic growth in each well.
The planktonic cultures were then discarded by forcefully
inverting the plate over an aluminum pan containing household
bleach. To further wash the wells and remove any loosely attached
cells, 200 pL of quarter-strength Ringer's solution were added to
each well and subsequently removed with a multichannel pipette.
This washing was repeated to ensure the complete removal of any
remaining loosely attached cells. For biofilm staining, 200 pL of
a0.1% (w/v) crystal violet (CV) solution (1% w/v, aqueous solution;
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) were
added to each well. The microtiter plate was gently agitated by
hand, entirely covered with aluminum foil, and left at room
temperature for 15 minutes to allow the biofilms to absorb the
stain. Following staining, the CV solution was discarded, and the
wells were rinsed three times with deionized water to eliminate
any excess dye. To solubilize the biofilm-bound CV, 200 pL of an
ethanol:acetone solution (80:20, v/v) were then added to each
well. The microtiter plate was gently agitated, sealed with its lid,
and incubated at 4 °C for 15 minutes (to allow homogenization of
the dye solution). Finally, the absorbance at 590 nm (Asgo nm) Of
the solubilized CV was measured using the Tecan Spark®
microplate reader, indirectly assessing the pathogen biofilm
biomass accumulation in each well.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.10. Statistics

Each experiment was conducted twice, beginning with inde-
pendent bacterial cultures. The resulting data on planktonic
growth kinetic parameters (detection times, MSrODc, and final
ODgo0 nm values) and biofilm biomasses (4599 nm) underwent
one-way analyses of variance (ANOVA), followed by Tukey's
Honestly Significant Difference (HSD) post hoc tests for mean
pairwise comparisons to identify any significant differences
between the different treatments (including both positive and
negative controls). Pearson correlation analysis was also used to
determine any correlation between biofilm biomasses (459 nm)
and surrounding planktonic absorbances (400 nm)- All analyses
were completed utilizing the statistical software STATISTICA®
(StatSoft Inc., Tulsa, OK, USA). All differences are reported at
a significance level of 0.05.

3. Results and discussion

3.1. Relative AI-2-like activity and AI-2 QSI of the LAB CFSs

Fig. 1 illustrates a pie chart categorizing the 89 foodborne LAB
isolates based on the ability of their neutralized and sterile CFSs
to induce luminescence production in the V. harveyi BAA-1117
reporter strain (sensor 17, sensor 2'), suggesting that they
secrete metabolites with AI-2-like QS activity. These findings
show that 61.8% (55/89) of the CFSs could induce luminescence
in the reporter strain with RLU = 10, while the remaining CFSs
(38.2%; 34/89) demonstrated only a low level of signal induction
(RLU < 10). Notably, 14.6% of the CFSs (13/89) elicited a strong
bioluminescence response (RLU > 100), likely indicating their
high content of AI-2-like molecules compatible with the recep-
tors of the reporter. The detailed data on the relative AI-2-like
activity for each LAB CFS, along with that of PC (i.e., the CFS
of the V. harveyi BAA-1119 strain), is presented in Table S1.
Table 1 presents the percentage of AlI-2-like activity inhibi-
tion for each of the 34 LAB CFSs that could not produce strong
AlI-2-like signals (RLU < 10) when evaluated in the V. harveyi
BAA-1117 AI-2 induction assay. These findings emphasize the
strong AI-2 inhibitory capacity of most of these tested CFSs.
Therefore, included among them are the CFSs from 25 isolates
(28.1%; 25/89) that demonstrated robust AI-2 QSI activity,

Relative Al-2-like activity

14.6%
ORLU<10

O10=RLU=100
| RLU>100

38.2%

Fig.1 Pie chart of the categorization of the 89 foodborne LAB isolates
according to the ability of their neutralized and sterile CFSs to induce
luminescence production by the V. harveyi BAA-1117 strain, indicating
that they secrete metabolites with Al-2-like QS activity. Luminescence
production is expressed as Relative Light Units (RLU) and categorized
into <10, =10 and =100, and >100.
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Table 1 Percentage (%) inhibition of Al-2-like activity for each of the 34 LAB CFSs that were incapable of producing strong Al-2-like signals (RLU
< 10) when assessed in the V. harveyi BAA-1117 Al-2 induction assay. Values represent mean values + standard deviations. The 25 isolates whose
CFS could inhibit more than 90% of the bioluminescence of the PC (V. harveyi BAA-1119) strain are displayed in bold

s/n Isolate code LAB species % Inhibition of AI-2-like activity
1 DFSN_B43 Enterococcus sp 87.48 + 4.81
2 DFSN_B44 Lacticaseibacillus paracasei 84.09 + 3.40
3 DFSN_B54 Pediococcus pentosaceous 63.37 £ 14.53
4 LFMH_B2 Lacticaseibacillus sp 92.09 + 2.04
5 LFMH_B10 Pediococcus acidilactici 90.94 + 8.10
6 LFMH_B17 Enterococcus avium 91.92 + 0.70
7 LFMH_B19 Enterococcus durans 90.17 + 0.31
8 LFMH_B25 Enterococcus hirae 96.22 + 0.68
9 LFMH_B26 Enterococcus faecium 84.14 + 0.29
10 LFMH_B29 Lactobacillus delbrueckii 94.45 + 1.43
11 LFMH_B34 Enterococcus faecium 89.56 &+ 5.06
12 LFMH_B35 Enterococcus faecium 97.20 + 0.60
13 LFMH_B36 Enterococcus faecalis 95.97 £+ 0.29
14 LFMH_B42 Streptococcus macedonicus 96.38 + 1.02
15 LFMH_B43 Streptococcus lutetiensis 94.41 + 4.39
16 LFMH_B44 Streptococcus lutetiensis 98.27 + 0.02
17 LFMH_B45 Streptococcus gallolyticus subsp. macedonicus 98.71 + 0.34
18 LFMH_B46 Streptococcus gallolyticus subsp. macedonicus 98.46 + 1.11
19 LFMH_B47 Lactobacillus delbrueckii 93.11 + 7.23
20 LFMH_B52a Enterococcus sp 94.59 + 1.93
21 LFMH_B54 Limosilactobacillus fermentum 95.25 + 0.16
22 LFMH_B57a Enterococcus sp 94.97 + 0.02
23 LFMH_B58 Limosilactobacillus fermentum 91.11 + 2.46
24 LFMH_B59 Limosilactobacillus fermentum 93.37 £ 3.71
25 LFMH_B63a Lacticaseibacillus sp 90.91 + 6.15
26 LFMH_B65a Limosilactobacillus sp 90.57 + 2.09
27 LFMH_B65b Limosilactobacillus sp 88.97 + 4.87
28 LFMH_B66 Lacticaseibacillus rhamnosus 91.78 + 1.33
29 LFMH_B69 Lacticaseibacillus rhamnosus 92.09 + 3.96
30 LFMH_B72 Lacticaseibacillus rhamnosus 94.89 + 4.32
31 LFMH_B75 Lacticaseibacillus rhamnosus 92.08 + 1.44
32 LFMH_B76 Lactobacillus delbrueckii 84.93 £+ 2.39
33 LFMH_B78 Limosilactobacillus fermentum 84.71 + 5.84
34 LFMH_B79a Lacticaseibacillus rhamnosus 89.09 + 6.41

achieving at least 90% inhibition of the luminescence of the PC
(V. harveyi BAA-1119 strain). To confirm that the observed
reduction in luminescence was not due to growth inhibition of
the reporter strain, all 34 LAB CFSs were also tested at 5% (v/v)
for their effect on V. harveyi BAA-1117 growth using the Bi-
oscreen C° Pro instrument; no significant inhibition was
detected (data not shown).

Our results showing that 61.8% (55/89) of the LAB CFSs
induced luminescence in the reporter strain are consistent with
earlier research, which found that 76.4% of 89 LAB strains from
minced beef exhibited AI-2-like activity.*® In that study, Leuco-
nostoc spp. were predominant in AI-2 production, while Lacto-
bacillus sakei (now Latilactobacillus sakei) strains did not show
detectable activity. Our findings similarly identified AI-2-like
activity in our sole Leuconostoc mesenteroides isolate, but no L.
sakei strains were included in our dataset. Comparatively,
a study examining 229 LAB isolates from kimchi found species-
specific AI-2 activity: Lactobacillus plantarum (now Lacticaseiba-
cillus plantarum) and Lactobacillus brevis produced Al-2, while L.
sakei and Lactobacillus curvatus (now Latilactobacillus curvatus)

Sustainable Food Technol.

were associated with AI-2 inhibition.”® Interestingly, some
strains like Weissella cibaria showed both effects depending on
the isolate. Our results similarly revealed intraspecies variability
among strains (including Enterococcus faecium, Enterococcus
faecalis, Limosilactobacillus fermentum, and Lacticaseibacillus
rhamnosus species), suggesting that quorum-modulating
activity is strain-specific.

3.2. Determination of the MIC and effect of sub-MIC of each
selected AI-2-QS-interfering LAB CFS on the planktonic
growth of each pathogen

The 20 selected AI-2-QS-interfering LAB CFSs are shown in
Table 2. Of these, 16 were found to significantly induce V. har-
veyi luminescence (RLU = 10) indicating that they contained AI-
2-like signals, while the remaining four inhibited that light
induction, indicating that they presented AI-2 QSI. For all those
CFSs, their MIC against each pathogen's planktonic growth (L.
monocytogenes and S. aureus) exceeded 50% v/v since the TSB
media in all treatment wells of the broth microdilution method
appeared turbid after 24 hours of incubation (at 37 °C). To

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Significant effects (p < 0.05) of the presence of each of the 20 selected Al-2-QS-interfering LAB CFSs (applied at 50% v/v) on the growth
kinetic parameter values [detection times (h), MSrODc (ODgog nm ™3, and final ODgog nm Vvalues] for the two pathogens (L. monocytogenes and
S. aureus) during their planktonic growth (in TSB at 37 °C for 24 h) compared to each respective PC (without LAB CFS addition). The dashes (—)

signify no substantial influence (p > 0.05)

L. monocytogenes S. aureus
AI-2 QS Detection MSrODc Final ODgyg nm Detection MSrODc Final

s/n Isolate code LAB species interference time (h) (ODggo nm h™") value time (h)  (ODgoo nm h™") ODggo nm value
1 LFMH_B7  Enterococcus pseudoavium  Induction — Decrease — Increase — —
2 LFMH_B18 Lactococcus lactis subsp. Induction Increase Decrease — Increase — —

lactis
3 LFMH_B23 Lactococcus garviae Induction — — — Increase — —
4 LFMH_B31 Enterococcus faecium Induction — — — — — —
5 LFMH_B51 Enterococcus durans Induction — — — — — —
6 LFMH_B53 Limosilactobacillus Induction — — — — — —

fermentum
7 LFMH_B63b Enterococcus sp Induction — — — — — —
8 LFMH_B68 Enterococcus faecalis Induction — — — — — —
9 LFMH_B70 Lacticaseibacillus rhamnosus Induction — — — — — —
10 LFMH_B79b Enterococcus faecium Induction Increase Decrease — — — —
11 LFMH_B81 Enterococcus pseudoavium  Induction — — — — — —
12 LFMH_BS82 Leuconostoc mesenteroides Induction —— — — — Decrease —
13 LFMH_B83 Lactococcus lactis Induction — Decrease — — Decrease —
14 DFSN_B50  Enterococcus glivus Induction — — — — Decrease —
15 DFSN_B55  Enterococcus sp Induction Increase Decrease Decrease — Decrease —
16 DFSN_B58  Pediococcus pentosaceous Induction Increase Decrease Decrease Increase Decrease —
17 LFMH_B10 Pediococcus acidilactici Inhibition — — — — — —
18 LFMH_B44 Streptococcus lutetiensis Inhibition — — — — — —
19 LFMH_B45 Streptococcus gallolyticus Inhibition — — — — Decrease —

subsp. macedonicus
20 LFMH_B69 Lacticaseibacillus rhamnosus Inhibition — — — — — —

quantify pathogen's planktonic growth in more detail, three
kinetic parameters were derived from the fitted ODggg nm curves
using the Baranyi and Roberts model: detection time (h;
reflecting the lag phase), MSrODc (ODggo nm h; growth rate), and
final ODgoo nm (plateau cell density).”* These parameters, as
validated in earlier works, reliably indicate changes in plank-
tonic growth behavior.>**® The significant effects (p < 0.05) of
the presence of each of the 20 selected AI-2-QS-interfering LAB
CFSs (each applied at 50% v/v) on the values of these growth
kinetic parameters for the two pathogens (L. monocytogenes and
S. aureus) during their planktonic growth (in TSB at 37 °C for 24
h) compared to each respective PC (without LAB CFS addition)
are presented in Table 2. The average kinetic parameters for
each pathogen and treatment, used to determine those effects,
are displayed in Fig. S2. The original average OD time curves are
provided in Fig. S1. It can be concluded that most of the LAB
CFSs tested did not significantly affect the planktonic growth of
the two pathogens. However, there were some CFSs (e.g., CFS
from the DFN-B58 LAB isolate; s/n 16) that significantly delayed
pathogen growth (p < 0.05), as demonstrated by the increased
detection time and the accompanying decrease in the MSrODc,
indicating a negative impact on the planktonic growth rates of
both pathogens. As another example, the CFS from the DFN-
B79b LAB isolate (s/n 10) significantly (p < 0.05) delayed the
growth of the L. monocytogenes strain without causing any
significant effect on the growth of the S. aureus strain. It should,

© 2025 The Author(s). Published by the Royal Society of Chemistry

however, be noted that in all treatments (except for NCs), the
planktonic growth of the two pathogens led to sufficient
turbidity in the well contents at the end of the 24-hour incu-
bation. Visual inspection also confirmed this, indicating that all
LAB CFSs (x20) were applied at a sub-MIC (50% v/v).

3.3. Effect of sub-MIC of each selected AI-2-QS-interfering
LAB CFS on the biofilm growth of each pathogen

The biofilm assays were conducted under standardized and
optimized conditions to ensure reproducibility, with all
parameters -including incubation time, temperature, surface
type, and medium composition-carefully controlled to promote
consistent biofilm development in both pathogens. The biofilm
biomasses (4500 nm) Of €ach pathogen (L. monocytogenes and S.
aureus) accumulated on the surface of the 96-well PS microtiter
plates following the static incubation at 37 °C for 48 h in the
presence of each of the 20 selected AI-2-QS-interfering LAB CFSs
(each applied at 50% v/v) are shown in Fig. 2. The absorbances
of the planktonic suspensions (A0 nm) found in each well at the
sampling time (48 h) are also indicated for each treatment in
the same figure. It can be concluded that nearly all CFSs, except
for two (derived from the LAB isolates LFMH_B7 and
LFMH_B31), significantly inhibited biofilm formation by L.
monocytogenes (30.4-58.0% reduction in biofilm biomass). The
highest inhibition occurred when the pathogen was allowed to
form biofilm in the presence of fermentation-derived

Sustainable Food Technol.
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Fig. 2 Biofilm biomasses (Asgg nm) Of the two pathogens (L. monocytogenes [0 and S. aureus M) accumulated on the surface of the 96-well PS
microtiter plate after incubation at 37 °C for 48 h in the presence of each of the 20 selected Al-2-QS-interfering LAB CFSs (each applied at 50% v/
v). The bars indicate the mean values + standard deviations. The accumulated biofilm biomasses for PC and NC are also displayed (on the right).
The absorbances of the planktonic suspensions (Agoo nm) found in each well at the sampling time (48 h) are also presented for each treatment (as
white O and black @ circles for L. monocytogenes and S. aureus, respectively). The planktonic means' standard deviation bars have been
omitted to enhance clarity. For each pathogen individually, biofilm biomass mean values followed by different superscript letters are significantly

different (p < 0.05).

metabolites produced by the LAB isolates LFMH_B79b and
LFMH_B10 (corresponding to Enterococcus faecium and Ped-
iococcus acidilactici, respectively). In these cases, the accumu-
lated biofilm biomass was reduced by 57.3% and 58.0%,
respectively, compared to the PC. Regarding S. aureus, only the
CFS from the E. faecium LFMH_B79b isolate significantly
reduced the pathogen's biofilm formation, showing a 45.4%
reduction in biomass compared to the PC. A linear correlation
between the number of planktonic cells found in each well at
the sampling time (48 h) and the biofilm biomass surrounding
that well is also evident when considering the absorbance
values exhibited together by both pathogens (Fig. 3). Thus, the
higher concentrations of planktonic cells observed for S. aureus
coincide with its greater biofilm-forming ability compared to L.
monocytogenes.

It should be highlighted that none of the selected CFSs
inhibited visible growth of L. monocytogenes or S. aureus at this
concentration (50% v/v), and planktonic growth kinetics anal-
ysis revealed no substantial impact on lag time, growth rate, or
final OD values for most treatments. This observation supports
the hypothesis that the CFSs' antibiofilm effects are not due to
growth suppression but rather reflect a biofilm-specific mech-
anism—possibly through interference with QS, inhibition of
attachment, or disruption of aggregation. Similar observations
have been reported in other studies by both our team and
others, where subinhibitory concentrations of lactic acid and
other bioactive compounds, such as thymol, disrupted biofilm

Sustainable Food Technol.

formation by foodborne pathogens through non-lethal mecha-
nisms when applied at sub-MIC values.*”*® In addition, this
biofilm inhibition that was observed here did not correlate with
whether the CFS contained Al-2-like signals or showed QS-
inhibitory activity. For instance, both E. faecium LFMH_B79b
(AI-2 producer) and Pediococcus acidilactici LFMH_B10 (QS
inhibitor) yielded the most substantial antibiofilm effects. This
suggests that different mechanisms—either AI-2 mimicry or
interference—may achieve similar antibiofilm outcomes.
Nonetheless, these findings do not exclude the possibility that
other regulatory or physicochemical factors unrelated to AI-2
signaling also contribute to the observed antibiofilm effects.
In addition, only E. faecium LFMH_B79b significantly reduced
biofilm in both pathogens, highlighting potential species-
specific or strain-specific effects.

Our findings also align with previous work indicating that
LAB-derived compounds can inhibit biofilm formation through
QS interference. For example, a previous study demonstrated
that L. sakei inhibited AI-2 signaling and virulence traits in
enterohaemorrhagic  Escherichia coli 0157:H7, reducing
motility, attachment, biofilm biomass, and virulence gene
expression—without affecting viability.”® It should be noted,
however, that the QS circuitry of E. coli -which appears to
primarily rely on AI-2 signaling-differs substantially from that of
S. aureus and L. monocytogenes, both of which possess addi-
tional, species-specific systems such as the agr network;*® thus,
the effects observed in Gram-negative models cannot be directly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Correlation between biofilm biomasses (Asgo nm) On the surface of the 96-well PS microtiter plate and surrounding planktonic absor-
bances (Asoo nm) after 48 h of incubation at 37 °C. The solid line represents the linear regression equation, while the dotted lines indicate the
prediction intervals (« = 0.95). Pearson’s correlation coefficient (r,), p-value, the mathematical equation of the linear regression plot, and its
regression coefficient (R?) are also presented. Dots denote the mean values of all experiments (n = 44, two pathogens x 22 treatments, as shown
in Fig. 2). The standard deviation bars have been omitted for clarity. NC represents negative controls (absence of bacterial presence).

extrapolated to these Gram-positive pathogens. Similarly,
another study found that Weissella viridescens and Weissella
confusa reduced AI-2 activity and biofilm formation by Salmo-
nella enterica serovars Typhi and Typhimurium.** Other studies
also highlight concurrent anti-QS, anti-biofilm, and anti-
virulence effects by LAB metabolites.®*** Despite these prom-
ising results, our data indicate that LAB antibiofilm activity is
more pronounced against L. monocytogenes than S. aureus.
Similar assays using Pseudomonas aeruginosa, a robust Gram-
negative biofilm former, did not yield significant results (data
not shown), emphasizing potential limitations and target
specificity. This variation likely reflects fundamental differences
in the biofilm and QS regulatory networks among different
bacteria, which may modulate or override AlI-2-related
responses.

Microbial biofilms pose a significant challenge in the food
industry due to their enhanced tolerance to environmental
stressors and resistance to sanitation methods.® The AI-2 QS
system, a widely conserved signaling mechanism that facilitates
interspecies and intraspecies bacterial communication, plays
a crucial role in regulating virulence and biofilm formation.*
Notably, some LAB produce metabolites capable of modulating
AI-2 QS, thereby inhibiting pathogenic bacteria by competing
their biofilm formation.***"** These QS-interfering mecha-
nisms are particularly promising, as they may inhibit biofilm
development without imposing intense selective pressure,
thereby minimizing the risk of resistance development.*
Building on these findings, our study evaluated the potential of
CFSs from various foodborne LAB species to disrupt AI-2 QS and
inhibit biofilm formation by two significant foodborne

© 2025 The Author(s). Published by the Royal Society of Chemistry

pathogens: L. monocytogenes and S. aureus. Both pathogens are
known to use AI-2 for QS and possess additional systems, such
as the Agr QS system, which employs autoinducing peptides
(AIPs) to regulate biofilm development and virulence.>*%%3-¢7

In L. monocytogenes, the role of AI-2 in biofilm formation is
complex. Early studies showed that luxS mutants, deficient in
AI-2 synthesis, formed denser biofilms than the wild-type, and
synthetic AI-2 could not restore the original phenotype.****
However, more recent reports demonstrate that AI-2 disruption
using natural compounds, such as bacteriocins, can signifi-
cantly reduce biofilm formation in L. monocytogenes.®®*7° Simi-
larly, in S. aureus, Al-2 appears to repress biofilm development
by downregulating the rbf gene, which positively influences ica
operon expression responsible for polysaccharide intercellular
adhesin (PIA) synthesis.”® Additional studies have shown that
AI-2 promotes icaR expression, thereby further inhibiting PIA
synthesis and biofilm formation.®” Notably, in contrast to L.
monocytogenes, the addition of synthetic AI-2 restored biofilm
formation in S. aureus luxS mutants, confirming its signaling
role.” Surfactin, a biosurfactant produced by Bacillus subtilis,
has also been shown to elevate AI-2 levels and suppress S. aureus
biofilms.”™ Nonetheless, not all studies agree; some found that
luxS inactivation had no discernible effect on virulence or bi-
ofilm traits.”” Still, many compounds, including LAB-derived
biosurfactants, have been shown to inhibit S. aureus biofilms
by disrupting AI-2 QS.”*7® These mixed findings suggest that AI-
2's role in Gram-positive bacterial biofilm formation, particu-
larly in L. monocytogenes and S. aureus, is nuanced and context-
dependent.

Sustainable Food Technol.
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Although our study offers additional insight into this critical
aspect, the presence of Al-2-related activity in a CFS does not
necessarily explain its antibiofilm effect. Undoubtedly, other
bioactive molecules in the CFS—such as biosurfactants, exo-
polysaccharides, enzymes, oxidative agents, and peptides—may
act independently or synergistically with QS interference.
Therefore, beyond QS modulation, other mechanisms may also
underlie the antibiofilm effects observed. For instance, LAB
secreted metabolites can alter surface properties, impede initial
bacterial adhesion, or destabilize the extracellular matrix.*®
Such activities could weaken biofilm integrity or prevent its
establishment even in the absence of direct QS interference.
Given that the present CFSs were neutralized and tested at sub-
MIC levels, these alternative or complementary actions likely act
in concert with any possible QS modulation rather than through
simple antimicrobial pressure. Future studies should aim to
identify the specific bioactive metabolites and characterize the
LAB strains responsible for these effects through targeted
chemical and molecular analyses. Such work will clarify the
mechanisms underlying LAB-mediated biofilm inhibition and
support the development of defined, strain-specific biocontrol
formulations.

It should also be noted that although the V. harveyi biolu-
minescence assays provided clear evidence that many LAB-
derived CFSs could modulate AI-2 activity -either by
mimicking or inhibiting the signal-this method only reflects
potential interactions with the conserved AI-2 signaling
pathway and cannot directly demonstrate that the observed
biofilm inhibition in L. monocytogenes and S. aureus is caused by
disruption of their respective AI-2 systems. As already
mentioned, these pathogens also possess additional, species-
specific QS circuits (e.g., the Agr system), which may interact
with or override AI-2 signaling. Therefore, while the patterns
observed are consistent with a QS-mediated mechanism,
confirmation will require direct molecular evidence. Future
studies should assess whether exposure to active LAB CFSs
alters the expression of QS-related genes (e.g., luxS, agrA, agrC),
modifies AI-2 levels during biofilm development, or yields
comparable antibiofilm effects in QS-deficient mutants. Incor-
porating such analyses would help establish a mechanistic link
between AI-2 modulation and biofilm suppression by LAB
metabolites, providing greater specificity and depth to the
proposed model.

4. Conclusions and future
perspectives

In conclusion, this study demonstrates that food-derived LAB
can produce extracellular metabolites that interfere with AI-2 QS
and inhibit biofilm formation in L. monocytogenes and, to
a lesser extent, S. aureus. These findings support the potential
use of LAB metabolites as sustainable, food-safe antibiofilm
agents. The current data suggest that QS interference is a likely
mechanism underlying the observed antibiofilm effects;
however, direct confirmation within the pathogens’ own QS
networks remains to be established through targeted molecular
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analyses. Future research should therefore investigate whether
these metabolites alter QS gene expression, signaling molecule
dynamics, or biofilm-associated phenotypes in QS-deficient
mutants. The chemical identification of these metabolites is
also crucial. To enhance industrial applicability, further work
should evaluate the stability, safety, and efficacy of these
metabolites under realistic conditions involving multi-species
biofilms in food processing. Additionally, exploring synergistic
approaches that combine LAB-derived compounds with other
natural biofilm disruptors, such as bacteriocins, organic acids,
or enzymes, is recommended. Ultimately, advancing the
mechanistic understanding and practical deployment of LAB-
derived QS modulators will support a more sustainable and
low-risk strategy for biofilm control in food systems.
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